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Abstract

The general topic of this thesis is the property that a random item drawn from some probability dis-
tribution likely to have. We investigate four topics concerning the structure of random graphs and the
behavior of randomized algorithms.

The first topic is the average-case complexity, that is the computational complexity of a problem under
the assumption that the input is drawn from a probability distribution. The perspective of considering
a random input relaxes the pessimism of worst-case complexity that regards the hardest instance of
a problem. For graph problems, several researchers have shown that some NP-hard problems such as
finding a Hamiltonian cycle admit a polynomial-time algorithm if the input is a random graph. With
this in mind, we consider the following natural research question: Is there a problem that is hard to
solve even for random graphs? We handle this issue by presenting a problem that is hard in this sense.
Specifically, we consider the problem of counting biclique subgraphs and show a “sharp threshold” result:
As a positive result, we present an algorithm that solves the problem for any input. As a negative result,
we prove that any slightly faster algorithm fails to solve the problem on most of the random graph under
a widely-investigated conjecture concerning worst-case hardness. At the heart of this result, we present
a general framework of fine-grained hardness amplification, which is inspired by the classical technique
from average-case complexity.

Our next topic is a voting process that is a certain type of randomized distributed algorithms on
a graph. Voting processes are known as simple models of consensus dynamics and have an application
to the consensus problem in the area of distributed computing. Roughly speaking, voting processes
on a graph consists of a single dense component such as the Erdés—Rényi graph are known to exhibit
simple dynamics and thus converge to consensus quickly. However, voting processes on graphs with
more complex structures are much less understood. In response to it, we consider the stochastic block
model, which is a random graph consists of two distinct Erdés—Rényi graphs joined by random edges.
We obtain a phase transition result concerning the edge density between the components regarding the
dynamics: Above the threshold, the dynamics are simple and converge to consensus quickly. Below the
threshold, the dynamics expose a “meta-stable” equilibrium and thus require exponentially long rounds
to reach consensus. Another contribution of this thesis regarding voting processes is to introduce a new
notion of quasi-majority functional voting that is a wide class of voting processes containing several
previously-known voting processes. We then prove that the dynamics of any quasi-majority functional
voting on graphs consists of a single dense component (i.e., expander graphs) are simple and converge
to consensus quickly.

The third topic is random walks on growing networks. A random walk on a graph is a fundamental
stochastic process: A walker on a vertex repeats moving to a randomly selected neighbor. Random walks
have a wide variety of applications in network analysis. In particular, a random walk on dynamic networks
has gathered special attention since real-world networks change their structure over time. However, most
of the previous works were concerned with random walks on dynamic graphs with static vertex set (i.e.,
they considered graphs in which the edge set changes over time). We propose a new model of random
walks on a growing graph and then study their performance.

Finally, we explore the distance properties of random graphs. Specifically, we are interested in the
average distance and diameter of dense random regular graphs. The average distance and diameter of
regular graphs attract special attention in the literature of high-performance computing since a regular
graph with a low average distance and diameter yields an efficient network topology for parallel comput-
ers. We prove that the diameter of a random regular graph is likely to be asymptotically optimal under
a certain mild condition of the degree.
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Chapter 1

Introduction

Suppose we are given a random item chosen from a specific probability distribution. Then, what property
does the item likely to have? This question gather a great deal of attention in a wide range of fields
including combinatorics and theoretical computer science. In this thesis, we investigate properties that
asymptotically almost all objects satisfy. More precisely, for a set S (e.g., the set of all graphs) and a
positive integer n € N, let S,, C S be the set of elements in S of size n (e.g., the set of graphs of n
vertices). Consider a sequence (Dp),cy where each D, is a probability distribution over S,. We are
interested in a property P such that the probability Pr,..p, [z satisfies P] tends to one as n — oo. Such
a property can be seen as the property that a typical object in S chosen from D,, satisfies for large n.
In this thesis, as a random object, we focus on two sources of randomness concerning graphs: random
graphs and randomized algorithms that run on graphs.

The structure of a typical graph under specific distribution has been well investigated in random
graph theory. A random graph refers to a graph sampled according to some probability distribution
over a set of graphs. The distribution is called random graph model. Usually, a random graph model is
specified by either defining the probability measure or giving a generating algorithm. For example, the
Erd8s—Rényi graph is an n-vertex graph G(n,p) where each vertex pair holds an edge with probability
p independently to any other vertex pairs. The distribution of G(n, p), denoted by G(n,p), is called the
Erdés—Rényi model.

Random graphs were initially introduced by Erdés [Erd59] to prove the existence of a graph satisfying
a certain property. Soon later, Erddés and Rényi [ER59] studied the connectivity of random graphs. At
the same time, independently to Erdés and Rényi [ER59], Gilbert [Gil59] studied the connectivity of
a different random graph model. These are known as the first systematic studies of random graphs.
Since then, several random graph models (e.g., random geometric graph [Gil61], random regular graph
(configuration model) [Bol80], and random planar graph [DVW96]) were introduced and various struc-
tural properties of random graphs (e.g., the maximum clique [BE76], Hamiltonicity [P6s76], chromatic
number [GM75], and perfect matching [ER66]) have been investigated.

It is widely recognized that randomness provides algorithms with a surprising computational power.
Using randomness, one can design simple, low memory, and fast algorithms for various kinds of com-
putational tasks such as the minimum cut [Kar93], the polynomial identity testing [Sax09], random
walks [Lov93], and approximate counting [JVV86, SJ89]. The typical behavior of a randomized al-
gorithm is an important issue since the performance of a randomized algorithm relies on its typical
behavior.

This thesis consists of four topics regarding random graphs and randomized algorithms: time complex-
ity of a specific subgraph counting problem on random graphs, consensus dynamics of voting processes
on graphs, random walks on growing graphs, and distance properties of random regular graphs.

In Chapters 3 and 4, we study the time complexity of graph problems on random graphs. It is known
that some NP-hard problems such as finding a Hamiltonian cycle [AV79] and a 2-approximation of the
chromatic number [GM75] (for any constant € > 0, it is NP-hard to approximate the chromatic number
within an n'=¢-factor [FK98, Zuc07]) admit simple polynomial-time algorithms if the input is a random
graph. On the other hand, some problems including finding a maximum clique [Kar73] and counting the
number of clique subgraphs of a fixed size [GR18a, BABB19] are believed to be hard even when the input
is a random graph. We study a subgraph counting problem that is hard to solve even for random graphs
in terms of fine-grained complexity. More precisely, the problem can be solved in n¢t°(M-time for any
graph but solving it in time n¢~¢ for an n~*(9)-fraction of random graphs is impossible for any constant
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€ > 0 unless a widely-investigated conjecture fails. In other words, at least (1 —n_Q(e))—fraction of random
graphs are hard to solve for any n®~“time algorithms, whereas there is an n°T°()-time algorithm that
solves the problem for all graphs.

In Chapters 5 to 7, we focus on a (synchronous) wvoting process that is a certain type of randomized
distributed algorithms. In a voting process, we consider an undirected and connected graph where each
vertex holds an opinion from a finite set. In each discrete time step, vertices communicate with their
neighbors and simultaneously update their opinion according to a predefined protocol. The aim of the
protocol is to reach consensus in which all vertices hold the same opinion. In Chapter 5, we introduce
a functional voting process that is a wide class of voting processes. In Chapter 6, we consider specific
voting processes on a stochastic block model, which is a random graph model playing key role in the
context of community detection of networks. We obtain a phase transition result regarding the behavior
of the voting processes. In Chapter 7, we introduce a quasi-majority functional voting process that is a
subclass of functional voting processes and study the consensus time (i.e., the number of steps to reach
consensus) of the process on expander graphs.

In Chapter 8, we focus on a random walk on a growing network. Although dynamic graphs gather
great deal of attention in network analysis since the shapes of real-world networks change over time,
most previous works concerning random walks on dynamic graphs consider a graph with a static vertex
set (only edges change over time). In view of this, we present the notion of rondam walk on a growing
graph and study the performance of it for several growing graphs.

In Chapter 9, we study the average distance and diameter of the random regular graph G, 4, which is
a graph selected uniformly at random from the set of n-vertex d-regular graphs. In contrast to G(n,p),
it is nontrivial to sample Gy, 4. Indeed, there is no known efficient algorithm that generates G, 4 for
d > /n. This makes the analysis of G,, 4 difficult for large d. We present asymptotic results concerning
the average distance and diameter of G, 4.

Finally, in Chapter 10, we conclude this thesis.

In what follows, we present overview of our contributions with their backgrounds.

1.1 Average-Case Complexity (Chapters 3 and 4)

One of the goals of computational complexity theory is to understand the tractability of computational
tasks. A standard framework for the tractability of a computational task is the worst-case complezity.
In this framework, we consider a computational problem II and seek an algorithm that outputs the
correct answer for all inputs of II. However, the worst-case complexity can be too pessimistic since it
regards only the hardest instance. To be more optimistic, one may seek an algorithm that perform well
on almost all inputs. One common way to formalize this perspective is the framework of average-case
complezity [Lev86]. In this framework, we consider a distributional problem (II, D) that is a pair of
a problem II and sequence D = (D,,)nen where each D,, is a distribution over inputs of size n (e.g.,
G(n,p)). An algorithm is given n € N and x ~ D,, (i.e., x is sampled according to the distribution D,,).
Then we are interested in the success probability, that is, the probability that the algorithm outputs the
correct answer for the random input. In average-case complexity, we seek a fast algorithm that solves a
distributional problem with high success probability.

1.1.1 Biclique counting on random bipartite graphs

It is known that several graph problems such as HAMILTONIAN CYCLE and GRAPH ISOMORPHISM, which
are believed not to be in P, admit a polynomial-time algorithm with a high success probability if the
input is sampled from G(n, p) [FM97] for suitable p. Even for polynomial-time solvable problems, similar
gaps between average- and worst-case complexity have been observed. For example, the current fastest
algorithm finds a maximum matching in an unweighted m-edge n-vertex graph admits in time O(m+/n),
while we can find it in time O(m polylogn) on G(n,p) with high probability [Mot94].

On the other hand, recently, an average-case hardness of some subgraph counting problems has
been established under the assumption of a worst-case hardness [GR18a, BABB19, DLW20]. For ex-
ample, Boix-Adsera, Brennan, and Bresler [BABB19] proved that we cannot count the number k-clique
subgraphs in G(n,p) in time n°*) unless the exponential time hypothesis (ETH) of Impagliazzo and
Paturi [IP01] fails.

In Chapter 3, we consider the problem of counting the number of biclique (a.k.a. complete bipartite
graphs) subgraphs of fixed size in a given graph. Formally, a biclique on partite sets each of size a and
b is the graph K,;, = (AU B, E) for two disjoint sets A and B such that |A| = @ and |B| = b, and the
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edge set E is defined as E := {{i,j}:i € A,j € B}. We focus on the problem in which we are asked to
count the number of K, ,-subgraphs (i.e., subgraphs that are isomorphic to K, ;) in a given graph.

Finding or counting bicliques has been investigated from both practical and theoretical motiva-
tions. On the practical side, this study has applications in data mining [AS94, MT17] and bioinformat-
ics [DAB104]. See [MT17, AVJ98| and the references therein for details and lists of further applica-
tions. On the theoretical side, the problem of finding or counting biclique subgraphs has been studied
in computational complexity theory [Linl8, GJ79] and several exact exponential algorithms have been
proposed [CK12, GKL12, BRFGL10, Kut12].

In this thesis, we obtain a negative result and a positive result. As the negative result, we prove
that, under the strong exponential time hypothesis (SETH) of Impagliazzo, Paturi and Zane [IPZ01],
for any constants @ > 3 and € > 0, there is a constant b = b(a, €) satisfying the following: Any n®~¢-
time algorithm for the K, j-subgraph counting problem has success probability at most 1/ polylog(n),
where the input is a random bipartite graph. As the positive result, we prove that there is an n®to(-
time algorithm that counts the number of K, ;-subgraphs in any graph if @ > 8. As a consequence,
we obatin the nearly-tight average-case complexity of the K, ,-subgraph counting problem, that is, the
K, p-subgraph counting problem admits a worst-case nete()_time algorithm, while it does not admit
any n®"¢-time algorithm with success probability more than 1 — 1/ polylog(n) for any constant ¢ > 0
unless SETH is false.

1.1.2 Fine-grained hardness amplification

The hardness result in Section 1.1.1 was that, any n%~“-time algorithm fails to solve the K, ;-subgraph
counting problem on a random birpartite graph with probability at least 1/ polylog(n). In other words,
1/ polylog(n)-fraction of random bipartite graphs are hard to count K, ;-subgraphs for any n®~°-time
algorithms. This result does not represent the hardness of random graphs since the fraction 1/ polylog(n)
of hard instances is small: For example, there might exist, say, an O(n?)-time algorithm that solves the
counting problem on, say, 90% of instances. In Chapter 4, we handle with this issue.

