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Chapter 1

Introduction

This thesis studies space-bounded quantum computation, with a focus on quantum
algorithms for graph connectivity problems and the time-space tradeoffs they admit.

The first theme is quantum time-space tradeoffs for st-connectivity. Given
a graph with distinguished vertices s and ¢, the st-connectivity problem asks
whether there exists a path from s to t. We study this problem in undirected and
directed graphs, as well as in a generalized undirected setting where edges carry
additional algebraic structure. Connectivity problems are central benchmarks in
space complexity theory, and they provide a natural arena for understanding which
quantum speedups persist when quantum memory is severely limited.

The second theme is the development of a compositional framework for quantum
algorithms based on multidimensional quantum walks. We introduce an object called
a subspace graph, which formalizes the idea of treating a quantum subroutine as a
“graph-like component” with a small interface. Subspace graphs can be composed
recursively, allowing one to build complex quantum procedures from simpler pieces
in a way that resembles classical abstraction. This framework is developed as an
independent set of results, and it also serves as a unifying toolkit used throughout
the thesis, most notably in our algorithms for directed st-connectivity and for a
generalized st-connectivity problem on unitary-labeled graphs.

1.1 Undirected st-connectivity

For a graph G = (V, E), |V| = n,|E| = m, with distinguished vertices s,t € V,
st-connectivity is the problem of deciding whether there exists a path from s to ¢.
In an undirected graph, this is the problem USTCON of deciding whether s and ¢
lie in the same connected component. Connectivity problems appear throughout
graph algorithms and network problems, and they also play a central role in space
complexity (see, e.g., [Wig92]).
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In particular, USTCON is complete for the class SL (symmetric logspace), and
Reingold’s celebrated result SL = L was obtained by exhibiting a deterministic
logspace algorithm for USTCON [Rei08].

A natural way to understand space-bounded computation is through time-space
tradeoffs. Classically, the standard approach to st-connectivity is breadth-first
search (BFS), which solves USTCON in polynomial time but uses O(n) space. For
undirected st-connectivity, random-walk-based algorithms yield a dramatic space
improvement, giving an O(logn)-space algorithm for usTcoN [AKL*79].

For USTCON in the adjacency-array model of access to the graph, a long line of
work [BKRU89, BBRT90, Edm93, BF93, Fei93] culminated in a time-space tradeoff

of the form

T = O(n?/S)

for any space bound S = Q(log(n)) and S = O(n?/m), due to Kosowski [Kos13].
While there is no matching time-space lower bound, it is unlikely that this tradeoff
can be significantly improved (see [Kos13, Section 5.1 of arXiv v2] for a discussion).

For comparison, in the adjacency-matrix model the randomized complexity of
USTCON is ©(n?), and in this setting there is no nontrivial time-space tradeoff.

In the quantum setting, the algorithm of Diirr, Heiligman, Hgyer and Mhalla
[DHHMO6] yields O(n?/?) time for USTCON in the adjacency matrix model and
O(n) time for USTCON in the adjacency array model, using O(n) workspace (of
which only O(logn) must be quantum, and the remainder is classical memory with
quantum random access (QCRAM)).

Belovs and Reichardt later achieved the same O(n*?) time for USTCON in the
adjacency matrix model using only O(logn) space [BR12]. Moreover, a quantum-
walk approach solves USTCON in the adjacency array model in O(logn) space and
O(y/nm) time [Bel13], assuming quantum access to adjacency arrays.

Results of this thesis

We develop new quantum walk algorithms for USTCON, based on a quantum
analogue of the adjacency array access model (Chapter 3). We give a one-sided
error quantum algorithm solving USTCON in O(n) time using only O(logn) space.
This implies that, unlike in the classical setting, USTCON admits essentially no
meaningful quantum time-space tradeoff: one algorithm achieves optimal time and
space simultaneously.

Motivated by the connection between USTCON and classical logspace, we then ask
when nontrivial quantum time-space tradeoffs can arise. We study the case where
the input graph satisfies a promise on the random walk spectral gap (equivalently,
good mixing properties). Assuming that the spectral gap is at least some 6 > 0 we
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find a bounded-error quantum algorithm with a tradeoff of the form

~ /8 n
T=0(5+/55)

for any space S € Q(logn) (Chapter 3).

1.2 Directed st-connectivity

In a directed graph, st-connectivity is the problem DSTCON (reachability) of deciding
whether there is a directed path from s to ¢t. The problem DSTCON is NL-complete,
where NL is nondeterministic logspace. Consequently, understanding the complexity
of DSTCON has broad implications for space-bounded computation. For example,
a classical or quantum algorithm for DSTCON using O(logn) space would imply
NL C L (or its quantum analogue), which would be a major breakthrough.

Classically, DSTCON can also be solved by the BFS algorithm in polynomial
time and O(n) space. On the other extreme, Savitch’s algorithm [Sav70] solves
DSTCON in O(log®n) space but quasipolynomial time

T < 210g2 n+0O(logn)

A classical algorithm with a tradeoff was obtained by Barnes, Buss, Ruzzo and
Schieber [BBRS98], that runs in time

T < 9log*(%)+0(lognloglog n) (1.2.1)

given any space S > log?(n). It is based on combining BFS with a recursive
subroutine.

A quantum speedup was only known in the large-space regime: one can achieve
near-optimal polynomial time using large space [DHHMO6]. Until recently, no
quantum improvements over the best known classical tradeoff curve were known.

Moreover, directed st-connectivity introduces additional obstacles that are
absent in the undirected case. Random walks and quantum walks are powerful tools
for undirected graphs, but they do not directly generalize to the directed setting.
The best known classical tradeoff algorithm for DSTCON is not straightforwardly
quantizable because it relies on irreversible procedures and making it reversible by
standard methods tends to increase the space complexity. Additionally, it is based
on a recursive subroutine which cannot be turned into a quantum algorithm in a
naive way. This motivates the search for algorithmic ideas that go beyond direct
quantizations of known approaches.
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Results of this thesis

We give the first nontrivial quantum time-space tradeoff for DSTCON (Chapter 6).
Specifically, we design a quantum algorithm that for any space bound S > log®n
decides DSTCON in time

T < 2%10g(n) 10g(%)+0(lognloglogn)

This improves over the best known classical tradeoff in the regime S = o(n'/?).
Moreover, only O(log®n) of the space needs to be quantum (qubits); the remaining
S memory can be classical, effectively trading classical space for quantum time.

The classical algorithm of Barnes et al. [BBRS98| combines a space-efficient
BF'S with a recursive subroutine for Di1sT;, (testing whether there is a directed
path between two vertices of length at most L). We design a new quantum
algorithm for DIST}, using a recursively constructed switching network. Switching
networks are undirected and naturally reversible, and can be compiled into quantum
algorithms with complexity controlled by structural network parameters [JK17,
JJKP18, JP25a]. Crucially, recursion occurs at the level of switching networks,
so bounded error is introduced only once at compilation time, avoiding log? or ¢?
losses even for recursion depth d.

Finally, we keep the outer BF'S classical, so most space remains classical: for
any overall space bound S, the algorithm uses only O(log2 n) quantum space, with
the remainder classical memory.

1.3 The gauge problem

In this thesis, we also consider a generalization of graph connectivity in which edges
carry genuinely quantum data. A unitary-labeled graph (also called a connection
graph) consists of an undirected graph together with an assignment of a unitary
matrix U,, € C*** to each oriented edge (u,v), satisfying the consistency condition
Uy = UJ,. Intuitively, these edge labels specify how an internal quantum state
|4y € C* is updated when it traverses the edge from u to v.

Graphs equipped with unitary-valued edge data have a long history. In physics,
they arise in discrete gauge-theoretic models where edge variables encode parallel
transport; this viewpoint goes back to Wilson’s work and the development of
lattice gauge theory [Wil74, Cre83]. More broadly, variants of unitary-labeled
graphs appear across mathematics and theoretical computer science as a way of
enriching classical graphs with local algebraic structure (see, e.g., [RKMC25] for a
representative recent example and further references), and related constructions
have also been studied from the viewpoint of quantum complexity theory (see,

e.g., [BCO17)).
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We study a problem suggested by this model that resembles st-connectivity,
but with an additional layer of structure. Given two vertices s and ¢, the presence
of unitary edge labels means that each st-path induces an ordered product of
unitaries, and hence a transformation of the internal Hilbert space. In general this
transformation may depend on the chosen path. In the promise setting studied
in this thesis, we assume a flatness condition ensuring that the induced product
depends only on the endpoints. As a result, for any vertices s,¢ in the same
connected component there is a well-defined unitary Ug(t) capturing the global
transformation between them.

This allows one to define a connectivity-type promise problem that strictly
extends undirected st-connectivity. In the special case k = 1 with trivial labels,
Us(t) is necessarily the identity whenever s and ¢ are connected, and the problem
collapses to deciding whether s and ¢ lie in the same connected component, i.e.
to USTCON. Given boundary states [1),), 1) € CF, the task is to decide whether
Us(t)|vs) = |1by) or whether these states are orthogonal, using only local oracle
access to the underlying graph and its edge labels. We refer to this promise decision
problem as the gauge problem.

Results of this thesis

We show that this gauge problem can be solved by a bounded-error quantum
algorithm running in O(n3/?) time using O(logn + log k) space (Chapter 7). Our
algorithm relies on a framework introduced later called subspace graphs. Informally,
a subspace graph is a graph in which edges and vertices are associated with Hilbert
subspaces. The gauge problem is naturally suited to the subspace-graph framework
because it combines graph structure with a higher-dimensional internal Hilbert
space attached to edges. We design our algorithm by equipping the instance
with an appropriate subspace-graph structure and analyzing its complexity. This
demonstrates that the subspace-graph viewpoint is not only a tool for recursion,
but also a useful way to design and analyze quantum algorithms in generalized
st-connectivity settings.

1.4 Visual quantum reasoning, composition, and
recursion

As we will see in the directed st-connectivity setting, the main challenge is not only
to obtain quantum speedups for individual steps, but to compose them efficiently.
Standard quantum circuit reasoning tends to introduce worst-case overheads and
repeated amplification costs, preventing naive recursive or modular constructions
from yielding global improvements. This motivates a new compositional viewpoint,
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developed later in the thesis via multidimensional quantum walks and applied to
directed st-connectivity and to the gauge problem.

Classical algorithms are often understood through graphical models. A deter-
ministic algorithm corresponds to a single computation path, while a randomized al-
gorithm forms a computation tree (or branching program), where different branches
represent choices based on the input and randomness. Subroutines can be treated
abstractly as edges in the graph, hiding internal structure when convenient. More
generally, randomized algorithms can be viewed as random walks on graphs, where
multiple paths between two points represent alternative computations.

In the quantum setting, graph-based intuitions remain important, most notably
via quantum walks, but incorporating subroutines compositionally is subtle in the
standard circuit model. Multidimensional quantum walks [JZ23] were introduced as
a way to restore a more classical “many-paths” perspective on quantum algorithms,
and were used in [Jef22] to obtain improved subroutine composition bounds in
several settings. Informally, this approach supports treating a quantum subroutine
as a modular graph-like component with a small interface, enabling it to be
composed into larger procedures while abstracting away internal structure.

A motivating setting is divide & conquer, where a problem is split into smaller
instances, solved recursively and then combined. In the quantum setting, even if
one has a quantum procedure that speeds up each subproblem, a naive recursive
composition may fail to yield a global speedup. One reason is that recursion can
cause constant overheads to compound exponentially with the recursion depth, elim-
inating any asymptotic advantage. Another is error accumulation: if subroutines
succeed with constant probability, then composing them recursively typically drives
the overall success probability down rapidly. Restoring correctness then requires
amplification at each level of recursion, turning constant losses into logarithmic
factors (or worse), which may again erase the speedup.

On the other hand, it is known that such recursive problems can sometimes still
achieve optimal quantum query complexity, despite the failure of straightforward
divide & conquer composition. For example, [CKKD"22] showed how to recover
divide & conquer upper bounds in quantum query complexity by composing dual
adversary solutions. The key feature enabling their results is perfect composition:
no additional error, no amplification costs, and not even constant overhead. How-
ever, these results do not automatically yield time-efficient algorithms, since dual
adversary solutions do not by themselves specify efficient implementations.

Results of this thesis

Subspace Graphs Although [JZ23, Jef22] rely on closely related ideas, they
do not formally define what a multidimensional quantum walk is. We introduce
subspace graphs, which abstract the common structure underlying these works and
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other techniques (Chapter 4). A subspace graph is a graph whose vertices and
edges are labeled with subspaces, with constraints on how these subspaces can
overlap with respect to the graph structure. This provides a precise model for
multidimensional quantum walks.

A key feature of subspace graphs is compositionality at different abstraction
levels: one can “zoom out” and treat a complex subroutine as a single edge, or
“zoom in” and reveal its internal structure. While quantum algorithms cannot be
explained purely through classical intuition, subspace graphs offer a framework
that blends classical structure with quantum reasoning.

We focus on one type of composition, switch composition, and use it to obtain
a time-efficient version of one of the divide & conquer results from [CKKD"22]
(Chapter 5).

This result yields up to a quadratic speedup for a broad class of divide &
conquer algorithms. As an application, we obtain a quadratic speedup of Savitch’s
divide & conquer algorithm for directed st-connectivity [Sav70] (Chapter 5).

A crucial point is that we compose subspace graphs rather than fully specified
quantum circuits: compiling each step into a concrete algorithm introduces constant-
factor overheads depending on the chosen gate model. By composing at the level of
subspace graphs and only converting it into a quantum circuit once at the end, these
overheads appear only once, similarly to compositions via span programs [Rei09]
and transducers [BJY24].

Switching Networks A switching network is a graph whose edges are labeled by
Boolean variables. Given an assignment, an edge is “on” exactly when its variable
equals 1. The network defines a Boolean function f that outputs 1 if and only if
two special vertices are connected by a path of “on” edges. Switching networks
have strong classical complexity connections: Shannon showed that series-parallel
switching networks correspond to Boolean formulas [Sha38, Sha49], and Lee showed
that general switching networks can model branching programs [Lee59].

Quantum algorithms for evaluating switching networks (implicitly studied as
st-connectivity problems) were given in [JK17], using span program constructions
building on [BR12|, with tight analysis in [JJKP18]. With query access to edge
variables, the evaluation time is governed by effective resistance in the “on” subgraph
and minimum st-cuts formed from “off” edges. Prior work implies time

5, RerlG)_mag, 3 we-may T

z€f71(0) ecky

where T is the cost to query edge e. We improve this to (Chapter 4)

\/max R+(G(z)) max > w2

ef=i( 2ef=1(0) S,
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This parallels variable-time improvements in [Jef22] (and includes variable-time
quantum search [Amb10]). Since switching networks exactly model Boolean formu-
las without compilation overhead, they serve as a natural building block for our
divide & conquer constructions.

1.5 Organization of the thesis

The remainder of the thesis is organized as follows. Chapter 2 collects background
material and fixes notation used throughout the thesis. Chapter 3 studies quantum
algorithms and tradeoffs for undirected st-connectivity. Chapter 4 introduces
subspace graphs and develops their composition theory. Chapter 5 develops a
time-efficient quantum divide & conquer construction, and shows a quadratic
quantum speedup for Savitch’s algorithm. Chapter 6 presents the quantum time-
space tradeoff for directed st-connectivity, based on a switching network for DisTy.
Chapter 7 studies the gauge problem and gives a log-space quantum algorithm via
a subspace-graph construction.



Chapter 2

Preliminaries

This chapter collects background material and fixes notation used throughout the
thesis. Here we recall the necessary concepts from probability theory, generating
quantum superpositions, Boolean formulas, graph theory, random walks, quantum
walk search, and phase estimation algorithms. While much of this material is
standard, we also introduce several definitions and conventions (e.g. edge-centred
view on undirected graphs) that are specific to our setting and will be used in later
chapters.

First, we state a few simple conventions and notational definitions. For a
positive integer n, we let [n] = {1,...,n}. Unless otherwise specified, logarithms
are with respect to base 2. For any function f, we let O(f(n)) = f(n) - polylog(n).
So, for example, O(1) is polylog(n).

2.1 Probability theory

A (probability) distribution on a finite set V' is a non-negative function o: V" — R
such that Y°,cp o(v) = 1. Tts support is defined as supp(c) := {v € V : o(v) > 0}.
We will implicitly identify such o with row vectors, as is customary in the random
walk literature. To any distribution o, we also associate a quantum state |o) :=
> vev A/o(v)|v). Measuring |o) in the standard basis returns a sample from o.

For any distribution ¢ on V, and any subset M C V, we will let o(M) =
>uerm o(u). We let o)y denote the normalized restriction of o to M, defined by
oym(u) =o(u)/o(M) for all u € M and op(u) = 0 elsewhere.

Finally, the total variation distance between two distributions o and 7 on V is

defined as

o = Tlley = 5 3 lo(u) — 7(0)] = masla(4) ~ 7(4).

ueV
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2.2 Generating superpositions

As part of our algorithms, we will often require a subroutine that makes a super-
position over strings, with non-uniform amplitudes. The following lemma gives
conditions under which we can do that efficiently.

2.2.1. LEMMA ([GRO02]). Fiz o € RI%U™  and suppose there is a subroutine that
can compute, given any prefiv p € {0,1}=™, the partial sum of entries of a with

_ 2 o 1
prefit p, S(p) = Xseqoaym:s has prefiz p s, i time T. Then the state TS s s|S)

can be prepared in time O(T'm).

2.2.2. REMARK (Larger alphabets). The result of Lemma 2.2.1 can be easily gen-
eralized to the case when indices are length-m strings over an alphabet A of
constant size d = |A| (e.g., A = {0,1,2}). In this case, p is a prefix over A, and
the controlled binary rotations from the proof of [GR02| are replaced by d-way
branching rotations. Since d is constant, the total complexity remains O(T'm).

2.3 Function composition and Boolean formulas

A Boolean formula, ¢, on N variables is a rooted tree with N leaves, where each
internal vertex is labelled by either V (OR) or A (AND), and each leaf is labelled
by a unique variable or its negation. The depth of a formula is the length of the
longest path from the root to a leaf. We assume that for each internal vertex with
d children, the outgoing edges are labelled by some d-element set, without loss of
generality, [d], so that every vertex can be labelled by a string of the labels of its
path from the root. That is: the root is labelled by the empty string, denoted (),
and any other vertex is labelled by the label of its parent, concatenated with the
label of the edge from its parent to it. We call the set of all strings labelling leaves
¥, s0 |X| = N. We let ¥; denote the set of strings in ¥ whose first letter is i. We
let 3 denote the set of labels of all vertices, so it is the set of prefixes of strings in
3.

We label the variable associated with a leaf o € ¥ by o as well. A fixed setting
of the variables z € {0, 1}* induces a value at each vertex of ¢, as follows. If a leaf
o is labelled by an unnegated variable, then its value is x,, and otherwise its value
is mz,. If a vertex is not a leaf, if it is labelled by V, then its value is the OR of all
the values of its children, whereas if it is labelled by A, its value is the AND of all
the values of its children. We let ¢(z) denote the value of the root of the tree.

2.3.1. DEFINITION. We say a formula is symmetric if for every internal node, the
sub-trees of its children are identical aside from their leaves.
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Note that symmetric formulas do not necessarily compute symmetric functions
— functions that only depend on the Hamming weight of the input.

2.3.2. DEFINITION. We say a (family of) formulas is balanced if there is a constant
¢ such that for every node, if its subtree has N leaves, and it has d children, then
the sub-tree of each child has at most ¢N/d leaves.

For any f : {0,1}* — {0,1} and {f, : {0,1}™ — {0,1}}sex, we define the
composed function f o (f,)sex : {0, 1}2062 M — {0,1} by

f © (fa)aeE(x) = f(f0<xo))zf€2

where z = (27),¢x is the 3, m,-bit string obtained by concatenating the strings
{27}4, and (f,(27))sex is the |X[|-bit string whose o-th bit is f,(z7). We can also
write f o (fy)ser for some F' C 3, in which case, we implicitly assume that f, is
the identity on {0, 1} for all ¢ € ¥\ F'. For a Boolean formula ¢ on ¥, we will
also write ¢ o (f,)sex as a short-hand for f, o (f,),ex, where f, is the function
computed by the formula.

2.4 Graph theory

In this work we will use two equivalent, but conceptually different, representations
of undirected graphs, depending on context. Graphs can be described either in
a vertex-centred way, where vertices are primary objects and edges specify how
they are connected, or in an edge-centred way, where edges are primary objects
and vertex incidence specifies connectivity. Both viewpoints describe the same
mathematical objects, but each is convenient for different purposes.

For random walks and basic connectivity arguments, we will mostly use the
standard vertex-centred viewpoint. Later, when studying subspace graphs, switch-
ing networks, and the Hilbert spaces underlying our quantum algorithms, it will be
more convenient to work in an edge-centred framework, where edges are explicitly
labelled objects. We therefore introduce both descriptions here and explain how
they relate.

2.4.1. DEFINITION (Undirected graph — vertex-centred view). An undirected graph
G = (V(G), E(G)) consists of a vertex set V(G) and an edge set

E(G) C {{u,v} € V(G)? : u # v},

whose elements are unordered pairs of distinct vertices.
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For u € V(G) we define the neighborhood
N(u) :={v e V(G) : {u,v} € E(G)},

and let E(u) be the set of edges incident to u. The degree of u is d, = |N(u)| =
|E(u)|. For convenience, we assume throughout that all vertices have positive
degree.

In some contexts it will be useful to fix an arbitrary orientation of each edge. This
orientation is purely for technical convenience and does not affect any undirected
graph property such as connectivity. If an orientation is fixed, we write £~ (u) for
the edges oriented outwards from u and E* (u) for those oriented inwards.

While the above definition is standard, it treats edges only implicitly as pairs
of vertices. For our purposes, however, undirected graphs will often define linear
spaces spanned by their edges. This motivates the following equivalent, edge-centred
definition.

2.4.2. DEFINITION (Undirected graph — edge-centred view). An undirected graph
G = (V(G), E(Q)) is specified by a finite set of vertex labels V(G) and a finite set
of edge labels E(G), together with incidence sets

Eq(u) = ES (u) U EZ (u) for each u € V(G),

such that for every edge e € F(G) there exist unique distinct vertices u,v € V(G)
with
e € EZ(u)NES(v).

The notation u, v is used here because we will later work in a setting that additionally
involves directed graphs, and we wish to ensure that vertex references remain clear.

Given such a graph, we may recover the usual vertex-pair description by mapping
each edge e to the ordered pair (u,v) such that e € E7(u) N £ (v). By abuse of
notation, we write (u,v) € E(G) to mean that there exists an edge from u to v in
this sense.

We say that u is connected to v in G if there exists a path u = ug,...,up =v
such that for all i € [¢], either (u;_1,u;) € E(G) or (u;,u;—1) € E(G).

When the graph G is clear from the context, we will often omit it from the
notation and simply write V' and E instead of V(G) and E(G). Similarly, we may
write E(u) instead of Eg(u) when no ambiguity arises.

We may associate non-negative weights {w.}.cp with the edges of a graph.
Unless stated otherwise, all edge weights are assumed to be equal to 1.

2.4.3. DEFINITION. An st-cut-set is a set of edges F' C E whose removal from G
leaves s and t in different connected components.
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2.4.4. DEFINITION. Let B C V(G). A flow on G is a real-valued function 6 on
E(G). For u € V(G), define
Ou):= > Oe)— > 6b(e).
e€E (u) e€E< (u)

We call 6 a boundary flow on G if for all u € V(G) \ B, 6(u) = 0. We call  a
circulation on G if for all u € V(G), 0(u) = 0. Let s,t € B. We call 6 a unit st-flow
if for all uw € V/(G) \ {s,t}, 6(u) =0, and 0(s) = —0(t) = 1. We call § an optimal
unit st-flow if it minimizes the expression Y .cp(q) 0(e)*.

2.4.5. DEFINITION. On a weighted graph G with s,t € V(G) effective resistance
is defined

Rsi(G) = min ole)” :

unit flows 6 .cz; We
We now turn to directed graphs, where each edge carries an orientation.

2.4.6. DEFINITION (Directed graph). A directed graph G = (V(G), E(G)) con-
sists of a vertex set
V(G) =A{vy,...,v,}

and an edge set E(G) C {(u,v) € V(G)? : u # v}.
We say that v is reachable from w if there exists a path u = uyg,...,us = v such
that (u;—1,u;) € E(G) for all i € [¢]. When G is clear from the context, we again
omit it from the notation.

Finally, we will often build a (undirected) graph G out of graphs G; and G
by “gluing” (identifying) some of the vertices in G; with some vertices in G5. The
following definition makes precise what we mean by this.

2.4.7. DEFINITION. Let G; and Gy be graphs, with uys,...,u;, € V(Gy) and
Ug1,...,Us, € V(G2). The graph G obtained from these graphs by gluing vertex
up; with uy; for all ¢ € [r] is defined by the following vertex and edge (label) sets:

V(G) = V(G1) U (V(G2) \ {us, .., Uz, })
and E(G) = B(G)) U E(Gs)

and incidence sets:

Yue V(G) \{ui1,...,u1,}, EG(u) = Ea(u) and ES (u) = E(G_1 (u),
Vue V(Gs) \ {uz1,...,uz,}, EG(u) = Eg (u) and EG (u) = Eg, (u),
and Vi € [r], Eg (u1;) = Eg (u1;) U Eg, (ug;)

We made the arbitrary choice to let the glued vertices inherit their names from
(G, rather than G5, but since in practice we will mainly work on the edges of the
graph, this detail doesn’t matter so much.
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2.5 Random walks

Fix an undirected graph G = (V, E) with n = |V| and m = |E|. Fix edge weights
given by a symmetric matrix W € RYY such that W,,, = W,,, for all u,v € V,
and W,, > 0 if and only if {u,v} € E. Then G = (V, E,W) defines a weighted
graph. When no W is given, the graph is unweighted and we let W, ,, = 1 for all
{u,v} € E. For v € V, define w, = > ,cy Wy. The corresponding (weighted)
random walk is the reversible Markov chain on V' with transition matriz P & R‘Z/OXV

given by

Wao
P,, = {wu if {“’”}EE Yu,v e V. (2.5.1)
’ 0 otherwise
This means that the probability of moving from the vertex u along an edge to
a neighbouring vertex v is proportional to the edge’s weight. In the unweighted
case, this is called the simple random walk; in each step it simply moves to a
neighbouring vertex chosen uniformly at random.
Let m € RY, be the distribution defined by
wu

W(u):W(G) Yu eV,

where W(G) = Xcv Wy = Yy vey Wap. In the unweighted case, 7 is proportional
to the degree. The distribution 7 is a stationary distribution of the random walk,
ie., 7P =7 (it is a left eigenvector of P with eigenvalue 1).

In fact, when the graph G is connected, 7 is also the unique stationary distri-
bution of P. If in addition the graph is not bipartite, then all other eigenvalues
have absolute value strictly less than one. That is, if 1 =X > --- > )\, > —1 are
the eigenvalues of P then the (absolute) spectral gap v, = 7, (G) := min{l — |\;| :
Jj=2,...,n} =min{l — Xy, 1 + A, } is strictly positive. Importantly, the inverse of
the spectral gap bounds the random walk’s mixing time, that is, the time required
for convergence to the stationary distribution:

2.5.1. THEOREM ([LPW17, Thm. 12.4]). Assume G is connected and not bipartite.
Let € > 0 and

1 1
t> — 10g< ),
Y €T min

where Ty = mingey 7(w). Then |0 P! — 7|l < € for any distribution o on V.

Conversely, it is known that ¢ > (Vl—* — 1) log(5) is necessary to ensure mixing
from an arbitrary initial distribution [LPW17, Thm. 12.5]. In the unweighted case,
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we have Ty, > nCldLnif‘M > #, so the former shows that Theorem 2.5.1 is tight up to
log(n) factors in that case.

Finally, for any s,t € V' we let H,, denote the hitting time from s to ¢, which is
the expected number of steps needed to reach ¢ in a random walk starting from s.
We let Cs; = Hs + Hi s denote the commute time between s and ¢ — the expected
number of steps needed to reach ¢t and then return to s in a random walk starting
from s. These quantities are finite if and only if s and ¢ are in the same component
of G. More generally, the commute time C; ps from s to a subset M C V is the
expected number of steps needed to reach any vertex in M and then return to s in

a random walk starting from s.

2.6 Quantum walk search algorithms

Quantum walk search refers to the use of quantum walks to find certain “marked”
elements on a graph. We will use quantum walk search to search for a vertex
connected to t in the connected component of s. Specifically, we will use the
following special case of [AGJ20, Thm. 13].!

2.6.1. THEOREM. Let P be a random walk on a weighted graph with vertex set V,
M CV a subset of “marked” vertices, and s € V. Let C be the (quantum) time
complexity to check for a given uw € V whether uw € M, let U be the time complexity
of implementing the weighted quantum walk oracle

u)[0) = 3"/ Puslullv).

vEN (u)

in space O(log(n)). Let C be a known upper bound on the commute time Cspr in
the case where s and M are connected (and in particular M # (). Then there is
a quantum algorithm that, if M # () and s is connected to M, finds an element
of M with probability at least 2/3. If M = () or s is not connected to M, then
the algorithm outputs a vertex not in M. The algorithm has time complexity

O(y/log(C) log(n) + \/C log(C) log(log(C))(C + U)) and space complexity O(log(n)).

2.7 Phase estimation algorithms

The technique of phase estimation dates back to [Kit96], but we will use a specific
application of this technique precisely defined in [JZ23], following a blueprint that
had already been used many times in the quantum algorithms literature.

To see that this follows from [AGJ20, Thm. 13], note that when |o) = |s), the cost to set up
|o) is log(n) and the value Cy, 5y from [AGJ20] is exactly the commute time from s to M [AGJ20,
Thm. 4].
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2.7.1. DEFINITION (Parameters of a Phase Estimation Algorithm).

For an implicit input z € {0, 1}*, fix a finite-dimensional complex inner product
space H, a unit vector |¢)y) € H, and sets of vectors U4 W8 C H. We further
assume that |1y) is orthogonal to every vector in W5, Let IT14 be the orthogonal
projector onto A = span{W4}, and similarly for IIp.

Let Uss = (2114 — I)(2llz — I). The algorithm defined by (H, 1), U4, U5)
performs phase estimation of U4z on initial state |1y}, to sufficient precision that
by measuring the phase register and checking if the output is 0, we can distinguish
between a negative case and a positive case.

2.7.2. DEFINITION (Negative Witness). A negative witness for (H, |1), A, UF)
is a vector |w4) € A such that |wg) := |¢g) — |wa) € B.

2.7.3. DEFINITION (Positive Witness). A positive witness for (H,|1g), U4, U5) is
a vector |w) € A+ N B+ such that (yg|w) # 0.

Note that a negative witness exists if and only if |1)y) € A+ B, whereas a positive
witness exists if and only if [1y) has a non-zero component in (A+ B)* = At NB,
which is if and only if |¢)g) & A+ B. The following theorem describes an algorithm
for distinguishing these two cases.

2.7.4. THEOREM ([JZ23]). Fix (H, |to), VA, UB) as in Definition 2.7.1. Suppose
we can generate the state |1g) in cost S, and implement Uy = (2114 — 1) (2115 — 1)
in cost A.

Let ¢y € [1,50] be some constant, and let C_ > 1 be a positive real number that
may scale with |x|, such that we are guaranteed that one of the following holds:

Positive Condition: There is a positive witness |w) s.t.

Negative Condition: There is a negative witness |w,) s.t. H\wA)HQ <C_.

Then there is a quantum algorithm that distinguishes these two cases with bounded

error in time
O(S n ﬁA)

and space O(logdim H + logC_).

The reason we assume that A and B are given by bases is that this extra
structure allows us to implement the reflections around these spaces, which we
describe shortly. For this reason, we refer to these given bases as working bases.
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2.7.5. DEFINITION (Working Basis Generation). We say an orthonormal basis
U = {|by) }rer, C Hg can be generated in time 7" if

1. The reflection around the subspace span{|¢) : ¢ € L} of Hg can be imple-
mented in time 7.

2. There is a map that acts as |[¢) — |b,) for all £ € L that can be implemented
in time 7.

2.7.6. CLAIM. IfV 4 and Vg are working bases for A and B, respectively, that can
each be generated in time T, then U = (2114 — I)(2llg — I) can be implemented in
time T.

Proof:
Run the map |¢) — |by) in reverse, reflect around span{|¢) : £ € L}, and then run
the map [¢) — |b). O

We end by remarking that it is enough to have a working basis for the complement

of A or B.

2.7.7. COROLLARY. If VU is a working basis that can each be generated in time T,
then there is a basis W' for span{V}+ that can be generated in time T.

Proof:

Suppose ¥ = {|by) brer, and Hg = span{|() : ¢ € Z} where L C Z. Let Uy
be the given map that acts as |¢) — |by) for £ € L, in time 7. Then define
U = {|b)) = Ug|)}sez\r. That is, ¥ is generated by Uy. Since both bases are
generated by the same map, their generation has the same time complexity. O






Chapter 3
(No) Quantum space-time tradeoff for

USTCON

Undirected st-connectivity is important both for its applications in network prob-
lems, and for its theoretical connections with logspace complexity. Classically, a
long line of work led to a time-space tradeoff of T' = O(n?/S) for any S such that
S = Q(log(n)) and S = O(n*/m). Surprisingly, we show that quantumly there is
no nontrivial time-space tradeoff: there is a quantum algorithm that achieves both
optimal time O(n) and space O(log(n)) simultaneously. This improves on previous
results, which required either O(log(n)) space and 6(n1‘5) time, or O(n) space
and time. We additionally prove an Q(n) lower bound, ruling out any asymptotic
improvement over our algorithm beyond polylogarithmic factors. To complement
this, we show that there is a nontrivial time-space tradeoff when given a lower
bound on the spectral gap of a corresponding random walk.

This chapter is based on the paper “(No) Quantum Space-Time Tradeoff for

USTCON?” by Simon Apers, Stacey Jeffery, Galina Pass, and Michael Walter
[AJPW23].
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3.1 Introduction

For an undirected graph G = (V, E) on n = |V/| vertices and m = |E| edges, with
s,t € V., st-connectivity or USTCON is the problem of deciding whether s and ¢
are in the same component. This problem has applications in many other graph
and network problems, and is of theoretical importance for its connection with
space complexity (see e.g. [Wig92]). In particular, USTCON is complete for the class
symmetric logspace, SL, which was shown to be equal to logspace, L, by exhibiting
a classical deterministic logspace algorithm for usTCON [Rei08]. In this chapter,
we consider quantum algorithms for this problem.

There are different versions of the problem USTCON depending on how G
is accessed. If G is given as an adjacency matrix, we denote the problem by
USTCON,,¢. If G is given as an array of arrays, one for each vertex, enumerating
the neighbours, we denote the problem by USTCON,,.! If one only cares about
space complexity, these problems are equivalent, but the same is not true of time
complexity: adjacency queries can simulate an array query, and vice versa, in
logspace, but there is a non-negligible time overhead.

A classical deterministic algorithm based on breadth-first search or depth-first
search can solve USTCON,,, in O(m) time, using O(n) space. Using a random walk,
the space complexity can be improved to O(log(n)), at the expense of O(nm) time
complexity [AKL*79]. A series of works [BKRU89, BBRT90, Edm93, BF93, Fei93]
culminated in a space-time tradeoff for USTCON,, of T' = O(n?/S) queries for any
space bound S = Q(log(n)) and S = O(n?/m), due to Kosowski [Kos13]. While
there is no matching time-space lower bound, it is unlikely that this tradeoff can
be significantly improved (see [Kos13, Section 5.1 of arXiv v2] for a discussion).
Kosowski’s algorithm is based on using Metropolis-Hastings random walks to find
connections between S sampled vertices and s,¢ until it is becomes possible to
conclude that s and ¢ are connected. For comparison, in the adjacency matrix
model, the randomized query complexity of USTCON,,,; is ©(n?) and there is no
space-time tradeoff.

A quantum algorithm of Diirr, Heiligman, Hgyer and Mhalla [DHHMO06] for
CONNECTIVITY can be adapted to solve USTCON,,,; in 6(n1'5) time and USTCON,,,
in O(n) time, both of which are optimal up to polylog factors. Both of these
algorithms use é(n) space, of which all but O(log(n)) can be classical space
(assuming quantum RAM access). A subsequent quantum algorithm for USTCON 4
due to Belovs and Reichardt uses O(n'5) time, but only O(log(n)) space [BR12],
which is optimal in terms of both space and time. It is also possible to solve
USTCON,,; in O(log(n)) space and O(y/nm) time, using a quantum walk (see for

IThere are variations on the details of this model. For now, we allow USTCON,,, to stand
in for multiple variations of the array access model, but precise details of the variations can be
found in Section 3.3.
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USTCON pa
Time TS-tradeoffs
Classical | O(n?) S = O(log(n)), T = O(n*/d)

S=0(n), T = O(n?)
Quantum | O(n'?) | S = O(log(n)), T = O(n'?) [BR12]

USTCON,,,
Time T'S-tradeofts

Classical | ©(m) T = O(max{n?/S,m})

Quantum | ©(n) S = O(log(n)), T = O(n'?)

S =T = O(n) [DHHMO06]
This work: S = O(log(n)), T = O(n)

Table 3.1: A summary of classical (randomized) and quantum time and space
complexities for USTCON in the adjacency matrix and adjacency array models. The
classical results for USTCON,¢ follow from (1) the log(n)-space result for USTCON,,,
with an n/d overhead for finding neighbours of the current vertex in a d-regular
graph; and (2) BFS.

example [Bell3]). This quantum walk algorithm requires a quantum version of
array access to the input graph, which we refer to as USTCON,, in the next section.

3.1.1 Summary of results

We describe new quantum walk algorithms for USTCON,,,. These algorithms
consider a quantum walk version of the adjacency array model, in which the input
graph is accessed by a quantum analogue of classical random walk steps. Recall
that in the adjacency array model, we assume that for any vertex u, we can query,
for any i € [d,], the i-th neighbour of u, v;(u). Then a random walk step can be
performed from state u by sampling a uniform ¢ € [d,], and then computing v;(u),
which becomes the current state. In the quantum walk access model, we assume that
for any vertex u, we can prepare a uniform superposition over the neighbours of w.
While these models are not identical, they are very similar, and in Section 3.3, we
formally define the models, and show that quantum walk access can be simulated
in the array model with polylogarithmic overhead under reasonable additional
assumptions.
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Letting USTCONg,, denote the st-connectivity problem in the quantum walk
access model, we present a one-sided error quantum algorithm that solves USTCON
in time 6(n) and space O(log(n)). Perhaps surprisingly, this means that USTCON
admits no nontrivial tradeoff between space and time in the quantum setting — a
single algorithm can solve this problem optimally in terms of both time and space
(see Theorem 3.4.7 for the formal result).

3.1.1. THEOREM (Informal). There is a O(log(n))-space quantum algorithm that

decides USTCONy,, with one-sided error in O(n) time.

