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Abstract

Due to the difficulty of constructing new quantum algorithms, frameworks that facilitate
this construction are of great importance in quantum computing. These frameworks reduce the
problem of coming up with a quantum algorithm to that of constructing some combinatorial object
that is often much simpler to reason about. The implementation and analysis of an algorithm
for the specified problem follow from the properties of this object. A number of such frameworks
have been extremely successful in leading to the development of numerous quantum algorithms
for a variety of problems. In this thesis, we build on two of these frameworks, the quantum walk
search framework, and the span program framework, extending their algorithmic potential.

The quantum walk search framework gives a generic quantum analogue to a specific type of
classical algorithm based on random walks. If one can construct a classical algorithm of this
form, a corresponding quantum algorithm with better complexity immediately follows. In this
framework, a generic algorithm is constructed from several subroutines for which implementations
must be given for each application. One of these subroutines, a checking subroutine, is run
many times throughout the algorithm. This subroutine may be implemented by any quantum
algorithm that satisfies the required functionality, including another quantum walk algorithm.
By making a slight modification to the quantum walk framework, we can show how to nest a
quantum walk algorithm in the checking subroutine of another quantum walk algorithm in a way
that gives better complexity than the naive nesting. This modification allows us to reproduce a
number of upper bounds previously obtained in another framework, the learning graph framework,
including upper bounds for triangle finding, and more generally, subgraph finding for constant-
sized subgraphs. Porting these upper bounds over to the setting of quantum walks is desirable
because the algorithms achieved in the quantum walk search framework are much more explicit
than those of the learning graph framework, making them easier to work with, modify, and build
on, as needed. Our efficient nested checking idea has already been used to come up with new
quantum algorithms for finding sub-hypergraphs.

Another subroutine that is called repeatedly by the generic quantum walk search algorithm
is the update subroutine. It was not clear how to use a quantum walk algorithm to perform this
step, but by making another slight modification to the quantum walk search framework, we are
able to show how to nest a quantum walk in the update step of another quantum walk in an
efficient way. Our technique for doing this is a special case of a technique that allows the update
to be implemented with garbage — i.e., some unwanted data in an auxiliary register, entangled
with the desired state. This technique may have other applications.

Using the nested update technique, we are able to improve the best known upper bounds
on the time complexity of k-distinctness. Previously the best known upper bound on the time
complexity was n*/(*+1) due to Ambainis. Belovs had recently improved the query complexity of
k-distinctness to 0(n3/ 4) for all k, but since this upper bound was obtained in a framework called
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span programs, which only gives upper bounds on quantum query complexity, there was no known
time efficient implementation of his k-distinctness algorithm. We use ideas from his construction
and our nested update technique to get a quantum time upper bound for 3-distinctness of nd/7,
matching his quantum query upper bound. We can generalize our algorithm get a time upper
bound of n*~V/k for any k > 3, slightly improving on the best previous upper bound.

Another framework, the span program framework, is known to be equivalent to quantum
query complexity, in the sense that for any Boolean decision problem, there exists a span program
construction that yields a tight upper bound on its quantum query complexity. We explore several
variations of this framework. First, we slightly modify the definition of a span program so that
we can show that for any (not necessarily Boolean) decision problem, there is a span program
construction that yields a tight upper bound on its quantum query complexity. Previously this
was only known up to logarithmic factors. We also explore several approximate versions of span
programs, and show them to be equivalent. Finally, we explore the structure of span program
witnesses, and use this structure to present an algorithm for evaluating span programs that is
straightforward and intuitive. We also show how to evaluate approximate span programs, opening
the possibility for the construction of new upper bounds using approximate span programs.
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Chapter 1

Introduction

Due to the difficulty of conceptualizing the behaviour of quantum mechanical systems, inventing
new ways for quantum computers to solve tasks faster than any classical computer is extremely
difficult. As such, there are only a small number of completely “new” quantum algorithms — two
famous examples being Shor’s factoring algorithm and Grover’s search algorithm [ , ]
— most other quantum algorithms are built upon already existing quantum algorithms, and
their main contributions often stem from coming up with clever ways to apply known quantum
techniques in a novel way.

A quantum algorithmic framework provides a formal way for doing this. Such a framework
breaks down the problem of coming up with a quantum algorithm to constructing some combina-
torial object, which is typically much easier to conceptualize. The implementation and analysis
of the algorithm then follow directly from some properties of this object. A very large number of
quantum algorithms have been created in this way, through frameworks such as amplitude am-
plification, which generalizes Grover search so that a generic squareroot speedup can be obtained
for any unstructured search problem.

Some of these frameworks, such as amplitude amplification, also have the advantage that
they can be applied with essentially no background in quantum algorithms. The quantum walk
search framework | , | can also be applied with little understanding of the underlying
quantum algorithm, as algorithms in this framework are analogous to a class of classical algorithms
based on random walks. Generally speaking, given a classical algorithm of this particular form,
there is an analogous quantum algorithm with smaller complexity. Thus, to apply this framework,
one simply needs to come up with a classical algorithm of a particular form, for which one only
needs an understanding of the classical theory of random walks.

Quantum Walk Search The MNRS quantum walk search framework | ] is built on
a similar framework due to Szegedy | ], which in turn can be seen as a generalization of an
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algorithm due to Ambainis | ]. For any random walk on a finite state space, this framework
gives a quantum algorithm for finding a marked state that requires access to three subroutines.
The first, the setup subroutine, must create a superposition over all states in the search space. The
second, the checking subroutine, must check if a state is marked. Finally, the update subroutine
must create a superposition over all states that are adjacent to the current state. If the respective
costs of implementing these subroutines are S, C, and U, ¢ is the probability a state is marked,
and ¢ is the spectral gap of the random walk, then the complexity of the algorithm scales like

1 1
— | —=U+ C> .
Ve (\/S
This framework makes it quite simple to construct and analyze a quantum search algorithm, by

choosing some appropriate random walk, implementing the specified subroutines, and computing
their costs.

S+

The framework can be seen as a generalization of an algorithm for element distinctness, where
the input is a list of integers, and we want to find two that are the same | ]. More generally,
Ref. | | gives a quantum walk algorithm for k-distinctness, in which we want to find k copies
of the same integer in the input, with quantum time complexity 9] (nk/ (kH)), for any k£ > 2. When
k = 2, Ambainis’s upper bound is tight [ , , ]. The best known lower bound for
any k > 2 is also O(n?/?).

Another early algorithm in the quantum walk search framework was an algorithm for triangle
finding, the problem of finding a triangle in an input graph, given by its adjacency matrix | .
Ref. | ] used a quantum walk search algorithm to give an upper bound of O(n'3/19) on the
query complexity of triangle finding.

Learning Graphs A subsequent quantum algorithmic framework, the learning graph frame-
work [ ], constructs a quantum algorithm from a combinatorial object called a learning
graph. The query complexity of this algorithm is then given by an expression that is simple to
compute for structured learning graphs. However, the framework does not give an upper bound
on the time complexity. The underlying algorithm consists of alternating two reflections. One
of these, although it is known to be implementable with query complexity 0, because it is in-
dependent of the input, may take a very general form, and no implementation is specified by
the framework, so it is not clear how to implement this reflection in a time-efficient manner.
Nonetheless, the framework has been very successful in proving upper bounds on quantum query
complexity. The first was an upper bound on triangle finding [ |, improving the previous
quantum walk upper bound to O(n?*/27) = O(n'?%). The combinatorics of this construction are
similar to those of the quantum walk algorithm for triangle finding, but with one extra idea, which
we call edge sparsification. It is possible to use this technique in the quantum walk algorithm,
but doing so yields no improvement.



A subsequent learning graph construction further improved the quantum query complexity of
triangle finding to O(n9/7) = O(n1-286) [ ].1

Span Programs A final framework of note is the span program framework, first used in the

context of quantum query complexity in | ]. This framework is very general for quantum
query complexity: For every Boolean decision problem, there exists an algorithm in this frame-
work with optimal quantum query complexity [ , ]. However, this generality makes

the framework somewhat difficult to apply. Furthermore, it suffers from the same drawback as
learning graphs, learning graphs being a specialization of span programs: it does not generally
give upper bounds on the time complexity, since, as with learning graphs, the underlying algo-
rithm is specified by a pair of reflections with no implementation given. Despite the difficulty
of applying the framework, Belovs was able to use it to improve the quantum query complexity
of k-distinctness for all k > 2, to o(n3/4) | ], improving upon Ambainis’s previous upper
bound, which had been the best known for many years. However, since this algorithm could not
be analyzed for time complexity, Ambainis’s upper bound on the time complexity of k-distinctness
was still the best known, before the work presented in this thesis.

1.1 Contributions in this Thesis

This thesis presents extensions to two important frameworks in the design of quantum algorithms:
the quantum walk search framework, and the span program framework.

Quantum Walks The major work of this thesis is an extension to the MNRS quantum walk
search framework, along with a number of applications. The extension to the quantum walk
framework is based on two publications. The first publication, [ ], in collaboration with
Robin Kothari and Frédéric Magniez, presents a modification to the MNRS quantum walk search
framework that allows the implementation of a technique for efficiently nesting one quantum walk
search algorithm in the checking step of another. Suppose a quantum walk search algorithm has
setup cost S, update cost U, spectral gap ¢, and probability of a state being marked . It may be
possible to implement the checking subroutine using a quantum walk algorithm. If this algorithm

/ / /A VAN : c _ </ 1 1 / /
has costs (S, U, C’,4¢’,¢’), then the checking cost is C =S + N (WU +C), so the total cost

of the algorithm becomes:

1 1 1 1
S+ — <U+S’+ (U’+C’>>
Ve \Ve Ve \V¢ ’
'Following the submission of this thesis, Le Gall used the MNRS quantum walk search framework to give an
upper bound of O(n®/*) on the quantum query complexity of triangle finding [ ].




up to logarithmic factors incurred from amplifying the success probability of the checking sub-
routine. We show a method for improving this cost to (up to logarithmic factors):

S+S’+\2<\}SU+\%<\}§U’+C’>).

Since there are no longer any multiplicative factors on S’, this can decrease the cost. As an
application, we show how to implement the edge sparsification idea used by Belovs to obtain
the O(n?5/27) upper bound on triangle finding as a quantum walk search algorithm, reproducing
his upper bound up to logarithmic factors. We are also able to use the ideas of | ] to
reproduce their triangle finding upper bound of O(ng/ ™) up to logarithmic factors, as well as a
more general construction they give for finding any constant-sized subgraph. Although neither of
these applications gives a new upper bound for triangle finding, the quantum walk framework leads
to an explicit algorithm that is easy to analyze and modify, making it subjectively more desirable
to work with. In addition, the simplicity of the nested-checking quantum walk search algorithmic
technique will hopefully facilitate the construction of new upper bounds. Our framework has
already been used to generalize the work of | ] to obtain new upper bounds on the quantum
query complexity of finding sub-hypergraphs [ ].

The second publication consisting of work from Part II, Ref. | |, is a merger of two
manuscripts: | ], which is joint work with Andrew Childs, Robin Kothari, and Frédéric
Magniez; and | ], by Aleksandrs Belovs. This work shows two different means of obtaining
a new quantum time upper bound of n%/7 for 3-distinctness. In this thesis, we will only be
presenting the work in Ref. | ]. In this work, we make a further modification to the
quantum walk framework that allows us to efficiently nest one quantum walk search algorithm
in the update step of another, just as we did for checking, to obtain a cost expression (in most

cases) like: ) o !
A / /
s+5'+ 7 (Jrvm (v +) + ).

up to logarithmic factors. Accomplishing this type of nesting is significantly more difficult than
nested checking. The technique we use to accomplish this is a special case of a technique that
allows us to do updates with garbage, which may be of independent interest. As an application of
this technique, we prove the aforementioned upper bound on the time complexity of 3-distinctness
of 5(n5/ "), improving upon the previous best time complexity upper bound of 6(713/ 4), and
matching the best known query complexity.

Additionally, in Section 6.2, we show how to generalize the algorithm for 3-distinctness to k-
distinctness, obtaining a nested-update quantum walk search algorithm that solves k-distinctness
in time 6(n(k_1)/k), for any k > 3, improving upon the best previous upper bound of 5(nk/(k+1)).
On the one hand, this improvement is only slight, and still does not match the best known upper
bound on the quantum query complexity, of 0(n3/ 4) for all k. However, this is the first progress



on the time complexity of this problem in 10 years, and our algorithm may serve as a starting
point for another, better algorithm.

The modifications to the quantum walk framework, as well as their applications, appear in
Part II. To begin, in Chapter 4, we present a new quantum walk search framework, generalizing
[ |, that includes the extensions of both Ref. | ] and Ref. [ ]. In Chapter 5,
we show how to use this new framework to achieve the algorithmic technique of nested checking,
and the applications of this technique to triangle finding and more general subgraph finding.
Finally, in Chapter 6, we present the nested update technique from Ref. | |, and its
application to 3-distinctness, and more generally, k-distinctness.

Span Programs In Part III, we explore extensions to the span program framework, based
on collaboration with Tsuyoshi Ito. We first make a very slight modification to the definition
of a span program that allows span programs to be used to obtain tight upper bounds on the
quantum query complexity of any decision problem, not only those over a Boolean alphabet,
which we prove in Section 7.1. This is not of huge practical importance, since another formalism,
the dual adversary bound, is equivalent to span programs, and can already obtain tight upper
bounds for problems on non-Boolean alphabets, however, as with other results in this Chapter,
the main motivation is theoretical interest.

Another theoretical problem we consider, is that a very natural construction for converting
quantum algorithms to span programs, presented in Section 7.2, only works for algorithms with
one-sided error, which is theoretically unsatisfying, since it is known that for every Boolean
decision problem, there exists a span program for that problem whose complexity matches the
two-sided error quantum query complexity. This motivates us to consider various notions of
approximate span programs in Section 7.3. In a very satisfying turn of events, we are able to
show that all of these notions are actually equivalent.

In Section 7.4, we investigate the underlying structure of witnesses in span programs, uncov-
ering a structure that facilitates a more straightforward algorithm for evaluating span programs,
and in Section 7.5, we present a general transformation that allows us to put any span program
in a specific form. These results allow us to present a simple and easy to analyze algorithm for
evaluating span programs in Section 7.6.1, as compared with previous span program evaluation
algorithms. Finally, in Section 7.6.2, we show that our definition of approximate span programs is
meaningful by giving an algorithm to evaluate an approximate span program. This opens up the
possibility for new upper bounds on quantum query complexity to be proven in our approximate
span program framework.



1.2 Other Contributions

During my PhD, I have been involved in several research projects whose results I have opted not
to include, in the interest of coherence. Several of these relate to quantum algorithms. The first
of these is a quantum algorithm for Boolean matrix multiplication that has optimal quantum
query complexity, up to logarithmic factors, O(n\/z)7 where £ is the number of 1s in the output.
This algorithm was joint work with Robin Kothari and Frédéric Magniez, and appears in Ref.

[ J

The second quantum algorithmic result is a quantum walk algorithm for subset sum, which
is joint work with Dan Bernstein, Tanja Lange, and Alex Meurer | ]. We speed up a clas-
sical heuristic algorithm [ ], to obtain a quantum heuristic algorithm whose average case
complexity is exponential, but with the smallest known constant in the exponent. Since such al-
gorithms can be used to attack code-based cryptosystems, the best known achievable complexity
is important in the field of cryptography. The speedup is obtained by a straightforward modifi-
cation of Ambainis’s element distinctness algorithm, which is time-efficient when an appropriate
quantum data structure is used. Ambainis uses a data structure that is a combination of a hash
table and a skip-list. In contrast, we modify a simpler data structure, called a radix tree, to the
quantum setting. We will use this data structure for time-efficient algorithms in this thesis. Its
description can be found in Section 3.3.4.

The final algorithmic result gives matching upper and lower bounds on the parallel quantum
query complexities of element distinctness, and k-sum for all £k > 1. We show that for any
p < n, the p-parallel quantum query complexity of element distinctness, in which we can make p
queries at each time step, is ©((n/p)?/?), and the p-parallel quantum query complexity of k& sum
is ©((n/p)*/*+1)). Our upper bounds are obtained in the quantum walk search framework, and
our lower bounds are obtained by applying the adversary method. This result is joint work with
Frédéric Magniez and Ronald de Wolf, and appears in | ].

In addition, I have been involved in two projects related to quantum cryptography. The first
project is joint work with Gorjan Alagic and Stephen Jordan, and proposes an obfuscation scheme
for both classical and quantum circuits based on braid group representations. This work appears
in [ ]

The second quantum cryptography project is a homomorphic encryption scheme for quantum
circuits, in which the size of the evaluation circuit scales with the number of non-Clifford gates.
This work is in collaboration with Anne Broadbent, and is currently in preparation.
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Chapter 2

Mathematical Preliminaries

In this section, we give some miscellaneous mathematical preliminaries required for understanding
the results of this thesis. We begin by mentioning some standard notation that will be used
throughout this thesis for linear algebraic objects. We then give the required background on
random walks that will be used in Part II. Finally, in Section 2.3 we present a collection of tail
bounds and other facts from probability theory that will be used throughout this thesis.

2.1 Linear Algebra Notation

In this section we outline some common notation that will be used throughout this thesis.

For any vector v in an inner product space H = span{|i) : i € [n]}, we define

loll == [ Wilv)2.
i€[n]

For vector spaces Hy and Hy, we let L(H1, Hz) denote the set of linear maps from H; to Hy. For
any operator A € L(Hi, Hs) for inner product spaces H; and Hs, we define
[All == max - [[AR)[.
|h)eHy:|||h)[|=1
Let V be a subspace of H. Then we will use Ilyy to denote the orthogonal projector onto
the space V' (where H should be clear from context), and RefV = 2IIy — I, the reflection

about V. When V' = span{|3)} is a one-dimensional space, we will often write Il as Il and
RefV = Ref{|¢)}.

For subspaces Hi; and Hs of an inner product space H, we let Hy + Hy be the span of all
vectors in H; and Hs. For orthogonal spaces H; and Hs, we write this as Hy & Ho.

8



2.2 Random Walks

For a thorough introduction to the subject of random walks, see [ ]. We now outline those
properties of random walks and Markov processes that will be used in this thesis.

Random Walks on Graphs For a graph G with vertex set 2 and (possibly weighted) edges
E, a random walk is a random process that models a “walker” on some vertex (or distribution
of vertices) of the graph. At every step of the process, the walker choose a neighbour of the
current vertex at random and moves to that neighbour. Concretely, if u is the current state, and
I'(u) = {v e Q:{u,v} € E} is the neighbourhood of u, then the probability that the next state
will be v is given by 0 if v ¢ I'(u), and m if v € I'(u), where deg(u) = |I'(u)|. A random walk
on a graph is a kind of Markov process.

Markov Processes A Markov process is a random process that takes a distribution on some
(in this thesis, finite) state space 2, and maps it to another distribution on {2, such that the
distribution of the next state depends only on the current state. A Markov process on the state
space € can be specified by a stochastic transition matriz, P € R®*® where for any u,v € €,
P(u,v) gives the probability of moving to the state v from the state u. A random walk is one
type of Markov process, in which P(u,v) is 1/ deg(u) if u and v are adjacent, and 0 otherwise.

A Markov process is irreducible if for any pair of states u, v € €2, there exists an integer ¢ such
that starting from w, the probability of reaching v after ¢ steps is non-zero — that is, every state
is reachable from every other state.

The period of a state u € 2 with respect to P is the minimum positive integer k such that the
probability of being in state u after ¢ > 0 steps starting from w is nonzero if and only if k£ divides
t. For example, in a random walk on a bipartite graph, every state has even period k£ > 2. The
period of a Markov process P is the greatest common divisor of the period of every state. For
example, the period of a random walk on a bipartite graph is always an even integer k > 2. A
Markov process with period 1 is called aperiodic.

A Markov process is ergodic if it is irreducible and aperiodic.

Stationary Distribution A stationary distribution of P is a probability distribution 7 € R
such that 7P = m — that is, 7 is a left 1-eigenvector of P. This means that if the current state
is distributed according to m, the next state will also be distributed according to .

Fact 2.2.1. An irreducible Markov process has a unique stationary distribution.

If 7 is a stationary distribution for P, then whenever the state is distributed according to
m, it will stay that way. For many Markov processes, it is actually the case that for any initial
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distribution, each step of the Markov process brings us closer to some unique 7. This is not
always the case: consider a random walk on a bipartite graph with classes A and B. If we start
in a particular state u € A, then for odd ¢, after t steps, all weight is on B, but for even ¢, after
t steps, all weight is on A. Thus, starting from u, we will not converge towards any particular
distribution. However, it turns out that this sort of periodicity is the only thing that can prevent
us from converging to a unique stationary distribution.

Fact 2.2.2 (Convergence Theorem). If P is ergodic, then there exists a distribution w € R® such
that for any initial distribution p € R?,

lim Z Hth — 7THtU = 0.

t—o00
ue)

An irreducible Markov process P such that for every pair of states u,v € Q, m(u)P(u,v) =
m(v)P(v,u) is said to be reversible. A random walk on an undirected graph is always reversible.

A question of central importance in the study of Markov processes is the question of just how
many steps are needed to get within € of the stationary distribution.

Definition 2.2.3 (Mixing Time). Let P be ergodic. The mixing time, Tix, of P, is the minimum
t such that for any initial distribution p € R,

1
0P’ — =]l < .

Here ||-||,, is the total variation distance, defined ||p1 — pall,, = 3 >, [p1(u) — p2(u)].

Definition 2.2.4 (Spectral Gap). Let Ai,..., A, be the complete set of eigenvalues of P, with
multiplicity, and suppose 1 = Ay > |Xa| > -+ > |A\y|. Then the spectral gap of P is defined as
6:=1-— ‘)\2‘

Fact 2.2.5. If P is ergodic, then the spectral gap of P is > 0.

The spectral gap is important because of its relationship with the mixing time.

Fact 2.2.6 (Relaxation Time). If P is reversible and ergodic with spectral gap 6 and stationary
distribution w, with Tyin := mingeq m(u), then

1 1
<5_1>10g3§7—mix§10g ’ .

2 J Tmin

A number of other quantities measure how quickly weight moves between states under P.

Definition 2.2.7 (Hitting Time). For two states u,v € 2, the hitting time from u to v, H(u,v),
is defined as the expected number of steps to hit v when starting from u.

Definition 2.2.8 (Commute Time). For two states u,v € Q, the commute time between u and
v 1s defined as
C(u,v) := H(u,v) + H(v,u).
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Random Mapping Representation An alternative to representing a Markov process on a
state space Q as a stochastic transition matrix P € R?*? is called a random mapping represen-
tation. A random mapping is a function f : Q x A — € for some finite set A, which we call the
coin space of P, and a random variable R on A. Then f represents P if for all u,v € €,

F;_ir[f(u, R) =v] = P(u,v). (2.1)

Intuitively, we can think of implementing the Markov process P by tossing a |A[|-sided coin, and
then choosing the next state v as a function of the current state u and the coin outcome r,
according to f. Then whenever the coin lands on side r, we move to the state f(u,r). The
condition in (2.1) ensures that the resulting distribution is exactly P(u,-), the row of P labelled
by the current state u.

As an example, consider a random walk on state space Z/nZ, the cyclic group of n elements,

defined as
i ifve{u—1u+1}

P(u,v) :{ 0 else.

A much more succinct and intuitive way to describe this random walk is that at each step, with
probability 1/2 we add 1 to the current state, and with probability 1/2 we subtract 1 from
the current state. In the much more natural random mapping representation, this looks like
f(u, R) = u + R, where R is the uniform distribution on {—1,1}. If we do not restrict A to
be finite, then every Markov process given by a transition matrix P has a random mapping
representation.

Our interest in random mapping representations is due to their potential for providing a
succinct encoding of a transition from one state to another: if we consider some (u,v) € E(P),
where E(P) is the set of pairs (u,v) € Q2 such that P(u,v) > 0, we can encode this edge by
explicitly writing down both states, as (u,v), or we can encode this edge as (u,r) for some r
such that f(u,r) = v. A function f need not be, strictly speaking, a random mapping in order
to accomplish this task. For example, let A = 2, and define f: Q@ x A = Q by f(u,v) = v and
Pr[R = v] = P(u,v). This is not a random mapping, because the distribution of R depends on
u, but it still fulfills our requirements in terms of representing a state. We define a non-strict
random mapping representation of P to be a function f :  x A —  and random variables
{Ry : u € Q} on A. The transition representation, given by the matrix P, satisfies this definition,
with A = Q, f = P, and R, distributed according to P(u, ), the u'" row of P, but there may be
more succinct non-strict random mapping representations for P.

Johnson Graphs For positive integers n and r with r» < n, the Johnson graph, J(n,r), is the
graph on vertex set Q = {S C [n] : |S| = r}, with edges £ = {{S,5'} c Q:|SNS|=r—1}

11



The random walk on J(n,r) has the following transition matrix:

if |SNS'|=r—-1
else.

1
P(S,S') = { o

The random walk on J(n,r) is more intuitively described by saying that at every step, if S is
the current state, we move to a new state by removing an element from S, and adding a new
element to S, to obtain S’. We can formalize this as a non-strict random mapping representation,
f:Qx A — Q, and random variables {Rg}scq. Define A = {(i,5) € [n]?}, and for every S € ,
let Rg be the distribution on A with uniform weight on (i, j) such that i € S and j ¢ S. Then
we set f(S,(4,7)) = (S\{i}) U{j}. In this way, we can succinctly represent the transitions of the
random walk on J(n,r).

We can further generalize the graph J(n,r). For positive integers m < r < n, let J(n,r,m)
denote the graph on vertices Q = {S C [n] : |S| = r} with edges E = {{5,5'} C [n] : |[SNS'| =
r —m}. In this case, transitions can be done by removing m elements from the current state S,
and then adding m new elements. For any m < r < n, the unique stationary distribution of the
walk on J(n,r,m) is uniform, because J(n,r,m) is a degree-regular graph. Furthermore, we have
the following fact about the spectral gap.

Fact 2.2.9 (See for example | ). For all n and r in N with r < n, the spectral gap of the
random walk on J(n,r) is at least % For all n,r,m € N with m < r < n, the spectral gap of the
random walk on J(n,r,m) is at least =*.

2.3 Probability Theory and Tail Bounds

We will make use of several tail bounds in order to lower bound the weight of a distribution
around the mean. The following tail bounds apply to random variables distributed according to
a hypergeometric distribution.

Fact 2.3.1 (Hypergeometric Tail Bounds [ ). Let Z be a random variable distributed ac-

cording to a hypergeometric distribution with m draws, population N, and k possible successes.
m

Let = Wk Then for every z > Tu:
Pr[Z > z] <e™*.

Furthermore, for any t > 0: ,
Pr[Z > p+t] < e 2/m,

Finally, for any € > 0:
Pr(|Z — p| > ep] < 2exp{—((1 + €)log(1 +¢€) — €)u}-
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The next tail bound can be applied to any sum of negatively correlated random variables.

Fact 2.3.2 (Tail Bound for Negative Correlation). Let {Z;};cn be a set of random wvariables
on {0,1}, such that for each i, Pr[Z; = 1] = p, and for each i # j, Pr[Z;Z; = 1] < p?. Let
Z =% 1" 1Z. Then for any € > 0:

Pr[Z <np—¢ < e /),

We will require the use of a k-wise independent partition, defined below.

Definition 2.3.3. A random partition of [n] into k disjoint sets Ay,..., Ay is called uniform
k-wise independent if for every t < k, and distinct i1, ..., € [n], and any j1,...,j: € [K]

) . 1
Prliy € Aj,,...,it € Aj,] = PR

It is often useful in randomized or quantum algorithms to randomly partition some set [n]. A
k-wise independent partition is sufficiently random for many purposes, but as we will now see, it
can have the desirable property of being easy to compute. We can construct a k-wise independent
partition using a k-wise independent function.

Definition 2.3.4. A random function, F : [n] — [¢], is said to be k-wise independent if for any
t <k and distinct iy, ..., i € [n], and any (j1,-..,5) € [{]',

P{(F(i), ., F(i)) = (i1, 0] =

When n = /¢ is a prime power, a simple example of a k-wise independent function is a uniform
random polynomial of degree k — 1 over the finite field GF(n) | ]. Each such polynomial
can be represented using O(klogn) bits and evaluated using O(k) additions and multiplications
over GF(n). More efficient constructions exist, but the polynomial construction suffices here. It
can be extended to any integer n by allowing a small statistical distance between the distribution
(F(i1),...,F(i)) and the uniform distribution over [n].

For simplicity, we now assume that we have at our disposal a (perfect) k-wise independent
function F' : [n] — [n]. We can use this to construct an efficiently computable k-wise independent
partition by defining i € A; whenever F (i) = j (mod n).
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Chapter 3

Survey of Quantum Algorithmic
Frameworks

In this chapter, we survey the state of the art in frameworks that facilitate the construction
of quantum algorithms. The new work presented in Parts II and III will build on the MNRS
quantum walk search framework, presented in Section 3.3.2, and the span program framework
presented in Section 3.4. The algorithms we present in Sections 5.2, 5.3, 5.4 and 6.2 are based
on algorithmic examples presented in this chapter.

This chapter is organized as follows. In Section 3.1, we begin by describing some preliminary
material on quantum algorithmics that will be used throughout this thesis, including the phase
estimation technique in Section 3.1.1, and methods for dealing with errors in quantum subroutines
in Section 3.1.2. Next, in Section 3.2, we describe the first quantum algorithmic framework, the
amplitude amplification framework.

In Section 3.3, we describe the MNRS quantum walk search framework, upon which the work
of Part II of this thesis is based. After describing this framework, we present several applications
of the framework. The first is an algorithm for k-distinctness, due to Ambainis | ], presented
in Section 3.3.3. Our improved k-distinctness algorithm in Section 6.2 will use a variation of this
algorithm as a subroutine. In Section 3.3.4, we will present a quantum data structure, first used
in | ], called a quantum radix tree, that will allow us to make Ambainis’s k-distinctness
algorithm time-efficient (Ambainis did this using a different quantum data structure). The data
structure presented in Section 3.3.4 will also be used in our improved k-distinctness algorithm
in Section 6.2. The final quantum walk application, in Section 3.3.5, is an algorithm for triangle
finding. Subsequent improvements to triangle finding can be seen as extensions to this algorithm.

In Section 3.4, we will briefly describe the span program framework, on which the work of Part
IIT is based. In Section 3.5, we will discuss the learning graph framework, which facilitates the
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construction of a restricted class of span programs. A new upper bound on the quantum query
complexity of triangle finding using the learning graph framework was the inspiration for the
nested-checking quantum walk framework. We briefly describe the ideas underlying this learning
graph upper bound, as we will apply those same ideas to reproduce this upper bound in Section
5.2.

3.1 Quantum Algorithms Preliminaries

We assume the reader is familiar with the basics of quantum computation. For an introduction,
see | ] or | . In this thesis, we will consider algorithms for search problems, and
decision problems, which can be defined as follows.

Definition 3.1.1. A search problem, f, on a finite set Q, is a collection of sets {M, C Q}rep
where D is some finite domain.

We say that an algorithm A solves f with bounded error if, for any x € D, if M, # 0,
Pr[A(z) € M,] > 2, and if M, =0, Pr[A(z) = 0] > 3.

We say that an algorithm A solves f with one-sided error if, for any x € D, if M, # 0,
Pr[A(z) € M,] > 2, and if M, =0, Pr[A(z) = 0] = 1.

Definition 3.1.2. A decision problem, f: D — {0,1}, is a function on finite domain D.
We say that an algorithm A solves f with bounded error if, for any x € D, Pr[A(z) = f(z)] >

win

We say that an algorithm A solves f with one-sided error if, for any x € D, if f(x) = 1,
Pr[A(z) =1] > 2, and if f(z) =0, Pr[A(z) = 0] = 1.

In the remainder of this section, we will present some details necessary to understand the
work presented in this thesis. In Section 3.1.1, we will describe an important quantum algorith-
mic primitive called phase estimation, and in Section 3.1.2, we will describe how we deal with
subroutines that have some error.

3.1.1 Phase Estimation

An important quantum algorithmic primitive is phase estimation, developed by | | and fur-
ther explored in Ref. | |, which is a procedure for estimating the phase of a unitary on
a particular state using controlled calls to an implementation of the unitary. For some inuition,
fix a unitary U, and a state [1g). Suppose U|¢g) = |1g), and for all other eigenstates of U, |},
we have Uly) = —|¢), so U is simply Ref{|¢g)}, the reflection about |¢g). Intuitively, since U
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has such different behaviour on |¢)y) as on any orthogonal state, U can allow us to “detect” |to),
distinguishing it from all orthogonal states. The following circuit accomplishes this “detection”
of [1o), where H is a Hadamard gate:

This circuit acts as
H U
0)[¢) = \f(|0> + 1)) [¢) = f<|o>|w> + [)U[)) -

If the input state |¢)) is equal to |tg), then U has no effect, and the final Hadamard acts as
(10) b0} +1)]20)) /2 = |0)|bg). On the other hand, if [¢)) is orthogonal to |+), then U adds a —1-
phase, and so the final Hadamard acts as (]0)[¢)) — |1)[)))/v/2 + [1)]1). For a more general state
16) = alto)+ Bl with [¢) orthogonal o [i), the circuit acts as [0)|6) — al0) i) +B[1) ).
Essentially, the circuit “marks” the part of the state that is orthogonal to |ty).

More generally, suppose U is not necessarily a reflection, but rather has many eigenvalues
e for § € (—m,7w|. If |4h) is the only 1-eigenstate of U, then U still distinguishes |¢) from
orthogonal vectors, but possibly not as well, since if U|iy) = €¥|¢)y) for some 6 very close to 0,
then the action of U on |t)g) is not that different from its action on |¢g). However, for any positive
integer k, we have U¥|tpg) = ™ |1hy). If k@ is close to 7, then the unitary U* does distinguish
[10) from [1hg), so we can use U* in the above circuit to distinguish these states. The smaller 6,
the larger we need to set k so that U¥ almost reflects |y). We can turn this intuition into an
algorithm that distinguishes states based on their phase with respect to some unitary U. The
closer together the phases, the more times we will need to use U to accurately distinguish the
states. The following Theorem describes such an algorithm.

Theorem 3.1.3 (Phase Estimation | ). Let U be a quantum algorithm that implements

some 2™ -dimensional unitary U. Then for any s > 1, there exists a quantum algorithm PhasetlJ /25
such that

1. Phase‘ll/QS acts on m + s qubits;

2. Phasetlj/QS consists of O(s?) elementary gates, and 25! controlled calls to U;
3. if Ulh) = 1) then Phasel . (|¥)[0%)) = [¢)|0°);

4. and if Uy = €y, for 6 € (—m,0) U (0 7|, then Phase1/2s(]1/1>|05>) = [¢)|w) for some
state |w) such that [(0°|w)| = w <w

S Q1 =z
2 sin 3
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L
25 -

We say that Phase‘lJ /28 estimates the phase of U with precision

Item 3 says that if |¢)) is a l-eigenstate of U, then the state of the auxiliary register of the
output is |0%), and Item 4 says that if |¢)) is an eigenstate of U with a phase that is sufficiently
far from 0, the state of the auxiliary register of the output will be far from |0%), allowing us to
distinguish these two cases. What we mean by “sufficiently far from 0” is determined by the
precision, 1/2°. By Item 4, if Ul¢) = €|¢) for 6 such that [6] > 24, then [(0°|w)| < 3.

This algorithmic primitive will be an important subroutine in virtually all of the algorithms
presented in this thesis, as it plays a central role in the algorithms underlying the MNRS quantum
walk framework, and the span program framework.

3.1.2 Tolerating Errors

We will sometimes want to implement some specific unitary map U, but will instead be able to
implement a quantum algorithm that only approximates the functionality described by U. The
following definition quantifies this approximation.

Definition 3.1.4 (Approzdmating a unitary). Let U be a unitary on a finite-dimensional inner
product space H, and let U be another operator on H. For any subspace H' C H, we say that U
approximates U with error € on H' if for all |v)) € H' such that |||1,b>||2 =1,

|0t - v <

We may have a quantum algorithm in which we approximate many unitaries, in which case,
we will still want the error to remain small. The following fact is simply an elementary statement
about the operator norm of the difference of two unitaries, and gives an upper bound on the total
error of an algorithm consisting of multiple approximate unitaries.