In computational complexity theory, the existence of an average-case hard problem (i.e., a distribu-
tional problem with high fraction of hard instances) has gathered special attention. The main reason for
this is that the average-case hardness of a problem can serve as the first step towards building secure
cryptographic primitives such as pseudorandom generators and one-way functions [HILL99, NW94]. To
obtain average-case hard problems, a considerable amount of effort has been devoted to constructing a
“strongly” average-case hard problem from a “weakly” average-case hard problem. The technique of
such construction is known as hardness amplification. See [GNW11] for detailed background.

In Chapter 4, we explore hardness amplification in the fine-grained complexity setting. Specifically,
we consider the following research question.

Question 1.1.1. Suppose that a function f(x) is hard to compute on more than ~y-fraction of inputs
x for any n°c-time algorithm. Then, is there a function g(y) such that computing g(y) on more than
v < v fraction of inputs y is impossible for any n°"-time algorithm?

As a main result, we prove that, for a certain variant f of subgraph counting problem, we construct
an another problem g that holds the property of Question 1.1.1. Consequently, we obtain a problem
such that a (1 — no(l))—ratio of random bipartite graphs are hard for any n®~“-time algorithms unless
SETH fails. Moreover, the problem is closely related to the K, ; subgraph counting. At the heart of this
result, we establish a general framework of fine-grained hardness amplification based on the direct product
theorem [TW97, Tre03, GNW11, IJK09, IJKW10] and Yao’s XOR lemma [Yao82, GNW11, Tre03, TW97].

1.2 Voting Process (Chapters 6 and 7)

Consider an undirected graph G = (V, E) where each vertex v € V initially holds an opinion o, € ¥ for
a finite set . A voting process is specified with a local updating rule: In each discrete time step, all
vertices communicate with their neighboring vertices and simultaneously update their opinion according
to the rule. The process aims to reach consensus, that is, a configuration where all vertices have the same
opinion. Voting processes appear as simple mathematical models in a wide range of fields, e.g., social
behavior, physical phenomena, and biological systems [MNT14, Lig85, AABT11]. In distributed com-
puting, voting processes are known to be a simple approach for the consensus problem [FLM86, GK10].

In this thesis, we focus on the setting of binary opinion (i.e., ¥ = {0,1}) and consider stochastic
updating rule (i.e., each vertex can flip its private coins). Hence, a voting process can be seen as a
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Markov chain on 2¥. An element of 2V is called a configuration. Configurations where all vertices have
the same opinion are called consensus. The main quantity of interest is the consensus time, which is the
number of steps required to reach consensus.

1.2.1 Examples of voting processes

Pull voting. In pull voting, each vertex v picks up a neighbor uniformly at random. Then, the vertex
v adopts the opinion of the selected neighbor.

Best-of-two. In best-of-two (a.k.a. 2-Choices), each vertex v picks up two neighbors u;, us uniformly at
random (with replacement). If u; and us have the same opinion, the vertex v adopt the opinion.
Otherwise, v keeps its own opinion.

Best-of-three. In best-of-three (a.k.a. 3-Majority), each vertex v picks up three neighbors wuy,us, us
uniformly at random (with replacement). Then, the vertex v adopts the majority opinion among
the three vertices ui, us2,us. Note that the tie does not occur since we consider the binary opinion
setting.

We refer Section 5.2 to previous works of voting processes.

1.2.2 Voting processes on stochastic block model

In Chapter 6, we focus on best-of-two and best-of-three on the stochastic block model, a well-known
random graph that forms multiple communities. This model has been well-explored in a wide range of
fields, including biology [CY06, MPN199], network analysis [BDLBH17, GZFA10], and machine learn-
ing [AS15, Abb18], where it serves as a benchmark for community detection algorithms. The study of
the voting processes on the stochastic block model has a potential application in distributed community
detection algorithms [BCM*18, BCNT17b, CNS19).

Definition 1.2.1 (Stochastic block model). Let n € N and p,q € [0,1] with ¢ < p be parameters. The
stochastic block model G(2n,p, q) is a random graph defined as follows:

o The vertez set is V1 U Va, where |Vi| = |Vo| =n and V1 NV, = (.

e Each pair {u,v} of distinct vertices uw € V; and v € V; forms an edge with probability 6;;, indepen-
dent of any other edges, where
p ifi=7,
92']' = {

q otherwise.

We denote by G(2n,p,q) a graph sampled according to the distribution of G(2n,p,q).

The behavior of a voting process on G(2n, p,q) depends on the parameters p and ¢. For example, if
p=gq =1, then G(2n,1,1) is the complete graph (i.e., the graph where all vertex pairs are connected by
an edge). It is known that, on the n-vertex complete graph, best-of-two and best-of-three reach consensus
within O(logn) steps [DGMT11]. On the other hand, if p = 1 and ¢ = 0, then G(2n,1,0) consists of
two disjoint complete graphs each of size n, meaning that, if one complete graph is in consensus with
opinion 0 and the other does with opinion 1, then the voting process keeps the configuration and thus
does not reach consensus. In Chapter 6, we prove that there is a threshold r* depending on the voting
process (best-of-two or best-of-three) such that, if » > 7*, then the corresponding voting process reaches
consensus quickly, while the consensus time can be exponential if r < r*.

1.2.3 General voting processes on expander graphs

In the context of the voting process, it is widely known that the behaviors of best-of-two and best-of-
three are similar. For example, both processes on the n-vertex complete graph reach consensus within
O(logn) rounds with high probability [DGM™11, BCNT16]. Another example is the phase transition
result on the stochastic block model presented in the previous part. However, the proofs of these results
for best-of-two and best-of-three are obtained independently.

In Chapter 7, we introduce a quasi-magority functional voting process as a generalization of the best-
of-two, best-of-three, and many other voting processes and consider the consensus time of it on expander
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graphs. Intuitively speaking, expander graphs are sparse graphs that have strong connectivities (see
Chapter 7 for the definition). Expander graphs gather special attention in the context of Markov chains
on graphs, yielding a wide range of theoretical applications.

There is a line of works that studied best-of-two and best-of-three on expander graphs [CEORI13,
CER14, CER'15]. Roughly speaking, best-of-two and best-of-three reach consensus within O(logn)
rounds with high probability if the initial configuration has a sufficiently large bias (i.e., ||Vo| — [V1]] is
large, where V; is the set of vertices that holds opinion ¢ € {0,1} initially). As a main result, we prove
that the quasi-majority functional voting on dense expander graphs reaches consensus within O(logn)
rounds with high probability without any assumption on the initial configuration. This extends the
previous work [DGM™11] that studies best-of-two on complete graphs. Moreover, we prove that, on
a sparse expander graph, the consensus time of a quasi-majority functional voting is O(logn) if the
initial configuration has a bias. This result generalizes previous works of best-of-two and best-of-three
on expander graphs. Our result can be applied to obtain the consensus time of quasi-majority functional
voting on random graphs such as the Erdos—Rényi graph. Moreover, the result provides an easy criterion
for the practicality of voting processes: If someone may come up with a new voting process, then he can
ensure the practicality of it on expander graphs by checking that whether the process is quasi-majority
functional. Indeed, quasi-majority functional votings are so general that they contains many natural
voting processes (see Section 7.1.5).

1.3 Random Walk on Growing Networks (Chapter 8)

Real-world networks change their shapes over time. Nevertheless, what is known about the analyses of
algorithms on dynamic networks is quite limited, comparing with a wealth of knowledge on computations
in static networks. In response to it, theoretical analyses of models and algorithms on dynamic networks
recently attract high attentions, particularly in the context of network science and engineering, con-
cerning such as information spreading [CST15], agreement [KO11], population protocol [MS18], random
walks [Cooll] and other stochastic processes [Mic16, JAR16].

Random walk on a graph is a fundamental stochastic process: A walker on a vertex moves to a
randomly picked neighbor at each discrete time step. A random walk is a simple and powerful tool in
the wide range of computer science [Cooll, SMP15, AKL18, SZ19]. The cover time of a random walk is
the time it takes for a walker to visit all vertices of the graph. The cover time is one of the fundamental
quantities of a random walk, see e.g., [AKL'79, Ald83, Mat88, Fei95b, Fei95a, DS84, AF, LP17], and
it is important with applications such as randomized search. Analyses of random walks on dynamic
graphs have been actively developed in the context, where the cover time is a central issue [Cooll, CF03,
AKLO08, AKL18, DR14, YM16, LMS18, SZ19] (see Section 8.3 for more detail).

Those existing works, except for Cooper and Frieze [CF03], about random walks on dynamic networks
are concerned only with networks over a static vertex set. However, the real networks change their vertex
sets over time. Motivated by a new analysis technique, in Chapter 8, we investigate random walks on
graphs with increasing the number of vertices. A dynamic vertex set causes some technical troubles: it
is questionable if the “cover time,” that is a natural quantity for a static vertex set, is also appropriate
for a dynamic vertex set, and also it is hopeless, as Cooper and Frieze [CF03] revealed, to cover vertices
beyond a constant ratio when the number of vertices constantly increases.

In view of this, we introduce in Chapter 8 a simple model of growing graphs, and presents an analysis
of the number of vertices remaining unvisited by a random walk as a counterpart to the cover time of a
random walk on a static vertex set.

1.4 Average Distance and Diameter (Chapter 9)

The study of the diameter of regular graphs is well-motivated in graph theory [BI73, HS60, Mv05,
EFH80, Del85] and gathers special attention in high-performance computing (HPC) [EFH80, HS60,
MvO05]. A central question is how to construct an n-vertex d-regular graph with the minimum possible
diameter. In the literature of HPC, the performance of a parallel computer depends on the topology
of the interconnection network, which is a graph where each vertex corresponds to a calculation node
(e.g., CPU) and each edge does a link. If the interconnection network has low average distance and low
diameter, data transmission on the network has a small number of hops. On the other hand, the degree
of each node is limited due to physical constraints. Therefore, designing an interconnection network
with low average distance and diameter under the degree constraint is important issue in HPC [EFH80,
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HS60, Mv05]. Indeed, several researchers in the HPC area suggested using random graphs as network
topologies (e.g., [SHPG12, KMA ™12, KFI'16]).

In Chapter 9, we prove that asymptotically almost all dense regular graphs have the asymptotically
optimal diameter. More precisely, we study the average distance and diameter of random regular graphs.
A random regular graph G, 4 is the graph sampled according to the uniform distribution G,, 4 over the
set of all n-vertex d-regular graphs. Although several researchers have studied the diameter of random
graphs [Bol81, BdIV82, CL01, FR07, RW10, KL81], the diameter of dense random regular graphs is
much less understood due to the lack of generation algorithm; The current known efficient algorithm can
sample G,, 4 for d = o(y/n) [GW15]. We prove that the diameter of G,, 4 for d = d(n) = (8 + o(1))n®
with two arbitrary constants a € (0,1) and 8 > 0 is equal to [a™!| + 1 with probability asymptotically
one as n tends to infinity. Since any n-vertex d-regular graph for d(n) = (8 + o(1))n® has diameter
at least [a™!] (we will see this fact in Chapter 9), our result implies that G, 4 has the minimum
diameter among all n-vertex d-regular graphs if d = (8 + o(1))n® with a=* ¢ N. Therefore, our
result provides a theoretical guarantee for works suggesting network topologies based on random graphs
(e.g., [SHPG12, KMAT12, KFIT16]).

1.5 Publications

The results of this thesis are based on the following publications.

e N. Shimizu, The average distance and the diameter of dense random regular graphs, The Electronic
Journal of Combinatorics, 27(3), pp. 62:1-62:20, 2020. Preliminary version is in Proceedings of
the 29th Annual ACM-SIAM Symposium on Discrete Algorithms (SODA), pp. 1934-1944, 2018.

e N. Shimizu and T. Shiraga, Phase Transitions of Best-of-Two and Best-of-Three on Stochastic Block
Models, Random Structures and Algorithms, 2020, to appear. Preliminary version is in Proceedings
of the 33rd International Symposium on Distributed Computing (DISC), pp. 32:1-32:17, 2019.

e N. Shimizu and T. Shiraga, Quasi-Majority Functional Voting on Expander Graphs, In Proceed-
ings of the 47th International Colloquium on Automata, Languages, and Programming (ICALP),
pp. 97:1-97:19, 2020.

e S. Hirahara and N. Shimizu, Nearly Optimal Average-Case Complexity of Counting Bicliques
Under SETH, In Proceedings of the 32nd Annual ACM-SIAM Symposium on Discrete Algorithms
(SODA), 2021, to appear.

e S. Kijima, N. Shimizu, and T. Shiraga, How Many Vertices Does a Random Walk Miss in a
Network with Moderately Increasing the Number of Vertices?, In Proceedings of the 32nd Annual
ACM-SIAM Symposium on Discrete Algorithms (SODA ), 2021, to appear.