In this chapter, when we say time, we are counting: (1) quantum gates (unitaries
that act on at most a constant number of qubits); (2) quantum walk queries to
G; and (3) (quantum) random access (QCRAM) operations (QCRAM is used in
our second algorithm only, see below). Inspired by [Kos13], our algorithm is based
on a quantum walk search for ¢ starting from s using a random walk that can be
interpreted as a Metropolis-Hastings random walk.

Because of the close relationship between USTCON and classical logspace, we can
consider what this means for logspace problems in general. It does not mean that
more space does not reduce the quantum time complexity of any problem, but it is
interesting to consider: in what settings do we get a non-trivial time-space tradeoft?
We consider one such setting: when we are given a promise on the spectral gap or
mixing time of the random walk on G (see Section 2.5). In that case, we prove the
following theorem (see Theorem 3.5.2 for the formal result).

3.1.2. THEOREM (Informal). Suppose whenever s and t are connected, the random
walk spectral gap is at least § > 0. For any S € Q(log(n)), there is a quantum
algorithm that decides USTCONgy, with bounded error in O(S) space and T =

O(5 +./35) time.

Our algorithm adapts [Apel9] in a way that allows exploiting the spectral gap
promise. The time bound decreases monotonically for S € Q(logn) until S €
O((nd)'/3), at which point it reaches time complexity T = O(n!/3/52/3). We leave
it as an open problem to prove a matching lower bound (at least for some values of
9), which would prove that in certain regimes, it is not possible to achieve optimal
time and space simultaneously.

In the space bound S of both algorithms in Theorems 3.1.1 and 3.1.2, only
O(log(n)) memory needs to be actual quantum workspace (i.e., qubits). The
remaining O(S) memory can be classical RAM in the first algorithm and QCRAM
in the second algorithm, that is, classical RAM that is queryable at a quantum
superposition of addresses. We discuss the latter in Section 3.2.

We summarize our results in Fig. 3.1. For S = log(n), the algorithm of
Theorem 3.1.2 has a worse time complexity than the algorithm of Theorem 3.1.1,
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whenever § < % We leave it as an open problem to give a single algorithm that is
optimal for all .

T =nP
3= 1“ S =logn (Thm. 1.1)
(Thm. 1.2)
&\\/
B = % no ST-tradeoff
; > =n°
a=-—1 a=20

Figure 3.1: Quantum space-time tradeoffs for USTCON, with axes representing the
time complexity and spectral gap promise (up to polylog-factors). The grey area
represents the regime in which a non-trivial tradeoff is achieved. Theorem 3.1.1
(upper line) corresponds to the regime with space S = O(logn) and time T' = O(n).
Theorem 3.1.2 (grey area) corresponds to the regime with a promise on §, and
interpolates between S = O(logn) and T = O(n), and S = O((nd)'/?) and
T = O(n'/3/§2/3).

Organization: The remainder of this chapter is organized as follows. We describe
the problem in Section 3.2 and Section 3.3. In Section 3.4, we prove Theorem 3.1.1
by exhibiting a quantum algorithm for USTCON,, that is optimal in both time and
space. For completeness, we also include a proof of a corresponding lower bound
in Section 3.4.1. In Section 3.5, we prove Theorem 3.1.2 exhibiting a quantum
time-space tradeoff when given a promise on the spectral gap.

3.2 Quantum RAM

Our algorithm will exploit the given space by saving sets of vertices which will be
either connected to s or to t. For our quantum algorithm to access this space, we
assume access to a so-called quantum-classical random access memory or QCRAM.
This refers to a memory that only stores classical information, but can be queried at
a superposition of addresses. More specifically, an R-bit QCRAM stores a string of
bits ¢ € {0, 1} so that the following operations are supported in time polylog(R):

1. UPDATE(i, x): store x € {0,1} in the i-th bit (i.e., set ¢; = x).
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2. QUERY: for any superposition >; a;|i)]s;), it maps

Zozz HED) HZ% Vs @ ;)

As was first described by Kerenidis and Prakash [KP17], using such a QCRAM
we can set up a data structure to generate quantum superpositions over elements
in the QCRAM. We will use the following formulation based on [Apel9].

3.2.1. LEMMA. Fiz integer parameters ¢ and k. Using an O(k€log(?))-bit QCRAM,
there is a data structure, D, that stores up to £ elements x € {0, 1} with associated
integer weights, c,, of bounded absolute value for some poly(f) bound, and supports
the following operations in time O(k - polylog(kf)) per operation:

1. insertion or deletion of a pair (z,c,),

2. quantum queries of the form “Is x € D?7,

3. preparation of the quantum state Y weD VCz|T
prep f q \/IET eD | >

3.3 USTCON and the quantum walk model

In this section we define the undirected st-connectivity problem (USTCON). The
input to this problem is an undirected graph G = (V, E). Classically, there are
various ways this input may be given, which may change the complexity of the
problem. For example, in the adjacency array model (defined below), it is possible
to randomly sample a neighbour of any vertex u in O(1) queries to G (assuming
access to the vertex degrees), facilitating a random walk on G, whereas if G is
given as an adjacency matriz, a random walk step is not so simple.

We will work in a quantum walk analogue of the adjacency array model. We
assume that G' can be accessed via the quantum walk oracle that for every u € V/
outputs a uniform superposition over its neighbours:2

Ow : [u)[0) f > fu (3.3.0)

vEN (u)
Formally, we describe USTCONg,, in terms of the input and output.
3.3.1. PROBLEM (USTCONy). Given access to an undirected graph G = (V, E)

via the quantum walk oracle Oy, and two vertices s,t € V', decide whether s and t
are in the same connected component of G.

2Note that this is exactly the quantum walk oracle defined in Theorem 2.6.1, specialized to
unweighted graphs.
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To compare our work with classical results on USTCON,,,, we describe an
implementation of the quantum walk oracle defined above based on adjacency array
access to a graph. Let u € V and i € [d,]. We assume that for each vertex u there
is a fixed numbering of its neighbours from 1 to d,. In the adjacency array model,
two types of queries are allowed:

o Degree query Op : [0)|u) — |d,)|u)
o Neighbour query Oy : |u)|i)|0) — |u)|i)|v;(u))

In the sorted adjacency array model we additionally assume that for every vertex
u € V its neighbours are sorted: for any 4, j € [d,], if ¢ < j then v;(u) < v;(u). In
particular, this allows us to check with O(log(n)) queries whether a given pair of
vertices u, v are adjacent. We define the USTCON-problem in this model as follows.

3.3.2. PROBLEM (USTCONg,ry). Given access to an undirected graph G = (V, E)
via the sorted adjacency array model and two vertices s,t € V', decide whether s
and t are in the same connected component of G.

The question that we consider is how many sorted adjacency array queries to
the graph it takes to implement the quantum walk oracle Oy .

3.3.3. LEMMA.

The quantum walk oracle Oy for an unweighted graph G (Eq. (3.3.1)) with max-
imum degree dpyay can be implemented with O(log(dyax)) queries in the sorted
adjacency array model, and 6(1) other elementary operations and space.

Proof:
Assume first, that there is an additional type of query allowed, namely:

Index query: Oy : |u)|v)|0) — |u)|v)|i) (3.3.2)

for u,v € V and i € [d,] such that v;(u) = v. Then Oy can be implemented using
O, Op, and Oy as follows. Let F,; denote the Fourier transform over Z,, and
let F'=3%"_,|d){(d| ® Fy, which can be implemented (to any inverse polynomial
precision) in O(log(n)) gates. Then for any u € V| we implement:

10)[1)]0)]0) % |du}|u)[0)[0) \/—Id Z ju) i

dy

oy 1 , ooT
— dy w)|)|v; (u w)|vi(u)) = Ow|u)|0).
\/d_u| >;|>|>| (u) UZZI| ) |vi wu)[0)
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To complete the proof, note that the index query operator O; only requires
O(log(d,)) sorted adjacency array queries, since the neighbours are sorted and this
makes it possible to perform binary search for ¢ such that v;(u) = v. O

It follows that any quantum algorithm solving USTCONy in 7" time and S =
Q(log(n)) space can solve USTCONg,,; in O(T') time and O(S) space.

3.4 Time- and space-optimal quantum algorithm

In Section 3.4.2 and Section 3.4.3, we give an algorithm for USTCON,, that is
optimal in both time and space. For completeness, we first give a time lower bound
in Section 3.4.1.

3.4.1 Lower bound

The proof of the following lower bound follows the lines of the proof of an analogous
lower bound for the strong connectivity problem described in [DHHMO06]. The
proof is via a reduction from PARITY.

3.4.1. PROBLEM (PARITY). Given oracle access to a string x € {0,1}" via O, :
i) [b) — |i)|b ® x;), return @y ;.

3.4.2. LEMMA ([BBCT01, FGGS98]). The bounded error quantum query complex-
ity of PARITY is Q(n).

We use Lemma 3.4.2 and a reduction from parity to show the following.

3.4.3. THEOREM. The bounded error quantum query complexity of USTCONg-ar
and USTCONgy, is 2(n).

Proof:
We will reduce the PARITY problem to USTCON ;. Since PARITY requires 2(n)
queries by Lemma 3.4.2, and the quantum walk oracle Oy can be implemented
using 6(1) sorted array queries by Lemma 3.3.3, this reduction will prove the
statement of the theorem.
Let x € {0,1}" be an input of PARITY. The corresponding output would be

;"”:_01 x;. Given this, we need to build a USTCONg_,,, input that can be queried
with a constant number of queries to z. Consider an undirected graph G = (V, E)
defined as follows (see also Figure 3.2):

/ / / /
V = {s = v, v}, V1,0, ..., Up—1, U1, Un, t =0, }
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s w U1 a: L2z Tp_o Tp1 U0

v Ln—1
Ln—1
a:o U’ T v’ T Tp—2 Tn—-1 ¢

Figure 3.2: The parity graph. We include an edge labelled by “z;” (in red) if and
only if z; = 1, and an edge labelled “z;” (in blue) if and only if x; = 0, meaning
that for each vertex we include exactly one of the two incoming edges, and exactly
one of the two outgoing edges. The resulting graph has s and ¢ connected if and
only if PARITY(z) = 1.

E = {{Ui7 U'§+1}7 {Ugvvi—l-l} S {07 cee, N — 1}7 T, = 1}
LJ{{U“1%+1},{U;14+1}3i S {07"'7n/_'1}7xi::0}-

In this setting, @7, x; = 1 if and only if s and ¢ are connected in the graph G.

Next, we describe how to implement queries Op and Oy to G as required by
the USTCONg_,,; problem, using queries to O,. Consider the following encoding of
vertices of G. For i € {0,...,n}, we let v; = (7,0), and v} = (¢,1). That is, for a
vertex (4,0), 1 € {0,...,n} encodes the “column” and b € {0,1} encodes the “row”.
Assume that the vertices are ordered lexicographically, i.e.

(i,b;) < (J,bj) <= i<jori=jb; <bj.
Queries to G are described according to this ordering.

1. Degree queries, Op, are trivial in this case as dy, = dyy, = dy, = dyy, = 1, and
all other degrees are 2.

2. Since every vertex has degree at most 2, we explicitly describe neighbour
queries, Oy for indices 1 and 2 such that the ordering assumption holds.

o Oy ¢ [DBY1)]0)[0) = [a)B)1)]i — 1)[b) &5 [a)[b)1)]i — 1)|b & w41),
VOo<i<n

o On : [i)[)]2)[0)]0) = [i)[b)[2)]i + 1)[b) &5 [i)[b)|2))i + 1)[b @ ), ¥ 0 <
1<n

It can be seen from the formulas that queries to G' can be implemented with a
constant number of queries to the parity input z. This implies the Q(n) lower

bound in USTCONg a;-
For USTCONg, note that the graph has bounded degree, so by Theorem 3.3.3
we can simulate a query in this model using O(1) queries in the sorted adjacency
array model. This implies a similar €(n) lower bound for this model. O
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3.4.2 Metropolis-Hastings walk

In this section, we consider an unweighted simple graph G. The algorithm that
we propose involves a quantum walk on a modified weighted version of G that
we call G' = (V', E',WW). We start by describing the construction of G’ that was
introduced in [Kos13, arXiv v2].

3.4.4. DEFINITION (Metropolis-Hastings walk). For any graph G = (V, E), the
corresponding Metropolis-Hastings walk is the random walk on the weighted graph
G' = (V' E',W) defined as follows. For every u € V, we include a corresponding
vertex z,, in V’. In addition, for every edge {u,v} € E, we add a new vertex z,,,
that splits the edge into two new edges. Formally:

={z,rueV}iU{z,,  {u,v} € E,u<v}
E' = {{zu, 2y} : {u,v} € E}.

For every edge {x,,z,,} € E’, we define the edge weight W, = —. These

usTu,v dy

weights define transition probabilities for the random walk on G'.

The above has been called the cautious walk in [Kosl13, arXiv v2|, while
Metropolis- Hastings-type walks are walks in which neighbours are sampled and
accepted with some probability. Our terminology is motivated by the following
observation. If we start with a vertex u € V and take two steps of the walk of
Theorem 3.4.4, then we arrive at another vertex v € V', which is either the same
or a neighbour of u in G. The walk on G defined this way has the following
alternative description: sample a uniformly random neighbour and accept it with
probability ; 7 dl/fi’ Yzl v d T . This is precisely a random walk that falls into the
Metropohs—Hastmgs framework justifying our terminology. The precise choice of
acceptance probabilities is sometimes called the Glauber choice in the literature
(e.g., [LHP*20]). We note that a later version of [Kos13] uses another choice of
Metropolis-Hastings walk, but of our purposes we find it convenient to stick to the
walk as defined above.

While the hitting time of a random walk between two vertices in G may be as
high as O(n?), in G’ it is at most O(n?) [Kos13, Lemma 2 of arXiv v2]:

3.4.5. LEMMA ([Kosl3]). Let G = (V, E) be any unweighted graph, and G’ the
corresponding (weighted) Metropolis-Hastings graph as in Definition 3.4.4. For any
u,v € V connected by a path, H, ,(G') < 18n?.

In order to apply Theorem 2.6.1 to G’, we need to upper bound U, the cost of
implementing the weighted quantum walk oracle. The oracle is defined as

U:2)|0) = > ,/Pg’cy]a: ly), VeV’

yEN(z

where P, is the probability of Walklng from x to y defined by the edge weights.
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3.4.6. LEMMA. The weighted quantum walk oracle U for the Metropolis-Hastings
walk G' can be implemented with O(1) degree queries Op, O(1) applications of the
quantum walk operator Oy on the graph G, and 6(1) additional gates.

Therefore, U can be implemented with 6(1) queries to G in the sorted adjacency
array model, and O(1) additional gates.

Proof:

Note that the first statement implies the second one due to Lemma 3.3.3. Therefore,
we will only prove the first statement. Consider the following encoding of the
vertices of G'.

V= {(u,0): u € VIU{(u,v) : {u,v} € Bu <o} €V x (VU{0}),

where 0 is a null symbol not contained in V. The first set of this union corresponds
to original vertices of G and the second one corresponds to the added ones.
To implement U on |x)|0), we first compute a bit in an ancilla register A that is
|0) 4 if x = (u,0) for some wu, and |1) 4 otherwise. We will condition on this value.
First, conditioned on ]O} A, our implementation proceeds as follows, for u € V:

0w

\/_UEN
¢_ 5 0l - jd_ S e = Ula)|0)

vEN (u U veN(u)

|24)10) = |u, 0)[0) u)|v)lu, v)

where J is a unitary that acts as |u,v)|0) — |u,v)|u,v), and J" as |u,v)|u,v)
|u, 0)|u, v), each of which can be implemented with O(log(n)) controlled-NOT
gates.

Next, conditioned on |1) 4, our implementation proceeds as follows, for {u,v} €
E with u < v, and |0) 4 a fresh ancilla:

10) [ 2,0)|0) = 10) i, 0)|0)

o ( 1/d, 1/d, ) )0}
1/d, +1/d, +1/d 1/d, +1/d,
1/d, 1/d,
T/d, + 1/d, +1/d 0) arfu, v)|u) + WHM’WUHW
C1d, 1yd,
O>A’< T, 1 a1 T\ T s g, |“>
( W“”z“\x M) + x“”“]az \:U)
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= [0) 4 U|0)|0),
where we use the following mappings:

1: Query degrees for u and v into a new ancilla register, perform the rotation
controlled on the degrees (cf. [GR02]), and then uncompute the degrees (O(1)
degree queries to G).

2: Controlled on the first register, select one of the two vertices to copy into the
last register (O(log(n)) Toffoli gates).

3: Flip the bit in A’ if the second vertex of |u,v) is the same as the one written in
the third register (O(log(n)) elementary gates).

To complete the proof, note that we can uncompute the bit in ancilla A, because
the register containing |z) has not been changed. O

3.4.3 The algorithm

We can solve USTCONgy, (G) using Algorithm 1. This leads to our main theorem of
this section.

Algorithm 1 Quantum algorithm for USTCONg, with optimal time and space

Apply the algorithm from Theorem 2.6.1 to the Metropolis-Hastings walk P’ with
M = {t}, using Lemma 3.4.6 to implement the quantum walk oracle for G'. If the
algorithm returns ¢, output “connected”, and otherwise output “disconnected”.

3.4.7. THEOREM. There exists a O(log(n))-space quantum algorithm that decides
USTCONgy, and USTCONs_,y, with bounded one-sided error in O(n) gates and queries.

Proof:
Let V; C V denote the connected component of s. If ¢t € V;, the algorithm will
output ¢ with probability at least 2/3, in which case our algorithm will output the
correct answer, “connected”. If t & V;, then the algorithm will output an element of
Vs with probability 1, in which case, our algorithm will output the correct answer
“disconnected”. This establishes correctness of Algorithm 1 with one-sided error.
To analyze the complexity, note that by Lemma 3.4.6 we have U = 5(1)
For any u € V;, we can check if u € M by checking if u = t in complexity
C = O(log(n)) = 6(1) To complete the analysis, we need only upper bound
the commute time between s and ¢t when ¢ € V;. Since Cs; = Hsi + His, by
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Lemma 3.4.5, we have Cy; < 36n? =: C. Thus, referring to Theorem 2.6.1, the
complexity of our algorithm is:

(\/C log(C) log(log(C))(C + U)) = O(n).

3.5 Time-space tradeoff for bounded spectral gap

In this section we revisit the problem of undirected st-connectivity in the setting
where one is given a lower bound on the spectral gap of the random walk. As
discussed in Section 2.5, such a bound is tightly related to the mixing time of
the walk. We will give a quantum algorithm that exhibits a nontrivial time-space
tradeoff in this setting.

Our discussion will be general and apply to random walks on weighted graphs
as defined in Eq. (2.5.1). This is useful since the spectral gaps and mixing times of
random walks on GG with different edge weights are in general not comparable. E.g.,
on the lollipop graph (an n-vertex clique connected to an O(n)-vertex path) the
mixing time of the unweighted random walk is ©(n3) [BW90], while it is O(n?) for
the Metropolis-Hastings walk.> On the other hand, on an n-vertex star graph the
unweighted random walk has mixing time O(1) while the Metropolis-Hastings walk
has mixing time ©(n). Thus, while the specific edge weights do not affect whether
s and t are connected, they do impact the algorithm. Throughout this section,
we assume some fixed edge weights are given, and we do not try to optimize for
“good” edge weights. More specifically, we assume access to a weighted quantum
walk oracle that for every vertex outputs a superposition of its neighbours, with
squared amplitudes proportional to the edge weights:

Ow: [w)]0) — > VZ} |u)|v) = \/ P, y|u)|v YueV

veN (u) uw vEN

Moreover, we assume access to the weighted vertex degrees w, and that these
degrees are of bounded absolute value for some poly(n) bound. This will allow us
to generate the state |my/) for any subset V' C V stored in QCRAM.

3.5.1. PROBLEM (USTCONy ). Given access to an undirected weighted graph via
the quantum walk oracle Oy, two vertices s,t € V', and the promise that either s

3This follows from the O(n?) upper bound on the maximum hitting time of the Metropolis-
Hastings walk (Theorem 3.4.5), and the fact that the maximum hitting time upper bounds the
mixing time [LPW17, Lemma 10.2].
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and t are disconnected or the spectral gap of the transition matriz of the walk is at
least some § > 0, decide which is the case.

Our main result of this section is the following:

3.5.2. THEOREM. Fiz 6 > 0. Let G, be a family of undirected weighted graphs
G = (V,E,W) with n = |V|, such that v.,(G) > § whenever s and t are connected.
Then for any S = Q(log(n)), there is a quantum algorithm that decides USTCONgy
on G, with bounded error in O(S) space — of which O(log(n/d)) is quantum memory,
and the remainder is QCRAM — and T = 5(%10g(ﬂ:}m) +/55) queries to Oy,
elementary gates, and QCRAM queries.

Note that we can assume § > 1/n. If § < 1/n then T" ~ S/é. There is no
time-space tradeoff, and it is always faster to run the Metropolis-Hastings algorithm
(Algorithm 1).

The algorithm is stated below as Algorithm 2. It consists of three stages. We
fix some parameter p, which denotes the number of “pebbles”, or vertices the
algorithm will keep track of (so S = O(plog(n))). First, we run O(p) classical

n
PTmin
to sample a set L of O(p) points from V, the connected component of s (the big-O

notation suppresses a universal constant that is given in the proof). Since ¢ is at
least the mixing time of G (see Theorem 2.5.1), assuming s and ¢ are connected,
each point is sampled (approximately) from 7. We do the same from ¢ to get a
random subset M C V, connected to t.

Next, we use L and M to prepare (up to some error) the states |my,) and
|mv,), using inverse quantum walk search, which we describe in more detail in
Section 3.5.2. If s and t are in the same connected component, then |my,) = |my,),
and otherwise, the states are orthogonal. The final step is to distinguish these two
cases using a SWAP test. This roughly follows an earlier approach in [Apel9], the
main difference being that we sample the sets L and M using a random walk (which
allows us to exploit the gap promise), while in [Apel9] the sets are constructed
using a breadth-first search.

If we specialize Theorem 3.5.2 to the unweighted graph case, we get the following
corollary.

random walks starting from s, each of length ¢ = O(% log( )) This allows us

3.5.3. COROLLARY. For any S > 0, there is a quantum algorithm that solves
USTCONg-ary With a promise 6 > 0 on the random walk spectral gap using space S

and time T € O(S/5 + /n/(4S)).
An analogous result holds for the Metropolis-Hastings walk described in
Section 3.4.2 given a promise on its spectral gap, since we showed that the corre-

sponding quantum walk oracle can also be efficiently implemented.
In the remainder of this section we will analyze each stage of Algorithm 2.
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Algorithm 2 Quantum algorithm for USTCONg, with a tradeoff

Seed set: Run O(p) classical random walks from s and O(p) classical random
walks from t, each for O(5 log("—)) steps. Let L and M denote the respective
sets of endpoints, without duplicates. If L N M # (), return “connected”.

State preparation: Run inverse quantum walk search from |7.) and |my,) for

time é(, /£)> to prepare |my,) and |my,), respectively, to precision 1/8.

SWAP test: Do a SWAP test on the resulting states. If the test returns “07,
return “connected”, otherwise return “disconnected”.

3.5.1 Analysis of step 1: seed set

Recall that the first stage results in random sets L = {xy,...,2,} and M =
{v1,...,Yep}, where z1,...,y,, are the endpoints of independent random walks
starting at s or t, respectively, and ¢ > 0 is some universal constant that we
will choose later. Since we run those random walks for O(%log(pﬁ’;m)) steps,

by Theorem 2.5.1 it follows that the z; are independent samples drawn from a
distribution 7 such that

- p
=T < —,
7= Ty < 2
where 7 is the stationary distribution on Vj. If s and ¢ are connected then V; =V,
and the samples y; are similarly drawn from a distribution that is p/(8n)-close to
7. Here we prove that this implies lower bounds on the stationary measure of the
sets L and M.

3.5.4. PROPOSITION. There exists a universal constant ¢ > 0 such that the follow-
ing holds. Let p € [n] and assume L C 'V is a random set obtained by sampling
cp independent elements from a distribution @ such that ||& — 7|y < & (and
removing duplicates). Then, Pr(m(L) > &) > .

The proof of the proposition uses the following lemma, which formalizes the
intuition that adding a random element to a low-probability subset should increase
the probability.

3.5.5. LEMMA. Let V be a set of cardinality n, A CV an arbitrary fixed subset,
and let b be drawn at random from an arbitrary distribution o on V. Then:

Pr(o(AU (b)) > o(A) + - _QZ(A)> > ! _;’(A>.
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Proof:
Say b is bad if b€ A or o(b) < 17;7(’4), and good otherwise. Then

n

1—0(A)

Pr (U(A U{b}) >o(A) + o

) = Pr(b is good) = 1 — Pr(b is bad).
We can compute:

Pr(b is bad) = 0<Au {x eV o)< 1—0(A>}>

2n
1—o0(A)
< A P S
<o(A)+n o
_140(A)
— 5 ’
from which the claim follows. O

Proof of Theorem 3.5.4:

Let x1, x5, ... denote samples drawn independently at random from 7. For any
integer T' > 1, define Ly := {x1,...,z7} as the set consisting of the first 7" samples
(with duplicates removed), as well as Lq := (). We say that the T-th sample is a
success if

1

or 7~T(LT) Z ﬁ(LT—l) + %,

. 1
7r(LT—l) > B
and a failure otherwise. Let T} denote the index of the j-th success, with Tj := 0.
Then, clearly,

- {1 p p - p _ P

#(Lr,) > mln{Q, 4n} =0 and hence 7(Lg,) > 7(Lg,) — S > o

On the other hand, note that by Theorem 3.5.5, the T-th sample is a success

with probability at least i, even if we condition on all prior samples. In particular,
the probability that there are k failures in a row is at most (%)k . Therefore,

00 00 k
BT ~ T = SRR =T, +h) < k(5 ) =12
k=1 k=1

and hence, by Markov’s inequality,

1 1 & 12p 1
Pr(T, > < —E[T)]=— ET —T <= =—
r( p cp) < p [ p] ijz:; [ j J 1] < op 10
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provided we choose ¢ := 120. Since the random set L in the statement of the
lemma is defined by taking c¢p many samples, we obtain that
1 9

p
P L)> — ) >Pr(T. < >1 - — = —.
r<ﬂ()_8n)_ r<ep) 21— 5= 1

3.5.2 Analysis of step 2: state preparation

Now we turn to the analysis of the quantum walk search routine in step 2 of the
algorithm. We rely on the following proposition from [Apel9], which formalizes
the idea of “inverse quantum walk search”.*

3.5.6. PROPOSITION ([Apel9, Proposition 1]). Consider a subset A C V of a
(connected) graph G, and let 6 be a lower bound on the spectral gap of a ran-
dom walk P on G with stationary distribution w. From |ma), we can generate a
state |7) = |m) + |I') with |||I')]|s < € using an expected number of calls to the
weighted quantum walk oracle

O( 7T(1A)5 1Og<7r(i1)6>>’

and O(1/1/m(A)d) reflections around |wa). The algorithm uses space logarithmic
inn, 1/6, 1/m(A) and 1/e.

The proposition implies the following.

3.5.7. CLAIM. Step 2 of Algorithm 2 prepares 1/8-approximations of |my,) and
|7y, ) with probability at least 9/10 in time complexity O(\/;Ttslog( ))

»
Proof:
First, step 2 prepares superpositions |r;) and |my/). Applying Lemma 3.2.1 with
[ = n (upper bound on the set size) and k = log(n) (number of bits necessary to
write down a vertex index) and the assumption that weighted vertex degrees w,
are of bounded absolute value for some poly(n) bound, shows that this superpo-

sitions preparation can be done in O(1) time. By Theorem 3.5.4, we have that
(L), m(M) > p/(8n) with probability at least 9/10. By Theorem 3.5.6 and our

4[Apel9, Proposition 1] only proves the proposition for simple random walks, however it

trivially extends to random walks on weighted graphs.
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preceding remark, we can then prepare 1/8-approximations of |my,) and |my;) in

3.5.3 Analysis of step 3: SWAP test

In the last step of our algorithm, we wish to decide whether |7y, ) = |my,) or whether
they are orthogonal. For this we use the SWAP test.

3.5.8. CLAIM. Step 3 of Algorithm 2 decides whether |my,) = |my,) or whether they
are orthogonal with constant probability in time O(1).

Proof:
Using a single copy of two states |¢) and [¢'), and O(log(n)) additional gates, the
SWAP test returns “0” with probability (1 + |[()|¢')|?)/2 and “1” with probability
(1 — [{(x|")|?)/2 [ATS03, Claim 3.1].

By Claim 3.5.7, in step 2 we prepared states |7y, ) = |my,) + |T'L) and |7y,) =
|mv,) 4+ |Tar) such that |[|T2) ]2, [|[|Tar)]l2 < 1/8 with probability 9/10. By a triangle
inequality, this implies that

(v || = v )l < 1/3,

and so [(7y, |7y, )| > 2/3 if s and t are connected, but |{(7y,|7y,)| < 1/3 otherwise.
The SWAP test distinguishes these cases with constant probability. a

3.5.4 Proof of Theorem 3.5.2

In this section, we prove Theorem 3.5.2, which we restate here for convenience.

3.5.2. THEOREM. Fiz 0 > 0. Let G, be a family of undirected weighted graphs
G = (V, E,W) with n = |V, such that v.(G) > § whenever s and t are connected.
Then for any S = Q(log(n)), there is a quantum algorithm that decides USTCONyy s
on G, with bounded error in O(S) space — of which O(log(n/d)) is quantum memory,
and the remainder is QCRAM — and T = 6(%109;(%111“) +1\/55) queries to Ow,
elementary gates, and QCRAM queries.
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Proof:
We first analyze the space complexity of Algorithm 2. Step 1 is purely classical, and
uses O(plog(n)) space to store the O(p) vertices in L and M, with each random
walk using O(log(n)) space. We can implement step 2 using the algorithm referred
to in Theorem 3.5.6 using O(log(n)) qubits of space, but this requires that the
O(plog(n)) classical space used to store L and M in step 1 is QCRAM. Finally,
step 3 just uses O(log(n)) quantum space. Thus, the claimed space complexity
follows if we set S = plog(n).

Next, we analyze the time complexity. Every random walk of step 1 adds
O(% log(=2 )) to the time complexity. The total number of walks is O(p). Check-

PTmin

ing whether L N M = ) is O(p) as this is the total number of samples. Hence,
the overall complexity of the first step is O(%log(ﬁ)). By Claim 3.5.7, the

complexity of step 2 is O<\/p75 log(Z)). Finally, the SWAP test in step 3 uses

only O(log(n)) gates, since the states being compared are O(log(n))-qubit states.
Hence, the total time complexity of Algorithm 2 is

ofplt) ) -l )
T_O<51°g<7rmm * 5p>_0 5oel o) TVss)

since S = O(p).

Finally, for the correctness of the algorithm, by Claim 3.5.8, Algorithm 2 dis-
tinguishes between the case where |my,) and |my,) are equal and the case where
they are orthogonal with bounded error. If V; = V; (i.e. s and ¢ are connected)
then the states are equal, and if V, NV, =) (i.e. s and t are not connected) then
they are orthogonal. a







Chapter 4

Subspace graphs

We introduce an object called a subspace graph that formalizes the technique
of multidimensional quantum walks. Composing subspace graphs allows one to
seamlessly combine quantum and classical reasoning, keeping a classical structure
in mind, while abstracting quantum parts into subgraphs with simple boundaries
as needed. As an example, we show how to combine a switching network with
arbitrary quantum subroutines, to compute a composed function.

This chapter is based on the paper “Multidimensional Quantum Walks, Re-

cursion, and Quantum Divide & Conquer” by Stacey Jeffery and Galina Pass
[JP25a].

39



40 Chapter 4. Subspace graphs

4.1 Introduction

There are a number of graphical ways of reasoning about how the steps or subrou-
tines of a classical algorithm fit together. For example, it is natural to think of
a (randomized) classical algorithm as a (randomized) decision tree (or branching
program), where different paths are chosen depending on the input, as well as
random choices made by the algorithm. A deterministic algorithm gives rise to
a computation path, a randomized algorithm to a computation tree. The edges
of a path or tree, representing steps of computation, might be implemented by
some subroutine that is also realized by a path (or tree) — we can abstract the
subroutine’s details by viewing it as an edge, or zoom in and see those details, as
convenient. More generally, we often think of a classical randomized algorithm as a
random walk on a (possibly directed) graph, where there may be multiple parallel
paths from point a to point b, with the cost of getting from a to b being derived
from the expected length of these paths.

This picture appears to break down for quantum algorithms, at least in the
standard circuit model. A quantum circuit can be thought of as a path, with edges
representing its steps, but it is not immediately clear how to augment this reasoning
with subroutines. Consider calling subroutines with varying time complexities
{T;}; in superposition. Even if the subroutines are all classical deterministic, in
the standard quantum circuit model, we tend to incur a cost of max; T; if we call a
superposition of subroutines, since we must wait for the slowest subroutine to finish
before we can apply the next step of the computation. This problem was addressed
in [Jef22], where the technique of multidimensional quantum walks [JZ23] was
used to show how to get an average in place of a max in several settings where a
quantum algorithm calls subroutines in superposition: a general setting, as well as
the setting of quantum walks. The intuition behind this work is that a quantum
walk does keep the classical intuition of parallel paths representing a superposition
of possible computations, and any quantum algorithm can be viewed as some sort
of a quantum walk on a simple underlying graph (something like a path), but with
some additional structure associated with it.

Multidimensional quantum walks, which we study more formally in this chapter
as an object than has been done previously, are valuable as a way of combining
quantum and classical reasoning. A quantum algorithm can be abstracted as a
graph with perhaps complicated internal structure, but a simple boundary with an
“in” and an “out” terminal, that can be seamlessly hooked into other graph-like
structures, perhaps representing simple classical reasoning, such as a quantum
random walk, or perhaps with their own complicated very quantum parts.

Subspace graphs While [JZ23] and [Jef22] use similar techniques, it is not
formally defined what a multidimensional quantum walk is. We formally define
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an object called a subspace graph (Definition 4.3.1) that abstracts the structures
in [JZ23] and [Jef22], as well as some other previous algorithmic techniques. A
subspace graph is simply a graph with some subspaces associated with each
edge and vertex, where the structure of the graph constrains how the spaces can
overlap. Defining what we mean, precisely, by a multidimensional quantum walk
(i.e. subspace graph) is the first step to developing a general theory of recursive
constructions of subspace graphs.

The recursive structure of subspace graphs is useful for composing quantum
algorithms, but as a design tool, it is also convenient to be able to view a subspace
graph in varying levels of abstraction. We can “zoom out” and view a complicated
process as just a special “edge”, or zoom in on that edge and understand its
structure as an involved graph with additional structure.

We cannot hope to be able to understand all quantum algorithms using purely
classical ideas — quantum computing is not classical computing. But perhaps
the next best thing is a way to seamlessly combine classical and quantum ideas,
extending the classical intuition to its limits, and then employing quantum reasoning
when needed, but with the possibility of abstracting out from it when needed as
well, using a fully quantum form of abstraction.

In this work, we consider one specific kind of composition of subspace graphs
called switch composition — another type is implicit in [Jef22] — but we would like
to emphasize the potential for more general types of recursion, which we leave for
future work.

Switching networks A switching network is a graph with Boolean variables
associated with the edges that can switch the edges on or off. Originally used
to model certain hardware systems, including automatic telephone exchanges,
and industrial control equipment [Sha38], a switching network has an associated
function f that is 1 if and only if two special vertices, s and ¢, are connected by a
path of “on” edges. Shannon [Sha38, Sha49] showed that series-parallel switching
networks are equivalent to Boolean formulas, and Lee [Leeb9] showed that switching
networks can model branching programs. These theoretical results have given this
model a place in classical complexity theory, where they can be used to study
classical space complexity and circuit depth (see [Pot15]).

Quantum algorithms for evaluating switching networks!' were given in [JK17],
using a span program construction based heavily on [BR12]. Tight analysis of these
span programs for any switching network was completed in [JJKP18].

From [JK17, JJKP18], we get a quantum algorithm for evaluating any switching

1Switching networks have never been directly referred to in prior work on quantum algorithms,
as far as we are aware, but the “st-connectivity problems” referred to in [JK17] are, in fact,
switching networks.
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network when we have query access to the edge variables. Let R, :(G(z)) be the
effective resistance (see Definition 2.4.5) in the subgraph of “on” edges whenever
f(z) = 1, and whenever f(z) = 0, let F,, C F be the minimum weight st-cut-
set (see Definition 2.4.3) consisting of only edges that are “off”. Then the time
complexity of evaluating the switching network is

¢ max R (G(z)) max 3w,

zef-1(1) z€ f~1(0)

assuming we can implement a certain reflection related to the particular switching
network in unit time. From this it follows that if we can query the variable
associated with an edge e in time 7., we can evaluate the switching network in
time

zef~(1) z€f~1(0) JcF

\/max Rs+(G(x)) max Zwe.rgleag(Te.

Here we improve this to (see Theorem 4.4.10):

s 2.
\/zer?al}%l)Ri(G(x)) max Y w,1”

I€f71 (0) €€F7:

This is analogous to results of [Jef22], which showed a similar statement, but
for quantum walks rather than switching networks?. It is also similar in flavour to
the results of [Cor23, Chapter 7.2], where span programs are used to evaluate the
edge variables of a switching network. Because switching networks perfectly model
Boolean formulas, without the constant overhead we get when we convert to a
quantum algorithm, they can be used as a building block for our divide-&-conquer
results.

Model of computation We work in the same model as [JZ23], where we allow
not only arbitrary quantum gates, but also assume subroutines are given via access
to a unitary that applies the subroutine’s t-th gate controlled on the value ¢ in
some time register. This is possible, for example, with quantum random access
gates. See Section 4.2 for details.

Related and future work We can compare the model of transducers [BJY24]
to the framework of subspace graphs introduced here. These models are related, in
that they are both good for analyzing the time complexity of composed quantum
algorithms. A subspace graph gives rise to a unitary that is the product of two
reflections, and this is a transducer, as discussed in [BJY24, Section 3.2]. Compared
with the model of subspace graphs, transducers are more general, and cleaner, in

2Both this result, and [Jef22], include variable-time quantum search [Amb10] as a special case.
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particular how they are implemented as quantum algorithms. It is not known
whether subspace graphs can reproduce the composition results of transducers
in terms of error scaling. However, we feel that subspace graphs, with their
additional structure, are still useful for designing and reasoning about quantum
algorithms, especially those in which there is some classical intuition to hold
onto. It seems likely that, once designed in the framework of subspace graphs, an
algorithmic construction could be converted to the transducer framework to achieve
any advantage that is missing for subspace graphs. We leave concrete exploration
of the connection for future work.