Fact 3.1.5. Let Uy,...,Us be unitaries acting on a finite-dimensional inner product space H,
and let U = UyUy—q ... Uy. For each j € [t], let U; be an operator on H such that for all |¢) € H

Uj|) — UJ|1/J)H <e. Then if U = UUs_y ... Uy, for all unit vectors |1)) € H,

with norm 1, ‘

|010) = v < te.

In order to keep the overall error low when using ¢ unitaries with error, we will need the error
of each individual unitary to be less than % Given a unitary U with error €, we can often reduce
this error at the cost of multiple uses of U. The following Theorem gives one type of unitary for
which this is possible.
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Theorem 3.1.6 (Error reduction). Let H = span{|u) : u € Q} for some finite set Q be an
inner product space, and let M C Q. Let A be a quantum algorithm on H @ C2, and p < 1 some
constant, such that for all w € M, Alu)|0) = |u)|w) with |(Olw)|* < p, and for allu € Q\ M,
[(0lw)|> > 1 —p. Then for any e < 3, there ezists an algorithm A. such that:

o A uses O (1og %) applications of A;

o for all u € M, there exists |w) such that Ac|u)|0) = |u)|w) with (Olw) < e and;

o for all u & M, there exists |w) such that Ac|u)|0) = |u)|w) with (Olw) > 1 —e.

The error reduction procedure uses the standard classical technique of computing A|u)|0) for

many different auxiliary registers |0), and taking the majority. One application of this error
reduction technique is to reduce the error in the phase estimation algorithm of Theorem 3.1.3:

Theorem 3.1.7 (Phase Estimation with Small Error). Let U be a quantum algorithm that im-
plements some 2™ -dimensional unitary U. Then for any s > 1 and € € (0,1/3), there exists a
quantum algorithm Phaselll/Qs . such that

. Phase[f/zsﬁ acts on m + s+ O(1/e) qubits;
o Phaself/%E consists of O(s?log %) elementary gates and O(2° log %) controlled calls to U;
e if UlY) = [¢) then Phase] ,. ([¥)]0)) — [¢)|0);

e and if UlY) = e®|y), for 6 € (—m,0) U (0, 7], then Phasellj/P’E(W)]O)) = |[¢)|w) for some
state w such that |(0|w)]? < e.

We say that Phase[f/%E estimates the phase of U with precision 2% and error €.
It is easy to see that if instead of a computation, we have a reflection with some error, we
can use phase estimation on the reflection and apply the same majority trick, which gives us the

following.

Theorem 3.1.8 (Error reduction for reflections). Let H = span{|u) : u € Q} for some finite set
Q be an inner product space, and let V be a subspace of H. Let A be a quantum algorithm on
H such that A approzimates RefV with error p for some constant p < 1/2. Then for any e > 0,
there exists an algorithm A, such that:

o A, uses O (log %) applications of A;

o A. approximates RefV with error e.
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3.2 Amplitude Amplification

We will now present the first quantum search framework, amplitude amplification. This was
developed in | ] and [ ] as a generalization of Grover’s famous quantum search
algorithm [ ].

For intuition, consider a very simple classical algorithm that searches for a particular “marked”
object by sampling from some distribution of objects, checking if the sampled object is one of
the marked objects, and repeating until a marked object is found. More concretely, let M be
some set of marked objects, and suppose we have the ability to sample from some distribution
7 on ), where () is a finite set containing M. Then each time we sample according to w, we
have probability par = >, o5 7(u) of drawing a marked object. If we are promised that pys > ¢
whenever M # (), then with high probability, we expect to find a marked object after at most %
samples. We can formalize this algorithm as follows:

GuessAndCheck(x)

1. Repeat % times:

(a) Sample u from Q according to 7
(b) Check if u € M,

If the cost of the procedure to sample according to « is S, and the cost of the procedure
to check if w € M, is C, then GuessAndCheck has cost %(S + C). Here cost can mean time
complexity, query complexity, or various other means of counting operations.

The quantum analogue of this very general type of classical algorithm is a framework called
Amplitude Amplification | ], based on Grover search | ]. This framework allows
one to construct a similarly general type of quantum algorithm, whose cost is smaller than the
corresponding classical algorithm. This framework is very simple to apply, and has been used to
obtain quantum algorithms with improved time or query complexity for a number of problems

including collision finding | ], and Boolean matrix multiplication | ]. The framework
is stated in the following theorem.
Theorem 3.2.1 (Amplitude Amplification | , ). For some set 2, let {My}.eD

be a search problem. Let |n;) € Hq = span{|u) : u € Q} be any state. Let S be the cost of
constructing the state |m,); C the cost of checking, for any u, if u € My,; and € > 0 a lower bound
on Y e, |(ulme) |? for all & such that M, # 0. Then there is a quantum algorithm that, on input
x, finds an element in M, or reports that none exists, with bounded error, in cost

0(2(5%)).
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We can summarize the framework described in Theorem 3.2.1 in the following table. We have
included a data function d that acts on 2. The idea is that we will always store some information
d(u) with the state u, which may help us to implement the procedure C that checks if a state is
marked.

AMPLITUDE AMPLIFICATION

Parameters: Q Finite set of objects
(for each x € D) M, C ) Set of marked objects
dy : Q — Sy Function from 2 to some finite set Sy

|72) € span{|u,dg(u)) : w € Q} Initial state

Properties: ¢ € Ry Lower bound on pas, := Y, cap [(Talu, de(u))|? for all @ s.t. pag, #0

Subroutines: Setup, S(z), with cost S |0) — |my)

Checking, C(z), with cost C  |u,d,(u)) — { —|u,dy(u)) if ue M,

lu, dyp (u) else

1
NG

In order to apply the amplitude amplification framework, we must choose parameters €,
M C Q, d a function on (2, and |r) some superposition over states |u,d(u)). We choose Q2 and M
based on the search problem we want to solve, and d(u) may contain some information that will
help us check if u € M. Next we implement setup and checking subroutines with the specified
functionalities. This leads directly to a quantum algorithm, with the specified cost, that uses the

Cost: (S+0Q)

setup and checking procedures as subroutines.

The quantum algorithm of Theorem 3.2.1, which implements the amplitude amplification
framework, begins with the state |7), and alternatively applies Ref{|r)} and —RefH}s, where
Hyr = span{|u,d(u)) : w € M}, on the order of % times. We measure the state, to obtain some

u, and check if u € M. If so, we return u, and if not, we return (.

We can implement —Ref Hy; using C in cost C, and Ref{|7)} by S - Ref{|0)} - s, in cost 2S,

so this algorithm certainly has cost O (% (S+ C))

To see that this algorithm works, first note that if M = (), then clearly applying G :=
—Ref{|r)}Ref Hys to |7) has no effect, but if M # (), then one application of G moves |7) closer

to I, |m), its projection onto the marked states. More precisely, if [yr) = % nd
Hpg
i) = %, and a € [0,7) is such that sina = ||IIg,,|7)||, so sin®a = py, we can
T HNy

write:
|7) = sinalyyr) + cosalyy).
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Define [1g) := sin@)ar) + cosOpz;). It is a simple exercise to show that for any 6, Glyg) =
|g124). Thus, we can see that Gt|7) = Gt|y,) = ¥ (2t+1)a)- To have constant probability of
measuring a marked state, we need to choose ¢ such that (2t + 1)a is constant, so ¢t = ©(2). For

all a € (—m,7), we have a < §sina = §/ps, thus, choosing t = © (ﬁ) is sufficient. If ¢ is a

lower bound on pyy, for all z such that M, # 0, then even if € is not known, we can still get an

algorithm that uses O (%) applications of G, for a total cost of O (% (S+ C)), using standard
techniques, in which we begin by estimating ¢ as %, and repeatedly halve our estimate and run
the algorithm, until a marked item is found.

3.2.1 Amplitude Amplification with Reflection Errors

It is possible to implement amplitude amplification even when one of the two reflections cannot
be implemented perfectly with no additional asymptotic cost. In particular, we will make use of
the following theorem when discussing the quantum walk search framework in Chapter 4.

Theorem 3.2.2 (| |, Lemma 1). Let Hps be a subspace of some finite-dimensional inner
product space H, and let |w) € H. Let Ry be a procedure that implements Ref Hyy exactly, with
cost Ry. For all © € (0,1), let Rg be a circuit that can be implemented in cost Rylog % such that:

* Ro (|m)[0°)) = |m)[0°), and

e for all |1)) orthogonal to |m), H(ﬁ@ +I)|@Z)>H < 0.

1

Let py = ||y, |7)||*. Then there exists a quantum algorithm A with cost O( ;M (R1 + R2)>
such that ||, Alr,0%)] > 2.

Note that the condition ||II,,Alr,0%)|| > 2 is exactly what we need to solve a search problem
with bounded error.

3.3 Quantum Walk Search

Discrete time quantum walks can be traced back to the work of Meyers on cellular automata,
[ ) |, leading up to the work of Watrous [ |. The potential for applications to
search problems was uncovered by Shenvi, Kempe, and Whaley, [ ], who showed how to
simulate Grover’s search algorithm using a discrete time quantum walk.

In 2003, Ambainis was able to extend the ideas behind amplitude amplification to get a quan-
tum walk algorithm for the problem of element distinctness with complexity better than the best
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possible classical algorithm | |. Later, Szegedy generalized the ideas behind this algorithm
to get a general framework for speeding up similar algorithms based on different reversible Markov
processes | ]. This framework was later improved by Ref. | | to what we now call the
MNRS quantum walk search framework. In this section we will first describe Szegedy’s frame-
work, and then the improved MNRS quantum walk search framework. Finally, we show several
applications of the framework. In Section 3.3.3, we present Ambainis’s element distinctness algo-
rithm and its generalization to k-distinctness in the MNRS quantum walk search framework, and
analyze its quantum query complexity. In Section 3.3.4, we discuss how careful use of quantum
data structures lets us upper bound the time complexity of the k-distinctness algorithm. Finally,
in Section 3.3.5, we present a quantum walk algorithm for triangle finding, due to | ].

3.3.1 Szegedy’s Quantum Walk Search Framework

Consider a classical algorithm based on a Markov process P on €2, which begins in a state drawn
from the stationary distribution of P, and repeatedly samples a new state according to P, checking
each time if a state from some marked set M, C (), has been reached. We can write this algorithm
as follows.

RandomWalkSearchI(x)

1. Sample u € 2 according to m

2. Check if u € M,

w

. Repeat T' times:

(a) Sample v according to P(u,-) and set u to v
(b) Check if u € M,, and if so, return u

4. Return “no marked items”

We would like this algorithm to find a marked state, if there is one, with high probability, so
we need to make T sufficiently large so that we can be fairly confident that we will find a marked
state after T' steps beginning from the stationary distribution. This is satisfied by setting T" at
least the hitting time of M, or the expected number of steps before a random walk reaches a state
in M, beginning from the stationary distribution. It turns out that if § is the spectral gap of P,

then the quantity M(lM), where m(M) = >_, s 7(u), is an upper bound on the hitting time of
[

M (see, for example, ]). Thus, if we know a lower bound € on 7(M), we can set T to be a
constant multiple of 5—18 and expect to find a marked state within this time, with high probability.
Thus, if S is the cost of sampling a state u € €2, C is the cost of checking if a state is marked, and
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U is the cost of sampling from P(u,-) for any u € €, then we can find a marked state with high
probability in asymptotic cost S + % (U+C).

Generalizing the ideas from Ambainis’s element distinctness algorithm, Szegedy was able to
show a quantum analogue of this very generic search algorithm. He showed that for any symmetric
Markov process, P, if S is the cost to construct the superposition |m) 1= 3" /7 (u)lu), C is
the cost to checking if a state is marked, and U is the cost to construct, for any v € 2, the
superposition |P(u,-)) = Y cq [v), then we can find a marked state with high probability in

asymptotic cost S + \/% U+0Q).

3.3.2 The MNRS Quantum Walk Search Framework

In [ |, Magniez, Nayak, Roland and Santha generalized and improved the ideas of Szegedy,
extending his results to a broader class of Markov processes, and obtaining an often faster generic
algorithm that can be applied to a variety of search problems. To illustrate their algorithm,
consider the following very generic classical algorithm for solving a search problem {M,}.,ep,
where d, : 2 — Sy is some arbitrary data function, which may be helpful in determining if
u € M,; P is a reversible ergodic Markov process with stationary distribution 7; and 7y is the
mixing time of P.

RandomWalkSearchII(z)

1. Sample u € Q according to 7, and compute d(u)

2. Check if u € M, using dg(u)

w

. Repeat % times:

(a) Repeat Tpix times:
i. Sample v according to P(u,-), compute d,(v) and set u to v

(b) Check if u € M, using d,(u), and if so, return u

4. Return “no marked items”

Recall that T, the mixing time of a random walk, is the minimum number of steps after
which a walker is close to the stationary distribution of P, no matter the starting state. Thus, step
3a has the effect of sampling a new state approximately according to 7. So RandomWalkSearchII
is essentially acting as the algorithm GuessAndCheck from Section 3.2. It repeatedly samples a
state u, and checks if v is marked. Then if ¢ < 7w(M,), S is the cost of sampling according to T,
C is the cost of deciding if a state u is marked from u, d,(u), and U is the cost of sampling from
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P(u,-), and ¢ is the spectral gap of P, the algorithm finds a marked state with high probability
after S + é (TmixU+C) =0 (S + % (%U + C)) operations, since Tmix = O(%).

The MNRS framework gives a quantum analogue of this very generic classical algorithm.
They show the following.

Theorem 3.3.1 (MNRS Framework | ). Let P be a reversible, ergodic Markov process
with stationary distribution |m) and spectral gap 6. Let d be any function on Q. Let S be the cost
of constructing the state |m) = Y o \/m(u)|u,d(u)), U the cost of constructing, for any u € Q,
the state |P(u,-)) = Y, cq VvV P(u,v)|v,d(v)) using |d(u)), and C the cost of deciding if a state u
is in My using d(u). Let € be a lower bound on mw(My) for all x such that My # (). Then the cost
of solving the search problem { My}, with bounded error is S + % (%U + C).

The resulting framework is summarized in the table below. We note that allowing all param-
eters, even the set {2, to depend on the input makes sense when we are solving a search problem
that is not identical to {M,},. For example, in the next section, we will present an algorithm
for k-distinctness in which the elements of M, will be sets that contain a k-collision, whereas the
problem we are actually trying to solve is finding a k-collision itself.

MNRS QUANTUM WALK SEARCH FRAMEWORK

Parameters: €, Finite set of objects
(forallz € D) M, C Qy Set of marked objects
dy 1 Qp — S;  Function from €, to some finite set Sy
P, A reversible, ergodic Markov Process on €2,

Properties: m, : 2 — R The stationary distribution of P,
ceR A lower bound on 7, (M,) whenever M, # ()
6 €eR The spectral gap of P,

Subroutines: Setup, S, with cost S )Ty = Z V(u)|u, d(u
ue)

. : —|u,d(u)) fueM
Checking, C, with cost C  |u,d(u)) — { o, d(u) else

)
Update, U, with cost U |u, d(u)}|0) — |u, d(u )Z V/ Puyvlv,d(v
veEQ

Cost: S+ LU +C>

1

Ve <\/S
In order to apply this framework, we must specify parameters (2, M,d, P), determine the

associated properties, and implement and analyze subroutines with the required functionalities.

This immediately gives an algorithm for solving the associated search problem with bounded
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error, whose cost can be easily analyzed using the cost formula. For the remainder of this
section, we will present example applications of the MNRS quantum walk search framework. The
applications presented in Chapters 5 and 6 are based on these examples.

3.3.3 Application to k-Distinctness

In this section, we present a quantum walk algorithm that solves 2-distinctness, also known as
element distinctness. This algorithm is due to Ambainis | ], and predates either the MNRS
or Szegedy quantum walk search framework. However, the Szegedy framework is a generalization
of this algorithm, so it is easily presented in the framework. Element distinctness is the following
problem.

Element Distinctness, 2-Dist,,

Input: x € [¢]"
Output: i,j € [n] such that i # j and x; = z; or () if no such pair of indices exists

This problem arises naturally as a subproblem of many classical applications, but its query
complexity is also important to the general understanding of quantum query complexity. Grover’s
search algorithm can solve any search problem on a space of size n in /n without exploiting any
structure of the problem, but this is only useful when the problem has no structure to exploit. If
we try to solve element distinctness using Grover’s algorithm, then since we would be searching
the space of pairs (,5) € [n]?, Grover’s search would cost vn2 = n. However, since element
distinctness does exhibit some structure, this is not much better than the best classical algorithm,
which simply queries everything into a database and sorts it in n queries and nlogn time steps.

It was therefore natural to ask if there is a different quantum algorithm that can exploit some
of the structure and does get a speedup over the best classical algorithm. This problem was a
natural next step after Grover search, having some amount of structure, but almost as little as
possible. The first quantum algorithm for this problem used only amplitude amplification, but
in a more clever way, to get an upper bound of 9] (ns/ 4) quantum time complexity by searching
for a set of r indices that contains a collision, for some very large r related to n | .
Later Ambainis went beyond amplitude amplification, presenting a quantum walk algorithm that
proved the following theorem.

Theorem 3.3.2 (Ambainis [ ). The quantum query complexity of 2-Dist,, is at most
O(n?/3), and the quantum time complexity of 2-Dist,, is at most O(n?/3).

Ambainis’s upper bound on the quantum query complexity of element distinctness is known
to be tight | , , ].

One natural generalization of element distinctness is the following family of problems.
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k-Distinctness, k-Dist,,

Input: x € [¢]"
Output: distinct i1,...,4; € [n] such that z;, =--- = z;, or 0 if no such k-tuple of indices exists

Ambainis also showed upper bounds for k-distinctness for k& > 2.

Theorem 3.3.3 (Ambainis | 1). For any k > 2, the quantum query complezity of k-Dist,,
is at most O(nk/(k+1)), and the quantum time complexity of k-Dist,, is at most O(nk/(k+1)).

These upper bounds are not tight. The best known lower bound is Q(n2/ 3), and follows from
the element distinctness lower bound. The query complexity of this problem has subsequently
been shown to be o(n3*) for any k, but this was the best known upper bound on the time
complexity prior to improvements we will present in Section 6.2.

In the remainder of this section, we will construct quantum walk algorithms that prove The-
orems 3.3.2 and 3.3.3 in the MNRS quantum walk search framework. To begin, we will present a
very straightforward construction from which query complexity upper bounds will follow immedi-
ately. We will subsequently discuss the time complexity of this construction, which is much more
technical, and involves careful use of quantum data structures. In all discussions of quantum time
complexity, we will mean time complexity in a quantum RAM model, in which we can access a
quantum memory of size n in cost O(logn).

Quantum Walk for k-Distinctness

Parameters Let ) = ([2]) be the state space of the walk, for some r < n to be specified later.
Each set S € © will correspond to a set of indices into the input. We will define the marked set
as

M = {S : 3 distinct 7y, ...,i; € S such that z;; =--- =z, }.

To this end, we define the data
d(S) == {(i,x;) : 1 € S}.

The walk will be on a Johnson graph J(n,r), with vertex set €2, and edges between two vertices
S and S’ whenever |S N S’'| =r — 1. This walk is governed by the reversible Markov process

1 . n
P(S5,8) =4 ntr=r) if|Sns|=r—1
’ 0 else.

Properties The stationary distribution of P is 7(S) = (%) for all S € Q, the uniform distri-

r

bution on Q. The proportion of marked states, m(M), increases as the number of k-collisions in
the input increases, with w(M) = 0 if and only if there are no k-collisions in the input. Thus, if

26



w(M) > 0, then (M) is lowest when there is exactly one k-collision in the input, in which case,
all indices of this k-collision must be in S for it to be marked. We can thus compute a lower
bound on 7 (M) whenever it is nonzero as:

o G5) ==kt
o " () nan—1..n—k+1)

T

m(M)
Finally, the spectral gap of a random walk on J(n,r) is § > %, by Fact 2.2.9.

Setup Subroutine We need to set up the state |1) = > 4. \/%|S,d(5)>, where we can
encode S as a list of sorted indices, and d(S) as a list of sorted elements of the form (¢, x;). Since
we only care about query complexity, the encoding is not important. Constructing this state

costs S = O(r) queries, since we must query every ¢ € S to compute d(S).

Checking Subroutine If a state is marked, we can detect this with no additional queries; we
need only scan d(S) for k-collisions. Thus, we can implement the checking subroutine with C = 0
queries.

Update Subroutine To implement the update subroutine,

|S,d(S)]0) = [S,d(S)) Y 1S, d(S")),

1
S'e:|SNS |=r—1 Vrn—r)
we need to construct d(S’) from d(S), which we can do by querying the unique index in S’ \ S.

All other query values of indices in S’ are known, since they are stored in d(S). Thus U = O(1).

Now we can compute the query complexity of the resulting quantum algorithm using Theorem

3.3.1:
nk
O|r+ ﬁ(\/;-i-())
nk/2

This is optimized by using r = n , in which case, we get an algorithm with query complexity
O(n*/+1)) " as claimed in Theorems 3.3.2 and 3.3.3. To complete the proof, we need to analyze
the time complexity of the subroutines, however, we would not immediately get a matching time
upper bound. Consider for example the checking subroutine, which simply inspects d(S) to see if

S+\}E<\}SU+C>

k/(k+1)
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there are k colliding indices. If we store the members (¢, x;) of the set d(5) as a list sorted in x;,
then members of a k-collision would appear together, but we would still have to read through a
list of 7 = n¥/(*+1) entries, bring the checking cost up from 0 to r, and completely destroying the
quantum speedup. In the next section, we describe a data structure in which we can encode the
sets S and d(S) so that the time complexity of this algorithm will match the query complexity
up to logarithmic factors.

3.3.4 Quantum Radix Trees for Time-Efficient k-Distinctness

In order to make the k-distinctness algorithm presented in the previous section time-efficient, we
need a data structure such that we can perform each of the following operations in worst case
time logarithmic in n:

e inserting a new (7, ;) into the data structure;

e removing some (%, z;) from the data structure, for a specified i;

e constructing a superposition over all ¢ such that (i, z;) is in the data structure;
e determining if a particular (¢, ;) is in the data structure; and

e determining if there is a collision (i,z;), (j,2;) such that ¢ # j and x; = x;, in the data
structure.

Furthermore, in order for quantum interference to occur correctly in the quantum walk, we require
that for any S, the encoding of S, d(S) by the data structure is unique. For example, it may not
depend on the order in which elements are added to S or previously removed elements.

Such a data structure was defined by Ambainis in Ref. | ] in order to prove Theorem
3.3.2, based on a combination of a hash table and a skip-list. We will use a simpler data structure,
called a radix tree, first used in the quantum walk setting in Ref. | ]. The details of the

data structure are not as important as the fact that it satisfies the above properties, however, we
describe it here for completeness, as we will also make use of this data structure in Section 6.2.2.

Radix Trees A radix tree is binary rooted tree that stores key-value pairs in which the keys
are £-bit strings. Each leaf is labelled by a key, and each edge is labelled by a substring, such that
the concatenation of all substrings along the path from the root to the leaf yields the key stored
at the leaf. A radix tree storing a set of strings S is the unique such tree in which the labels of
the children of any non-leaf node start with different bits. An example of a radix tree appears in
Figure 3.1.
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00/ \10 01/ \l1 -

10000] [0010] [1001] [1011] [1111]

Figure 3.1: The unique radix tree storing {0000, 0010, 1001, 1011, 1111}.

Let R(S) denote the radix tree storing a set .S. We will want to implement reversible operations
of the form:

Insert : |i)|R(S)) — |i)|R(S U {i}));
Delete : [i)|R(S)) — |i)|R(S\ {i}));
and Lookup : |#)|R(S))|0) — [i)|R(S))|vi),

where v; is the value stored with key ¢ if ¢ € S, or 0 if ¢ ¢ S. The standard radix tree operations
can easily be made into reversible operations of this form. We roughly describe each operation
on a radix tree R:

Lookup To lookup a string z, we simply start at the root and traverse the tree downwards, each
time choosing an edge such that the concatenation of labels along the path taken is a prefix
of z. We either find a leaf labelled by z, or we end up at a node with no valid outgoing
edge, in which case z is not in R.

Insert(z) Attempt to lookup z in R until we hit a node with no outgoing edge still consistent
with z. If it’s a leaf, it must already store z (or be a substring of z, which is not permitted
when all keys are the same length). Otherwise, there must be an outgoing edge labelled
by a substring that shares a non-empty prefix with the remaining substring of z. Split
this edge into two edges with a new node in the middle: e,q — e1Vpewee. The first edge,
ey is labelled by the common prefix of z and the old label. The second edge is labelled
by the remainder of the old label. The new node’s other outgoing edge is labelled by the
unmatched part of z.

Delete Run the insertion procedure in reverse.

All of these operations can be done in cost £:

Lemma 3.3.4. Let R be a radiz tree storing v strings of length £ = logn. We can lookup a
string in R in cost at most O(logn), we can insert a new string into R, or delete a string in R,
reversibly, in cost O(logn).
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Quantum Radix Trees A tree is encoded as a set of nodes, {(v,p)}, in memory, where v
stores the node, and p is some vector of pointers to the memory locations of other nodes, in this
case, a parent and two children. In general these nodes can be stored anywhere in memory, but
since we want a unique encoding, we cannot allow the decision of where in the memory array we
place each node to depend on things like which elements we have added so far, etc. Thus, we
will consider the memory array as an array of cells, each large enough to store a single node, and
whenever we insert a new element in our data structure, we will choose from all available cells in
superposition.

Definition 3.3.5 (Quantum Radix Tree). Fiz positive integers m and £. Let S C {0,1}*x ¥ be a
set of key-value pairs of size at most mTfl Let N be the set of valid tree nodes encoding elements
of {0,1} x ¥:

N :={0,1} x £ x ({0,1}=" x [m])*

so a node has the form (z,v,L1,p1, Lo, p2, L3, p3), with p1, pa, ps pointers to the parent, left
child, and right child, in a memory of m cells, and L1, Ls, L3 the labels of the corresponding
edges. Define

Hy :=span{|v) : v € NU{0}}, and H:=HY".

A quantum radix tree storing S in H is a uniform superposition over all m-tuples T € (N U {0})™
such that the non-zero cells of T encode S as a wvalid radiz tree, with the root node in the first
entry.

Augmented Quantum Radix Trees To use this data structure for k-distinctness, we will
need to be able to efficiently check if a tree storing items of the form (7, z;) contains a k-collision,
and later we will even want to count the number of k-collisions being stored. In addition, we may
even like to exclude k-collisions that fail to satisfy some extra predicate p. For example, in Section
6.2, we will partition [n] into Ay, ..., A, and only count k-collisions that are in A; x -+ x Ag. In
that case, we will only consider a k-tuple a true k collision if z;, = --- = x;, and p(i1,...,4) = 1.
We augment the data structure to make these operations possible.

In order to be able to count the number of k-collisions being stored, we will augment each
node with an extra cell that stores the number of k-collisions in the subtree below it. We will
also store, at each node, a counter recording the size of the subtree below it. This will allow us to
construct a uniform superposition of all elements stored in the tree. To allow a tree to store two
items with the same key, but different value, we will allow a leaf, which necessarily has a unique
key, to store a sorted list of up to k£ values. Figure 3.2 shows an augmented quantum radix tree.

Definition 3.3.6 (k-Augmented Quantum Radix Tree). Fiz positive integers m and {. Let
S C {0,1}f x ¥ be a set of key-value pairs of size at most mTfl Let N be the set of valid tree
nodes encoding elements of {0,1}¢ x &, with up to k distinct values per key:

N :={0,1}* x (U {0})* x {0,...,m} x ({0,1}=¢ x [m])3.
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A node has the form (z,v1,...,vg, ¢, L1,p1, Lo, p2, L3, p3), where ¢ is a count of the number of
leaves in the node’s subtree that store k non-zero values; p1, p2, p3 pointers to the parent, left
child, and right child, in a memory of m cells; and L1, Ls, L3 are the labels of the corresponding
edges.

A root node has L1 = (), root and internal nodes have vi = --- = v = 0, and leaves have
p2 =p3=1La=L3=0.
Define

Hy :=span{|v) : v € NU{0}}, and H:=Hy™.

An augmented quantum radix tree of size m, storing S is a uniform superposition over all (7, u(7))
such that: 7 € (NU{0})™ and the non-zero cells of T encode S as a valid radiz tree, with the
root node in the first entry; and u(t) is a bit map encoding the empty memory cells of T.

Lemma 3.3.7. Let |R) be a k-augmented quantum radiz tree of size m < n, for some constant
k, storing r < n strings of length { = logn. Then we can lookup an element in R, insert a
new element into R, or delete an element from R in time complexity O(logn). Furthermore,
we can check the number of k-collisions in R in time complezity O(1) and construct a uniform
superposition over elements of R or k-collisions in R in time complexity O(logn).

Proof. The quantum data structure is just a superposition of classical data structures, so we just
need to define classical operations that keep the superposition uniform over all valid orderings
of memory. The only other difference is that we need to maintain correct count registers at each
node when we insert and delete. Lookup does not change the data structure, so this is clear.
For checking the number of k-collisions, it’s easy to see that we can simply read the count of the
root node in cost O (1), which also does not change the data structure, so this is fine as well.

Constructing a uniform superposition of elements in R can be done by traversing the tree from
the root downwards. At any node, we can read the counter of each child to find out how many
elements are stored in each sub-tree. If the left-child’s counter has value ng, and the right child’s

no+n1 no+ni
register, and use the value in that register to choose the path, so that we take each path with
the correct amplitude. Creating a uniform superposition over k-collisions is similar.

counter has value np, then we create the superposition ,/—"2—|0) + ,/—"2—|1) in an auxiliary

Suppose we want to insert a new element (z,v). If there is already a leaf labelled by z, we simply
insert v into its list of values, in the appropriate sorted position, in cost O(logn), since k is
constant, O(logn) is the cost to lookup z (if there are already k values we simply fail to insert
(z,v)). If the list previously had k£ — 1 members, and now after adding v has k, then we traverse
back up the tree to the root, incrementing the counter of each node we pass, in cost O(logn).

Suppose there is no leaf labelled by z. Then we proceed as in the standard radix tree insertion,
with the following changes:
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[0000,i; | [0010,iy ] [[001,is,i [1011,45] [T11L, ig]

Figure 3.2: An augmented radix tree storing key-value pairs. The key 1001 has two associated
values, and represents a 2-collision. Each node has counters recording the number of values stored
below, and the number of 2-collisions stored below.

e When we create a new internal node, its counter is set to the counter of its child (it has
just one child at first, we add a second one).

o When we create a new leaf node, its counter is set to 0.

e After we have created any new node, we construct a uniform superposition of all addresses
of empty memory cells, and then put the new node in the cell specified by this register
and update the bitmap keeping track of free memory cells to indicate that this cell is now
occupied.

We create at most O(1) new nodes, so the cost of inserting is still O(logn). Since we always
choose from the available memory positions in uniform superposition, we always maintain a
uniform superposition over possible memory configurations.

Finally, in order to delete an index, we run the insertion procedure in reverse. ]

Time-Efficient k-Distinctness Using a quantum radix tree to store S, with indices being
both key and value, and a k-augmented quantum radix tree to store d(.S), with ¢ being the value
and x; the key of (i, z;), Ambainis’s algorithm can be made time-efficient. The setup now requires
r insert operations to S and r insert operations to d(S), costing S = O(r(logn + logq)). The
update now requires an insert and a delete in each of S and d(S), to obtain S’ and d(S’) for S’
such that |[S N S’'| =r —1, costing U = O(logn + log q). Finally, the checking procedure can be
done in cost C = O(1). By Theorem 3.3.1, this gives complexity:

1 1 nk
S—i—\/g(\/gU—i-C) = O((r—i—\/rk(W—&—l)(logn%—logq))
nk/2
= O<<r+7«(k—1)/2> (logq—i-logn)).
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This is optimized by using r = n*/*+1) in which case, we get an algorithm with time complexity
O(n*/*:+1) (log n + log q)).

3.3.5 Application to Triangle Finding

Another important problem in quantum query complex is triangle finding, in which we want to
find a triangle in an input graph, or decide the graph is triangle-free.

Triangle Finding, Triangle,,

Input: The adjacency matrix of an undirected graph G € {0, 1}"*"
Output: 4,7,k € [n] such that |{4,7,k}| =3 and G;; = G, = Gi = 1, or 0 if no such triple of
vertices exists

Although upper bounds on the query complexity of triangle finding do not yield practical
applications, it is of interest in the general study of quantum query complexity as being a problem
with slightly more structure than element distinctness. It was therefore a natural candidate for
a quantum walk algorithm. Using the quantum walk search framework, Magniez, Santha and
Szegedy obtained the following upper bound on the quantum query complexity of triangle finding.

Theorem 3.3.8 ([ ). The quantum query complezity of Triangle, is at most 5(711'3).

This beats the classical query complexity of triangle finding of ©(n?). The true quantum
query complexity of triangle finding is still unknown; although we will present improved upper
bounds in subsequent chapters, none matches the best known lower bound of (n).

In the remainder of this section we will prove Theorem 3.3.8 by constructing a quantum
algorithm in the MNRS quantum walk search framework.

Parameters Let Q = ([’Z]), as in the algorithm for k-Dist. This time, a set S € Q will
correspond to a subset of the vertices of the input graph. We will define the marked set as

M :={Se€Q:3i,jec Ssuchthat G;; =1 and 3k € [n] such that G;, = G;;, = 1}.

In other words, a set S is marked if it contains two vertices that are part of a triangle. With each

set S, we will store
d(S) :={(i,5,G;j) i< jandi,je S}

That is, we will store the full subgraph induced by S, denoted G°. Once again, P will be defined
by the random walk on the Johnson graph J(n,r).
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Properties As before, 7 is the uniform distribution over €2, and § = Q(1/r). The marked set
is non-empty if and only if the input graph G contains a triangle. In that case, let {i,j, k} be a
triangle in G. Then the probability that S is in M is at least the probability that 7,5 € M, so

M (G5) 1)
"D =Tl 270 T a1y

r

Thus ¢ := 28;11)) is a lower bound on 7(M) for all non-empty M.

Setup Subroutine To construct the state |7) = > gcq.(5/= (:‘)_1/2|S>\d(S)>, we must query
G j for every pair of i,j € S. This costs S = (g) queries.

Checking Subroutine In order to check if a set S contains two vertices ¢ and j that are part
of a triangle, we must search for a third vertex k, such that 7, j, k is a triangle in the input graph.
To check if a state S contains two vertices that form a triangle with some particular k, we will
use a quantum algorithm, which we will call GraphCollision, after the problem this algorithm
was originally designed to solve. The following theorem describes this algorithm.

Theorem 3.3.9 (Graph Collision Algorithm). Let G be a graph with vertex set [n]. Let K be a
known subgraph of G with r vertices, and k € [n]. Then there exists an algorithm, GraphCollision ;,
that decides if there exists an edge {i,j} in K such that {i,j,k} is a triangle in G, with bounded
error, using O (1"2/3) quantum queries.

Proof. We will accomplish this task using a quantum walk almost identical to the one for
element distinctness presented in Section 3.3.3. We will have P a walk on J(r,m) for m < r,
Q={T Cc V(K) : |T| = m}, as in the element distinctness walk, but the marked set will be
defined:

M:={TeQ:3,jeT : Kij=GCip=GCp=1},

and the data will be:
d(T) :={(i,G;) : 1 € T}.

To construct d(7') initially costs S = m, and to update d(T") after replacing one index costs U = 2.
To check if d(T) is marked costs 0 queries, since for all edges {7, j} of K such that i,j € R, G

and G i, are part of d(T"), and K;; is known. Finally, just as in the element distinctness walk,
1

2 .
we have § = -, and ¢ > 7%, so we have query complexity:

1 1 r r
S+\E<\/SU+C> :m—i-E(\/a—l—O):m—f—ﬁ.
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Plugging in the optimal value of m = r2/3 gives query complexity O (r2/ 3). O

We can check if S contains two endpoints of a triangle by searching for k € [n] such that
GraphCollisiongs j returns true, using Vv/n calls to GraphCollisiongs j, each of which costs
O (7"2/ 3) queries, since G® is known. However, since GraphCollision is only correct with bounded
error, and we will call it a number of times polynomial in 7, we must reduce the error to inverse
polynomial to keep the overall error small, using Theorem 3.1.6, at the expense of a multiplicative
factor of O (logn). The total cost of the checking subroutine becomes 9) (\/HTQ/ 3).