Chapter 2

Preliminaries

2.1 General Notation

We denote by N, Z, and R the set of positive integers, integers, and real numbers, respectively. We
use Z>o and R>( to denote the set of nonnegative integers and real numbers, respectively. For k € N,
let [k] be the set {1,...,k} of integers. For a finite set S and a positive integer k < |S], let (”2) =

{{z1,.. . 2k} €S {z1,..., 21} = k} be the set of all subsets of size k and

X
(S)k— (Il,...7l’k)GSX'};'XS.{Il,...,Ik}G(k>
be the set of all ordered k-tuples.

Unless otherwise noted, log(z) stands for the logarithm of = to base e. We use Fy for the finite field
of order gq.

The probability that an event £ holds is denoted by Pr[€]. For a random variable X, we denote
by E[X] and Var[X] the expectation and variance of X, respectively. By z ~ R we mean that x is
sampled according to the distribution R. The binomial distribution of n trials with success probability
p is denoted by Bin(n, p).

1
For a p € R>oU{oo} and a vector 2 € R", the ¢P-norm ||z||, of  is defined as ||z, = (Zie[n] |l’|p) /p.
Let f,g: N — N be functions. We follow the standard convention of the O-notation. We write
f(n) = O(g(n)) if there are constants C' > 0 and ng € N such that f(n) < Cg(n) holds fol all n > ny.
We write f(n) = o(g(n)) if, for any small constant C' > 0, there is ng € N such that f(n) < Cg(n) holds
for all n > ng. We write f(n) = Q(g(n)) if g(n) = O(f(n)), and write f(n) = w(g(n)) if g(n) = o(f(n)).
We write f(n) = 0(g(n)) if f(n) = O(g(n)) and f(n) = Q(g(n)) hold. We sometimes use polylog(n) to

denote (logn)®M. We write f(n) = O(g(n)) if f(n) = O(g(n) polylog(n)).

2.2 Graph

In this thesis, by graph we mean a simple undirected graph, that is, a pair (V, E) of a finite set V and
set B C (‘2/) of unordered pairs of elements of V. Each element of V' and F are called a vertez and edge,
respectively. For a graph G, we denote by V(G) and E(G), respectively, the vertex set and the edge set
of G. For a vertex v, let N(v) = {w € V : {v,w} € E(G) be the set of vertices adjacent to v. Note
that N(v) does not contain v. The degree deg(v) of a vertex v € V(G) is defined as deg(v) = |N(v)|.
For a vertex v € V and subset S C V, let degg(v) = [N(v) NS|. A graph G is d-regular if the degrees
of all vertices are equal to d. A graph H is a subgraph of G, denoted by H C G, if V(H) C V(G)
and E(H) C E(G) hold. For two graph G and H, we say G is isomorphic to H if there is a bijection
¢ : V(G) — V(H) such that {u,v} € E(G) if and only if {¢(u), $(v)} € E(H) holds. For two graphs H
and G, an H-subgraph of G is a subgraph S of G that is isormorphic to H.

A graph property P is the set of graphs that is invariant under the isomorphism, that is, if G € P
and H is isomorphic to G, then H € P. We say that a graph G satisfies the graph property P if G € P.

13
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2.2.1 Random graph

A random graph model is a distribution over finite graphs. A random graph is a graph drawn from a
random graph model.

Definition 2.2.1 (Erdés—Rényi graph). The Erdés—Rényi model, denoted by G(n,p), is the distribution
of n-vertex graphs satisfying

Pr G(n,p) = H| = plEUDI(1 — p)(3)-I1EED)
S O P = Hl =71 =)

for any fixed n-vertex graph H. The graph G(n,p) ~ G(n,p) is called Erd6s—Rényi graph.

We often consider the probability that a random graph satisfies a certain graph property P. To state
it more formally, consider a sequence (2, P, Fn)nen of probability spaces and a sequence (&)nen of
events (i.e., &, € F, for all n € N). We say that the event &, holds asymptotically almost surely (a.a.s.)
if Pri€,] = 1—o0(1). We say that the event &, holds with high probability (w.h.p.) if Pr[&, holds] >
1 — =M Note that if £, holds w.h.p., then &, holds a.a.s. For example, it is easy to see that G(n,p)
does not contain any edge if p = o(n~2) a.a.s. See Section 2.5 for more details.

2.3 Computational Complexity

We regard a problem II as a function from an input to the solution. The solution of II for input x is
denoted by II(x). A decision problem is a problem such that II(x) € {0,1} for any input x. An instance
x with II(z) = 1 (respectively, II(z) = 0) is called an YES-instance (respectively, NO-instance) II. The
size n of an input x is specified by the problem we consider (for example, if the input is a graph, n stands
for the number of vertices).

A randomized algorithm A is said to solve a problem II in time T(n) if A runs in time T'(n) for any
input @ of size n and Pra[A(z) = II(z)] > 2. Here, by Pra[] we mean that the probability is taken
over the randomness of the algorithm A. Similarly, for an event £ on = ~ R, we sometimes denote by
Pr,.z[€] the probability of the event £ holds, where the probability is over the choice of x ~ R. We
use these notations in order to clarify the randomness in the probability.

2.3.1 Average-case complexity

This thesis follows the common notion of average-case complexity (e.g., [BT06]). A distributional prob-
lem is a pair (II,D) of a problem II and a family of distributions D = (D;,Da,...), where each D,
denotes a distribution over inputs of size n. To simplify notations, we shall refer to (II, D,,) rather than
(II, (Dy)nen)- We say that a (deterministic) algorithm A solves a distributional problem (I1,D) with
success probability § if, for every n € N, it holds that Pr[A(z) = II(x)] > § where the probability is over
the random choice of  ~ D,,. The definition can be extended to a randomized algorithm:

Definition 2.3.1. Let (I, D) be a distributional problem and 6: N — [0, 1] be a function. We say that a
randomized algorithm A solves (I, D) with success probability p if, for everyn € N, Pryp, [Pra[A(z) =
(@) > 2] > p.

2.4 Finite Markov Chain

We here briefly introduce other terminology for time-homogeneous Markov chains (cf. [LP17]).

Let V be a finite set. A transition matriz P over V is a matrix P € [0,1]V*V satisfying >, oy, Pu,o =1
for any w € V. A transition matrix P is irreducible if for any u,v € V, there exists ¢ € N such that
(P")y» > 0, and is apperiodic if for any v € V, GCD({t > 0 : (P*),, > 0}) = 1 holds, where, for a
set S C N of positive integers, GCD(S) denotes the greatest commond divisor of S. An irreducible and
apperiodic P is said to be ergodic.

Let m € [0,1]V denote the stationary distribution of P, that is, a probability distribution over V'
satisfying 7P = m. It is well known that an ergodic P has a unique stationary distribution [LP17]. A
transition matrix P is reversible if m, P, , = m, P, , for any u,v € V. Note that a transition matrix over
V' defines a Markov chain on V.

For ease of notation, we sometimes identify a matrix P € [0,1]V*" as a function P: V x V — [0, 1].
Here, we denote P(u,v) = Py, P(u,S) =} g P(u,v), and w(S5) := > s 7m(v).
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Example 2.4.1 (Simple random walk). Let G = (V, E) be a graph. Define a transition matrix P €
[0,1]V*V as

(2.1)

1 .
P(u U) _ m lf {U,'U} S E(G),
’ 0 otherwise.

The matrix P of (2.1) is known as the transition matrix of the simple random walk on G. Note that the
simple random walk on G is not apperiodic if G is bipartite.

Example 2.4.2 (Simple lazy random walk). A simple lazy random walk on an undirected graph G is
given by

s if {u,v} € BE(GQ),
3 ifu=veV(Q),
0 otherwise.

Note that the simple lazy random walk on G is apperiodic even if G is bipartite.

2.5 Basic Tools

Proposition 2.5.1 (Union Bound). For any countable set of events {&;}ien,

U &1 <> Pr(g)]

€A i€EA

Pr

Proposition 2.5.2 (The Markov Inequality). Let X be a random variable that takes positive real num-
bers. Then, for any a > 0,

E[X]

Pr[X >qd] <
a

Example 2.5.3. Consider the Erdés-Rényi graph G(n,p) for p = o(n=2). Let Pempty denote the graph
property of being an empty graph (i.e., Pempty is the set of graphs that does not contain any edge).
Then, we can easily prove that G(n,p) satisfies Pempty a.a.s. using the Markov inequality. To see this,
let X be the random variable denoting the number of edges of G(n,p). Then, E[X] = (3)p = o(1). By
applying Proposition 2.5.2 with a = 1, we have Pr[G(n,p) & Pempty] = Pr[X > 1] = o(1). In other
words, G(n,p) a.a.s. satisfies Pempty-

Proposition 2.5.4 (The Chebyshev inequality). Let X be a random variable such that E[X] < oo and
Var[X] < co. Then, for anyt >0,

Var[X]

Pr{X —BIX]| > 1] <~

Proposition 2.5.5 (The Chernoff bound; Theorem 1.10.1 and Theorem 1.10.5 of [DN20]). Let (X;)ien
be independent random variables taking values in [0,1]. Let X = Zie[n] X;. Then the following hold:

(i) for any § >0,

Pr[X > (14 6)E[X]] < exp <_mm{6’52}E[X]) .

3

(i) for any 6 € [0,1],

Pr[X < (1-6)E[X]] <exp ((SQE;W> )

Example 2.5.6. Let X be the degree of a fixed vertex v of G(n,p). For i € V(G(n,p)) \ {v}, let X; be
the binary random variable defined as X; = 1 if {v,i} € E(G(n,p)) and X; = 0 otherwise. Then, the
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random variables (X;);ev\ (v} are independent and thus satisfy the condition of Proposition 2.5.5. If we

set § =2,/ (Tlllo_gf;p, we obtain

By taking the union bound over all vertices, we have that
Pr[3v e V(G(n,p)) : |deg(v) — (n— 1)p| > d(n— 1)p] <n-(n~ 43 4+ n=2) < 2n~ 13

In other words, if dyin and dyax are the minimum and maximum degree of G(n, p), respectively, then it
holds w.h.p. that

logn logn
’I'L-lp 1-24)——— Sdmingdmaxg n_lp 1+2 .
(n—1) ( (n—l)p> (n=1) ( (n—l)p>

Note that this inequality is meaningful when p = w (mﬁ)

n

Proposition 2.5.7 (The inclusion-exclusion principle). Let S1,...,Sr C E be subsets of a finite set E.
Then,

Ns.

i€l

Us|= > o

i€ (k] IeC[k]:1#0




Chapter 3

Biclique Counting on Random
Bipartite Graphs

3.1 Results

In this chapter, we consider the problem of counting the number of K, ;-subgraphs on a natural dis-
tribution. To state it more formally, for a fixed graph H, let #EMB(H ) denote the problem that asks
the number of embeddings of H in G for a given graph G. (An embedding of H in G is an injec-
tive homomorphism from H to G; see Section 3.3 for the formal definition.) The problem #EMB(H)
is equivalent to the H-subgraph counting problem: The number of H-subgraphs in G is equal to the
number of embeddings of H in G divided by the number of automorphisms of H. Our main interest
is the average-case complexity of #EMB(K“) on random bipartite graphs. Specifically, we consider the
following distribution.

Definition 3.1.1 (Random bipartite graph K4 ). For given parameters a,b,n € N, choose o, 3 uni-
formly at random from [a] and [b], respectively. Let Kqpn be the distribution of a random bipartite
graph with na left vertices and nf right vertices, where each possible edge is included independently with
probability 1/2.

The reader is referred to Section 2.3 for the notions of average-case complexity. The result of this
chapter determines a threshold between worst- and average-case complexity of the distributional problem
(#EMB(K“’b),K%bm) under rSETH, a randomized variant of the strong exponential time hypothesis
(SETH) of Impagliazzo, Paturi and Zane [IPZ01] (see Definition 3.3.5).

Theorem 3.1.2 (Worst- and Average-Case Complexity of Counting K, ). The following hold.

e For any constants a > 8 and b, there is an n®°W -time algorithm that solves #EMB(K‘”’) for any
mputs.

e Under rSETH, for any constants ¢ > 0 and a > 3, there is a constant b = b(a, €) such that no n*~¢-
time algorithm solves (#EMBY=?) K, ) with success probability greater than 1 — (1/logn)C,
where C = C(a, b, €) is a constant depending only on a,b and €.

Theorem 3.1.2 is the first result that determines the nearly optimal average-case complexity of dis-
tributional graph problem under a widely investigated hypothesis. This result provides insight towards
understanding the hardest instance of subgraph counting problems.

However, there is still an issue that the subgraph K, ; is not fixed in Theorem 3.1.2: The parameter
b depends on e. The problem of counting fixed K, ; might be more natural in the context of complexity
theory. To cope with this issue, we consider the special case of b = a and obtain the average-case hardness
under randomized Exponential Time Hypothesis (rETH) (see Definition 3.3.4).