Aside from the directions already mentioned, the most interesting future direc-
tion is to study more general compositions of subspace graphs, and see to what
extent we can employ classical reasoning to quantum algorithms, and to what
extent this (hopefully gracefully) breaks down.

Applications Subspace graphs play a central role in several later developments
of this thesis. In Chapter 5, we employ switching networks to develop a framework
for time-efficient quantum divide & conquer, which we apply to obtain a quadratic
speedup over Savitch’s algorithm for directed st-connectivity while maintaining the
same space complexity. In Chapter 6, the switching network framework is used to
derive the first quantum time-space tradeoff for directed st-connectivity. Finally,
in Chapter 7, we use generic subspace graphs to design a quantum algorithm for
the gauge problem.

4.2 Model of computation

We will be talking about combining quantum subroutines, and here we describe the
model of access for the subroutines that we will assume. A quantum algorithm or

subroutine is a sequence of unitaries Uy, ..., Ur acting on some common space H.
Given a set of subroutines {(U7, ..., Us,)}iez, all acting on a space H, but possibly

running in different times, T; < Tp.x, we will assume the operator Yo7 i) (| ®
S Tmax |#)(t| @ U? can be implemented in “unit cost”. We use “unit cost” to describe
a cost we are willing to accept as a multiplicative factor on all complexities (for
example, O(1) or polylogarithmic in some natural variable). This assumption
is only reasonable if the unitaries each have unit cost. It does not hold for
strict gate complexity when Uy, ..., U}, are arbitrary gates, but it does hold in
the fully quantum QRAM model if Ui, ..., U%max are stored as a list of gates in
classical memory to which a quantum computer has read-only superposition access
(sometimes referred to as “QRAM” in previous literature), or if they satisfy certain
uniformity conditions (see [JZ23, Section 2.2]).
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4.3 Subspace graphs for multidimensional quan-
tum walks

4.3.1 Subspace graphs

Multidimensional quantum walks were introduced as such in [JZ23], although they
generalize various quantum algorithms that have appeared previously, including
[Sze04, RS12, Bell3, BCJ*13, 1J19]. We wish to consider very general kinds of
composition of multidimensional quantum walks, and in order to be clear about
the precise types of objects we are composing, we give a more formal definition
than has appeared previously.

4.3.1. DEFINITION (Subspace graph). A subspace graph consists of a (undirected)
graph G = (V| E), a boundary B C V', and the following subspaces of a space
H = HG:

Edge and boundary spaces We assume H can be decomposed into a direct sum
of spaces as follows: H = @.cpZc © Bycp Zu-

Edge and boundary subspaces For each e € EUB, let ' and =% be subspaces
of Z.. These need not be orthogonal, and they may each be {0}, all of =, or
something in between.

Vertex spaces and boundary space For each u € V, let V, C @.cp) = be
pairwise orthogonal spaces. Let Vg C @,cp =Z..

Then we define

Ac= P Eland Bo=PV.+Vs+ P =L

ecEFUB ueV ec EUB

We will refer to a subspace graph as simply G, with the associated spaces implicit.
Let us give some intuition for the meaning of the graph structure in a subspace
graph. We will shortly see (in Section 4.3.2) that there is a quantum algorithm
associated with a subspace graph, which alternatively applies reflections around
A¢ and Bg to some initial state [¢g) to distinguish between the cases:

Negative case: |¢g) € Ag + Bg

Positive case: |ig) has a (large) component, called a positive witness in (Ag +
Be)t — AL N B

Then we can see all the vectors in Ag and Bg as linear constraints on the initial
state — it must have a large component orthogonal to all of them in the positive case.
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Ag and Bg are each decomposed into sums of subspaces, representing subsets of
constraints. The graph structure of G restricts how the different sets of constraints
are allowed to overlap — the constraints associated with vertex v only overlap
constraints associated with edges that are incident to v. This graph structure can
then be used to help analyse the algorithm. For example, a positive witness is
related to a flow on G.

4.3.2. REMARK. In [JZ23] and [Jef22], spaces are only defined for each vertex,
and the spaces associated with a pair of vertices must be orthogonal unless v and
v are adjacent in G (in the words of [Jef22], G must be an overlap graph of the
spaces). Here we have found it convenient to assume that G' has been augmented by
putting a vertex in the middle of each edge, which is why we have a space for each
vertex of GG, and for each edge of G. This ensures, for example, that the graph is
bipartite, which is required in [JZ23] and [Jef22]. However, the important intuition
about subspace graphs is that the locality structure of the graph constrains how
the spaces are allowed to overlap.

We fix some notation for talking about subspace graphs. For any e € E'U B, we
let TI,, ITA and IT® denote orthogonal projectors onto Z,, =2, and =5, respectively.
For any set F C EU B, we let Zp = @.cp Ze, Zp = @eer =2, and similarly for
=5. We let 11y, II# and I15 denote the orthogonal projectors onto Zp, =5 and =5,
respectively.

We will allow subspace graphs to implicitly depend on some input, and associate
them with a computation. Specifically, if we fix some initial state |¢)g) € Hg, then
this, along with A and Bg, define a phase estimation algorithm (Section 2.7)
that decides if |)g) € Ag + Bg. With this in mind, we say a subspace graph
that depends on some input x, computes a function f (with respect to |¢g), which
should be clear from context) if f(x) = 0 if and only if |¢y) € Ag + Bs. We make
this formal in Section 4.3.2.

One motivating example from which we derive intuition is the special case of a
quantum walk on a graph. We will see other examples in later sections, and our
results will mainly be based on these, but we describe how quantum walks fit into
this picture as an illustration. First, we define a special case for V,. While the
definition of subspace graph is independent of any weights of the graph G, we can
always assume G has associated edge weights from which we derive extra structure.

4.3.3. DEFINITION (Simple vertex). Fix a subspace graph G with associated edge
weights {w,}eep. For u € V', define

[Wu(w)) = D VWl =)+ X VW] e,

ecE~ (u) e€E< (u)
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A vertex u € V is simple if for all e € E7(u), | —,¢e) € =, for all e € E* (u),
| <, e) € Z¢,and ifu € V\ BV, = span{|¢,(u))}; and if u € B, either | —,u) € =,
and V,, = span{| —, u)+|¢.(u)) } or | <=, u) € =, and V,, = span{| <, u)+|i.(u))}.

In our applications, we generally have two degrees of freedom associated with
each edge, which we can think of as having subdivided each edge into two edges
(each associated with a single degree of freedom). When we subdivide edge e by
putting a vertex in the middle of it - call that vertex e - it now has two incident
edges going into it: | —, e) and | <—, ). To make the simple vertex definition agree
with the orientation on the edges, we let a star state |¢,(u)) overlap | —, e) if e is
an outgoing edge of u, and | <—, e) if e is an incoming edge of w.

To motivate this definition, consider the following example.

4.3.4. EXAMPLE (Quantum walk on a graph). A subspace graph G, with associ-
ated edge weights, in which

1. all vertices are simple,

2. EKE;UB = {0},
3. for all e € B, 22 = span{| —,¢) + | <, ¢€)},
4. B = {s}U M, where for all u € M, = + =8 = {0},

is a quantum walk on the weighted graph G' = (V| F). To motivate this terminology,
the phase estimation algorithm in the next section implements a quantum walk on
G, in the sense that it decides if 3t € M in the same component as s.3

Simple vertices are motivated by quantum walks, and related constructions, as
follows. In a random walk on a weighted graph, in order to take a step from a vertex
u € V to a neighbour, the random walker chooses an edge e € E(u) to traverse,
with probability we/(X¢cp@) We). This is precisely the distribution obtained by
measuring |1, (u))/|||Y«(uw)}||. The states |1, (u)) correspond to quantum walk
states — alternating a reflection around these with a reflection around the states
{| =,e) + | <, €)}ecrp implements a discrete-time quantum walk, as in [Sze04,
MNRS11, Bel13].4

A related example is that of a switching network, which, unlike quantum walks,
will actually be one of the building blocks of our results in this chapter. We first
define what it means for an edge to be a switch.

3This is if we use [1)g) = |s). More generally, we can let B = S U M and let [¢g) =
Y scs Vo(s)|s) for initial distribution o on S.

“In some previous works, it is assumed that the graph is bipartite, and then the walk is
implemented by alternating reflections around the states |1, (u)) of the two parts of the bipartition.
We are actually doing the same thing here, we have just ensured the graph is bipartite by inserting
a vertex in the middle of each edge.
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4.3.5. DEFINITION (Switch edge). Fix a subspace graph G. We call an edge e € E
a switch (or switch edge) if there is some value ¢(e) € {0, 1} associated with that
edge (implicitly depending on the input), such that

= = span{| —,¢e),| <, e)},
—A

- g
—e

span{| —,e) — (=1)?©| «,e)} and ZP =span{| —,e) + | <€)},

and moreover, if e € E7(u) N E* (v), (that is, e = (u, v)), then V,, NE, = span{| —
,e)t and V, NE, = span{| <, e)}.

The idea behind a switch edge is that if p(e) = 0, =4 + =8 = =, and so
=L = {0}. Recall that a positive witness is some |w) € A& N BE (Definition 2.7.3).
If =+ = {0}, then |w) can have no overlap with =, so e is essentially blocked from
use, so we say the edge is switched off. In switching networks, defined shortly, the
positive witness is an st-flow, and it is restricted to edges in the subgraph G(x) of
edges that are switched on (we discuss this more in Section 4.3.3 — in particular,
see (4.3.4)).

Next, we define some conditions that are satisfied by switching networks, as
well as other examples considered in this chapter.

4.3.6. DEFINITION (Canonical st-boundary). We say a subspace graph G has weak
canonical st-boundary if B = {s,t}, where:

o =, =span{|s),| <, s)}, 2 = span{|s) + | +, s)} and =8 = {0}, where V,
only overlaps | <, s).

o Iy = span{| —,t),[t)}, E4 = span{| —,t) + [t)} and ZF = {0}, where V),
only overlaps | —,1).

We say a subspace graph G has canonical st-boundary if additionally holds
o |8+ | —=,t) € Bg.

Note that when G has canonical st-boundary, we always have |s) + |t) € Ag + Bg.

As discussed in Section 4.1, a switching network is actually a classical object,
but we overload the term to describe a specific kind of subspace graph. This
is justified by the fact that, evaluating such a subspace graph is equivalent to
evaluating a switching network (see the discussion in Section 4.3.3).

4.3.7. DEFINITION (Switching network). A switching network is a subspace graph
with canonical st-boundary in which all edges are switches (Definition 4.3.5), and
all vertices are simple (Definition 4.3.3).
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Note that if a subspace graph is a switching network, then all its spaces are fixed
by the graph structure (V, E), and the associated weights. This is not true for
subspace graphs more generally, and in Section 4.3.5, we will see an example of a
subspace graph with other kinds of subspaces.

We discuss more properties of switching networks, including several examples,
in Section 4.3.3. The examples we will detail in this chapter will not be restricted
to switching networks, but all, aside from some pedagogical examples, will have
canonical boundary, and we will let some of the edges be switches.

4.3.2 Phase estimation algorithm

A subspace graph, as in Definition 4.3.1, gives rise to a phase estimation algorithm
(see Section 2.7) with spaces Ag and Bg as in Definition 4.3.1 and some initial
state |¢o) € Zp N B. Though it is possible to consider more general states |t),
throughout this chapter, we will always assume G has canonical st-boundary, and

will let
1

[v0) = ﬁ(|8> — ). (4.3.1)

To fully specify a phase estimation algorithm, we need a pair of orthogonal bases
for Ag and B¢ that are easily generated, in order to implement their respective
reflections. We therefore always assume we have such a basis pair associated with
G, which we call the working bases. For example, if 25 = {0} for all e, then it
suffices to have good bases for all the pairwise orthogonal spaces V,; and good
bases for all the pairwise orthogonal spaces Z2. However, it is in our interest to
put as much of =4 + =8 into =P as we can manage while still maintaining a good
working basis for Bg. That is because of how the negative witness complexity is
defined (Definition 2.7.2, and also Definition 4.3.11 below): only the part of |i) in
Ag is counted in the complexity. We will see this in action in switching networks,
in Section 4.3.3.

To facilitate our later constructions, we will make the following extra assump-
tions on the working bases.

4.3.8. DEFINITION (Composable bases). Fix a subspace graph with canonical st-
boundary, and some r € R.y. We say a pair of working bases ¥ 4 and Ug (see
Definition 2.7.5) for Ag and Bg are st-composable, with scaling factor r, if they
satisfy the following assumptions:
1. U4 = Uecepup Vale), where U 4(e) is an orthonormal basis for Z4;
2. Vg =V UUcerun Ysle), for some Wy, where W(e) is an orthonormal basis
for =5;
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3. |by) € Vg satisfies |by) = %ﬂ —,8)+ | —,t));

4. |by) € Wy satisfies |by) = |“’8>7‘\7%+‘ﬁ|51> for some unit vector |b;) that is

orthogonal to | <—, s) and | —, t);

5. Ug\ {|bo), |b1)} is orthogonal to | +—, s) and | —,1).

We note that generally we will be able to choose the scaling factor r by applying
a linear map to Hg that scales =g relative to Zg. See also the remark after
Theorem 4.3.14.

Now we can define the special form of subspace graph that will apply to all
subspace graphs studied in this chapter (aside from some examples mentioned
informally):

4.3.9. DEFINITION. We say a subspace graph G is st-composable if:
1. G has canonical st-boundary (Definition 4.3.6);
2. G is equipped with composable working bases (Definition 4.3.8);
3. for each e € E'\ E, 28 = {0}, where E is the set of edges that are switches.

To analyze a phase estimation algorithm, we need to exhibit positive and negative
witnesses. A positive witness for a phase estimation algorithm (Definition 2.7.3)
is a vector |w) € A5 N B such that (yo|w) # 0. By scaling |w), we can make
(Yolw) # 0 take any scalar value, without impacting the complexity c; from
Theorem 2.7.4. This motivates the following definition.

4.3.10. DEFINITION (Positive witness for a graph). We say |w) € A5 N BS is a
positive witness for G if it can be expressed as

w) = |s) = | <= 8) + Hplw) + [ =) — |t).

We let W, (G) be an upper bound (over some implicit input) on the minimum
|||w)||* of any positive witness for G. We call |) := IIg|w) the cropped witness,
and we let W, (G) = W,(G) — 4 be an upper bound on the minimum |||@)]|*.

To parse the definition above, note that if (1)g|w) = v/2, then we can always express
lw) as

w) = V2[¢o) + (I = o) (o) w) = |s) = [t) + (I = [to) (o]} w),

but more than that, |w) is orthogonal to |s) + |t) € Ag + Bg, so (I — |vo) (¢o])|w)
is orthogonal to both |s) — |t) and |s) + |t), so we have:

w) = [s) = [t) + (I = |s)(s| = [)tN)[w) = [s) = [ 4=, 8) = [t) +| =, ) + (I = ) |w),
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since |w) must be orthogonal to |s) + | <, s) and |t) + | —,t). We consider |w)
with its boundary Ilg|w) removed — which we call a cropped witness — because in
Section 4.4, when we compose subspace graphs, we will crop off their boundary
spaces to save additive constants in the witness sizes, which become relevant when
we have very deep recursive structures. Thus, we similarly define:

4.3.11. DEFINITION (Negative witness for a graph). We say |w4) € Ag is a neg-
ative witness for G if |wa) — |s) + |[t) € Bg. We define the corresponding cropped
negative witness by |w4) = g|wy).

For the above, recall that a negative witness for a phase estimation algorithm is a
vector |w4) € A such that |wg) := |vg) — |wa) € B. We have slightly modified the
definition, by replacing |¢g) = %(|3> — |t)) with |s) — |¢), in order to save factors

of /2 everywhere, but this changes very little. We will use the following later in
the chapter.

4.3.12. LEMMA. Assume G has canonical st-boundary. Then |wa) € Ag is a
negative witness for G if and only if |[Wa) + | <=, s) — | —,1t) € Bg.

Proof:
lwa) € Ag is a negative witness for G if and only if |wy) = |s) — |t) + |wg) for
some |wg) € Bg. Since the only vectors in Ag that overlap the boundary =g are
E4 = span{|s) + | <=, 8), [t) + | —, )}, it must be the case that

[wa) = |s) +| < 8) = [t) = | =, 1) + lplwa) .

———
=[w.a)
Thus, |w,4) is a negative witness if and only if
|wA> - ‘S> + |7f> € Ba
& |Wa) + | < s) — | =, t) € Bg.

O

In the next section, we describe what positive and negative witnesses look like
for switching networks, and compare them with the witnesses for quantum walks
on a graph (see Example 4.3.4).

Finally, we can define the complexity of a subspace graph by:

C(G) == WL (G)W_(G).

In the case of subspaces graphs with canonical boundary, where we have defined
cropped witnesses, we will often use

C(@) = W.(COW_(0),
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which differs from C(G) by additive constants. Next, we present two formulations
of how a subspace graph can be converted into a quantum algorithm. We will make
use of both versions in the remainder of the thesis. It follows from Theorem 2.7.4
that:

4.3.13. THEOREM. Let G be a subspace graph with weak canonical st-boundary
that computes f : {0,1}" — {0,1} with respect to |1)y), such that the unitary
(204, — I)(20, — I) can be implemented in time T, and such that W, (G) =
O(1). Then there exists a quantum algorithm that decides f in time complexity

O(T\/W_(G)) and space O(log dim He + log W_(G)).

If we additionally have working bases and canonical st-boundary, then it follows
from Theorem 2.7.4 and Claim 2.7.6 that:

4.3.14. THEOREM. Let G be a subspace graph that computes f : {0,1}" — {0,1}
with respect to |1g), with working bases that can be generated in time T, and such
that W, (G) = O(1). Then there exists a quantum algorithm that decides f in time

complexity O<T\/W_(G)) and space O(log dim He + log W_(G)).

4.3.15. REMARK. Given any subspace graph G, we can apply the linear map

1
Il + = Ig

W (G)

to Hg to get a new subspace graph G’, which will still have canonical boundary if
G did (this also applies to a weak canonical boundary), and such that

Wi (G =1 and W_(G") =W (G)W_(G).

This justifies thinking of C(G) as a complexity. Such a scaling preserves the basis
properties in Definition 4.3.8, and simply scales r. We can see this formally in
Corollary 4.4.2.

4.3.3 Example: switching networks

We now discuss switching networks (Definition 4.3.7) in more detail, and give
several examples. In the classical model of switching networks, a switching network
is a graph with a variable ¢(e) associated with each edge e, and two terminals
s,t € V. A switching network computes a function f : {0,1}¥ — {0, 1} if for any
x € {0,1}F, f(z) = 1 if and only if s and ¢ are connected in G(z), the subgraph
consisting only of edges e such that x. = 1 if p(e) is a positive literal, and z, = 0
otherwise — that is, edges labelled by literals that are true when the variables are
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set according to x. Here, we let “switching network” refer to a special kind of
subspace graph, but this subspace graph implements the switching network, in
the sense that the algorithm referred to in Theorem 4.3.14 decides if s and t are
connected in G(z).

We start by discussing some properties of switching networks. A switching
network always has:

B

S+ 0|

Ag = span{\c@ = \}5('8) + |4, 8)), |ag) =

5

V2

so there is a natural choice of working basis ¥ 4, and we immediately get the
following:

U {|ae> = i(| —.e) — (=1)?@| . e)) e € E}, (4.3.2)

4.3.16. LEMMA. If G is a switching network and V4 is the basis in (4.3.2), then
U 4 satisfies the conditions of Definition 4.3.8, and can be generated in one query
to the unitary |e) — (—1)?©e) and O(1) additional operations.

Turning to B, a switching network always has:

Bg = span{[(u)) : u € VA {s,1}} U{| <= 5) + [1h(s)), | =, 0) + [()}

+Span{\}§(| —,e)+ | <€) e€ E} (4.3.3)

The working basis for Bg is less obvious, since the first and second space are not
orthogonal, but one choice is given by the following, which we state for intuition
(the proof is a simple exercise).

4.3.17. LEMMA. If G is a switching network,

\IJB:\I/BU{|be> = ;§(| —>,e>—|—]%,e)):e€E}

is an orthonormal basis for Bg whenever Wy is an orthonormal basis for

B™ = span{[¢, (u)) : u € VA {s,t}} U{| <= 5) + |1, (5)), | =, 8) + [, (1)},

where

TR DA [RS S PR R R )]

ecE~ (u) e€E< (u)
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4.3.18. REMARK. The statement of Lemma 4.3.17 is presented for the canonical
boundary consisting of two terminals s and ¢. The same argument extends directly
to switching networks with an arbitrary boundary B(G) = B. LU B_, C V(G),
where the boundary may contain any number of vertices. In that setting, the space
B~ is defined by including the corresponding boundary states for all vertices in
B_ and B_,.

For intuition, the space B~ is the cut space of G, which is the span of all
states that are (correctly weighted) superpositions of “edges” — where an edge
is represented by | —,e) — | <—,e) — that for a cut set (their removal leaves G
disconnected).

The implementation of reflections about B will be important in later appli-
cations, and we will use different approaches depending on the structure of the
switching network. In Chapter 6, for the space B, we construct a basis for the
orthogonal complement and invoke Corollary 2.7.7, which guarantees that this
suffices.

The following is a special case of Theorem 4.3.14, which is proven by analyzing
a phase estimation algorithm on the product of reflections around A, and B. It is
also similar to [JK17, Theorem 13], but with a different implementation of reflection
around B by generating a basis directly, rather than via a quantum walk, which is
potentially more expensive.

4.3.19. THEOREM. For f : {0,1}" — {0,1}, let G be a switching network that
accepts x € {0,1}" if and only if f(x) = 1. Suppose that for all x accepted by G,
there is an st-path in G(x) of length at most W.. Suppose the space B+ of G has a
basis W that can be generated in time Tg. Then there is a quantum algorithm that

decides f with bounded error in time O(Tg\/W|E(G)|) and space O(log |E(G)|).

We can get a stronger version of this theorem by replacing path length with effective
resistance, and cut size with capacitance (see [JJKP18]), but the theorem as stated
suffices for our purposes.

We give some intuition on the positive and negative witnesses of a switching
network, which can also, to some extent, be used for intuition about the positive
and negative witnesses for the more general subspace graphs considered in this
thesis. One can show that the orthogonal complement of B¢ is the span of all unit
st-flows (Definition 2.4.5) of G, by which we mean, precisely, all states of the form

0(e)
ecll \/VTe

w) = |s) = | <= 8) +

(| =,e) — | <, e)+| —,t) — |t), (4.3.4)

|@)
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where 6 is a unit st-flow. For every e € E such that ¢(e) = 0, we add | —, €)—| <, )
to Ag + Bg, which adds the constraint on |w) € A5 N B that 6(e) = 0. Thus, 6
must be a unit flow on the graph G(z).

A negative witness exists if and only if there is no unit st-flow on G(z), meaning
s and t are not connected. In that case, there is always an st-cut-set of edges
missing from G(z), F. It is a simple exercise to show that

wa) = [s) + | <= 8) + 3 VWell =€) = | =€) = [ =) — |t)

ecF

is a cropped negative witness. However, not all witnesses have this form — superpo-
sitions of cuts are also negative witnesses. Ref. [JJKP18] gives a tight analysis of
negative witness for switching networks.

We briefly remark here on the difference between switching networks and
quantum walks. In a quantum walk, the positive witnesses are also of the form
in (4.3.4), except that they are not restricted to a subgraph G(x), but rather, can
be on all of G. Negative witnesses for quantum walks are somewhat different,
although they are also derived from s-M-cuts; they instead involve summing over
all edges in the component containing s, which should not be connected to M in
the negative case. This is because in switching networks, B contains more, since
=B is non-trivial, which makes finding a basis for Bg more difficult, but makes
negative witnesses smaller.

We give two examples of switching networks — for computing the OR of d
bits (Section 4.3.3) and the AND of d bits (Section 4.3.3). These examples will
also be important building blocks for our later results. Switching networks for
Boolean formulas date back to work of Shannon [Sha38, Sha49], and their analysis
as subspace graphs was already implicit in the span program constructions of
[JK17]. While [JK17] also analyzes the time complexity of evaluating switching
networks, the reflection around Bg is done via a quantum walk on G, which results
in a dependence on the relaxation time of G. In our examples, we improve on this
by giving an orthonormal basis for B that can be used to reflect around it directly.
Such a basis that is also efficient to generate might not be available for arbitrary
switching networks, but in the case of series-parallel graphs, which correspond
exactly to switching networks for Boolean formulas, our work implies that a good
basis exists.

Switching network for OR

In this section, we describe a switching network (Definition 4.3.7) that computes
the OR of d Boolean variables. This serves as a simple example, and will also be a
building block in our divide-and-conquer application in Section 5.3. Formally, we
prove the following.
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€d

Figure 4.1: The graph Goz. The dashed lines represent dangling boundary “edges”.

4.3.20. LEMMA. For any d > 1, and positive weights {w; }ic|q, there is a switching
network Gopa that computes VL, ¢(e;) with dim Hg,,, = 2d + 4 such that:

1. Gopa has st-composable working bases, with scaling factor r = QZlewi,
that can be generated in O(logd) time, assuming the state proportional to
>4 JWwili) can be generated in time O(logd);

2. if p(e;) = 1 for some i € [d], Gonq has cropped positive witness |0) = ——(| —

N
7Z> - ‘ <_7Z->); and

3. if w(e;) = 0 for all i € [d], Gora has cropped negative witness |W4) =
S VWil = 1) — | 1)),

We remark that if w; = 1 for all 7, then Lemma 4.3.20 implies VT/JF(GOR,d) =2
and W_ (Gor,a) = 2d, so by Theorem 4.3.14, there is a quantum algorithm for
evaluating d-bit OR with time complexity 6(\/3), which is optimal. This is a good
sanity check, but we will mostly be interested in this construction as a building
block, rather than in its own right.

Let G = Gog g be defined, as shown in Figure 4.1 by:

V ={s,t} and E ={e; :i € [d]}

where each e; has endpoints s and ¢, so F(s) = E~7(s) = E and E(t) = E*(t) = E.
Since G is a switching network, it has boundary B =V = {s,t}. We will let the
graph be weighted, with weights w,, = w;. The only reason to let these vary in
1 is for later when we replace an edge with a gadget by composition, but for the
sake of intuition, the reader may wish to imagine w; = 1 for all 7. Since G is a
switching network, every edge is a switch, which fixes the following spaces (we
simplify notation by using i to label the edge ¢;):

Vi € [d], Ze, = span{| —,1),| +,7)},
=A = span{| —, i) — (—1)‘P<€i)

e;

1)}, and Eg = span{| —,1) + | +,i)}.
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Furthermore, as a switching network has canonical st-boundary, the following
spaces are fixed:

=, =span{ls),| )}, ' =span{ls) + | <, s)}, and = = {0}
Ze=span{| =, 1), )}, =7 =span{] —,1) + [)}, and = = {0}.

Finally, since all vertices are simple, the following spaces are fixed:

d d
Vs = span{\ —,8) ) VW] =, 4) } and V, = span{ > VW 1)+ —>,t)}.
i=1

i=1

|« ()) |1« (1))

Then we have:

Aqc = @ E?

ecEUB
= span{| —, i) — (=) i) s i € [d]}U{|s) + | <, ), |[t) + | =, 1)}
and Be =V, ®V, + P EF =V, @V, +span{| —,4) + | «,4) 1 i € [d]}.

eclE

(4.3.5)

By Lemma 4.3.16, since we assume we can query the values ¢(e) in unit cost, there
is a working basis for W 4 satisfying the conditions of Definition 4.3.8 that can be
generated in unit time. To complete the proof of the the first item of Lemma 4.3.20,
we prove the following.

4.3.21. LEMMA. Let

= { ) = 50 )+ =) o = L= DY

—

0 {rbe» = (i) e [d]},

where
d _ 1 d
r:2ZwZ~ and |b1>:WZ\/Wi(|—>,i>—|<—,i>).
i=1 =1

Then Wy is an orthonormal basis for Bg, and it satisfies all the conditions of an
st-composable basis in Definition 4.53.8. Furthermore, as long as we can generate
the state proportional to Y0, \/ws|i) in time O(logd), ¥ can be generated in time
O(logd).
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Proof:
Note that:

| < 8) +| =)
d

=) D V] i)+ VR ) ) = VW (i) £ | )

=1

€8

€Vs €V

and

|<—,s)—]—>,t>+\/F|l_)1>:|<—,s)+;\/W,-| —>,i>—;\/v7i] i) |t

€Vs €V

From there, it is simple to check that Wz C Bg. It is also simple to see that
EeB C spanV¥y for all e. Thus, we check V; and V,. We have:

d d
e 3T ) =g (18 + VAR ) = i)~ )
(s 41 0) 5 3 V(] =) +] i),

=1

showing that Vs C spanWUg. A similar proof shows that V, C spanWUp.

It is clear by inspection that Uy satisfies the properties of Definition 4.3.8, so
to complete the proof, it is a simple exercise to observe that the basis can be
generated in O(logd) time. O

To prove the second item of Lemma 4.3.20, we show the following.

4.3.22. LEMMA. If p(e;) =1 for some i, then the following is a positive witness
for G (Definition 4.3.10):

w) = |s) = | <= 8) +

(| _>7i> - | <_>i>)+| _>’t> - |t>

(2

)

Proof:
One can check that |w) € A5 N BE, by verifying that it is orthogonal to each of
the spaces in (4.3.5). For orthogonality with

=i = span{| —,i) — (=1)?9] «, i)},

e;
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—.
— -

we relied on the fact that ¢(i) = 1. Otherwise, we would have 2 + Z8 = Z,,, and
a positive witness must be orthogonal to =., so the edge e is effectively blocked. O

Finally, to prove the third item of Lemma 4.3.20, we show the following.

4.3.23. LEMMA. If p(e;) =0 for all i, then the following is a negative witness for
G (Definition 4.3.11):

d

[wa) = [s) + | <= 8) + 3 Vwi(] —=,d) = (=1)2D] i) = =, 1) = |1).

i=1

|b.4)

Proof:
Since (i) = 0 for all i € [d], we have:

|s) = 10)
= |3>—|—|<—,s)—(| 8) T3 VWil —M‘)) 2 vwi ] =) = (=1)?9] 7))

ez=A E:é_

€VsCB

+ (Z:\/WZ| <_ai>+‘ _>>t>> _(| _>7t>+’t>)v

e=A

eViChB

implying that |w4) is a negative witness. Note that this crucially relies on ¢(e;) =0
for all 7, otherwise the above expression fails to hold. a

Switching network for AND

In this section, we describe a switching network (Definition 4.3.7) that computes
the AND of d Boolean variables.

4.3.24. LEMMA. For any d > 1, and positive weights {w; };cq, there is a switching
network Gwpa that computes N_ ¢(e;) with dim He,, , = 2d + 4 such that:

1. G npa has st-composable working bases, with scaling factor r = 2/ S0, (1/w;),
that can be generated in O(logd) time, assuming the state proportional to
4 \/%7\2) can be generated in time O(logd);

2. if p(e;) = 1 for all i € [d], Ganpa has cropped positive witness |0) =

Sy (| =) — | +.)); and




4.8. Subspace graphs for multidimensional quantum walks 59

Ugp €1 Uy €2 Uy Uqg
- ———— & — @& — - —@----

Figure 4.2: The graph G ,yp. The dashed lines represent dangling boundary “edges”.

3. if p(e;) = 0 for some i € [d], Ganpa has cropped negative witness |4) =
\/Wi(‘ _>7Z> - ‘ %,’l))

As with the OR switching network in Section 4.3.3, a corollary of this lemma is
that there is a quantum algorithm for evaluating AND in optimal time O(V/d).
Let G = G xpa be the graph in Figure 4.2, defined by

V={s=ugp,uy,...,uqg =t} and E = {e; = (u;j_1,u;) : i € [d]},

so E(s) = E7(s) ={e1}, E(t) = E*(t) ={eq}, and for all i € [d — 1], E* (u;) =
{e;} and E7(u;) = {e;41}. Since G is a switching network, it has boundary
B = {s,t}. We will let the graph be weighted, with weights W, . Since G is

a switching network: every edge is a switch, which fixes =, = and =5 for all

i € [d]; G has canonical st-boundary, which fixes =,, =&, 25, =, =4, and uf : and

every vertex is simple, which fixes the spaces V,, for ¢ € {0,...,d}. In particular,
letting wo =wg 1 =1,s=0,t=d+ 1, and i € [d] label ¢;, we must have:

Vi € {0,...,d}, V., = span{\/w;| <) + /Wi 1| —,i+ 1)}.
This fully defines
Aq = EB Ef and Bg—@Vuz+@
ecEUB ccE

By Lemma 4.3.16, since we assume we can query the values (e) in unit cost, there
is a working basis for W 4 satisfying the conditions of Definition 4.3.8 that can be
generated in unit time. To complete the proof of the the first item of Lemma 4.3.24,
we prove the following.

4.3.25. LEMMA. Let |bs),...,|ba) be an orthonormal basis for
d . . 1L
. . = i=1 W( _>7Z>_|<_7Z>)
spanf| —,7) — | <)} N Span{\bl) = S R '

i=1 w,

Let

. ‘{'b°> =5l s+ ) oy = E J%fﬁﬁlbﬁ}
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U{|b2), .-, |ba)}-
Then

Up=VzU {|bei) = ;§(| —, 1) + | i) i € [d]}

is an orthonormal basis for Bg whenr = 2/3% L and it satisfies all the conditions
of an st-composable basis in Definition 4.3.8. ZFurthermore, as long as we can
generate the state proportional to 370, ﬁm in time O(logd), Wi can be generated
in time O(log d).
Proof:
First, it is easy to verify that Wz is indeed orthonormal. For each i € [d], | —,i)+| +
,4) is orthogonal to Uz C span{| <, s),| —, 1) }U{| —,i)—| <, i) : i € [d]}. Finally,
Uy is an orthonormal set because for i € {2,...,d}, (<, s|b;) = ( —,t|b;) =
(by|b;) = 0, and |by) and |b;) are also orthogonal.

Next, observe

B = span{\/w;| <=, i) + \/Wi11| =, i+ 1) 10 €{0,...,d}}
U{ywi(| =,0) + [ 1)) =i € [d]},

from which it follows that dim B < d+1+d = 2d+ 1, and in fact, it is not difficult
to see that dim B = 2d + 1.
We next argue that Bg = B, where

Bg = span{|s), [t)} ® span{| —,8) — | —,t) — jF|b1>} (4.3.6)

We clearly have |s), |t) € BS, and rewriting:

e == = el = [ =) = Y

where we have used s =0, t =d+ 1, and wyg = wgy; = 1, we see that it is also in
B, so Bg C Bg. Since dim Bg = 3, and

d
dim B5 = dim =, + > dim =, + dim =, —dimB =2+2d+2— (2d + 1) = 3,
i=1

Hg

(see Definition 4.3.5 and Definition 4.3.6) we see that Bg = Bg.
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Next, to check that Vi C Bg, we just need to check that each element of Vg is
orthogonal to each of the three vectors in the definition of Bg. This will be sufficient,
since ¥ is an orthonormal set with [Vz| =2+d—1+d=2d+1=dimBg. It is
simple to see that everything in Wy is orthogonal to |s) and |t). It is also simple to
see that everything in Wy \ ¥y is orthogonal to all of Bg.

We turn our attention to Ug. |by) is obviously orthogonal to Bg. For |b;), we

have:
(109 = 11) = )

1 _
- \/2_+r(< 8| = (=1 +\/F<b1|)<| —,8) — | =, 1) — \/_]b1>>

- \/21_H<2 - \ﬁjF<51|Bl)> 0,

Finally, for any i € {2,...,d}, we have:

<MQ%@—M%®—;%0=—}@%%ﬂ

since the |b;) are all orthogonal to |b;). Thus ¥ C Bg, and so ¥ is an orthonormal
basis for Bg.

It is clear by inspection that Wy satisfies the properties of Definition 4.3.8, so to
complete the proof, we need to argue that Uy can be generated in O(logd) time. It
is a simple exercise to observe that the basis in (4.3.6) can be generated in O(log d)
time, and then the result follows from Corollary 2.7.7. O

To prove the second item of Lemma 4.3.24, we show the following.

4.3.26. LEMMA. Ifp(e;) =1 for alli € [d], then the following is a positive witness
for G (Definition 4.3.10):

”M:“

w) = |s) = | <= 5) +

— | ,0)+] =, t) — |).

|@)
Proof:
Since ¢(e;) = 1for all i € [d], we have 22 = Z8 = span{| —, i) +| =, %)}, so clearly

|w) is orthogonal to :A + Jg for each 7. One can similarly verify by inspection

that it is orthogonal to = =4, as well as Z. This leaves only the spaces V,, for

i €{0,...,d}, which we can verify are orthogonal to |w) by rewriting it as:
) = 19 = 32—l = el i+ 1) — 1
w) = |s) — ——| i) — i — |t).
=0 Wi Wit
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We used the fact that wo =wgy; = 1,0 =s and d+ 1 =¢t. Thus, |w) € A% N BE.
O

Finally, to prove the third item of Lemma 4.3.24, we show the following.

4.3.27. LEMMA. If p(e;) = 0 for some ¢ € [d], then the following is a negative
witness for G (Definition 4.3.11):

wa) = |s) + | = 8) + VWi (| =,5) = [ =5)) =[ =) = [¢).

| )

Proof:
First note that for any j € [d], using wo = 1 and | <, 0) = | <, s):

J

> (WWit] i — 1) + w| —>,i))—]2;\/v7i(\ —,0) + | 1))

=1

€V, _,CB €=
= VWo| <=, 0) + w;| =, j) = |+, 5) + ywj] =, 7)

is in Bg. By a similar argument, ,/w;| <, j) +| —, 1) € Bg.
Since p(e;) =0, | —,i) — (—=1)#)| < 4) = | —,4) — | =, i) is in =

A

e;?

[5) = [t) = |s) + [ <= 5) = (| <= 8) + /Wy =, 7)) +y/W; (| =.7) = | < 7))

e=A eB €=A

+ JWj| <, 5) + | = t) = (] =, 1) + |t)),

eB e=p

we have:

implying that |wy) is a negative witness. a

Flows, circulations, and the cut space

Several constructions and arguments in the study of switching networks naturally
involve flows and cut spaces. We therefore introduce these notions in a more general
graph-theoretic setting, which will be useful throughout the remainder of the thesis.
In this section, we examine the structure of cut spaces, of undirected graphs, with
respect to any boundary B(G) = B = B, U B, CV(G):

B~ = span{|y, (u)) : uw € V(G) \ B(G)}
U{| <_=S> + WI(S)% ’ _>7t> + W}:(t)) ts € B<—7t < B—>}

Taking B, = {s} and B_, = {t} recovers the case of interest for us, but we leave
this section slightly more general. We first show the following simple fact.
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4.3.28. LEMMA. dim B~ = |V(G)|.