Update Subroutine The update step requires us to implement the map

|S,d(S)) = |S,d(S)) Y +/P(S, 5|5, d(S"))

S5'eQ

for any S € Q. Since P(S,5’) is only nonzero when |S N S’| = r — 1, there is exactly one vertex
in each of §"\ § = {i'} and S\ S’ = {i}. To compute d(S") from d(S), we must query G ; for
all j € S, and unquery G;; for all j € S. This costs U = O(r) queries to G.

Final Analysis Putting all of these costs together, and applying Theorem 3.3.1, we have the
following upper bound on the quantum query complexity of triangle finding:

S+\2<\}SU+C> = ?”2—1—%(\/777“—1—6(\/57“2/3))

n3/2

Plugging in the optimal value of r = n3/ gives an upper bound of 6(711‘3), as claimed in Theo-
rem 3.3.8.

3.4 Span Programs

The span program framework does not easily yield upper bounds in quantum time complexity,
however in the area of quantum query complexity, it is of incredible theoretical importance, since
Reichardt proved that there is an optimal span program for every decision problem over a Boolean
alphabet [ , |, and used this result to show that the quantum adversary lower bound,
a method of lower bounding the quantum query complexity, can always give an optimal lower
bound. The span program framework is outlined in the following table.
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SPAN PROGRAM FRAMEWORK

Parameters: {Hj;;} jeln)be{o,1}s Htrues Hialse Finite-dimensional inner product spaces
\% A vector space
TeV The target vector
Ae £(®j€[n},b€{0,l} H;p ® Hrue ® Hialse, V) A linear operator

Properties: H(x) = ®j€[n] Hj ., © Hirue The space of =

wsize () = minjy) e f(z):Ajw)y—r [ |w)||? Positive witness size of x

wsize_(z) = My e £(V,C)rw(r)=1,0 AT () =0 |wAl[*> Negative witness size of z

Wi = maXg.wsize, () %00 wsize (z) Positive complexity

W_ = maXy.wsize_ () %00 wsize_ (z) Negative complexity
Output: 1 if jw) € H(x) s.t. Alw) =71

0 else

Query Complexity: WiWw_

We will go into greater detail on this framework in Chapter 7. In brief, a span program
is said to “accept” an input z if the pre-image of 7 under A intersects H(x), and it is said to
“reject” x otherwise. If a span program accepts x, then there is some vector |w) € H(x) such
that Alw) = 7, and such a vector is called a positive witness. Otherwise, there must be some
linear function w : V' — C such that wr = 1, and wAIlg(,) = 0.

The algorithm that implements the span program framework involves two reflections, which
we describe in more detail in Section 7.6. One of these reflections depends only on the span
program, and not the input, so it can be implemented with query complexity 0, however, since
no implementation for this reflection is actually given by the framework, the framework does not
yield time upper bounds. In some cases, the reflections that result from the span program have
enough structure that they can be implemented time-efficiently, for example [ ], however, in
other cases, analyzing these reflections is not feasible. One example is an upper bound on the
quantum query complexity of k-distinctness proven by Belovs | ]. He improves Ambainis’s
query upper bound of O (nk/(k“)), outlined in Section 3.3.3, to o(n?/*) for any k, using span
programs. However, there is no known way to implement the reflections in the resulting algorithm,
so the best known time complexity was still Ambainis’s O (nk/ (k+1)) prior to the improvements
presented in Section 6.2.

3.5 The Learning Graph Framework

Span programs are sufficiently general that it is very difficult to construct an optimal span
program. With this motivation, in 2011, Belovs developed a restricted class of span programs
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[ |, which can be elegantly described by objects called learning graphs.

A learning graph is a weighted graph on vertex set 2", and edge set E = {{S,5'} : S C
S’ 1S\ S| = 1}. In some sense, a learning graph algorithm can be viewed as a quantum analogue
of the most general kind of random walk query algorithm, in which at every step, we randomly
query a new index or unquery an already queried value, according to some specified distribution,
until we find a 1-certificate for the function being decided.

We want to be sure that we find a 1-certificate for z, if one exists, so we must choose t
sufficiently large. Let M = {S C [n] : S contains a certificate for 2}. The expected time before
we reach a state in M, if M is non-empty, is captured by the hitting time from ) (our natural
starting state) to M, H((, M). Thus, for any choice of edge weights, by making ¢t = ©(H (0, M))
steps on the graph (which depends on the choice of weights), we get a classical algorithm that
decides f with one-sided bounded error in ©(H (0, M)) queries.

We now define the learning graph framework. In order to get an algorithm from a learning
graph, we construct a span program (or a dual adversary solution), which we can then “evaluate”,
in the manner outlined in Section 7.6. The result of this conversion is that the final algorithm is
generally not easy to analyze in any model other than the query model, as is the case with span
programs.

LEARNING GRAPH FRAMEWORK

Parameters: f:lg)" —{0,1} A decision problem
(for all z € [q]") M, C 2l A set of 1-certificates for x w.r.t. f
wy: B —R>p A weight function on the edge set,
={(5,8"):5Sc S Cn],|S\S| =1}
Properties: W, := max;cp min, Zeeﬁ 5) Sf(); The positive complezity, where p ranges over
all unit flows from @ to M,
W_ := maxzep, Zeeﬁ wy(e) The negative complexity

Output:  f(x)

Query Complexity: WLW_

The query complexity upper bound yielded by a learning graph may appear strange, but it
can be understood to be quite natural by Theorem 3.5.1, which comes from the beautiful theory
of electrical networks, and can be found, for example, in | ]. Before stating the theorem,
recall that for vertices s and t, C(s,t) denotes the commute time from s to t; the expected time
to hit ¢, when starting from s, and return to ¢.
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Theorem 3.5.1. Let G = (V, E) be a weighted graph with weight function w: E — R>q. Then

mlnz ple Z (e),

eéﬁ eeﬁ

where p ranges over all unit flows with source s and sink t.

Thus, the learning graph framework gives us an upper bound that is the squareroot of the
commute time from the starting state to the marked set.

3.5.1 Application to Triangle Finding

Belovs demonstrated the power of the learning graph framework by improving upon the best
known upper bound on the query complexity of triangle finding, proving the following theorem.

Theorem 3.5.2 (| 1). The quantum query complexity of triangle finding is at most O(n>>/%7).

His construction had a similar combinatorial structure to the quantum walk algorithm for
triangle finding presented in Section 3.3.5, in the sense that his learning graph had paths from
() to sets representing sets S of r vertices. However, he had an additional technique, of edge
sparsification. He did not query every pair of vertices in a set S, but rather some subset of m of
them.

To illustrate this idea, rather than presenting Belovs’ construction, let us try to apply it to
the quantum walk algorithm of | ], presented in Section 3.3.5. Recall that this quantum
walk search algorithm walks on sets S C [n] of size r, representing subsets of the vertices of G,
and keeps data d(S) = {(¢,7,Gij) : i,j € S}, which encodes the subgraph of G induced by S.
The idea of edge sparsification is to use some sparsification parameter s € (0, 1], and only query
sr? of the edges.

Note that this reduces the setup cost to S = sr?, from 2, and the update cost to U = sr,
from 7, (under some assumptions about average costs) since When we replace a vertex in S, it
is incident to sr edges on average that must be requeried. However, a state is only marked if
it contains a triangle edge (we cannot detect a state that has two triangle vertices but does not
encode the corresponding edge), and this probability has decreased by a factor of s, so we now
have € = s compared with r > previously. Since we still have 6 > 1/r and C = \/ﬁT2/ 3 we can
compute the total cost as:

1 /1 Vs n3/2
S~|—\/g<\/gU+C>—sr —I—T\fsr—l— \[\fr/ = sr? + n\/Ts + B

This is optimized by setting s = 1 and r = n*/®, yielding no improvement.
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It would appear then that the learning graph framework is somehow more powerful than the
quantum walk search framework, however, in Chapter 4 we give a very small modification of the
framework that allows us to gain a speedup using the edge sparsification technique in a quantum
walk algorithm, which we present in Section 5.2.

A subsequent improvement to the triangle finding upper bound also used learning graphs:

Theorem 3.5.3 (| 1). The quantum query complexity of triangle finding is at most O(n%/7).

Their learning graph construction does not use the edge sparsification idea, but rather, looks
for an edge between two vertex sets of unbalanced sizes. We also reproduce this upper bound as
a quantum walk, in Section 5.3.

At the time that this thesis was submitted, this was the best known upper bound for triangle
finding, however, Le Gall has since improved this to O(n5/ 4) using the MNRS quantum walk
search framework | ].
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Part 11

Nested Quantum Walks
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Chapter 4

Extension of the Quantum Walk
Search Framework

The main task in designing a quantum walk algorithm in the MNRS quantum walk search frame-
work is the implementation and analysis of the setup, update and checking operations. The
functionality that must be implemented for each task depends on the chosen parameters of the
walk, W = (2, M, P,d). The prescribed functionality may be trivial to implement, as in the
checking step of the algorithm presented in Section 3.3.3 for element distinctness, in which we
need only examine the data of a state to determine if it is marked. On the other hand, the
prescribed functionalities of these operations may require nontrivial quantum algorithms to im-
plement, as in the checking step for the quantum walk algorithm for triangle finding, presented
in Section 3.3.5, in which a quantum walk search algorithm based on graph collision is used to
implement the checking step.

In this chapter, we will give a slightly more general version of the quantum walk search
framework, that will allow us to implement several useful algorithmic techniques, including nested
checking, in which we efficiently use a quantum walk search algorithm as the subroutine in the
checking step of another, described in Section 5.1; and nested updates, in which we efficiently use
a quantum walk search algorithm to implement the update step of another, described in Section
6.1. The nested update technique relies on a special case of a technique we can implement in
our new framework — updates with garbage. Although efficient nested updates are the only
application of updates with garbage we have discovered thus far, it looks like it could be a useful
technique in general.

This chapter, Chapter 5, and Chapter 6 are based on two publications. In the first publication,
Ref. | ], we show how one small modification of the MNRS quantum walk search framework
— allowing the data function to encode a quantum state — allows us to implement nested

41



checking. This might not even be called a change to the framework, strictly speaking, as it was
not precluded by the MNRS quantum walk search framework, however, it was not explicitly
allowed, and it had never been done before. As applications of this technique, we are able to
give quantum walk algorithms that reproduce all known learning graph upper bounds up to
logarithmic factors. In particular, we present quantum walk algorithms matching the best known
upper bounds for triangle finding and subgraph finding, up to logarithmic factors. The nested
checking technique and its applications are presented in Chapter 5.

In the second publication, Ref. | |, we make a further modification to the quantum
walk search framework. We now modify the data function by allowing it to depend, not only on
a state u € , but on an edge (u,v). More specifically, for a Markov process P on €2, define

E(P) = {(u,v) € Qx Q: P(u,v) # 0} .

Whereas before we had a data function d : 2 — Sy for some finite set Sz, we now have a data
function d : B U(2x0) — Hy for some finite-dimensional inner product space Hy. Since we often
call the register encoding v the coin register, since v tells us the next step of the walk, we refer
to data that depends on not only u, but also v, as coin-dependent data. This modification allows
us to implement nested updates, and in [ ], we also show how to apply this technique to
get new upper bounds on the quantum time complexity of k-Dist,, for all £ > 3. We present the
nested updates technique and its applications in Chapter 6.

In this chapter, we present a new version of the quantum walk framework that includes both
the modification from | ], and the modifications from | -

4.1 The New Framework

In this section, we will present our new quantum walk search framework, and present and analyze
the algorithm that implements it. Our analysis follows that of the MNRS quantum walk search
framework | |, which in turn is based on | ]. The only parts of our analysis that
differ from | | are those pertaining to the data, since our data may be a quantum state
that depends on the coin register.

A quantum walk search specification specifies a problem, as well as an algorithm for solving
this problem, given access to certain subroutines. Given a family {W, = (Qu, My, P*,d;)}zeD,
for some finite domain D, we consider the problem as having input = and the output should be
some element of the marked set M, or “M, = () if there are no marked states. The subroutines
that need to be implemented in order to solve this problem will all take x as input, and the
functionality they must implement will depend on the parameters of W,.. We will often not make
the dependence on x explicit, and instead write W = (Q, M, P, d).
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We will first discuss the parameters that specify the quantum walk search algorithm, W =
(Q, M, P,d), and the inner product space on which the algorithm acts. Next, we will define the
functionalities of subroutines that our final algorithm will make use of. We will then construct
the full algorithm from these. The complexity of this algorithm will depend on the complexity
of the various subroutines it calls. Because these subroutines dominate the complexity of the
algorithm, we are fairly free in choosing whatever notion of complexity we are interested in, be it
quantum time complexity, quantum query complexity, or some other measure — we must simply
analyze the subroutines with respect to this measure of complexity. However, in the interest of
rigor, we will only make claims for quantum time complexity, and quantum query complexity.
We will refer to the cost of a subroutine, by which we mean, the reader’s choice of quantum time
complexity, or quantum query complexity. Our statements will hold for many other measures of
complexity of quantum algorithms, and should be simple to verify, for any particular measure.

The algorithm is very similar to amplitude amplification. We first construct an initial state, |7)
by some setup procedure S. In amplitude amplification, we would then alternate two reflections:
a checking reflection, C, and a reflection about |r), which is implemented by reversing the setup
to get |m) — |0), reflecting about |0), and then performing the setup, |0) — |7). We will also have
a checking reflection, however, we will simulate a reflection about |r) in a different manner. We
will show how to implement a walk operator U (W), using an assumed procedure U. This walk
operator will have |7) as a unique 1-eigenvector, and its other eigenvalues, €?, will have 6 not
too small, so we will be able to distinguish |7) from orthogonal vectors in order to reflect about
|m) by applying phase estimation on U(W).

4.1.1 The Parameters and Workspace

Parameters A quantum walk search problem, W, is specified by:

e a state space, (), which is a finite set of objects;
e a marked set, M C (), which specifies which objects we are searching for;
e a reversible, ergodic Markov process, P, acting on €2; and

e a data function d : ﬁ(P) U (2 x {0}) — Hy for some finite-dimensional inner product space
H,.

Each of these objects may depend on some input x ranging over a finite domain D, so the full spec-
ification for a quantum walk search problem is given by some family {W, = (Qu, My, Py, d.)}zeD-
However, it will often be convenient to omit the explicit & subscripts, and simply keep in mind
that these objects depend on the input.
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We require that P be ergodic so that it has a unique stationary distribution, 7. We further
require that the discriminant of P have non-zero spectral gap, § (see Section 2.2). Reversibility
is a sufficient condition for this to hold, although it is not a necessary condition.

For any quantum walk search specification {W, },, the quantum walk search framework spec-
ifies a number of subroutines that must be implemented. Given implementations for these, the
quantum walk search framework gives an explicit algorithm for finding a marked element or
determining that M, = (, built from the implemented subroutines.

Workspace The algorithm will work on a space Hg ® Hgy, where Hg := span{|u,v) : (u,v) €
EU (© x {0})}. It will be convenient to write Hg = Hgo ® H¢, where Hq := span{|u) : u € Q}
encodes the current state, and H¢ encodes the next state, or coin space (see Section 2.2). We can
always set Ho = Hgq, to encode an edge |u,v) as |u)|v), but this might not always be necessary,
or desirable. To encode an edge |u,v) as |u)q|r)c, it need not be the case that r fully specify v,
it need only be the case that (u,r) specifies (u,v) — in other words, r should specify v given u,
so there must be some fixed function f such that f(u,r) = v. For example, if there is some fixed
random mapping representation of P, f : Q x A — Q, for a finite set A, such that f(u,r) = v,
then r specifies v, given u. In order to avoid explicitly introducing a random mapping or similar
function (in the interest of remaining consistent with historical notation) we will write the coin
register as |v 1 u)c when we want to be explicit that the coin register may not fully specify the
state, v.

It will be useful to consider a part of the data, dy, that is coin-independent; it depends only
on a state, and not on an edge. Explicitly, suppose we can decompose the data function as, for
any (u,v) €

|d(u, v)) = [di(u))|d2(u, v))

for some functions d; : 2 — Hy, and ds : Eu (Q2x{0}) — Hg,. We can always do this in a trivial
way by taking do = d and d; = 1, but it may be possible, and desirable, to do this in a nontrivial
way. We can think of the data d; as being the “checking data”, that will facilitate deciding if a
state is marked, and do may have some other purpose. The data do introduces some extra costs,
and the data d; facilitates the checking procedure, so both of these factors will determine the
optimal decomposition of d.

We will often permute the order of the tensor product spaces for convenience of notation.
When there is ambiguity, we will specify the spaces with subscripts; for examples: |u)q|v 1 u)c.

We will work in a subspace of Hq ® Ho ® Hy, ® Hg,, defined:

H:= @Hu, where H, :=span{|u)|di(u)) :u € Q} @ Ho ® Hy,.
ue
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4.1.2 The Subroutines

The Setup The initial state in the algorithm will be
) = V/m(u) > V/P(u,v)|u,v)|d(u, v)).
u€S? vEQN
However, a slightly simpler state
[m)% = > V/w(u)lu)|da (u))[0)c|da (u, 0)),
u€e

can be mapped to |7) by one application of the update operation U, defined below. Thus, we can
consider the setup operation as merely constructing |7)°. Thus, our algorithm requires access to
a setup subroutine, that acts as:

S :]0) > |m)O.

The setup cost of the walk specified by W, S = S(W), is the cost of the subroutine S.

The Checking We assume access to a subroutine that reflects about the marked states. The
coin-independent part of the data may be used to facilitate this checking. Specifically, the sub-
routine acts on span{|u,d;(u)) : u € Q} as:

' —lu,di(u)) ifueM
C.u,d1(u)>H{ |u’d1(;)> ifueQ\ M.

The checking cost of the walk specified by W, C = C(W), is the cost of the subroutine C.

The Update: Local Diffusion The update operation, U, is analogous to taking a step of
the random walk P. Classically, we can think of doing this by drawing the next state from the
distribution P(u,-), where u is the current state. The quantum analogue of this distribution is
the coin state of u, defined as:

P(u,)) i= 3 VPl v)lo ).
vEQ
If we want to include some coin-dependent data, do, we write:
|P(u,)a,) = Z V P(u,v)|v 1 u)|da(u,v)).
vEQN
For every u € , let U,, be any operator on the space Hc ® Hy, that acts as

Uu = [0)clda(u, 0))ay = |P(u,)ay) == Y v/P(u,v)[v 1 u)|da(u,v)).

veQ
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We assume access to a subroutine U that acts on H as:

3y da (w)) (u, di ()| © U,

u€eN
In other words, U implements the mapping
[, 0)[d1 (w))[d2(u, 0)) = >~ /P(u,0)|u, v)|di(w))|da(u, v))
vEN

in a way that is controlled on |u, d;(u)); it does not alter this part of the state. This requirement
ensures that we remain in H.

The Update: Data Swap We will also assume access to a subroutine SWAP that acts on the
space span{|u,v>\d(u, v)) : (u,v) € ﬁ} C H as:

SWAP : |u, v)|d(u,v)) = |uya|v i u)c|d(u,v))q — |v)a|lu i v)c|ld(v,u))q = |v,uw)|d(v,u)).

The update consists of the two subroutines U and SWAP. The update cost of the walk specified
by W, U = U(W), is the maximum of the cost of U and the cost of SWAP.

We note that it will usually be trivial to map: |u,v) — |v,u) for an edge (u,v) under a
reasonable encoding of the edges. The two tasks required to implement the data swap that are
non-trivial are the maps

|da(u,v)) = |d2(v,u)) and |di(u)) = [d1(v))
for an edge (u,v).
The (£2,0)-Phase Flip The final subroutine that we will need access to is specific to our new
framework, and is the only substantial difference between the implementation of a quantum walk

search algorithm specified in our framework versus one specified in the MNRS framework. We
require access to a subroutine ¢ that acts on Ho ® Hy, as

|u)]d2(u, 0)) = —[u)|da(u, 0))
and for any |¢)) € Hg, such that (¢|d2(u,0)) =0,
) |1h) = |u)|¢)).

This operation essentially checks that the data is correct. We only need to check this for ds, since
dj is always correct, as long as we stay in the space H.

The phase flip cost of the walk specified by W, ® = (W), is the cost of the subroutine &.
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4.1.3 The Quantum Walk Algorithm

The Walk Operator We are now ready to define and implement the walk operator. Define
two subspaces of H:

A := span {|¢u> = Z vV P(u,v)|u,v)|d(u,v)) : u € Q} ,

vEN

and B := Span{|¢v) = Z VvV P(v,u)|u,v)|d(u,v)) 1 v € Q} .

u€e

Note that 1) = |u)|P(u,-)a) = [u)|d1(u))|P(u,)a,). To see that these are indeed subspaces of
H, we note that

|u, v)]d(u, v)) = |u)|v1 w)di(w))|da(u, v)).
We can now define the walk operator:

U(W) := RefB - Ref A.

We will show that U(W) can be used to approximate Ref{|m)}, but first, we consider its imple-
mentation.

Theorem 4.1.1. Let R be an operator on H that acts as the (£,0)-phase flip, &, on Ho ® Hg,,

controlled on the state of Ho being 0. Then URU' acts as RefA on H.

Proof. First we note

(URUT)[¢hu) R (|u)|di (w))| P(u,)a,)) = UR(|Ju)ldi(w))UL|P(u,)a,))
UR(|u)|d1(u))|0)cld2(u,0))) = U(=|u)|di(u))|0)cld2(u,0)))

= —|Yu).
Thus, for any |¢) € A, (URUT)[¢)) = —[4).

Suppose on the other hand that |¢1) = Y ueq |t di(u))|ay), and |ty € AL so (t|ap,) = 0 for
all u € 2. We have

0= (¥u) = (W (Ju)ldi(w)| P(u, )a,)) = (ol P(u,)ay)

= (| UU| P(u, )a,) = (u|Uu(|0)cld2 (1, 0))),
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and so R|u>UJ|au) = \u)U{Hau) Thus, we have:

vRUT[YT) = ) URUT(Ju)ldi(w))]aw) = ) UR(Ju)|di(w))Uf]aw))

u€es) u€ef)
= Y U(wldi(@)Uflaw)) = Y lw)ldi(w)]aw) = [v).
u€e ue)
So for all [¢p+) € HN A+, URUT|ypL) = [1p1), completing the proof. O

We can now implement the walk operator U (W), by noticing that A and B are related by
the swap operation:

SWAP|th,) = SWAP Y \/P(u,v)|u,v)|d(u,v))

vEN

= VPGl i W) = o)

vEQN

We can therefore implement Ref B as SWAP - Ref A - SWAP, so we can implement U (W) by the
procedure:
Walky :=U-R-U".swaP-U-R- U SwaP.

The only small issue is that U-R - Ul is only equal to RefA on the subspace H. This is sufficient
for our purposes, because we will begin with initial state |7) € H, and no operation we do will
take us out of H. Thus, we have the following corollary about the cost of implementing U (W).

Corollary 4.1.2. We can implement U(W) on H in cost O (UMW) + d(W)).

Proof. We need only observe that the operator R, can be implemented by a conditional applica-
tion of . Thus, the cost of R is ©(®). The result follows. O

Using U(W) to Approximate Ref{|r)} We now describe how to use the walk operator,
U(W), to approximate the reflection about |7). Recall that

) =Y Vr(w) > VP, v)u,v)|d(u, v)).

u€S vEQ

Since |1) € AN B, it is a 1-eigenvector of U(W). If we could show that any vector orthogonal to
|7) is a —1-eigenvector of U (W), or in other words, that U(W) only has 1 eigenvalues, this would
show that U (W) implements Ref{|7)} exactly, however, this is generally far from true. Generally,
U (W) has eigenvalues ¢’ for many different values @, some of them close to 0. Thus, it will take
multiple applications of U(W) to distinguish |r) from its orthogonal vectors. Intuitively, the
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closer to 0 the next smallest phase, the more difficult it will be to distinguish |7) from orthogonal
vectors, since some of them are affected by U(W) in a very similar way. We formalize this with
the notion of the phase gap.

Definition 4.1.3. Let U be a unitary operator with a nontrivial 1-eigenspace. Let {ewl
1,e% ... e} be an enumeration of the eigenvalues of U, ordered such that 0 = |61 < |02

-+ <16,] < 7. Then the phase gap of U is defined A(U) := |6a].

IA

In order to estimate the number of iterations of U(W) required to distinguish |7) from any
orthogonal states, we must show that |r) is the only 1-eigenvector of U (W), and lower bound the
phase gap of U(W).

To facilitate the spectral analysis of U(W), we use the following theorem, derived from Jor-
dan’s lemma | | (or see | 1), first used in this context by Szegedy | ]. The version
below is taken from | ].

Theorem 4.1.4. Let U := (2l14 — I)(2llg — I) be a unitary on some finite-dimensional inner
product space H, where 114 = Z?Zl 1) (1| is the orthogonal projector onto some subspace A of
H, and g = Z?Zl |6j)(@j| is the orthogonal projector onto some subspace B of H. Define the

discriminant of U, D € C**® by D(j, k) = (Yjlor). Define isometries corresponding to these two

projectors:
b

Aa =" [0) (il € L(IC* A), and Ap =Y |8;)(j| € L(C", B).
7j=1 7j=1
Then we have D = AZAB. Let D =} cosO|a;)(Bj| for 0; € [0,5], |aj) € C, [B)) € Cb be
the singular value decomposition of D. Then the spectrum of U is completely specified by the
following:

1. For every 0; € (0,%5), span{Aa|a;), Ap|B;)} is invariant under U.
2. The eigenvalues of U onspan{Aa|a;), Ag|B3;)} are {9, e=2
e~ YiAp|B;) and Aalaj) — i Ag|B;) respectively.

} with eigenvectors A a|a;) —

3. In addition, U has —1-eigenspaces A N B+ and At N B; and 1-eigenspaces AN B and
AN B*. The space AN B is spanned by the left and right 1-singular vectors of D.

We can use Theorem 4.1.4 to analyze the spectrum of U(W). In our case, we have

Mai= YWl and Ap = 3" lou)ul

ueN u€eS)
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The discriminant of U(W) is
D(P) = ($uldw)|u){v].

u,vEN

P (v,u), by the reversibility of P. Thus,

We can compute (¢, |py) = (u,v)P(v,u)

= 5 /5 Py, ) o) Z ><v|PZ\/7r<u>|u><u

’U
u,veN vGQ u€es)

so P and D(P) are similar and therefore have the same spectrum.

It is enough to analyze the spectrum of U(W) on the space A + B, because we start in this
space, and although we may leave this space during our implementation of U (W), at every point
where we apply phase estimation of U (W), we will be in a state that lies in A + B.

Lemma 4.1.5. The state |m) is the unique 1-eigenstate of U(W) in A+ B.

Proof. Since |r) is clearly in AN B, and so a l-eigenvector of U (W), we need only show that it
is the only such vector in A + B.

By the Perron-Frobenius theorem, since P is a positive real-valued square matrix, its largest
eigenvalue has multiplicity 1. Since P is stochastic, all of its eigenvalues have absolute value at
most 1, and since it has a 1-left-eigenvector, 7, 1 is necessarily its largest eigenvalue.

Since D(P) is similar to P, it follows that D(P) has 1 as an eigenvalue with multiplicity 1. By
Theorem 4.1.4, the only 1-eigenvectors of U(W) in A+ B are in ANB, and this space is spanned by
the right and left 1-eigenvectors of D(P). It is not difficult to verify that ) := > o /7 (u)|u)
is a left and right singular vector of D(P). It follows that A N B is spanned by A4|#) = |7) and
Ap|7) = |m). Thus |r) is the unique 1-eigenvector of U(W) in A + B. O

This shows that the only 0-phase eigenvector of U(W) on A + B is |r), so we can use phase
estimation to distinguish |7) from its orthogonal vectors (for any state in A + B), however, in
order to upper bound the number of calls to U(W) needed for the phase estimation to succeed,
we need to show a lower bound on the absolute value of the phase closest to 0, by lower bounding
the phase gap of U(W).

Lemma 4.1.6. Let A be the phase gap of U(W). Then A > V8, where § is the spectral gap of
P.

Proof. Suppose the phases in the statement of Theorem 4.1.4 are ordered so that 6; <0y < --- <
0¢. Then the phase gap of U(W) is 26;. Furthermore, since 61, ...,0; € (0,7/2), we have

cosfy > --- > cosby,
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Figure 4.1: The phase gap scales like the square root of the spectral gap.
so § =1 — cos 6 is the spectral gap of P, since P has the same spectrum as D(P). Thus, using
the inequality cosf > 1 — %, we have

92
60=1-—cost §§17

so U(W) has phase gap A = 26; > 2v/24, giving the desired bound. O

We can therefore use phase estimation with precision like v/§ (see Section 3.1.1) to identify
and reflect states orthogonal to |r). In particular, the following Theorem shows how we can
approximate Ref{|7)} to any error using phase estimation.

Theorem 4.1.7. Assume U+ ® > 1. For any p € (0,1), there exists a unitary R that approzi-
mates Ref{|m)} on A+ B with error p, and can be implemented in cost O ((log %) % (U+ ¢)>

Proof. We will use phase estimation to estimate the phase of the input state |1)) € A+ B, under
the action of U(W), with precision © = 8%\/5 Let H, be the auxiliary space, and suppose
we begin by initializing it to |0),. After applying phase estimation, we will apply a —1 phase,
conditioned on the state of H, being nonzero. We will then uncompute the phase estimation.

Suppose |¢)) € A+ B is an eigenstate of U (W) — the result will follow by linearity. If [¢)) = |7),
since UW)|rr) = e?|r), the phase estimation will put a 0 in the auxiliary register, acting as
|7)]0)q — |7)]|0)q. The conditional reflection will do nothing, since the auxiliary register is in the

state 0. Applying the phase estimation in reverse will similarly do nothing. Thus we will leave
the state unchanged.

On the other hand, suppose [¢)) is an eigenstate of U(W) orthogonal to |7). Suppose U(W)|¢y) =
e |¢) for @ such that || € (0,7]. Then by Theorem 3.1.3, applying phase estimation acts as

[¥)]0)a = [)|w)a,
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for some state |w) such that |[(0|w)| < @I% = %gl' The conditional reflection acts as 2/ ®0) (0] —
I, so we get:

() w)a = [) (2(0]w)[0)a — |w)a) -

Finally, let ® be the unitary that is implemented by phase estimation. Applying the phase
estimation algorithm in reverse gives:

2(0|w)[9)]0)a — 1) |w)a = 2(0[w)@T[1))[0)q — [4)]0)a-

Thus, if R denotes the implemented unitary, and R denotes Ref{|m)}:

711 ~ 7101 | = 20010 = 210kt < 3F < ]

where the last inequality follows from Lemmas 4.1.5 and 4.1.6, since [¢) is in A+ B and orthogonal
to |m), so it must have phase |§] > v/§. Thus, we have error at most 1. Using Theorem 3.1.8, we
can decrease this error to p with a multiplicative factor of log% in the asymptotic cost.

To complete the proof, we simply note that implementing phase estimation to precision © uses

2
0] <(log é)Q) =0 <<log %) ) elementary gates, and % = 167(7; controlled calls to U(W), each

of which costs O(U 4+ ®). The total cost becomes

11 1\?
O(logp (\/S(U+¢)+<log\/g> >>

Assuming U+ ® > 1, the second term is subsumed by the first, giving the desired complexity. [

The Full Algorithm We now have all necessary ingredients to present the full algorithm. A
very simple algorithm would be to construct |7), and then repeatedly alternate Ref{|m)} and the
checking procedure, which reflects about the marked states, about % times, just as in amplitude

amplification. However, unlike in amplitude amplification, we cannot implement Ref{|r)} exactly,
so we would need to reduce the error of our approximation of Ref{|m)} to O (y/€) in order to
keep the overall error of the algorithm below %, at a cost of a multiplicative factor of log % We
can avoid this additional cost using the search-with-errors procedure, presented in Section 3.2.1,
Theorem 3.2.2. This procedure takes an approximate implementation of Ref{|r)}, and an exact
implementation of a reflection about marked states, and maps the state |r) to its projection onto

the marked states. We use this procedure to prove the following theorem.

Theorem 4.1.8. Let P be a reversible Markov process on state space ), with stationary distri-
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bution . Let M C ). Then we can approrimate the mapping:
W |7['> — { :]\f> = ZuGM 7:-T((]\1j[)) ZUEQ \/W\%UHCZ(U,U» iof M # 0
s else,

with error 1/3 in cost
o(\lg (\}E(U+¢)+C>).
Proof. Define a subspace of H, Hys, by:
Hyy :=span{|u,di(u)) :u € M} ® Ho ® Hyg,

and let I1j; be the orthogonal projector onto Hyy.

By Theorem 3.2.2, if we can implement —RefHj,; in cost Ry, and we can approximate the

reflection about |7) with error ¢ in cost Ry logé for any g € (0,1/2), then we can approximate
1 H2

NG,

whenever this quantity is nonzero. We have

W with constant error in cost O( (Ry + R2)>, where pjys is a lower bound on |[II/|)

2

= Z 7(u) ZP(U,U) =7(M),

ueM veEQ

Lo )| =

SN VAW Plu,v)|u, v)|d(u, v)

ueM veQ

so we can set py; = €.

Next, notice that the checking operation implements Ref Hy;. By assumption, we can implement
the checking operation in cost Ry = C, and by Theorem 4.1.7, we can approximate Ref{|r)} with
error ¢ in cost Ro log% = % (U+ o) log %. Thus, we can implement W with error 1/3 in cost

O]

Letting ApproxAmpAmp”#° denote the procedure from Theorem 4.1.8, which uses U,  and C
as subroutines, our algorithm is simply:
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S,U,%,C
QuantumWalkSearchQ M. P.d

1. Repeat 2 times:
(a) Construct |r)? using S
(b) Map |7)° to |r) using U
(c) Run ApproxAmpAmp”*C on |7) to get a state \M}
(d) Measure the state register of |]T/f> to get some state u

(e) Check if u is marked, and if so, output u

2. Output “M ="

Corollary 4.1.9. Let {W, = (Qu, My, Py, dz) }pejqn specify a quantum walk search problem. Let
7 denote the stationary distribution of P,. Let ¢ € Ry be some (possibly unknown) parameter
such that for all x such that M, # 0, m,(M,) > e. Let § be a lower bound on the spectral gap of
every P,. Then the query complezity of finding an element of M, or deciding M, is empty with

bounded error is . )
OlS+—|—=U+9)+C .
(s+ 2 (FFure+c))

Proof. The complexity of the algorithm QuantumWalkSearch is clear from Theorem 4.1.8, since
we use constant p. To see that the algorithm solves the problem with bounded error, first note
that if M = (0, we will not find a marked state, so we will output the correct answer with
probability 1.

For the case M # (), we need only notice that since we run ApproxAmpAmp, the error of |M) is at
most %, 0] H]M} — \M)H < % Let |err) := |M) — |M). We can compute

M 1 2
|(MIAD)| = 1 = (MJem)| = 1~ fllerr) | 21— 5 = 5.

The probability that we measure a marked state in any given iteration is given by
2 2 2\2 4
i o = (2)' >4
Thus the probability that in both iterations we do not output a marked state is (1 — 4/9)? =

25/81 < 1/3. Thus, the probability that we find a marked state in one of the two rounds is at
least 2/3. O
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We summarize this new framework below. We have made the separation between coin-
independent and coin-dependent data explicit, and will now write W = (Q, M, P, dy, d2) when we
would like to explicitly define this decomposition.