Theorem 3.1.3. Under rETH, any n°®-time algorithm solves (#EMB(K“), Ka,an) with success prob-
ability no more than (1 — (1/logn)%), where C = C(a) is a constant that depends on a.

17
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Theorem 3.2.4

’ COLORED K, ; DETECTION ‘
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Kap) Theorem 3.2.5 (Kap) A(Kap)
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(Theorem 3.2.1)

Figure 3.1: The organization of the proof of average-cane hardness of #EmBet),

3.2 Overview of Our Techniques

In what follows, we briefly present the ingredients for our results while reviewing the literature. The
overall outline of the proof of Theorem 3.1.2 is illustrated in Figure 3.1. In Section 3.2.1, we describe
the worst-case complexity of #EMB(K‘“’) under SETH and ETH (see Definitions 3.3.2 and 3.3.3 for
the definition). In Section 3.2.2, we present our idea for the worst-case-to-average-case reduction for
subgraph counting problems. We review related results in Section 3.2.3.

3.2.1 Worst-case complexity of K, ;,-subgraph counting

Nearly Optimal Complexity of #Emb(K“*”). Our first step is to determine the nearly optimal
worst-case complexity for #EMBe®) under SETH by proving the following results.

Theorem 3.2.1. For any constants € > 0 and a > 3, there exists a constant b such that one cannot
solve #EMBH ) in time O(n*=¢) unless SETH fails.

Theorem 3.2.2. If there exists an n° -time algorithm that solves #EMB(K‘”‘), then ETH fails.

Theorem 3.2.3. Ifa > 8, for any € > 0 and b € N, there is an algorithm that solves #EMB(K“) m
time O(bn*te).

We are not aware of previous results that determine the nearly optimal complexity of subgraph
counting problems, while the fine-grained complexity of many natural problems, including the All-Pairs
Shortest Paths, 3SUM, Orthogonal Vectors, and related problems, has been extensively explored in the
research area of hardness in P [Will5, LPW17].

SETH-hardness of #Emb(K‘l’b). The notions in this part are defined in Section 3.3. Our key idea
for showing Theorem 3.2.1 is to consider COLORED K, DETECTION, which is defined as follows. Let
K,, be the n-vertex complete graph. For a graph H, let K,, X H denote the tensor product. In general,
the problem COLORED H DETECTION is defined as follows. For a graph G C K, x H, each vertex
v = (u,4) € V(G) is associated with a color ¢(v) := ¢ € V(H). We say that an H-subgraph F of
G C K, x H is colored if F contains every colors from H. The problem COLORED H DETECTION
asks, given a pair (n,G) of n € N and a graph G C K,, X H, to decide whether G contains a colored
H-subgraph.

Exploiting the fact that COLORED K,; DETECTION is more “structured” than #EMB(K”’), we
first present a reduction from k-ORTHOGONAL VECTORS (k-OV) to COLORED K, DETECTION for
k := a. Since k-OV is known to be SETH-hard for any k > 2 [Will5, Wil05, LPW17], this establishes
SETH-hardness of COLORED K, ; DETECTION:

Theorem 3.2.4. For any constants a > 2 and € > 0, there exists a constant b = b(a,€) > a such that
COLORED K, ;, DETECTION cannot be solved in time O(m®~€) unless SETH fails, where m is the number
of edges of the input graph.

To complete the proof of Theorem 3.2.1, we reduce COLORED K, ; DETECTION to #EMB(K“'b) by
using the inclusion-exclusion principle. This technique is well known in the literature of fixed-parameter
complexity (see, e.g. [CM14, Curl8]). We will present the detail in Section 3.5.2.
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ETH-hardness of #Emb(K‘“‘). The problem of finding a complete bipartite graph K, , in a given
graph has gathered special attention in parameterized complexity. Lin [Linl5, Linl8] proved that the
problem is W[1]-hard when a is a parameter. His proof implies that the problem of finding K, , does not
admit any n°V®)-time algorithm unless ETH fails. In particular, under ETH, any n°V®_time algorithm
fails to solve #EMB(K” @

Theorem 3.2.2 improves this lower bound by ruling out an n°(*-time algorithm under ETH. A key
idea behind this improvement is to take advantage of the structure of counting the number of embeddings:
We first reduce the problem of finding a clique K, of size a (which is known to be ETH-hard [CHKXO06])
to COLORED K,;, DETECTION, and then reduce it to #EMB(K“'“) by using the inclusion-exclusion
principle. The latter reduction exploits the structure of counting.

3.2.2 Average-case complexity of subgraph counting problems

Compared to the worst-case hardness, the average-case hardness of subgraph counting problems has not
been well understood until very recently [GR18a, BABB19, DLW20]. A breakthrough result of Boix-
Adsera, Brennan, and Bresler [BABB19] shows that the worst-case and average-case complexities of
counting k-cliques in an n-vertex Erdés—Rényi graph are equivalent up to a polylog(n)-factor. They left
as an open question the extension of their results to other subgraph counting problems.

In this chapter, we investigate their open question under a different setting, which is one of our
key insights. Specifically, let G x H be the tensor product of two graph G and H (see Section 3.3 for
definition). For a fixed graph H, consider the problem #EMBE? of counting color-preserving embeddings
of H to G that preserves colors (see Figure 3.2 for an illustration). Here, we say that an embedding ¢
preserves colors if u = ¢(¢(u)) holds for any u € V( ), where ¢ : V(G) — V(H) is the coloring of G.

Note that #EMB(O )(G) is the solution of #EMBCO1 for input G, that is, #EMB(0 )(G) is equal to the
number of embeddings of H in G that preserves colors.

H G G

Figure 3.2: An example of color-preserving embedding of H to G for G C K,, x H. Note that we do not
consider the subgraph in right-hand side since G C K,, x H contains neither blue-orange nor green-red
edges.

Let gn 1/2 be the distribution of graph where a graph G C K,, x H is generated by adding edges in
E(K, x H) mdependently with probability 1/2. Based on the techniques of Boix-Adsera, Brennan, and

Bresler [BABB19], we prove that #EMBCOI is reducible to the distributional problem (#EMBCOI , gff?ﬂ).

(H)

Theorem 3.2.5 (Worst- case—to—average—case reduction for #EMB

). Let H be a fized graph. Suppose
that the distributional problem (#EMBCO1 ,Qn 1/2) can be solved by a T'(n)-time randomized algorithm A

with success probability 1 — 6, where 6 = (logn)~ and C = Cy is a sufficiently large constant depending

: (H
on H. Then, there is a T'(n)-polylog(n)-time randomized algorithm B that solves #EMBCO]

with success probability 2/3. Moreover, the number of oracle calls of A by B is at most (logn)

It should be noted that, Dalirrooyfard, Lincoln, and Williams [DLW20] proved the same result as
Theorem 3.2.5 (their work is independent to us). See Section 3.2.3 for the detail. We then reduce
(#EMBCOla ) gffi“/; ) to (7§EEMB(K“)7 Kap,n) using the inclusion-exclusion principle, which is one of our

technical contributions in this chapter.

for any input
O(|E(H)])

Proposition 3.2.6. Suppose that there is a T'(n)-time randomized algorithm that solves the distributional

problem (#FEMBEb) [, ) with success probability 1 — 6. Then, there is an O(ab2%? - T(n))-time

randomized algorithm that solves (#EMBCO1” ) Q(Ii‘}gb)) with success probability 1 — O(ab2°7?6).
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Combining Theorem 3.2.5 and Proposition 3.2.6, we obtain a worst-case-to-average-case reduction
from #EMBHab) to (#EMB(K“*b),ICa)b’n).

Theorem 3.2.7. Let 2 < a < b be arbitrary constants. Suppose that there is a T(n)-time randomized
algorithm that solves (#EMB(K“*b), Kabn) with success probability 1 — &, where § = (logn)~¢ and C =
C(a,b) is a sufficiently large constant. Then, there is a T'(n) - polylog(n)-time randomized algorithm that
solves #EMB(KG*") for any input with success probability 2/3.

Theorem 3.2.7 is of interest in its own right; we emphasize that a and b can be chosen arbitrarily
unlike Theorem 3.2.1 (i.e., the SETH-hardness of #EMB(K“‘”)). In the context of subgraph counting,
counting Ky 5 (i.e., 4-cycle) subgraphs in a graph on n vertices with m edges attracts particular interest:
The current fastest counting algorithm runs in time O(n“) or O(m!-48) [AYZ97], whereas finding a Ks o
can be done in time O(n?) [YZ97] or O(m'4!) [AYZ97]. A central question in this context is whether
we can beat the O(n“)-time algorithm for the K o-counting problem. The worst-case-to-average-case
reduction given in Theorem 3.2.7 indicates that a random bipartite graph is essentially the hardest
distribution for the K3 2-counting problem.

3.2.3 Related work
Worst-case complexity of subgraph counting

The problem #EmB ) is a fundamental task in the context of graph algorithms. For a general subgraph
H, we can solve #EMBH) in time f(k) - n(0174+e()¢ for some function f(-), where k and ¢ are the
number of vertices and edges of H, respectively [CDM17]. If H has some nice structural property (e.g.,
small treewidth), several faster algorithms are known (see [Curl8] and the references therein). However,
to the best of our knowledge, there is no previous result that precisely determines the complexity of
counting subgraphs. Chen, Huang, Kanj, and Xia [CHKXO06] proved that one cannot find a k-clique in
a given graph in time f(k) - n°®) for any function f(-) unless ETH fails. The current fastest algorithm
was given by Nesétfil and Poljak [NP85], who presented an O(n®!*/31)-time algorithm that counts the
number of k-cliques in a given n-vertex graph. Here, w < 2.373 is the square matrix multiplication
exponent [Gall4, Will2, AW21]. Lincoln, Williams, and Williams [LWW18] imposed the assumption
that detecting a k-clique in an n-vertex graphs requires time n®*/3=°(1) and then derived a super-linear
lower bound for the shortest cycle problem. However, the precise value of w is currently not known, and,
as a consequence, the precise time complexity of counting k-cliques is not well understood.

Worst-case complexity of biclique counting

We mention in passing some algorithmic results concerned with finding or counting bicliques. The
results below consider the case where a and b are given as input. Binkele-Raible, Fernau, Gaspers, and
Liedloft [BRFGL10] proved that, for given a,b and a graph G, one can find a K,; subgraph in G in
time 0(1.6914"). Couturier and Kratsch [CK12] gave an O(1.6107")-time algorithm for #Empfa),
They also provided an O(1.2691™)-time counting algorithm that works on bipartite graphs. It is known
that the number of distinct maximal induced biclique subgraphs in any n-vertex graph is 0(3”/ 3 =
0(1.442™) [GKL12]. If a given graph is bipartite, one can solve #EMB**) by enumerating all maximal
K, subgraphs using a polynomial delay algorithm [MU04]. Kutzkov [Kut12] presented an O(1.2491")-
time counting algorithm, which is currently the fastest one. If a < b are small, we can solve #EMB(K a.v)
in time O(n%*!) by enumerating all size-a vertex subsets. If a = 2, we can solve #EMB(K“’) in time
O(n¥) by computing A2, where A € {0,1}"*" is the adjacency matrix of a given graph.

Finding a K, ,-subgraph in a given graph is NP-complete if a is given as input [GJ79]. The pa-
rameterized complexity of finding a K, ,-subgraph (parameterized by a) has gathered special attention.
Lin [Linl8] proved the W[l]-hardness of the K, ,-finding problem parameterized by a. Moreover, his
proof implies that, assuming ETH, one cannot find a K, ,-subgraph in time n°Va@) - However, it still
remains open whether ETH rules out an n°(®-time algorithm for the K, q-subgraph finding problem.

Theorem 3.2.2 rules out an n°(®-time algorithm for the counting variant #EMB(K“) under ETH.

Fine-grained complexity

A standard criterion of the tractability of a problem is whether the problem can be solved in polynomial-
time. This viewpoint of tractability is called coarse-grained complexity. The theory of NP-hardness has
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established superpolynomial lower bounds of time complexity for several computational tasks based on
the conjecture that some NP problem does not admit a polynomial-time algorithm.

In fine-grained complexity, we consider problems that can be solved in time T'(n) but no current-known
T (n)'~“-time algorithm solves it for any constant ¢ > 0. Under well-known conjectures (e.g., SETH,
APSP conjecture, 3-SUM conjecture), lower bounds for several problems (even for polynomial-time
solvable problems) have been investigated. See [Will5] for further details.

Average-case complexity in P

The distributional problem (COLORED H DETECTION,QHB?/2

average-case circuit complexity of the subgraph isomorphism problem (cf. Rossman [Ros18]).

In a pioneering work of Ball, Rosen, Sabin, and Vasudevan [BRSV17|, they initiated the study
of average-case complexity in the context of fine-grained complexity. Ball et al. [BRSV17] and their
subsequent work [BRSV18] constructed average-case hard problems by encoding worst-case problems
by a low-degree polynomial over a large finite field. Based on techniques of random self-reducibility
(e.g. [CPS99]), they explored the average-case hardness of the evaluation of this polynomial under the
worst-case assumptions including the Orthogonal Vector Conjecture, APSP Conjecture, and 3SUM Con-
jecture, recent hot conjectures in the study of hardness in P [LPW17, Will5]. Their work is motivated
by the construction of PoW systems. Due to the construction, their average-case problems are artificial.