Proof:
We show this by proving that the states in the definition of B~ are independent.
Let
|5 (w)) if ueV\{s,t}
[u) = [ 8) + [0 (s)) ifu=s
| =)+ (1) ifu=t
and for simplicity, write |e) = | —,¢e) — | +—, e). Suppose towards a contradiction

that for some u € V,

|¢u> = Z Ofijv)'

veV\{u}

We will show by induction on distance d > 1 from u, that for all «’ holds |a,/| = 1.
For the base case, if ' and u share an edge e, then

L= leleu) =] Y. auleln)| = |owl,

veV\{u}

since |(e|,)] is 1 if e is incident to v and 0 otherwise.

For the induction step, if v’ is at distance d from w, it has a neighbour u” at
distance d — 1 from wu, to which the induction hypothesis applies, so letting e be
the edge incident to " and u”, we have:

0= Z aple|Py)| = |aw + aurl
veV\{u}
so || = 1, since |ay| = 1 by the induction hypothesis.

The contradiction arises because there is at least one boundary vertex that is
not u — without loss of generality, suppose s # u. Then since | <—, s) only appears
in [1s), we have:

0= (<, s[tu)| = Z (=, s[Yy)| = |as| = 1.

veV\{u}

This is clearly a contradiction. a

We can naturally view any function # on E(G) as a vector on span{| —
e) — | «.¢€) : e € E(G)}, which we denote |#) in Definition 4.3.29, below. Such
a cropped flow state enables seamless combination of flows (see Definition 2.4.4)
in graphs obtained from gluing other graphs together (see Definition 2.4.7). We
will sometimes want to additionally include flow entering and exiting the boundary
vertices, via “boundary edges”, so that the total flow is conserved on boundary
vertices as well, and this is represented by the vector |6) below.
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4.3.29. DEFINITION. For any boundary flow 6, define:

Z Ole)(| =,e) — | +,e)), (4.3.7)

ecE(G)

which we call a cropped flow state, and

Z O(u)(|u) — | «,u)) +|6) + Z w)(|u)y — | =, u)). (4.3.8)

EBF EBH

It is not difficult to see that the set of flows on a particular (possibly empty)
boundary is closed under linear combinations, so we can define the following vector
spaces.

4.3.30. DEFINITION. We call
F(@) = {ye> Vu e V(G)\ B, 0(u) = o}
the space of boundary flows;
(@) = {|0> V€ V(G), O(u) = 0}
the space of circulations;
FOPT(@) = span{|0) € F(G) : |0) is the optimal unit st-flow : s,t € B}

the space of optimal boundary flows.

In the following lemmas, we establish fundamental properties of the space of
boundary flows and circulations together with its subspaces. These results will
serve as the foundation for our later analysis. We start with stating some properties
of optimal flows and their orthogonality to circulations, see [Cor23, Lemma 7.2.2.]
for the proof.

4.3.31. LEMMA. Let s,t € B. Then the optimal unit st-flow is unique and its
corresponding quantum states (cropped and not) are orthogonal to the space of
circulations C(G). Consequently, the space of optimal boundary flows FOPT(G) is
orthogonal to the space of circulations C(G).

Next, we show that the space of boundary flows and circulations admits a direct
sum decomposition into optimal flows and circulations.

4.3.32. LEMMA. F(G) = FOPT(Q) @ C(G)
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Proof:

By Lemma 4.3.31, FOPT(N) L C(N). It is immediate that F(G) 2 FOrT(GQ) @
C(G). Thus, it remains to prove the reverse inclusion F(G) C FOPT(G) @ C(G).
That is, we need to show that for any |0) € F(G) there exist |¢') € FOPT(G) and
16°) € C(G) such that |0) = |0') + (0°). For this, define b(6) = [{u € B : 6(u) # 0}].
We proceed by induction on b(). In the base case, assume that b(f) = 2 and 6
is a uv-flow for some u,v € B. This is the base case because the total flow on
the boundary must sum to 0. Without loss of generality, assume 6 is scaled so
that 6(u) = —0(v) = 1. Then, by Lemma 4.3.31, there exists a unique optimal
unit uv-flow |¢') € FOPT. Let |c) = |0) — |#). It is easy to check that it is a
circulation, which establishes the base case. For the induction step, assume that
b(f) = k > 2 and the claim holds for any |#) such that b(0) < k. Let u,v € B be
such that #(u),0(v) # 0, and assume without loss of generality that 6 is scaled so
that #(u) = 1. Then there exists a unique optimal unit wv-flow |6,,) such that
Ouv(u) =1 = 0(u). Let [0 — 04,) = |0) — |0up). Then b(0 —0,,) < k — 1. Applying
the induction hypothesis to |# — 6,,) proves the statement. O

Next, we establish the relationship between the flow and circulation space of a
switching network and its associated space B.

4.3.33. LEMMA. Let G be a switching network, with B as in (4.3.3). Then B+ =
F(G) + span{|u) : u € B(G)}.

Proof:
By Lemma 4.3.17 and Remark 4.3.18 we can write:

Bt = (B‘ @span{\}iﬂ —,e)+|«e):e€ E(G)}>¢

—(B7)"n (span{\}iﬂ ey 4| e iee E(G)})L.

Note that

<span{\}§(| ey 4| e)) e E(G)})L

—span () | ) e € F(G)|

@ span{|s), [t), | <, s),| =, 1) : s € B_,t € B, }.

Since B~ C (span{%ﬂ —,e)+| <€) :e€ E(G)})L, we can take the orthog-
onal complement of B~ in (span{%ﬂ —,e)+| <€) :e€ E(G)})L That is,
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we can assume that all edge spaces are one-dimensional and are spanned by
le) := (]| —,e) — | <, ¢€)), for e € E. We can take an arbitrary state [¢) €

(span{%(! —,e)+| <€) e€ E(G)})L and write it as [¢) = |A) + |b), where

D= 3 Oullu) — | ) + 0@+ 3 ullu) — | ),
uEB, eclk u€eEB_,

for some function # on E and values {6, }.ep, and |b) € span{|u) : v € B}. By
definition of ¢, (u)) (see Lemma 4.3.17), it is orthogonal to |b) for any w € V, and
so by inspection, |b) is orthogonal to B~.

Next, we compute the inner product of |§> with the states in B~ to determine
precisely when [¢) is orthogonal to all of them.

First, for any u e V,

Blos )= X S0ele) — 3 Loeel)
e€E (u) e€E* (u) (439)
= 2( )Q(e) - 2( )9(6) = 0(u).

This inner product vanishes for all w € V'\ B if and only if # is a boundary flow.
Next, for any s € B_,

O1(] = 5) + |95 ())) = =05 + (Bl (5)) = =0, + 0(s), (4.3.10)

by (4.3.9). This inner product vanishes for all s € B, if and only if 6, = (s) for
all s € B_.
Finally, for any t € B_,,

D1 = 1) + [y (D)) = —0: + (), (4.3.11)

again by (4.3.9). This inner product vanishes for all t € B_, if and only if 6, = 6(¢)
for all t € B_,.

Combining (4.3.9), (4.3.10) and (4.3.11), we can see that |¢)) € (B7)* if and
only if |0) = |6) (as defined in Definition 4.3.29) for some boundary flow 0, which
is if and only if |4) € F(G). O

Finally, we compute the dimensions of the space of flows and circulations of G
and its subspaces.

4.3.34. LEMMA. Let F(G) be the space of boundary flows of G; C(G) the space
of circulations of G; and FOPT(G) the span of optimal boundary flows of G (see
Definition 4.3.30). Then

dim F(G) = |[E(G)] + [B(G)] = [V(G)|
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dim FO'Y(G) = |B(G)| — 1
dimC(G) = |E(GQ)| — |V(G)| + 1.

Proof:
The dimension of F(G) can be computed using Lemma 4.3.33:

dim(F(G) + span{|u) : u € B(G)}) = dim Hg — dim B(G).
We note that
dim(F(G) + span{|u) : u € B(G)}) = dim F(G) + dim(span{|u) : u € B(G)}),

since the states |u) for u € B(G) are pairwise orthogonal and cannot be represented
as linear combinations of flows and circulations. The dimension of Hg is equal
to 2|E(G)| + 2|B(G)| by Definition 4.3.7. By Lemma 4.3.17, Remark 4.3.18, and
Lemma 4.3.28, dim B(G) = dim B~ + |E(G)| = |V(G)| + |E(G)|. Combining these
observations with dim(span{|v) : v € B(G)}) = |B(G)|, we obtain

dim F(G) = dim Hg — dim B(G) — dim(span{|v) : v € B(G)})
= [E(G)| + |B(G)| — [V(G)].

Next, we show that dim FO'T(G) = |B(G)| — 1 by proving that, for a fixed vertex
u € B(G), the set

{|0uv) : v € B(G),v # u, |0y,) is an optimal unit flow from u to v}

forms a linearly independent basis for FOPT(G). To see this, consider any pair
v1, vy € B(G) with vy, ve # u. The optimal unit flow |0,,,,) can be written as

‘9v1v2> = _leuv1> + leuv2>-

This expression defines a unit flow from v; to ve, and since it is a linear combina-
tion of optimal flows (each orthogonal to circulations), it is itself orthogonal to
circulations. Therefore, it must be the unique optimal unit flow from v; to vs, i.e.,
0p,0,). This shows that all optimal flows between arbitrary pairs in B(G) can be
expressed in terms of the flows from w. Finally, we observe that the vectors |0,,)
are linearly independent. Suppose, for the sake of contradiction, that there exist
coefficients «; for ¢ # j for a fixed j such that

|8uvj> - Z alwuvz)

i#]

Consider the net flow into vertex v; on both sides of the equation. The left-hand
side has unit inflow at v; by definition of |0,,;). On the other hand, since each
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|0up;) for i # j is a unit flow from u to v; with no flow entering or leaving v;, the
right-hand side has zero net flow at v;. This contradiction implies that no such
linear dependence exists, and therefore the set is linearly independent. Since

{|0uw) : v € B(G),v # u, |0u) is optimal unit flow from u to v}| = |B(G)| — 1
and we have shown that it is a basis of FOPT(G), we can conclude that
dim FOPN(G) = |B(G)| — 1.

The dimension of C(G) is straightforward to determine, as it follows from the direct
sum decomposition F(G) = FOPT(G) @ C(GQ) from Lemma 4.3.32. O

4.3.4 Example: classical deterministic algorithms

In the next section, we will see how to turn a quantum algorithm into a subspace
graph. As a warmup example, we first see how classical deterministic algorithms
fit into this framework. The simplest example is a reversible classical algorithm,
which we can model as an undirected random walk on a line. It is not very sensible
to model a classical algorithm as a random walk on a line, because we incur a
quadratic slow-down by letting the algorithm travel backwards sometimes, instead
of always forwards, but when we move from random walks to quantum walks, it is
a perfectly valid thing to do, since a quantum walker traverses a line in linear time,
rather than quadratic.

A reversible classical deterministic algorithm can be described by the following
objects.

o A finite set Z of the algorithm’s states;

» A sequence of permutations 7y, ..., mr : Z — Z that depend (implicitly) on
the input;

e An initial state z; € Z;
« A partitioning of Z into accepting and rejecting states Z = Z,oc U Zyej.
From these, we define G = (V, E') by specifying its vertices and edges:

T
V =| |V, where V, = {v,,:z € Z},
=0

and E = {es. = (Vo2 Vipimpya(2) 0SS T =1,z € Z}.
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Figure 4.3: The graph G for a reversible classical deterministic algorithm with five
algorithm states. Between each set V; and V;,1, there is exactly one edge connected
to s = vg,,. The dashed lines represent dangling boundary “edges”.

Note that the graph G depends on the input because the edges are specified by
the permutations. The boundary is defined B = {s} U M where s = vy, and
M ={vr,: 2z € Z,}.

Next, we introduce a subspace graph structure on G in order to run a quantum
walk following Example 4.3.4. It is easy to see that the connected component
containing s is a line with one vertex in each of V,, and the algorithm accepts
if and only if the vertex in Vi connected to s is in M — that is, if and only if s
is connected to some vertex in M. Thus the quantum walk will decide whether
T o...0m(21) € Zaee. See Figure 4.3 for a visualization of G. We set all edge
weights to be 1, and then, following Example 4.3.4, we define boundary and edge
spaces:

Es = span{|s), | = s)},
= =span{|s) + | <, s)}, and ZF={0}
Vz € Zaces Eup. = span{| —,vrz), [vr2)}
and EvAT’Z = :fu = {0}

Vee{0,..., T -1}z € Z, B, =span{| —,(,2),| <, {,2)},
=A = span{| —,¢,2) + | <, ¢, 2)}, and EZZ = {0},

‘_‘ei,z

and all vertices are simple (Definition 4.3.3), so:

Vz € 2, Vy,, = span{|t.(vo.)) = | =,0,2)},
vee{l,..., T —1},z € Z,
Voo, = span{|,(ve.)) = | £ — L, (2)) + | =, 0, 2)}
Vz € Z, Vy,, = span{ |t (vo:)) = | T — 1t (2))}.
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While the algorithm is represented by a path, as is the graph for AND in Section 4.3.3,
in contrast to Section 4.3.3, we represent this path in terms of the local constraints
| <, ¢ —1,7,'(2)) +| =, 2). That is because, unlike the path in Section 4.3.3,
this path is defined sequentially. These local constraints can be generated by calling
the relevant permutation, which is one step of the algorithm, whereas one can verify
that generating a basis like that in Section 4.3.3, which includes a superposition
over the whole path, or whole sequence of algorithm steps, would require running
the whole algorithm.

Unlike the other examples in this chapter, to get a quantum walk algorithm,
following Example 4.3.4, we need |¢) = |s). We do not have B = {s,t} (assuming
| Zace| # 1), so we cannot use canonical boundary here, but it would be possible
to modify this subspace graph to have canonical boundary, as follows. We can
essentially take two copies of GG, G~ and G, and identify the points M in each
of the two copies, so that the connected component of s is a line that first goes
through G™ to some vertex in Vi, and then, if it has reached a point in M, goes
through G back to the second copy of s, which we could call ¢. This is like a
classical algorithm that computes a final state, copies out the answer bit, and then
uncomputes, which is also what we do for quantum algorithms in the next section,
except that the answer bit goes into the phase.

Another modification we could make to this subspace graph is as follows. We
mentioned that a classical reversible algorithm is like a walk on a line, but G is not
a line, though the connected component containing s always is. We can actually
modify G to get a subspace graph G’ that is a line of length T", where v, corresponds
to the set V, in G, which better captures our intuition that a deterministic algorithm
is a linear process. The edge spaces of G' are obtained by combining those of G:
E, = @.cz =, , and similarly for E:;;‘ The vertex spaces are similarly obtained:
V,, = @.cz Vo, This is essentially what we do for quantum algorithms in the
next section.

4.3.5 Example: quantum algorithms

In this section, we describe a subspace graph from any quantum algorithm. This
construction is essentially the same as the one in [Jef22], but we state it here
explicitly as a subspace graph. While the construction in [Jef22] applies to variable-
time quantum algorithms, for simplicity, we will consider algorithms that run for a
fixed time T. However, Lemma 4.3.35 below, and all results that use it, also apply
for variable-time algorithms, replacing T with the expected running time.

A quantum algorithm is a sequence of unitaries Uy, ..., Ur acting on the space

Hy ® Hz = span{|a)|z) : a € {0,1},2 € Z}.
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We assume each unitary can be implemented in unit cost, and moreover, the unitary
ST 7Y {r| ® U, can be implemented in unit cost.

The algorithm may implicitly depend on some input x € {0, 1}", for example,
by letting some of the unitaries be queries to  (or in any other way, we don’t care).
We say the algorithm computes some f : {0,1}"* — {0, 1} if

Ur...Up|0,0) € span{|f(z),2) : z € Z}

on input z. We are assuming the algorithm has no error for simplicity. In some of
our conclusions, we can always substitute an algorithm with error if the error is
small enough that the algorithm is indistinguishable from an error-free one. In this
section, we will prove the following.

4.3.35. LEMMA. From any quantum algorithm computing some f : {0,1}" —
{0,1} with no error in time T, and any positive weights {c..} such that oy = 1, we
can derive an st- composable subspace graph (Deﬁmtzon 4 3.9) G that computes f
with dim Hg = O(|Z|T), W, <231 = and W_ < 2T a,; with st-composable
working bases that have scaling factor r =9 and can be generated in time O(log(T)).

For example, we can set the weights all to 1, and then we get VV+ and TW_ both at
most 27'.

In order to remain consistent with [Jef22] so that we can easily use results
proven there, while still keeping the boundary of GG simple, we are going to assume
that U; = —1, at the expense of potentially making the algorithm one step longer.
Thus, we will let T = T + 1, and the algorithm referred to in Lemma 4.3.35 is
actually Us, ..., Urt.

We define a subspace graph G = (V, E) as follows. We will assume T is even,
and let:

V= {vy 1,05 1}T/2
B = {eg e b1 U,
and B={s:=uv,t:=v}
with e;” = (v;?,v;];) (and similarly for ef”), and 5" = (v, v7_;). We define:
Vee{l,...,T/2 -1},
Zey; = span{| —)|a, 2)|20), | =)|a, 2)[20 + 1) : a € {0,1},2 € Z}
Vee{l,...,T/2 -1},
Ees = span{| <-)|a, 2)|20),| +)|a, 2)[20 + 1) :a € {0,1},2 € Z} (4.3.12)
Zep = span{| =)[a, 2)[T), [ <)]a, 2)[T) - a €{0,1}, 2 € Z}
Zs = Zup = span{[s) := | =)/0,0)|0), | =, 5) := [ =)[0,0)[1)}
Er = Eur 1= span{[t) := [ +)[0,0)[0),[ =, 1) := | «)[0,0)|1)}.
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Figure 4.4: The graph GG. The dashed lines represent dangling boundary “edges”.

Following [Jef22, Definition 3.1], we define the following sets of vectors in
Hgs = Zg & Zp to use in the construction of our subspaces, for positive weights
{a,}, such that ag = ay = 1.

4.3.36. DEFINITION. The forward transition states are defined:

Vr e {0,..., T —1},
U= {les,) = | =) (Varla 2)r) = VarUnala, 2)lr + 1) sa € {0,1},z € Z}.

The backward transition states are defined:

Vre{0,..., T —1},
U= {W;ﬁ = | ) (Varla, 2)|r) — Vo Usgila, 2)[r + 1)) sa € {0,1}, 2 € Z}

The reversal states are defined:
wy = {Jvs ) = var(| =) = (=1 «)a, )|T) e € {0,1},z € Z}.

Finally, let:

T/2—-1 T/2
Up= |J (T UT5)UTY and Uy = [J(¥5_ ,UTS, ).
=0 £=0
Note that since we assume U; = —I, we have:

Y0000 = [ =)10,0)[0) = [ =)U1[0,0)[1) = [s) + [ =)[0,0)[1) = |s) + | =, 5),
and similarly,

Y0000 = | 10,0)[0) + [ )]0, 0)[1) = [£) + | =,1).



4.8. Subspace graphs for multidimensional quantum walks 73

Then we define:
Voo 1= span{|@/)0_fo71>} and Ve 1= Span{|w§071)}
Vee{2,...,T/2}, Ve  =spanV¥y, ;  and V,e :=span¥y ,
Vee{l,...,T/2 -1}, E% :=spanV¥,, and E% := span¥s,

—A . >
B = spanVUy
=2 = spanf[ti75,0)} = spand]s) + | <. s)}
=7 = span{[v/5,,0)} = span{|t) + | =, 1)}

Vg :=span{| <, s) + | —,t)}.
(4.3.13)

For all e € EU B, we will have =% = {0}. Note that the subspace graph we have
just defined has canonical st-boundary (Definition 4.3.6). As per Definition 4.3.1,
we have

T/2—1
Ac=E=l0='e @ EL 0=L) 0=
/=1
. (4.3.14)
BG’ = ;9(1}”2?1 @ VU2771> + VB.
=1

In [Jef22], the vectors in Definition 4.3.36 form the working basis, which works
perfectly fine, because since all =8 are trivial, we have a decomposition of Bg into
orthogonal spaces V,, so we can simply combine their bases. However, here, we
will use a slightly different working basis for Bg to conform to Definition 2.7.5, as
follows.

Let U;” contain normalized vectors.

0= {10500 = 50050+ - Do) = 5006+ )}

T/2-1 B -
U |J (T3 UTsS,)uTs.
=1
Note that
[Uo01) = | =)10,0)[1) — | =)U2]0,0)[2) = | <, 5) — [ =)U2[0,0)[2)

and similarly,
[¥60.) = | =) — [ <)U2[0,0)2).
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Define:
o) = < (103 + i) + (1 =) | DTRI0.020) = —=(1 4=,8) +] =)
) = 5 (o) — W) = (1 4 8) = | =8} = (| =) = | )20, 0)[2))

ba) = (| =)+ | ) 010, 0)2)

V2
Then we have

span{|bo) — |ba), [b1)} = span{|vg 1), [V001)} = Ver © Var
Thus

T/2

Ui = {[bo), [b1), [b2)} U J (W 4 U TG ) UTY
(=2

is an orthonormal basis for Bg.
The following is given by a trivial modification of [Jef22, Lemma 3.3].

4.3.37. LEMMA. Assuming unit-time access to Y0, |0){€] @ Uy, the working bases
U4 and Vg can be generated in O(log(T)) compleity.

We will also use the following states from [Jef22, Definition 3.4] in the construction
of our witnesses:

4.3.38. DEFINITION (Algorithm states). Define the following algorithm states in
Hgi

|w®) = 10), Vte[T], w') = Uw™).

The positive history state of the algorithm is defined:

wy) = (| =) + (=1)7@] )

'IM*

The negative history state of the algorithm is defined:

w-) = (I =) = (=17 <)) Z\/_ 1)fw')[£).

We will use the following properties from [Jef22], using the fact that the algorithm
has no error:

4.3.39. CLamm. 1. |Jw )| =25, ou (Corollary 3.7)
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2. [lw ) =235, a% (Corollary 3.7)
3. |wy) € span¥y Nspan¥i (Claim 3.8).

4. lw_) € span¥q and |w_) — (| =) = (=1)/@| <))|0)|0) € span¥, (Claim

|s)=(=1)F @)]t)

3.9).

Items (1) and (2) are rather obvious in the case of fixed time quantum algorithms
that we are specializing to here in order to avoiding defining variable-time quantum
algorithms. However, we remark that in [Jef22], the more general case of variable-
time algorithms is considered, so T is allowed to be a random variable, and the
expressions in (1) and (2) are replaced by expectations. The construction in this
section, which again, is just putting the construction of [Jef22] into the language
of subspace graphs, would be the same in this more general case, and thus our
composition results also hold for this more general kind of algorithm.

We have the following corollaries, which, combined with Lemma 4.3.37, prove
Lemma 4.3.35.

4.3.40. COROLLARY (Positive analysis). When f(z) = 1, |wy) is a positive witness
for G (see Definition 4.3.10) with

-
1
TS
)" =2 —.
=2

Qy

Proof:
When f(z) = 1, since ap = a; = 1 and |[w®) = |0,0) and |w') = U;]0,0),

jwi) = | =)10,0)[0) = | )[0,0)[0) +| =)U10,0)[1) — | <-)U1]0,0)|1)

le) It) —[¢=s) ==t
T

V@) R
+ (| =) +(=1) |%>)£:ZQ\/Q_Z

[wh)10).

|+)
By inspection (see (4.3.14) and Definition 4.3.36), we have Ag C spanWq, and
Bg C span¥; U {|by)}. By Claim 4.3.39, |w,) € span¥g Nspan¥i C A5 N BE,
and we can see that |w, ) is orthogonal to |by) = %(| «—,8) + | —,t)). Thus |wy)
is a positive witness, and

@) ” = (1 = Mp) o) =23 —.
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4.3.41. COROLLARY (Negative analysis). When f(x) =0, |w_) is a negative wit-
ness for G (see Definition 4.3.11) with

-
NN
)" =23 ae.
=2

Thus W_(G) < 23, ay.

Proof:
By Claim 4.3.39, we have |w,) € spanW,. Though V¥, is slightly bigger than Ag,
since we also have [w9) = [0,0) and |w}) = —[0,0), we can see that |wy) € Ag.

Similarly, it is not difficult to conclude that when f(z) =0, |w_) — (|s) — |t)) € Bg,
since it’s in ¥y (Claim 4.3.39), and its projection onto |0) or |1) in the last register
is in spanW¥," U W5 U W U WY, O

4.4 Recursion with subspace graphs

Subspace graphs lend themselves well to very general kinds of recursion. We can
compose subspace graphs, say Gi, Gs and (3, as in Figure 4.5, by identifying
some of the vertices on their boundaries. In full generality, this may result in a
subspace graph that is difficult to analyze. For example, if we replace two parallel
edges with subspace graphs derived from quantum algorithms, “flow” along these
edges may have complex phases that interfere on the other side. Our nice classical
intuition of flows breaks down in the fully general case, which is not surprising,
since quantum algorithms are not classical. However, an important question is in
which special cases, and to what extent, we can compose subspace graphs and keep
enough classical intuition to analyze them.

One special case is implicit in [Jef22], and here we present another special case,
which we call switch composition. Switch composition generalizes a very simple
kind of recursion that can be done in switching networks. Since an st-path (or
more generally, flow) is allowed to use an edge if and only if ¢(e) = 1, we can
replace it with a switching network G* for some function f,, which will have an
st-path from one endpoint to the other if and only if f.(z) = 1. We can view this as
removing e from the graph, and then adding its endpoints to the boundary, to then
be identified with the boundary {s,t} of G°. By applying this type of composition,
the OR and AND switching networks in Section 4.3.3 and Section 4.3.3 can be
combined to make switching networks for any Boolean formula [JK17].
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Figure 4.5: Some perhaps complicated graphs G, G5 and G5, but we need only
consider their boundaries, and can abstract their internal structure. To compose
them, we identify points on their boundaries, yielding a new graph, G°.

4.4.1 Switch composition

Here we investigate how to compose subspace graphs with specific properties that
generalize switching networks — st-composable subspace graphs (Definition 4.3.9) —
into the switches of a graph G. Specifically, if E is the set of edges of G that are
switches, we will replace e € E/ with an st-composable graph G¢. We can assume
without loss of generality that we replace every e € E with some G¢, since letting
G be the graph consisting of a single edge from s to ¢ is just like not replacing e.
In particular, we will prove the following theorem.

4.4.1. THEOREM. Let G be an st-composable subspace graph (Definition 4.5.9)
with st-composable working bases that can be generated in time T, with scaling
factor r. For each e € E, the set of switches of G, let G¢ be an st-composable
subspace graph with st-composable working bases that can be generated in time at
most T", with scaling factor r¢. Then there exists an st-composable subspace graph
G° with dim Hge < dim Hg — 2|E| + Y, dim Hge such that:

o G° has st-composable working bases that can be generated in time T+T'+O(1),

with scaling factor r.

o If ) is a cropped positive witness for G (Definition 4.3.10), and for each
e € E such that { —, e|®) # 0, [10°) is a cropped positive witness for G¢, then

A O r@ A Ae A
%) = 5 { = elD)|@) + I gl@)
e€E

is a cropped positive witness for G°.
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o If|y4) is a cropped negative witness for G- (Definition 4.3.11), and for each
e € E such that { —, el ) # 0, |©4) is a cropped negative witness for G¢,
then

~ 0 2 A A e A
W) = Z\/?e( —, e[ a)[05) + HE\E|wA>

eckE

is a cropped negative witness for G°.

It follows, using the observation that @) must only overlap switches that are on,
and |0 4) must only overlap switches tht are off, that if G computes f and each G*
computes f¢, the function computed by G° is the composed function f o (f.).5
(see Section 2.3).

Before we prove Theorem 4.4.1, we note the following useful corollary of
Theorem 4.4.1 and Lemma 4.3.20.

4.4.2. COROLLARY. Let G be an st-composable subspace graph with st-composable
working bases that can be generated in time T that computes f. Then there is an
st-composable subspace graph G° with st-composable bases that can be generated
in time T + O(1) that computes f, and such that dim Hge = dim Hg + O(1),
W, (G°) <1 and W_(G°) < W (G)W_(G).

Proof:

Let Gog1 be the graph from Lemma 4.3.20 with d = 1, and wy = %W+(G), where
r is the scaling factor of the basis for G. It is st-composable since it is a switching
network. This graph has a single edge, e;, and we will compose G into this edge
using Theorem 4.4.1, so G plays the role of G in Theorem 4.4.1, and G plays the
role of G. If f(z) = 1, then G has a cropped positive witness '), and using the
positive witness from Lemma 4.3.20, by Theorem 4.4.1, G° has cropped positive

witness
1 N

DOy — LL@IZ )
i) =\ ) Tl

so since ||[@)]|* < W, (G), W,(G°) < 1.
On the other hand, if f(z) = 0, then G has a cropped negative witness |1} ), and
using the negative witness for Lemma 4.3.20, by Theorem 4.4.1, G° has cropped

negative witness
o 2 . z .
) = 2vemlity = TGl
G)

so W_(G°) < W (G)W_(
To complete the proof, by Lemma 4.3.20, the basis for G, can be generated in
unit time, and thus by Theorem 4.4.1, the basis for G° can be generated in time
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T+ 0(1). O

In the remainder of this section, we prove Theorem 4.4.1.

G4 G*

Figure 4.6: An example of replacing edges e; and e; in G with graphs G and
G°? to obtain GG°. Boundary “edges” are represented by dashed lines. Switching
networks already lend themselves to this type of recursion: we can replace an
edge with a 2-terminal graph, and then the “edge” is traversable if and only if
the terminals are connected. The difference with the more general recursion in
Theorem 4.4.1 is that the subspace graphs used to replace edges (as well as other
parts of (G) might have more complicated structure than just their graph structure;
for example, they might encode quantum algorithms like in Section 4.3.5.

Informally, we obtain G° from G by, for each e € E, removing the edge e, and
identifying its endpoints with the vertices s = s® and ¢ = t° of the graph G°. This
is illustrated in Figure 4.6. The subspaces associated with G° are mostly inherited
from G and G, except for those on the glued boundaries. There, intuitively, we
replace | —,e) with the edges incident to s = s in G°, and | <, e) with the edges
incident to ¢ = t¢ in G°. This is formalized by the map A defined in (4.4.5).

Definition of the subspace graph G° We now formally define G° and its
associated spaces. We will shortly define a working basis ¥, for Bge, from
working bases for Bg and Bge. It is actually these bases that are most important,
but by defining Bge and Age as being built up from local spaces, we show that the
graph structure and intuition are preserved by the composition.
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The composed graph G° has vertex and edge sets:
Ve=vVul|](Ve\B)=VU |_| (Ve {st})

e€E e€eE
— 4.4.1
EO:(E\E)I_I|_|E6 ( )
e€E
and boundary
B° = B ={s,t}.

We identify s® and t¢ in G*¢ with the endpoints of e in GG, so that the following
edges are incident to u € V°:

E¢(u), if ue Ve {s°t},
g {EONBY L EE) (142
u ] B, '
e€ENE* (u)

Recall that we assume for convenience that each edge has an orientation, and
E7(u) C E(u) are the edges oriented outwards from u, and E* (u) = E(u) \ E~ (u)
those oriented inwards. This is simply to decide which of the endpoints of e is
identified with s¢ and which with ¢°.

We define the edge spaces and edge subspaces of G° from those of G and G° as
follows:

=, if ¢ E
_o/_{ue if’ € (E\E)UB (1.43)

€ =¢ if e € EF,
and similarly for =224 and Z°5. Note that since G has canonical st-boundary, so
does GG°. Furthermore, since the switches and non-switches of G° are:

= | | E®and E°\E" = (E\ E)U | |(E°\ E),
e€E e€E
we inherit the property that for all e € E°\ E°, Z°8 = {0}.

Next we define the vertex spaces. First, for each e € B, we are assuming that
V<. and Vy. can be written:

Vi = span{| =, s%) + [¢.(s%))}

Ve = span{| —, %) + |1, ()}, (4.4.4)

for some [1),(5%)) € Ege ey and |4 (t°)) € Efe(sey- Then define a linear map A on
Hg by:

N el + [0 ())( = e]) + Ty + g, (4.4.5)

:Z
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and let

o [ AWV, ifuecV
Vu= { Ve ifue Ve\{st}. (44.6)

The following lemma shows that G° is a well-defined subspace graph.
4.4.3. LEMMA. A(V,) C Z5o .

Proof:

We have V,, C Zgy), so

AV =AEpuzenVu) @ @ AENW),

e€ENE(u)

We have /NX(EE(u)\EﬂVu) = EE(U)\E N V,, since A fixes EE\E- Recall from
Definition 4.3.5 that for e € E N F(u)

_ | span{| —,¢e)} ifee E7(u)
V= { span{| <, e)} if e € B (u).

[1]

Thus,
/N\(: nY,) = { span{/~\| —, ey} = span{ |, (s¢))} C EeEe(Se) ifeec E7(u)
=0V = spanfA] -, )} = span{ (1))} € Sy if ¢ € B (u).
Thus
AV CEpups® @D Efee® @D Ebepe = Erew
e€CENE~ (u) e€CENE* (u)
by (4.4.2). O

From these definitions, we conclude:

A= Pteo P=t= P ted P o=t

eck° ueB° ecE\E ecE €'€E°

4.4.7
- P e PEfo= 447)
e€E\E ecE €'€E°
and similarly
Boo= @ Vit P =0 P o=l
ueve ecE\E ecE €€l (4 4 8)

=DAv)ed D vited @ =P

ueV ecE ueVe\{s,t} e€E e'cE°
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Working bases for G° By the assumptions of Definition 4.3.8, we have a working
basis W 4, for A¢ of the form:

Vs = U \IJAG(G)a

ec EUB

where W 4, (e) is an orthonormal basis for =4,

have a working basis W 4. for Age of the form:

\I]Age == U \I/AGE (6/).

e'cEeuB¢®

and similarly, for each e € E, we

Since the spaces Z24 are simply inherited from the corresponding spaces in G' and

the G¢, their bases can be as well. Specifically, we define a working basis

\IJ.AGo = U ‘IJ.AGo (6) = U \I/AGO (6) U U U \I].Aco (6’).

ecE°UB® ec(E\E)UB ecE ¢'€be

for Age, where for alle € E\ E, W4, (e) = U4, (e), and for all e € F and ¢’ € E*,
W g0 (€) = Uy, (€). Then we have the following.

4.4.4. LEMMA (Working basis for A). W4, can be generated in time T+T"'+O(1).

Proof:
Assume without loss of generality that for e € E, ¥ 4. (e), which is one-dimensional,
has label set L(e) = {e}. We let

Ly = ({0} x (LN E) U [ [{e} x L,
e€E
so to map |l) — |b7) for ¢ = ({y,¢;) € L°, we simply need to apply the relevant
basis generation map depending on the value of ¢, € {0} U E. We can check if

¢ = (ly,¢1) € LS by membership in the relevant set, controlled on ¢,. For example,
if ¢y = 0, we check if ¢, € L, and ¢, € E. O

By the assumptions of Definition 4.3.8, we have a working basis Up,, for Bg of
the form

Upe = Vg, U {\}EO —,e)+]<,e) e EE},

and similarly, for each e € E, we have a working basis ¥p,. for Bge of the form

| .
Vpge = Vg, U {\/5(| —, &)Y +]|.,€e)): e el },
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where Wy . C Hge i= Epe pepe @ span{| —,e) — | <€) 1 e € E°} contains two
distinguished vectors, |b§) and |b7). From these, we define the following isometry
on Hg:
1 1e
A= HE\E+HB—|—Z—|61>(< —,el — (< ¢|). (4.4.9)
e€E V2

Then we define:

Ui, = A(Pg,) U U (Yg,,. \ {156). [65)})

eckE

= Bgo

U { ;§(| —. Y+ |, €)): e € B = GLEJEEe}.

Vs, (¢/), Spans =<5

(4.4.10)

In Appendix 4.A, we prove that Wz . is indeed a basis for Bge. Again, this is
actually not so important — we could also have defined Bgo from the basis, in which
case, we would not need the assumption, from canonical st-boundary, that the
spaces Vg and Vi are one-dimensional. However, then it would not be obvious that
any graph structure remains, which we feel is beneficial for maintaining intuition
when working with complicated objects.

4.4.5. LEMMA. V4, and Yg_, are st-composable bases as in Definition 4.3.8.

Proof:
The first two properties are clear, so we check properties 3-5. Since Vg, is
composable, Wy . contains |by) = %(] <, 8) +|—=,1)), so Vg, contains

59) = A(Jbo)) = j§<| 8) 4] = 1)),

establishing property 3 of Definition 4.3.8. Similarly, ¥  contains |b;) = \/TH(| —
y8) — | = 1) + ﬁ’b_ﬁ), so Wy, contains

1

V2 +r

establishing property 4 of Definition 4.3.8. Finally, it is easy to verify that the
remaining vectors of Wy, are orthogonal to | <—,s) and | —,t), establishing
property 5. O

[b7) = A(]b1)) = (| ¢ 8) = | =, t) + VrAlb)),
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4.4.6. LEMMA. If the working basis Wp,. has time complexity T, and for each e € F,
the working basis Wp,. has time complexity T', then Vg, has time complexity

T+ T +0(1).

Proof:
We have
Lo=L"U|]L;\{0,1}UE".

e€E

Lo

As always, for any label e € E°, the mapping:

€) > [B2) = —=(] =€) + | =)

V2
has time complexity 1 (just apply a Hadamard).
For ¢ € L \ {0,1} for some e, apply the map |¢) — |b7) in cost T".
For ¢ € L™, apply the map |[£) — |b;) in cost T', and then use the direct sum of
basis maps for Wj ., to map:

(| =€) =4 e)) = [Le) = [b]).

Sl

We complete the analysis by establishing positive and negative witnesses.

4.4.7. LEMMA. Let |w) be a positive witness for G, so it necessarily only overlaps
switches that are on. For every switch e that is on, let |w®) be a positive witness
for G¢. Then

|@°) = Z\/? =, e|w)|@%) + g glw)

ecl
s a positive witness for G°.

Proof:

We need to show that |w®) = |s) + | <=, s) + [0°) + | =, ) + |¢) is in AL N BE.
We start by showing that |w®) is orthogonal to everything in Age.. Orthogonality
with ZA4 = span{|s) — | -, s)} (see Definition 4.3.6) is obvious. For e € E'\ E,
)

I |w?) = M plw) = T w) =0

since |w) € A$ (because it is a positive witness). For all e € F and ¢’ € E*,

1) = @ —, e[wIA ) = |5 =, el |uwt) = 0
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since |w¢) = (I — Tge)
G¢. Thus |w°) € Ag..
By an identical proof, we can show that |w®) is orthogonal to Z5 for all e € E\ F,
and ZF for all e € F and ¢’ € E°. Thus, it remains only to show orthogonality
with \I/BGO.
Note that since |b) o< | <=, 5¢) — | =, 1¢) + /ré|bS) € Bge, we must have

w®), and T |w®) = 0 because |w®) is a positive witness for

({87 = (=t + V] ) (1) = | 4=, 8%) 4 [@0°) + | =1 = [t9)) = 0
V() = 2.