NEW QUANTUM WALK SEARCH FRAMEWORK

Parameters: Q. Finite set of objects

(for each x € D) M, C ), Set of marked objects
P, A reversible, ergodic Markov Process on €2,
dy1:Qp — Hg, Coin-independent data

dg2: E(Px) U (Qz x {0}) = Hg, Coin-dependent data

Properties: 7, : 2, — R The stationary distribution of P,

e € Ry A lower bound on 7, (M) for all z such that M, # ()
0 e Ry A lower boun on the spectral gap of P, for all x
Subroutines:  Setup, S(z) 0) = |7m4)0 Z Ve (w)|u, 0)|dy 1 (w))|dy 2(u, 0))

with cost S €y
Checking, C(x) [u, dy.1(w)) — { | |1Zldx(1 ()u)) 1flu e M
with cost C U G, 11U ese
Local Diffusion, U(z)  |u,0)|d2(u,0)) Z v Py (u,v)|u, v)|da(u,v)
with cost U vEQ,

Data Swap, SWAP(x) |, v)|dg 1 (u))|dy 2(u, v))

with cost U

s 0, W) |doy (V) o2 (v, w)), V(u,v) € E (P,
Phase Flip, &(z) |u)|dz2(u,0)) = —|u)|dy2(u,0)), Yu € Qy
with cost ¢

a6

If the data is completely coin-independent, as in the previous framework, then the cost of the

Cost: S+ (U+ o)+ C)

phase flip is negligible.
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Chapter 5

Nested Checking

Consider implementing the checking subroutine of a quantum walk specified by W by using
another quantum walk, W’. One example of this is the implementation of the checking subroutine
in the quantum walk algorithm for triangle finding, due to [ ], and outlined in Section 3.3.5.
In this quantum walk algorithm, the checking step is implemented by a quantum algorithm,
which consists of a quantum search, and a quantum walk, although for convenience, we can view
the full checking algorithm as a quantum walk search algorithm. This gives rise to a checking

subroutine with cost C = O (S’ + \% (\/lyU’ + C’)), where (¢',¢',S',U’, C') are the parameters
and costs associated with the implementation of W. If the remaining parameters and costs of

the implementation of W are (d,¢,S,U), then the full algorithm implementing W costs:

~ 1 1 1 1
55+ (Luess L (Luic))),
< Ve Vs VERANVZ
where the suppressed logarithmic factors occur because to naively use a bounded-error subroutine
for checking, we must apply error reduction to get inverse polynomial error on the checking

subroutine.

In this Section, we will show how to use our new quantum walk search framework to implement
this type of nesting more efficiently. We will show how to achieve nesting with a cost like:

5(S+S’+\1ﬁ (\}EUJF \/1? <\/157U/+C/)>> 1

Since we now have no multiplicative factors in front of S’, this cost may be cheaper.

The idea of our efficient nested checking is simple: since the setup step simply constructs the
initial state, we would like to do this once at the beginning of the algorithm, rather than each time

!The cost U could change when we bring S’ to the front of the expression, but in our applications, it does not.
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the checking subroutine is called. In order to implement this within the quantum walk search
framework, we simply include the checking subroutine’s initial state, |7’) in the data structure of
the outer state — this data can then be used to perform the inner checking step. We present the
details of this technique as a “framework” in Section 5.1.

The first application, and also the original motivation, for the framework is an algorithm for
triangle finding, presented in Section 5.2. This algorithm is based on the learning graph upper
bound of Ref. | ], and has matching quantum query complexity, up to logarithmic factors.

Although the quantum walk algorithm for triangle finding gives a nice illustration of the power
of the framework, it is not the best known algorithm. A later learning graph upper bound, from
[ |, gives an even better upper bound on the quantum query complexity of triangle finding,
which, at the time of this writing, is the best known. We are also able to very simply reproduce
this upper bound in our framework using nested checking, and this is the subject of Section 5.3.
Finally, in Section 5.4, we give a generalized nested quantum walk algorithm for subgraph finding
problems, based on the similar learning graph upper bound of | ].

5.1 Nested Checking via Quantum Data Structures

The technique of efficient nested checking is simply one particular way in which we can apply
the new quantum walk search framework. However, to illustrate how to use this technique, we
write it explicitly as its own framework below. We suppose that we are given a quantum walk
specification, W = (Q, M, P, d), that we want to implement, and along with W/, we are given, for
each u € Q, a specification for an inner quantum walk, W* = (Q*, M, P*, d"), whose purpose
is to help check if w is marked. In order to use WY to accomplish this task, we require that
M™ be non-empty exactly when u € M. We can then use the inner walk W* to check if M™ is
non-empty, which exactly checks if u is marked.

Since we will need to run both the outer walk YW and the inner walks W*, our full workspace
will look like:
H:HQ®HC®Hd®HQ/®HC/®Hd/7

where Ho ® Ho ® Hy is the workspace of W, Hq must be able to encode any state in Q" for any
u € Q, Her must be able to encode any coin state |PY(s,-)) for u € 2, s € Q% and all inner data
functions, d*, must have domain Hy.

In order to implement the full algorithm, we will need some subroutines for both the outer
and inner walks. For the outer walk, we do not need a checking subroutine, since checking will
be accomplished by the nested quantum walks. The outer setup and update are nearly identical
to those of the standard framework, with the change that the initial state of the inner walk W*,
|7*), will now be include as part of the data of each u. Finally, we will need update and checking
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subroutines for the inner walks. The setup step of the inner walks are taken care of by the outer
setup subroutine S. Its cost, S, will include the cost of two tasks. It will include the cost of

constructing
Ima)® =Y /() u, 0)[d(u)),
u€eS
which is the initial state of W without nesting — call the cost of constructing this S;. In

addition, it will include the cost of constructing (maximized over u) the initial state for W,
[T = 3 cou V/TU(s)|s, 0)|d“(s)), which we can call S. The full setup cost ends up being
S=S5,+5".

We have chosen to give the nested checking framework in terms of coin-independent data, for
simplicity, since this is all that is required by our applications. Thus, we suppose that the given
walk specifications all include only coin-independent data d : 2 — Hy for some finite-dimensional
inner product space Hy. Of course, the idea is easily extended to walks that use coin-dependent
data (with the additional associated costs).
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NESTED-CHECKING QUANTUM WALK

Parameters:

(for each x € D)  {W¥ = (

Wy ::(Qm7ﬂ4iafkadx)

An outer quantum walk, with coin-
independent data

A family of inner quantum walks with coin-
independent data, such that for all u € Q,

MY #( if and only if u € M,

QU MY, PY, Y

)}uGQ

Properties:  ({7z}z,¢,0) The inner walk properties
{7l : Q% - R}yeq The stationary distribution of PY
g eR A lower bound on 7¥%(MY) for all u € Q such that MY # ()
yeR The minimum spectral gap of P} over all u € Q, x € D
Subroutines:  Setup, S(z) Z Vg (u)|u, 0)|dy(u Z VT(s)|s, 0)|d5(s)
with cost S UEQ, SEQU
Local Diffusion, U(x) |u,0) — Z V Pr(u,v)|u,v), Yu € Qy
with cost U vEQ
Data Swap, SWAP(x)  |u,v)|d;(u Z VTe(s)|s, 0)|d4(s)
with cost U SEQ“
s v, u)|dy (v Z V70(5)|s, 0)[d2(s)), V(u,v) € E (P
s€Qy
Inner Local Diffu- 5,0) = > e V/ PU(s,t)]s,t), Vs e Qy
sion, U*(x)
with cost U’
Inner Data Swap, |s, t)|dy(s)) — |t, s)|dy(t)), Y(s,t) € E(P;j)
SWAPY(z)
with cost U’
Inner Checking, C*(z) |s,dy(s)) — { |S‘S du (s §§)> zeflssee Mg
with cost C’
Cost: O<S+1<U ! ( +C>>>
’ VeV VIV
Theorem 5.1.1. Let N = {W, = (Q, My, Py, dy), {W¥ = (Q¥, MY, P¥, d¥) }ueq) }ueD specify

a nested-checking quantum
finding an element of M, o

9) (S(N)

walk. Let (0,e,0",¢") be the associated parameters. Then the cost of

r deciding M, = () with bounded error is

( (

L1
N

1
Ve

1

Ve

1
Nl

U + VW) + C’(N)))) .
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Proof. We will prove the statement by recasting the nested walk as a standard quantum walk
search. Define a new coin-independent data function by

[d(w)) = |d(u))|7*)°, Yu € QU{0}

where |7%) = 3, \/7%(s)]s,0)|d“(s)). Then we will describe how to implement the subrou-
tines for the quantum walk W = (2, M, P, a?)

Setup Subroutine We must prepare the state
m)? == Va)wldw) = Vaw)w)d(w) )’
u€es) u€eR

which is exactly, what S accomplishes in the nested checking framework, so the setup cost is

—

SOV) = S(N).

Update Subroutines The local diffusion part of the update for W must achieve:

[u, 0)]d(w)) = [u, 0)|d(w)|x*)* = Y~ v/ Plu,v)lu, 0)|d(w)) = Y V/Plu,0)|u,v)ld(w)|x")°,

vEQ vEQN

which is exactly what the local diffusion of N/ accomplishes. Furthermore, the data swap for w
must achieve

[u, 0} d(w)) = v, u)ld(w))|7*)° = o, w)|d(v)) = |v,u)|d(v))|x")°,

o~

which is exactly the data swap of A'. Thus UW) = U(N).

Checking Subroutine We will implement the checking operation using a nested quantum
walk algorithm. Let W, be the mapping

W, : ]71'”)0 s |M") = Zseﬂu %IS,OHCZ(S» if M* %0
|0 else,

We first show how to use this mapping to implement the outer checking operation. We first
apply W,:
2Ny 0 |w)|d(w))[M™) if M* # )
jd(w) = iy v [t A
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Next, using the inner checking, C*, we perform

{IU>d(U)>|M“> = —lu)ld(u)
[du)|a)® = fu)ld(w)]

)
T when M = ().

M™)
“)°
Finally, applying WJ gives:

{—Iu>ld(U)>!M“> = —luld(u))|r*)? = ~[u)|d(w))
[wldw)|a)® = fuld(w)x) = Ju)|d(u)).

By Theorem 4.1.8, we can approximate W, with error p in cost (log %) \/13' <\/15»,U/(N )+ C(WNV ))
By Fact 3.1.5, if we call our approximation of this map ¢ times, the overall error in the final state
will be tp. Since we will call the checking map on the order of % times, in order to keep the

overall error below %, we will need zl) €0 (%) Each call to the approximation of W, with error

COW) =0 <<log i) \% (\/%U’(N) + C’(N))) .

Finally, we notice that, since w only differs from W in its data, it has the same spectral gap, d,
and lower bound on the proportion of marked states, e. Thus, by Corollary 4.1.9, we can find
an element of M or decide that M is empty in cost (up to constants):

p then costs

(W) + —— <\}SU(W) +COV )> — SIV)+ \}g (\}guw) + \/1; (\/}u'w) + C’(/\/)) log i) .

O]

5.1.1 Nesting to Arbitrary Depth

The simple two-level nesting from Theorem 5.1.1 can be generalized in a straightforward way to
k levels of nesting.

Let x be the input, from some domain D, and u1, ..., u; be a list of states from the 7 outermost
walks. Then we will use a quantum walk parametrized by x, u1, ..., u; to check if u; is marked in
the walk parametrized by x, u1,...,u;—1. To make this precise, we recursively define the following
sets:

00 =D, and Vi>0, QW = {(z,u1,. .. u;) w1 = (x,u1,...,ui—1) € QU= ;e Q?(Fl)}.

Then there will be one i-depth walk defined for each element of Q1.
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Define the outermost walk family, parametrized by the input z, by:
{W(:)E = ( gngvP(:)E7dg)}zeD
Then for i =1,...,k — 1, let the ith level of nested walk be specified by:

(%) (1) (%) (%) (%)
R e VR N A |
u(®eQ®

with the condition that for all i € [0,k — 2], u(? € Q).
i i MONY
MM = {ui € Mi(—i-l ) o2 gy,

The situation simplifies immensely when all Markov processes at the ith level are the same Markov
process, P;. Even when we allow them to vary slightly, there must, of course, be some structure
for the analysis to be feasible.

Let §; be a lower bound on the spectral gap of P’Zf“(i> over all u(? € Q0 and & be a lower
bound for non-empty W}L(l)(MZT“(Z)) for all u® € Q) where Fg(l) is the stationary distribution of
(@)
P

We recursively define, for each v*~1) e Q=1

(k=1) | (k—1) (k—1)
) =Y, Ty (ue—1)|up—1)|di ) (uk—1))
kalengkfl)
and for i =0, ...,k — 2, and each u( € Q.
(@) (%) () @)
= 3V )l A (i) ).
ui+1EQ?(i)
Let S denote the cost of constructing |7§). For i =0,...,k—1, let U; be the maximum update

cost of the i walk, that is, for each u(¥ € QO ;€ Qy(i), the cost of implementing:

@ : ) @
[uip1)[d" " (uigp1))|0) = Z \/PZ‘()(ui+17ué+1)’uz‘+1aU§+1>’du (wit1),d" (ujyq))

”2+1€Q?(i)
and for each (ujy1,uf, ) € E(Pi“m),

) (@) ) )
i, Wi A (winn), di (ui)) = T v )IdE (i), df (uign))-
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Let C be the maximum cost of implementing, for u*=1 € Q=1 and v, € Qz<k71),

) ldp’ Y () if w € M
’Ukﬂd}é(_kl_l) (ug)) else.

) | () {

Then we have the following.

Corollary 5.1.2. We can decide whether Mg is non-empty with bounded error in

o(s+3 (IT1) Lo (T4 5
i=0 jzo\/é?j \/E ' j:()\/‘?j

queries.

This deeper nesting is applied in Section 5.4 to subgraph finding.

5.2 First Application to Triangle Finding

A relatively new framework for quantum query upper bounds is the learning graph framework of
Belovs | ]. Belovs demonstrated the power of this new framework by demonstrating a new
upper bound on the quantum query complexity of triangle finding of O(n35/ 2Ty compared with
the previous O(n!?) quantum walk upper bound | |, presented in Section 3.3.5. On the
surface, there are a number of similarities between these two upper bounds, but Belovs’ upper
bound employed a new ingredient, edge sparsification, which, although easily applicable in the
learning graph setting, did not seem to work in the setting of the quantum walk search framework.

There are several reasons why it might be desirable to implement the idea as a quantum walk.
Unlike with learning graphs, whose evaluation is done by first converting the learning graph to
a span program, which is then converted to a quantum algorithm, quantum walk algorithms
have a very explicit structure that is easy to work with. This is useful for understanding the
resulting algorithms, but it also facilitates combining and modifying algorithms to construct new
algorithms.

Our new quantum walk search framework allows us to implement Belovs’ edge sparsification
idea to reproduce Belovs upper bound by a quantum walk algorithm that solves triangle finding
in O(n35/ 27) quantum queries, proving the following theorem.

Theorem 5.2.1. There exists a quantum walk search algorithm that solves Triangle, with

bounded error using 5(7135/27) quantum queries.

In the remainder of this section, we will present this algorithm by specifying a quantum walk
with nested checking, (W = (Q, M, P,d), {W" = (Q%, M", P*,d") },eq), and implementing and
analyzing its subroutines.
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Parameters As usual, we will work with a Johnson graph, so our states will be subsets of [n]
of some size r to be specified later:

Q:={SCn]:|S|=r}

The states S correspond to subsets of the vertex set of G. We will say that a state is marked if
it contains two triangle vertices, that is

M = {S eQ:Fi,je€S ke [’I’L] such that G,L"]‘ = Gj,k = Gi,k = ]_}

The walk will be the Johnson graph walk:

1 . N
P(S,8") ={ rn=r) if [SNS'|=r—1
’ 0 else.

The outer walk will not have any data of its own (aside from |7%), the initial state of an inner
walk, W9, which is implicitly part of the data of S ), so we set d = 1.

For each S € Q, the inner walk W¥ will have as its Markov process, P°, the random walk
on the Johnson graph J(r%,m), for some m such that » < m < r2, to be specified later. We will
have

Q%= {T c §%:|T| =m}.

Each element (i,7) € T will correspond to a potential edge in the subgraph of G induced by S.
We can define s so that m = sr2. Then s is analogous to Belovs’ sparsification parameter.

Let Gg(T') denote the subgraph of G with vertex set S and edge set T'N E(G). Then we will
define
d5(T) = Gs(T);

that is, d°(7") will encode {(i,,Gi;) : (3,5) € T}.
We will say that a state T is marked if T' contains an edge that is part of a triangle; that is:

MS = {T S QS : E](Z,j) eT ke [TL] \ {Z,]} s.t. Giyj = Gi,k = Gj,k = 1}.
If S € M, then S contains a pair of triangle vertices, i and j, so any T € Q° containing (i, 5)
will be in M®, so M® # (. On the other hand, if S ¢ M, then there is no pair of vertices i and

j in S such that {i,j} is a triangle edge, so no T' € Q5 can contain such an (7,7). Thus, we can
use the family {W? = (2%, M*, P9 d%)}seq to implement the checking subroutine of W.
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Properties As usual, the walk on the Johnson graph has the uniform distribution on €2 as its
stationary distribution: 7(S) = (:‘)_1. Furthermore, P has § > 1/r. Finally, M is non-empty
whenever the input graph contains a triangle, in which case, it has at least 2 triangle vertices, so:

M) (23 =2 r(r—1)

T T T alir—2 1)

(M)

Thus, € := ;E:L:ll)) €N (%) is a lower bound on (M) whenever M # ).

Similarly for the inner walk, P has spectral gap &' > %, and 7° the uniform distribution
on Q°. Suppose M?° is non-empty. Then let 7,7 € S be two vertices of some triangle. Then any
T € QF containing (i, j) is in M, so we have:

5 ()
WS(MS) — ’M ’ > m—1/ _ E
|QS’ = (r2) r2’
m

Thus, ¢’ = 73 is a lower bound on 7 (M*) whenever M?® # (.

Workspace The algorithm will work on the space
Ho®@Ho®@Hg @ Hy @ Hor @ Hy
where each of these spaces will be defined presently. First, we have:
Hq =span{|S): S C [n],|S| =r} and Hq =span{|T):T C [n]?, |T| = m}.

Since we are only concerned with query complexity, we need not worry about how we encode
each set S or T'. A naive encoding of S or T' as a sorted list will not affect the query complexity
of any operations.

The coin space, H¢, should be such that Hp ® He can encode directed edges of J(n,r). Since
any directed edge (S, S’) of J(n,r) has |[SNS’| = r—1, we can uniquely specify (S,S") by (S,14,4’),
where S\ S’ = {i}, and S’ \ S = {i’}. We will thus use coin spaces:

HC = Span{’iai/> : ivi/ € [n]}7 and HC’ = Span{‘(iaj)v (ilaj/)> : iaila.jlvj, € [n]}

Then for any S € €2, the respective coin state looks like

T R

i€S,i'en)\S r(n—r)
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and for any T' € Q°, the coin state looks like
1 C N g
ST = Y (i), (1)),
(iq)eTy(@nesay Vi —m)

Finally, since the outer walk has no data, we have H; = 1, and since the data functions of the
inner walk are defined d°(T") = Gg(T), the space Hy can simply encode lists of m objects of the
form (i, j, G; ;), that is:

Hy :=span{|E) : E C {(i,7,b) : 1,5 € [n],b € {0,1}} : |[E| = m}.

Setup Subroutine We must implement the construction of the state

70 = 3 ISA(S) = 3 ——IS)Ir%) = 3 ——18) 3 ——IT)a*(T))

SeQ (T) SeQ (T) Seq ('r) Teqs (:2)

To do this, we must query all members (7, j) of T, which has cost S = m quantum queries.

Update Subroutines To implement the update, we must implement the local diffusion for W:
5,0) = D VP(S,5)]8,5");
S'eQ
and the data swap for W:

15,8") >~ \/mSDIT,00[d%(T)) = |S",8) Y /=S (T)|T,0)|d (1)),

TS T'eQs’

for any S, 5" €  such that [SNS'|=m — 1.

To implement the local diffusion, we need only be able to construct, for any S € €, the coin
state |P(S,-)). This can be constructed in 0 queries, since it is input independent.
7.2
m

T € Q°, and T' € Q| we need only show a bijection ¢ : Q5 — Q5 and show how to implement
a map D with the action

r2 —-1/2 2 -1/2 /
> (1) mieay-s ¥ (1) leanla e,

TeOS

, -1
Fix some edge (9,5’). To implement the data swap, since 7°(T) = 7% (T") = (I) = for any
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Let S\ S" = {i} and S"\ S = {¢'}. Define v: S — 5" by 7(i) = 4/, and for all j € SN,
7v(7) = 7. Then define
o(T) == {(v(),v(k)) : (i,4) € T}.
It is easy to verify that ¢ is a bijection from Q° to Q. Furthermore, we can map |T) to |¢(T))
in 0 queries to the input, since mapping depends only on ¢ and 4/, which are encoded by (5, S").

Let D7 be a unitary map with the action:

[d%(T)) = [{(, k. Gjx) = (G k) € TY) = 1d (2(T))) = [{(1(7), 7(k), Gy iay) = (G K) € T,

and note that D = ) ;- qs |T)(T'| ® Dr has the desired action to implement the data swap for
(S,5"). In order to implement D, we must query G+ ()~ (k) and unquery Gj x for every (j,k)eT
such that (y(j),v(k)) # (J, k). In other words, we must perform 2 queries for every edge (j, k) € T
incident to vertex i. The number of such pairs is exactly the degree of ¢ in the graph with vertex
set S and edge set T, which we denote K7. Let g7 = 2degy, (i), where degg, (i) is the degree
of i in the graph Kr, so that gr is the query complexity of implementing Dp. For a uniform
random 7', degy. (i) is a random variable with a hypergeometric distribution and mean 277”, SO
for a random T', we expect the cost of Dr to be about 47’”. However, in the worst case, ¢ may have
degree r in K7, in which case, the cost of Dr is r. We would certainly rather pay the average

cost than the worst case. We can accomplish this in the following manner.

Let q := 2877” + clnn for come constant ¢ > 1. We will implement D approximately, using
just g queries, by instead implementing

D:= Y |IT)T|eDr+ Y [THT|®I
TeQS:qr<q TeQS:qr>q

In other words, we only implement the correct map when it is not too expensive, otherwise
we simply don’t bother. It is clear that D has query complexity ¢, so we now consider its error

on |[¢) =>n (:;)71/2]T>|dS(T)>, the only state to which it will be applied. We have:
2
2

|o-pw| =] = <:§>1/2\T>(I—DT)|dS(T)) IS (;)1,

TENS :qr>q TEQS :qr>q

which is just twice the probability that gr > g when T is uniformly chosen. Since gr is distributed
according to a hypergeometric distribution with mean p = 47’”, by Fact 2.3.1, since ¢ > 7Tu, we

can bound this as
> 2 —28m_ nnp —clnn 2
H(D—D)\¢>H < 2¢~ % < 2 ==

Since this operation will be called o(n?) times, this is certainly sufficiently small error to keep the
overall error at most 3 (see Fact 3.1.5).
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Thus, we can implement the update procedure with total query complexity:

28m

+clogn =0 (@),

r

U:q: .

since m and r will be set such that % = n* for some k > 0.

Inner Checking In order to check if a state T' is marked, we will search [n] for a vertex i such
that there exists j, k € T such that {1, , k} is a triangle in G. For any i € [n], we can check if this
condition holds in r%/3 queries to G, using the algorithm GraphCollision, from Theorem 3.3.9,
on the graph Gg(T), since this graph is completely known, and stored in d°(T). Then the total
cost to search for such a vertex i is

C' = nr?3.

Inner Update To implement the inner update, we must implement the local diffusion for W*:
T,0) — Y \/PS(T,T)|T,T');
TeNs

and the data swap of W:
|T,T")|d°(T)) = |T', T)|d(T")),

for any T,T" € Q5 such that |[TNT'| =m — 1.

To implement the local diffusion, we need only construct the state

1 1
P(T) = Y —=I0) >, ———Ii"),
N
iper VI @ingr V' T

which has query complexity 0.

To implement the data swap, it suffices to implement, for each (T,T") € ﬁ(PS ), the map:

|a%(T)) = {(i, 4, Gig) : (i,5) € TY) = |d5(T")) = [{(i,4,Giy) : (i,5) € T'}).

To implement this, we must simply query the unique (¢,j') € T\ T and unquery the unique
(i,7) € T\ T', so the full update cost for any inner update is U’ = 2.

Thus, by Theorem 5.1.1, we can find a marked state or decide there is no marked state in
query complexity (neglecting logarithmic factors):

e () = o (o e )

nm n3/2p2/3
= m+ o5 +n+

P2 Jm
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35/27

Setting m and r to the optimal values of r = n?/® and m = n gives total complexity

O (n35/27), proving Theorem 5.2.1.

5.3 Second Application to Triangle Finding

The algorithm presented in the previous section is based on the learning graph upper bound for
triangle finding that inspired this framework, however, it is not the best known upper bound.
Subsequently, the following theorem was proven by Lee, Magniez and Santha using the learning
graph framework.

Theorem 5.3.1 (] ). The bounded error quantum query complexity of Triangle, is in
0 (n9/7) = 0 (n1759),

This new upper bound does not use the edge sparsification idea, but rather, first searches for
a set S containing a triangle vertex, and then another set So containing another vertex from the
same triangle, and detects such a pair of sets by doing a version of the graph collision subroutine
on the bipartite subgraph of G consisting of edges from S; to Ss.

We can also reproduce this improved result, up to logarithmic factors, in our framework, using
nested checking. In this section we will prove the following theorem.

Theorem 5.3.2. There exists a quantum walk search algorithm that solves Triangle, with
bounded error using O (n9/7) quantum queries.

In the remainder of this section, we will specify a nested-checking quantum walk, (W =
(Q, M, P,d), {W" = (Q*, M", P*, d") },eq), and describe and analyze implementations of its sub-
routines. Our construction is based on the learning graph construction used by [ ].
Parameters The walk will, once again, take place on a Johnson graph, so we will have:

Q:={51 C[n]: |51 =71}

for some 71 to be chosen later, with P being the random walk on the Johnson graph J(n,ry).
The states represent subsets of the vertices of G. We will say a set is marked if it contains a
vertex that is part of a triangle:

M:={S1€Q:3ieS,jken st Gip=Gr=Gir=1}.

We will not set any data for the outer walk, so we set d = 1.
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Next, for each S; € Q, we define an inner walk W5 = (0, M1, P/, d%) (in this case, only
the marked set and data depend on Sj). These inner walks P’ will also be on a Johnson graph
J(n,ry), for some ry to be specified, so we set

Q/ = {SQ Q [n] : |82‘ = 7”2}.

Like the outer states, each inner state, S, represents a subset of the vertex set. We define a state
Sy € € to be marked (with respect to S7) if there is a vertex in Sy that is part of a triangle, for
which S also contains a vertex; that is:

M5 = {Sae:3ieS,jeS,ken]st Gip=GCGjp=GCip=1}.

We can easily verify that M5t # () if and only if S; € M, so we can use the family (W91}, to
implement the checking subroutine of W.

Finally, we define the inner data function:
d*(S2) == {(i,,Gij) =i € S1,j € Sa}.

In words, d%' encodes all the edges of G with one endpoint in S; and the other in Sy, so it encodes
the induced bipartite subgraph of G, G(S1, S2).

Properties The spectral gaps of J(n,r1) and J(n,r) are
1 1
0= () and & =Q <>
™ T2

The stationary distribution 7 is the uniform distribution on ([ﬁ]), while the stationary distri-

respectively.

bution of P’, 7’ is the uniform distribution on ([Z;]) If there is a triangle {4, j,k} in the input
graph, then M is non-empty, and in particular, every set .S; containing ¢ or j or k is in M. Thus,
we can compute a lower bound on 7(M) assuming M # (); in that case:

M (D)
W(M)—‘Q’2 (n) =

T1

Thus, ¢ = L is a lower bound on 7(M) whenever M # . Finally, M S is non-empty exactly
when S; € M. In that case, let {i,j,k} be a triangle with i € S;. Then a state Sy is certainly
marked if 7 € So, so

M ()
=)

r2

I (M) =
so €/ = 2 is a lower bound on 7°1(M"') whenever M # ().
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Workspace The algorithm will work on the space
Ho®Hec®Hg® Hoy @ Hor @ Hyr,
where each of these spaces will be defined presently. First, we have:
Hgq = span{|51) : S1 € [n], |91 =1} and Hg = span{|S2) : S2 € [n], |S2| = r2}.

Since we are only concerned with query complexity, we can simply use a naive encoding of each
set as a sorted list.

From any state S,, a € {1,2}, we can specify the next state by some i € S, to be removed,
and some i’ € S, to be added, so the coin spaces will be defined as

He := Her :=span{|i,d’) : i,4' € [n]}.

The coin states for any S7 or Sy will therefore look like:

PGS, = Y i) and PS5 =Y i),

i€S1,i'€[n)\S1 ri(n —r1) i€5,i' €[n)\S2 r2(n —12)

Finally, since the outer walk has no data, we have H; = 1, and since the inner data consists
of sets of queried edges, the space Hy can simply encode lists of m objects of the form (i, j, G; ;),
that is:

Hy :=span{F C {(4,4,b) : i,5 € [n],b € {0,1}} : |E| = m}.

Setup Subroutine Constructing the state

m)® =D Va(51)[51,0) Y v/7(52)[S2,0)|d™ (S2))

S1€Q SoeQV

costs S = r17r9 queries, since we must query G; ; for every (i,7) € S x Sy to create d”1(S3).

Update Subroutines To implement the update, we must implement the local diffusion for W:

’SI7O> = Z P(Sl’Si”SlaSi)a
S1eq

and the data swap for W:

1S1,51) 57 /A (82)]52,0)1d% (S2)) = [S5.51) 3 v/7(50)[Sz, 0)]d% (S0)),

SoeQV S
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for any S1,5] € Q such that |[S1 NS} =r — 1.

To implement the local diffusion, we need only be able to construct, for any S; € €2, the coin
state | P(S1,-)), which we can do in 0 queries.

To implement the data swap, we need only implement the map |d%(Ss)) + |d%(Ss)) for any
edges (51,91) € E(P) and Sy € . Fix an edge (S1,57) and let i be the unique element in
Sy \ S, and 4’ the unique element in S} \ S;. Then since d°1(Sy) encodes a bipartite subgraph
of G, with vertex classes S7 and S3, when we remove the vertex ¢ from S, and add the vertex
i', to get the subgraph of G with vertex classes S| and Sa, we must unquery all edge values in
G(S1, S2) incident to i, and query all edge values in G(S],S2) incident to ¢’. That is, we must
unquery the set {(i,7) : j € So}, which has size r9, and query the set {(i’,j) : j € Sa}, which also
has size ro. This costs U = 21y queries.

Inner Update Subroutines The inner update step is almost identical to the outer update.
Once again, the local diffusion can be constructed with 0 queries, since the coin state |P’(Sa,-)) is
input-independent. The data swap is nearly identical as well: We must implement, for Sz, S, € Q
such that |Se N S4| = ro — 1, the map

Sz, S3)[d (S2)) > S5, S2)|d (S3)).-

For an edge (S2,5%), let i be the unique member of Sy \ S5, and ¢ the unique member of
S%\ Sy. Mapping |d°1(S2)) = G(S2,5%) to [d%1(S})) = G(S1,Sh) requires unquerying the set
{(j4,4) : 7 € S1}, which has size r1, and querying the set {(j,7') : j € S1}, which has size r; as
well, so the full inner update cost is U’ = 2r1 queries.

Inner Checking Subroutine The data d°(S;) exactly encodes the induced bipartite sub-
graph G(S1,S52). A state S is marked if and only if this graph contains a triangle edge. We
know how to check if a graph contains a triangle edge in O(\/ﬁr2/ 3) queries, where r = 71 + 79 is
the number of vertices in G(S1,S1), by using the graph collision algorithm from Theorem 3.3.9
and Grover search. However, we can optimize the graph collision algorithm on a bipartite graph,
which gives us the following generalization of Theorem 3.3.9.

Lemma 5.3.3. Let G be a graph on vertezx set [n]. Let K be a known bipartite subgraph of G
with vertex classes S1 and S, such that |Si| = 1 and |Sa| = ro. Then there exists an algorithm
that, for any k € [n], decides if there exists an edge {i,j} in K such that {i, j,k} is a triangle in

1/3 1/3
13,1/

G, with bounded error, using O <r 2 ) queries to G.
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Proof. Let G be a bipartite graph on classes S7 and Sy with |S1| = r; and |S3| = r2. We proceed
as in the standard graph collision algorithm: let m < min{ry,r9} be a parameter to be optimized
later. We walk on the product graph J(ri,m) x J(re,m), where a state T}, Ty corresponds to
a pair of subsets; 717 is an m-sized subset of S and 75 is an m-sized subset of Sy. Two states
(T1,T») and (17,T%) are adjacent in J(r1,m) x J(re,m) if Ty is adjacent to T3 in J(r1,m) and
T, is adjacent to T4 in J(rg, m).

The data associated with a state 77,75 is defined d(T1,T) = {(¢,Gix) : i € Ty U Tp}. Thus,
the setup cost is S = O(m), and the update cost is U = O(1). A state is marked if there is a
pair ¢ € T and j € 15 such that K; ; = G; = G = 1. Since the data contains G, and G,
and Kj;; is known, checking costs C = 0 queries. The proportion of marked states is at least

e=Q (r rz) The spectral gap of J(r1,m) x J(rg,m) is 6 = (%) Thus, the query complexity
is
@) (m + %m> ,
m

which is optimized by setting m = (r1r2)1/3 (which is smaller than r; + ro when max{ry,re} <
min{ry,72}?), yielding quantum query complexity O ((7‘17“2)1/ 3). O

We can check if a state Sy € Q1 is marked with respect to S; € by searching for an index
i € [n] such that there exists an edge (j, k) € S1 x Sz such that {7, j,k} is a triangle in G. We
thus have inner checking cost C' = O (\/ﬁ(rlrg)l/ 3).

Plugging in all the costs and parameters, by Theorem 5.1.1, we have:

S+\1[<\1[ \1F (f +C)> rlrg—i—\/Z(\/rTrg—l—\/W(\/Brl—i—(rlrg)l/g\/ﬁ))

n3/2

= rirg++/nra+ny/ri + -
(r1m2) (rirg)/6°

Plugging the optimal values of 71 = n*7 and r5 = n5/7 gives total cost 0] (ng/ 7), proving Theorem
5.3.2.

5.4 Application to Subgraph Finding

Ref. | | gives a general upper bound for subgraph finding, for any constant-sized subgraph,
of which their triangle finding upper bound is a special case. As with triangle finding in the
previous section, we can also recast their subgraph finding upper bound in the nested-checking
quantum walk search framework.
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We now give an explicit construction of nested quantum walks corresponding to the learning
graphs of [ |, matching their complexity up to logarithmic factors, and even potentially
improving their result for some cases. For simplicity consider the case of undirected graphs with
no self-loops. Let K be a graph on vertices {1,2,...,k}. Then a graph G contains a copy of K
if G induces a graph that is isomorphic to K on some subset of k vertices.

The Learning Graph Construction In | ], a meta-language is introduced for design-
ing a learning graph that detects a copy of K in G. Instructions are Setup, LoadVertex (i)
for i € [k] and LoadEdge(i,j) for {i,j} € E(K). A ‘program’ is an ordering of {Setup} U
{LoadVertex (i) };c(r)U{LoadEdge (4, 1) }(; j3e £ (k) such that Setup appears first and for each edge
{i,j} of K, instruction LoadEdge (i,j) occurs in the program after instructions LoadVertex (i)
and LoadVertex(j).

Parameters are vertex-set sizes r; > 1 for each vertex ¢ of K, and average degrees d;; > 1
for each edge {i,j} of K. These parameters are not related to K but parameterize the result-
ing learning graph. Assuming some natural conditions on these parameters, we can derive an
algorithm whose complexity is a function of the parameters, which can be optimized via a linear

program (see [ ] for a link to the program). We assume that r; < n, d; ; < max{r;,r;}, and
that:
) . . .. 2r; +1
For all i there exists j such that {i,j} € E(K) and dijﬁ > 1. (5.2)
T

Each instruction has a cost that propagates to later instructions, and its total effective cost.
The first one is called global cost and the second one local cost. In | |, a table is given, nearly
identical to Table 5.1, providing global and local costs for each of the three types of instructions.
Given a program of 7 = k + |E(K)| + 1 instructions, if ¢; denotes the local cost of instruction ¢,
and g; the global cost, then the resulting upper bound for deciding if K is in G is

i: (H gy) l;. (5.3)

t=1 \t'<t

The Corresponding Nested Walk Given a program, we can define a sequence of nested
walks as follows. The Setup instruction corresponds to our quantum walk setup. Each non-setup
instruction corresponds to a quantum walk, with the walk corresponding to the t™ instruction
being nested at depth ¢; that is, the t*" walk is the checking procedure for the (t— 1)th walk.
Each non-setup instruction corresponds to an edge or vertex in K, and so each of our walks will
as well.