Goldreich and Rothblum [GR18a] studied the average-case complexity of #EMB(K’“) for a constant
k. They presented a simple distribution over 6(n)—vertex graphs on which it is hard to count the
number of k-cliques with a success probability better than 3/4. The distribution is constructed by a
gadget reduction, and it is somewhat artificial. The key idea of their reduction is to consider counting
weighted cliques: The input graph has node and edge weights in F,, and the task is to compute the
sum of all weights of clique subgraphs. The weight of a clique is defined as the product of all node
weights and edge weights contained in the clique. They represented this counting problem as a low-degree
polynomial P : Fj*"™ — [, and used polynomial interpolation to reduce evaluating P to computing P(r),

where 7 ~ Unif(IFgX"). Combining the Chinese Reminder Theorem, a vertex-blowing-up technique and
Ki)

) has been studied in the literature of

unifying multiple instances into one instance, they further reduced evaluating P(r) to solving #EMB(
in a specific random graph. Their result has an error tolerance of constant probability. However, the
blowing-up technique and unifying instances yielded an artificial random graph distribution.

The proof of Theorem 3.2.5 is based on techniques of Boix-Adsera, Brennan, and Bresler [BABB19],
who reduced #EMBH*) to (#EMBS*) G(n, p)). The reduction runs in time p~'n2 polylog n. Here, the
error probability of the average-case solver is assumed to be at most (logn)~¢ for a sufficiently large
constant C' = C(k). They also presented a parity variant of #EMB(K’“) and obtained a worst-case-to-
average-case reduction with a better error tolerance.

Very recently, independently to this thesis, Dalirrooyfard, Lincoln, and Williams [DLW20] reduced
#EMB((:fl) to the distributional problem (#EMB(H)7 Gn.,p) for a constant p. They first proved the same

result as Theorem 3.2.5 and then reduced (#EMBEg), gff?/g) to (#EMBg{l), Gn.p)-

3.2.4 Organization

(H)
ol

col - In Section 3.5, we

In Section 3.4, we present the worst-case-to-average-case reduction for #EMB
investigate the worst-case complexity of #EMB(K“*”).

Here is the organization of the proof of our main results.

Theorem 3.1.2. The first statement follows from Theorems 3.2.1 and 3.2.7. We can obtain Theo-
rem 3.2.7 by combining Theorem 3.2.5 and Proposition 3.2.6. See Section 3.4 and Section 3.5.5 for
the proofs of Theorem 3.2.5 and Proposition 3.2.6, respectively. The second statement is equivalent to
Theorem 3.2.3, which is shown in Section 3.5.4.

Theorem 3.1.3. This result follows from Theorems 3.2.2 and 3.2.7. Theorem 3.2.2 is shown in Sec-
tion 3.5.6.



CHAPTER 3. BICLIQUE COUNTING ON RANDOM BIPARTITE GRAPHS 22

3.3 Preliminaries

Our computational model is the O(logn)-Word RAM model. As a consequence, we assume that any
field operation can be done in constant-time if the underlying field is F, with ¢ = nOW (n is specified
by the problem).

For simplicity, we sometimes use uv to abbreviate an edge {u,v}. We identify a graph G with a
vector zg € {0, 1}FU) by regarding z¢ as the edge indicator of G.

3.3.1 Subgraph problem

For two graphs G and H, a mapping ¢ : V(H) — V(G) is homomorphism from H to G if {¢(u), p(v)} €
E(G) whenever {u,v} € E(H). An embedding is an injective homomorphism. Let #EMBH)(G) be
the number of embeddings from H to G. For a fixed graph H, we consider the problem #EMB(H ) of
computing #EMB(H)(G) for an input graph G.

The tensor product X x'Y of two graphs X and Y is a graph defined as V(X xY) =V(X) x V(Y)
and {(x1,91), (x2,9y2)} € E(X xY) if and only if {x1, 22} € E(X) and {y1,y2} € E(Y).

For a fixed graph H, a graph G is H-colored if G C K, x H for some n. Let G be an H-colored
graph G C K, x H. A vertex v € V(G) is associated with a color ¢(v) € V(H). Formally, if v =
(a,1) € V(G) C V(K,) x V(H), then ¢(v) = i. An embedding ¢: V(H) — V(G) of H to G preserves
color if ¢(¢(i)) = i. For a fixed graph H, we consider the problem #EMBEE) of counting the number of
color-preserving embeddings of H to G for a given H-colored graph H. See Figure 3.2 for an illustration.

In COoLORED H DETECTION, we are asked, given an H-colored graph G, to decide whether there
is a color-preserving embedding of H to GG. In other words, COLORED H DETECTION is the decision
problem that asks whether #EMBE?(G) > 0 for a given H-colored graph.

For a fixed graph H, let G5LH1)/2 C K,, x H be a random subgraph of K,, x H such that each edge
(H)

e € E(K, x H) is included independently with probability 1/2. The distribution of G, /2
gff?/Z. For a graph H and a finite set .S, let L{,(LH)(S) be the uniform distribution over SEE»>xH) Note

that 2" ({0, 1}) is equivalent to G{"1),.

is denoted by

3.3.2 ETH and SETH

A Boolean function ¢ is a function ¢ : {0,1}™ — {0,1} for some n. Let x1,..., 2, denote the variables
of ¢. A Boolean function ¢ is a k-CNF formula if ¢ can be written as

¢ = /\ C;
i€[m]

for some m, where each C; is of the form C; = \/
satisfying |S;| < k. Each C; is called clause of ¢.

jes, by for literals ; € {z;,7;} and some S; C [n]

Definition 3.3.1 (k-SAT). In k-SAT, we are given a k-CNF ¢ and are asked to decide the existence
of a satifying assignment of ¢. That is, if x1,...,x, are the variables of ¢, then our task is to decide
whether there is an assignment (b1, ...,b,) € {0,1}" such that ¢(b1,...,b,) = 1.

The problem k-SAT is a classical NP-complete problem. Despite a long line of works, no polynomial-
time algorithm for k-SAT is known. There are many algorithms that solves k-SAT in time of the form

2(17%)”, where the constant ¢ depends on the algorithm. In the current fastest (randomized) algorithm
of Paturi, Pudlak, Saks, and Zane [PPSZ05], ¢ &~ 1.64. In the special case of k = 3, slightly faster
algorithms are known. Recently, Hansen, Kaplan, Zamir, and Zwick [HKZZ19] proved that there is a
1.307™-time randomized algorithm that solves 3-SAT.

Definition 3.3.2 (Exponential time hypothesis (ETH); Impagliazzo and Paturi [IP01]). There is an
absolute constant § > 0 such that any (1 + )" -time deterministic algorithm cannot solve 3-SAT.

Definition 3.3.3 (Strong exponential time hypothesis (SETH); Impagliazzo, Paturi, and Zane [IPZ01]).
For any € > 0, there is k > 3 such that any (2 — €)™-time deterministic algorithm cannot solve k-SAT.

In this chapter, we consider a randomized variant of ETH and SETH that exclude randomized
algorithms.
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Definition 3.3.4 (Randomized exponential time hypothesis (rETH)). There is an absolute constant
d > 0 such that any (1 + §)™-time randomized algorithm cannot solve 3-SAT.

Definition 3.3.5 (Randomized strong exponential time hypothesis (rSETH)). For any € > 0, there is
k > 3 such that any (2 — €)"™-time randomized algorithm cannot solve k-SAT.

(H)

col

3.4 Average-Case Complexity of #Emb

In this section, we present a proof of Theorem 3.2.5, that is, we reduce #EMB( to (#EMBCol ,gn 1/2)

co

For ease of notation, we use z[i] to denote z; for a vector z € Z! and i € I.

For a fixed graph H and a prime g > n!V! et EMBCOL,, &4 : Ff(K”XH)

defined as

— Fq be a polynomial

EMBCOL,, s 4(7) = > I =il (3.1)
v1,...,0, €V (K, xH) {i,j}€E(H)
c(vi)=k (Vk)

Suppose € {0, 1}FPEnxH) js the edge indicator of a graph G C K,, x H. Then EMBCOL,, g ,(z) =
#EmB )(G) mod ¢ = #EmB" )(G) as ¢ > VU We sometimes identify F, with the set {0,...,q—1}.

col col
The proof of Theorem 3.2.5 consists of two steps.

3.4.1 Step 1: Random self-reducibility of EMBCOL,, y,(-)

First, we reduce evaluating EMBCOL,, g 4(2) for a given z to solving (EMBCOL,, g 4(-), U(H)( F,)) for a
large prime ¢ > n!VI, Note that we can obtain such a prime ¢ as follows. Sample a random integer r
from {n!VUDI plVUEDL L1 2p/VIDI} and then run the primality test for r (according to the Prime
Number Theorem, r is prime with probability €(1/logn).)

The following is well known in the context result of random self-reducibility. A precise estimation of
the running time was given by [BABB19, BRSV17].

Lemma 3.4.1 (Essentially given in Lemma 3.2 of [BRSV17]). Let P : Fflv — Fy be a multivariate
polynomial of degree d for a prime q > 12d. Suppose that there is a T(N, q,d)-time algorithm A satisfying

P = >1—
b [A@) = P@)] 215,

where § € (0,1/3). Then, there is a randomized algorithm B that computes P(y) on input y € IE‘éV with
probability 2/3 in time O(Nd?(log q)? + d® + dT(N, q,d)).

Proof sketch. Ball et al. [BRSV17] proved this result under the condition that d > 9. Boix-Adsera,
Brennan, and Bresler [BABB19] obtained the same result for a prime power ¢ > 12d (under the same
condition) by the same way. The common idea is to invoke the well-known local decoding of the Reed-
Muller code (see, e.g., [Lip91, GS92]). In this chapter, we just modify a parameter appeared in their
proof to remove the degree condition. We briefly describe the algorithm and refer to the full version
of [BRSV17] for the analysis.

For a given y € Fév , sample two random vectors zi, zo ~ Unif (IF(ZJV ) independently, and consider the
univariate function f(t) := y + 21t + 22t2. Note that our task is to compute f(0). Set m = 100d (the
authors of [BRSV17] set m = 12d). Use the oracle algorithm A and compute A(f(1),...,A(f(m)). By
the Berlekamp-Welch decoding [BW86], obtain a polynomial f and output f(0). O

By applying this result to our setting, we obtain the following.

Corollary 3.4.2. For a fized graph H and a prime n!V )l < ¢ < 2plVUDI | et EMBCOL,, #4(-) be the
polynomial given in (3.1). Suppose that there is a T'(n)-time algorithm A satisfying

Pr [A(z) = EMBCOL,, g 4(z)] >
z~ U (Fy)

00\[\3

Then, there is a randomized algorithm B that computes EMBCOL,, g 4(y) on input y € Ff(K"XH)

success probability 2/3 in time O(n?(logn)? + T(n)).

with
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3.4.2 Step 2: Reduce EMBCOL, (U™ (F,)) to EMBCOL, 1S ({0,1}))

We reduce the problem of computing EMBCOL,, g 4(-) over the distribution ust (IE‘q) to that over
,(LH)({(), 1}) based on the binary extension technique of [BABB19]. Observe that the distributional
problem (EMBCOLH,H74(~),U7(1H)({O, 1})) is equivalent to (#EMB(H) gt ) if ¢ > nlVUDI

col »In,1/2

Lemma 3.4.3. Let H be a fized graph and q be a prime satisfying n!V D! < ¢ < 2pVUEDI - Suppose
there is a T'(n)-time randomized algorithm A satisfying

Pr [Pr [A(z) = EMBCOL,, g ()] > 2] >1-4,
et ({0,1})) 3

where § = (logn)~C for a sufficiently large constant C = Cy > 0 that depends on H.
Then, there is a T'(n) - polylog n-time randomized algorithm B satisfying

2 2
P Pr[B(z) = EMBCOL, 2 s 2
B BB (@] >3] >3

Note that Theorem 3.2.5 follows from Corollary 3.4.2 and Lemma 3.4.3.

Observation. Suppose that, for each wv € E(K,, x H), z[uv] € F, can be rewritten as

Z2l )[uv] mod ¢ (3.2)

for some binary variables 2(®[uv],..., 20" V[uv] € {0,1}. Here, t is some large integer that will be
specified later. Then, we obtain

EMBCOL, mq(z) = Y 1T Z 2" 20 v;0;]

v1,...,0, €EV(G) ijeE(H) =0
c(v;)=1 (V1)

Z Z H 20lid] . (@lid]) [y,

v1,..., vk €V (G) a€{0,...,t—1}F(H) ijeE(H)
c(vi)=i (Vi)

— Z QZeeE(H) ale] Z H (alif]) 1} 1)]

a€{0,...,t—1}EH) V1,..,0,EV(G) ijeE(H)
c(vs)€i (Vi)

- > 92-ccm Ul EMBCOL,, 17, (x (™). (3.3)

a€c{0,...,t—1}EH)

Here, we define x(®)[uv] := z(@lee@D[yp] € {0,1} for each uv € E(K,, x H).