Thus:
AT|° => \/> ( =, e|w)AT|w®) + I 5lw)
e€E
=>. =, e|w) (b |[o° )7(| =€) — | ) + g glw)
ecE
- - (4.4.11)
= 6%}:5 5( —>’€|w>\/l’_eﬁ(| — 6> - | <_76>) + HE\E|w>
=D (= elw)(| —,e) = | ) + 1 zlw)
ecE
= lglw) + g glw) = [@),
where we used the fact that { —, e|w) = —( +—, e|w). It follows that Af|w°) = |w),

and thus we have, for any [¢) € ¥,

(W[AT|w?) = (Ylw) =0, (4.4.12)

since |w) is a positive witness for G. To complete the proof, we show orthogonality
with Wy .\ {[b5), [bF)} for any e € E. Bge is orthogonal to [s°) and [t¢), and
furthermore, for i > 1, we have ( <—, s°|b¢) = ( —,t¢[bS) = 0. We have:

(bf|w®) = \/r? = efw) (bF|a°).

Since |0°) is a cropped positive witness for G¢, we have:
0= (bf|lw) = (b5|s) — (b5| <=, s) + (B [@°) + (bF| =, 1) — (b[t) = (b|°),

completing the proof. O
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4.4.8. LEMMA. Let |w4) be a negative witness for G that only overlaps switches
that are off (this is always true for optimal witnesses, because when a switch is on
=8 =24, so might as well put any overlap with =, into |wg)). For every switch

e € E that is off, let |[w%) be a negative witness for G¢. Then:

o) 2 ~E
[05) = D ( —>»€|WA>\/;|U’A> + U plwa)

e€eE
is a negative witness for G°.

Proof:

We will use the fact that if a switch is off, we always have I |[w4) = ( —, elw4) (] —
,e) — | <=, e)). This is true because a switch that is off always has =% = span{| —
,€) — | <=, ¢)}. In particular, this means that Ilg[w4) € =%, so since |[wa) + | <

,S) — | =, t) € Bg, in particular, it is in B;. We have:

[Wa) + ] s) — | —=.1) € Bg
HE\E|UA).A> + Z < _>7€|w.»4><| %7€> - ‘ <—,€>) + ’ %7S> - | _>7t> € BC:

eeE

A(HE\E]@A> + Y (= elwa)(| =€) — | <€)+ |+, s) — | —>,t>) € Bge

ecE
Mg glia) + D (=, elwa)V2IB) + | <=, 8) — | —=,t) € Bas
eEE
A0 2 1€ ~e
[@%) + ﬁe|wA>/;(¢F|bl> — [05)) + | <, 5) = | 1) € Bee.
ecE

We complete the proof by noting that for all e € E, v/re|bS) — [10%) € Bgo. To see
this, we note:

[@%) + | <=, 5) = | =) € Bge Nspan{[0G)}*,
which follows from the fact that |©0%) is a cropped negative witness, and so it is
orthogonal to | <—, s¢) and | —,¢¢), and in particular, [b§) = %ﬂ —, 8% +| =, t9).
The only other basis vector of Bg. that overlaps | <, s¢) and | —, 1) is [bf) o< | <=
,8%) — | =, %) + /re|bg), from which it follows:

[@5) — Vre[b5) € Bge Nspan{[bF), [b7)} C Bee.



4.4. Recursion with subspace graphs 87

4.4.2 Switching networks with subroutines

A switching network can be viewed as a high-level control structure whose edge
queries may themselves be implemented by nontrivial procedures. In many settings,
the value associated with an edge is not obtained directly, but instead computed by
a quantum subroutine. Here we show how such subroutines can be incorporated into
the switching-network framework via subspace-graph composition, and we derive a
corresponding performance guarantee for the resulting composed construction.

4.4.9. LEMMA. Let G be any switching network computing a Boolean function
f, with working bases that can be generated in time Ti.gs. For each e € E, let
{U¢ Te | be a quantum algorithm computing a Boolean function f. with bounded
error. Let Tyax be an upper bound on T, for all e, and F, an st-cut-set of G(x)

whenever f(x) = 0. Then there is a subspace graph G° computing f o (fe)ecr
with complexities W, (G°) = O(maxxeffl(l) Rs,t(G(x))longaQ and W_(G°) =
O(maxxeffl(o) > ecF, weTf), and its bases can be generated in time Thasis+O(10g Tinax ) -

We remark that sometimes a better negative witness for G can be obtained by
taking a superposition of different st-cut-sets. This also gives a better negative
witness for G°, but its form is more complicated, so we omit describing this.
Proof:

For each e € F, let G¢ be the subspace graph from Lemma 4.3.35 derived from the
algorithm {U¢},, using weights o, = r + 1. Thus G° computes f.. We will apply
Theorem 4.4.1 to GG, and the G°.

Positive analysis: A positive input for f o (f.). gives rise to a positive input for
f —let |@) be a positive witness for G under that input. This only uses edges that
are turned on, so for each e that is on (i.e. f. = 1), let [10¢) be a cropped positive
witness for G°. By Theorem 4.4.1, there is a cropped positive witness for G°:

A0 re A, ~e
0°) = 3\ S el ),

eck

since £ = E, where r® = 2 is the scaling factor of G¢’s basis. Since G is a
switching network, its positive witness is a unit st-flow, in the sense of (4.3.4), so
( ety = 29 50 we have:

N
%) = - Zelja)
and 0ol 0ol
o6 < 1) = 3 A ey = 3 AP ()

ecll € ecl €
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Because we have set o, = r 4+ 1, by Lemma 4.3.35, we have

Te

W+(Ge) <>

r:lr+

= O(logT.),

SO

G°<Z

eeE We

1og Tiax = Rs+(G(2)) log Trnax-

Negative analysis: Similarly, for a negative input to f o (f.), let = be its
corresponding negative input to f, and let |[@4) be a negative witness for G' on
input x. For each e such that f. = 0, let @) be a negative witness for G. By
Theorem 4.4.1, there is a cropped negative witness for G°:

A O _ ~ ~Ne
W) = > (s elia)dy).
eck
Since G is a switching network, we can always choose a negative witness of the

form
= Z \/W_E(l _>76> - | <_7€>)7

ecF,
where F, is an st-cut-set of G(z). Then:

W_(G°) < e Z we||[w6)||* = e Z w V.
eEF eeF
< max Z Wez r+1) max Z WeT2
zef! eEF r=1 z€f=1(0) ecFy

Basis generation: By Theorem 4.4.1, since the bases of G¢ can be generated
in time O(logT,), the bases of G° can be generated in time Tiags + O(log Thnax),
completing the proof. a

Then the main theorem of this section follows directly.

4.4.10. THEOREM. Let G be any switching network computing a Boolean function
f, with working bases that can be generated in time Ti.gs. For each e € E, let
{U = be a quantum algorithm computing a Boolean function f. with bounded
error. Let Tyax be an upper bound on T, for all e, and F, an st-cut-set of G(z)
whenever f(x) = 0. Then there is a bounded error quantum algorithm for f with
complexity

(1) zEfT ( ecFy

O(Tbasis\/ max Rs1(G(2)) max Z WeTQ)
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Proof:

Let G° be the subspace graph from Lemma 4.4.9. By Corollary 4.4.2, there is a
subspace graph G, also computing f o (fe)e, whose bases can also be generated in
time Thasis+O (108 Thnax ), and such that W (G') < 1 and W_(G') < W (G°)W_(G®).
Then we can apply Theorem 4.3.14 to G’ to get a bounded error quantum algorithm
for f o (f.). with complexity:

0((Tbm 1 log T )\ W (GO (Go))

:O((Tbasis—l—longaX)\/ max R,:(G(z)) max > W6T210ngax).

ef~t(1) z€f=10) ocp.

4.A Recovering the local structure

In this appendix, we prove that the following spaces are equal.

Boe =@PAVIED D Vi+P P =F (4.A.1)

ueV ecEueVe\{s,t} ecE ¢'€E°

Bge = span A(V,) U | (W, \ {I00), [89)})

EEE
U {

4.A.1. LEMMA. For anye € E,

\I]BGO

(4.A.2)
()| ) e € B = UEe}.

G-

= B
Spalls =2 e€E @e reEe E /

spanWy .\ {[bg), [b])} @ :6—12 = Bge N{| <, 5%, | =, )} = b v+ :6—12
ueVe\{s,t}

Proof:
It is clear that
spanWy . \ {|b5), [b5)} & 28 C Bge = span¥y , & E2
and also @ Ve + H—e C Bge = @ Ve + :*i’%

ueVe\{s,t} ueve
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Since we also have everything in spanWp_, \ {|0§), [65)}, @ueve (s V5 and ZE
orthogonal to both | <—, s¢) and | —,t¢), we have:
spanWy ., \ {[85), [09)} @ EF C Bae N {] +=,5%), | =, 1)}
and P Vi+EE CBgen{| s, | =t}

ueVe\{s,t}

For the other direction, suppose |¢) € Bge N {| <, s¢),| —,t)}+. Since it is in
Bge, for some |¢_) € spanWp_, \ {[b5), [b9)} and |¢,) € &, and scalars ag and ay,
we can express it as:

|0) = ag|bE) + a1|bS) + o) + |¢4) 7
PR P S B PP A A R 1

V2 V2+4re

Since |¢_), |¢4), and |b;) are all orthogonal to both | <, 5°) and | —, t€), since |¢)
is as well, we must have ag = a; = 0. Thus |¢) € spanWy_, \ {[b§), [b7)} © ZE.
Similarly, we can express |¢) as

[6) = ag(| <= 8) + [¥u(s)) + ar(| =, 1) + [0(t))) + dv) +|¢)

for [pv) € Bueve(syy Vs and [¢,) € . By the same reasoning as above, we
must have aj = aj =0, 50 [) € Beve (s, Vi + Z%. O

+|6-) +[94).

4.A.2. LEMMA. For anye € E,
A(| =€) + |+ €) € Bge N {] =, 5°),| =, )}

Proof:
Since V¢ + Vi C Bge, we have

| =08 + [ (5)), [ =, 1) + [9u(t9)) € Bee.
Since | <=, s) + | =, ) € Bge (because G¢ is st-composable),

VIEA(] =€) + | <€)
= W’*(Se» + W’*(te))
= [ 4=, 8%) + [9u(59)) + | =, 1) + [1hu(t9)) — (| <=, 8) + [ =, 1)),

so A(| —=,e) + | <, e)) € Bge. Clearly A(] —,e) + | <, ¢€)) is also orthogonal to
| <, s and | —,t¢), concluding the proof. O
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4.A.3. LEMMA. Let A be as in (4.4.5), and define

Bae = span A(U5,) U | (U5, \ {[t). b)) o D P =P,

ecE ecE e'€E°

- ‘IJBGo

Then BVGO = BGO .

Proof:

Let [b) = (

(%)) = [1+(t9))). Then

| 4=, 5%) = | =) + VIE[be) € Vi + V) C span{|bg), [b5), ..., b))} @ =5,

Then since the only vector that overlaps | <, s¢) — | —,t¢) is |b]) = ﬁ( —
a8€> o | _>ate>) +

(& .
5oy b¢), we must have:

BI(] +=,5) = | =, 1)+ Vrelp) = Vo T e,
from which it follows that (b[b°) = 1, and we can write:
%) = 165) + |d°) (4.A.3)

for some |d¢) € Bge that is orthogonal to both | +—, s¢) — | —, ) and | «—, s°) +| —
,t¢), 50 by Lemma 4.A.1, |d°) € spanW,_, \ {|0F), |b5)} © :el?e

Suppose [0} € Bge, so we can express it, for some scalars e, WE\E) € Epz
and [¢') € span¥p,, \ {|05), |b7)} & = as:

(Zae (I =€) |%7€>)+|¢E\E>) + 1Y)

ecE
Gspan\Ing
= aclb) + [Upp) + [¢)
ecE
=D aclbf) +[¥pp) + D acld’) + [¢)
ecE ecE
_A(Zae | (_76>)+|wE\E>) + Zae|de>+|¢/> GBGO-
eck e€E
Espan\Ing EspanlI/B L MI95), |be>}EB:iBe

(4.A.4)
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Thus, BGO C Beo.

For the other direction, suppose [/} € Bgo. Then similar to above, we can
express it as

(Zae (I =€) !%7€>)+|¢E\E>) +[¢)

eckE
Espan‘l/gc
= > aclbf) + [¥mz) + )
eEE
= > ac|by) + [pg) — Y adld?) + [¢)
e€eE e€E
- (Zae\/_ | —,e) —| <—,€>)—|—|¢E\E>) — Y ald?) + ) € Bgo.
ecE e€E
EspanlIIgG Espan\IlB MBS, |be>}€B:‘iBe
(4.A.5)
Thus BG® C Bee. O

4.A.4. THEOREM. Let Bgo = spanVUp,, where Vg, is as in (4.4.10) (see also
(4.A.2)), and Bgo as in (4.4.8) (see also (4.A.1)). Then Bgo = Bgo.

Proof:
We will show that Bge = Beo, which is sufficient, by Lemma 4.A.3. We first show
that Bge C Bgo. First, for any e € F, it follows from Lemma 4.A.1 that

Vg \{I0G), 05)} 22 = @ Vi+EZ C Bpe. (4.A.6)
ueVe\{s,t}

Next, for any [1) € Uy C @D,ev Vu, We have
»EKGBMJ B AWV,) C Be.. (4.A.7)
ueV ucV

From (4.A.6) and (4.A.7), it follows that BG0~§ Bgo.
We now show the other direction, Bge C Bgo. As in (4.A.6), for any e € E,

B Vi+EE =g \ {65, 1b5)} & =E C Bee. (4.A.8)
ueVe\{s,t}
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Next, for any v € V and [¢) € V, C Bg = span¥p_, @ E%, we can write

D+ D ad] —e) +] +e)

ecE
for some [i)_) € spanW¥p  and scalars a.. Then:

M) = Al)  +3al(] —=,e) + | +e)). (4.A.9)

~ ~ ecE
EspanA(\I’BG )CBgo

By Lemma 4.A.2, for each e, A(] —,€) + | «,€)) € Bge N {| <, s),| =, 1)},
which is equal to spanWy . \ {|b§), [b5)} & E& by Lemma 4.A.1. Since span®y
{166), |05)} @ EF C Bge, we have A)) € Bge, from which it follows that

A(WV,) € Bge. (4.A.10)

Combining (4.A.8) and (4.A.10) establishes Bge C Bge, completing the proof. O






Chapter 5

Quantum divide & conquer and
application to DSTCON

Divide & conquer methods are central in classical algorithms, yet translating these
ideas to quantum algorithms is nontrivial due to error amplification and recursion
overheads. In this chapter, we develop a framework for time-efficient quantum
divide & conquer based on subspace graphs, focusing on compositions where sub-
problems are combined via Boolean formulas. As an application, we obtain a
bounded-error quantum algorithm for directed st-connectivity running in time
23 log” n+0(ogn) while preserving O(log?n) space, achieving a quadratic speedup
over Savitch’s classical recursive algorithm.

This chapter is based on the paper “Multidimensional Quantum Walks, Re-

cursion, and Quantum Divide & Conquer” by Stacey Jeffery and Galina Pass
[JP25a].
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5.1 Introduction

In Chapter 4, we introduced subspace graphs as a compositional model for quantum
algorithms, together with a theorem converting a subspace graph into a time-
efficient bounded-error quantum algorithm. Here we use these tools to obtain a
time-efficient version of quantum divide & conquer. As a central application, we
use this framework to obtain a quadratic speedup over Savitch’s algorithm for
directed st-connectivity while preserving its O(log? n) space complexity.

Time-efficient quantum divide & conquer A particular type of recursive
algorithm is divide € conquer, in which a problem is broken into multiple smaller
sub-problems, whose solutions, obtained by recursive calls, are combined into a
solution for the original problem. As a motivating example, consider the recursively
defined nand-tree function. Let fy 4 : {0, l}dk — {0,1} be defined fj4(x) = x, and
for k > 1,

fra(z) =1— fk—1,d(l‘(1)) S fk—1,d($(d))7

where each 2 € {0,1}*"" and = (#,... @), There is a natural way to
break an instance x of fj 4 into d sub-problems M @D of fr—1.4, and combine
the solutions by taking the NAND (negated AND) of the d sub-problem solutions.
Grover’s algorithm computes this NAND in O(\/;l) queries, so we might hope for
a speedup by recursive calls to this quantum algorithm. Unfortunately, since we
recurse to depth k, the constant in front of v/d is raised to the k-th power. This
kills the quantum speedup completely when d is constant (for example, the most
common setting of d = 2), and that is not even touching on the fact that we would
seem to need to amplify the success probability of the subroutine, turning those
constants into log factors. On the other hand, it is known [Reill] that fi 4 can be
evaluated in O(\/d_k) quantum queries, even though our attempt to use classical
divide-&-conquer reasoning combined with the basic Grover speedup failed.

More recently, [CKKD*22] showed how to employ divide-&-conquer reasoning
in the study of quantum query complexity, in which one only counts the number
of queries to the input. They obtained their query upper bounds by composing
dual adversary solutions. The key to their results is that dual adversary solutions
exhibit perfect composition: no error, no log factors, not even constant overhead.
However, their results were not constructive, as dual adversary solutions do not
fully specify algorithms, and in particular, the time complexity analysis of their
results was unknown. In this work, we use the framework of subspace graphs to
give a constructive time-complexity version of some of the query complexity results
obtained in [CKKD"22]. In particular, we show (see Theorem 5.3.1 for formal
statement):
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5.1.1. THEOREM (Informal). Let {fin : Din — {0,1}}en be a family of func-
tions. Let ¢ be a symmetric Boolean formula on a variables, and suppose fy, =
O(fesbms -5 feypn) V fauwem, for some b > 1 and some auxiliary function fouz.en

with quantum time complexity Toux(¢,n). Then the quantum time complexity of fi
is O(T(¢,n)) for T(L,n) satisfying:

T(l,n) <aT(l/b,n) + Tau(l,n).

Our framework also handles the case where fy, = ©(fe/on,-- - fespn, faux,en) for any
formula ¢ on a + 1 variables, but then some extra, somewhat complicated looking
costs need to be accounted for, and there is also a scaling in the depth, although
this is not an issue if the formula has been preprocessed to be balanced [BB94].

Comparing this with the analogous classical statement, which would have a
instead of \/a, we get an up to quadratic speedup over a large class of classical
divide-&-conquer algorithms. As an application, we show a quadratic speedup of
Savitch’s divide-&-conquer algorithm for directed st-connectivity [Sav70].

To achieve these results, it is essential that we compose subspace graphs, rather
than algorithms. When we convert a subspace graph to a quantum algorithm, we
get constant factors in the complexity, and these seem necessary without at least
specifying what gateset we are working in. By first composing in the more abstract
model of subspace graphs, and then only converting to a quantum algorithm at the
end, we ensure these factors only come into the complexity once. This is similar to
compositions done with other abstract models, such as span programs (of which
dual adversary solutions are a special case) [Rei09], and transducers [BJY24].

Application to DSTCON Quantum algorithms for st-connectivity on undi-
rected graphs, which are closely related to evaluating switching networks, are well
studied [DHHMO06, BR12, JK17, JJKP18, AJPW23], including quantum algorithms
that achieve optimal time- and space-complexity simultaneously, in both the edge-
list access model, and the adjacency matrix access model.! In contrast, quantum
algorithms for directed st-connectivity (DSTCON) — the problem of deciding if there
is a directed path from s to t in a directed graph — is less well understood. The
algorithm of [DHHMO06] also applies to directed graphs, deciding connectivity in
é(n) time and space?. This algorithm has optimal time complexity, whereas its
space complexity is far from optimal.

Directed st-connectivity, also called reachability, is a fundamental problem in
classical space complexity. In particular, understanding if this problem can be

'We do not make a distinction between various access models, because they can simulate one
another in poly(n) time and log(n) space, so our result, which includes a 2°(°8™) term, is the
same in all models.

2In the edge-list access model.
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solved in log(n) space by a quantum algorithm would resolve the relationship
between quantum logspace complexity and NL, as DSTCON is NL-complete.

The best known classical (deterministic) space complexity of DSTCON is
O(log®(n)), using Savitch’s algorithm. We apply quantum divide & conquer
(Theorem 5.1.1) to give a quadratic speedup to Savitch’s algorithm, achieving
23 l08”(n)+0(l0a(n)) time, while still maintaining O(log?(n)) space (see Theorem 5.4.3).

Related and future work Time-efficient quantum divide & conquer has also
been studied in [ABB*25] when either (1) ¢ is an OR (equivalently, an AND) or (2)
¢ is a minimum or maximum. OR is a Boolean formula, while minimum /maximum
is not. In that sense, our results are incomparable. The framework of [ABB™25]
also differs from our work in that they explicitly treat the complexity of computing
sub-instances (the cost of the “create” step), whereas we assume sub-instances can
simply be queried in unit cost. In one of the applications of [ABB*25], this cost is
not negligible, and is even the dominating cost, so our framework, as stated, would
not handle this application. This is not an inherent limitation of our techniques
— it would be possible to take this cost into account in our framework as well.
Ref. [ABB"25] applies their framework to problems that are distinct from our
applications.

We also mention that Ref. [CKKD™22] analyzes the quantum query complexity
of divide & conquer where ¢ is an arbitrary Boolean formula, as well as in settings
where the function combining the sub-problems is more general. While our tech-
niques do apply to composing quantum algorithms for arbitrary functions (already
studied in [Jef22]), an issue is a poor scaling in the error of subroutines. If we start
with a bounded-error quantum algorithm for some function, we need to amplify the
success probability, as it will be called many times, incurring logarithmic factors.
This becomes a serious problem if the function is called recursively to depth more
than constant. We get around this in the case of Boolean formulas by using a
switching network construction (from which a quantum algorithm could be derived)
rather than a bounded-error quantum algorithm for evaluating the formula. Our
techniques would thus also readily apply to functions for which there is an efficient
quantum algorithm derived from a switching network. For more general functions,
the solution might lie in a recent framework, transducers [BJY24], that allows for
the composition of quantum algorithms without the need for success probability
amplification. We leave further investigation for future work.

Outline of the chapter Section Section 5.2 develops a composition theorem
for st-composable subspace graphs under balanced Boolean formula composition,
and derives a simplified corollary for the symmetric case. Section Section 5.3
applies this composition result to obtain a time-efficient quantum divide-&-conquer
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theorem, giving recurrences with a y/a dependence on the branching factor. Finally,
Section Section 5.4 instantiates this framework with Savitch’s recursion for directed
st-connectivity, yielding a bounded-error quantum algorithm for DSTCON with time
92 1og” n+0(logn) and space O(log®n).

5.2 Boolean formula composition

In this section, we give a subspace graph computing ¢ o (f,), when ¢ is a sym-
metric formula, given subspace graphs for each f,. Subspace graphs for formulas
¢ can be obtained simply by composing the switching networks for OR and
AND in Section 4.3.3 and Section 4.3.3 (see [JK17]). Our composition theorem,
Theorem 4.4.1, generalizes this simple switching network composition to more
general subspace graphs with switches.

We assume that ¢ is balanced (see Definition 2.3.2), as otherwise we get a factor
in the depth. In the general balanced case, we must be able to generate certain
superpositions efficiently, which is slightly complicated to describe (beginning with
Definition 5.2.1). The special case where ¢ is symmetric (see Definition 2.3.1) is
much simpler, as shown in Corollary 5.2.4.

5.2.1. DEFINITION. Fix a Boolean formula ¢ on {0,1}*, and real values CI and

C, for each 0 € . Let C, := /CIC.

For o € ¥\ %, let d, be the degree of o, and v(c) € {V, A} indicate the gate
labelling the node o, so for example, if v(0) = V, then the sub-formula rooted at o
is an OR of d, sub-formulas. Define:

d
CO’ = Z Co‘ia
=1
. >, Cloifu(o) =V
Ca‘ = ng?;cf if U(U) = /\’

2 .
and € — ZéoC*- if v(o) =V
7 2?21 C,, ifv(o)=A

Then note that

Co=/CiC,, andalso C=Cy= [ C

ceEY

We say the values {C}, C },cx incur logarithmic reflection cost if for every
o € X such that v(¢) = V, a state proportional to Y ,c(q,; \/Ci]i) can be generated
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in complexity O(logd,), and for all o € ¥ such that v(c) = A, a state proportional
to Yicia,] / Coili) can be generated in complexity O(logd, ).

5.2.2. LEMMA. Let ¢ be a balanced formula (Definition 2.3.2) on {0,1}*. Let
{fs}ses be Boolean functions, and for each o € 3, let G, be an st-composable
subspace graph (Definition 4.3.9) computing f,, with working bases that can be
generated in time at most T" with scaling factor r?, and logdim Hg, < S. Suppose
that for each o € X, Cr is a known upper bound on r"W+(GJ), and C; is a

known upper bound on W_(GU)/r", so C, = /CFCo is a known upper bound
on C(G,). Suppose the values {Ct,C; Yoex incur logarithmic reflection cost (see
Definition 5.2.1).

Then there is an st-composable subspace graph G° computing ¢ o (f,)sex with
logdim Hge = S + O(log |X|) and

der<ye

oeEY

Furthermore, the working bases of G° can be generated in time T + O(log |X]).

Proof of Lemma 5.2.2:

Let ¢ be a constant such that for each node in ¢, if its subtree has N leaves, and it
has d children, then the sub-tree of each child has at most ¢N/d leaves (this exists
because ¢ is balanced), and let a be a constant such that the bases referred to
in Lemma 4.3.20 and Lemma 4.3.24 can both be generated in complexity at most
alogd, and let @’ be a constant such that the cost of generating the basis of G°
in Theorem 4.4.1is T4+ T" + a’. We will show by induction on the depth D of ¢
that there exists an st-composable subspace graph G° computing ¢ o (f,), with
composable bases with scaling factor r® such that:

L. W, (G°) < C*
2. W=(6) < -
3. logdim Hge <log |X| + (24 loge)D + S
4. the bases can be generated in cost at most 7'+ (a + a’) log(cP|%]).
Since ¢ is balanced, D = O(log |X|), so
(a+a)log(c”|]) = (a+ a')log|X| + (a + a’)Dlogc = O(log |%)).

Without loss of generality, we can assume that none of the leaves of ¢ is
negated, because if it is, we can just push this negation into f,. The proof will be
by induction on the depth of .
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Base case: If D = 0, then ¢ o (f,)sex = f, for some o. Then we just take
G° = G,, so r° = r?. We have, by assumption, that rW,(G,) < CI = C* (when
the depth is 0) and W_(G,)/r’ < C; = C~. We also have, by assumption, that the
working bases of G, can be generated in time 7', and logdim Hg, < S, completing
the base case.

OR case: First, suppose ¢ has depth D > 0, with ¢ = V., ¢; for some d and
some formulas ¢; of depth D — 1. Let G = Gorq be the subspace graph from
Lemma 4.3.20, which is st-composable, because it is a switching network, and let
Gy, ..., Gy, be the st-composable subspace graphs whose existence is promised
by the induction hypothesis. For all ¢ € [d], we will compose the graphs G,
into the switch edge e; of G using Theorem 4.4.1, to obtain G°. If p;(z) =1
for some i, then G,, must have some cropped positive witness |[@"), and using
the cropped positive witness |@) from Lemma 4.3.20, by Theorem 4.4.1, G° has a
cropped positive witness
ri 1

2 Wi

where r is the scaling factor of the basis for G,,. Thus, if we choose

|@°) =

@),

d d
=CH/2, so rr=2)w;=> Cf
i=1 i=1

we get
- re. Cr . d
W,(G°) < o Wi(Gy,) < C% =1, andso r'W,.(G°) < Z ch=ct
‘ ¢ i=1

using the induction hypothesis, which says that r"WJr(G%) < Cf.

On the other hand, suppose for all i € [d], p;(z) = 0 and so there exists a
cropped negative witness @) for G,,. Then using the cropped negative witness
from Lemma 4.3.20, by Theorem 4.4.1, we have a cropped negative witness for G°:

ZJVTJ

Thus:

d d
<ycre-ya-

4 ow; -
str

by the induction hypothesis, which says that ( < C; .
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By the induction hypothesis, the cost of generating the bases for any G, is at
most:

T = (a+d) log(cD_lc|E|/d) = (a+d) log(cD|E|/d).
Thus, by Theorem 4.4.1, since the bases of G can be generated in cost at most

T = alogd — assuming the state proportional to 3; v/w;|i) oc 32, 1/C|i) can be
generated in O(logd) time — we can generate the bases of G° in cost

T+T +d = (a+d)log(c”(c|S|/d) + alogd + a < (a+ d')log(c”|%)),

as needed.
Similarly, by Theorem 4.4.1, we have

d
dim Hge < dim Hg — 2d + Zdlm HG%.
i=1

< 9d + 4 — 2d + 208(ZiD+2Hlog ) (D—1)+5 4 golog(|Zil)+(2+log o) (D-1)+5

by the induction hypothesis and Lemma 4.3.20. Thus,

X
log dim Hgo < 2+logd+logCldl—l—(Z—i-logc)(D—l)jLS = log |X|+(2+logc)D+S.

AND case: Next, suppose ¢ = A% o; for some formulas of depth D — 1. Let
G = Gwp,a be the graph from Lemma 4.3.24, which is a switching network, and
hence st-composable. Let G, ,...,G,, be the st-composable subspace graphs
whose existence is promised by the induction hypothesis. We will compose the
graphs G, into the switch edge e; of G to obtain G°. If ¢;(z) = 1 for all 4, then
there exist cropped positive witnesses |@") for each G,,, so using the cropped
positive witness for G from Lemma 4.3.24, by Theorem 4.4.1, G° has cropped
positive witness

%) = 3/ Ly
W) = — .
i=1 2\/Wi
Thus, setting
1 1 &1 d
’L':77 —_— = —= ij
W 2C; b0 ro = 2w, ; '

we have:
v

d d d
WG €3 5Wi(Gp) €3G CH =) C =,
=1 i=1 i=1

2Wi

by the induction hypothesis, which says that riiW, (G,,) < C.

i
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On the other hand, suppose ¢;(z) = 0 for some i € [d], so there exists a cropped
negative witness |@%) for G,,. Then using the cropped negative witness from
Lemma 4.3.24, by Theorem 4.4.1, we have a cropped negative witness for G°:

A0 2 A
) = 2ty

Thus, we have:

W_(G,,) < C—i =1, andso W-(&)

d
<> C
=1

using the induction hypothesis, which says that w <C; .

A similar argument about the basis efficiency and dimension of Hgo as in the
OR case completes the proof. O

We will prove a more easily-applied corollary for the case where ¢ is symmetric.
We will use the following two lemmas.

5.2.3. LEMMA. Let ¢ be a symmetric formula (see Definition 2.3.1) of depth D,
and for D' € [D], let dp be the out-degree of the nodes whose subtrees have
depth D'. Assume without loss of generality that the nodes whose children are
lecwes are N\ gates. Suppose for all o € ¥, C_ = L™ is a known upper bound on

wW_(G )/r independent of o; and CI is a lmown upper bound on W (G,)W_(Gy).
Let {C},C;,C,}, 5 be as in Definition 5.2.1. Then for all o € ©\X whose subtrees
have depth D',

. C2 [Dll_f]
CU 7 and C; =L dg i—1
= H(D 214 . i J

Proof:
First note that we can assume without loss of generality that the nodes with D’
odd are labelled by A, and D’ even are labelled by V.

We will prove the statement by induction. Since C, = /CFC_, it is sufficient
to prove the statement about C_ .

Base case: Let 0 € ¥, so D' =0. Then, indeed, C; =L~ =L~ H?:1 daj1.
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Odd case: Let D' > 0 be odd. By the induction hypothesis, and since D’ — 1 is

even, for all ¢ € [dp/]
(D/—1)/2

Ci=L" T dy.

Since D’ is odd, v(o) = A, and so

dpy (D'—1)/2 [D'/2]

_:ZC;iZdD/L_ H dgj 1—|__ H dgj 1-
=1

Even case: Let D’ > 0 be even. By the induction hypothesis, for all i € [dp/]

. C2 C2 C2 .
T - H =172 dy e H[D 7o dyy 1
Since D’ is even, v(o) = V, and so
dp/ dpr C2 C2
C=2Ci= E(D’/ﬂ [D772] ‘
i=1 L= T2 daja - I1;2 7 daj
Thus
C D/2]
C - = = I_ H d2] 1-

O'

O

5.2.4. COROLLARY. Let ¢ be a symmetric formula (Definition 2.5.1) on {0,1}*.
Let { fs}ses be Boolean functions, and for each o € X2, let G, be an st-composable
subspace graph (Definition 4.3.9) computing f,, with working bases that can be
generated in time at most T" with scaling factor r?, and logdim Hg, < S. Suppose
that for each o € 3, L™ is a known upper bound on W_(Gy,)/r?, and C} is a known

upper bound on r"W+(GU). Let C, = /CHC—, which is then a known upper bound
on C(G,). For any o € S\'X (i.e. proper prefizes of the strings in %), if the
children of o in ¢ are labelled by [d], define

Z CUZ?
1€[d]

and suppose a state proportional to 3;ciq Coilt) can be generating in cost O(logd).
Then there is an st-composable subspace graph G° computing ¢ o (fy)sex with
logdim Hge = S + O(log |X]|) and

ZO’ Cg 7 o o — el

— = and W_(G°)/r° <L~ [] daj

L= 11,217 daja j=1

rOW+(GO) <
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50 R
C(G)»P <y C
oED
Furthermore, the working bases of G° can be generated in time T + O(log |X|).

Proof:
By Lemma 5.2.3, since we can generate ;¢4 Coql7) in log d complexity, our upper
bounds CZ incur logarithmic reflection cost, so we can apply Lemma 5.2.2. a

5.3 Quantum divide & conquer

In this section, we state our time-efficient quantum divide-&-conquer results. For
an instance x of a function f;,, we say that a sub-instance 2’ of fy,/ for some
¢ <l and n' < nis unit-time computable if any bit z, of 2’ can be computed as a
function of x and ¢ in unit time. The following is a time-efficient version of Strategy
1 in [CKKD*22]. Note that it is fairly natural to assume ¢ = ¢'(21,...,24) V Zas1
for some formula ¢/, since often z,;1 = faux(z) simply handles the base case of
the recursion. We prove the statement for symmetric formulas, however, using
Lemma 5.2.2 instead of Corollary 5.2.4, a similar statement, possibly with extra
time overhead, holds for any balanced formula ¢, as long as we can account for the
possibly more complicated reflection costs.

5.3.1. THEOREM. Fiz a function family fi, : Dy, — {0,1}. Fiz unit-time-
computable functions A\, Ay : N — N, and a formula ¢ on {0,1}™ such that
0 =¢(21,...,2a) V Zat1 for some symmetric formula ¢'. Suppose {Paux.on}enen
is a family of quantum algorithms such that:

o Pauxen decides some fouxon : Den — {0, 1} with time and space complexities
Toux (€, 1) and Saux (€, n);

. fo < €07 fz,n(x) = faux,ﬁ,n(x);

o if > Ly, fin =0 (fi)iclar1) where each f; fori € [a] is such that f;(x) =
f)\l(g))@(n)(xi) for some unit-time-computable instance x* of n@em), and
Jaor1(x) = fauxen(x®h) for some unit-time computable instance x°T' of
faux,&n'

Then there is a bounded-error quantum algorithm that compute fi, with time

complezity O(T(¢,n)), and space complexity O(Sau(€,n) +log T(¢,n)), where for
all ¢ > ly:

T(£,n) = \/aT (M (0), Aa(1))? + ATuu (6, 0)2 < aT (M (€), Aa(n)) + 2T (6, 1)
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and for ¢ < ly, T(€,n) = 2Tu (4, n).

We remark that, while we assume the subroutine Paux ¢, has no error, if it has
sufficiently small error inversely proportional to the number of times it is called,
the algorithm must still work, as this cannot be distinguished from having no
error. Amplifying a bounded-error quantum algorithm to have such small error
incurs factors logarithmic in the number of times it is called, so 27T,,x (¢, n) becomes
O(Taux(¢,n)log T'(¢,n)). We stress that these log factors are only acceptable because
we do not recursively call Paux rn-

Proof:

We will use the shorthand A(¢,n) = (A1(€), A2(n)). Let D, be the depth of ¢/,
and for each j € [D], let d; be the number of children of any node at distance j

from the leaves. Define d = H]Ef/ 2l d; for Dy Let T,uxo be an upper bound on
Toux(€,n) when ¢ < ¢y. For all (¢,n), let C~(¢,n) be defined recursively, as follows.

Taux,O if ¢ S 60
- P 2
C (4,n):= aT(Wﬂg;(;,n) clse.
ac— (M En) +4Taux(6n)

The proof will be by induction. Specifically, we will show that there is an
st-composable subspace graph G, that computes f;, with

1. dim Hg < 25¢n).

2. W_(Gun)/rem < C(€,n), and C(Gy,) < T(€,n) = C(¢,n);

3. logdim Hg, , = Spn < ¢Dlog(2a) + cSaux(,n) + clog Taux (¢, n);
4. and basis generation cost Ly, := Dc log(2a) + clog Toux (€, 1),

where D is the depth of recursion, and ¢ and ¢’ are sufficiently large constants.

Base case: For the base case, suppose ¢ < {y. Then we let G, be the subspace
graph from Lemma 4.3.35 derived from the algorithm P,y ¢, and using o, =1 for
all 7. Then Gy, computes fauyen With dim Hg, , < ¢(Sauw(?,n) + log Taux (4, n)),
and basis generation cost at most c¢log T, (¢, n), for sufficiently large constant c.
By Lemma 4.3.35, we also have

W_(Gon)/Tem < 2Tauc(€,0)/2 < Tauxos  and  C(Gon) < 2Tu(C, n).
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Induction case: For the induction step, let Gy ) be the subspace graph
whose existence is guaranteed by the induction hypothesis. First, we will use
Corollary 5.2.4, where G, ..., G, are each copies of G n) —so C; := C(A({,n)) =
T(A(l,n)) and L~ := C~(\(£,n)) are known upper bounds on C(G;) and W_(G;)/r’,
by the induction hypothesis — to get a subspace graph G“Z;@. In order to ap-
ply Corollary 5.2.4, we have used the fact that L~ does not depend on i. By
Corollary 5.2.4, we have

S]

Next, we will use Lemma 5.2.2, with the formula x( V x;, and subspace graphs
Gy = GZ;1 and G} a subspace graph computing faux s, from Lemma 4.3.35, using
the known upper bounds Cy(¢,n) and C; (¢,n) defined above, and Ci (¢,n) :=
Toux(6,n) > W_ (G, and Ci(£,n) := 2Thu(¢,n) > C(G,) from Lemma 4.3.35.
This gives a subspace graph Gy, computing f;, with

C(Gon)? < Co(l,n)? 4+ CL(L,n)? < aT(Nl,n))? + 4T (6, n)? = T(L, n)?