All walks will be on Johnson graphs. The state of the walk corresponding to a vertex 7 is
described by a subset of vertices R; of size r;, and the state of the walk corresponding to an edge
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{i,7} is described by a subset T; j of d; j min(r;, ;) potential edges between S; and S;. For each
edge {i,j} of K, our data function maintains the edges G(T; ;) of G in Tj ;.

A state S; is marked if there exists some copy of K in G such that: for each S; in a walk at
depth less than the depth of S;, S; contains the 4™ vertex in the subgraph, and for each T; u,v at
depth less than the depth of S;, Ty, ,, contains edge {u, v} in the subgraph, and finally, S; contains
the i*® vertex in the subgraph. A state T; ; has a similar condition for being marked, except 7 ;
must contain edge {4, j} in the subgraph.

Setup To setup, we must create the uniform superposition |7)" of subgraphs G(T;,), one for
each edge {i,j} € E(K). The total cost is

S= Z min{ri,rj}di,j.

{i,j}€K

Vertex Walks To update a walk on vertex set S; we remove a vertex and add a new one.
To update the data, we must update the graphs G(7;;), for each j adjacent to ¢ in K. By
applying the average cost technique used in the update step of the algorithm presented in Section
5.2, in which we only perform updates that have cost at most a constant times the average, we
can see that this complexity is related to the average degree in S;, which we can calculate as

d; j min {1, :—Z} The total cost for this type of update is then

U= Z dmmin{l,Z}.

j{igreK
Observe that this quantity is always (1), by the imposed condition in (5.2).

We can easily calculate that the proportion of marked states in this type of walk is e = r;/n,
and the spectral gap is 6 = 1/7;.

Edge Walks Lastly, to update a walk on edge set T; ; we simply replace one edge in T} ; and
update G(T;,;). Thus the cost of this type of update is simply U = 1. For this type of walk we

have ¢ = dlij) (since € is the probability that a particular edge of S; x S is in T; ;) and

max(r;,r;

6= !

min{r;,r;}°

Checking A state of the deepest walk is marked if the data encodes an entire copy of K in G.
Since we can detect this from the data with no further queries to G, the final checking cost is

C=0.
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Instruction \ Global Cost \ Local Cost ‘

Setup 1 S= Z min{r;, r;}d; ;
{iiteK
LoadVertex (%) ﬁ = 7% \/%U = /1 X Z d; j min {17 7"]}
jligteK "
LoadEdge (7, j) ﬁ = \/@ \/%U = /7T

Table 5.1: Global and local costs for quantum walks corresponding to each type of instruction.

Global and Local Costs We can rephrase our costs for each walk into global and local costs.
The global cost is simply the part of the cost that propagates forward to deeper walk costs. For
the setup (which we can consider as a walk on a complete graph in which every state is marked),
this is simply 1, whereas for other walks, the global cost is % (see (5.1)). Similarly, we can
consider local costs. For the setup this is defined as S, whereas for each other walk, it is defined

as \/%U. We list all global and local costs in Table 5.1.

Comparing (5.1) and (5.3), we see that the upper bounds we achieve for subgraph detec-
tion are the same as those of | | (up to logarithmic factors), as a function of the global
and local costs. Furthermore, our expressions for global and local costs are almost identical to
those of [ ]. The only exception is that, depending on some sparsity condition, namely
whether d; j min{r;,7;} < max{r;,r;}, the local cost of LoadEdge(7,j) has two different expres-
sions in [ ]: either ,/77; (when the condition holds) or max{r;,r;} (otherwise). Therefore,
ignoring logarithmic factors, our total complexity is the same as that of | | or potentially
better in some cases, because of our potentially better edge-local cost, though we know of no
particular graph for which we have asymptotically better complexity. We remark that we believe
that this improvement in edge-local cost could also be made in the learning graph construction
of | |, however, it is not immediately clear how to do so in that setting, whereas in the
quantum walk setting it is natural and immediate.
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Chapter 6

Nested Updates

Having extended the quantum walk framework to allow for nested checking in [ |, anatural
question was whether a similar result would hold for nesting a quantum walk subroutine in the
update step of a quantum walk. This turned out to be less straightforward than nested checking,
and required the introduction of a new concept in quantum walks; that of coin-dependent data.
Our main application of coin-dependent data was to allow for efficient nested updates, but it may
be of interest on its own. We were able to use nested updates to reproduce the learning graph
upper bound on the quantum query complexity of 3-distinctness up to log factors, and also to
show that in fact, this upper bound of 6(715/ ") also applies to time complexity.

As a motivation, consider the following quantum walk specification, with the goal of finding a
3-collision in an input xz. The walk will be on a Johnson graph J(ng,r), where ngy is the number
of 2-collisions in x. The state space will consists of sets of r 2-collisions with respect to x: pairs
(i,7) such that ¢ < j and z; = x;. It’s not difficult to see how this could help us find a 3-collision:
consider a state marked if it contains a 2-collision that is part of a 3-collision. We can check this
using quantum search for a third index that collides with one of the pairs in the set.

In order to move classically from one state to another, we need to find a new 2-collision to add
to the set of 2-collisions. It therefore seems very natural to use Ambainis’s element distinctness
algorithm to help us perform this task. This algorithm generates a uniform superposition of sets
of m indices such that at least two of them are in collision. We can measure the output state of
Ambainis’s algorithm, and discard the non-collision parts, to get a uniform random 2-collision.
However, at this point, our classical intuition breaks down, because in fact, what we need for
the quantum update is a uniform superposition over 2-collisions. We cannot construct this from
a uniform superposition of sets containing 2-collisions, because this unwanted garbage, or extra
information, in each branch of superposition, is not independent of the 2-collision — for example,
the unwanted elements are disjoint from the 2-collision — so there is entanglement between the
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2-collisions and the garbage. We therefore cannot discard the garbage without destroying the
state.

It is easy to imagine this garbage issue arising in other attempts to use a non-trivial quantum
algorithm for the update step. In order to update a state u, we need to generate the coin state of
u, |P(u,-)), which is some superposition over the coin space of P. This is a kind of state generation
problem, and requiring that we accomplish this state generation problem coherently; that is, we
generate the superposition with no garbage, may make the problem much more difficult.

In Section 6.1, we will show how to overcome this difficulty in our new quantum quantum
framework, using the coin-dependent data. We will show how this coin-dependent data can be
used to perform nested updates, even when the coin state cannot be generated coherently. Our
strategy will essentially be to make whatever garbage we happen to end up with when we try to
generate the coin a part of the data. This garbage can be a function of the state we are trying to
update, and also of the coin, since we have explicitly allowed this in the data, and it can therefore
be entangled with the coin. This strategy can be used to deal with garbage in any quantum
update subroutine.

As an application of this nested update idea, we are able to get a quantum walk algorithm
for 3-distinctness with time complexity O(n5/ 7). This nearly matches a recent upper bound on
the quantum query complexity of 3-distinctness of O(n®/7) | |. This query upper bound
was proven in the span program framework, and thus did not yield an upper bound on the time
complexity. Before this work, the best known time complexity for 3-distinctness was 5(n3/ 4,
using the algorithm presented in Section 3.3.3, due to Ambainis | ]. Our nested quantum
walk construction for 3-distinctness uses ideas from the span program construction of | ],
but since they are implemented using quantum walks, the time complexity is easily analyzed.
Furthermore, we are able to generalize our 3-distinctness algorithm to get an upper bound of
O(n*=1Y/k) on the time complexity of k-distinctness for any & > 3. This is only slightly better
than the previous upper bound of O(nk/ (k+1)), and is worse than the best known query complexity
of k-distinctness, which is o(n®*) for any k, also proven in | ]. As a warm-up, we will first
show an upper bound of O(n5/ ™) on the quantum query complexity of 3-distinctness, in Section
6.2.1. The full time-efficient algorithm for k-distinctness, presented in Section 6.2.2 is similar,
but significantly more technical.

Prior to the work presented in this chapter, the only nontrivial quantum walk update step
of which we are aware was a Grover search | ]. The ideas of this chapter open the door to
using a much broader class of quantum algorithms to implement the update subroutines.
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6.1 Nested Updates via Coin-Dependent Data

As with nested checking, we will illustrate the nested update technique by presenting it as an
explicit framework. As with nested checking, we suppose that we are given a quantum walk
specification, W = (Q, M, P, d), that we want to implement, and along with W, for each u € 2,
we suppose we have some inner walk specification W* = (Q%, M", P*, d"), whose purpose is to
help us to (non-coherently) generate the coin state of u. As in the nested checking section, we
will assume for simplicity that the data functions d and d* are coin-independent (although we
will still use coin-dependent data to accomplish the nested update). It is also possible to consider
coin-dependent data, but this adds the extra associated cost of the (£2,0)-phase flip. Therefore,
since we do not require coin-dependent data for our applications, we omit it for the sake of
simplicity.

Since we will need to run both the outer walk W and the inner walks W*, our full workspace
will look like:
H=Hqo®Ho® H;® Hy ® H ® Hy,
where Ho ® Ho ® Hg is the workspace of W, Hq must be able to encode any state in Q" for any
u € Q, Her must be able to encode any coin state |PY(s,-)) for u € 2, s € Q% and all inner data
functions, d*, must have domain H y.

We will need several new subroutines related to the update step.

Extraction Subroutine In order for the inner walk W* to be useful in generating the coin
state of u, even with garbage (which we will show how to deal with momentarily), we will need
some procedure to extract the coin state, non-coherently, from the final state of the walk specified

by W, |M™) =3~ capur\/ ﬂzuj\;l |s,0)|d"(s)). In other words, we will need access to an extraction
subroutine, E, that acts on Hq ® Ho ® Hor ® Hor @ Hy as

|u, 0)| M*) = |u,0) Z 0)|d“(s) n—)Z\/ u, v)|u, v)|T'(u,v)),

seMv vEQN

for each u € Q, for some states {|I'(u, U))}(u DB (P which we call the garbage states. The
extraction cost, E is the cost of the subroutine E.

Dealing with Garbage In order to show that the presence of these garbage states are not, in
fact, problematic in the new quantum walk search framework, we simply define coin-dependent
data, dy so that da(u,0) = |7%)° and da(u,v) = ]F(u v)) In that case, we have actually generated

the coin state with respect to the data da, |P(u, = > vea V P(u,v)|u,v)|d2(u,v)), which is
exactly what is required by the new quantum Walk framework The only remaining requirement
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is a procedure for swapping the garbage, mapping |I'(u,v)) to |I'(v,u)). This is required to
implement the data swap, which requires mapping |ds(u, v)) to |da(v,u)). The garbage swap cost,
G, is the cost of implementing this operation. In case I'(u,v) = I'(v,u) for all (u,v) € E, this
procedure is not required, and G = 0.

These garbage states {|I'(u,v))} () B become a part of the quantum walk search algorithm
specification in the sense that the extraction and garbage swap subroutines depend on them, but
the correct way to think of them is that they are a byproduct of the extraction subroutine. They
should be defined after the extraction procedure is specified, to be whatever remains entangled
to the coin register when |P(u,-)) is non-coherently generated. The garbage swap procedure is
then implemented based on this definition of I".

These simple ideas give rise to the strategy for nested update quantum walks made explicit
in the proof of Theorem 6.1.1. The result of the strategy is the following “framework”.
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NESTED-UPDATE QUANTUM WALK FRAMEWORK

Parameters: Wy = (4, My, Py, dy) An outer quantum walk
(for each x € D)  {W¥ = (Q¥, MY, P¥, d%)}ueq A family of inner quantum walks
Properties: ({7 }4,¢,0) The outer walk properties
{m: Q% — R}ycq, The stationary distribution of P’
e e Ry A lower bound on 7¥%(MY) for all u € Q, such that MY # ()
0 eRy The minimum spectral gap of P over all w € Q,, z € D
Subroutines: Setup, S(z) 10) = > Vme(u)|u, 0)]da(w) > v/7E(s)]s, 0)|d%(s))
with cost S UEN seQu
. —|u,dy(u)) if u€ My
Checking, C(z) |u, dy(u)) — { (1) olse

with cost C

Inner Checking, C*(z) |s,dy(s)) —
with cost C'

Inner Local Diffu- [5,0) = X pequ V PE(s, )]s, T), Vs € QF
sion, U*(x)

with cost U’

Inner Data Swap, |s, t)|d%(s)) — |s, ) |d%(t)), V(s,t) € ﬁ(P;‘)
SWAPY(z)

with cost U’

Extraction, E(x) |u, 0)| M)

with cost E
= ZUEQI \/mhj‘a /U>|Fl'(u7v)>, Yu € Qx

Garbage Swap, G(z)  |u,v)|dz(w))|Tz(u,v))
with cost G

—|s,d%(s)) if se M}
|s,d¥(s))  else

= v, u)|dg ()| Ty (v,w)), Y(u,v) € E(Px)

Cost: 5(S+\}g (\}g (\% (\}(VU’JFC’) +E+G> +C)>

We now make the discussion of this section precise, by proving that this framework gives rise
to a quantum algorithm with the specified cost.

Theorem 6.1.1. Let N = {(Qy, My, Py, dy), {(QY%, MY, P d¥) e toep specify a family of quan-
tum walk search algorithms with nested updates.

Then there is a quantum algorithm that finds an element of M, if M # 0, with bounded error
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and with cost

6<S+%<%(é (ij’+C/)+E+G)+c)).

Proof. Let 8,C,{C" U% SWAP" E,G},cq be subroutines implementing the walk specified by N,
and in particular, let {|T'(u, v)}}(u WEE(P) be the garbage generated by E. We will show how to

implement this nested update quantum walk via a quantum walk search algorithm in our new
framework using the given subroutines.

Define a new coin-dependent data function dy : ﬁ(P) U@ x{0}) = Hy, by
da(u,v) = [D(u,v)), V(u,v) € E ), and da(u,0) Z vVt (u)|u, 0)|d“(s)
seQv

where 7 is the stationary distribution of P*. We will describe how to implement the subroutines
for the quantum walk W := (Q, M, P,d, ds).

Setup subroutine The setup subroutine of W must construct:

=" Va)lu, 0)]d(w))|da(u, 0)) = > /7 (w)]u, 0)]d(u))|7*)°,

ueN u€e)

which is exactly accomplished by the setup subroutine of N, so we have S(W) =S(N).

Checking Subroutine We can implement the checking subroutine of w using the checking
subroutine of NV, since they are identical. Thus C(W) = C(N).

Update Subroutines The local diffusion part of the update for W must achieve, for all u € €Q:

J, 0)|da (u, 0)) = |u, 0)[7)" = Y~ \/P(u, v)[u, v)|da(u, v)) = > /Plu,v)|u, v)[T(u, v))

vEN vEN

Let W*" be a unitary that acts as W*|n") = |M"). We can use W*" and the extraction procedure,
E, to achieve the local diffusion for W, since:

Ju, 0)|7) W u, 0)[ M%) ¥ S /P, v)u, v) [T (u, v))

vEQN
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By Theorem 4.1.8, we can approximate the map W*" with error 1/3 in cost on the order of

% (\/%U(W“) + C(W“)), and so we can perform the local diffusion for W with error 1/3 in

cost

U + C’(/\/)> +EW).

1 <1U(W“) 4 c<wu>> FEW) = < 7

The data swap for YW must achieve, for any edge (u,v) € B(P):
[u, v)ld(w))|d2(u, v)) = u, v)|d(w)|T(u, ) = [v,u)|d(v))|d2(v, u)) = |v,u)|d(v))[L (v, w)).

This is exactly the action of the garbage swap, G, so we can accomplish this in cost G(N).

Thus, if 0(17\/\) is the cost to approximate the local diffusion and data swap with bounded error,
we have

Uov) = 0 (\% (\%U'W) + C’(N))) +E(W) + G).

(©2,0)-Phase Flip Subroutipe The phase flip subroutine needs to implement the reflection
about states of the form |u)|d2(u,0)) = |u)|7*)Y. By Theorem 4.1.7, we can approximate this

P

mapping with precision 1/3 in cost ﬁU(W“). Thus, if ®(W) is the cost to approximate the

phase flip with bounded error, we have

(W) =0 (;EU(W“O -0 (\/}U’(N)) -

Recall that the local diffusion and phase flip are used to implement the walk operator. Using
implementations with constant error, we get a walk operator that has constant error. Since we
call the walk operator order of \/% times, we need to reduce the error to O(ved) using log %

repetitions, by Theorem 3.1.8, so implementing the walk operator to the required precision has
total cost (U(W) + ¢(W)) log L.

Finally, we note that since w only differs from VWV in its data, it has the same spectral gap, §, and
proportion of marked states, . We can thus, by Corollary 4.1.9, implement W in asymptotic
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cost:

(5 (S5um+cen) +Ewy+ o) + —uw)) +cw) )
- 05w+ (5 (Spum+ cn) +Ew) + 60 ) + ) ).

since ¢ <1, so —~—=U’" > LU’ O

e’é’

As in the case of quantum walks with nested checking, we can consider the setup cost as
having two parts: the setup of the initial state of W, |mg), with cost Sy, and the setup of the
initial state of W, with cost S’. Then the total setup cost for a quantum walk with nested
updates is simply the sum of these costs: S =Sy + S’. Furthermore, if the inner walks do all the
work of the update, so that the cost of the extraction is 0, and if the garbage is well-behaved, in
the sense that it is either symmetric, or at least, the cost of implementing |I'(u,v)) — |['(v,u)) is
negligible, then we get cost (neglecting poly-logarithmic factors):

1 1 1 1
Sq+S5+— ( ( <U’+C’>) +C>,
‘ VE\VS \VE \Vo
analogous to the nested checking case.

As in the case of nested checking, it is also possible to nest quantum walks in the update step
to arbitrary depth (but again, each depth of nested results in additional terms in the complexity),
by applying this strategy inductively. However, as of yet, we know of no application for deeper
nesting. Even our k-distinctness algorithms use depth 2 nesting for every k.

6.2 Application to k-Distinctness

We will now show how to apply nested-update quantum walks to get an improved upper bound
on the time complexity of k-distinctness for all £ > 2. Specifically, we will prove the following
theorem.

Theorem 6.2.1 (Time Complexity of k-Distinctness). The bounded error quantum time com-
plexity of 3-Dist,, is at most O(n5/7). Furthermore, for any k > 3, the bounded error quantum
time complexity of k-Dist,, is at most O(n¥=1/k)),

We will prove Theorem 6.2.1 in Section 6.2.2. First, as a warm-up, we will present a nested-
update quantum walk in Section 6.2.1 that solves 3-distinctness in query complexity O(n5/ .
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This upper bound on the query complexity was already known, but using the span program
framework [ ]. The proof of Theorem 6.2.1 is a generalization of the algorithm in Section
6.2.1, which we also analyze for time complexity, making the proof much more technical.

6.2.1 Query Complexity of 3-Distinctness

In this section, we will demonstrate how to use the nested-update technique outlined in Section
6.1 to construct a quantum walk for 3-distinctness with query complexity O(n°/7). Specifically,
we will prove the following:

Theorem 6.2.2. There exists a quantum walk algorithm solving 3-distinctness with bounded error
in O(n®/7) quantum queries.

This matches a previous result [ | up to logarithmic factors.

Main Idea We begin by giving a high-level overview of the algorithm. Our algorithm is concep-
tually simple. We walk on a Johnson graph, where the states correspond to sets of ry 2-collisions,
looking for a set that contains a 2-collision that is part of a 3-collision. We can check if a set has
this desired property by doing a Grover search for an index that forms a 3-collision with one of
the 2-collisions in the set.

To update to a neighbouring set, we will use a quantum walk subroutine for 2-distinctness.
We will use a variation of Ambainis’s quantum walk algorithm for 2-distinctness that finds m
collisions for some parameter m. At each step of the outer walk we will use the inner 2-distinctness
walk to update the outer walk state by replacing m of its members. That is, we will actually be
walking on a generalized Johnson graph J(n,re, m).

Assumptions on the Input and Notation We make the simplifying assumptions that there
is at most one 3-collision and that the number of 2-collisions is in ©(n). The first assumption
is justified in [ , Section 5]. To justify the second assumption, note that given an input
x € [q]", we can construct 2’ € [q + n]>" with the same 3-collisions as x, and Q(n) 2-collisions,
by defining z; = z; for i € [n] and x} = 2}, = ¢+ifori e {n+1,...,2n}. Note that any two
2-collisions not both part of the 3-collision are disjoint.

A common simplifying technique is to randomly partition the space [n] and assume that the
solution respects the partition in some sense. Here we partition the space into three disjoint sets
of equal size, Aj, Ay and As, and assume that if there is a 3-collision {a1, as,as}, then we have
a1 € A1, ag € A and a3 € As. This assumption holds with constant probability, so we need
only repeat the algorithm O(1) times with independent choices of the tripartition to find any
3-collision with high probability. Thus, we assume we have such a partition.
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Since we are assuming that (a1, a9, a3) € A; X Ay x Az, we will restrict our 2-collision search
to the set
C:= {(Z,j) €Al x Ay x; = a;j}.

We will only consider 2-collisions in C to be “real” collisions. Then by the assumption that the
only 3-collision has one part in As, we can assume that all 2-collisions in C are disjoint. We define
ng := |C|. We can assume that ny = O(n).

We will be working with sets So C C, but it will be useful to consider the set of indices that
are part of the 2-collisions in S5. We define

9= {ij}

(,4)€S52

For any set S; C [n] of indices, we let
C(S1) = {(i,j) €C:i,j € Si}

denote the set of 2-collisions contained in S7. Since we make the assumption that the unique 3-
collision has one part in As, all 2-collisions in C are disjoint. This gives us the following very useful
fact: for any set Ty C [n] and Ty C C such that T} is disjoint from 71, |C(Ty UTy)| = |C(T1)| +|T3).
We can see this inductively, by noting that for any 77 C [n], if (i,j) € C and i, j € T7, then if we
remove (4, 7), it decreases |C(71)| by exactly 1. This is true precisely because ¢ and j cannot be
part of any other collision in 7.

Finally, for any set S1 C [n], we define:

x(S1) == {(,z;) : 1 € [n]},

and for any set Se C C, we define:

x(S2) = {(4,4,x;) : (i,5) € C}.

Parameters We will begin with the parameters for the outer walk W = (Q, M, P, d). Define
Q= {SQ g C . ‘Sg‘ = 7’2}.
We say that a state is marked if it contains a 2-collision that is part of a 3-collision:

M = {52 € Q:3ag € Az, (a1,a2) € S2 s.t. q, = Tay}-
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The underlying random walk P will be on a generalized Johnson graph, J(ng,r2, m) for some
0 < ry <mng2and 0 < m < re to be specified later. Recall that two vertices So and S} of
J(ng,re,m) are adjacent whenever |S N S’| = ro —m. Thus

L if SN S =1y —
P@%%)Z{éﬁ)(?m?) if [SoN Sy =ra—m

else.

Finally, the data for the outer walk will be:
d(S2) = x(S2) = {(i, 4, %) : (4, ) € Sa}-

Next, we specify parameters for the inner walks W92 = (Q%2, M2, P52, d') for each Sy € Q.
The inner walk will be a variation of Ambainis’s element distinctness algorithm. When updating
a state S, we will look for m collisions disjoint from those already in Ss, so we have:

0% = {S] C (AL U A)\ So: [S1| =r1},
with the inner walk P2 on J(2n/3 — 21y, 1) for some r; € [n]. We have inner marked set
M2 = {8 € Q% :|C(S1)| > m)}.

In the outer random walk, we replace m elements of the state Sy at each step. The reason this
is desirable is that it turns out that for the optimal ri, when ns is large, as we assume, then
most sets S of size r; have more than one 2-collision. This means that we need not take any
steps of the inner walk to find them, and furthermore, it would be a waste to only use one of the
2-collisions in S5 and ignore the rest, since the outer walk mixes much faster if we replace more
elements in S5 in each step. We will therefore set m to be half the expected number of 2-collisions
in a set of size r1.

Finally, we will define the inner data:

d'(Sy) = 2(S1) = {(i,2;) - i € S1}.

Properties All random walks on Johnson graphs have uniform stationary distribution, so for
all So € Q, 57 € QSQ, we have:

-1 -1
2n/3 — 2
m(Sa) = <n2> . and 7% (8) = < " T2> '
1
We also know the spectral gaps for the walks on the J(nga,re, m) and J(n—2rq, r1) from Fact 2.2.9:

m 1
§>—, &>
) 71
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Finally, we estimate a lower bound on the proportion of marked states. For the outer walk,
assuming that there is a 3-collision, (a1,a2,a3) € A; x Ay x As, then a state Sp is marked
whenever (aj,az) € Se. Then:

so € := 2 is a lower bound on 7(M). For the inner walk, a state is marked if |C(51)| > m. Each
(i,§) € C is in C(Sy) with probability =1 where n/ = |A; U Ag| — 2ry = ©(n). Since |C| = na,

n’/(n/—1)’
the expected size of [C(S1)] is u = ngzl,gll,jg. Then we will set m = 5 =© (%), since ng and n’
are both of order ©(n). Since m = &, using Fact 2.3.2, we have

Pr[|C(S1)| > m] > 1 — e 18,

We will make sure to choose r1 so that no 21,8;1,:3 > 1, so that &/ :=1 — e 1/8 > %0 is a lower
bound on 7% (M*52).

It may seem somewhat odd that we have ¢’ = Q(1) for all inner walks, since this implies that
an inner marked state S7 is somehow easy to find. Going back to our classical intuition of a
random walk algorithm, we can imagine trying to find m 2-collisions by sampling a set S; and
then taking steps of the walk until we have found m 2-collisions, however, since we will already
have m 2-collisions in the initially sampled state, we do not actually need to do the walk at all.
So in some sense, the nested quantum walk we are presenting here does not actually contain a
nested walk: we simply make use of the fact that it is sometimes easier to approximately reflect
about a state |7) than it is to create it, so after the first time we “sample a state S;”, subsequent
“samples” are cheaper. More formally, suppose we choose m so that it is within logarithmic
factors of the expected number of 2-collisions, so that ¢/ = 1 — m. Then we can apply the
extraction subroutine directly on the state |7°2) ~ |M92), making the update cost (ignoring

extraction and garbage swap costs, which we will show to be negligible): \/%U' . This cost comes

from the (£2,0)-phase flip, which reflects about |7%2) — the classical analogue of sampling a new
S1. So although the quantum walk does need the coin-dependent data of the new framework, in

some sense, it does not use the full machinery of the nested-update quantum walk framework.

Workspace The algorithm will work on the space
HQ X HC X Hd®HQ/ ®HC’ ®Hd’7
where each of these spaces will be defined presently. First we have:

Hq = span{|S2) : S2 C [n]Q, |Sa| =72}, and Hg :=span{|S1): S1 C [n],|S1]| =71}
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Since we are only concerned with query complexity, we can assume all sets are stored as sorted
lists. Since d(S2) is a set of elements of the form (i, j, x;), and d'(S7) is a set of elements of the
form (i,x;), we will have:

Hy = span{|S) : S C [n] x [n] x [q,18] =2} and Hy i=span{|8) : § C 1] x [d], S| = r1}.
Finally, the coin spaces will be defined:

Heg :=span{|I,J) : I,J C [n]?,|I| = |J| =m} and Hg :=span{|i,j) 4,5 € [n]}.
For the outer walk, |S2)|I, J)c represents the edge (Sa,S%), where S, = (So \ I) U J.

Setup Subroutine To set up, we must construct the state:

0= 3 A S)d(S) Y S (S))).

S2€Q \@ S1€Q52 (n;?TQ)

We have Q = {So C C : |S2| = ra}, where C C Ay x Ay for some tripartition of [n], A1 x Aa X
As. Tt turns out that we cannot construct the state |7)° with respect to a specified Ay, Ag, As.
However, we can construct the state for some tripartition, over which we do not have full control,
but which is sufficiently random.

Theorem 6.2.3. Let C(A;, A2) = {(i,j) € A1 x Ag 1 x; = x;}. We can construct the state

3 L |5)1d(Sy))

ng
S2cC(Ar, A2 )|Sal=ra \/ (7o)

for random wvariables A1 and As such that A1 and As are disjoint, and if x has a unique 5-
collision {a1,az,a3}, and Az := [n] \ A1 U Ag, then Pr[(ai,az2,a3) € A1 x Ay x Az] = Q(1), in
O(r1 + r2y/n/r1) queries.

Proof. We sketch a proof here, but note that the proof of Theorem 6.2.5 for the case of k-
distinctness contains significantly more detail.

We start with a random 3-partition of [n], By, Ba, B3, and let C := {(i,j) € By x By : x; = z;}.
Let ny = |C|.

To construct the state, we first construct

n/3\ ~1/2
b= Y (/3) 150 [2(51)),

1
Schl:‘S1 |=T1

which we can do in 7 queries, since we must query all of S7 to get z(S1). Next we will search
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for elements of By that collide with S;. For S; C By, define
Z(Sl) = {Z € By : dj € 5y, (j,Z) S C}

We will repeatedly Grover search for elements in Z(S7) until we find r2 of them. We have to query
an index ¢ to see if it is in Z(S1), so the query complexity of this procedure is /n/|Z(S1)|re,
assuming | Z(S1)| > r2. For a uniform S, the size of Z(5) is roughly ™2™ = (7 ) in expectation.

n

For most choices of By and Bz, we have Pr[|Z(S1)] > %] > 1 —o(1). We can thus ignore the
part of the state [¢)1) where |Z(S})| < er1, for some suitably chosen constant e. Thus, if we will

apply Grover search to find ry elements of Z(S1) in cost O (r21 / %), the resulting state is close
to:

n/3\""/? HEN
= X (") ke X () e,
SlCBlz‘Sl|:T‘1,‘Z(S1)|ZE7‘1 JCZ(S2):|J|=r2
For a particular J and S7, define
K5 .={ie 8 :3je st (i,§) € C},

and
S5" = {(i,4) €C st i € S € T},

Next, in 0 queries, we perform the reversible map:
1SO(SO) | |2(T)) = [ KT | (507 8507y | (S307)).

Applying this to [1)2) leaves us with a state close to:

<n/3+r1_r2>1/2 > |K,a:(K))<|Z(K)‘+T2>1/2 S 1Sa(S).

51 2

KE(T,filrz)ﬂZ(K)\Zerl—rz S2€C(B1\K,B2)

Note that this state is not uniform in K, but is uniform in S5 when we restrict to a particular K.
Thus we measure the first register to get some K with non-uniform probability that depends only
on |Z(K)|. The remaining state is the uniform superposition (omitting uniform amplitudes):

> |52)]d(52)),

SQCC(Bl\K,BQ):|SQ|:T2

since d(S2) = x(S2). In other words, we have constructed the correct state, but for the wrong
partition.
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Now let A1 = Bl\K, Ag = By and A3 = BsU K. Then we have C = C(Bl \K, BQ) = C(Al,AQ),
so we have constructed the correct state for the tripartition A, Ao, As. Clearly, if {ai, a2, a3z} is
the unique 3-collision, then a; € By, as € By and a3 € B3 with constant probability. It remains
to consider whether a; € K. Although the distribution of K is non-uniform, the distribution
restricted to those K with Z(K) = z is uniform for any fixed z, and it is easy to see that
Pr(a; € K|Z(K) = z) is o(1) for any z.

For more details, refer to the proof of Theorem 6.2.5, which also proves an analogous statement
for time complexity. O

To complete the setup, we simply construct, for every [Sa), the state > g cqs, [S1)|d'(S1)),
which can be done in r; = |S7| queries. The full setup cost is then

527“1—{—7‘21/2.
1

Checking Subroutine In order to check if a state So is marked, we will search As for an index
a3 such that x,, = x4, for some (a;,a2) € S2. We can accomplish this task using Grover search
over As. Since all values x,,, x4, such that (a1,a2) € Sy can be found in d(S3), we need only
query xq, to know if ag is the index we are looking for. Thus, searching for such a value in A

costs C = O(y/|43]) = O(y/n) queries.

Inner Checking Subroutine In order to check if a state Sy is marked, we need only inspect
d'(S1) to see if there are m 2-collisions, ¢,j € Sp such that (7,j) € A; x Ay and x; = x;. Since
d'(S1) contains z; and z;, this can be done with C" = 0 queries.

Inner Update Subroutines To implement the inner update, we must implement the local
diffusion for each W92:

151,0) = Y A/ P52(S1,89)181, S1);

S1€Q52
and the data swap for each W52:
|S1, S1)1d'(S1)) = [S1, S1)ld'(S1)),

for every S1, 5] € 02 such that |S1NS]| = r1—1. We can perform the local diffusion in 0 queries,
since it is independent of the input. To implement the data swap, since d'(S1) = {(i,2;) : i € S1}
and d'(S]) = {(¢,2;) : i € S1}, we need only unquery the unique i € Sp \ S} and query the unique
i’ € S1\ Si. Thus the inner update can be implemented in U’ = 2 queries.
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Extraction Subroutine To implement the extraction, we must implement the map
82,00 ) e S Ol (1) = D\ P(52,85)[8, $5)I0(S2, 53)) = 192)| P(S2, )r)
SleMsz SheQ

for any states {|I'(S2,.5%)) % in Hy. Recall that the coin state of Sy, without data, is

o > L

1C S5 |1| m /) (1?) JcC\s2 Jl=m /[ ("72)

}(Sz,Sé)E

[P(S2,-)) =

The first part of this is simple to construct, in 0 queries, with no garbage, from |S2). To construct
the second part, recall that M2 consists of subsets of [n] that contain at least m pairs of colliding
indices, not already in Ss. Roughly speaking, in order to construct the coin state with garbage,
we will simply extract m collision pairs from each S; in superposition, and the garbage will be
whatever is leftover. To start, we implement the map

OSLdS) S e S0 d(S1)),

Jceyai=m 4/ (€N

m

extracting every possible m-set of collision pairs from S; in superposition. This can be done in 0
queries, and the resulting state is (omitting uniform amplitudes):

1
[ 7)|Sd (81)) = 7) ————S1)|d'(51)).
51621\482 JCCZ ( Tfl 1 1 JCCZ\SQ: S1€M§:jCS1 (|C(5L1)|) 1 1

|J]=m |J|=m

Note that it is important here that the amplitudes not depend on J. This is only true because
we assume that the unique 3-collision has one part in Ag, and so all 2-collisions across Ay x As
are disjoint. We can define the garbage as what we happen to have leftover. For any S/ such
that S5\ Sa = J, we define the garbage state:

MS2 1
T(Sz, 53)) == (") S L sy,
m S1€MS2:JC S,

With these garbage states, we can implement the extraction in E = 0 queries.

Garbage Swap Having defined the garbage states, we can now describe how to implement the
garbage swap. This must act as

|2, 95)1d(52)) |T(S2, S)) = [S5, S2)d(S5))[T(S3, S2)).
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Let I = Sy \ S5 and J = S5\ Sa. To implement the mapping
|d(S2)) = [{(i, 5, 2:) : (i,5) € S2}) = 1d(S2)) = [{(4, 4, zi) = (i, ) € S3}),

we must remove z(I) and add z(J). In fact, we do not need any queries to learn z(.J), because
I consists of superpositions of sets S; containing all indices in J, and d’(S7) contains their query
values. In fact, we will see that if we remove all of J, z(J) from S1,d'(S1), and replace it with
I,2(I), we will have implemented the map |I'(S2,55)) — |T'(S5, S2)) as well, with 0 queries.

We will perform the mapping, controlled on |Ss, S5) = |Se, I, J):
|2(52))|S1)[(S1)) = |2((S2 \ 1) UID[(S1\ J) U D) |=((S1\ J)uT)).