Thus, our goal is to sample z such that the distribution of z(® is closed to gff?ﬂ for each a €
{0,...,t—1}EU)_ 1In this chapter, we invoke a special case of Lemma 4.3 of [BABB19] and improve the
running time of a sampling procedure.

Lemma 3.4.4. Let ¢ > 2 be a prime and t be some integer. For each x € F,, let My = {m €
{0,...,2" =1} : mmod ¢ = z} and Y, ~ Unif(M,) be a random variable. Let Y be the distribution of
Yr for R ~ Unif(F,). Then, the following hold.

1. drv(Yr, Unif({0,...,2" — 1})) < Cq/2" for some absolute constant C.
2. For any given x € Fy, we can sample Y, in time O(t).

Corollary 3.4.5. Let t be some integer. Let Zy,...,Zi—1 ~ Unif({0,1}) be i.i.d. random variables.
Then, for any given x € Fy, we can sample t random variables 2y, ..., z—1 satisfying the following in
time O(t).

1. It holds that 31—, Y91 z;mod ¢ = .
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2. The distribution of (zo,...,z—1) when x is sampled from Unif(F,) is of total variation distance at
most O(q/2") from the uniform distribution (Zo, ..., Zi_1).

Proof. For a given x € Fy, let zp,...,2—1 be the binary expansion of Y, of Lemma 3.4.4. Then,
Y, = Zf;é 2t.2; = x (mod q) by the definition of Y,. Let Y := Zf;é 2t Z; ~ Unif({0,...,2' —1}). Let
f:{0,...,2t=1} — {0,1}* denote the function that maps y € {0, ...,2"—1} to the binary representation
of y. Note that f is a bijection and f(Y;) = (z0,...,2:—1) holds. Then, from Lemma 3.4.4, for any
A C {0,1}!, we have

|Pr[(20,...,2-1) € Al = Pr[(Zo, ..., Zi—1) € A]| = | Pr[Y, € f1(A)] - Pr[Y € f~1(A4)]]
= 0(q/2").
This implies the statement 2 of Corollary 3.4.5. O

Remark 3.4.6. Boix-Adserd, Brennan, and Bresler [BABB19] considered the general case of Z; ~
Ber(c;), where Ber(c;) is the Bernouli random variable with success probability ¢;. Roughly speaking,
for some t = O(c™ (1 — ¢)~tlog(q/€?)log q), they proved (1) drv(L(Y),L(YR)) < €, and (2) For any
given x € F,, Y, can be sampled in time O(tg). Since ¢ > n"U!)  the sampling of Y, cannot be
applied directly due to the running time O(¢g). To avoid the large running time, Boix-Adsera, Brennan,
and Bresler [BABB19)] used the Chinese Reminder Theorem to reduce computing EMBCOL,, #,4(-) to the
computing EMBCOL,, i7,4,(-),...,EMBCOL,, 14, (-), where g1, ..., gm, are small primes. In Lemma 3.4.4,
we focus on the special case of ¢; = 1/2 and improve the running time of sampling Y.

We will present the proof of Lemma 3.4.4 later.

Proof of Lemma 3.4.3. We describe the randomized algorithm B that computes EMBCOL,, g ,(z)
for a given z ~ U,(LH)(IFq).

Set t = K log g for a sufficiently large constant K = K(H) that will be chosen later depending only
on H. For each e € E(K,, x H), do the following: For z = z[e] € F,, sample z[e] = (2o[e], ..., z—1]e]) of
Corollary 3.4.5 in time O(¢). Note that (3.2) holds.

After sampling (z[e])ccp(k, x ), the algorithm B computes EMBCOL,, p 4(z) using (3.3): For each
a€{0,...,t—1}EWH) construct (¥ using (z[e])eep(k, x ) and compute EMBCOL,, z7,4(x(*)) using the
T'(n, H)-time algorithm A that solves (EMBCOL,, g 4(-), 7(lH)({O7 1})) with success probability 1 — 6.

We claim that B has success probability 1 — t/FUDI§ — O(n?|E(H)|q/2"), which completes the proof

of Lemma 3.4.3: Indeed, choosing ¢t = K logn for a sufficiently large constant K = K(H), the success
probability of B is at least 1 — O(6(logn)2FUN) —o(1) > 2/3 if § = o((logn)~2FUI),

Success probability of B. Since z[e] ~ Unif(F,), Lemma 3.4.4 implies that the distribution of z[e] :=
(zil€])ieqo,... t—1} is total variation distance at most € := O(g/2") from that of Z[e] := (Zo[e], ..., Zi_1[e]),
where Zyle], ..., Z;_1]e] ~ Unif({0,1}) are i.i.d. random variables. Therefore, the distribution of z =
(z[€e])ec (K, x ) 1s total variation distance at most |E(K, x H)le from Z = (Zle])ccp(x, x ) (here, z[e]
are independent as well as Z[e]).

Let A be the randomized algorithm described in Lemma 3.4.3. Let S be the set of graphs that is
solved by A. Formally,

S= {F C K, x H : PrlA(F) = #Em ) (F)) > i} .

Let z := (z[e])ecr(k, x ) and Z := (Z]e])ecp(x, x i) be random variables described above. For each
a€{0,...,t —1}PH)  we have Pry [)Z(“) € S} > 1— 6, where Y(® = (x(® le])ecE (K, x i) 18 defined as
XD uw] = Zelee@Dyy]. Here, we identify a graph with a binary vector in {0,1}#(F»>H)  Recall
that ¢ : V(K, x H) — V(H) maps a vertex to its color. Note that the distribution of ¥(*) is the same

as gfﬁ)/2 for every fixed a € {0,...,t — 1}E(H). By the union bound, we have

Pr [Va €{0,...,t—1}FEH) gl ¢ S} > 1 — ¢lFUDlg,
Since z is total variation distance at most |E(K,, x H)|e from Z, this implies
Pr [Va €{0,...,t—1}PE) (@) ¢ s} > 1t BWIIl5 _|B(K, x H)|e.

This completes the proof of the claim.
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Proof of Lemma 3.4.4. Indeed, the statement 1 is a special case of Lemma 4.3 in [BABB19] and the
proof is already given (see p. 23 of [BABB19]). For completeness, we present the proof by focusing on
the special case. Consider the size of M,. Let N := 2'/q. Since z € {0,...,q — 1}, it holds that

t t

2 2
voz<| 2o << |2 <
q q

Let Y ~ Unif({0,...,2" — 1}) and Yz ~ Vg be random variables, where R ~ Unif(F,). For any
A CH{0,...,28 — 1}, consider the events that Y € A and Y € A. Observe

1 AN M,
PrlYp € A= Y PrlY, € AN MR =] Pr[R =] = | 3 A0
z€F, 1 cr | M|
and
V! |AN M|

z€F,

Therefore, it holds for any A C {0,...,2" — 1} that

| Pr[Yr € A] — Pr[Y € A]|

IN

LS jan |t - N

z€F,

|A| 1 1
< - =
- q \N-2 N
_ AL O(N~2) < 0O(q/2
= (N77) < O(q/2)).
This completes the proof of the statement 1.
We show the statement 2. The sampling can be done by the following scheme: For a given x € [,
let M = [(2 —2—1)/q] = |M,| — 1 and sample K ~ Unif({0,...,M?}). Then, output L := Kq + .
For any k € {0,..., M},

1
M4+1

Pr[L=kq+2]=Pr[K =k] =

In other words, L ~ Unif(M,) for any z.

3.5 Complexity of Counting K,;-Subgraphs

This section is devoted to the proofs of Theorems 3.2.1 to 3.2.3 and 3.2.7. In Sections 3.5.1 to 3.5.5,
we provide several technical results. Finally, in Section 3.5.6, we combine these results to show Theo-
rems 3.2.1 to 3.2.3 and 3.2.7.

3.5.1 Colored subgraph counting vs. (uncolored) subgraph counting

We first prove that the K, ,-subgraph counting (i.e., #EMB(K“”’)) and colored K, p-subgraph counting

(i.e., #EMBE?I""I’)) are computationally equivalent.

Lemma 3.5.1. Consider #EMnga'b) and #EMB(K“). Given oracle access to one of them, we can

solve the other one in time 2°(2+%) 1 O(n?) (in the worst-case sense).

(H)

ol is reducible to #EMB(H) by using the inclusion-

One direction is well known: The problem #EMB
exclusion principle [CM14, Curl§].

Proposition 3.5.2. Let H be a graph. If #EMB(H) for n-vertex graphs can be solved in time T'(n), then
#EMBE?I) can be solved in time O(2VUDIT(n)) (in the worst-case sense).
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Proof. We identify a vertex of H with a color. Let S be the set of embeddings of H to G. For each
color i € V(H), let S; C S be the set of embeddings ¢ of H to G such that the image ¢(V(H)) contains

the color i. Then, in #EMB(H) our task is to compute ‘ﬂieV(H) Si

col

. We denote by S; the complement

as

S\ S;. Using the inclusion-exclusion principle (Proposition 2.5.7), we can rewrite ‘ﬂiev( ) Si

N si=1s-| U &

i€V (H) i€V (H)
=151+ > NS
ICV(H):1#0 iel

Note that |S| = #EMBY)(@) and INics S| = #EMBH)(G}), where Gy is the graph obtained by
removing vertices with color in I from G. We can compute these values using the oracle of #EMB(H ). O

(H) (H)2 We

given oracle access to #EMB_,

Now we discuss the converse direction: Can we solve #EMB

show that #EMB(H) is reducible to #EMBgz) when H = K, . To this end, we consider the problem
#HOM(H) that asks the number #HOM(H)(G) of homomorphisms from H to a given graph G. Recall
that a mapping ¢ : V(H) — V(G) is a homomorphism if {¢(u), ¢(v)} € E(G) whenever {u,v} € E(H).

We reduce #EMB(K“'b) to #EMB(K“’L’) by the following three steps. First, we show that #HOM(H)(G)

col
is equal to #EMB&?(G x H) (Fact 3.5.3). Second, we use Lovdsz’s identity [Lov12] to reduce #Emp)
to #HOM(H/) for some family of graphs H' (Theorem 3.5.4). Finally, we observe that #HOM(H,) is
reducible to #EMBKa?) when H = K, (Proposition 3.5.5).

The following well-known fact asserts that #HOM(H ) (H)

is reducible to #EMB_,".

Fact 3.5.3. Let H be a k-vertex graph. For any graph G, it holds that #Hom™) (G) = #EMBgII)(GxH).

Consequently, if #EMBE? can be solved in time T'(kn) on kn-vertex graphs, then #HOM(H) can be solved

in time O(T(kn) + kn?) on n-vertex graphs.

Proof. We can solve #HOM(H ) on input G as follows. Construct G x H and then run the algorithm for
#EMBE? on input G x H. Now we show #HOM(H)(G) = #EMBEZ)(G x H). Let ¢ be a homomorphism

from H to G. Then, the mapping ¢ : V(H) 3 v — (¢(v),v) € V(G x H) is also a homomorphism and
moreover it is injective. This correspondence between ¢ and 1) is one-to-one. O

In light of Fact 3.5.3, it suffices to reduce #EMB(H) to #HOM(H). To this end, we invoke the following
identity.

Theorem 3.5.4 (Lovész [Lov12]; See (2) of [CDM17]). Let H be a fized graph. Let P(H) be the set of
partitions of V(H) such that, for every m = {Bi,...,B;} € P(H), each B; C V(H) is an independent
set (i =1,...,t). For each m € P(H), define H/7m as the graph obtained by contracting each vertex set
in m. Then

#EM(G) = > (- TT (1Bl = 1)t - #Hom™ /(@)

TEP(H) Bem
Here, |7| denotes the number of subsets in 7.