5 Co(l,n)? + Cy(4,n)? T, n)?
W (Gen)/ron < Coltn)? | Ci(6n)? S aT(A(6n) | ATaux(6n)2 =C (6n).
Co(tn) T C; (6n) dC=(\(ln) T Taux(n)

In order to apply Lemma 5.2.2, we must be able to generate a state proportional to

Co(l,n)?
o im0 |1
Co(4,n)
in constant complexity. Since the amplitudes are fixed, input-independent values,
we can do this with a single 2-local unitary.

The cost of generating the bases for each of the graphs G, ..., G, is at most
Lawny = (D — 1)c'log(2a) + clog Taux (¢, n)

by the 1nduct10n hypothesis, and so by Corollary 5.2.4, the cost to generate the
bases for Gy, is at most

d IOg(CL) + L)\(g’n).
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The cost to generate the basis for G} is at most clog T, (¢, n) < ' log(a) + L),
by Lemma 4.3.35. Then by Lemma 5.2.2 the cost to generate the basis for Gy, is
at most:

d'log(2) + ' log(a) + Len < c'log(2a) + (D — 1) log(2a) + clog Thux (¢, n)
= Dclog(2a) + clog Toux(¢,n) = Ly,

as needed. Finally, we note that for all i € [a], by the induction hypothesis

logdim Hg, < ¢(D — 1)1og(2a) + ¢Saux(A(4,n)) + clog Taux (A4, 1))
< (D —1)log(2a) + c¢Saux(,n) + clog Taux (¢, n)

and so by Corollary 5.2.4,
log dim HGZ/n < (D —1)log(2a) 4+ ¢Saux(l,n) + clog Thux (¢, n) + clog(a).
By Lemma 4.3.35,
logdim Her < eSaux (€, 1) + clog Thux (£, n).
Thus, by Lemma 5.2.2, if ¢ is a sufficiently large constant,

logdim Hg, , < c¢(D — 1)log(2a) + cSaux (¢, n) + clog Taux (¢, n) + clog(a) + clog(2)
= cDlog(2a) + cSaux(l,n) + clog Thux (¢, n) = Spn.

This completes the induction. To complete the proof of the theorem, we first
apply Corollary 4.4.2 to get a subspace graph G}, with W, <1, and then apply
Theorem 4.3.14, which turns G, into a bounded-error quantum algorithm for fy,,

with time complexity
O(Leny/T(m)),
and space complexity O(Sy,, +logT'(¢,n)). We complete the proof by noting that
D D
log T(¢,n) > log Va = 5 loga > n log(2a),

so Ly, = O(log(T'(¢,n))), and Sp,, = O(Saux(f,n) + logT'(¢,n)). O

5.4 Application to DSTCON

In this section we consider the directed st-connectivity problem. First, we specify
the graph access model. We will work in the adjacency matrix model, where we
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assume that for a directed graph G = (V| F) the input is given as an oracle Og
that can be queried in unit cost, where for any u,v € V

lu)|v)|1) if (u,v) € E
|u)|v)|0) otherwise.

Oc : [u)[v)|0) — {

Without loss of generality, we assume (u,u) € E for any w € V. This doesn’t
change the presence or absence of paths in G.

However, we note that the time complexity 22 in Theorem 5.4.3 also
holds for the edge list model, in which the algorithm can query the i-th out- or
in-neighbour of a vertex. That is because given such access, we can implement a

query to Og in poly(n) time and O(logn) space, and poly(n) factors are suppressed
in 20(10g n)

log? n+O(logn)

5.4.1. PROBLEM (DSTCON). Given access to a directed graph G = (V, E) via the
oracle Og, and two vertices s,t € V', decide whether there is a directed path from s
tot in G.

There is a classical recursive algorithm for DSTCON that operates in the low-space
regime due to Savitch [Sav70]. We first describe the subroutine PATH,(Og, u, v)
that will be called recursively in the algorithm. This subroutine decides whether
there is a path of length at most ¢ from u to v in G. For ¢ > 2, the subroutine
searches over all vertices for some w such that there are paths of length at most
¢/2 from s to w and w to t:

Subroutine 1: PATH,(Og, u,v) for £ > 2
Input: Oracle O¢g, u,v €V
Output: 1 if there is a path of length < ¢ from u to v in G; 0 otherwise.
for w eV do
|_ by = PATH({/2, u, w) A PATH({/2,w,v);

return \/, _y bu;

Next, we describe the base case. When ¢ = 1, the subroutine simply performs a
single query Og(u,v) and outputs:

1 if (u,v) € E

PATH: (Og, u,v) = {0 otherwise

Then Savitch’s algorithm simply outputs PATH,(Og, s,t), where n = |V, to decide
if there is a path from s to t.
The following result of Savitch is easy to verify.



110 Chapter 5. Quantum divide & conquer and application to DSTCON

Algorithm 3 Savitch’s algorithm for DSTCON

Input: Oracle Og for G = (V, E) with |V| =n, s,t € V
Output: 1 if there is a path from s to ¢ in GG; 0 otherwise.
return PATH,(Og, s, t);

5.4.2. THEOREM. Algorithm 3 decides DSTCON in, time O((2n)'0sn = 2loe® +0(logn))
and space O(log?n).

Next, we show a quantum speedup for Savitch’s algorithm via application of
Theorem 5.3.1.

5.4.3. THEOREM. Let G = (V, E) be a directed graph, |V| = n. Then there exists

a recursive quantum algorithm that decides DSTCON on G with bounded error in
~ 1

time O((v/2n)l8™) = 23 l08”n+00ozn) 40 space O(log? n).

Proof:

To show existence of such a quantum algorithm, we will rephrase algorithm
Algorithm 3 in terms of the condition of Theorem 5.3.1 and analyze its complexity.
We start with defining a function corresponding to DSTCON.

Fon 1 {0,137 x {0, 13187 x {0,1}°5" — {0,1}

1 if there is a path from u to v in G of length < ¢

(G,u,v) |—>{

0 otherwise,

where GG encodes a directed graph on n vertices and w,v encode two vertices in G.

Next, we define A\;(¢) = ¢/2 and Az(n) = n. This specifies the recursion. Finally,
we set {o = 1 and define

1 if (u,v) € B

0 otherwise.

faux,l,n(Ga u, U) = {

and fauzen = 0 for all £ > 1. Then Pyyx sy is a single edge query when ¢ = 1 and
does nothing otherwise. This implies T, (¢, n) = O(1) and S,ux(¢,n) = O(logn)
as this is the space needed to write down a vertex name. We have everything to
write down f,, recursively, in terms of a symmetric formula ¢’ in a = 2n variables:

ff,n(Gv u, U) = \/ (fZ/Q,n(Gv u, w) A f[/2,n(G7 w, U)) vfaux,é,n(Gy u, U)'

weV

/

@
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Now we apply Theorem 5.3.1 to everything described above and conclude that
there is a recursive bounded error quantum algorithm that computes f;,, with time
complexity O(T(¢,n)) and space complexity O(Sau(f,n) +logT(¢,n)), such that
we have for all ¢ > 1:

T(¢,n) = 2nT(£/2,n) + O(1),
and T'(1,n) = O(1). By solving the recursion, we obtain
T(n,n) = O((m)logn) _ 0(2%(log2n+logn)).
The space complexity of the algorithm for f,,,, is thus
O(Saux(n,n) +log T(n,n)) = O(log®n).

Since f,, precisely describes the problem DSTCON, this concludes the proof. O






Chapter 6

A quantum time-space tradeoff for
directed st-connectivity

Directed st-connectivity (DSTCON) is the problem of deciding if there exists a
directed path between a pair of distinguished vertices s and ¢ in an input directed
graph. This problem appears in many algorithmic applications, and is also a
fundamental problem in complexity theory, due to its NL-completeness. We show
that for any S > log?(n), there is a quantum algorithm for DSTCON using space S
and time T < 23 log(m)log(n/S)+0(l0g*(M) which is an (up to quadratic) improvement
over the best classical algorithm for any S = o(y/n). Of the S total space used
by our algorithm, only O(log?(n)) is quantum space — the rest is classical. This
effectively means that we can trade off classical space for quantum time.

This chapter is based on the paper “A quantum time-space tradeoff for directed
st-connectivity” by Stacey Jeffery and Galina Pass [JP25b].

113
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6.1 Introduction

In the directed st-connectivity problem (DSTCON), the input is a directed graph
on n vertices with two distinguished vertices s and ¢, and the goal is to decide
if there is a directed path from s to t. This fundamental problem underlies a
wide range of applications in (e.g.) logistics, databases [AHV95, UlI89], compilers
[ALSU06, NNH99], and model checking [CGP99, BKO0g].

In addition to its practical applications, DSTCON plays a central role in space-
bounded complexity theory. It is NL-complete (under NC' reductions), where
NL is the class of problems decidable by nondeterministic logspace machines.
Consequently, understanding its complexity has broad implications for space-
bounded computation. For example, a classical (or quantum) algorithm for DSTCON
using O(log(n)) space would show that L, the class of problems solvable in O(log(n))
space (or its quantum analogue) contains NL — a major breakthrough in either case.

Currently, the smallest space complexity of any classical or quantum algorithm
for DSTCON is S = O(log?(n)), achieved by Savitch’s (classical) algorithm. However,
Savitch’s algorithm achieves this low space complexity at the expense of a large
quastpolynomial time complexity, using

T < 9log*(n)+O0(log(n))

steps of computation. In contrast, a simple breadth-first search (BFS) algorithm
solves this problem in just 7' = O(n?) steps (in the adjacency-matrix model), but
at the expense of a much larger S = é(n) space requirement. The fundamental
nature of this problem, as well as its many applications, motivates understanding
the best possible tradeoff between the time and space needed to solve it. Progress
was made by Barnes, Buss, Ruzzo and Schieber [BBRS98], who gave a classical
algorithm that runs in time

T < 9log?(§)+0(lognloglogn) (6.1.1)

given any space S > log?(n). Their approach combines a breadth-first search with
a clever recursive algorithm.

For quantum algorithms, the study of space-bounded complexity is even more
well motivated, as quantum memories are expected to be limited in size for the
foreseeable future. It is an important question in which memory regimes we can still
achieve speedups over classical algorithms, and time-space tradeoffs are a key part
of this picture. We can make such a tradeoff even more useful by distinguishing
between the quantum space and classical (or total) space needed by the algorithm,
as quantum space is the scarce resource.

For DSTCON, quantum speedups are known only at the two extreme regimes of
space. In the high-space setting, Diirr, Heiligman, Hgyer, and Mhalla [DHHMO06]
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gave an O(n'?)-time, O(n)-space algorithm using quantum search to build a
spanning tree. In the low-space setting, Chapter 5 gave a quadratic quantum
speedup over Savitch’s algorithm, running in time T' < 22 108” n+0(logn) with § —
O(log2 n) space. Between these two extremes, however, no quantum improvements
over classical tradeoffs were known.

For the undirected variant (USTCON), the picture is much clearer, at least
as far as quantum algorithms go: in both the adjacency-matrix and edge-list
models of graph access!, quantum algorithms achieve optimal time and space
simultaneously [BR12, AJPW23].

However, existing classical and quantum approaches face significant obstacles
in the directed case. A random walk on a directed graph, starting from s, may fail
to find t even when t is reachable from s, if the walk leads from s to some part of
the graph from which ¢ is not reachable. Quantum walks, which are powerful tools
for studying undirected graphs, do not generalize to directed graphs. Moreover,
known classical algorithms for DSTCON such as the time-space tradeoff algorithm
in [BBRS98] cannot be directly quantized. This stems from the fact that these
classical algorithms are not reversible, and making them reversible using standard
methods increases the space complexity. These difficulties highlight why directed
connectivity remains a challenging and subtle problem. They also show that
progress requires algorithmic ideas that go beyond random or quantum walks, and
straightforward adaptations of classical tradeoffs.

Our contribution: We present the first nontrivial quantum time-space tradeoff
for DSTCON, by designing a new quantum algorithm for this problem that, for any
space bound S > log?(n), runs in time

T < 2% log(n) log(§)+O(logn loglog n)

In particular, our result yields a quantum speedup over the best known classical
algorithm (see (6.1.1)) in the regime S = o(n'/?). We also show that, of the S
space, the required quantum space is always O(log(n)), which makes this result
much more applicable to quantum computers with a limited number of qubits.
This effectively means that we can tradeoff classical space for quantum time. We
formally state this result in Theorem 6.2.6.

Our techniques: The classical algorithm of Barnes et al. [BBRS98] achieves a
time-space tradeoff for DSTCON by combining breadth-first search with a recursive
subroutine that decides, for any pair of vertices u and v, if there is a directed path

'In this work, unless otherwise stated, we use the adjacency-matrix model, which assumes the
input is given via queries to an adjacency matrix. This distinction is only significant in high-space
regimes where the time complexity is polynomial.
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Figure 6.1: (L) An example of a switching network. (R) The same switching network,
with edges switched on (thick) or off (dashed) by the assignment z = 10101. In
this example, u and v are connected by a path of edges labelled by variables that
are true under x, and so the switching network accepts x.

from u to v of length at most L. We call this problem DisT;. The breadth-first
search saves on space by not traversing the whole graph, but only those vertices at
a distance from s that is a multiple of L (the space then decreases as L increases).
The subroutine is used to find these vertices in a manner that is more space efficient,
but less time efficient, than BFS.

The BFS portion of this classical algorithm could be sped up using quantum
search techniques, but this saves at most a polynomial factor in the time (and
nothing in the space), which is not very interesting in the small-space regime (where
we get our quantum improvement) where such polynomial factors are hidden by
the O(log(n)) in the exponent. On the other hand, a direct quantization of their
subroutine for DisT, fails, in large part because this subroutine is not reversible,
and making it so would increase the space complexity. Moreover, the subroutine
calls itself recursively, with significant depth of recursion. A quantum speedup
of this subroutine would most likely have bounded error. Naively composing
bounded-error quantum subroutines to depth d results in log? factors, which can
be significant. Recent techniques for composing bounded error quantum algorithms
without log-factor overhead [BJY24, BJ25] could reduce this overhead to ¢ for
some constant, but this could still be significant, if ¢ > 1. Overcoming these
limitation requires a fundamentally different approach.

To address this, we design a new quantum algorithm for D1sT, that is based on
a recursively constructed switching network. A switching network (Definition 4.3.7)
is an undirected graph with terminals v and v, whose edges are labeled by Boolean
variables {1, ..., 2, }, that can switch the edges “on” or “off”, by their truth value.
Such a network naturally defines a Boolean function f : {0,1}" — {0, 1}, with
f(x) =1 (we then say the switching network accepts x) if and only if v and v are
connected by a path consisting of edges whose labels are true under the assignment
x. An example is given in Figure 6.1.

Switching networks are a natural and well-motivated model in classical com-
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puting, and have been used to study classical space-bounded complexity (see,
e.g., [Pot15]). They also give a simple way of designing quantum algorithms, as any
switching network can be compiled into a quantum algorithm for the associated
function, whose time and space complexity depend on certain properties of the
switching network. Quantum algorithms for evaluating switching networks were
developed in [JK17] using span program techniques inspired by [BR12|, and a sub-
sequent work [JJKP18] provided a tight analysis of these span program algorithms
for arbitrary switching networks, in terms of query complexity. These quantum
algorithms were only explicitly related to the classical model of switching networks
in Chapter 4, where more detailed techniques were developed for efficiently im-
plementing this type of quantum algorithm, and rigorously analyzing their time
complexity.

Switching networks lend themselves well to quantum algorithms in part because
they are a naturally reversible structure, being defined by undirected graphs.
Moreover, they give a natural way of defining recursive quantum algorithms: by
defining a switching network recursively, and turning the final product into a
quantum algorithm, bounded error is introduced only once, when turning the
switching network into a quantum algorithm, and there are no factors of ¢? or
log? on the complexity of the algorithm, even when the depth of recursion in the
switching network is d.

Because we keep the more space-intensive outer BF'S algorithm classical, most of
the space needed by the algorithm is classical. For any S, we only need O(log®(n))
qubits of quantum space to implement our quantum subroutine for Di1ST;, the
remainder of the S space is classical.

Our algorithm for DisT, provides a compelling example of how switching
networks can be used within quantum algorithms. It exploits the full power of
the classical switching network model, while at the same time extending it into a
setting where time-space tradeoffs become essential. It is the first time switching
networks have been used to prove a quantum time-space tradeoff. Beyond its role
in our algorithm for DSTCON, our algorithm for DisT; may be of independent
interest as a quantum primitive for other space-efficient graph algorithms.

Open problems: Our speedup over the best known classical algorithm is
quadratic when S = log®(n), and gets worse as S increases towards /n, at which
point we no longer achieve any speedup. However, we do know there is a quadratic
speedup at the other extreme, S = n. It is thus very natural to hope that we might
get a quadratic speedup over the algorithm of [BBRS98] for all S. One difficulty in
this is that our algorithm is not just a quantization of the algorithm of [BBRS9S],
but actually does something different.

As mentioned earlier, for the undirected variant (USTCON), quantum algorithms
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achieve optimal time and space simultaneously [BR12, AJPW23]. This naturally
raises the question of whether a similar result is possible in the directed case.

We have already mentioned the compelling open problem of showing a O(log(n))-
space quantum algorithm for DSTCON. This would necessarily be a polynomial-time
algorithm, and so it would, in some rough sense, achieve the above goal of have
optimal space and time simultaneously. It would also show that the quantum
analogue of L (logspace) is contained in NL (nondeterministic logspace). Ref. [AE25]
made some progress on this question by showing that a promise version of DSTCON
in which the input has few paths can be solved in O(log(n)) quantum space. We
remark that any o(log?(n)) upper bound on the quantum space complexity of
DSTCON would be interesting.

Organization: The remainder of this chapter is organized as follows. In Section 6.2,
we present our main result, a quantum algorithm for DSTCON with a parameter L
that can be used to tune the classical space complexity of the algorithm. The key
technical building block of this algorithm is a quantum subroutine for the problem
DisT, which we describe in Section 6.3.

6.2 Quantum algorithm for DSTCON

In this section, we prove our main result, by describing a quantum algorithm for
DSTCON that works for any space bound S > log®(n). We begin by stating the
main technical result of this chapter, which we prove in Section 6.3. Specifically,
we present a quantum algorithm for deciding directed st-connectivity under an
additional constraint on the path length (i.e. solving PATH ). While this subroutine
is quantum, the algorithm we decide in the remainder of this section is otherwise
classical.

6.2.1. THEOREM. Let G = (V, E) be a directed graph such that V = {vy,...,v,}.
Assume that G can be accessed via a quantum oracle Og that can be implemented
in time O(1), where for any i,j € [n], b € {0,1}

[pHlbe 1) if (vi,v) EE ori=j

|3)|7)10) otherwise.

Og - [1)15)1b) = {

Let L < n be a power of 2. Then there is a bounded-error quantum algorithm,
D.(G,u,v), that decides for any u,v € V whether there is a directed path from u
to v in G of length at most L, in time

O ((Ll°g3(2n + 1)1°gLn) 1/2)

and space O(log(L)log(n)).
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In Section 6.3, we prove the statement for L a power of 2, using a recursive
structure, but a simple corollary extends this result to any L.

6.2.2. COROLLARY. Let G be as in Theorem 6.2.1, and let L be any positive
integer. Then there is a bounded-error quantum algorithm, Distp(G,u,v), that
decides for any u,v € V whether there is a directed path from u to v in G of length
at most L, in time

O((£ox(2n + 1)tn) ")
and space O(log(L)log(n)).

Proof:

To prove the statement, we exhibit a quantum algorithm, Algorithm 4 that uses
one call to the subroutine D from Theorem 6.2.1, on a graph G’ that is constructed
from G by adding a directed path from some new vertex s; into u of length such
that any uv-path of length at most L corresponds to a sjv-path of length at most
2Mloe L] (see Figure 6.2). Since G’ can be queried using at most one query to G, the
result follows. a

Algorithm 4 Dist;(G,u,v)

Parameter: a positive integer L < n

Input: a directed graph G = (V, E) and a pair of vertices u,v € V'

Output: 0 or 1 indicating there is a path of length at most L between v and v in G

1. Let £ = [log L] and a = 2 — L

2. Let G’ be the graph G with a new vertices si,...,8, and a new edges
(81,52)5 -5 (Saz1,84), (Sasu). Then G’ is just G with a directed path of
length a coming into u, and can easily be queried using queries to G.

3. Return Dy (G, s1, ).

6.2.1 BFS algorithm that calls the quantum short path
subroutine
To get a time-space tradeoff for DSTCON, and prove our main result, we describe a

classical BFS-based algorithm, Algorithm 5, from [BBRS98], that makes calls to a
subroutine for the problem DisT, (G, u,v), of deciding whether there is a path of
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Figure 6.2: The graph G’ constructed from G. It is clear that there is a uv-path of

length at most L in G if and only if there is a s;v-path of length at most L + a in
G’

length at most L from u to v in a directed graph G. Our algorithm for DSTCON is
obtained by instantiating that subroutine with the quantum algorithm Dist; from
Corollary 6.2.2.

Ref. [BBRS98] show that this algorithm correctly decides DSTCON whenever Disty,
decides PATH,. From [BBRS98], or by inspecting Algorithm 5, we get the following.

6.2.3. LEMMA. Let Dist(G,u,v) be a bounded-error algorithm for DISTy, with
time complexity Dr(n, L), and the space complexity is Dg(n,L). Then the time
complexity of Algorithm 5 is

6<T§DT(n, L))

and its space complexity is

log L
O(” OLg +D5(n,L)>.

IfDisty, is implemented by a quantum algorithm, then the quantum space complexity
is at most O(Dg(n, L)), and any remaining space is classical.

Substituting the result of Corollary 6.2.2 yields the following theorem, which
combines our quantum subroutine with the classical BFS algorithm. Although
the algorithm in Corollary 6.2.2 has bounded error, its success probability can be
boosted high enough that the outer algorithm will not notice, using majority voting,
at the cost of an overhead of log O(n?/L), which is hidden in the O of the final
complexity.

6.2.4. THEOREM. Let G = (V, E) be a directed graph such that V = {vy,...,v,},
and s,t € V. Assume that G can be accessed via a quantum oracle Og that can be
implemented in time O(1), where for any i,j € [n], b € {0, 1},

[Dplbe 1) if (vi,v;) € Eori=j

Og¢ : |Z>‘]>|b> — {’Z)’j)’w otherwise.
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Algorithm 5 DSTCON, (G, s,t) [BBRS98]

Parameter: a positive integer L < n

Input: a directed graph G = (V, E) and a pair of vertices s,t € V

Output: CONNECTED if there is a directed path from s to ¢ in G, NoT CONNECTED
otherwise

1: for j=0,...,L—1do
2: S <+ {S}
3: for all vertices v € V do
4: if Dist;(s,v) =1ADist;_1(s,v) =0 then
5: if |S| > n/L then try next j
6: else add v to S
7 end if
8: end if
9: end for
10: fori=1,...,|n/L] do
11: S'=0
12: for all vertices v € V do
13: if Jue S:Distr(u,v) =1AVue S :Distr_1(u,v) =0 then
14: if |S] +1S’| > n/L then try next j
15: else add v to S’
16: end if
17: end if
18: end for
19: S=85uys
20: end for
21: if ¢ within distance L of a vertex in S then return (CONNECTED)
22: else return (NOoT CONNECTED)
23: end if
24: end for

Then there is a quantum algorithm that decides whether there is a directed path
from s to t in G with bounded error in time

6(n3.5L.510g(3)—1<2n + 1)0.510gL)
and total space
5((2 + log L) logn>

of which O(log(L)log(n)) is quantum space.
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6.2.2 Complexity comparison: classical vs. quantum

6.2.5. THEOREM ([BBRS98]). Let G = (V, E) be a directed graph such that V =
{v1,...,un}, and s,t € V. Assume that G can be accessed via a classical oracle
O¢ that can be implemented in time O(1), where for any i,j € [n],

1 if (v,v;) € E
0 otherwise.

Ocli, j) = {

Then for any S > log®(n), there is a classical algorithm that decides whether there
is a directed path from s to t in G using space O(S) and time

T < 210g2 %+O0(lognloglogn)

In [BBRS98], they state a bound of T < 200e*(/S) hut using their choice of
parameters, and a slightly more precise analysis of their algorithm, we can compute
the more fine-grained upper bound we have stated above. We improve on their
result in our main theorem, which is the following.

6.2.6. THEOREM. Let G = (V| E) be a directed graph such that V = {vy,...,v,},
and s,t € V. Assume that G can be accessed via a quantum oracle Og that can be
implemented in time O(1), where for any i,j € [n], b € {0, 1},

Db e 1) if (vi,v;) €EE ori=j
[i)|7)|b) otherwise.

Oc : [i)|7)b) — {

Then for any S > log®(n), there is a quantum algorithm that decides for any
s,t € V whether there is a directed path from s to t in G with bounded error using
space O(S) and time

T < 2%lognlog %+O(lognloglogn).

This algorithm uses O(log*(n)) quantum space.

Proof:

We analyze the time-space tradeoff of the quantum algorithm of Theorem 6.2.4.
Assuming Llog L = O(n), its space complexity becomes S = O(% log n), with
only O(log(L)log(n)) = O(log*(n)) quantum space. That is, we can express
L= @(% log n) Substituting this into the time complexity

T — 6(n3.5L.510g(3)71(2n + 1)0.510gL)
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and taking logarithms, we obtain

<log(2n + 1)

logT = 3.5logn + log L + .5log(3) — 1) + O(loglogn)

logn
2

= <1og n + loglogn + O(l)) (

5 + O(l)) + O(logn)

n

= ;IOg(S) log(n) + O(log(n) loglog(n)). O

6.2.7. REMARK. For S = o(n'/?), the quantum algorithm of Theorem 6.2.6
achieves a better time-space tradeoff than the classical time-space tradeoff stated
in Theorem 6.2.5.

6.3 Quantum short path subroutine

In this section, we prove Theorem 6.2.1 by describing and analyzing a quantum al-
gorithm for D1sT. (G, s,t), for G = (V, F) a directed graph with V = {vy,...,v,},
s,t € V any pair of vertices, and L € N a power of 2. The algorithm is de-
signed by exhibiting a switching network (Definition 4.3.7), and then applying
Theorem 4.3.19.

In Section 6.3.1, we describe the switching network, through a recursive con-
struction. In order to apply Theorem 4.3.19, we need to analyze the number of
edges in the switching network, and upper bound the distance between its source
s and sink t, which we do in Section 6.3.2; and describe a basis for the space
B+, and a procedure for generating it, which we do in Section 6.3.3. Finally, in
Section 6.3.4, we put it all together to prove Theorem 6.2.1.

6.3.1 Switching network

The switching networks we will work with will have vertices represented by a
tuple [ug,...,us] € V¥, of some number k of vertices of G, as well as possibly
some additional information. We will not actually care so much about naming
conventions for the vertices, but the important detail is that each vertex of a
switching network has an associated subset {uy,...,ux} C V (so the order of the
tuple actually doesn’t matter). In particular, we will construct switching networks
by gluing together switching networks of this form (see Definition 2.4.7), and it will
be important that any pair of vertices we glue together have the same associated
set, so there is no ambiguity.

The way we construct our switching networks, we will only have an edge
between a pair of vertices where the associated sets are of the form {uy, ..., ux}
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and {uy, ..., ux, ugs1}, and the query label for that edge (see Definition 4.3.7) is
(u;, ugs1) for some i € [k]. Such switching networks were first studied in [Pot14].
This structure ensures that a vertex [u] can only be connected to a vertex [uy, .. ., ug]
by a path of “on” edges if each u; is reachable from u in G — a property that will
be crucial for our analysis in Section 6.3.1.

In this section, we will describe and analyze a switching network N (s) of the
above described form. This will be built inductively from switching networks Noe (u)
for £ € {0,...,log L}, and u € V, called the root. Ny (u) has a single source [u]
and n sinks {[u, v;] : v; € V'}. With respect to the i-th sink [u,v;], the switching
network computes whether v; is reachable from u by a path of length at most 2,
for every v; € V simultaneously (i.e. v; is reachable from w by a path of length
at most 2¢ in G if and only if [u] and [u,v;] are connected in Ny (u)(G)). This
“extended boundary” is used solely for the recursive construction in Section 6.3.1.
The final construction N7 (s) has source s = [s] and a single sink t = [s,¢]. We
write N7 (s,t) when we want to emphasize this.

Graph construction

Define > = {(0,0)} U {(1,4) : i € {0,1}1°¢"} U {(2,7) : j € {0,1}!°®"}  an alphabet
of size 2n 4+ 1. We have ensured that all symbols in this alphabet have an obvious
representation as a string in {0,1,2} x {0,1}°¢" but for convenience we will
sometimes use 0 to denote (0,0), and 1i or 2 to denote (1,i) or (2,5). For any
o € ¥*, let |o| denote its length, and define:

max{i e{l,....|lol}: o; € {1} x {0, 1} =" if there exists i s.t.
filo) = o; € {1} x {0,1}'°8™,
0 otherwise.

We now define Ny (u) for £ € [log L], by a recursive construction.

Base construction. For the base case, ¢ = 0, the switching network N;(u)
consists of a source vertex [u] connected to n sinks [u, v;],v; € V. The edges have
query labels (u,v;), each “checking" whether there is an edge (u,v;) in G (see
Figure 6.3). More precisely, we formally define the sets of vertices and edges as
follows.

Vi =A{[u]} U{lu,v;] :v; €V}, and E;={le;) =1i): i € [n]}.

Above, we put edge labels in a ket, to emphasize that they form an orthonormal
basis of some inner product space. The incidence of edges and vertices is defined
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u, v1

U U, U;

u, vy,

Figure 6.3: Graph construction for the switching network Nj(u) that decides
whether each vertex of a graph G = (V, E) is reachable from a vertex u € V' by a
path of length 1. Each edge ([u], [u,v;]) of Ni(u) has query label (u,v;) and is “on'
in V1 (u)(G) if and only if (u,v;) € E. Therefore, it holds that v; is reachable from
u by a path of length at most 1 in G if and only if [u] and [u, v;| are connected in

N (u)(G).

(see Definition 2.4.2 for a reminder of how undirected graphs are specified):
Ey([u]) = By and  Ey ([u]) =0

Vi ], By (fuul) =0 and B ([ u]) = (e}
The query label of the edge e; is (u,v;).

Recursive construction. Next, we describe the construction of Ny (u), assuming
that a construction of Noe-1(u) is given. Let N,_,(u) denote a copy of Nye-1(u) in
which each vertex-tuple of the switching network is augmented with an additional
vertex v € V (although the order in the tuple doesn’t matter, for clarity, assume
we append v to the front of each tuple).

The construction of Nye(u) uses 2n + 1 copies Nye-1 (') for some o', some of
them augmented by additional vertices. Specifically, define:

N20£—1 = NQE—l (U)
VZ € [n], Négllil) == 21%—1(’02‘)
Vj € [n], /\/'2(@2,’]‘1) = Rev(N,7, (u)).
Above, we used the notation Rev(N) to be the switching network N except with
the orientation of every edge reversed. As we will see shortly, this ensures that all

edges of Ny (u) have a logical left-to-right orientation. Define Nye(u) from these
2n + 1 copies of Nye—1 by gluing (as made precise in Definition 2.4.7) the i-th sink

of NVJ, — which encodes [u, v;] — to the source of NZ(ZI ) _ which also encodes [w, v;] —
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(for all ¢ € [n]); and gluing the j-th sink of /\/'2(,5“) — which encodes [u, v;,v;] — to the
i-th sink of /\/’S’j) — which also encodes [vj, u, v;] = [u,v;,v;] — (for all 4,5 € [n]), as
in Figure 6.4. Note that the source of A/’Q(f’j), which encodes [v;, u] = [u, vj], is the
j-th sink of NMye(u). The source [u] of Nj,_, is the source of Nae(u).

u, V1, U1

u, vy, Vj

] ./\/‘27571(711)

Uy V] prmmmmmmmmmmm U, V1, Un

AN

NN v N
U, Vi, V1, YN 221—1 (U)\ / u, v

u Noer (u) U, v Nogioi(vg) | w05, : ; U, v

’ \( // ’ N
. i ’ v’ ~
U, Vi Up 1 p 4w, v,

U, VUp  fe--mmmmmmmm-- U, Un, V1

U,y Up, Uy

/U’7 Una UTL

Figure 6.4: Graph construction for the switching network No(u) that decides
whether each vertex of a graph G = (V| F) is reachable from a vertex u € V by a
path of length 2.

The edges Fyr of Ny should be the disjoint union of the edge sets of the 2n + 1
copies of Ny—1. We use the elements of ¥ labeling each copy to make this union
disjoint:

Ey = || EWNg—) =X X By =5 x By (6.3.1)
oEX
For o € X% and i € {0,1}°¢", we will sometimes denote the edge |0, ¢;) = |0, i)
using

(—1)7Reg) = |0, es), (6.3.2)
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where |o|y denotes the number of occurrences of (2, j) for some j in 0. The reason
for the sign is that we always want |o, e;) to represent the i-th edge in the o-labeled
copy of Ni oriented from left-to-right* (i.e. from source towards sinks), and we
therefore need to reverse the edge orientations every time we use a copy of Ny in the
(2, j)-th position for some j. Generally, if [¢)) € span{|e) : e € Ey} — equivalently,
1 is a function on Ey — and 0 € X¢, we will let

[07) = (=1)"= o) |v), (6.3.3)

which is a state in span{|e) : e € Ey. ¢} that is only supported on the o-labeled
copy of Nye (which we may denote NJ,) in Nyeior.

Each of the 2n + 1 copies of Ny—1 in Ny has a unique label o € ¥. From this
label, and the (global) root u of Ny (u), we can extract the root of the specific copy
N._1, and the vertex that is additionally stored in all of its vertices.

Inductively, we assign to each copy of Noe—x, k € [f] a label o € ¥, from which
we can extract the root of the specific copy ./\@_k and the set that is additionally
stored in its vertices, knowing the global root v € V. In particular, each copy of
N has a label o € ¢ and consists of n edges. We can extract the root of each
copy of NV from its label o and the global root v € V' and, hence, recover the edge
query labels as well. In the following lemma, we show how exactly the query label
can be extracted from the label of an edge.

6.3.1. LEMMA. Let o € 3¢ and i € [n] encode an edge in Noe(u). Then its edge is
labeled by the query (o, ), i), if fi(o) #0, and (u,v;) otherwise.

Proof:

We prove the statement by induction. In the base case of N;(u), the claim is trivial.
Since o € X0 is an empty string, we have fj(c) = 0. The edges are encoded as
le;) = |i), and the corresponding query labels are (u, v;).

For the induction step, assume that the claim holds for N5-1. The switching
network Ny (u) consists of 2n 4+ 1 copies of Nye—1 labeled by 0, (1,4), (2, 7), where
i,j € [n]. The edges in each of these switching networks are encoded by |7, k),
where & € X! and k € [n]. First, consider the copies of ANy-1 labeled by 0
and (2,7) for j € [n]. These are the switching networks Nye-1(u) and N7, (u)
for j € [n], all of which have u as root, which is the same as the global root of
Noe(u). By the induction hypothesis, the query label of an edge |7, k) in one of
these switching networks is ((vs,, ), vk), if f1(6) # 0, and (u, vi) otherwise. In
the global switching network Ny (u), the same edge is encoded by |, k), where
o =06 or 0 = (2,7)7, depending on the copy of Nye—1(u). Note that, in both cases,

2Such an orientation is not strictly necessary, but is more intuitive.
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fi(o) = f1(¢), which proves the statement for the copies of No:—1 labeled by 0 and
(2,7) for j € [n].

Next, consider the copies of ./\/2(,51_11) for i € [n]. These are the switching networks
Ni_i(v;) for i € [n] that have v; as their roots. By the induction hypothesis, the
query label of an edge (7, k) in one of these switching networks is ((vs,, ), k), if
f1(6) # 0, and (v;,v;,) otherwise. In the global switching network Ny (u), the same
edge is encoded by |o, k), where o = (1,i)6. Note that fi(c) = fi(d) if fi(6) #0
and fi(o) = 1 otherwise. This proves the statement for the copies of Ny 1 labeled
by (1,7) with ¢ € [n], and thus concludes the proof. 0

Finally, we describe a top-down approach to building up MNoes1.

6.3.2. LEMMA. Let N be a switching network obtained from Nye by replacing each
N7 block with an N5 block with the same boundary. Then N = Nyit.

Proof:

We prove the statement by induction. The base case is trivial, N is entirely
replaced with N5. For the induction step, assume that the statement holds for
every Ny¢ such that ¢ < ¢. To show it for Ny, we observe that it consists of Noe-1
blocks. For each such block, if we replace every N; block with N3, it becomes
N5 by the induction hypothesis. Therefore, the whole switching network becomes

N212+1. O

Correctness of the construction

Next, we show that this construction is indeed a switching network that simulta-
neously decides the connectivity of all v; to u. The proofs in this section follow
the general ideas of [Pot15, Chapter 3], adapted to the setting of our switching
network.

6.3.3. LEMMA. For every £ € {0,...,log L} and u,v; € V', v; is reachable from u
by a path of length at most 2° in G if and only if source [u] and sink [u,v;] are
connected in Nye(u)(G).

To prove the statement of Lemma 6.3.3, we define the following pebbling game on
the input graph G.

« Initially, there is one pebble on the vertex u;

» For vertices v,v" € V such that (v,v") € E, if there is a pebble on v, it is
legal to put a pebble on v" or remove a pebble from v'.
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In such a game, various choices of legal moves give rise to different “pebblings” —
sets of vertices containing pebbles — of the graph. Clearly no vertex not reachable
from u can ever be pebbled (i.e., contain a pebble). Restricting the number of
pebbles available may further restrict the possible configurations achievable, as the
following two lemmas show.

6.3.4. LEMMA ([LV96]). Let D({) be the mazximal distance from uw on which a
vertex can be pebbled if ¢ pebbles are available in the game. Then D({) < 21 —1.

6.3.5. LEMMA. Let D,({) be the maximal distance from u such that it is possible
to obtain pebbling configuration [u,v] for some v € V using only £ pebbles. Then
D,.(¢) < 22

Proof:

We prove the statement by showing that D, (¢ + 1) < D(¢) + 1. The claim then
follows from Lemma 6.3.4. Assume for contradiction that it is possible to obtain a
configuration [u, up)2] for some up(2 € V(G) such that the distance from u
to up(e)+2 is at least D(¢) + 2. Before the last time a pebble is placed on up)+2,
there is a pebble on some up(g)+1 € V(G) such that the distance from u to up(11
is at least D(¢) + 1. After this, the pebble is removed from wup(s)41 using only ¢
pebbles. Consider the sequence of moves that accomplishes this in reverse. It is
a sequence of moves that allows to put a pebble on up)41 using only ¢ pebbles,
since one pebble always stays on up(s)42. This is a contradiction, since the distance
from w to up(e41 is at least D(¢) + 1. O

6.3.6. LEMMA. If a vertex v € V(QG) is reachable from u by a path of length at
most L in G, then it is possible to obtain pebbling configuration [u,v] using log L+ 2
pebbles and L83 mowves of the pebbling game on G.