This costs 0 queries, since it just involves moving around already stored values. Applying this
map to |d(S2))|T'(S2,55)) gives:

! 1 7 | g 7 7
|d(53)) SIEM%:JCSI 700(511)‘) [(SL\S) U D ((S1\ J)U)). (6.1)

Next, it is easy to see that the map ¢(S51) = (S1\J)UI is a bijection from {S; € M52 : J c S1}
to {S1 e M S2.] C S1}. Furthermore, since all collisions in C are disjoint, we have for any S,
IC(S)I=[CS\ )+ [ =C(St\ D)+ [I] = [C((S1\ J) U T)| = [C(¢(51))].
We can therefore rewrite (6.1) as
1
d(S5) D ——=—=IS)Id (1))
o - (\C(Sl)l)
S1EM”2:1CSy

m
Since I = S2\ S5 and J = S} \ So, this is exactly |d(S5))|T(S5, S2)), as desired. We can complete
the garbage swap by mapping |S2, S5) to |5, S2), also in 0 queries. Each of the required operations
has 0 queries, so we can implement the garbage swap with query complexity G = 0.

The Full Complexity Applying Theorem 6.1.1, we can compute the query complexity of our
nested-update quantum walk algorithm, (neglecting logarithmic factors):

5+1<1<\1f< U’+C>+E+G)+C>
r1+r2[+r1+\/"7<\/g(f+o+o>+\/ﬁ>
N f (o m[ NS

Setting 71 and 73 to the optimal values of 71 = n®/7 and r9 = n*/7 gives query complexity O(n5/ N,
proving Theorem 6.2.2.
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6.2.2 Time Complexity of k-Distinctness for £ > 3

In this section, we will present a generalization of the quantum walk search algorithm presented
in Section 6.2 that will solve k-distinctness for any k£ > 3. We will analyze this algorithm in terms
of not only query complexity, but also time complexity, to prove Theorem 6.2.1.

Main Idea We begin by giving a high-level overview of the algorithm. As in the case of 3-
distinctness, our main idea is very simple. Whereas the algorithm from Section 6.2.1 walks on a
Johnson graph of sets of 2-collisions, our more general version will walk on sets of r,_1 (k — 1)-
collisions. To update the state, we will use a variation of the (k — 1)-Dist algorithm of Ambainis,
in which we search for a set containing m (k — 1)-collisions. Thus, at each step of the outer walk,
we replace m elements of the set. We remark that it may be possible to improve this algorithm
by finding a way to use the improved (k£ — 1)-Dist algorithm presented here rather than that of
Ambainis’s algorithm, thus using k — 1 levels of nesting, however, it is not immediately clear how
to do this.

Assumptions on the Input, and Notation As in the previous section, we will assume that
the input has at most 1 k-collision, and ng_; = ©(n) (k — 1)-collisions.

As in the previous section, we can partition [n] into equal parts Ay, ..., Ag, and only consider
k-collisions (ay,...,ar) € Ay X -+ x Ag. Define
Cg(Al,...,Ag) = {(al,...,ag) €Ay x--- XAgZ:Eal =--- :xae}.

Note that C1(A1) = A;. When Ay, ..., Ay is fixed, and there is no ambiguity, we write
C]g,I = {(il, A ,Z‘kfl) c A1 X - X Ak,1 Xy == $ik_1}.

Let ng_1 := |Ck—1]. For Sp_1 C Ci_1, define:

S‘kfl = U {il, e ,ik,l}.

(4150 s0—1) €Sk 1
For any S1 C [n], define:
Clc—l(Sl) = {(il, .. ;ik—l) ECK_1:01,...,15_1 € Sl}

As in the case of 3-collision, since we assume a unique k-collision, and assume part of it is in Ay,
the (k — 1)-collisions in C_; are all disjoint.

Finally, for any I C Cy(A1,...,Ay), define z(I) = {(i1,...,%¢, zi;) : (i1,...,1¢) € I}.
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Parameters The outer walk P will be on a Johnson graph J(ng_1,7,_1, m) for some r;_1 € [n]
and m € [ri_1] to be defined later, with states representing sets of (k — 1)-collisions. Thus, we
define:

Q:={Sk-1 C C-1:[Sk—1] = rg—1}.

We will consider a state S; marked if it has m distinct (k — 1)-collisions, so
M = {Sk,1 € Q:day € Ay, (al, . ,ak,l) € Sg_1 s.t. Tq, = a;al}.

Finally, the data for the outer walk will be:

d(Sk-1) == x(Sk—1) = {(i1, - v ik—1,@i,) * (i1, ik—1) € Sp—1}-

The inner walks will be used to search for (k — 1)-collisions in A; U --- U Ag_1 using the
algorithm of Ambainis. When updating S;_1, we will look for collisions disjoint from those
already in Si_1. Thus the inner walk will be on J(n —|Ag| — (k — 1)rg_1,71) for some parameter
r1 to be specified later, with state space:

Q%=1 :={S] C (A U---UAp_1)\ Sp_1:|S1] =71}

We will consider a state S1 marked if it contains m (k — 1)-collisions, for some m that will be
specified shortly, so we define

M=t = {8 € Q%1 1 |C_1(S1)| > m}.
Finally, we define the inner data function:

dsk_l(Sl) = d/(Sl) = {(Z,.%'z) 11 E Sl}

Properties Random walks on Johnson graphs have uniform stationary distribution, so the
stationary distribution of P, 7, is the uniform distribution on €2, and the stationary distribution
of PS—1 79%-1is the uniform distribution on Q%-1. We also know the spectral gap for any
walk on a Johnson graph, so in particular:

Next, we estimate a lower bound on the proportion of marked states. For the outer walk, assuming
that there is at least one (k — 1)-collision, (ai,...,ar), then a state Sk_; is marked whenever
(al, R ,ak_l) € Sg_1. Then:

ng_1—1
Ml Gm) e

== ‘Q| - (nkfl) - nk—l’

Tk—1

(M)
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SO € 1= % is a lower bound on the proportion of states that are marked.

Finally, we compute a lower bound ¢’ on the proportion of marked states in an inner walk.
By assumption that ng_1 = ©(n), there are always marked states in the inner walk, since m <
r1 = o(n). As in the case of 3-distinctness, we will actually end up setting parameters so that
the expected number of (k — 1)-collisions in a state S; is more than 1. Thus, just as in the case
of 3-distinctness, we will choose m to be &, where 1 is the expected size of C;_1(S1), and then
we will have €’ constant. We formalize this in the following lemma.

1
Lemma 6.2.4. Suppose —+— > 1. Then there exist m € O <
n

n

k—1

r}€2> and &' € Q(1) such that if
MSk=1 = {S; € Q%1 1 |C,_1(S1)| > m}, then for all Sx_y € Q, ©k—1(M5k—1) > ¢’

Proof. Let Z = |Cx_1(S1)| for uniform random S; € Q%-1. For any @ € Cp_1, let Z; be the

indicator variable for the event that all of its coordinates occur in Si, so we have Z = ) . Z;.
We have

(n—(k—l)r(kk_11—)(k_1)) ph—1

p— — == — e = [

= E[Z] = ~§ Pr(Zg = 1] = ng (EDneny © (nk—2> ’
aclp—1

2
since ng_y = ©(n). We will define m := §.
For any d,d’ € Cy_1, Pr[Z;Zz = 1] < Pr[Zz = 1] Pr[Zz = 1], that is, the random variables are
negatively correlated, so we can apply tail bounds (see Fact 2.3.2) to get Pr[Z < p—e] < e=<*/(2w)
for any € > 0, where p = Pr[Zz = 1]. Setting € = &, we get:

1

Pr[Z >m] > 1—e S >1 -0 > .

Setting ¢’ = 1/10 completes the proof. O

Workspace and Encoding Since we will be concerned with time complexity, we will need
to carefully consider how we encode sets |S) and their data, so that elementary operations like
inserting a new element can be done efficiently. As usual, the full workspace will have the tensor
product structure:

H=Hqo®Hc®Hg® Hoy @ Hor @ Hyr.

Each of these spaces will be spanned by states that encode sets — either of indices, (k — 1)-tuples
of indices, or index-query tuples of the form (i, x;) or (i1,...,ix_1, ;). We first consider encoding
sets of indices or (k — 1)-tuples of indices. We will use the quantum radix tree structure, defined
in Section 3.3.4, using the index or index tuple as both the key and value. Thus, Hq will store
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quantum radix trees of size r;_1, containing strings of length (k — 1)logn, and Hg will store
quantum radix trees of size 71, containing strings of length logn, (see Definition 3.3.5). Recall
that quantum radix trees storing strings of length O(logn) allows us to insert, delete, lookup, and
construct a uniform superposition of the elements stored, all in time O(logn). For the remainder
of this section, when we write |.S), it will be implicit that S is encoded as a quantum radix tree.

The coin state of a state S;_1 €  can be defined

P(Sy1,) 1= 7 . S Y

Tk—1 Ng—1—Tk—1
) (P IS ll=m . It Skl |=m

so the outer coin also encodes sets. We will store these as quantum radix trees as well.
The inner coin is just > ;g [4) Do e s, 17), so we can just let Her = spanf{|i, j) : i, 7 € [n]}.

To store sets of items of the form (i,z;), we use a (k — 1)-augmented quantum radix tree
structure (Definition 3.3.6). The x; part will act as the key, and the i part the value. Recall
that, in addition to being able to insert, remove and lookup in cost O(logn), we can also check
the number of (k — 1)-collisions stored in the tree in cost O(1), as well as create a uniform
superposition over all (k — 1)-collisions stored in the tree in cost O(logn). This is even possible
when we restrict to only those (k — 1)-collisions in Ay X - -+ X Ag_1. Thus, since d'(S7) is a set of
elements of this form, Hy will store (k — 1)-augmented quantum radix trees of size r;.

Finally, we will store |d(Sk—1)), which is a set of items of the form (i1,...,ix_1,2;,), in a
quantum radix tree, with the z; part acting as the key, and the (i1,...,i;_1) part acting as the
value. So Hy will store quantum radix trees of size rp_q.

Setup Subroutine Since we are now concerned with time complexity, we will need some
efficient way to store and compute the partition Aq,..., Ax. To this end, we will use a k-wise
independent function to construct a k-wise independent partition of [n] (see Definition 2.3.3).
Such a partition is sufficiently random for our purposes, but still allows us to efficiently compute
to which A; an index 7 belongs, and encode the partition in a reasonable sized space.

Roughly, the setup subroutine will work as follows. Let r1 > ro > --- > r;_1 be parameters
to be specified later. We will begin by querying a set S; C A of 1 indices. Next we will search
for ro indices in As that collide with the indices in S;. We will remove those indices K1 C Sy for
which we did not find a collision, leaving a set Ss of ry 2-collisions. Next we will search Ag for
rg indices that collide with the 2-collisions in Sy. We will remove those 2-collisions Ko C S5 for
which we did not find a collision in As, resulting in a set S3 of r3 3-collisions. We will continue
inductively, at the ¢ step, finding indices from A; that collide with some set of (¢ — 1)-collisions,
until we have a superposition over tuples of sets Sy_1, K1,..., Ki_o such that S;_1 is a set of
(k—1)-collisions, and for each j, Kj is a set of j-collisions. We will measure the sets K1, ..., Kj_o
so that what remains is a superposition over sets Si_1 of (k — 1)-collisions.
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Figure 6.1: After two steps, we have a super-
position over sets So of 2-collisions and sets
K of single indices. After the third step, we
have a state |1¢3), supported by states of the
pictured form, which consist of a set S3 of 3-
collisions, a set K5 of 2-collisions, and a set
K of single indices.

Apart from the details of the time complexity analysis being somewhat technical, a small
issue comes up when we attempt to implement this procedure, because whenever we measure the
sets K of j-tuples with which we did not find collisions, there is some small correlation between
K; and the unmeasured register of (k — 1)-collisions, Si_1, so the resulting state does not have
support on all sets of ¢-collisions from C;(Ayq,. .., A¢), just as we saw in the case of 3-distinctness.
We can deal with this by slightly modifying the partition Aq, ..., Ag.

The full setup construction is quite technical, and consists almost entirely in the proof of the
Theorem 6.2.5, below. An immediate corollary of Theorem 6.2.5 is that

k—2
S=0 <<T1 + ZH-;—l\/W) (IOgn+10gQ)> )
=1

since we can complete the setup by constructing > $1C[\8k_1:/S1|=r1 |S1)|d'(S1)) using 71 inser-
tions and queries.

Theorem 6.2.5 (First part of Setup). We can construct the state

. ~1/2
< k1> Z |Sk—1)|d(Sk=1)),

Tk—1
Sp—1CCr_1(A1, 0, Ap_1):|Sk—1|=Tk—1
in time O ((Tl + Zf;f rit1y/n/ri)(logn + log q)) , for Ay, ..., Ag_1 random variables such that:

1. Ay, A1, A = [n] \ (Uf;ll Aj) is a k-partition of [n];

2. if{a1,...,ar} denotes the unique k-collision of x, then with probability at least 2]%,“ (a1,...,ax) €

Ay X - X Ag; and
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3. the time complexity of determining to which of Ai,...,Ar an index i € [n] belongs is
O(logn), and the space required to store the partition is O <Zf:_12 r; log n)

Proof. Let By, ..., By be a uniform k-wise independent k-partition of [n]. For any j € {1,...,k—
1}, let nj :=|C;(By, ..., Bj)|. With high probability, we have n; = O(n) for all j.

For any j € {1,...,k — 1} and any set S; C C;(By,..., Bj), define
Z(Sj) = {’L S Bj+1 : H(il, .. .,ij) S Sj s.t. x; = a:il},

the set of indices that form (j+1)-collisions with the j-collisions in S;. For any ¢t € {1,...,k—1},
j S {1, ce ,t}, and St - Ct(Bl, ce ,Bt), define

S(j) {(11,...,ij) S Cj(Bl,... ,Bj) = E T PR (i1,...,1t) € Si}.

For any j € {1,...,k — 1} and S; C Cj(By,...,B;), let |Z(S;)) denote |S;)|z(S;)). For t €
{1,...,k — 1}, define (omitting uniform amplitudes)

~1/2
= (B BN S sy,
)

Stcct(Bl,...,Bt :

|Sel=r
where
t—1 +— 1 -1/2
Z(s” uUZ K7 - -
|1¢(St)) == Z H < |Z(K1),. .., 2(Ki-1)).
K1CCi(B1),..., j=l1 ¥
K¢ 1CCi—1(B1,...,Bt—1):
Vi Kjl=ri—rjt1,
Vi#j,stﬂKj:KiﬂKj:@
We will first prove by induction on ¢ € {1,...,k — 1} that we can construct [¢;) in cost

O <(7’1 + S riy/n/ri) (logn + log q)) We will then show how to construct the desired state
from [tp—1).

Base Case Since C1(B1) = Bi, we need only construct the state:

—1/2
o= ("1 % Isuletsi.

sic(%)
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We can do this by simply creating a uniform superposition of subsets of Bi, and querying all
indices in each set. Using a quantum radix tree to store S and z(S1), this costs O(r1(logn +
log q)), as required.

Induction Step Let ¢ > 1. We begin by constructing the state |1);_1), which has complexity
O((r1 + ij riv1y/n/ri)(logn + logq)), by the induction hypothesis. To complete the proof,
we will use [¢;_1) to construct |¢;) in time complexity O(ri\/n/ri—1(logn + logq)). To do this,
we will search for r; indices in Z(S;—1), and use them to form 7, t-collisions. The (¢ — 1)-tuples
in S;_1 for which we do not find ¢-collisions will become K;_1.

The complexity of for indices in Z(S;—1) will depend on |Z(S;—1)|, which varies in S;_;. For a
uniform random S;_1, | Z(S;—1)| has a hypergeometric distribution with mean p > % > Hi
so using tail inequalities from Fact 2.3.1:

Tt—11¢

Pr [|2(Si1)| < | < 2exp (=45) = o(0).

so we will simply ignore any part of the state |¢);_1) such that |Z(S;_1)] < "5
We next define a collision search operation, which we will apply to the |S;_1)|z(S;—1)) registers
of |1¢—1) and some auxiliary space. Let S;_; C Ci—1(Bi,...,Bi—1). Then the collision search

operator acts as:

[St-1)|2(S-1))[0) = |Se-1)]x(Si-1)) > [ I)|2(]))-

JCZ(Stfl)Z‘J‘ZT‘t

We can implement this mapping using Grover search to look for an index i € [n] such that
i € Z(S¢—1). We repeat this r; times, each time looking for an index not yet found. Let J denote
the set of indices in Z(S;—1) already found, which we store in a quantum radix tree. Then we can
check if an index i is in Z(S;_1)\ J in cost O(logn+log q) by looking up i in J, testing if i € A;,
and looking up z; in z(.J). Thus, since we assume |Z(S;_1)| > TS = O(r¢—1), since ny = O(n),
finding a new 4 costs O(y/n/ri_1(logn+logq)). Once we have found a new i, we insert i into J,
and insert (i, ;) into x(J), costing O(logn + logq). Thus, the total cost to implement collision

search is O (rt\/n/rt,l(logn + log q))

Applying collision search to |¢;—1)|0) results in the state (omitting uniform amplitudes):

/ 12(Se-1)\?
Y1) = > |Se-nle(Se— ) {7 S D) -1(Si-1)).
Stflcfsiffl(lﬁl,u.,Btfl): K JCZ(Se_1):| =4
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Each index in J forms a t-collision with some (¢ — 1)-tuple in S;_;. We want to form ¢-collisions
and insert them into a new set, S;. We will show how to do this one-by-one for each j € J.
Consider a state of the form [S;—1)|z(S¢—1))|7, z;)|S¢)|x(St)), where S; is a (possibly empty) set of
elements of the form (i1,...,4;) with i, < j, stored in a quantum radix tree, and j € Z(S;—1). In
particular, let ¢ = (i1, ... ,it—1) be the unique element of S;_; such that x; = x;, (it is necessarily
unique, because of the assumption that there is only one k-collision and it is in By X - -+ x Byg).
We next describe how to implement the mapping:

[St-1)[@(Se-1))15, 2,150 [2(Se)) = 1Se-1 \ {7} |2 (Se—1 \ {TPI0)]Se U {(@ )} (S U {(E, 1))

This is reversible, since j > i; for all (i1,...,4) € S;. We can implement this mapping roughly
as follows:

e Lookup z; in 2(S;—1) to find (i1,...,%—1,2;), and write it into an auxiliary register.

e Delete (il, N ;it—l) from St—l and (il, .. ,it_l, 1‘j> from .%'(St_l).

e Insert (i1,...,4—1,7) into Sy and (i1, ...,%—1, J, ;) into x(Sy).

e Lookup z; in 2(S;) to get some tuple (¢1,...,4;,x;), and subtract it from the auxiliary

register containing (i1, ..., 4—1,2;).
e Lookup the largest index ¢ € S¢, and subtract £, zy from the register containing j, x;.

Note that we can lookup the largest key in a radix tree by simply traversing the tree as far down
as possible, always taking the right child. Since j is the largest, the last step erases j,x;. The
complete procedure costs O(logn + log q). For any S;_1,J, define

K507 = {(iy, ... ig1) B € T st xj = a4},
which is the set of tuples in S;_; for which we did not find collisions; and
Si_1,J . . . . : .
S, ={(i1,. . ,0) (91,0, 00—1) € Si—1,0¢ € J, T, = X4, }s

which is the set of t-collisions we can form from S;_; and J. By repeating the above process
|J| = r¢ times on |¢;_;), in cost O(r¢(logn + log q)), we get the state [¢; ;) defined:

—1/2
> (‘Z(St_l)‘> ST ESTTNE(ES ) 1 (Si-)).

Tt
Stflcctfl(Bl,...,Bt,]_): JCZ(Stfl):

[St—1|=ri—1 |J|=rt
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We will now show that |1} ;) = [¢¢). First, by observing that S;_; = (Sft_l"])(tfl) U K%-17
we can rewrite [¢) ) as:

(t—1) —1/2

> oy > (M PR s et u k).

Tt
StCCt(Bl,...,Bt): thlcctfl(Bl,;..,Bf,l):
[Sel=r¢ |Ki—1|=ri—1—7¢, StNKi—1=0

For any S, consider

_ ~1/2
- Z(S" VUK, ~ _
asi = 2 (P ) s U )
thlcctfl(Bh...,Bt,l):
|Ki—1]|=ri—1—r¢, SinKy_1=0
and recall that |1/)t,1(5t(t71) U K;_1)) is equal to:
_ ~1/2
Z((S' VUK )W) U2 K ; -
> H <’ (( = ;). Ui- ’) Z(KY), ..., 2(K_1)).
j=1 J

Ki CC1 (Bl),...,
Kt—2CCi—2(B1,...,Bt—2):
Vi, | K |=r—rjta,
Vi;éj,(St(t_l)UKt_l)ﬂKj:KmKJ:@

Let K be the set of (K71,...,K; 1) on which [¢;(S;)) has nonzero support, and K the set on
which |¢(S;)) has nonzero support. Note that

SEVUR ) NE = (SN EK) U (Ko nKj) = (SN Kj) U (K N K),

sinceAS’t \ B = S”t(t*l) and K N By =10, so (S gt Dy Kt 1) N K = @ if and only if S, N K =10
and K; 1 N K; =0, from Wthh it follows that K = K.

Let (K1, ..., K;_1) be the amplitude on |#(K1), ..., #(Ki—1)) in |[1:(S)). Note that (S""™" U
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Kt—l)(j) = (Sgtfl))(j) U Kt@l _ St(j) U Kt@l We have
o ~1/2
a(Ky,...,Kiy) = (\Z(St U Kt_1)>

Tt

[ (2t ooy

T

||::]“ “::]\

_ <\Z<S£t‘”um_1>>‘

Tt

_ f[('Z sV ug el )|>

s0 |11(S)) = [1(S4)), and thus |4 ;) = [¢4;), completing the induction step.

( (s vUZ K >r>

Ty

Constructing the Desired State from |¢;_1). To construct the desired state from [i;_1),
we will simply measure the registers containing |¢,_1(Sg_1)) to get some K = Uk 2 K The
remaining superposition, 1), over states |Si_1) will not have nonzero support on all p0851b1e sub-
sets of Cy_1 (B4, ..., Bi_1): rather, it will have nonzero support on all Sy_1 C Cp_1(Bi,...,Bi_1)
such that |Sk_1| = rg—1 and S,_1NK =0. For all i € {1,...,k—1}, define A; := B; \ K. Then

|1)) has nonzero support on (C(Al;';_"?kfl)). To show that |¢) is a uniform superposition, we will
show that the relative amplitudes of each possible (K1, ..., K;_2) have no dependence on Sj_1.

Define
- k—2
U K
a(Ky, ..., Ki_2,5,-1) H< k 1 Ui K )’>

Ty

For all j € {1,...,k — 2}, define:

k—2
s; =82 ulJKY
i=j

Lemma 6.2.6. Let A = [n]\ (U;:ll A;), and suppose the unique k-collision is in Ay X - -+ X Ag.
Then for all j € {1,... .k —2}, |Z(S;)| =12(5; \ S )| + re_1.
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Proof. Let S(]) := Sp_1 N A, and note that ’SE1 = |Sk-1] = ]S(])ll since S(]) contains

exactly the last member of each tuple in S(] )

We first observe that Z(S,gj)l) = S(J+1). To see this, since it’s clear that S,E{—Fll) - Z(S,ijjl),

suppose there is some %, € Z(S,izl) \ S,gjjll). Since i%,, € Z(S,gjzl), let (i1,...,45) € S,E:j_)l
be such that z;, = Ty Let 4j41,...,i,—1 be such that (ii,...,i4—1) € Skp—1. Then since

W41 #4541, (i1, -+, ik-1,1; 1) is a k-collision in [n] \ Ay, which is a contradiction.

Next, we observe that Sl(jﬁl) N Z(S \Sk 1) = (). Suppose not, and let i’ ; € S(JH) NZ(S;\
S,(j_)l). Since ij41 € Z(S; \Sk_l), there exists (i},...,i;) € S;\ S,(f_)l such that z;, = xy

] 1T
Since 2';»+1 € S,(f_Jrll), let 41,...,%5,%41,...,%—1 be such that (i1,...,i,—1) € Skg—1. Then since
(ih, ... ,z;) Z S,Ef_)l, (t1,-..,45) # (4], .. ., j) Suppose i¢ # i) for £ € [j]. Then (iy,...,ix—1,1)) is

a k-collision in [n] \ Ay, which is a contradiction.

Then, since for any sets S and S’, Z(SUS) = Z(S) U S(S’), we have:

Z(8;\ s v z(sy

S9)
Z(S;\ S ) +12(S9)| - 12(8;\ 8P, n 2(s9) )]

)U
)
2(8;\ 59+ 157501~ 12(5;\ 8¢),) n s
= 1255\ SV )| + e,

enl

(
(
(
(

Note that this proof relies heavily on the assumption that there is a unique k-collision. This
is a barrier to constructing uniform superpositions over sets of t-collisions when 1 < ¢t < k —
1, which would allow us to implement more clever algorithms for k-distinctness with better
complexity. O

Thus, we have

k—2 k— 2
Oé(Kl,...,Kk,Q,Skfl) = H <‘Z(U K )|+Tk 1)7

. Ti

which is independent of S;_;. Thus, under the assumption that the unique k-collision is in

Ay X -+ X Ag, |[¥) is a uniform superposition over (C’Cfl(‘x’;‘i’A’“*)). We complete the proof by
arguing that this happens with constant probability.

Let (a1, ...,ax) be the unique k-collision in x. Since By, ..., By is a uniform k-wise independent
partition of [n], Prla; € By,...,a; € By| = kik Suppose (ai,...,ar) € By X -+ X Bg. Then
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the only way we can have (a1,...,ar) & A1 X -+- x A is if a; € K for some i € [k — 1]. Since
|K| = Z 2K = Zj 1 j(rj rj+1) = o(n), this happens with probability o(1), so for large
enough n, we have Pr[a; € Ay,...,a, € Ap] > ﬁ

Finally, if we store K in a radix tree, we can efficiently compute to which set 7 € [n] belongs as
follows. We first check if ¢ € K, in which case, we know i € A;. Otherwise, we compute to which
of Bi,..., By i belongs. O

Checking Subroutine In order to check if a state Si_1 is marked, we will search Ay for an
index ay, such that x,, =--- = x4, for some (a1,...,a5_1) € Sp_1. We can accomplish this task
using Grover search over Ag. For any ax € A, we can check if it has the desired property by
looking up x4, in the quantum radix tree storing |d(Sk—1)). This has time complexity O(logn).
Since we are searching a set of size |Ax| = % = O(n), we can determine if such an aj, exists with
bounded error in O(y/n) such data structure queries. Thus, the checking procedure has total
time complexity C = O(y/nlogn).

Inner Update Subroutines To implement the inner update, we need to implement the local
diffusion for WSk-1:

S0 e s) Y ! D17

i6517j6([n}\§k_1)\5’1 \/Tl(n o (k - 1)rk_1 - Tl)

and the data swap for WSk-1:
|S1, S (S1)) = |S1, S1)ld'(S1))-

We will begin with the local diffusion. To construct » ;o \/%h), controlled on |S7), we simply
access the elements of the quantum radix tree storing S7 in superposition, which we can do in
time O(logn). To construct Z]e (A\Se- \S1 (o 1)% — |7}, we can construct }_ cpy f|j>

and then bring it as close as desired to the required state using a constant number of rounds of
amplitude amplification, where at each round we check, in time O(logn), if j in Sy or Sx_1. Thus
the local diffusion costs O(logn).

To implement the data swap, on an edge (S1,S5]) with S; \ S] = {i} and S} \ S1 = j, we
first note that we can map |S1,S]) = |S1)[4, ) to |S],S1) = |S],J,4) by inserting j into S7, and
removing ¢ from S, in cost O(logn), and then mapping |i,7) — |j,4) in cost O(1). Finally, to
map |d(S1)) to |d(S])), controlled on |j, %), we query |z;, ;) in an auxiliary register, remove (4, ;)
from |d(S1)) and add (j,z;), in cost O(log¢), and 2 queries.

Thus, the total update cost of W31 is U’ = O(logn + log q).
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Inner Checking Subroutine In order to check if a state S is marked, we need to determine
if it has at least m (k — 1)-collisions from Cy_1, which we can do by simply checking the collision
counter of the augmented quantum radix tree storing d’'(S1) = x(S1). Thus, the time complexity
of the inner checking step is C' = O(1).

Extraction Subroutine To implement the extraction, we must implement the map (omitting
uniform amplitudes):

[Sk-1,0) > 1SLO)d(SD)) = ISk-1) Y 1D D IDIF (S (S U ND)),
SyeMSk—1 ICSy—1: JCCr_1\Sk-1:
[|=m |J|=m
for some states I'. This extraction will be carried out just as in the case of 3-distinctness from
Section 6.2, however, since we are now concerned with time complexity, our analysis must be
more detailed.

To construct Zlcsk_lz\llz ﬁH), we simply access Si_1 in superposition m times, in
cost O(mlogn). To construct the second part, we will use the fact that M1 consists of subsets
of [n] that contain at least m (k — 1)-collisions not already in Sz, and extract these to form .J,
letting whatever is leftover be the garbage. We first implement the map:

1
OISLd(S) 3 e IS (5)
JCCr—_1(S1):|J|=m (|Ck—;7?51)|)

extracting every possible set of m (k — 1)-collisions from S; in superposition. We can construct
a uniform superposition of (k — 1)-collisions in S; from the augmented quantum radix tree stor-
ing d'(S1) in cost O(logq). Repeating this m times gives the desired state in time O(mlogq).
Applying this procedure to |MSk-1) results in the state (omitting uniform amplitudes):

1 ,
D D oA S A CIY)

SleMSk 1 JCCr—1 S1) ( 7m )
|J|=m

Y Ckllslrsmd'(sl».

JCCk-_1\Sk—1: S1eMk-1:c8; ( _m( )‘)
[J[=m

We can define the garbage as what we happen to have leftover. For any S; , such that S;_; \
Sr_1 = J, we define the garbage state:

M Sk-1 1
IT(Sk-1,Sk-1)) := % > ————[5)|d'(51)).
( m ) g . (|Ck—1(S1)|)
S1eEM”k=1:JCS m

With these garbage states, we can implement the extraction in time E = O(m(logn + logq)).
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Garbage Swap Having defined the garbage states, we can now describe how to implement the
garbage swap, which is similar to the 3-distinctness case seen in Section 6.2. This must act as

1Sk—1, S 1)d(Sk—1)) T (Sk-1, k1)) = [Sj—1, Sk—1)|d(Sp—1)) T (1, Sk—1))-
Let I = Sk_1\S)_; and J =5, \ Sg—1. To implement the mapping
d(Sk-1)) = {15 yig—1,24,) ¢ (i1, -y ik—1) € Sk—1})

— |d(S;g_1)> = ‘{(’il, - 72‘14717371’1) : (il, R ,Z'kfl) S Sllf_l}>,

we must remove x(I) = {(1,...,9%—1,i,) : (41,...,9k—1) € [}and add x(J) = {(i1,. .., k-1, Ti;) :
(i1,...,ik—1) € J}. To implement this, we will remove .J and z(J) from S; and d’(S7), and replace
them with I and x(I). We do this using the map (controlled on [Si_1,S}_;)):

G |d(Sk-1)) SO (S1)) = 1d((Sk—1 \ ) U D)|(S1\ J) U D' ((S1\ J) U D))

Note that since |Sk_1,S},_;) encodes both I and J, we can reversibly perform this mapping by
doing the following for each (i1,...,ik_1) € I:

¢ Remove (ih ceey ik*l? xil) from ‘d(Sk71)> (O(log Q)>

e For each ¢ € [k — 1], insert 4; into |S1), and (i, z;,) into |d(S1)) (O(logq + logn)).
and a similar (but reversed) set of operations for each (i1, ...,ix_1) € J. The total cost of this is
O(m(log g+logn)). Recall from Section 6.2 that the map ¢(S1) = (S1\ J)UI is a bijection from

MSk=1 to M1 such that |Cy_1(S1)| = |Cr_1((S1))|. Then, applying G results in (omitting
uniform amplitudes):

|d(Sk—1))T(Sk-1, Sk 1))

S S ADUD) Y eSOl (e(S1)
S1eM®k—1.jcCS, (l kfﬁn( l)l)
= )Y SO (S1)) = S )IT(Sh, Se1)).

ICr—1(S1)]
/ .
SleMSk:—I:[Csl ( m )

Thus we can implement the garbage swap in cost G = O(m(logn + logq)).
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Final Analysis

Applying Theorem 6.1.1, we can compute the time complexity of our nested-update quantum
walk algorithm, (neglecting logarithmic factors, and assuming r’ffl > nk=2):

S+\1[<1< 1/(\/5 +C>+E+G>+C>
= T1+ZT1+1\/7 . 1<\/» \/>+1)+m+m)+f>
)/2

n(k—=1) /2 gk—l n
= nt Z“H\/ (k B2 T T 1

3-Distinctness In optimizing the parameters, there are now two cases: £k =3 or &k > 3. We
first suppose k = 3. In that case, the complexity expression becomes:

T AL
Tt r .
T ry/? VG

Just as in the case of the query complexity, this is optimized by setting 71 = n/T and ry = n
This gives total time complexity O (n5/ 7). In this case, the dominating terms are the first, second,
and fourth terms.

47

k-Distinctness When &k > 3, the optimization of terms works out differently. In that case, we
k—1
set r1 =n % , optimizing the first and third-last terms, and set r; = \/n for all 7 > 1, so that all

3/4

but the first term in the sum become n®/*. This gives time complexity 9] (n%), completing the

proof of Theorem 6.2.1.
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Part 111

Approximate Span Programs
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Chapter 7

Approximate Span Programs

Span programs are a model of computation first used to study logspace complexity [ ],
and more recently, introduced to the study of quantum query complexity in [ ]. The main
practical use of span programs stems from a general construction that takes a span program
and constructs a quantum algorithm for the associated decision problem with quantum query
complexity matching the “complexity” of the span program | , ]. When we construct
and run this quantum algorithm, we say that we evaluate the span program.

It is known that span programs are equivalent to bounded error quantum query complexity
of Boolean functions, in the sense that, for every span program, we can construct an algorithm
that decides the related function in bounded error query complexity that is within a constant
factor of the span program complexity, and for every Boolean function, there is an optimal span
program for that function, whose complexity is within a constant of the bounded error quantum
query complexity of the function. However, there is no known construction that takes a bounded
error quantum query algorithm and converts it to a span program with matching complexity
(up to a constant) compared with a simple construction, discussed in Section 7.2, that takes
an algorithm with one-sided error and converts it to a span program with matching complexity
[ , Section 3]. Interestingly, this conversion even preserves the time complexity, in the sense
that the time complexity of evaluating the resulting span program is within a constant factor of
the time complexity of the original algorithm. Although nothing practical is gained from this
construction, it is unsatisfying that despite the known relationship between bounded error query
complexity and span programs, this construction only works for one-sided error, suggesting that
perhaps the definition of span programs currently used is not the ideal definition for modeling
bounded error quantum query complexity.

The problem in extending this idea beyond 1-sided error seems to be that span programs have
a somewhat ezact nature, in the sense that an input is said to be “accepted” by a span program
(that is, the associated function is 1 on that input) if and only if the target is in the span of the
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available vectors (see Definition 7.0.1), and is “rejected” even if it is almost in the span of these
vectors.

Motivated by this unsatisfying state of affairs, we study the concept of approrimate span
programs. We begin by giving a slightly modified definition of a span program that has the
advantage of working with non-Boolean alphabets without incurring any logarithmic (in the
input alphabet size) factors, in contrast to the previous definition. We then relax the notion
of the associated function of a span program, allowing us to consider a single span program P
with a number of possible functions f, with which P has a more approximate relationship. We
then view this pair (P, f) as an approximate span program. We show that this new definition
of approximate span programs is actually meaningful by giving an algorithm to evaluate an
approximate span program. That is, for any (P, f) with the approximate relationship we will
define, we can construct an algorithm from P, that solves f, and whose query complexity is equal
to the complexity of P. The contents of this chapter are based on joint work with Tsuyoshi Ito.

Span Programs for non-Boolean Alphabets To begin, we slightly modify the definition
of a span program to facilitate its extension to non-Boolean alphabets. We use the following
definition.

Definition 7.0.1. A span program P = (H,V, T, A) on [¢|" consists of

1. finite-dimensional complex inner product spaces H = Hy @ -+ & Hy, & Hipue © Hialse, and
{Hja © Hj}jenl aelq) such that Hj = Hj1 + -+ Hjq,
2. a vector space V,

3. a target vector 7 € V, and

4. a linear operator A € L(H,V).!