Combining Theorem 3.5.4 and Fact 3.5.3, we can reduce #EMB(H ) to solving a family of problems

(#EMBég/ﬂ))ﬂep(H). If H= K,, we can enumerate all elements of P(H) in time O(29*?), and thus

(Ka,b/"r) 3
col 15

for every m € P(K,), which enables us to reduce #EMBK ) to #EMB((fl“’b).

the reduction runs in time O(n? 4 29*%). Moreover, we show in Proposition 3.5.5 that #EMB
reducible to #EMB(K“)

col

Proposition 3.5.5. Assume that #EMBES””I’) can be solved in time T'(n). Let m € P(K,p). Then,

#EMBE™) can be solved in time O(n% +T(n)).

col

Proof. Observe that, for any m € P(K, ), we have K, p/m = K, 4 for some constants ¢ < a and d < b;
therefore, it suffices to reduce #EMB(KIC’d) to #EMB(K“’b).

co col
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Let (n,G) be an input of 7£yEEMBg){1“"")7 where G C K. 4 x K,. Regard the vertices in V(K,) as

V(Kap) = {l1,. .. la,71,. .., mp} so that E(Kayp) = {li,7)}icla),jep)- Then, each vertex v € V(G) can be
represented as the form (r;,u) or (I;,u). We write V(G) = RU L, where R is the set of vertices of the
form (r;,u), and L is that of the form (I;,u). Fix a vertex v € V/(K,) and let Laqq = {(ls,v)}{_.,; and

Raga = {(r4, v)}g’:d_|r1 be vertex sets. We construct a graph G C K. x K, as follows.
V(G) = V(G)U Laaa U Raaa,
E(é) = E(G) U E(Radd, Lu Ladd) U E(Ladd, RU Radd),

where, for two vertex subsets S and T, E(S,T) = {s, t}sester- See Figure 3.3 for an illustration.

Radd

Figure 3.3: The graph G of the reduction. In this figure, #EMB(K3’4)(G) = #EMB(K4'5)(G) holds.

col col

Note that #EMB(K“’) (@) = #EMB(K°’d) (G) holds since there is a one-to-one correspondence between

col col

copies of K, in G and that of K. 4 in G. O

Lemma 3.5.1 follows from Propositions 3.5.2 and 3.5.5, Fact 3.5.3, and Theorem 3.5.4.

Remark 3.5.6. We comment on the relationship between #HOM(H) and #EMB(H). It is easy to see
that the problems #HOM(Kk) and #EMB(K’“) are equivalent. More generally, such an equivalence holds
if H is a core; here, a graph H is said to be a core if any homomorphism from H to H is an isomorphism.
However, for some H, it is widely believed that there is a gap between #HOM(H) and #EMB(H): For
example, let M} be the graph of disjoint & edges. It is known that #EMB(M’“) (which is the problem of
counting the number of matchings of size k) is #W/[1]-hard [Cur13], while #HoM™*) can be solved in
linear time (observe that #EMBMY (@) = (2|E(G)|)).

3.5.2 SETH-hardness of finding a colored K, ;-subgraph

Assume a < b. By enumerating all subsets of size a, we can solve both COLORED K, ; DETECTION in

time O(n%*1). If a given graph G is sparse and has m edges, we can solve the problem in time O(m?)
N(v)

. ) for every vertex v, where N(v) denotes the set of vertices adjacent to v.

by enumerating (

Theorem 3.5.7 (Reminder of Theorem 3.2.4). For any constants a > 2 and € > 0, there exists a
constant b = b(a, €) > a such that COLORED K, ; DETECTION cannot be solved in time O(m®~¢) unless
SETH fails, where m is the number of edges of the input graph.

Remark 3.5.8. Theorem 3.2.1 immediately follows from Proposition 3.5.2 and Theorem 3.2.4.

In the proof of Theorem 3.2.4, we consider k-ORTHOGONAL VECTORS (k-OV). In k-OV, we are given
sets Aq,..., A C {0,1}? of binary vectors each of cardinarity n and dimension d satisfying d < K logn
for a constant K. Our task is to decide whether there exist vectors ai,...,a; such that a; € A; for
any ¢ and Z;l:l Hle a;[j] = 0. The naive exhaustive search solves k-OV in time O(n*d) = O(n* logn).
The current known fastest algorithm solves it in time O (n*~1/©(os(d/logn)) [AWY15]. The k-Orthogonal
Vectors Conjecture (k-OVC) asserts that k-OV requires time n*~°(1) for any d = w(logn): More precisely,
under k-OVC, for any k > 2 and € > 0, there exists a constant K > 1 such that no O(n*~¢)-time
algorithm solves k-OV of dimension d < Klogn. It is known that, for every constant k > 2, SETH
implies k&-OVC [Will5, Wil05, LPW17]. Thus, it suffices to reduce k-OV to #EMB ) for k = a.
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Reduction (Proof of Theorem 3.2.4)

Fix any constant a > 2. Assume that there exists a constant € > 0 such that COLORED K, ;, DETECTION
can be solved in O(m*~€) for every b > a. We will prove that, under this assumption, there exists a
constant € > 0 such that a-OV of dimension d = K logn can be solved in time O(m®=<') for any K. To
this end, we present a many-to-one reduction: The reduction maps an instance of a-OV to an equivalent
instance of COLORED K, ; DETECTION.

Let € > 0 be a sufficiently small constant that will be specified later. Let Ay,..., Ax C {0,1}¢ be
an instance of k-OV of dimension d = K logn. We identify a vector x € {0,1}% with a subset  C [d].
Thus, each A; is identified with a family of subsets of [d]. Let P; U--- U P¢ be a partition of [d] such
that |P;| < elogn holds for every i € [C], where C' = K/e (we will choose € so that K/e is an integer).

The reduction constructs a graph G and a coloring ¢ : V(G) — [a + b], resulting in an instance of
COLORED K, DETECTION of a := k and b := C. The vertex set of G is of the form

V(G)=ViU-- UV, UW U---UWg,

where each subset Vi,..., Vi, Wi,...,W¢ is assigned with a distinct color. For each subset a € A;, we
create a vertex v, € V;. For each index j € [C], enumerate all subsets of P;. We associate a k-tuple
z = (y1,...,yk) € (279)F of the subsets with a vertex w, € Wj, if the corresponding vectors y1i, ...,y

are orthogonal on P;. Formally, the vertex set V(G) is

Vii={va: a €A},

Wi =< w,: z=(y1,...,yx) € (277)" satisfies Z H yslr] =0
reP; selk]

Two vertices v, € V; and w, € W of z = (y1,...,yx) are joined by an edge if a NP; = y; holds. The
edge set E(G) contains no other edges. Note that G C K,, X K, 3 in which Vi,...,V,, Wy,..., W}, obtain
distinct colors.

Correctness. Let Ay,..., A, C {0,1} be the instance of k-OV with d = K logn and G be the graph
constructed by the reduction above. Recall that each A; is identified with a family of n subsets of [d].
Suppose that the given instance is an YES-instance. Then, there is a k-tuple (a1,...,ar) € Ay X-+- X A,
such that the corresponding vectors ai, ..., ay satisfy >, g [Ise @slr] = 0. Let

U= J{va,} SV(G),

i€[k]
W .= U {w, € W; : z = (y1,...,yx) where each y; satisfies y; N P; = a;, N P;}.
jelc]

The set U U W induces a colored subgraph isomorphic to K, p, where a = k and b = C'; thus, the pair
(G,c) of a graph G and coloring ¢ is an YES-instance of COLORED K, ; DETECTION.

Conversely, suppose that G contains a colored K, j-subgraph. Then we have |V(H)NV;|=|V(H)N
W;| =1 for every i € [k] and j € [C]. Let v; € V(H)NV; and w; € V(H) N W,. As H is isomorphic
to Kap, {vi,w;} € E(G) for every i,j. Let a; € {0,1}¢ be the vector associated with the vertex v;. For
every j € [C], we have Zrer [Tsep as[r] = 0 since each wj is incident to v; for all i € [k]. Thus, we
have 37 i, [1sepn @slr] = 0 and hence (Ay, ..., Ay) is an YES-instance of k-OV.

Time complexity. The size of the constructed graph G satisfies

V(G)| < kn + Cn<*,
|E(G)| < kCnltek,

Thus, if COLORED K, ; DETECTION on G can be solved in time O(m“’el), letting € > 0 be a constant
satisfying (1 + ek)(k — €') < k — €//2 yields an

O(ma—s’) _ O(n(1+5k)(k—e’)) _ O(nk—e'/Q)

time algorithm for k-OV. This falsifies k-OVC as well as SETH.
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3.5.3 ETH-hardness of finding a colored K, ,-subgraph

Consider the decision problem K, DETECTION in which we are asked to decide whether the given
graph contains a clique of size a or not. In this section, we reduce K, DETECTION to COLORED K, ,
DETECTION. Note that K, DETECTION does not admit an f(k) - n°*)-time algorithm for any function
f() unless ETH fails [CHKXO06]; thus, the reduction establishes the ETH-hardness of the problem
COLORED K, , DETECTION.

Lemma 3.5.9. There is an O(n?)-time algorithm that, given a graph G of n vertices, outputs a graph
G C K, x K44 of O(an) vertices such that G contains an a-clique if and only if G’ contains a colored
K o-subgraph.

Proof. Let G be an instance of K, DETECTION. We transform G to the graph G’ mentioned in
Lemma 3.5.9. ‘ ‘

Let Uy,..., Uy, Wy,..., W, be copies of V(G). We write V(G) = {v1,...,v,}, U; = {ugl), R ugf)},
and W; = {wgi),...,wg)}. Here, each ugi) corresponds to v; (and so does wy)) We set V(G') =
UiE[a](Ui U W;); each V; and W; is assigned with a distinct color (more formally, each vertex in V; is
assigned with a color ¢ and each vertex in W; is assigned with a color a + ). We construct E(G’) such
that, for all 4,k € [a] and 7,1 € [n], an edge {uy),ul(k)} is in E(G") if either (1) i = j and j = I, or (2)
i # j and {v;,v} € E(G) holds. The set E(G") does not contain any other edges. This graph can be
constructed in time O(an?).

Now we check the correctness. Suppose that a vertex set S = {v;,,...,v;, } forms an a-clique in G.
Then, the vertex set {ugll), u'®

UG Wi
if the set {ul(-f)7 ... ,uE:),wﬁ), ... ,wj(-aa)} forms a colored K, ,-subgraph in G’, then it holds that i; =

Jis--+,ia = jq and the set {v;,,...,v;, } forms an a-clique in G. O

,ng)} forms a colored K, 4-subgraph in G’. Conversely,

3.5.4 An n*°(_time algorithm for counting K,

We now present an algorithm that matches the lower bounds presented so far. Specifically, we design an
algorithm that solves #EMBg{l“’b) in time O(bn*+°(1)), thereby proving Theorem 3.2.3. The algorithm
of Theorem 3.2.3 is similar to the O(n*+°(1))-time algorithm for k-DOMINATING SET of k > 7 proposed
by Patragcu and Williams [PW10]. The algorithm of [PW10] adopts the fast rectangular matrix multi-
plication [GU18, Gall2, Cop97]. Recently, Le Gall and Urrutia [GU18| proved that we can compute the
multiplication of an n x n” matrix and an n” x n matrix in n27°() arithmetic operations if v < 0.31389.

Let G = (V, E) be a given instance of #EMBXe*) We first consider the case when a is even. We
construct an (a72) x n matrix B as follows: For each § € ( v ) and v € V, the corresponding element

a/2
BJ[S][v] is defined as

1 if S C N(v),
0 otherwise.

B[S][v] := {

Then, compute the product BB by the fast rectangular matrix multiplication [GU18]. The running time
is O(n2toM) if ¢ > 8. Notice that BBT[S;][Sz] is equal to the size of the vertex subset W (S, So), where
W(S1,S52) :={v eV \(S1US2):S5USy C N(v)}. In other words, the set W (S, S3) contains vertices
that is adjacent to all vertices in S; U S;. For any Sq,55 € (a‘//Q) with S NSy =0 and T € (W(Sg’“%)),
the vertex set S; U Sy UT forms a K, subgraph. On the other hand, for a K, subgraph, there are
c(a’;Q) ways to take Si,59,T, where ¢ = 2 if a < b and ¢ =4 if a = b. If a < b, the factor ¢ reflects
the symmetry of S; and Ss; thus ¢ = 2. If @ = b, we further take the symmetry of S; U Se and T into
account; thus ¢ = 4. Then, the number of K, ; subgraphs contained in G is given by

<), B )

Now consider the case when a is odd. Fix a vertex u € V. Again, we construct an ((a—q)/Q) X n

matrix B as follows: For each S € ((a—‘;)/Q) andv eV,

B [S][v] 1 if {u,v} € E,v ¢ Sand S C N(v),
v] =
0 otherwise.
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Then compute B (B(“))T for all u € V. Note that the multiplication can be computed in time n®~1+o(1)
for each u € V. Observe that B(")(B()T[S,][Ss] is the number of vertices that is adjacent to all vertices
in S; U Sy U {u}. Thus, the number of K, ; contained in G is given by

B B

UEV 81,826 ( (41 /2):S1NS2=0

where c=2ifa<band c=4ifa=0b.
This yields an O(bn®+°(})) time algorithm (note that (}) can be computed in O(klogn) time).

3.5.5 Reduce (#EmbCOl g,s 1/2)) to (#Emb ") Koy,

In this sectlon we present a proof of Proposition 3.2.6, i.e., an average-case-to-average-case reduction
from (#EMBCOI" ) gffj‘;; ) to (#EMBHae) Ka,pn). This will complete a proof of Theorem 3.2.7.