Proof:

Let u = ug, uy, . ..,ur, = v be the path from u to v in G. Without loss of generality,
its length is L, which is a power of 2. We show by induction how to put pebbles
on vertices of the path to obtain the configuration [u,v]|. Assume that there is a
sequence of M moves that ends in the configuration [u,uy|, & < L/2. Then we
can obtain [u, ug] as follows, using My = 3T} moves.

1. Perform the sequence of T}, moves to obtain [u, vg];
2. Perform the same sequence of T}, moves with respect to vg to obtain [u, vy, vo];

3. Perform step 1 in reverse to obtain [u, vag].
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The base case is putting a pebble on v; while there is a pebble on u, which is a
valid pebbling game move. In the base case, we use 2 pebbles while traversing
distance 1 in M; = 1 moves. In the induction step, we double the distance from u
and use one additional pebble for this. Therefore, we need log(L) + 2 pebbles in
order to obtain [u,v], and My = 3M[j, = 38l = [l83, O

6.3.7. LEMMA. Let S be a list of vertices of G. If pebbling configuration [S]| can
be obtained in the pebbling game on G then every v € S is reachable from u in G.

Proof:

We prove this statement by induction. The base case is the starting configuration
[u], the starting vertex w is reachable from itself. For the induction step we assume
that [S] is a pebbling configuration that can be obtained in the pebbling game
and each vertex in S is reachable from u in GG. Then, we consider the two types of
possible pebbling game moves.

o If we remove a pebble from a vertex in S, then all remaining vertices remain
reachable from wu.

o If we put a pebble on a new vertex v’, then it is reachable by some vertex
v € S. Since v is reachable from u by the induction hypothesis, we can
combine paths form u to v and from v to v" and conclude that v’ is reachable
from wu.

6.3.8. LEMMA. [t is possible to obtain pebbling configuration [u,v] in the pebbling
game on G if and only if there is a path from u to v in G.

Proof:
If there is a path from w to v in G, then, by Lemma 6.3.6, configuration [u, v] can
be obtained in the pebbling game.

If it is possible to obtain pebbling configuration [u,v] in the pebbling game on
G, then, by Lemma 6.3.7, v is reachable from v in G. O

6.3.9. LEMMA. FEvery path in Ny (u)(G) corresponds to a sequence of moves in
the pebbling game on G transforming the corresponding configurations.
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Proof:

Every vertex of the switching network contains a list of vertices of G' and represents
a configuration of pebbles. By construction, every edge that is “on" is of the form
{1S],[S,v']} labeled by (v,v") € E(G) for some v € S. Therefore, depending on the
direction, an edge of a path in the switching network corresponds either to adding
a pebble to a vertex of G or removing a pebble from a vertex of G. O

Proof of Lemma 6.3.3:

We prove by induction that if v; is reachable from u by a path of length 2¢,
then the source [u] and the sink [u,v;] are connected in Nye(u)(G).

Base case. For ¢ = 0, consider NV;(u)(G). If the edge (u,v;) is present in G,
then the edge with query label (u,v;) and endpoints [u] and [u,v;] is present in
Ni(u)(G). Consequently, [u] and [u, v;] are connected.

Induction step. Assume the claim holds for 27!, Let p be a path of length at
most 2¢ from u to v; in G, and let 1’ denote the midpoint of p. Then v/ is reachable
from u by a path of length at most 21, and v; is reachable from u’ by a path of
length at most 27!, By the induction hypothesis:

o [u] and [u,u'] are connected in Noe—1(u)(G);
o [u,v] and [u, v, v;] are connected in NVJi_, (u')(G);
o [u,u,v;] and [u,v;] are connected in Rev(N,;, (u)(G)).

Concatenating these paths yields a path from [u] to [u,v;] in Nye(u)(G). This
completes the induction.

If source [u] and sink [u,v;] are connected in Noe(u)(G), then, by Lemma 6.3.9,
there is a sequence of pebbling game moves on G that transforms [u] into [u, v;].
Therefore, by Lemma 6.3.8, there is a path from u to v; in G. Note that the
configurations in the sequence contain at most ¢ + 2 vertices of G, by construction
of Noe(u)(G). Hence, by Lemma 6.3.5, the path in G is of length at most 2¢. O

6.3.2 Complexity analysis of the switching network

6.3.10. LEMMA. Fiz any ¢ € {0,...,log L} and u,v € V' such that there is a path
from u to v in G of length at most 2¢. Then there is a path connecting the source
[u] and the sink [u,v] in Noe(u)(G) of length at most 24183,
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Proof:
The statement of this lemma follows directly from the proof of Lemma 6.3.3. O

6.3.11. LEMMA. For any f € {0,...,log L}, andu € V, |E(Ny(u))| < (2n+1)n

Proof:
|E(Nae(w))| = (2n + 1| E(Nye-1(w))] = (2n + DY EN (u)] = (2n + 1)'n. O

6.3.3 Basis of the space of st-flows

In order to apply Theorem 4.3.19, we need to describe a basis for B+, and give an
efficient procedure for generating it. By Lemma 4.3.33, it is enough to describe
a basis for the space F(N1) + span{|[u]), |[u, v;])} (see Definition 4.3.30), and by
Lemma 4.3.32, we can further decompose this task into finding a basis for the
circulation space C(N7) (see Definition 4.3.30) and an optimal st-flow. We first
define the basis, and then describe a procedure for generating it.

Basis definition

In this section, we prove the following theorem, which, if we take u = s and v; = ¢,
gives us a working basis of B+ for the switching network N (s,t).

6.3.12. THEOREM. For j € {0,1}'°8™ and ¢ € [log(L)], let 6;(2°"") be the optimal
unit [u], [u, v;]-flow in Noe—r, and let |0;(2°71)) be as in (4.3.7). Fori,j € {0,1}1°8
let

i (2°)) = 167 (21) + 16;°(21)) — 1677 (2"°1)
0

=10, 0)[6:(27)) + 11,8)16;(271) + 12, 7)10:(271)),

where the superscript encodes the copy of Noe—1 in Ny (see Figure 6.5), and for
each x,z € {0,1}1°8" [et

Va(2)) = 30 (1™ 3 ()T py(29).

j€{0,1}logn i€{0,1}logn

Finally, let

|9~j(L)>=—!<—7[U]>+l o Ipu(L) +1 = [uv5)).

i€{0,1}logn
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Then

log(L) B
U U {102 2o e 00072 £0} 06,000, ). v, )

(=1 gexlos(L)—t
=£[vg . (2))
is an orthogonal basis of B~.

This result follows directly from Lemma 6.3.13 (below), which recursively
constructs an orthogonal basis for the circulation space, C(Ny), of Ny (see
Definition 4.3.30); Lemma 6.3.15 (below), which recursively constructs an opti-
mal flow state, which is a basis for the space of optimal flows; and Lemma 6.3.16
(below), which states that B+ decomposes as the direct sum of the circulation space
and a three-dimensional space that contains the optimal flow.

6.3.13. LEMMA. For j € {0,1}°6™ and ¢ € [log(L)], let 6; be the optimal unit
[u], [u, vj]-flow in N1, and let |0,) be as in (4.8.7). Fori,j € {0,1}°¢", let
Ipij) = |pi;(29) and |, 2) = |1, .(2°)) be as in Theorem 6.5.12. Let {|b1), ..., |bp)}
be an orthogonal basis for C(Nae-1). Then

{|o)[ba) : 0 € S,d € [D} U {[ths) : 2,7 € {0, 115", 2 # 0},
is an orthogonal basis of the space of circulations C(Noye).

Proof:
Clearly, the vectors {|o)|bg) }.4 are pairwise orthogonal. Moreover, for each o € X,
span{|o)|bg) : d € [D]} is contained in C(Ny), since any circulation on a Nye-
block — in this case, the one labeled by o — is a circulation on the full graph Ny.
Finally, each state |1, ,) is orthogonal to every subspace span{|o)|bs) : d € [D]},
as it is constructed from optimal flows within the Ny.—1 blocks that are orthogonal
to their respective circulation subspaces, by Lemma 4.3.31, and don’t overlap other
blocks.

Next, we compute the dimension of C(Ny¢). By Lemma 4.3.34, dim C(Nye) =
| E(Noe)|—|V (Noe)|+1. From the construction of Ny, |E(Nye)| = (2n+1)|E(Nye—1)],
and |V (Nye)| = (2n + 1)|V (Nye-1)| — n? — n. Therefore,

dim C(Nye) = [E(Nye)| — [V (Noe)| + 1
= (2n+ 1)|EWNy1)| — 2n + DV (Noee1)| +n® +n + 1
= (2n + 1) (|[E(Nge—1)| — [V (Nge-1)| + 1) +n® — n.
dim C(Nye—1)
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u, V1, V1

U, V1, Vj
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,—Iéi/>

U u, v; U, Vi Vj K U, Vj

v .
U, Viy Un \ o U, Uy,

U, Up, U, Up, U1

Uy Up,y Uy

U, vm Un

Figure 6.5: Visualization of the state |p;) = [67) + |0}) — 167y = 10,0)]6;) +
11,3)160;) + |2, 5)]0;) in Nae, where j € {0,1}°8™ and ¢ € [log(L)]. Here 6, denotes
the optimal unit [u], [u, v;]-flow in N1, and |6;) is as in (4.3.7). The superscript
encodes the copy of Nye—1 in Naye.

This implies that a basis for C(Ny) can be constructed by taking orthogonal
bases of the circulation spaces of each Ny—1 block within Ny, and adding n? —n
additional states that are orthogonal to these subspace bases.

Next, we argue that |1, ,) are indeed circulations. We can interpret v, , as
a function on the edges in the natural way: 1, .(e) = (¢..|e). Then, as usual,
¥..(u) denotes the total flow on u: 9, .(u) = Yecp- ) Ven(€) = Xecpe(u) Vaale).

Note that each p;; is a [u], [u,vj]-flow in Ny, as shown in Figure 6.5, so in
particular, it has boundary B = {[u], [u,v1], ..., [u,v,]}. Hence, each 1, , is a flow
in NVye with boundary B as well. Therefore, 1, ,(v) = 0 for any v € V/(Ny) \ B. Tt
remains to show that v, ,(v) = 0 for any v € B as well. Since each |p;;) is a unit
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[u], [u, v;]-flow and z # 0, we get

bl = Y ("X (1) py(ul) = 0

jefo1yn ie{0,1} —
Voa([w,vp]) = D0 (=D 3 (=) pis([w,vp]) = (=) 30 (=1)*"
jefo,1}» ie{0,1}" T ie{0,1}"
=9%.3'
= 0.

Hence, each |1, ) is a circulation. To complete the proof, it remains to show
that the states [¢,,) are pairwise orthogonal, towards which the following claim is
helpful.

6.3.14. CLAIM. There exist real numbers c,c such that for all i, j,z,z € {0,1}"
such that z # 0,

(Pij[Vza) = (=17 (e(—=1)"7 + ¢ Ay ),

-/

where Ax,j = Zj/e{og}logn;j/;ﬁj(_1)%] :

Proof:

First, we observe that, due to symmetry of the graph Noe—1, inner products between
optimal flows |#;) in this graph are constant. More precisely, there exist ¢y, ¢; € R
such that

1N Co, lfj%j/
(6;10;) = { I
o, ifj=j"

Therefore, the inner product (p;;|pys;) only depends on whether i =" and j = j'.
Indeed,

(pislpay) = (00105 + (OF103F) + (077167
coo:=co+0+0, ifi#d j#75
coni=co+0+cy, ifi#d,j=j (6.3.4)
Coi=c1+co+0, ifi=1i 57
cipi=a+a+a, iti=d j=7.

Since z # 0,

S )= S () = ()T = (=)

i’G{O,l}lOgnii/#i i’E{O,l}lOgn
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We use this to compute:
PijlV=a) = Y (=)™ (pijlpayr)
i’,j’E{O,l}lOg"
= (=1)"7 " pij|pij)
+ Yoo (DT g lpay)
i’€{0,1}log 14! £
+ > (=1)"9 = pij |piye)
j'€{0,1}loen /]
+ > (=)= pij|parr)
il,jle{o,l}logniil#l’,j/#j
— (_1)x-j+z~icn . (_1)x~j+z-i601
+ <(_1)Z'i010 - (_1)Z'i000) > (—=1)"7,
j'€{0,1}logn 575

from which the result follows by taking ¢ = ¢ — ¢o1 and ¢ = ¢19 — cqo. O

/!

This allows us to compute the inner product (¢, .|, ) with (z,z) # (¢, 2')
and z, 2" # 0:

<wz’,:p’ ’wz,z> = Z (_1>$/.j+2/-i <plj |wz,z>

i,j€{0,1}logn
= Y ()T ()T + dA)
i,j€{0,1}logn
(by Claim 6.3.14)
= > (DER S (=) (1) AL).
i€{0,1}logn j€{0,1}logn

If z # 2/, then the first product term is 0, and so (¢, ,/|1,..) = 0. Suppose z = 2/,
but = # 2/, which is the only other way to have (z,z) # (z/,2’). Then

<¢z’,m’|¢z,m> =n- Z (C(_l)(wl—m)j + C/(_l)x/.jALj)

j€{0,1} e
=dn ) (1) A, ;.
j€{0,1} e n
Using
o e ) n—1
e = j’e{o,l}lzog”:j’#( S { —(=1)*7 else,
we see that if 2 # 0, then
Woalon) = —n 3 (—1) 9 g,

j€{0,1}een
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and otherwise, we must have z’ # 0, so

o wrthon) = nln—1) Y (=1)"7 =0,

j€{0,1} e n

completing the proof. O

We now describe the form of optimal flows in Ny, by recursively combining the
optimal flows in Nye-1. For the base case Nj, the optimal [u], [u, v;]-flow simply
assigns a unit of flow to the single edge between [u] and [u, v;].

6.3.15. LEMMA. Fori,j € {0,1}1°8" let |p;;) = |pi;(2°)) be as in Theorem 6.5.12.
Then for any j, the optimal unit [u], [u, vj]-flow in Noe(u,v;) is

!9~J'(2£)>:—\<—7[U]>+l > pi)+ 1= [w o))

ie{0,1}logn

Proof:

Note that each p;; is a [u], [u, vj]-flow in Ny, as shown in Figure 6.5, though it
is not optimal, since it doesn’t spread out through the (1,7') copies of Nye-1 for
i’ # 4. Intuitively, 6;(2%), which is also easily seen to be a unit [u], [u, v;]-flow on
Ny, is optimal because it spreads the flow across all values of . We prove that it is
optimal by showing that |4;(2%)) is orthogonal to the circulation subspace C(Nye).
By Lemma 4.3.31 and Lemma 4.3.32, this orthogonality implies that |0;(2¢)) is the
optimal unit flow.

By Lemma 6.3.13, the space C(N5¢) has the following orthogonal basis:

{|0)[ba) : 0 € B,d € [DI} U{[th:) : 2,2 € {0,1}°5", 2 # 0},

where [, ) = [1h.,(2°)) is as in Theorem 6.3.12, and {|b;), ..., |bp)} is an orthog-
onal basis for the circulation space C(Nae-1). All |6;(2)) are composed of optimal
unit flows of the N1 blocks and boundary states, and therefore orthogonal to
all vectors |o)|bg), which are circulations on these blocks. Hence, it remains to
show that (éj(2€)|wm) = 0 for every j,z,x € {0, 1}1°" such that z # 0. We apply
Claim 6.3.14 to get:

n-: <9~](2£)‘w2,x> = Z <pij‘7w/}z,x> = Z <_1)Z'i(c(_1)xhj + C/Az,j) = 0.

ie{0,1}logn i€{0,1}logn

6.3.16. LEMMA. The space B+ admits the following direct-sum decomposition:

B = C(NL) @ span{|6;(L)), |[ul). [[u, vj]) }.
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Proof:
By Lemma 4.3.33 and Lemma 4.3.32, we can write

B+ = F(Nw) + span{] [u]), [[u, vi]) }
= C(NL) ® FOT(NL) + span{|[ul), |[u, vi])}-

Note that circulations cannot overlap any boundary states. Hence,
B =C(Ny) @ (FOPT (W) + span{][ul), [[u, v])}).

The space FOPT(N7) is one-dimensional and is spanned by the optimal unit flow
state R
10;(L)) = —I[u]) +10;(L)) + |[u, v]).

Hence, we can write
B* = C(Np) @ span{|0;(L)), [[ul), [[u, v;])}.

Finally, note that |0,(L)) € span{|d;(L)), |[u]), |[u,v;])} and conversely |0;(L)) €
span{|0;(L)), [[u]), [[u, v])}. Therefore,

span{|6;(L)), |[ul), |[u, v;])} = span{|d;(L)), |[ul), |[u, v;])}-

This concludes the proof. O

Basis generation

We show in this section how to prepare the basis from Theorem 6.3.12 in O(1)
time. All states considered in this section lie in the subspace in which each edge
e € E(Ny) is represented by %( | =, e) —| <, e)). Without loss of generality, we
may therefore describe states in terms of the canonical edge states {|e) = |o,i) : e €
E(Ny) =3¢ x {0,1}°8"}  and obtain the isomorphism with the above subspace
by appending the auxiliary state |—) = %ﬂ —) — | +)) in an additional register.

Recall from (6.3.1) that edges Ey of Ny are labeled (o,¢;) = (o,i) for o € ¢
and i € {0,1}1°8™. For any o € ¢, letting & € {0,1,2}¢ be such that for all ¢ € [(],
oy = (6y,14) for some i € {0, 1}1°6™ (that is, & encodes the first part of each entry of
o), we can break Ey into 3° layers, defined, for each 7 € {0, 1, 2}*

E.:={(0,i) € By :0=71}={(0,i) € £ x {0,1}°¢" : 5 = 7}. (6.3.5)

A crucial step in our basis generation subroutine will be taking uniform superposi-
tions over these layers. We first prove two lemmas about the size of these layers
that will enable this.
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6.3.17. LEMMA. Fiz ( € [log(L)]. Let 7 € {0,1,2}* encode a layer E, of edges in
Noe. Then |E;| = n'*I1=I7lo “where ||, denotes the number of zeros in 7.

Proof:
We prove the statement by induction on £. For the base case, let £ = 1, so we have
for any 7 € {0,1, 2}:

B = |{(0,i) €2 x {0, 11" .5 = r}| = n|{oc € D: 6 = 7}|.

If 7 =0, the only o € ¥ = {(0,0), (1,4), (2,5) : 4,5 € {0,1}°6"} such that ¢ = 7 is
o = (0,0), and so
B =n- 1= piri=iro

since |7| = |7|o = 1. Otherwise, 7 € {1, 2}, and we have:
E,| = n|{(r,i) : i € {0, 118"} = n2 = plHl7I=I7lo
since |7| = 1 and |7]y = 0.

For the induction step, assume ¢ > 1. Referring to (6.3.5), we have, for any
7 €{0,1,2}¢L

EOT = {((0,6)0', l) [ E2g o= 7—}
:{((076)76) €€E.,.} 630
and forae{l’Q}’ EaT:{((a7j)UaZ)EE2£ 0'—7‘} ( i )
={((a,j),€) : e € B, j € {0,1}"},.
From this, and the induction hypothesis, we have:
|Eor| = |E,| = n' =17l = pltiri=(rlo+1) — p 141071070

and for a € {1,2}, |E,,| = n|E,| = n - n! 1770 = pltQHrD=irlo — p1tleri=larlo,

Thus, for any 7/ € {0, 1,2}, we can conclude |E,.| = n'*I7I=I"lo, O

¢
6.3.18. LeMMA. For all € € [log(L)], Sreqonzy i = S = 2(1+2).

Proof:
We first use Lemma 6.3.17 to compute:

1 - 1 . ‘ é 2€—t t—1—¢
Z \B.| Z npitirl=lrlo g ¢ n :

r€{0,1,2}¢ 7€{0,1,2}
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Above, we used the fact that for any ¢ € {0,...,¢}, there are (f) 2=t strings in
{0, 1,2}¢ with exactly ¢ 0s. Continuing, we have:

1 1 (¢ —t ¢ 1 ¢
Z |ET|:né+1t§:(:J<t>2 n:néﬂ(n—l—?),

7€{0,1,2}¢

by the binomial theorem. The result follows. a

Next, we describe a subroutine for generating superpositions over all optimal
flows, which will be a key subroutine in our basis generation.

6.3.19. LEMMA. For all ¢ € [log(L)], a map that acts as

0) o D0 16:(2)

i€{0,1}logn

can be implemented in O(1) steps.

Proof:
We first show by induction that

S By -0 ¥

j€{0,1} s n 7€{0,1,2}* |

S le). (6.3.7)

Using the definition in the statement of Theorem 6.3.12; we can write

n

S omEN == YT @)

je{0,1}ioen " jefo,1}losn jef0,1}108n

In the base case of N (¢ = 1), referring to the definition of |p;;) in Theorem 6.3.12,
we have

[pig(2)) = 107(1)) + 105 (1)) = 1677 (1)) = 10,0163) + [1,0)165) + [2,)163)
0,0)]

0)les) + [1,2)le;) + 12, 7)les)

by (6.3.3), and the fact that an optimal [u], [u, v;]-flow in N simply assigns a unit
of flow to e;.

pii(2)) = lef) + lej’) + lei”)-
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We thus get
~ 1
> 1;2)== > > Ipiy(2)
j€{0,1}logn n j€{0,1}logn jc{0,1}logn

1 _

=n-— Z |O, O, 6,‘)
n i€{0,1}logn
1 .

+n-— Z 11,7, ¢€;)
I jefo,1}ioen
1

+n-

Z |27j76i>‘

i,j€{0,1}los

Since the layer encoded by 0 consists of n edges Ey = {((0,0),¢;) : i € {0, 1}1°87}
and the layers encoded by 1 and 2 consist of n? edges F; = {((1,4),¢;) : i,j €
{0,1}°8"} and Ey = {((2,7), ) : 1,5 € {0,1}°6"} respectively, we conclude that

the equality holds in the base case.
Assume, for the induction step, that the equality from (6.3.7) holds for Nye-1.

We have

> 16;(29) = Yoo Ipi(29)

j€{0,1}logn i,j€{0,1}logn
> (100 + 16 — 167 )
i,j€{0,1}logn

= > 10,0)6:27)

i€{0,1}logn

Ly Lasey)

i,j€{0,1}los

Loy gme).

" je{o,1yen

S|

S|

where we again used (6.3.3). We can use the induction hypothesis on each of the

three terms to get:

a = 1
Z |9j(2£)> =n|0,0) Z 2, | Z le)
j€{0,1}toen 7€{0,1,2}¢-1 Tl ecE,
) 1
+ Z |1,4) Z 2, | Z le)
i€{0,1}logn refo,1,2y-1 1Bl ecp,
) 1
|ET| eck,

j€{0,1}losn Te{0,1,2}¢1
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From (6.3.6), and Lemma 6.3.17, it follows that

> 15,@)) =X ZIOO

nITI I7lo
}E 1

j€{0,1}logn 7€{0,1,2
1 .
+ 2 X e 2 l@ide)
a€{1,2} re{0,1,2}¢1 i€{0,1}logn ccE,
1 !/
- Z nl07I=107lo Z e
7€{0,1,2}¢-1 e'€Ey,
1 /
2 D e 2 1)
ae{1,2} 7€{0,1, 2}#1 e’'€Fqr
=n Z |E Z €),
7/€{0,1,2}¢ e'€E

as desired. Next, we show how to prepare this state in two steps.

Step 1. Prepare a superposition of layer names with the correct amplitudes:

1 1

>

i
\/27'6{0,1,2}5 [E.] T€{0,1,2}¢ |Ex|

[7)-

By Remark 2.2.2, this superposition can be prepared in O(1) time if the amplitudes

1 1
— X
\/27’6{0,1,2}2 [E/] |Ex|

and partial sums
1

Sp)= >

7:7 has prefix p | 7'|

can be computed in 6(1) time. We find closed-form expressions for these quantities,
which shows that they can indeed be evaluated efficiently. We start by applying
Lemma 6.3.17 and Lemma 6.3.18 to compute the amplitudes:

1 1 ((n+2>5>1/2(n1+e-|70)1/2 N
\/Zr'e{o,l,w |E717,| \/\ET! Y] (n+2)*
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Finally, we compute the partial sums, again using Lemma 6.3.17 and Lemma 6.3.18.
Let p € {0,1,2}* for k € [¢] be a fixed prefix. Then

Sp)= > = Y S
7:7 has prefix p |E‘F| e{0,1,2}¢—* | pT! | 7€{0,1,2}¢—F nitt (Iplo+17"l)
1 1 1
= [N ey o

7/€{0,1,2}¢—k n 7/€{0,1,2}¢—F |

1 2 {—k (n + Q)Z—k
= E P+l (1 + > = i
k—Tplo+1 i+ 1=lplo

Step 2. Map each |7) to the uniform superposition over the edges in the layer E,.
Since these edges are encoded as |0, i) with o € ¢, i € {0,1}!°¢" and ¢ = 7, this
mapping can be performed in O(1) time, as follows. For each k € [{], if 7, € {1,2},
generate a uniform superposition over j € {0, 1}1"g " to get a superposition over
o such that o = 73,. Finally, generate a uniform superposition over i € {0, 1}!°8".
Letting S(7) = {0} if 7, = 0 and {0, 1}!°®™ otherwise, this mapping acts as:

‘ 1 1
N=n® Q| — ) Y, ——) | ® D —|t

Jj€S(T)) i€{0,1}logn

1
VT eeZE, o) = \/| GEZE i

We thus end up with a state proportional to
1

> e, (6.3.8)
76{0,1,2}5 \/7 eEET \/ 76{0,1,2} | 7’| ecE,

which is proportional to 3= ;e 0131080 10,(2°)) by (6.3.7). O

Building on the previous lemma, we describe how to generate states that
will shortly be shown to make up part of the states [¢), .(2%)) from the basis in
Theorem 6.3.12.

6.3.20. LEMMA. For all £ > 0, there is a circuit Cye that acts, for all z € {0, 1}1°8™,
as

o) o 30 (=1)7716;(29)

j€{0,1}loen

and uses O(1) gates.
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Proof:

We start by noticing that if 2 = 0 then the desired state is 3¢ 1yoen 10,(29). By
Lemma 6.3.19, a state proportional to this one can be prepared in 6(1) Hence, we
assume that = # 0 for the rest of the proof. We prove the statement by induction.
Consider N, for the base case. For a fixed x # 0, we can write the following.

SEDT02) = > 0 > (1) + ) — 1e))

j€{0,1}logn j€{0,1}logn i€{0,1}logn
= > (= > e)
j€{0,1}logn i€{0,1}logn
=0
.1}] 11
+ 2, le5') (6.3.9)

1,7€{0, 1}105"

- > =D™e?)

i,j€{0,1}log™

= 2 EDTRA A+ > (FD)72,0))
1,7€{0,1}logn i,j€{0,1}1oe

oc [1) HE 108 |0) H® 8" x) + |2) H®°8" ) H# 187 |0).

We used the fact that edges are encoded as |e}’) = |1,7)|j) and ey = —|2,7)|i) (see
(6.3.2)). Thus, to prepare this state from |x), first make a uniform superposition
over |1) and |2), and then swap the second and third register controlled on the first
register:

_ 1 1. 1 - 1 _
0,0)[z) — ﬁ|1,0>|x> + ﬁl270>|$> = ﬁ|1>|0>lfv> + E|2>|$>|0>-

We can complete the computation by applying Hadamards to all but the first
register. This can be done in O(logn) gates.

Assume, for the induction step, that there is a circuit Cy—1 with 6(1) gates
that implements

D S G il

| eqopesn (=1)7916;(21))|

for any x. We rewrite the desired state analogously to the base case (all sums
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below are over {0, 1}1°8™).
S (=Dm9;(20) = Do (-1)™ Yo (10021Y) + 10772 h) — 167 (21))
je{0,1}logn J i
=2 (=118 )

\—/—’

S SRR
- ST

—ZZ D™ 1,4)16;(271)
+ZZ 1)™712,7)16:(271))-

We used [6*(27")) = [1,i)[6;(271)) and |67 (271)) = [2,5)|6:(271)). by (6.3.2).
Continuing, we use the induction hypothesis to compute (again, all sums are over

{0, 1yozm);

n

> (=)™6;29)

]6{0 1}logn

—Z!l U ®Z D)™ 10;(271) + 3 (=112, 5) @ D 16:271)

J

> (=)™6;27h)

j€{0,1}los™

(6.3.10)

= |1) @ VnH®"5"|0) ® Cet|)

+2) @ VaH = gy @ | S0 10;(27)

j€{0,1} e n

02471|6>.

Thus, as in the base case, we first put appropriate weight on |1) and |2), using
a simple rotation:

0,0)z) — (Vall) + vVI—al2))[0)]z),
where
[Sseqoayesn (=118, |
|5 oayoen (12918, + [Sicqonyoen 16: 1)

We will describe how to do this first rotation shortly. As in the base step, we next
swap the second and third registered controlled on the first, and then complete

o =
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the computation by applying H®°8" to the second register and Cye-1 to the third
register.

We complete the proof by describing how to do the first rotation in terms of
a. By Lemma 2.2.1, such a superposition can be prepared in 6(1) time if o can
be computed in 6(1) time. Hence, it suffices to compute closed-form expressions
for the two norms in the definition of . From (6.3.7) and Lemma 6.3.18, we can
conclude that for any ¢ > 0:

1 (n+2)*
2 2

r€{0,1,2}¢

No(2) =1 > 16:(2)

ie{071}logn

2
’ , we show by induction that for

Letting N,(2°) = HZje{o,l}logn(_1)x'j|éj<2g)>
?>1:

0 — 1 n’ nt (n+2)*
N2 =ttt e 1)< - ) (6.3.12)

For the base step, we can observe from (6.3.9) that N,(2) = 2n?, which is equal
to the right-hand-side of (6.3.12) when ¢ = 1. For the induction step, we can use
(6.3.10) to show that for ¢ > 1:

2

No(2) = |[VRH0) © /N2 ) Corr )

4 H\/EH®1°g”!x> & 1/ No(2-1)Cle1 [0)
=nN,(27) + nN(27 )

) "(”” = (” - M)) p2ln 27

n—2)(n+1) nt-1 nt-1

2

by induction. This is easily shown to be equal to the right-hand-side of (6.3.12). O

We now describe how to generate the states |1, ,(2¢)), which form most of the
basis described in Theorem 6.3.12.

6.3.21. LEMMA. For all ¢ € [log(L)], a map that acts, for all x,z € [n| such that
240, as
2, 2) =oc [1:,0(2°))

can be implemented in O(1) steps.

Proof:
For a fixed z,z € [n],2 # 0, we write down the state [¢,,) by definition its
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definition (see Theorem 6.3.12) and split it into three orthogonal terms. (All sums
below are over {0, 1}1°8™).

V(@)= 3 (D™ 3 ()T py(2Y)

je{o,l}logn iE{O,l}lOgn
= X (DY TR 1) — 167 2)
j€{0,1}logn i€{0,1}logn

= Z(—l)”‘"j > (=162 )

7

+Z Z'L+mj 911(26 1)>
_ Z _ ZZ+$]|0i2j(2€_1>>-
2%

By (6.3.3), we can write [62) = [0,0)|6;), |0}) = |1,i)|0;) and |07) = —|2,7)[0;). I
x # 0, the first sum vanishes, otherwise it adds up to n, giving:

[:0(2)) = 0,0n-10,0) 3 (=1)*6:(27))

i€{0,1}logn
+ > (DT Y (=D)T620)
i€{0,1}logn j€{0,1}logn
+ > (DM > (=D)F6:27h)
j€{0,1}logn i€{0,1}logn

= 5,510,0) @ \/N.(21)Ce 1 |2)
+ |1>H®log”‘z> ® Nz(zz_1>02471’I>
+ |2>H®log”‘x> ® NZ(24_1)02271|Z>

where Cye-1 is the circuit from Lemma 6.3.20, and N, (2°71) is as in (6.3.12). Note
by (6.3.12) that, for non-zero z, this is independent of z, so in that case, we simply
write N(2¢71).

To prepare the superposition of two or three terms, we begin by creating a
superposition of |0), |1) and |2) with appropriate amplitudes:

ny/N(2¢-1)[0)+4/ N5 (20~ 1)[1)+4/N(2¢-1)[2) |O>|x>| ) if 2 ~ 0

O)O))]2) = § VEHDNEEDENGED
(511) + 5512))10))]2) else.

We have used the fact that when z # 0, N,(2°°!) = N.(27!), so the amplitudes on
|1) and |2) are equal. Using the closed-form expressions in (6.3.11) and (6.3.12),
we can compute these amplitudes in 6(1) steps, so we can implement this rotation
in this number of steps as well.
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Next, conditioned on |1) in the first register, we swap the second and third
registers. Then we apply a Hadamard to the second register conditioned on |1) or
|2) in the first register, and apply Cye-1 to the last register. O

Finally, if we take ¢ = log L, and v; = ¢, in the following lemma, this gives a
procedure for preparing a state proportional to the optimal unit flow |6;(L)), which
is the final state needed for the basis in Theorem 6.3.12.

6.3.22. LEMMA. For all ¢ € [log(L)], a map that acts, for all j € {0,1}°5™ as

. = 1
) Poc10;2)) == > [pu(29)
i€{0,1}logn

can be implemented in O(1) steps.

Proof:
We prove the statement by induction. Let ¢ = 1 for the base case.

_ 1 ; o
6@y =~ > (led) +1ef) ~lef)
i€{0,1}logn
1 o1 | o
- - Z |(070)77’>+7 Z |(17l)7]>+7 Z |(27])7Z>
n i€{0,1}logn n i€{0,1}logn n i€{0,1}logn

(6.3.13)

Clearly, a state proportional to this can be prepared in 6(1) time.
For the induction step, assume there is an efficient circuit C,_, that implements

the map )
)
l16;2¢1)
for any j € {0,1}'°¢™. From Lemma 6.3.15 (see also (4.3.7)) and the definition of
|pi;) in Theorem 6.3.12, we have:

nlf;(2) = > |py(29)

i€{0,1}logn

=10,0) > 1627+ > Lalg@Th) +12.5) X 16:27h)

ie{oi}logn ie{oi}logn ie{oi}logn

= ’0, 6) X \/N6(2€71)02£—1’6>

+ Va1 HOE0) @ |[16;(21)) [ Cens )

+12,) ® / Ng(271)Coe-10)

1)

(6.3.14)
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where Cye1 is the circuit from Lemma 6.3.20, and Nj(2°7!) is as in (6.3.11).
To prepare a state proportional to this, we first generate the superposition

\/A%@ﬂ4>m>+~wﬁ'méxzﬁﬂ»uu>+-wA%@ﬂ4nzﬁj>

o g +2- Naeen)

1) =

before mapping |7) to the correct state, controlled on |0), |1), or |2), using swap,
Cye-1, and H®¢" By Lemma 2.2.1, such a superposition can be prepared in
O(1) time, provided that the amplitudes are computable in O(1) time. As we
already have an efficiently computable closed form expression for Nj (see (6.3.11)),

it suffices to obtain a closed-form expression for H|§j(2e’1)>H. For ¢ > 0, define

~ 2
F;(2%) = H|9](2€)>H . We will prove by induction that

1 2 2)¢ -1
Py L. (n+2)+n |

6.3.15
nt n+1 ( )

For the base step, let £ = 1. By (6.3.13), we have F;(2) = 3/n, which is equal to
the right-hand side of (6.3.15) for the setting ¢ = 1. Next, we show the induction
step.

1

Fy(2Y) = ﬁ(zNﬁ(%l) +nFy(27) by (6.3.14)

2 2\ 1

==(1+= — (2! by (6.3.11
S(1+2) 4 oREY y (6:3.11)
2 1 2n+2)t+n-1

-~ ) ot S by i.h.
n€<n 2T nt n+1 Vi

1 2+ 1)(n+2) 7 +2(n+2) -1

~ont n+1

1 2(n—|—2)(n+2)£_1+n—1_i 2(n+2)f+n—1
nt n+1 Cont n+1 ' O

6.3.23. COROLLARY. For all ¢ € [log(L)], the map that prepares a state propor-
tional to

\9~g‘(2£)>:—|h[U]>+l Yo () +1 = y))
i€{0,1}logn

can be implemented in O(1) steps.
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We summarize the results of the two sections in the following lemma, which
states that the orthonormal basis of B+ from Theorem 6.3.12 can be efficiently
generated.

6.3.24. LEMMA. There exists an orthonormal basis of B-(Ny(s,t)) that can be
generated in time O(1).

6.3.4 Complexity of the subroutine

We conclude by combining the switching network and corresponding basis generation
we have given in the previous sections with Theorem 4.3.19 to prove Theorem 6.2.1,
which states the existence of an algorithm for DisT,.

Proof of Theorem 6.2.1:

From Lemma 6.3.3, it follows that the switching network N7 (s, ) accepts G if and
only if there is a path of length at most L from s to ¢ in G. We apply Theorem 4.3.19
to Np(s,t). By Lemma 6.3.10, whenever there is a st-path of length < L in G,
there is a path from the source [s] to the sink [s,t] in N (s,t)(G) of length at most
W, = L['°83. By Lemma 6.3.11, |E(N7(s,t))] < (2n + 1)°¢Ln. By Lemma 6.3.24
and Lemma 4.3.17, there exists an orthonormal basis of B+(N(s,t)) that can be
generated in time Tg = 6(1) Hence, by Theorem 4.3.19, there exists a quantum
algorithm that decides whether there is a path of length at most L from s to ¢ in
G in time

O(TB\/|E(NL(U,’U))|W+) — 6((L10g3(2n + 1)10gLn)1/2>

and space
O(log| E(N(u,v))|) = O(log Llogn).



Chapter 7

A quantum algorithm for the gauge
problem

We study the gauge problem on an undirected graph whose edges are labeled by
k x k unitaries U,, (with U,, = U]) under a flatness promise ensuring that the
ordered product of edge labels along any path depends only on its endpoints,
thereby defining a well-defined transport unitary Ug(t). Given boundary states
[0s), [10;) € C*¥ and oracle access that reveals neighbors while coherently applying
the corresponding edge unitary, the task is to decide (under promise) whether
Us()|1s) = |iby) or (¢ |Uq(t)|1hs) = 0, generalizing undirected st-connectivity to
settings with nontrivial internal quantum degrees of freedom. Using the subspace
graph framework, we construct a bounded-error quantum algorithm for deciding a
global unitary transport constraint from purely local access to the labeled graph
with time complexity O(n%?) and space complexity O(logn + log k), requiring only
logarithmic workspace in the graph size and local dimension.