Furthermore, for a string x € [q]", we define H(x) == Hi 4 @& -+ ® Hp gz, ® Hirue and say that
these vectors are available to z (in a slight abuse of terminology, since typically V(z) := AH (z)
are called the available vectors for x).

For a function f : D — {0,1}, D € [q]", we say that P decides f if

1. for every x € f~1(1) there exists |w) € H(x) such that Alw) = T (such a |w) is called a
positive witness), and

2. for every x € f~1(0) there is no |w) € H(x) such that Alw) = 7, or equivalently, there
exists a linear mapping w € L(V,C) such that w(t) =1 and HwAHH(x)H =0 (such an w is
called a negative witness ).

'"Wlog, we can assume V = im(A4).
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For each z € f~1(1), we define

wsizey (z,P) == |w>€Hg1)i£14|w):T [ |w)||? and  wsize_(z,P) := o0.

For each x € f~1(0), we define

wsize_(z,P) := |wA? and  wsizeq(z,P) := oo.

min
weL(V,C):w(r)=1,wAllf()=0
We define the positive and negative complexities of P as a span program for f as

Wi(P, f) = xer?ﬁfil)wsizeJr(z:,P) and W_(P,f) = xer}@l}%o) wsize_(z, P).

The complexity of P as a span program for f is defined C (P, f) := /W (P, )W_(P, f).

There are a number of cosmetic differences between Definition 7.0.1 and previous span program
definitions. One that we note is the use of spaces Hirye and Hpyee. We can view these spaces in
the following manner: for every input = € [¢]", we append a 1 to x to get 2’ = (z,1) € [¢]"*.
Then every string 2’ has a 1 in the (n + 1)th position, so Hyye functions as H, 11, available to
every input 2’ obtained in this manner, whereas Hy,se acts as Hy1 0, never available to any of
the x’. Thus, it is never necessary, but often convenient, to use these spaces. The image of Hiue
under A is similar to the space Ve often used in earlier definitions of span programs (though
also for convenience, not necessity). For convenience, we do count the part of a positive witness
on Hipue in the witness size.

Aside from these cosmetic differences, the only substantial difference between our definition
and previous definitions for non-Boolean input alphabets is that the spaces {Hj,}, need not
be orthogonal. This allows us to prove the following theorem, in Section 7.1, which was known
before only for the case ¢ =2 | , ].

Theorem 7.0.2. Let f : D — {0,1} for D C [g]™ be a function with bounded error quantum query
complexity Q(f). There exists a span program on [q|", P, that decides f, such that C(P, f) =

O(Q(f))-

The rest of this chapter is organized as follows. In Section 7.1, we prove Theorem 7.0.2. In
Section 7.2, we present a method for converting a quantum algorithm A that decides f : D —
{0,1}, D C [g]|™, with one-sided error, to a span program P on [g]", so that the quantum query
complexity of A is equal to C(P, f), up to a multiplicative constant. This construction only works
when A has one-sided error, which motivates us to explore approximate notions of span programs
in Section 7.3. In Section 7.3, we discuss several possible notions of approximate span programs,
and show that they are all, in fact, the same. In Section 7.3.2, we show how the construction for
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converting a one-sided algorithm to a span program can be adapted to convert a two-sided error
algorithm to an approximate span program.

To show that these new approximate span programs are meaningful, we need to present an
algorithm to evaluate them. With that in mind, in Section 7.4, we explore the structure of
witnesses in order to better understand span programs, and in Section 7.5, we look at various
transformations we can perform on a span program. The results of these two sections allow us
to give a fairly intuitive algorithm for evaluating span programs in Section 7.6.1. A variant of
this span program evaluation algorithm, shown in Section 7.6.2, can be used to approximately
evaluate a span program in a sense that makes our approximate definition of span programs
meaningful.

7.1 Span Programs on non-Boolean Alphabets

We now prove that with our slightly modified definition of span program, there exists an optimal
span program for any decision problem f. Previously, this was only known to be possible for
functions over Boolean alphabets; for more general alphabets, it was only known up to logarithmic
factors in ¢ | ]. Our proof will use the dual adversary bound, which we define shortly. The
adversary lower bound is a semidefinite program parameterized by any function f, which gives a
lower bound on Q(f), the bounded error quantum query complexity of f | , ]. As
we formally state in Theorem 7.1.2, it was shown that the adversary lower bound can, in fact,
give an optimal (up to a constant) lower bound for f | , ], and so its dual formulation,
stated below, gives an upper bound on Q(f). It can be defined for non-decision problems, but
we give the decision version, as it is sufficient, and well-stated, for our purposes.

Definition 7.1.1 (Dual Adversary Bound). Let f : D — {0,1} be some problem with domain
D C [q]". The dual adversary bound of f is the following optimization problem, where Fy =
f7Y0) and Fy = f71(1).

Adv() = minimive, | ma 3 lon)1? ) (ma 3 o
dv(f) minimize | | max }Illvm,ﬂll max }Illum,ﬂll

jE[n J€n
subject to  {Jte) bieinmcrys {10aa) bicnacry © R for some m € N,
V(%,y) € Fy x Fy, Z <v$7j]uy7j) =1.
Ji@ AY;

The following theorem tells us that the optimal solution to the dual adversary bound is equal
to the quantum query complexity of f, up to a constant.
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Theorem 7.1.2 (| , ). Let f: D — {0,1} be some problem with domain D C [q]™.
Then Q(f) = ©(Adv(f)).

We will make use of the following useful set of vectors, from [ ]-

Fact 7.1.3. For any k € N, there exist unit vectors {|u;)}*_; and {|v;) ?:1 such that

vy = { g1 B1F

else.

Proof. We can define p; = —ali) + 1;;}12 > jzi|7) and v; = V1 —a?li) + \/%Z#i |7), for
o =1/ % - 7”7;1 to satisfy the desired property. ]

We are now ready to prove the main theorem of this section, which immediately proves
Theorem 7.0.2.

Theorem 7.1.4. Let f : D — {0,1} be some problem with domain D C [q]". Then there exists
a span program P on [q]™ such that

C(P, f) < 2Adv(f).

Proof. Let {|uz j)}jem)zer, and {|vzj)}jem)zerm in R™ be a dual adversary solution. We will
construct a span program P for f that has complexity at most

2 (5 1) (g 3
mex vz max lua )l

Jjeln] Jjeln]

We will make use of the vectors from Fact 7.1.3, {[va), [Ha) }ac[q)-

The Span Program We define P as follows. We will work in the inner product space
H :=span{|a, j,a) : a € [m],j € [n],a € [q]},
which we decompose into
H; :=span{|a, j,a) : a € [m],a € [q]}.
Within each H;, we define, for each a € [¢],

Hj,o = span{|a,j) : @ € [m]} @ (span{|va)})*.
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Note that the Hj, and H;; for a # b are not orthogonal as is required in the usual definition of
span programs. With our modification, however, this is allowed. This is the only place that we
use our modification to the definition; the rest of the proof is identical to the Boolean case.

Next, we define:

V :=span{|z) : x € Fy}, |1) := Z |z)
zE€Fy

and finally, we define A € L(H,V) by Ala,j,a) =3 g (Vz,jla)(va;|a)|z). Then we can write:

A = > > (v jla) (ve,la)|a) (e, j, al

a€[m],j€[n],a€lq] x€Fy

= S N [ D wegladlal ) G| DS (v la)(al

jE€[n] x€F a€m)] a€[m]
= D> |2 (0nl Gl -
]E[n] z€Fy

Negative Analysis Suppose z € Fy. Then let w, := (z|. So we have:

wyA = (z|A = Z <Ux,j|<j’<Vafj"
Jj€n]

Since for all j, Hj ;. = span{|a, j)} ® (span{|1/$j>})l, we have (r|Allg(,) = 0. Furthermore, we

have
welT) = (x| Y |y) =1,

yEFy

SO wy is a negative witness for z. It has complexity:

2
Il AP =D el Gl || =D M),
J€n]

JEM]

since |||vz,)|| = 1. Thus,
WAP) < e 3 e
j€[n
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Positive Analysis On the other hand, suppose x € F}. Then define

|w,) = Z [t )15} 1z, ) -

j€(n]

Note that since <Mmj|ij> =0, |uzj)|g)|pz;) € Hjzy, s0 |wy) € H(x). Furthermore, we have

Alw,) = Z > 1wyl Gl | D e ) 1) e,

a Jj€[n] yeFo J€[n]

q -1)
= Z v) Z (Vy,jtz,) (Vy; | Ha;)

yeFp jE€[n]

. 1 ¢
Z |y> Z <Uy,j‘u17j>7 smce <Vyj’M$j> = iqj(l - 5$j,yj)

yeFy  jE[n]ix;Fy;

Yo Iy =1m).

yeFy

The last line follows from the feasibility condition Zje[n]:xj 2y, (vyjlug ) = 1 for all (z,y) €
Fy x Fy. Thus, |w,) is a positive witness for z in P. It has complexity

llws)|* = Z llwa)I* <47 lllwa )l

J€[n] J€ln]

Thus,
Wi (P) < 4max Y |||ua,)l

zEF)
J€[n]

We thus have:

C(P) = /W_(P)W,(P) <2 maXZM%J 12 maxzmum

’ jen) ' jeln]

O]

7.2 DMotivation: One-Sided Error Algorithms to Span Programs

It is possible to convert a span program P for a problem f to a quantum algorithm that computes
f with bounded error query complexity O(C(P, f)) by Theorem 7.0.2. Similarly, given a quantum
algorithm that computes f with bounded error query complexity C, there exists a span program
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for f with complexity C, by Theorem 7.0.2. However, there is no general conversion that takes an
arbitrary quantum algorithm and converts it to a span program for the same problem, preserving
the query complexity. It is not immediately clear that such a conversion would be useful. It
is clear why we would want to convert span programs to quantum algorithms, since quantum
algorithms are useful, whereas our main use for span programs is to generate algorithms, so if
we already have a quantum algorithm, a span program is of little use. However, it is somewhat
unpleasant that there is no conversion from algorithms to span programs, especially given that
there is a very natural conversion, to be presented shortly, that works for any quantum algorithm
with one-sided error | , Section 3 of full version]. Since span programs seem to correspond so
perfectly to (two-sided) bounded error quantum algorithms, why does this nice conversion only
work for one-sided algorithms?

An Arbitrary One-sided Error Algorithm Fix a decision problem f, and let A be a quantum
algorithm that solves f with one-sided error using 1" queries. Suppose without loss of generality
that A works on the space Hy := span{|i,z,a) : i € {0,...,n},z € Z,a € {0,1}} for some finite
set Z with 0 € Z. A query operates as

Oy : |iyz,a) — (=1)"i, 2z, a).

Suppose without loss of generality that A acts as Ur10,UrQO, ... U20,U; on starting state
|0,0,0), before measuring the bit in the last register.

Define unitaries {U;}?2;™ such that:
Uy i =UVte{l,.... T+1} and Uj :=0,Vte{l,...,T}.

Then we can rewrite the unitary enacted by A as Uy, Uyp ... Uj. For any t € {0,...,27 + 1},
write the state of the algorithm after ¢ steps on input x as

Wy (z)) := U} ...U}|0,0,0).

For all z, we have |¥y(z)) = |¥p) :=]0,0,0). Suppose that A ends in a state |¥oryi(x)) such
that (¥ory1(x)]0,0,1) is the probability of measuring 1 in the answer register. We can impose
this condition with at most a doubling of T' by starting with an arbitrary algorithm, copying the
output register, and then running the algorithm in reverse. In particular, this implies that when
f(x) =1, [Waryi(x)) =10,0,1) =: |¥3, ), since A has one-sided error.

A Corresponding Span Program We will now define a span program for f based on A. The
span program will have

H :=span{|t) : t € {0,...,2T}} ® Hy ® C*
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and
Vi=span{|t) : t € {0,...,2T + 1}} ® Hy,

and in particular, for each j € [n], we will set
Hjy :=span{|t,j,z,a,b) : t odd},

Hiye :=span{|t, j, z,a,b) : t even},

. - o b . .
and Al j, 2 a,b) = |t,]',z,a> (-1) |t—£—1727,z,a> if t odd
It, 4, z,a) — [t + 1)U{ {|j,2,a) else.
Notice that for any ¢, j, z, and a, we have Alt,j, z,a,x;) = |t,],2,a) — |t + 1)U/, |j, z,a). The
target vector will be
|7) 2= [0)[Wo) — 12T + 1)[Wiry).

Notice that we can always use available vectors in H(z) to construct |t)|W;(x)) — |t + 1)| ¥yt (x))
in V. Adding these up, we can construct [0)|Uq(x)) — |27 + 1)|Wori1(x)). We have, for every z,
|Wo(x)) = 10,0,0) = [¥g). Furthermore, when f(z) = 1, we have [¥oryq (2)) = [0,0,1) = [¥h,. ),
so we will have constructed |7). We can make this idea rigorous by constructing positive and
negative witnesses.

Positive Witnesses Suppose f(z) = 1. We construct the positive witness:
|wa) :Z > (@) (2)|zs),  where [Wy(z)) = > aj(@)|i)]e] ().
t=0 jeln] Jj€ln]

To see that this is a positive witness, we must show |w;) € H(x), and A|w,) = |7). Note that

H(x) = @ Hj . ® Hyge = span{|t, j, z,a,x;) : t odd} U {[t, j, z,a,b) : t even},
jeln]

118



so clearly |w,) € H(x). Next we compute:

M) = 33 e ) (1171 @) = 1+ DU 6 () )

t=0 je[n]
2T

= > B au@I (@) = [+ UL Y aju(@)li)led (2))
t=0 €] j€m]
27

= D (101%i(@) — [t + VUL, [ W (2)))
t=0
2T

= D (0W(@) = [t + 1) Wi (2)) = [0)|Wo(x)) — 2T + 1)|Wora (x))

t=0
= [0)|Wo) — 27"+ 1)[¥)py) = |7).

Thus, |w;) is indeed a positive witness for z in P. So we have:

9 2T
wsizes (2) < ||Jwe) |2 Z S o) H\wt H =Y 1=2T+1. (7.1)
t=0

t=0 j€[n]

Thus W, (P) < 2T + 1.

Negative Witnesses We now turn to the case where f(x) = 0. In that case, consider the
linear mapping:

27+1
wri= 3 (W ()]
t=0
To show that this is a negative witness for z, we need to show that ngCAHH H = 0, and

wz(|7)) = 1. To see the former, first note that for odd ¢:
wa]t,j,z,a,xﬂ = Wz (|t,j,z,a> _(_1)m]’t+1>’jvzaa>)
= (Wi(@)l7, 2, 0) = (Vepa (2)[(=1)™]], 2, 0)
= (Ve (@)Ul 2,0) = (Tea (2)[(-1)V 1], 2, @)
= <‘I’t+1( (=115, 2,0) = (Ve (@) | (=1)™ ), 2,0) = 0
since U/ 117, 2z, a) = Oglj, 2z,a) = (=1)*j, z,a). Next note that for even t:
waAlty g2 a,8) = wallt g 20 — |t + DUl li 2 a))
<\Ij ( )’3727a> - <\I]t+1(x)‘Ut/+1|j7z7a>
(Wer1(2)|Ufald, 2, 0) = (Peqa ()| U145, 2,0) = 0.
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Al (, H 0. Next, we compute:

2T+1

we|T) = (Z (ﬂ@t(iﬂ)!) (10)[Wo) — 27 + 1)[W3141)) = (Yo ()| Wo) — (Wori1(2)[ Vo).
t=0

For all z we have |¥g(z)) = [¥q) so (¥o(z)| o) = 1. Furthermore, by assumption, (W71 (x)| ¥, )

is the probability of measuring a 1 in the answer register, so p1(z) := (Wori1(2)| W3y, ) is a real

number that is at most €, where ¢ is the error of A, since it is the probability that the algorithm

errs on input x. Let @, = %wz. Clearly, w, is a negative witness for  in P, and

_lws Al flesAl”
(1=p(@)? ~ (1 -¢)*

wsize_(z) < || A? (7.2)

To compute |lwz A, note that

T
A = 3 (X (2tdza) = (DRt 1,5, 2,0)) @], 20,0
J,z,a,b  t=0
T
+ Z (12t + 1,4, 2,a) — |2t + 2)Us; 54, 2,a)) (2t + 1, 4, 2, a, b\)
=0

We already know that for ¢ even or b = x;, we have w,A|t,j,z,a,b) = 0. Suppose on the
other hand that ¢ is even, and b # x;. Then

2T+1
wIA‘t7j727a7 b> = (Z <t‘<\pt(x>‘> <‘t,j,Z,CL> - (_1)b|t + 1>|jaz7a>>

t=0
= <\Ilt(x)’jvzaa> + <\I]t(x)|’jvzaa> = 2<\Ilt(x)|jvz’a>7

so we have:

T
||°J9:A||2 = Z Z weAlj, 2, 0,25 1>|2

t—sza

Z > 1 T(2)]g, 2, a)* = 4T +1).

t=0 j,z,a

Thus, we have wsize_(z) < UL - Thus W (P) < 4(1T+1). So the complexity of the span
program is

T \/ 2T+11_€T+1) o)
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matching the query complexity of A, up to a constant, as desired.

There is one more intriguing detail of this construction that motivates even further the desire
to understand why such a beautiful construction does not apply to general quantum algorithms:
If the time complexity of this algorithm is also 7" — that is, each U; can be implemented with
a constant number of gates — then if we convert the algorithm to a span program using this
construction, and then back to an algorithm by a span program evaluation algorithm like the one
to be presented in Section 7.6.1, the resulting algorithm can be made to have time complexity
T as welll This is because the span program evaluation algorithm is constructed from a pair
of reflections, one of which has 0 query complexity, but possibly large time complexity. In this
case that reflection ends up being sufficiently structured that a time-efficient implementation is
possible (see | ). This actually says that, in general, any one-sided algorithm with time
complexity T can be converted to a span program in this way and then back to an algorithm
with time complexity T": simply break the algorithm into constant-time sub-unitaries U;, and put
empty queries between those U; and U;4; that do not have a query between them.

If we try to apply the same idea to an algorithm with two-sided error, the conversion fails
because we cannot specify an exact target |7): every x € f~1(1) has a different “target” they
can obtain [0)|¥o) — [2T + 1)|Wary1(x)). All are close to [0)[Wo) — |27+ 1)[ ¥, ), but we have
no guarantee that we can hit this target ezactly. This exact nature of span programs does not
seem necessary at all, and in fact, as we will soon see, it is not. This motivates us to consider
approximate versions of the span program formalism.

7.3 Definition of Approximate Span Program

Section 7.2 motivates us to consider approximate versions of the span program definition, but as
we will see in this section, there are a number of very natural sounding definitions. Fortunately,
as we will show here, these definitions are all equivalent.

Approximation 1: Approximate Acceptance If we naively try to apply the construction
of Section 7.2 to a two-sided error algorithm, we see that it fails for precisely the reason that even
when f(z) = 1, we can not exactly predict the final state |Uori1(x)) — it can vary slightly for
different x, and all we can say is that the state must be close to [U3,., ;) = 10,0,1), the final state
that outputs 1 with probability 1. A natural way to modify the definition of a span program
then is to say a span program P accepts an input z if there is some witness |w,) € H(z) such
that A|w,) is close to 7, or rather, since V' has no notion of distance, we modify the definition by
saying that P accepts z if there is a witness |w,) that is almost in H(x) (since H comes equipped
with an orthonormal basis, this “almost” can be quantified) such that Ajw,) = 7. This idea gives
rise to our first definition of an approximate span program.
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]n

Definition 7.3.1 (Approximate Positive Witness). Let P be a span program on [q
x € [q]™, the positive error of x is defined

. For any

errory (x,P) :=  min

2
s Afu) =l) My )|

Definition 7.3.2 (Span Program with Approximate Positive Witnesses). Let f : D — {0,1} be
a decision problem on D C [q]". Let P be a span program on [q]". We say that P solves f with
approximate positive witness error gap A if

max,e ¢-1(1) error (x, P)

<A\
minge y-1(g) error (z, P) ~

We can think of P as accepting inputs with small positive error, and rejecting those with
large positive error. We require that there is some relative gap between what we consider small
enough to accept, and what we consider large enough to reject.

Of course, the main reason that the original definition of span programs is useful is that they
can be used to construct quantum algorithms. In Section 7.6.2, we will prove that our definition
is similarly useful by giving an algorithm for evaluating approximate span programs. However,
we first consider alternative definitions of approximate span programs.

Approximation 2: Approximate Rejection Naturally, we can consider the same type of
approximation in the negative witnesses, rather than the positive witnesses — that is, having an
almost negative witness for x is enough for x to be rejected. We formalize this by defining the
negative error of an input.

Definition 7.3.3 (Approximate Negative Witness). Let P be a span program on [q]". For any
x € [q]", the negative error of x is defined

P— 1 2
error_(z,P) := weﬁ(v%ﬁlum:l HWAHH(I) H :

This yields our next notion of approximate span program.

Definition 7.3.4 (Span Program with Approximate Negative Witnesses). Let f : D — {0,1} be
a decision problem on D C [q]™. Let P be a span program on [q]". We say that P solves f with
approximate negative witness error gap A if

max,e -1 error—(x, P) \

IN

minge y-1(1) error—(z, P)
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Approximation 3: Positive Witness Size Gap The first (and second) definitions are very
well motivated by the construction in Section 7.2, however, in coming up with an approximate
notion of span programs, there is another possibly even more natural definition: to accept only
those strings with a small positive witness, below some threshold, and reject any strings with
positive witnesses above some threshold. This motivates our third definition:

Definition 7.3.5 (Span Program with Positive Witness Size Gap). Let f : D — {0,1} be a
decision problem on D C [g|". Let P be a span program on [q]". We say that P solves f with
positive witness gap A if

max,e 11y wsize (z, P)

<A

minge y-1(g) wsizey (z,P) ~

Approximation 4: Negative Witness Size Gap Finally, we may similarly consider a gap
in negative witness size, where we reject only those strings with very small negative witness, and
accept any strings with negative witness size above a certain threshold.

Definition 7.3.6 (Span Program with Negative Witness Size Gap). Let f : D — {0,1} be a
decision problem on D C [q]". Let P be a span program on [q]". We say that P solves f with
negative witness gap A if

max,e 1oy Wsize— (z, P)

<A

minge p-1(1) wsize_ (z, P)

Comparison of Definitions We will now prune the unwieldy landscape of definitions by
showing them all to be equivalent.

Theorem 7.3.7 (Equivalence of Definitions 7.3.2 and 7.3.6). Let P be a span program on [q]".
For all x € [q]" such that wsize_(z,P) < oo, we have:
1

€rTor (xa 73) = m

Furthermore, if wsize_(z,P) = 0o, we have errory(xz,P) = 0. Therefore, for any f: D — {0,1}
with D C [q]", P solves f with approximate positive witness error gap X if and only if P solves f
with negative witness gap .

Proof. To begin, suppose wsize_(x,P) = oco. Then there does not exist an exact negative
witness for x, so x is positive for P, and thus, there exists an exact positive witness, |w) such

2
that HHH(x)L]w>H =0, and thus errory (z) = 0.

Now suppose that wsize_(z) < co. Let w € L(V,C) be an optimal negative witness for z, so
w(r) =1, HwAHH(x)H2 = 0, and ||wA||*> = wsize_(z). Let |w) be a minimum-error positive
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2

witness for x, so A|lw) = 7, and HWAHH(I)L = errory (x). We have

Al str) = oty

wsize_(z, P) = |lwA|” HHH(QC)J_|W>H2 = error (z, P)

v

1 . 9
= emor, (@) Snee w(n) = Tand [wAlly " =0.

Now consider |werr) = Il (y)+|w), the error part of |w). Define
|w') = |w) — Hger a|Werr) and note  Alw’) = Alw) = |7).

Then by the assumption that |w) has minimal error, we have

2 2 2
[yl | < [Py 0| < {| oy o) = s a0 | = e 4o )

so we must have Il ., 4o |Werr) = |Wer), or in other words, |wey) € ker AL. Thus, the linear
function (werr| has ker (weyy| € ker A, so (by the fundamental homomorphism theorem) there
exists a linear function @ : ImA — Im(we,;| such that @A = (wer;|. We can assume without loss
of generality that ImA =V, so @ € L(V,C). We have

1

SO w = z@ has w(7) =1 and

[yl
2
D L)

. 2 _ — = .
wsize_ (2, P) < ||wA||" = HHH(I)L|w>H4 HHH(I)J_|1U>H4 error (z, P)

O]

We can similarly show that span programs with approximate negative witnesses are equivalent
to span programs with positive witness gap.
n

Theorem 7.3.8 (Equivalence of Definitions 7.3.4 and 7.3.5). Let P be a span program on [q]".
For all x € [q]™ such that wsize(x,P) < oo, we have:

1

error— (x; 7)) = W

Furthermore, if wsizes (z, P) = oo, we have error_(xz,P) = 0. Therefore, for any f: D — {0,1}
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with D C [q|"™, P solves f with approzimate negative witnesses with gap X if and only if P solves
f with positive witness gap .

Proof. To begin, suppose wsize;(xz,P) = oo. Then there does not exist an exact positive
witness for z, |w) € H(z) such that Ajw) = 7. So z is negative for P, and thus there exists
an exact negative witness for x, w € L(V,C) such that wr = 1, and H<w|AHH(x)H2 = 0, thus
error_(x,P) = 0.

Now suppose that wsize; (z,P) < co. Let |w) € H(z) be an optimal witness for z, so Alw) =7
and [||w)||? = wsize, (z, P). For any w € £(V,C) such that wr = 1 we have

JwAl) > Jer® 1
[[|w) H2 wsizeq (z,P)  wsizeq(z,P)’
so certainly
1
- = mi All . ‘
error_(x,P) w’%‘:l HW H(x)H = Wsize+(x,73)’ (7.3)

since |w) € H(z).
For the other direction, let w € L(V,C) such that wr = 1 minimize HwAHH(I)H2. Note that
wA € HY, so its dual is in H. Define

|w) = )
|lwATl ) ||

Clearly |w) € H(x). We will show that it is a positive witness for « by showing that A|w) = 7, by
contradiction. Assume that Ajw) and 7 are linearly independent. In that case, let a € L(V,C)
be such that a(AJw)) =0 and «(7) = 1. Then we have

(ATl (wA)) = (@A) ([wATa |* [w)) = [lw AT |* a(Aw)) =0, (7.4)

and since o(7) = 1, for any € € [0, 1], we have (ew + (1 — )a)(7) = 1, so by the optimality of w,
we have

IN

lwATT )|

H(ew +(1- 5)a)AHH(x) H2
&2 ||wATL i ||* + (1 — €)? |aATLy (|| by (7.4)
< (1-e)?|jadllyy |’

(1 - 22) [|wA ||
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HaAgHuﬂf
(| @A g (0 [| "+ || AT ) |

In particular, this must hold for € = 7, yielding

|lwATL )| + [|Jw AT gy || [|w ALy ||* < 0,

a contradiction, since HwAHH(x)H > 0. Thus, we must have Alw) = r7 for some scalar r, so
w(A|w)) = rw(7). We then have

T
w(Afw)) = wAHD ATy
|wATL (|

and so we have r = 1, and thus A|w) = 7. So |w) is a positive witness for z, and we can compute

[Ty (wA)* 1
| AT ||

wsizey (z,P) < |Hw>H2 = ~ error_(z,P)’

1
wsize (z,P)

Combining this with (7.3) completes the proof that error_(z,P) =

Thus, we can conclude that P solves f with approximate negative witness gap A if and only if
P solves f with positive witness gap A, since

maXye p-1(1) Wsizeq (z,P)  max,er-1(g)error—(z, P)

minge ¢-1(0) wsizey (z,P)  minge 1y error—(z, P)

O]

By Theorem 7.3.7, Span Programs with Approximate Positive Witness and Span Programs
with Negative Witness Gap are actually the same thing, so we can merge Definitions 7.3.2 and
7.3.6 into a new definition, which we will call Approximate Negative Span Programs, since all
x € f71(0) have negative witnesses.

Definition 7.3.9 (Approximate Negative Span Program). Let f : D — {0,1} be a decision
problem on D C [q]". Let P be a span program on [q|". For A € (0,1), we say that P is a

A-negative span program for f if

max,e 1oy wsize_ (z, P) \

IN

ming e y-1(1) wsize_ (z, P)
We define the negative complezity of P for f as

WP, f) = xel}@l)iﬂ) wsize_(z,P).
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We can also define

WX(P,f) = mi ize_(x, P).
(P, f) me?l}{l(l)WSIZG (x,P)

Note that we have WL (P, f) > WO (P, f)/A.
Let x;s\iz/e+(:v,73,5) = min{||wA||? : w(r) =1, HUJAHH(I)HQ < e}. In particular, let v;s\i;(a+(x,73) =

v?gi—z/e+ (z,P,errory(z,P)) denote the smallest min-error witness for x in P. We define the \-
positive complexity of P for f as

— g A
‘171 P o : P
+( 7f) o wGI}Lal)%l) et <:L” , ”9(‘ 7f)> ‘

Finally, define the complexity of P on f as:

C(P, f) == \[WL(P, WO(P, f).

Similarly, by Theorem 7.3.8, we can merge Definitions 7.3.4 and 7.3.5 into one definition,
which we call an approzimate positive span program for f, since all x € f~1(1) have a positive
witness.

Definition 7.3.10 (Approximate Positive Span Program). Let f : D — {0,1} be a decision
problem on D C [q]". Let P be a span program on [q|". For A € (0,1), we say that P is a
A-positive span program for f if

max,e 11y wsize (z, P) <

ming e s-1(g) wsizey (z, P)
We define the positive complexity of P for f as

WLP, f) = xer?ﬁfil)wsizeJr(x,P).

We can also define
0 ’ = . . ’ )
WP, f) xelfn—l{l([)) wsize (z,P)

Note that we have WO (P, f) > WO (P, f)/\.

2
)HH($)¢|w>H < e}. In particular, let wsize_(z, P) :=

Letwsize_(z, P, ¢) := min{[||w)|? : Alw) = 7,
v;éTz/e_(z,P,error_(x,P)) denote the smallest min-error witness for x in P. We define the A-

negative complexity of P for f as

— /\./ \
WE(P»f) = :rGI?Eil}%O) wsize_ <:p,73, m) .
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€ >

positive error negative error

Figure 7.1: We can order inputs from those with largest positive error, to those with largest
negative error (exactly one of these is non-zero). A span program algorithm can be used to
distinguish between those inputs with positive error, and those inputs with negative error.

positive error negative error

Figure 7.2: Approximate span programs allow us to more generally distinguish between inputs
on either side of any threshold. When the threshold is set somewhere on the positive side, we
call this a positive span program.

m 22 23 ‘ ! z° 28
|

\_/
positive error

negative error

Figure 7.3: When the threshold is on the negative side, we call this a negative span program.

Finally, define the complexity of P on f as:

C(P, f) == \[WL(P, WP, f).

We now have only two definitions, which is certainly preferable to the previous four. Even
these two definitions are on the same continuum. For any span program P on [¢]", we can order
the set [¢]" as {z! < --- < 29"} with “<” defined so that for all 2 such that P accepts x, and
y such that P rejects y, we have y < x; for all x and y such that P accepts both x and y,
if wsizeq (z) < wsizey(y), then y < z, and for all z and y such that P rejects both z and y,
if wsize_(x) < wsize_(y) then z < y. This ordering captures the idea that some inputs are
more accepted than others, and some inputs are more rejected than others. The usual notion of
span programs defines a threshold between those inputs that P accepts and those inputs that P
rejects. Our idea is simply to allow this threshold to fall at any point in the ordering of inputs. An
approximate negative span program places this threshold somewhere on the side of the rejected
inputs, whereas an approximate positive span program places this threshold somewhere on the
side of the accepted inputs.
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For good measure, we can further strengthen the equivalence of these definitions by giving
conversions between the two that mostly preserve the parameters.

Theorem 7.3.11 (Conversion from Positive to Negative). Let P = (H,V, 7, A) be a \-positive
span program for f : D C [q]" — {0,1}. For any positive constant d, there exists a N -negative
span program for f, P, with

d*P+1

N 7

A,Wﬂﬂns( Jwﬂnn and  WO(P', ) < (@+1)TO(P, f).

1 A
2P f)

Proof. Our goal is to define a span program that rejects all inputs in = € f~!(0), even those
that P accepts. Our strategy will be to define a span program P’ that rejects everything, but
that penalizes most those things that P accepted the most. In order to accomplish this, we will
define A’ so that it adds a small error, orthogonal to 7/, to every vector, proportional to its size.
In this way, every positive witness from P gets an error term proportional to its positive witness

complexity in P. Let N = d%C(P, f).Concretely, we define P' = ({H ,}, V', 7, A’) as follows:

H =H @ H, H;',a = Hj@ ® |0>7 H‘érue = Hipue ® ‘O> ngalse = Hpase @ H

1
Vi=VeH, 7=r0),  A(ho,0)+ k1)) = (Aho))[0) + Flho, 1) + |hn, 1)

Then we have H'(x) = H(x)|0) and H'(z)* = H(z)* ® |0) + H ® |1).
Let € f71(0). We will show that it has a (small) exact negative witness in P’. Let © € L(V,C)
be a (possibly approximate) negative witness for x in P with

(p—

QAP <WOP, f), and ||@Ally,|° < —2r.
oA (P, f) | H() WP, f)

We will define a negative witness w’ in P’ so that w’ agrees with @ on V, and w’ on H cleans up
any errors in @. Specifically, if TIy is the orthogonal projector from V' into V'|0), and II; is the
orthogonal projector from V' into H, we define

w' = (;)HO — N(Z)AHH(J;)HI
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We can see that this has zero error for x:

2 2
|l ATy | meriax [l A 0
2

W (AIR0) + - IIL)

= max
|hyeH (z):[||h) ]| =1
1 2
= max W(Alh)) — N—=w(Allg ) |h =0.
e |ZA) — N (Al 1)
We can compute the negative witness size:
' Al* = || AT || + o’ A
= max ||w’A'|h, O)H max |lw'A’|h, 1)”
|hyeH:[||h)l|=1 |hyeH:[||h)l|=1
1 2 2
= max W ((AlR))]0) + —|h)|1 + max W, 1
|hyeH:[||h)l|=1 ((A]r))10) N| i) \h>€H:HIh>II=1H | >H
1 2
= max w(Alh)) — N—w(Allg ) |h + max —NwAIL h
e |~ N el ]| + ) e e 1
2
- H@AHH(@L + N? ||0ATT ;||

P, f)? A

0 2 C(
< WI(P,f)+d X W)

< (1+ WP, f).

So we have WO (P', f) < (d® + 1)W(P, f).
We now turn to the case z € f~1(1). In that case, we know that there is an exact positive witness

2
for x in P. Let |w) be an optimal positive witness for z in P, so HHH(:E)L |w>H =0 and |||w)]?
W_}_(P,f) Define |w') = |w)|0) — %\w>\0> Then A'|w') = (A|w))|0) + %]wﬂl) — %|w)|1>, and

2

2 1 1
[t = | (et} 100 = ]| = 72 o
A

__ wiep,
awie e Y
d+1 A N

S @ WL T WP f)
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where the last line follows from WO(P', f) < (d2 + 1)WO(P, f). Thus, |w') has error at most N

for x, so we have

wsize. (2, P/, N /WO (P, £)) < [[lo)||* = [[w)]* + ;2 )| < (1 + 7)W+(7’ f)

so we have W_}_(P’, f) < (1 + W) WL(P, f), as desired. O

We can show a similar conversion in the other direction.

Theorem 7.3.12 (Conversion from Negative to Positive). Let P = (H,V, 7, A) be a A-negative

n

span program for f : D C [q]™ — {0,1}. For any positive constant d > there exists a

A
=X
N -positive span program for f, P’, with
?+1 A

N = TRV
P PCP. P

A WP ) < (1+ WE(P, f), and WL(P',[) < (& +1)WLP,f).

Proof. We will construct a span program in which everything is positive, so in particular, every
input in f~!(1) is positive. To do this, we will make a complete copy of H available in each H'(x),
by adding it to Hie. In order to ensure that inputs in f~!(0) have large positive witnesses,
we will construct A’ so that it imposes a penalty whenever we use these vectors, so that it will
always be preferable to use other vectors in H(x), when possible. In this way, small error positive
witnesses in P will have small positive witnesses in P’.

The New Span Program Let N = &\/7;1‘)' The new span program P’ will have the same

target as P, so we set V/ =V and 7 = 7. We will define the inner product spaces so that all
are the same as in P, except for the space Hj, ., which gets an additional copy of H:

= H|O> D H|1>, Hg/‘,a = j,a|0>v Ht/rue = Htrue|0> ® H|1>, Hfalse = Hfalse|0>

Note that H'(x) = H(z)|0) @ H|1) and H'(x)* = H(x)*|0). Finally, we define A’ so that it
acts as A, except that it ensures that vectors in the new space H|1) are expensive to use, by
penalizing these vectors by a factor of %:

1
A'(|ho,0) + |h1,1)) = Alho) + NA\hﬁ

Positive Complexity To begin, suppose that = € f_ (1), and let |w) be an approximate

positive witness for 2 in P with |||w)]|* < WSIZ6+(£L' P < W+(73 f) and HHH L|w) H

W)
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WO(Pf) Define
') = N g(zyr [w))[1) + (Mg ) [w))]0).

We can see that |w') € H'(x) = H(z)|0) & H|1). Furthermore we have
Alw'y=N— AHH(x)L"lU> + All gy () lw) = Alw) = T,
so |w') is a positive witness for z in P’, and we have:

2 —~
wsize (2, P') < [[[w) | = N? [z o) |+ Mgy o) |* < N2 + WP, f).

A
WP, f)
We therefore have

PWLP, WP, ) A
A WP, f)

WP, f) < + WP, f) = (@ + )WL(P, f),

completing the first part of the proof.

Negative Complexity Next, suppose z € f~1(0), and let w € £(V,R) be an optimal negative
witness for x in P, so HwAHH(x)HQ =0 and ||wA|* < WO(P, f). Since V! =V and 7/ = 1,
we have w(7') = 1, so we can consider w as a negative witness in P’. Let IIy and II; be the
orthogonal projectors from H’ into H|0) and H|1) respectively, and note that A’ = A(Ilp+ %11 ).
As a negative witness for z in P’, w has error

1 2 1 2
[ (no+Nm) M| = [ (Moo + 1)
1
= ||JwATLy | +—||wAH ~7 Al
)\ )\ )\l
__ WO(P, f) < = ,
2L pwop. - S @ p@E )~ W)

where we use the fact that WL(P’, f) < (d* + 1)AW/}F(77, f). We therefore have
— 2\

; 1
e (1.7, grts ) < ol = oAl + g5 oAl < 1+ 55 ) WoP.1)

SO WE(P’,]‘) <1+m> WOo(P, f). =
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7.3.1 Example: Gapped t-threshold

To illustrate that this construction may in fact be useful for coming up with quantum algorithms
and not just in strengthening the theoretical correspondence between bounded error query com-
plexity and span programs, consider the following very natural example of an approximate span
program.

Let f be the problem of Gapped t-threshold: given an input x € {0,1}", if |x| > 2t output
1, and if || < ¢ output 0, under the promise that one of these conditions holds. We will give a
positive approximate span program for this problem.

Define a span program P by:
V=C, 7=1, H;j=Cl|j), Hj;;=H Hjo={0}, and A=) (jl.
j=1

Then for any input x, we have H(x) = span{|j) : ; = 1}, and it’s easy to see that the optimal

positive witness for any z is |w,) = ﬁ Zj:szl |7), where |z| is the Hamming weight of x, so

wsizey (z,P) = ﬁ We therefore have

1 1
”71 P.f) = -

On the other hand, the only negative witness is the identity on R, w = 1, and it has negative

2
witness complexity [|wAl|? = HZ?ZI (]|H =mn. For any z, this has error HwAHH(m)H = |z|, so
for A = 1/2, any © € f71(0) has negative witness error at most ¢t = Wl()\P 7 We then have
+ K
WO(P, f) =n.

By Theorem 7.6.9 in Section 7.6.2, this 1/2-positive approximate span program yields a
© (\/n/ t) algorithm for Gapped t-threshold (by first converting it to a negative span program

via Theorem 7.3.11), which is known to be optimal.

7.3.2 Two-Sided Error Algorithms to Approximate Span Programs

We will now show how to turn a two-sided error algorithm for f into a 3/4-negative approximate
span program for f. Fix an algorithm A as in Section 7.2, except now we only suppose that A has
error at most ¢ = 1/3 for all inputs, whereas in Section 7.2, we required the stronger condition
that A had error 0 on l-inputs.
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Recall the span program P = (H,V,|7), A) from Section 7.2. We will use a span program
P’ = (H',V,|7), A") nearly identical to P, but we now add some never-available vectors to H:

H| := 2T + 1) ® Hy,

to get H' = H @ H{). The operator A" acts on these vectors as:

A'12T + 1) |Y) = /(T + 1)12T + 1)|¢),

for some ¢ to be specified later, and A" acts as A everywhere else. The new vectors in H|, allow
us to put any desired state as the final state, but when we do this, we will be penalized, because
these vectors are never in H'(z) = H(x), and so always contribute to positive witness error. The
multiplicative factor /(T + 1) ensures that this error is not too large.

Negative Analysis Since we have H'(z) = H(z) for any z, all exact negative witnesses for P
are still exact negative witnesses for P/, but their complexity may have changed slightly. Using
the negative witnesses @, defined in Section 7.2, we recompute, for any z such that f(z) = 0:

2
wsize (z,P') < ||@ 4> = @Al + ) Gor/e(T +1)2T +1)(2T + 1| @ I,

4
3 +e(T+1) 2T + 1{Warsa ()]

(1 =pa1())
4

= ((1—1?1(=75))2+C> (T +1),

(see eq. (7.2)) where pi(x) is the probability that A(z) = 1. As pi(x) gets larger (z becomes less
negative) the negative witness size grows unboundedly. However, when f(z) =0, pi(z) < ¢, so

IN

Wo(P', f) < <(1j‘€)2 + c) (T +1).

Positive Analysis We now consider positive witnesses, which may now be approximate. Sup-
pose f(z) = 1. In the exact case, we had positive witnesses |w,) € H(z) such that A|w,) = |7).
Now we may have A'|w,) = A|w,) # |7), since equality relied on the exactness of A on l-inputs.
We have:

Alwg) = Ajwg) = 0)]0,0,0) — 2T + 1)|War-s1 (2).

Then Alwg) — |7) =274+ 1)(|0,0,1) — |Waryi(x))), so we define a new approximate witness:

12T+ 1)(]0,0,1) — [Wari1(2))),

SV ) — 1
W) = |wy) \/m
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so clearly A'|w,) = |7). We can compute the positive witness error:

1

Ve(T +1)

2T+ 1)(10,0,1) = [Yaor 11 (2)))

2
errory (z,P') < HHH/(I)L |Wg) ‘

= C(Tl—l—l) (2 - 2Re<\P2T+1(fL‘)|0, 07 1>)
1
= m (2 —2p1(2))
2-2(1—¢) 2e

c(T+1)  e(T+1)

Thus, for all z such that f(z) =1, wsize_(x,P’) > (;(7;7:;1)7 so WL(P', f) > 6(7;7;:1) Thus
2e 8¢

W2 (P', f) 4 B B
WL(P', f) = ((1 —¢)2 +C> (T + l)c(T—i— )~ 1) + 2 =: A

When ¢ = 1/3, setting ¢ > 72 gives A\ < 3/4. We can also compute the positive witness size:

. e 2 2
wsize, (2, P') < |[[@2)]> < |[Jwa)]] )

2¢e
< 2T+14+ ——.
= AT

(See eq. (7.1).)

Thus W}F(P’, f)<2T+1+ ﬁ Then P’ is a 3/4-negative approximate span program for f
with complexity

WLPL HWo P, ) = 6(T).

7.4 Witness Anatomy

In this section, we explore the structure of span program witnesses. Understanding this structure
will allow us to present more intuitive algorithms in Section 7.6.

In general, a positive witness is any |w) € H such that A|lw) = 7. Assume the set of all such
vectors is non-empty, and let |w) be any vector in H such that Ajw) = 7. Then the set is exactly

T := |w) + ker A = {Jw) + |h) : |h) € ker A}.

We prove here, for completeness, that the unique shortest vector in 7' is the unique vector in
T N (ker A)* (See also Figure 7.4).

Lemma 7.4.1. Let T = |w)+U be an affine subspace of inner product space H, for some subspace
U of H, and some vector |lw) € U. Then Il 1 |w) is the unique shortest vector in T'.
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1 N
’w07m> N
wo)
N Figure 7.4: The smallest witness |wp)
\\\ is the unique vector in T orthogonal to
H(z) Tor A N T ker A. We can write any optimal witness
er \

\ for an input x as |wy) = |wg) + ‘wd_,x> for
N some |wg,) € ker A.

Proof. We first notice that II;;. |w) = |w) — Iy |w), and —Ily|w) € U, so i |w) € T, so we can
write T = Iy |w)+U. Let |w’) € T be such that |||w’)| < |[Igo|w)||. Write |w') = IT;1|w) +|u)
for some |u) € U. We have
2
1w " = 1Ty o) |1 + [l ) |

since (u|llg;.|w) = 0. Then, since |||w’)|| < |[HyL|w)|, we must have |||u)]| = 0, so |w') =
HUJ_‘U)>. ]

We can therefore talk about the unique smallest positive witness, whenever T' is non-empty.

Definition 7.4.2. Fiz a span program P, and suppose T = {|h) € H : A|h) = T} is non-empty.
We define the globally optimal positive witness to be the vector |wg) € T with smallest norm.
We define G (P) := |||wo)]|*.

By Lemma 7.4.1, we know that |wp) is in (ker A)*. We can write any positive witness |w,)
as |wg) + ]wé:x) for some ]w&x) € ker A.

Negative Global Witness Just as we can talk about a globally optimal positive witness, we
can also talk about a globally optimal negative witness: any wy € L(V,C) such that wo(7) = 1,
that minimizes |lwpA|. Note that unlike |wg), wo might not be unique. There may be distinct
wo,w) € L(V,C) that map 7 to 1 and have minimal complexity. However, the following lemma
tells us that in that case, wpA = w{A.
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Lemma 7.4.3. Suppose wy,w € L(V,C) are such that wo(r) = wy(r) = 1, Awy # Aw; and
llwoAll = |whAll. Then there exists wjj € L(V,C) such that wi (1) =1 and ||wiA| < |lwoA]|.

Proof. For any choice of § € (0,1), wi := dwoy + (1 — &)w) has wd(7) = 1.

Note that if (woA)T and (whA)T are linearly independent, then we have |woA(whA)| < [lwoAl| ||whAll =
|woA||* by Cauchy-Schwarz. On the other hand, if they are linearly dependent, we must have
woA = —whA since ||woAl| = ||whA|| and woA # whA. In that case, woA(whA)T = —woA(wpA)T =

— [JwoA||* < ||woA|*. Thus, we can compute:

Hw[’{AH2 = H(SwoA + (1 - 5)w6AH2
= & woA|? + (1= 6)? ||whA||> +26(1 — 8)wo A(whA)t

< (202 =26 41) |woA|* 4 26(1 — 6) ||woA|?
= (202 =20+ 1420 — 26%) |woA|* = |lwoA|*.

O]

For any global optimal negative witness, wg, woA is conveniently related to the global optimal
positive witness |wg), as the following lemma shows.

Lemma 7.4.4. Let |wg) be the globally optimal positive witness in P, and wy a globally optimal

negative witness in P. Then (wgA)l = Glf?%)’ and G4(P) = G,l(P)'

Proof. We can compute

woAlwo) = wot = 1,

so write (wpA)! = ||||110UO>)||2 +|u) for some |u) with (u|wg) = 0. Let |v) = |H|;U°>>”2. Then |v) € ker A+,
0 0
so ker A C ker (v], so by the fundamental homomorphism theorem, there exists a linear function

wl € L(ImA, Im(v|) = L(V,C) such that (v| = wjA. Furthermore, we have

2
= [|lwhA||* + w12,

w
lwo Al = H 0) 4ty
wo)]

so since by optimality of wy, we must have |lwoA| < |lw(All, it must be the case that |u) = 0.

: _ _fwol _ _{wo .
That is, wgA = ool — T (P Thus:

O_(P) = [wod]? = Mwoll® _ 1
: G (P2~ G.(P)
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‘ completing the proof. O

A related fact shows a similar relationship between the positive error and negative witness for
a particular input . The following lemma is actually proven in the proof of Theorem 7.3.7.

Lemma 7.4.5. Let w, be an optimal negative witness for x and [w,) an optimal min-error positive
witness for x. Then the error of |Wy), Uy, 1[Ws), is evactly
_ (er)T

lwz Al

gy (21 [0z)

7.5 Span Program Scaling

When presenting an algorithm for evaluating approximate span programs in the next section,
it will be much clearer what is going on in the algorithm if we can make certain assumptions
about the span program, such as that the optimal positive witness is a unit vector. Although
we can’t hope to effect a scaling that decreases W, (P, f)W_(P, f), it is simple to scale all
positive witnesses up, while simultaneously scaling negative witnesses down by the same factor,
or vice versa, by simply scaling the target vector. However, it will be desirable to perform such
a scaling, while independently scaling the optimal positive witness. In this section, we show how
to nearly accomplish this independent scaling, showing how to normalize G4 (P), the optimal
positive witness size, to 1, with a nearly independent relative scaling of the positive and negative
witnesses.

Theorem 7.5.1 (Scaling G). Let P = (H,V,A,7) be a span program on [q]". Then for any
positive real number 3, define a span program on [q", P? = (H',V', A',7'), by
H'= HeCl0)eC|l), Vje€ n],ac€lq,Hj,=Hja Hine = Huue®Cll), Hiyge = Hraise®C|0)
Vi=VeC|l), =1+]1),
and A" € L(H', V') defined:
Vih) € H, A'lh) = BAlR), A'0) =7, and A'|1) = Wm.

Then for all x € [q]™ with a positive witness in P,

1 2
wsize, (z, PP) = @WSiZG+((L‘, P) + G+(7/76)+52;
for all x € [q]™ with a negative witness in P,
wsize_(z, PP) = B2wsize_(z, P) + 1;

and G4 (PP) = 1.
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Proof. Let |wg) be the globally optimal positive witness of P. Then it’s clear that the globally
optimal positive witness of P’ must have the form:

B8
B2+ G (P)

11—«

lwp) = 5 lwo) + |0) + 1),

for some parameter «. In particular, since |wy() is assumed to be optimal, it must be the « that
minimizes:

a2 (1= Oz)2 2 B2
=—G (P)+a"+ 5—F7—F=-
H|w0>H 62 +( ) & BQ + G+(P)
We can compute this as follows:
—21ﬁ_2aG+(73) +20 = 0
G+ (P) G+ (P)
(14557 = %5
. G+(P)
B+ Gy(P)
Plugging in the computed value for «, we get:
& G4(P) g
BELGL(P) P
|wo) 5 |wo) 52+G+(P)I> /32+G+(7>)‘>
s G+ (P g
- TG ot T
From which we can compute:

H2 _ BG4 (P) G+ (P) 3
(B2 +G+(P))?  (B2+G(P)?  B*+G+(P)
B2G+(P) + G+(P)* + B°(8° + G+(P))
(82 + G+ (P))?

G+ (PP) = |||wp)

= 1.

Similarly, let |w,) be the optimal positive witness for some x in P. Since |0) ¢ H(x), it’s clear
that the optimal positive witness for x has the form:
1 8

)
B2+ G+(P)
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We thus have -
2 1
I = @WSIZ€+($7P) + B2+ G4 (P)

Finally, let w, be the optimal negative witness for some x in P. Suppose w! is an optimal
negative witness for z in P%. Then wy ATl f1(zy = 0, so in particular wj A'[1) = 0, so w|1) = 0.
We also need w’, (7 +|1)) = 1, so wl7 = 1. Thus, w) is a vector in V’ such that w,7 = 1 and

wy AT ;) = 0 that minimizes:

wsize (x, PP) = | Jwl,)

Hw;A’HQ = ||w,Ally +w;T<O|H2 = Hw;AH2 +1,
and thus w/, minimizes ||/, A|?, and so we have ||w,A||* = |wzA||? = wsize_(z, P). Thus:

wsize_ (z, PP) = wsize_(z,P) + 1,

completing the proof. ]

When we give our algorithm for evaluating a negative approximate span program, in Section
7.6.2, we will also make use of the following properties of the scaling described in Theorem 7.5.1.

Corollary 7.5.2. For any f : D — {0,1} for some D C [q]", the span program defined in
Theorem 7.5.1 has

1
B2
Proof. The first two statements are easy to see, since wsize_(z, P?) = B?wsize_(x,P) + 1, we
have

WO(PE, f) = BWO(P, f)+1, WE(PP f)=B2WL(P, f)+1, and Wi (P, f) < W, (P, f)+2.

WO(PP, f) = max wsize_(z,P®) = max {B%wsize_(z,P)+1} = B*W°(P,f)+1,
zef~1(0) zef~1(0)

WH(PP, )= min wsize_(z,P?) = min {B*wsize_(z,P)+1} = g*WL(P, f) + 1.
cef-1(1) z€f-1(1)

For the final fact, let |w,) be an optimal min-error approximate witness for x in P. Define

. Pwsize_(z,P) 1 B
) = 1 + B?wsize_(z, P) [bz) + 1+ [?wsize_(z, P) 07+ B2+ G4 (P) 1)
We have
2 .
Alaty = Pz @P) ! ) =T L) =

1+ [?wsize_(z, P) 1 + B?wsize_(z, P)
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so |@,) is an approximate witness for z. Since H'(x)* = H(z)* @ span{|0)}, it has error:

2
HHH/(;E)H@@

B wsize_(z, P)? HH () 2 n 1
(1 + BPwsize_(x, P))2 I H@ 1T (1 + B2wsize_(z,P))?
Bwsize_(x, P) 1 1

since errory (z, P) =

(1 + B2wsize_(z,P))? * (1 + B2wsize_(z,P))? wsize_(x,P)

1 1

1+ B?wsize_(z,P)  wsize_(x, PB)’

which we know is optimal. Thus [@/) is a min-error approximate witness for  in P?. Tts
complexity is

wsize, (z, PP) < H|1D;)H2
2 2
= e D M+
(1 + B2wsize_(z,P))?
B2wsize_(z, P)*wsize, (z, P) + 1
- (1 + B2wsize_(z,P))?
- Bwsize_(x, P)%@?&r (x,P)
~ 1+ 28%wsize_(z, P) + ptwsize_(x, P)?
B2wsize_(z, P)*wsize_ (z, P) oo wsize (z, P)
Biwsize_(z, P)? B (2

1 N B2
(14 B2wsize_(x,P))? B2+ G4 (P)

+1

+2

+ 2.

Thus, we can compute

Wi(?ﬁ,f): max V?S\iae+(:c,736)< max <WSlze+(x’P>—|-2> ZiWi(P,f)—i—Z

zef~1(1) T ozef-1(1) 2 2

7.6 Algorithm for evaluating approximate span programs

In this section, we show that our span program definitions are actually useful by giving algo-
rithms for “evaluating” span programs. These algorithms are similar to previous algorithms for
evaluating span programs, such as [ ], however, the understanding of the structure of span
programs gained in Section 7.4 allows us to present a more transparent view of the structure of
the algorithm, and why it works.
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We begin in Section 7.6.1 by presenting and analyzing an algorithm that decides if input «
is accepted by P or rejected. This does not show any new result, as it does not use any notion
of approximate span programs, and for our other modification, that H;, and H; ., need not be
orthogonal, it is trivial to see that the old results on evaluating span programs still hold. However,
our presentation is somewhat novel, and our later algorithms build on this first algorithm. Later,
in Section 7.6.2, we give an algorithm for approzrimately evaluating span programs; that is, we
present an algorithm that decides if input = has negative witness size above a given threshold,
or below a given threshold. Applying this construction to a span program P that is a Ad-negative
approximate span program for a decision problem f gives an algorithm that decides f with

bounded error, whose quantum query complexity is O <\/ WO(P, f )Wi(?, f )) for any constant

A, or more generally, scales as O (\/WB(P, f)W}r(P, f) (1_/\11/4)2 log 1_;1/4).

The following algorithm will be the basis of both the algorithm in Section 7.6.1 and the
algorithm in Section 7.6.2.

The Basic Algorithm Let P be a span program with G4 (P) = 1. Let |wg) be the glob-
ally optimal positive witness for P (which is a unit vector by assumption). Define U(P,x) :=
(2L g(zyr — I)(2Mye a4+ — I). Then the algorithm BasicSpanp g (%) consists of running phase
estimation, from Theorem 3.1.7, on U(P,x) applied to |wg) to precision © and error e. If we
measure 0, we reject, and otherwise, we accept.

We can easily analyze the quantum query complexity of BasicSpan. The phase estimation
makes O(% log ) controlled calls to U(P, z). We have the following.

Lemma 7.6.1. The operator U(P,z) can be implemented using 2 queries to x.

Proof. The reflection 21, 4+ — I is independent of the input, so it has query complexity 0,

although its time complexity may be quite high. We have H(z) = € jeln) Hijz;- For every j € [n]
and a € [¢], let R;, reflect states in H jfa N H;. Implementing R;, is also input-independent,
and so has query complexity 0, although again it may have high time complexity. Since the
Hj are orthogonal, we can map |0)[0)[1j.q,c) — |7)]0)|%ja.e) = |7)|75)]%}.a,e) using one query to
the input. We can then apply R;.;, controlled on the first two registers, in 0 queries, before
uncomputing the first two registers using one more query, and accomplishing 211 H(z)L — 1. Thus

U(P,z) can be implemented using 2 queries to . O

Thus, the quantum query complexity of the algorithm BasicSpanp g . is O (% log %)

We will make use of the following lemma, which can be derived from Theorem 4.1.4, to analyze
the action of U(P,z) on |wy).
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Lemma 7.6.2 (Effective Spectral Gap Lemma | ). Let U = (2114 — I)(2l1p — I) be the
product of two reflections, and let Ilg be the orthogonal projector onto

span{|u) : Ulu) = e?|u),|d] < ©}.

Then if T zlu) =0,
©
IHellzlwll < <l -

7.6.1 Non-approximate Span Programs

We first show how the algorithm BasicSpan can be used to evaluate span programs in the
traditional sense, in which we want to accept all inputs that are positive for P, and reject all
inputs that are negative for P. Specifically, we prove the following theorem.

Theorem 7.6.3. Let f : D — {0,1}, D C [¢]" be any decision problem such that P decides f.
Then the query complexity of f is at most O (\/W_ (P, [YWL(P, f))

Upper Bound on Rejection Error We start by showing an upper bound on the probability
that a positive input is rejected. In order to do this, we simply show that the overlap with small
phase subspaces can be upper bounded in terms of the positive witness size. We notice then that
the rejection probability goes down with the witness size.

Lemma 7.6.4. For any x € [¢]",

e?
||H@\w0>|\2 < IWS]ZG+(1’,P).

Proof. If there is no positive witness for x, then wsize (z, P) = oo, and the statement is vacuously
true. Otherwise, let |wg) = |wo) + |wé’z>, with |w0l,x> € ker A, be an optimal positive witness for
z, 50 |||wg)||* = wsizeq (z,P). Since I (z) 1 [wz) = 0, by the Effective Spectral Gap Lemma, we
have ||, 41 |wg)|| < % l|wz)]]. Thus, we have:

S) S -
Melwo)ll = [Meller atlwa)ll < 3 lwa)ll = 5 v/ wsizes (2, P).

The statement follows immediately. O

Corollary 7.6.5. If f(x) = 1, the probability BasicSpanp ¢ . rejects x is at most %2W+(77, f)+e.
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Proof. By Lemma 7.6.4, if f(z) = 1, then ||[Tle|wo)||* < %2W+(77, f)- Let ® be the unitary action
of applying phase estimation on U(P,x) to precision ©. Then the probability the algorithm
rejects is:

[01@[wo)[* = [{0]@He|wo)|* + [(0]®(I — Ile)|wo)[

2
< %W+(P, f) +¢€, by Theorem 3.1.7.

O

Acceptance Error Next we show an upper bound on the probability that a negative input is
accepted. In order to do this, we simply show that when the input has a negative witness, |w)
has high overlap with the 0-phase space.

Lemma 7.6.6. For any input z € [q|",

1
wsize_(x,P)’

2
[Mo|wo)[|” >

Proof. If there is no negative witness then wsize_(z,P) = oo and the statement is vacuously
true. Otherwise, let w, be an optimal negative witness for = in P, so w,7 =1, waAHH(x) H =0,
and |JwyA|? = wsize_(z,P). Define |u) = (wgA). We clearly have Il 4.|u) = |u), and
gy |u) = |u), since |wz ALy (|| = 0, so U(P,a)|u) = |u) — i.e., |u) is in the O-phase space
of U(P,z). We have:

(u|lwo) = wyAlwy) = w7 =1

and
H)|* = llos AJI* = wsize-(x, P),
so we have 2
1
olw 12 > |u><“|w =
” 0| 0>|| = H‘u>H2| 0> wsme_(x,P)

O]

Corollary 7.6.7. If f(x) =0, then the probability BasicSpanp g . rejects x is at least m

Proof. By Lemma 7.6.6, if f(z) = 0, then ||TIo|wo)|* > m. Since phase estimation outputs

0 with certainty on input ITg|wg), the probability phase estimation outputs 0, and thus the
algorithm rejects, is at least m O
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Final Algorithm We now give the final algorithm to evaluate any span program.

ExactSpanp ()

1. Let P = (H,V, A,7), and define 7’ to be P¥ from Theorem 7.5.1, for § =\ /s ya—g

2. Define © = [ 5— 2e and e = £
WD w_ (P, /)W (P, f)+1 2

3. Run BasicSpanp, g () and output the outcome

Theorem 7.6.8. Let P be a span program on [q]", and let f be any decision problem with domain
D C [q]™ such that if f(x) = 1, then P accepts x and if f(x) = 0 then P rejects x. Then for

any € € (0,1/2), ExactSpanp _(z) solves f with bounded error ¢ in O <\/W_(P)W+(P)%log %)

quantum query complexity.
Proof. The complexity of BasicSpanp ¢ . is O(1/0log %) quantum queries, so the query com-
plexity of ExactSpan follows.

We now show correctness. We first note that by Theorem 7.5.1, G4 (P’) = 1, so we can apply
BasicSpan to P’. Also by Theorem 7.5.1, we have

2
Wi f) = ZWalPo )+ g and W(PPLf) = W (P )+ 1.

so plugging in 3 = W, and using 3% < G4 (P) + 32, we get

1—¢ 5

WP ) S —W_(P.W(P.f)+1, and W_(P,f)=—+1=

Suppose = € f~1(1). Then by Corollary 7.6.5, BasicSpanp g . errs (in this case, rejects) with
probability at most

, 1 € 1-¢ €
WP D)+ < S e P WP 1) + 5 =

Next, suppose € f~1(0), then by Corollary 7.6.7, BasicSpanp g . errs (in this case, accepts)
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with probability at most

1
l—mzl—(l—s):a.

Thus, the error probability on any input is at most €, completing the proof. 0

7.6.2 Evaluating Approximate Span Programs

In this section, we will use the algorithm BasicSpan to prove the following theorem.

Theorem 7.6.9. If P is a A-negative approximate span program for f, then there exists an
algorithm that decides f with bounded error in quantum query complexity:

VP OWEP. )
(1 _ /\1/4)2 08 1 — \1/4

To prove this theorem, we will analyze the behaviour of BasicSpan on a span program with
G1(P) = 1, as in the previous section, but this time, we will consider the case when positive
witnesses may have some error. Just as in the previous section, we will use the results of Section
7.5 to transform an arbitrary span program to a span program P’ with G, (P’) = 1, and run
BasicSpan on P’.

Upper Bound on Rejection Error The following lemma is very similar to Lemma 7.6.4,
except that we now consider positive witnesses that may have some error.

Lemma 7.6.10. For any x € [q]",

2
e |wo)||* < (2\/ wsizeq (z, P) + 1(5,373)> :

wsize_

2
Proof. Let |w;) = |wo)+|wy ) be an optimal min-error approximate witness for x, so HHH(I)J_ |w) H
w7y and minimal witness size ||we)||* = v;;igur(a:,?). We have:

‘U)()> = errAJ-|wI> = errAJ-HH(x)|wI> + errAJ-HH(m)J-|wz>'

By the effective spectral gap Lemma,

: ©
simce HH(x)LHH(x)’wx> = 0, we have HH@errAiHH(xﬂwx)H < 5 HHH(:E)’U)I>H .
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Then we have:

Mo fwo)| = || MoMyer ar ey wa) + Mo - My )

< HHGerrAJ-HH(:v)‘wm>H + HH@errAJ-HH(w)J- ’wx>
©

< 5 1T g7 2y lwae) || + HHH(m)J-|wa>
© 1

< —y\/wsizeq (2, P) + —————.

-2 +(@P) /wsize_(x, P)

The result follows. O

Corollary 7.6.11. For all x € f~1(1) the probability that BasicSpanyp o . rejects on input x is

at most:
2

%\/’in(P,f)Jr; te.

WL(P, f)

2
Proof. By Lemma 7.6.10, if f(z) = 1, then HH@|wO)H2 < <?\/W}F(P,f) + Wll(Pf)> . Let

® be the unitary action of applying phase estimation on U(P,x) to precision ©. Then the
probability we reject is:

{01@|wo)[> = [(0|®ILe|wo)[* + |(0]P(I — Tle)|wo)
2
0 /= 1
< 3 W{(P,f) + ————=] +¢, by Theorem 3.1.7.
WL(P, f)

Upper Bound on Acceptance Error By Lemma 7.6.6, for all 2 € [q]", ||IIo|wo)]?

m As a corollary, we get the following.

v

Corollary 7.6.12. For all x € f~%(0), the probability that BasicSpanp g . rejects on input x is

at least W'

Proof. The algorithm BasicSpan rejects whenever a 0 is measured, which happens with proba-
bility at least ||IIo|wo)||>. The result then follows from Lemma 7.6.6. O
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Full Algorithm We are now ready to construct an algorithm that evaluates any A-negative
span program, P, with no assumption on G4 (P). We first give an algorithm that may not have
very high success probability, and later describe how to amplify the success probability to get
bounded error.

NegativeSpany (z)

1. Let P = (H,V, A, 1), and define P’ to be P? from Theorem 7.5.1, for 8 = \/%

\1/4
2. Define © = ! /\N ,and € = l_é\m
VWO WP, )

3. Run BasicSpanp g (z) and output the outcome

In the following theorem we restrict to A > %, but this is not really a restriction at all, since if
P is a A-negative approximate span program for f with A < %, then P is also a i-negative span

2
program for f, since
WO
2Py L
WZ(P, f) 2
Theorem 7.6.13. For any A € [1/2,1), if P is a A-negative span program for f, then the
algorithm NegativeSpan has quantum query complexity

JWOPHWLP. )

o 1— )\1/4 log 1— )\1/4

Furthermore, for any x such that f(x) = 0, NegativeSpan rejects with probability at least py =
ﬁ, and for any x such that f(x) = 1, NegativeSpan rejects with probability at most p; =
(1/241/2X1/4)2  1_\1/4

1+v/X 8

1/4
. Furthermore, we have pg — p1 > % > 0.

Proof. The query complexity of BasicSpan is O (é log %), and thus the query complexity of
NegativeSpan is O (é log %) By Corollary 7.5.2, we have

, VA
WO (P f) = WWQ(P,f)Jrl =VA+1,
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W_(P ,f) Z mW_(P,f) + 1 Z ﬁ + 1, since )\ 2 m,
— 0 —
and WP ) < VP g gy o

VA

We can thus compute the query complexity of NegativeSpan as order of:

11 VEEWOP, HWLP, ) +2(VA+1) s
(C] ge 1 — \l/4 g1_/\1/4
VWP, HWLP, f) 1
= 0 log .
1 _ \l/4 1 — \L/4

Next, by Corollary 7.6.12, for any = € f~1(0), the probability of rejection is at least

11
WP, f)  VA+1

By Corollary 7.6.11, for any = € f~!(1), the probability of rejection is at most

2
e /=
(2 e W11<7>' f)) o

2
—\l/4 — _ 2174
_ ( 1 )\N /7{4&(73,7]?)4r 1 ) 1 8/\
2/ WP, WP, f) JIVA 1
1_)\1/4 + \/X 2_ (%_’_%)\1/4)2 + 1_)\1/4
WVA+1 1+vV2] 1 +VA g
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Finally, we can compute:

S T (CE V0 SOE T VAN o 1t P VAR P L
VA1 8 VA+1 8

O]

Since pg > p1 whenever A < 1, NegativeSpan can distinguish between 0- and l-inputs of
f with possibly small success probability. In order to turn NegativeSpan into a bounded error
algorithm for f for any A < 1, we will make use of the following theorem.

Theorem 7.6.14 (Quantum Amplitude Estimation [ ). Let A be a quantum procedure
that outputs a state \/p|0)|¥(0)) + /1 —p|1)|¥(1)). Then there exists a quantum procedure that
uses T calls to A and outputs an estimate of p, p, such that with probability at least 2/3,

- p(1—p) 7w
—p| <2m— 4 —.
’p p‘ T T + T2

Using amplitude estimation and Theorem 7.6.13, we get Theorem 7.6.9:

Corollary 7.6.15 (Theorem 7.6.9). If P is a A-negative approximate span program for f, then
there exists an algorithm that decides f with bounded error in quantum query complexity:

VWP HWLP. )

(1 _ /\1/4)2 og 1 — \1/4
Proof. We will apply amplitude estimation with T' = m to the output of NegativeSpan

if we delay all measurements, which we can write as 1/p(z)|0)|¥(0,z)) + /1 — p(z)|1)|¥(1, z))
for some states |¥(0,x)), |¥(1,z)), where p(z) is the probability NegativeSpan rejects input x.

If the estimate p is < p1 + p1 zg;g -, then we accept, and otherwise, we reject.
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Suppose f(xz) = 1. Then p(x) < p1, so with probability at least 2/3:

p(z)(1 —p(z)) =°

p < 2m T + 72 + p(x)
VP1 2
< 27 + +m
4r/(v/p1(po — p1)) 1672 /(p1(po — p1)?)
_ p1(po —p1) | p1(po — p1)2
- > 15
9 , )
< p1+T6p1(po—p1), since pg — p1 > (po — p1)~,
- +p1(p0 —p1)
po+p1

where the last line follows from the fact that since A € (0,1), pp € (1/2,1) and p; € (3/8,1/2),
and so po + p1 < 3/2 < 16/9.

On the other hand, suppose f(x) = 0. Then p(x) > pg > 1/2, so with probability at least 2/3:

p(z)(1 —p(z)) =°

p > plx)—2m

T T2
1/2 2
Z Po — 27 / - 2 u 9
dr/(\/p1(po — p1)) 1672 /(p1(po — p1)?)
— py vP1(Po —p1)  pi(po —p1)?
2v2 16
1/2(po —p1) po(po—p1) .
> — — , since p; < 1/2 < pg and —p1)? < po—p1,
> Do Wi 16 p1 < 1/2 <po (Po —p1)° < po—p1
po (po—p1)  po(po — p1) .
> _ — >1/2
Z Po 1/2 4 16 ) since po / )
> po— 1emolpo — )
= Do 16p0 Po —P1
> g PO TP < 3/2 < 16/9,
DPo + 1
_ po(po+p1) —popo —p1) _ 2pop1 p1(po — p1)
= = =p+
Do + p1 Do + P1 Po +Pp1

Thus, applying amplitude estimation to NegativeSpan decides f with bounded error. Since this
procedure calls NegativeSpan T times, using the bound on pg — p; from Theorem 7.6.13 and the
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fact that p; > 3/8, the complexity of this procedure grows as

AWSPOWIPH 1 an WP
1— \l/4 BT A T VP1(po — p1) 1— AL/ BT
. VWP AWLP )
V3/3(1 = Al/4) /4 1= A/t BT N

JWOPHWLP. ) 4
(1 _ )\1/4)2 08 1 — )\l/4

O

We remark that it is likely that NegativeSpan is not optimal for non-constant A. There are
a number of parameters that could be optimized in order to obtain a more favourable scaling in
the rejection gap, when it is non-constant, however, we leave this improvement for future work.
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