This chapter is based on the paper “A quantum algorithm for the gauge

problem” by Stacey Jeffery, Tobias J. Osborne, and Galina Pass which is currently
in preparation.
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7.1 Introduction

A wunitary labeled graph, also referred to as a connection graph, is a graph in
which each edge is equipped with a unitary operator acting on a fixed internal
Hilbert space. Such graphs naturally encode how quantum states transform when
transported between adjacent vertices. The original idea of decorating the edges of
a graph with unitaries is due to Wilson [Wil74]. This led to creation of lattice gauge
theory [Cre83], a framework that enables quantitative predictions in fundamental
physics.

Since its introduction, the idea of associating unitary operators with the edges
of a graph has been further developed in a variety of settings. Such unitary labeled
graphs appear in work across physics, mathematics, and computer science as a way
of augmenting classical graphs with additional local structure; see, e.g., [RKMC25]
for a representative recent example and further references. From a modeling
perspective, unitary labeled graphs can be viewed as a natural extension of classical
graphs, in which edges carry additional algebraic structure. Related structures
have also appeared in the quantum complexity literature, notably in [BCO17].

In this chapter, we study a promise problem on a d-regular undirected graph in
which each edge {u, v} is equipped with a unitary U,, € C*¥** satisfying U,, = U .
Regularity is assumed only for notational and expository convenience, and the
results generalize naturally to non-regular graphs. Under a flatness promise,
meaning that the ordered product of edge unitaries along any path depends only
on its endpoints, any two vertices in the same connected component s,t € V(G)
define a unitary U, (). Given boundary states [1),),|1;) € CF, the task is to decide
whether Us(t)|1s) = |1y) or whether these two states are orthogonal. We refer
to this decision problem as the gauge problem (see Problem 7.2.1 for a formal
definition).

This problem can be viewed as a generalization of the well-studied undirected
st-connectivity problem, in which the task is to decide whether there exists a path
between two vertices in a graph. When the internal space is one-dimensional and
all edge labels are trivial, the problem reduces to standard st-connectivity in an
undirected graph. If we instead consider directed graphs, the problem reduces to
directed st-connectivity. In the general setting considered here, the flatness promise
guarantees that any path from s to ¢ yields the same global transformation. The
algorithmic challenge is therefore to access the action of the induced map Us(t) on
|1s) using only local oracle access to the graph and the edge unitaries.

Optimal quantum algorithms achieving simultaneously optimal time and space
bounds have been found for undirected st-connectivity, both in the adjacency
array and adjacency matrix models [BR12, AJPW23]. In both models, these
algorithms use O(logn) space; the running time is O(n) in the adjacency array
model and é(n?’/ %) in the adjacency matrix model, as discussed in Chapter 3. In
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the directed setting, a quantum time-space tradeoff has been found which provides
an up to quadratic improvement over the best classical algorithms in certain
space regimes and trades classical space for quantum time [JP25b], as discussed
in Chapter 5. These works illustrate how quantum resources can be leveraged to
improve upon classical connectivity algorithms under different models of time and
space constraints.

Our contribution. We show that the gauge problem can be solved by a bounded-
error quantum algorithm running in O(n3/2) time and using O(log n + log k) space
on graphs with n vertices, where k is the dimension of the edge unitaries. This
shows that adding a k-dimensional internal degree of freedom under a flatness
promise still admits a polynomial-time quantum algorithm using logarithmic space
in the graph size and local dimension.

Throughout this chapter, when we refer to the running time of an algorithm, we
count the following resources: (1) elementary quantum gates, i.e., unitary operations
acting on at most a constant number of qubits; (2) queries to the graph oracle
Og, which on input (u,,|t¢)) outputs the i-th neighbor v of u together with the
application of the associated edge unitary U, to |1); and (3) the state-preparation
unitaries U and U, that prepare the boundary states |¢s) and |1;) from |0).

Our techniques. We design our quantum algorithm by equipping the input
graph with a subspace graph structure introduced in Chapter 4. The gauge problem
is well suited to the subspace graph framework because it naturally combines a
graph structure with additional higher-dimensional structure attached to each edge.
Our construction is inspired by the approach of [Jef22] that is also described in
Section 4.3.5, but differs in that we work with a different oracle model and extend
the framework from line graphs to general graphs.

Importantly, our oracle access model is closely analogous to the quantum
adjacency array (or quantum walk) model: given a vertex and an index register in
superposition, the oracle coherently returns the corresponding neighbor together
with the action of the associated edge unitary on the internal state. This places
our setting in direct analogy with the model used by optimal quantum algorithms
for undirected st-connectivity discussed in Chapter 3, which achieve O(n) time. A
natural open question is whether those techniques can be extended to the richer
setting of unitary labeled graphs under the flatness promise, potentially improving
our O(n*?) running time to O(n). We leave this as a direction for future work.

Our subspace graph distinguishes between the YES case, in which there exists
an st-path and U(t)|¢s) = |¢¢), and the NO case, in which either no st-path exists
or there exists an st-path but (U (#)[,))T|1:) = 0. We analyze the algorithm by
bounding the witness complexity of the construction and the cost of implementing
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the associated reflections.

Our framework also suggests several natural extensions. First, instead of
distinguishing perfect equality from orthogonality, one could consider a promise
version in which Us(t)[1)s) is either close to |¢;) or far from it. Because our algorithm
ultimately estimates an overlap between two states, we expect that adapting the
analysis to this approximate setting would be relatively straightforward, at the cost
of a precision-dependent overhead. Second, it would be interesting to extend the
model beyond unitary edge labels. Allowing more general linear operators, or even
quantum channels, would substantially broaden the applicability of the framework,
but would require new ideas to handle the loss of reversibility that underlies the
current construction. We leave these directions for future work.

Organization The remainder of this chapter is organized as follows. In Section 7.2
we show our quantum algorithm for the gauge problem, starting with formally defin-
ing the gauge problem and specifying the oracle access model. In Section 7.2.1 we
construct a subspace graph corresponding to a given gauge instance. Section 7.2.2
analyzes the witness complexity of this construction in both the positive and
negative cases. In Section 7.2.3 we show how to implement the required reflections
efficiently. Finally, in Section 7.2.4 we combine these ingredients to obtain our
main quantum algorithm and prove its time and space complexity guarantees.

7.2 A quantum algorithm for the gauge problem

We start with formally stating the problem. Let G = (V, E) be an undirected
d-regular graph. Throughout this chapter, we fix the notations n and d to al-
ways denote the number of vertices of the graph and the degree of the vertices
correspondingly. For each vertex u € V| fix a bijection

fu:4{0,...,d—1} = N(u),

where N (u) denotes the set of neighbors of u. We say that f,(¢) is the i-th neighbor
of u.

For every edge {u,v} € E, there exist unique indices iy, iy, € {0,...,d — 1}
such that

fU(iu7U> =v and folivu) = u.

7.2.1. PROBLEM. Let G = (V, E) be an undirected d-regular graph (Definition 2.4.1)
with two distinguished vertices s,t € V.. For each edge {u,v} € E, let there be an
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associated unitary operator Uy, € C*** satisfying Uy, = UJ,. For any u,v € V and
any two paths

U= Ug,U,...,up =0 and uw=uyul, ..., U, =0
assume that

UuL—luL T UUOUI = UulL u, Uu{)u/l = Uu(’U)

1%

Let |1,), [1b:) € CF be states associated with s and t, respectively. Given access to
G via an oracle O¢g acting as

(WD) = |v)]7) Uwl¥),

where v := f, (i), and f,(j) = u, and acting as the identity on all other basis states,
and the unitaries Uy and U, that map |0) to |1s) and |¢y) correspondingly, the task
is to decide whether

Us(ls) = [he) or (Us(t)]s)) ) = 0.

In our cost model, each call to the oracle Og and to the unitaries Uy and U, is
counted as unit time.

7.2.1 Subspace graph construction

We equip the input graph G with the subspace graph structure of Definition 4.3.1.
The boundary is B = {s,t}, and the associated spaces are defined as follows.

Edge and boundary spaces For each edge {u,v} € E, let iy, iy, € {0,...,d—
1} be the unique indices such that f,(i,,) = v and f, (i) = u, and define

Eww = span{|u, iy)|2), |, tvu)|2) © 2 € [K]}.
For the boundary vertices,
Zs = span{[s)|d + 1)[0),[s)|d)[¢s)},  E¢ = span{[t)|d + 1)[0), [£) |d)[¢r) }.
Edge and boundary subspaces For each edge {u,v} € E, define
Eoo = span{[u, i) 2) + [0,40u) Unl2) 1 2 € (K]}, 25, = {0},
For boundary vertices, define

={' = span{|s)|d + 1)0) + |s)[d)|vs)}, =7 = {0},
=7 = span{[t)|d + 1)|0) + [t)|d)[v)}, =P = {0}.
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Vertex spaces and boundary vertex space For each vertex u € V'\ {s,t}, let

V, = span{df u,)|2) : 2 € [k]}.

=0

For a boundary vertex b € {s,t} we define

y, - span{|b>|d>|¢b> S z’>|¢b>}

5 pn{z b, i)l :i<z2brw> - o}.

We set the boundary subspace to be
Vi = {0}.

Then, as in Definition 4.3.1, the global subspaces are

Ac= P =4, BG=<@VU>@VB@ P =L=P V.

ec EUB ueV ec EUB ueV

Note that the defined subspace graph has a weak canonical st-boundary (see
Definition 4.3.6). Finally, we set the starting state to be the same as in Chapter 4:

[40) = \/1§(|S>\d+ 10} = [B)|d + 1)[0)).

7.2.2 Witness analysis

In this section, we analyze the witness complexity of the subspace graph defined
above and show that it indeed decides Problem 7.2.1. We start with studying the
positive case.

7.2.2. LEMMA. If there exists an st-path in G and Us(t)|vs) = |[¢:) then there
exists a positive witness (see Definition 4.3.10) of size O(n).

Proof:
Let ug = s, uq,...,ur =t be an st-path such that, for every ¢ < L—1, f,,(i¢) = ups1
and, for every ¢ > 1, f,,(j¢) = ue—1. We show that

[wy) = =[s)[d + 1)[0) + [s)|d)[1s) = |uo, 70)[¢)s)

+ ;(W,jﬁ = [ug, 1)) Us(we) [¥s) (7.2.1)
+ lur, )l — [ d) ¢ + [6)|d + 1)[0).

is a positive witness. That is, we show that |w,) € (A+ B)™ .
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In some parts of the proof, it will be convenient to rewrite |w,) as follows.
wy) = —! )d+1)[0) + |s)|d)|1bs)
- Z e, i) Us (o) [ths) = ltera, Jern)Us(uesn) [9s)) (7.2.2)
- |t>|d>|@/)t> + [t)]d + 1)[0).

This is true because [1;) = Us(t)|vs) = Us(up)|ws).

Orthogonality to A. If an edge is not on the chosen path, then |w,) is clearly
orthogonal to the corresponding subspace because of no overlap. For any edge
{ug, upsr} with 0 </ < L —1,

Eit sy = span{[ue,i0)|2) + [uei1, jest) Unpu,s |2) < 2 € (K]},

Then for all z and 0 < ¢ < L — 1, using (7.2.2),

. ) t
(e iedl2) + Juess, Ges) Unpuea12)) o)
—(ug, ielug, ie) (2|Us (ue) [ths) + (wera, jesalers, Jesa) (21U, Us(ten) 1hs)

—(2|Us(ue) [¥0s) + (2|Us(we)[¥s)
=0,

where we used that
Us (uf—i-l) = U,

UpUp41

Us(Ug).
Finally, we observe that |w, ) is orthogonal to |s)|d 4+ 1)|0) + |s)|d)|1s) and |t)|d +
1I0) + [E)|d) |ihr).
Orthogonality to B. If u is not on the path, |w,) has no overlap with its space.
For an internal vertex u, with 1 < /¢ <L —1,
d—1
Vo, = Span{z lug,i)|2) : z € [k]}

=0

Only two terms overlap |w,): where i = j, and ¢ = i,. Hence, for all z, using
(7.2.1),

T
(z ey ) ) s) = — et i) Us ) [th) + s el o) (10 () ) = O
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For a boundary vertex b € {s,t},

Vi = Span{\bﬂci)!wb) + i b, i)lwz)}

=0

® p{z b)) : e} o}

Since |w,) only contains |¢) and not states orthogonal to it, it is orthogonal to
the second summand. For the first summand,

T
(|s>|d>|ws> 3 |s,z'>|¢s>) ) = {s1s) (dld) (alibs) — (5,iols, i) {Whalir) = 0,

1
(|t>|d>|¢t> by |t,z'>|wt>) s = — (I ) + (£ 32 (alen) = 0.

Witness size. All the terms are orthonormal, and the number of nonzero terms
is 2L + 4 = O(L). Hence, |[|w,)|*> = O(L) < O(n). O

7.2.3. REMARK. The positive witness constructed above is supported on a single
st-path, which leads to a witness size proportional to the path length. More
generally, one could consider witnesses that coherently combine contributions from
multiple st-paths. In particular, choosing amplitudes according to an optimal
unit flow between s and ¢ yields a witness whose size is governed by the effective
resistance R ,(G), which can be strictly smaller than the length of any individual
path. We present the path-based construction purely for simplicity, the more
general formulation follows by the same reasoning.

Next, we consider two possible negative cases: first, when there is no st-path
in G, and second, when such a path exists but the states Us(t)|¢s) and |i);) are
orthogonal. We begin by analyzing the first case.

7.2.4. LEMMA. If there is no st-path in G, then there exists a negative witness
(see Definition 4.3.11) of size O(|E).
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Proof:
We will show that, under the assumptions of the lemma, there exist vectors |wy4) € A
and |wg) € B such that [i) = |wa) + |wg), so that |wy) serves as a negative
witness. For b € {s,t}, let V;, C V denote the set of vertices of G connected to b
(including b itself), and let E, C E denote the set of edges of G connected to b.
Define

2( MNd +1)[0) +|s)d)[ws) + > ( |u>iu,v>Us(U)|¢s>+Iv,iv,u>U5(v)|¢s)))

{u,v}€E;

( } (|, ) Ur(u )|¢t>+|v7iv,u>Ut(v)|¢t>)+!t>|d>|¢t>+|t>!d+1>!0>>

d—1

1
) = = sls)ldle) — = Zs(iz YU o >|ws>)

IZ(ZluzUt |¢t>> f|t>|d>|wt>

ueVy \i=0

Clearly, |wy) € A and |wg) € B. For b € {s,t}, and any vertex u € V,, and
i€{0,...,d—1}, each term %W, i) Up(u)|tbp) appears in |w4) and in |wg) exactly
once, with opposite signs. An analogous cancellation holds for the boundary
contributions |s)|d)|¢s) and |t)|d)|¢:). Consequently, all such terms cancel in the
sum |wy) + |wg), and therefore

wa) + [wp) = \}ﬁ(ISHd +1)|0) = [B)|d + 1)[0)) = [¢o)-

Finally, each edge {u,v} € E; U E; contributes exactly two orthogonal terms to
lw4), each of norm 1/4/2. Hence,

lwall* = 5 - (21Es U By +4) < |B| +2.

DO | —

Therefore, |||w.4)||* = O(|E]), so the negative witness has size O(|E|). O
Finally, we turn to the second negative case.

7.2.5. LEMMA. If there exists an st-path in G and (U,(t)|1s))T|1e) = O then there
ezists a negative witness of size O(|E).
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Proof:

As in the previous lemma, we will show that, under the assumptions of the lemma,
there exist vectors |wa) € A and |wg) € B such that |¢g) = |wa) + |wg), so that
lwa) serves as a negative witness. For b € {s,t}, let V, C V denote the set of
vertices of G' connected to b (including b itself), and let E, C E denote the set of
edges of G connected to b. In this case, £, = F; and V, = V;. As before, define:

sw =

( Nd +1)[0) + [s)d)[vs) + > ‘uviu,v>US(u)|ws>+’U>iv,u>US<v)‘ws>))

{uv}EFES

( (s ) Un(w) [900) + [0, d0,u)Ur(0)[900)) + [E)]d) e} + [E)]d + 1>|0>>
{u,v}€E};

) = =l - 75 3 (S lw v

uEVS =0

+ s 3 (S lw vl ) + Jsioile.

u€eVy \i=0

Unlike in the previous lemma, we now have t e Vy=V,and s € V, = V,. Since we
assumed (Us(t)]1:))t[v) = 0, the state S924 |¢,4)Us(t)[1bs) is in V;, and the state
Y3 15,4 Uy (s)]ay) is in Vs, since

= (Us(t)|¢s>)T|¢t> = <1/}5|Us(t)T|¢t> = <¢S|Ut(8)|¢t>

Hence, |w4) € A and |wg) € B. The same as in the previous lemma, for b € {s,t},
and any vertex u € Vj, and any i € {0,...,d — 1}, the term %|u,@> Up(w)|thy)
appears in |wy4) and in |wg) exactly once, with opposite signs. Same as before, an
analogous cancellation holds for the boundary contributions |s)|d)|s) and |t)|d)|y).
Consequently, all such terms cancel in the sum |w4) + |wg), and therefore

wa) + [wp) = ;§(IS>|d +1)|0) = [£)|d + 1)]0)) = [¢o)-

Finally, each edge {u,v} € E,U E; = E; = E,; contributes at most four orthogonal
terms to |w4), each of norm 1/4/2. Hence,

1
lwa) <5 (@E[+4) <2B]+2.

Therefore, |[|w4)]|*> = O(|E|), so the negative witness has size O(|E|). O
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7.2.3 Implementation of reflections
Here we show that the unitary
Uas = (2114 — I) (2015 — 1)
associated with the subspace graph can be implemented in 5(1) time. We do this

by arguing that the reflections through A and B can each be implemented in 6(1)
time. We begin with the reflection through A.

7.2.6. LEMMA. The reflection 2114 — I can be implemented in O(1) time.

Proof:
Recall that the global Hilbert space decomposes as

Ho= @D Zud® P =

{uv}elE be{s,t}
and
A= @ EvaB @ 5;74’
{uv}elr be{s,t}
where

=A = span{|u, iy, )|2) + |V, dvu)Uul2) : 2 € [K]}
' = [b)]d + 1)[0) + [b)[d)[th).
We note that it is enough to implement reflections through @y, ,jep =4 and

Dicisty Z7'. Once these are available, the reflection through A can be obtained by
consecutively applying these two smaller reflections and applying —/. Indeed,

(2H@{u,v}EEEﬁU N ]> (2H®b€{s,t} EZA - I)(_I)
- (_2H®{u,v}€E Eﬁ\v o 2H®b€{s,t} Ef + ])(_I)
- 2(H®{u,v}€E E:‘é" + H@be{s,t} E‘I:‘) - [

— O, — 1.

Observe that on the subspace @y, ,1ep Suw the oracle Og itself acts as a reflection
through @y, . ep =iy Indeed, for any {u,v} € E and z € [k], define

‘qﬁjv(z» = U, Guw)|2) + [V, 50u) Ui 2), |90 (2)) = [ 10} [2) — |0, 50,0) U |2)-
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A direct calculation shows

OG‘QSZ_U(Z» = yvaiv,u qu‘z> + ’uaiu,v>Uquuv’Z> = |U, Zu,v>’z> + ”U>iv,u>qu|Z>

06| 0un(2)) = [0, iv,u)Unol2) = |1, tu0) UsuUuo|2) = _(’uaiu,v>’2> - ’U>iv,u>qu’Z>>

Thus =4 = span{|¢F,(2)) : z € [k]} is the (+1)-eigenspace of Og on Z,,, and its
orthogonal complement in =,, is the (—1)-eigenspace. Indeed,

—_

B = span{|u, iy, )|2), [V, du)|2) : 2 € [K]}
= span{|u, iuw)|2) : 2 € [k]} ® span{[v, ivu)|2) : 2 € [K]}
= span{|u, i) |2) : 2 € [k]} @ span{|v, i, u)Uu|2) : 2 € [K]}
= span{|u, iyv)|2), [V, ipu)Uwl|2) : 2 € [K]}
M2) + 0,00, Unol 2), |15 Gu0)]2) — |0, 00,0) Ul 2) = 2 € [K]}
= 22 @ span{|u, iya)|2) — [V, 50 Uu|2) 1 2 € [K]}.

= span{|u Guw) |2

Since the subspaces =, are pairwise orthogonal, the global (+1)-eigenspace of Og
in Dyy0yep Suw 18 precisely
D =
—uv>’

{uv}eE

i
and the (—1)-eigenspace is (@{u vleE = va) within @{u veE Suv-

To complete Og to a reflection through DuvjcE =4 on the entire space, we
must flip the phase of all states in @ye(s 4y Zp. We will do thls by first implementing
a reflection through this subspace and then applying a global phase flip. Recall
that

D = = span{[s)|d + 1)[0), [s)|d)[¢s),
be{s,t}
[t)]d + 1)[0), [t)|d) ) }-
To reflect through this span, it is sufficient to implement a reflection through
span{|s)|d + 1)[0), [s)[d)[0), [t)|d + 1)[0), [£)|d)[0)},

which is a controlled phase flip and requires only O(1) time, and, for each b € {s,t},
to implement the mapping

[6)|d)[0) = 16)|d)|b),
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which uses a single controlled application of Uy, and therefore also takes 6~(1) time.
Hence, the overall time complexity of reflecting through @y, vcp =4 45 O(1).
Next, we show how to implement a reflection through @ye(s ¢ Z;'. Recall that

@B = = span{[s)|d + 1)|0) + |s)|d)[¢s),
be{s,t}

D)d +1)[0) + [H)]d)|vn) }-

In a manner analogous to the argument above, it is sufficient to implement a
reflection through

span{|s)|0)[0), [1){0)|0)},

which is a controlled phase flip and requires only O(1) time, and, for each b € {s,t},
to implement the mapping

10)10)]0) = —=(1b)|d + 1)[0) + [b)|d)[0))

1
V2
1
V2
which uses a single controlled application of Uy, and 6(1) other gates, and therefore

also takes O(1) time. Hence, the overall time complexity of reflecting through
Dreysy Z{' is O(1). Thus, reflection through A can be implemented in O(1) time.
O

—

(1) + 1)[0) + [b)|d) [¢hv))-

Next, we show how to implement the reflection through B.
7.2.7. LEMMA. The reflection 2I1g — I can be implemented in O(1) time.

Proof:
For reflection through B, we show how to prepare a working basis of B (see
Definition 2.7.5). By definition,

B=& V.,

ueV

where for internal vertices u € V'\ {s,t},

V- p{z i) s> € 1),

for boundary vertices b € {s,t} we have

d—1

Vi = span{ {01} + X o) pn{z b le)  (alvh =0},

1=0
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We take the following set of vectors as an orthonormal basis of B.

(UEVL\J{SJ}{;ZZEW, D2) 2 e [k:]})
o{ o (1o +j§:::|s,z'>|¢s>)}u {jaz 5.0+ 2 € 1\ (0

D (L1 +§|t,z'>|wt>)}u {jaz i) = € 9 (0}

where [¢7) = Uy|z) for b € {s,t},z € [k] \ {0}, with U, provided by the black-box
access to the input described in Problem 7.2.1. Tt is a basis of span{|)}* in C*
since U, maps |0) to [i) and is a unitary.

For an internal vertex u € V'\ {s,t}, we index the basis states by z € [k]. Then,
the corresponding basis state preparation

1 d—1 ‘
w)[0)|2) = i ;J |u, )| 2)

can be done in O(1) time. For b € {s,t}, we index the basis states by z € [k]. For
z = 0 the corresponding basis state preparation

(o + S i)

can be done by preparing a uniform superposition and one application of U, which
requires O(1) time. For z € [k] \ {0}, the corresponding basis state preparation

16)/0)[0)

B)[0)]2) ;EZ b, 45)

can be done, again, by preparing a uniform superposition and one application of
U, which requires O(1) time. For every u € V, z € [k], we showed how to map a
state of the form |u)|0)|z) to the corresponding basis state. Hence, it remains to
implement reflection through

span{|u)|0)|z) : u € V, z € [k]}.

This reflection is just a phase flip controlled on the state being zero in the second
register concatenated with a global phase flip. This takes O(1) time. Hence,

reflection through B takes O(1) time. O

We summarize the results of this section in the following corollary.

7.2.8. COROLLARY. The unitary Uas = (2l14 — I)(21lg — I) can be implemented
in O(1) time.
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7.2.4 Main theorem

In this section, we state the main theorem of the chapter, which combines the
results established above and shows the existence of an efficient quantum algorithm
for the gauge problem.

7.2.9. THEOREM. There exists a bounded-error quantum algorithm that solves the
gauge (Problem 7.2.1) in time complexity

6(713/2)

and space
O(logn + logk).

Proof:
We apply Theorem 4.3.13 to the subspace graph constructed above for the gauge
instance. As observed above, this subspace graph has a weak canonical st-boundary.
In the YES case of Problem 7.2.1, i.e. when there exists an st-path and U(t)|)s) =
|9¢), Lemma 7.2.2 constructs a positive witness with squared norm O(n). This
implies W, (G) = O(n) for our choice of |1)).

In the NO case of Problem 7.2.1, we are under the promise that either there
is no st-path, or there exists an st-path and (Us(t)|1s))T|¢)r) = 0. Lemma 7.2.4
handles the first possibility and Lemma 7.2.5 handles the second, and in either
case they provide a negative witness of size O(|E|). Since |E| < (g) = 0(n?), we
have W_(G) = O(n?).

By Corollary 7.2.8 the unitary

Uas = (2114 — I)(215 — I)

can be implemented in time 7' = O(1).
Hence, by Theorem 4.3.13 and Remark 4.3.15, there exists a bounded-error
quantum algorithm deciding the problem in time

O(T\/W_(G)W+(G)) — O(n*?).

Here dim Hg is polynomial in n and k, so logdim Hg = O(logn + log k), and
log W_(G) = O(log | E|) = O(log n). Thus the total space is O(logn + log k). This
concludes the proof. O
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Abstract

This thesis studies space-bounded quantum computation, focusing on quantum
algorithms in models where available memory is limited. The central goal is to
understand which quantum advantages persist in such settings and how quantum
resources influence classical time—space tradeoffs. This thesis investigates these
questions through graph st-connectivity problems, a core class of problems in space
complexity theory that has been widely studied.

The thesis develops quantum algorithms and tradeoff results for both undirected
and directed st-connectivity. Connectivity problems are particularly well suited
for studying space-bounded computation, as they are complete for fundamental
space-bounded complexity classes and naturally model computation under memory
constraints. In the undirected setting, we show that quantum algorithms can
simultaneously achieve near-optimal time and logarithmic space, revealing a contrast
with classical computation, where nontrivial time—space tradeoffs arise. These
results demonstrate that space-bounded quantum and classical computation can
exhibit fundamentally different behavior.

For directed st-connectivity, we establish the first nontrivial quantum time—space
tradeoff. Directed reachability presents challenges absent from the undirected case,
as techniques based on quantum walks and reversibility do not naturally extend.
We show that quantum computation can improve upon known classical tradeoff
bounds even when only a small quantum workspace is available. This provides new
evidence that quantum effects can yield meaningful advantages in space-constrained
regimes, beyond the large-memory settings where quantum speedups are more
commonly studied.

A unifying theme of the thesis is the development of a compositional framework
for quantum algorithms based on multidimensional quantum walks. We introduce
subspace graphs, an abstract model that supports modular reasoning, abstraction,
and time-efficient recursion. Subspace graphs provide a structured way to describe

175
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quantum processes that incorporate subroutines while avoiding the overheads
that typically obstruct recursive quantum constructions. This perspective enables
composition at a higher level of abstraction, allowing complex procedures to
be analyzed and combined without repeatedly incurring implementation costs.
We apply this framework to obtain a time-efficient quantum divide & conquer
construction, derive the quantum time—space tradeoff for directed st-connectivity,
and obtain further results for generalized st-connectivity and other problems.

Finally, the thesis extends connectivity beyond classical graph models by study-
ing unitary-labeled graphs, where edges carry quantum transformations. In this
setting, paths induce transformations of an internal Hilbert space, giving rise to a
generalized st-connectivity-type promise problem referred to as the gauge problem.
We present an efficient quantum algorithm for this problem, showing that this
generalization of undirected st-connectivity still admits a time- and space-efficient
solution. This result highlights the broader applicability of the subspace-graph
framework to computational problems involving genuinely quantum data.

Together, these results contribute to the understanding of space-bounded quan-
tum computation, quantum time—space tradeoffs, and compositional methods for
quantum algorithm design, while highlighting the role of connectivity problems as
a bridge between quantum algorithms and space complexity theory.



Samenvatting

Dit proefschrift bestudeert geheugenbegrensde quantumcomputatie, met de nadruk
op quantumalgoritmen in modellen waarin het beschikbare geheugen beperkt is.
Het centrale doel is te begrijpen welke quantumvoordelen in dergelijke omgevin-
gen behouden blijven en hoe quantumresources klassieke tijd—geheugen-tradeoffs
beinvloeden. Dit proefschrift onderzoekt deze vragen aan de hand van graaf-st-
connectiviteitsproblemen, een fundamentele klasse van problemen in de geheugen-
complexiteitstheorie die uitgebreid is bestudeerd.

Het proefschrift ontwikkelt quantumalgoritmen en tijd—geheugen-tradeoffs voor
zowel ongerichte als gerichte st-connectiviteit. Connectiviteitsproblemen zijn bij-
zonder geschikt voor het bestuderen van geheugenbegrensde computatie, omdat zij
compleet zijn voor fundamentele geheugencomplexiteitsklassen en op natuurlijke
wijze berekening onder geheugenbeperkingen modelleren. In het ongerichte geval
tonen wij aan dat quantumalgoritmen gelijktijdig een bijna optimale looptijd en
logaritmisch geheugengebruik kunnen bereiken. Dit staat in contrast met klassieke
computatie, waar niet-triviale tijd—geheugen-tradeoffs optreden. Deze resultaten
laten zien dat geheugenbegrensde quantum- en klassieke computatie fundamenteel
verschillend gedrag kunnen vertonen.

Voor gerichte st-connectiviteit stellen wij de eerste niet-triviale quantum
tijd—geheugen-tradeoff vast. Gerichte bereikbaarheid brengt uitdagingen met zich
mee die afwezig zijn in het ongerichte geval, aangezien technieken gebaseerd op
quantumwandelingen en omkeerbaarheid zich niet op natuurlijke wijze laten uit-
breiden. Wij tonen aan dat quantumcomputatie bekende klassieke tradeoff-grenzen
kan verbeteren, zelfs wanneer slechts een kleine quantumwerkruimte beschikbaar
is. Dit levert nieuw bewijs dat quantumeffecten betekenisvolle voordelen kunnen
bieden in regimes met beperkt geheugen, voorbij de situaties met groot geheugen
waarin quantumverbeteringen doorgaans worden bestudeerd.

Een centraal thema in dit proefschrift is de ontwikkeling van een raamwerk
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voor het samenstellen van quantumalgoritmen, gebaseerd op multidimensionale
quantumwandelingen. Wij introduceren subruimtegrafen, een abstract model dat
modulaire analyse, abstractie en tijdefficiénte recursie ondersteunt. Subruimte-
grafen bieden een gestructureerde manier om quantumprocessen te beschrijven
die subroutines gebruiken, terwijl de overhead wordt vermeden die recursieve
quantumconstructies doorgaans belemmert. Dit perspectief maakt het mogelijk
quantumalgoritmen op een hoger abstractieniveau samen te stellen, waardoor
complexe procedures kunnen worden geanalyseerd en gecombineerd zonder her-
haaldelijk implementatiekosten te maken. Wij passen dit raamwerk toe om een
tijdefficiénte quantum divide-and-conquer-constructie te verkrijgen, de quantum
tijd—geheugen-tradeoff voor gerichte st-connectiviteit af te leiden, en verdere resul-
taten te verkrijgen voor gegeneraliseerde st-connectiviteit en verwante problemen.

Ten slotte breidt dit proefschrift het connectiviteitsbegrip uit voorbij klassieke
graafmodellen door unitaire-gelabelde grafen te bestuderen, waarbij randen quan-
tumtransformaties representeren. In deze setting induceren paden transformaties op
een interne Hilbertruimte, wat leidt tot een gegeneraliseerd st-connectiviteitsachtig
belofteprobleem, het zogeheten gauge-probleem. Wij presenteren een efficiént quan-
tumalgoritme voor dit probleem en tonen aan dat deze generalisatie van ongerichte
st-connectiviteit nog steeds een tijd- en geheugenefficiénte oplossing toelaat. Dit
resultaat onderstreept de bredere toepasbaarheid van het subruimtegraafraamw-
erk op berekeningsproblemen waarin intrinsiek quantummechanische data een rol
spelen.

Gezamenlijk dragen deze resultaten bij aan een beter begrip van geheugenbe-
grensde quantumcomputatie, quantum tijd—geheugen-tradeoffs en technieken voor
het samenstellen van quantumalgoritmen. Daarnaast benadrukken zij de rol van
connectiviteitsproblemen als brug tussen quantumalgoritmen en de geheugencom-
plexiteitstheorie.



Acknowledgments

First and foremost, I would like to thank my supervisors, Stacey and Michael.

Stacey, I feel very lucky to have had you as my supervisor. This is not something
one can take for granted as a PhD student, but I always felt that you had my best
interests in mind. During a time that can be quite uncertain, wondering whether
things will work out and whether there will be enough results or papers, it meant
a lot to know that you had my back. It made the whole journey feel much less
intimidating. I also want to thank you for teaching me so much. Doing a PhD is
not always easy, but it has definitely been very interesting and exciting for me, and
this is entirely thanks to you. Beyond the academic side, I'm very grateful for your
support as a person. These years haven’t been easy, and having you there meant
a great deal to me. You helped me more than I could have expected, and I truly
appreciate that.

Michael, I would like to thank you for your guidance and support during my
PhD. Although we did not work as closely together over time, I am very grateful
for your input and for the role you played along the way. I especially want to
thank you for guiding me through the beginning of my PhD and for teaching me
how to write my first paper, which was such an important step in my PhD journey.
I have greatly appreciated your perspective, your thoughtful feedback, and our
discussions.

I would like to thank my committee, Ronald, Frédéric, Jo, Krystal, and Maris
for taking the time to read my thesis and for the valuable feedback.

I would like to thank my coauthors Simon and Tobias.

Simon, we worked a lot together throughout my PhD, and it has always been a
great experience. I find it very special how you created a supportive environment
where I felt encouraged and confident, which is so important for a student. I have
also always found your work very interesting, and I am very grateful that you
shared it with me and taught me so much. I would also like to thank you for taking

179



180 Acknowledgments

on the role of my supervisor during my visits to Paris. More generally, I think you
are a great person, and I have really enjoyed working with you.

Tobias, thank you for the collaboration and the interesting discussions we had.
I am also grateful to you for hosting me in Hannover. I really appreciated working
with you and learning from you.

I would also like to thank Frédéric and Arjan, who played important roles
throughout my PhD journey.

Frédéric, my visits to IRIF are among the best memories of my PhD, and I am
very grateful to you for welcoming me. I always felt very much part of the group
during that time. I also want to thank you for supervising me during my visit to
Paris and for introducing me to beautiful problems.

Arjan, thank you for explaining so much to me about quantum algorithms and
for being such a great collaborator. It has always been fun working with you. I
also really appreciated our chats and having you as a research buddy.

I would like to thank everyone at QuSoft for creating such a stimulating and
friendly environment. I feel very lucky to have been part of this group and am
truly grateful to everyone who contributes to making it such a great place to do
research.

I would like to thank everyone at KdVI. I was very happy to be a part of
the institute, and I am especially grateful to the administrative and support staff
who took care of the many practical aspects of the PhD process and ensured that
everything ran smoothly.

I would like to thank everyone at IRIF for making my visits so enjoyable. I had
a really great time there and met many amazing people.

I would also like to thank my friends outside academia for being there in their
own way and for all the moments we shared during these years.

I would like to thank my family, who have been there from the very beginning
of this journey. You have always supported me, cared for me during the lowest
moments, and shared in the happiness of the successes. None of this would have
been possible without you, and I draw so much strength from having you behind
me. I am very aware of how lucky I am to be loved simply for who I am, and
that has given me the strength to keep going and to achieve what I have. Thank
you for taking my struggles seriously and for always helping as much as I needed.
Everything I have achieved is built on your support.

Philip, thank you for everything you have been to me throughout this journey.
I won’t even try to put into words what that has meant to me.



	1 Introduction
	1.1 Undirected st-connectivity
	1.2 Directed st-connectivity
	1.3 The gauge problem
	1.4 Visual quantum reasoning, composition, and recursion
	1.5 Organization of the thesis

	2 Preliminaries
	2.1 Probability theory
	2.2 Generating superpositions
	2.3 Function composition and Boolean formulas
	2.4 Graph theory
	2.5 Random walks
	2.6 Quantum walk search algorithms
	2.7 Phase estimation algorithms

	3 (No) Quantum space-time tradeoff for USTCON
	3.1 Introduction
	3.1.1 Summary of results

	3.2 Quantum RAM
	3.3 USTCON and the quantum walk model
	3.4 Time- and space-optimal quantum algorithm
	3.4.1 Lower bound
	3.4.2 Metropolis-Hastings walk
	3.4.3 The algorithm

	3.5 Time-space tradeoff for bounded spectral gap
	3.5.1 Analysis of step 1: seed set
	3.5.2 Analysis of step 2: state preparation
	3.5.3 Analysis of step 3: SWAP test
	3.5.4 Proof of Theorem 3.5.2 


	4 Subspace graphs
	4.1 Introduction
	4.2 Model of computation
	4.3 Subspace graphs for multidimensional quantum walks
	4.3.1 Subspace graphs
	4.3.2 Phase estimation algorithm
	4.3.3 Example: switching networks
	4.3.4 Example: classical deterministic algorithms
	4.3.5 Example: quantum algorithms

	4.4 Recursion with subspace graphs
	4.4.1 Switch composition
	4.4.2 Switching networks with subroutines

	4.A Recovering the local structure

	5 Quantum divide & conquer and application to DSTCON
	5.1 Introduction
	5.2 Boolean formula composition
	5.3 Quantum divide & conquer
	5.4 Application to DSTCON

	6 A quantum time-space tradeoff for directed st-connectivity
	6.1 Introduction
	6.2 Quantum algorithm for DSTCON
	6.2.1 BFS algorithm that calls the quantum short path subroutine
	6.2.2 Complexity comparison: classical vs. quantum

	6.3 Quantum short path subroutine
	6.3.1 Switching network
	6.3.2 Complexity analysis of the switching network
	6.3.3 Basis of the space of st-flows
	6.3.4 Complexity of the subroutine


	7 A quantum algorithm for the gauge problem
	7.1 Introduction
	7.2 A quantum algorithm for the gauge problem
	7.2.1 Subspace graph construction
	7.2.2 Witness analysis
	7.2.3 Implementation of reflections
	7.2.4 Main theorem


	Bibliography
	Abstract
	Samenvatting
	Acknowledgments