Proof of Theorem 3.2.7. Recall that Theorem 3.2.5 reduces #EMBCO1“ +) o (#EMBcola b), Q(K“’b)). Com-

n,1/2
bined with Proposition 3.5.2, one can reduce #EMBH*) to (#EMBCOI“’L’), foj”/’s)

a reduction from #EMB(K‘”’) to (#EMB(K“’b)JCa,byn) as stated in Theorem 3.2.7. O

). Overall, we obtain

Proof of Proposition 3.2.6. The proof is similar to that of Proposition 3.5.2.
Let By, m,1/2 be the distribution of a random bipartite graph with left and right vertex sets of size n

and m, respectively. Let G be an input of (#EMBCOI“ ) gff(l‘;;)) Observe that the distribution g( 1‘;2”) is

identical to By, pn,1/2- We say that a subgraph F' C G contains color i if F' contains a vertex of color i.
Let S be the set of subgraphs ' C G isomorphic to K, ;. Let S; C S be the set of subgraphs F' € S that

contain color ¢. Observe that #EMB( * b)(G) Nievix,.,
have

i|. By the inclusion-exclusion principle, we

N s|=1s-| U &

wEV (Kap) i€V (Ka,p)
=1s/- > NS
0AIJCV(Kqp) jeJ

In light of this equality, it suffices to compute |.S| and ‘ﬂje‘, ST‘ for all nonempty J C V (K, ). Note that

the set Nje JST- is equal to the set of K, ; subgraphs in G that does not contain any colors from J. To
state it more formally, for a nonempty set J C V (K, ), let Vy = {x € V(G) : ¢(z) € J} and Gy = G[V}]
be the induced subgraph of G by V;. Then, ﬂJEJ 54 is equal to the set of K, ; subgraphs contained in

G5. Suppose that we have a T'(n)-time randomized algorithm A that solves (#EmBKa ”),ICa,byn) with
failure probability J. Note that, for each J C V(K,3), the distribution of G for G ~ B,y pn,1/2 is

identical to By gn,1/2 for some ¢ < a and d < b; thus, we can obtain ‘ﬂjeJST») with probability at least
1—abé since A(G5) = cld! ’ﬂ 6J§‘ (here, c!d! is the number of automorphisms of K. 4). Therefore, from

a,b) With probability at least 1 — ab227°5.
(Ka,b) y

the union bound, we can obtain ‘ﬂ

jEJ
Moreover, A(G) = a!bl|S| holds with probabﬂlty 1 — abd. Hence, we can solve (#Empe) gffja/; ) in
time O(ab29*? - T'(n)) with probability 1 — O(ab2+%§). O

3.5.6 Worst-case complexity of K, ;-subgraph counting

We present proofs of Theorems 3.2.1, 3.2.3 and 3.2.7. Theorem 3.2.7 follows from Propositions 3.2.6
and 3.5.2 and Theorem 3.2.5. We can show Theorem 3.2.1 by combining Theorem 3.2.4 and Lemma 3.5.1
(Note that we can solve COLORED K, ;, DETECTION using a solver for #EMB(K‘“’)). Similarly, Theo-
rem 3.2.2 follows from Lemmas 3.5.1 and 3.5.9 and the well-known fact that ETH rules out an n°(®-time
algorithm for K, DETECTION [CHKXO06].



Chapter 4

Fine-Grained Hardness
Amplification

4.1 Result

In this chapter, we propose a general framework of fine-grained hardness amplification, that is, the
hardness amplification in fine-grained complexity setting. To state it more formally, suppose that there
is a distributional problem (II, D) such that any T'(n)-time algorithm has success probability at most ~.
The aim of fine-grained hardness amplification is to construct another distributional problem (II', D’)
such that any T'(n)n°M-time algorithm has success probability at most 7/ < 7.

For a probability distribution R over a set D, let supp(R) denote the support of R, that is, if X is
the random item sampled from D according to R, then supp(R) = {z € D : Pr[X = z] > 0}. For a
probability distribution R and k € N let R* denote the joint probability distribution of k independent
copies each is from R. We define the direct product of a distributional problem as follows.

Definition 4.1.1 (Direct product). Let k = k(n) be any function, and (II, D) be any distributional
problem. The k-wise direct product of (I, D), denoted by (I1, D)*, is defined as the distributional problem
(IT*, D*) such that

1. (D¥),, :=D¥ for each n € N, and
2. Ik (xq, ... 2x) == ((z1),...,U(zx)) for any (z1,...,2) € supp(DL).

Observe that, if (II, D) has a T(n)-time algorithm with success probability v, then (II, D)* has a
k - T'(n)-time algorithm with success probability v*. Equivalently, if (I, D)* is hard to solve more than
vF-fraction of instances, then (II, D) has more than ~-fraction of hard instances (run the algorithm on
each of the k inputs). Roughly speaking, the direct product theorem claims that the converse direction
holds: if (II, D) is weakly hard in average, then (II, D) is strongly hard.

Before going to the detail, we present applications of it to the K, p-subgraph counting problem
#EMB %) on the random bipartite graph drawn from K, . We consider the k-wise direct product
(#EMBEab) [0, 0 )E.

Theorem 4.1.2 (Average-case complexity of counting K, ,-subgraphs for multiple instances). Under
rSETH, for any constants € > 0 and a > 3, there is a constant b = b(a,€) such that any n®= 9 _time
algorithm solve (F#EMBr) I, ) with success probability at most n=<, where k = O(elogn).

Theorem 4.1.2 is a “sharp threshold” result: On one side, there is an n®°()-time algorithm that
solves #EMB(K‘“’) for any input. On the other side, any n® *-time algorithm can solve at most n~?(¢)-
fraction of inputs under rSETH.

Our proof techniques of amplifying average-case hardness can be applied to other subgraph counting
problems. Consider the problem ¢&K,-SUBGRAPH of asking the parity of the number of K,-subgraphs
contained in a given input graph, where K, denotes the complete graph with a vertices. Recall the
distribution G(n,1/2) of the Erd6s—Rényi graph of edge density 1/2. The disjoint union X W'Y of two
(disjoint) graphs X and Y is the graph defined as X WY = (V(X)UV(Y), E(X) U E(Y)), where we
assume V(X) NV (Y) = 0. Let 4 G(n,1/2) denote the distribution of the disjoint union of k random
graphs G, ..., G} each of which is independently drawn from G(n,1/2).

32
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We show that the distribution LJrJ]C G(n,1/2) is a “hardest” distribution for &K ,-SUBGRAPH as follows.

Theorem 4.1.3 (Worst-case to average-case reduction for ®K,-SUBGRAPH). Let € > 0 and a € N be
arbitrary constants. If there is a T(n)-time randomized algorithm that solves the distributional problem
(@KQ—SUBGRAPH,E-Jk G(n,1/2)) with success probability greater than % +n~¢ for any k = O(elogn),
then there is a T(n)n°(©)-time randomized algorithm that solves ®K,-SUBGRAPH on any input.

Since any decision problem can be solved with success probability % by outputting a uniformly
random bit, the success probability of the algorithm in Theorem 4.1.3 is nearly optimal. Therefore,
Theorem 4.1.3 shows that the decision problem &K ,-SUBGRAPH exhibits some sharp threshold between
worst- and average-case complexity.

4.2 Overview of Our Framework

In this section, we present a general framework for amplifying average-case hardness in the fine-grained
complexity settings, based on the techniques from “coarse-grained” complexity theory. Specifically,
we prove fine-grained complexity versions of hardness amplification theorems for any problem II that
admits an efficient selector that makes n°1) queries. In particular, we construct such a selector for
II = #EMB(K“*”) by showing a doubly-efficient interacive proof system with low query complexity. We
explain the details below.

4.2.1 Direct product theorem

A direct product theorem is one of the fundamental hardness amplification results: It states that, if no
small circuit can compute a function f on more than a v-fraction of inputs, then no small circuit can
compute the k-wise direct product f¥ on a roughly ~*-fraction of inputs. Here, the k-wise direct product
fF of fis defined as f*(xq,...,zx) = (f(21),..., f(zx)). Our plan is to apply a direct product theorem
to the function f := #EMB(K“*”) in order to amplify the average-case hardness of the distributional
problem (#EMB(K”’b)JCa,b,n). We have proved in Theorem 3.1.2 that, under rSETH, no n® “-time
algorithm solves #EMB=*) on a (1 —1/ polylog(n))-fraction of inputs drawn from Kg p.,,. Our strategy
is to apply the direct product theorem with v =1 —1/(logn)“*!, k = (logn)“*! and thus v* ~ n~L.

A direct product theorem is a basic way of hardness amplification and there is a long line of
works [IW97, Tre03, GNW11, IJK09, IJKW10]. However, there is an obstacle for applying the di-
rect product theorem to our setting. The standard proof of the direct product theorem presents an
oracle algorithm A that, given an oracle O that computes f* for a v*-fraction of inputs, produces a list
A9 ..., A9 of oracle algorithms one of which is guaranteed to computes f for a roughly y-fraction of
inputs. Hence, there still remains an issue of identifying a correct algorithm from the list Ay,..., A4,,.
In this chapter, we exploit the direct product theorem of Impagliazzo, Jaiswal, Kabanets, and Wigder-
son [IJKW10], in which the size m of the list is m = O(y~*).

4.2.2 Identifying a correct circuit by a selector

To identify a correct circuit, we use a selector, introduced in [Hir15]. For problems II' and II, a selector
from II' to 11 is an efficient algorithm that solves the problem I’ given oracle access to two oracles Ag, Ay
one of which is guaranteed to compute II. As shown in [Hirl5], it is not hard to see that any selector
that can identify a correct circuit among two circuits can be modified to a selector that can identify a
correct circuit among many circuits (here, we use circuits as oracle).

In light of this, what is needed for applying the direct product theorem of [IJKW10] is the existence
of a selector from #EMB(K“*”) to the task of solving the distributional problem (#EMB(K“”’),IC&JML)
with success probability ~.

In the settings of “coarse-grained” complexity [Hir15], it suffices to consider a polynomial-time selector
since polynomial-time algorithms can be composed nicely. However, in the settings of fine-grained
complexity, one cannot afford even n*(!) queries for each candidate circuit, because simulating the circuit
takes time n®~¢. We overcome this difficulty by using the doubly-efficient interactive proof system that
makes at most polylog(n) queries (Theorem 4.2.3) for #EMB®#)  See Section 4.2.3 for details.

IThe current fastest algorithm [NP85] of counting K, subgraphs runs in time O(n“’[“/:ﬂ) on n-vertex graphs, where w
denotes the matrix multiplication exponent. However, the precise value of w is not well understood.
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Theorem 4.2.1 (Selector for #EMB(K“=b) using subpolynomial queries). Let C4,...,Cyp, be circuits
such that, for some i*, the circuit Ci= solves (#EMB(K""”), Kapn) with success probability 1 — (logn)~¢

where C is a sufficiently large constant that depends only on a,b, and m = polylog(n). Then, there is a

(Ka,b)

randomized n? polylog(n)-time algorithm that, given the list of circuits C1,...,Cy,, solves #EMB_,

(in the worst-case sense) by making polylog(n) queries for each circuit C;.

More generally, we constructed a selector for #EMBE;}{I) for any fixed graph H.

Theorem 4.2.2 (Selector for #EMBE(I)? using subpolynomial queries). Let Cy,...,C,, be circuits such
that, for some i*, the circuit Ci solves (#EMB£5), gfﬁ)/z) with success probability 1 — (logn)~K# | where

Ky is a sufficiently large constant that depends only on H, and m = polylog(n). Then, there is a

" (in

randomized n’ polylog(n)-time algorithm that, given the list of circuits C1,...,Cy,, solves #EMB
the worst-case sense) by making polylog(n) queries for each circuit C;.

Combining the “almost uniform” direct product theorem of [IJKW10] with the selector of Theo-
rem 4.2.1, we obtain a completely uniform and fine-grained version of a direct product theorem for the
distributional problem (#EMB(K‘”’), Kapn), which completes a proof of Theorem 4.1.2.

4.2.3 Doubly-efficient interactive proof system

A line of research on interactive proof systems, pioneered by Goldwasser, Micali, and Rackoff [GMR89],
revealed the surprising power of interaction (The reader is referred to Section 4.3.1 for the formal def-
inition of an interactive proof system). Early studies of interactive proof systems focused on efficient
verification of intractable problems such as PSPACE-complete problems [LFKN92, Sha92]. In contrast,
a recent line of research (e.g., [GKR15, RRR16, GR18b, GR18a, BRSV18]) concerns interactive proof
systems for tractable problems, which are called doubly-efficient interactive proof systems: The goal of
a doubly-efficient interactive proof system is to verify a statement in almost linear time by interacting
with a polynomial-time prover. We often use n to denote the number of vertices of a given graph;
thus, “almost linear time (in the input length)” means O(n? polylogn) time in our context. It is worth
mentioning that a doubly-efficient interactive proof system plays an important role in Proof of Work
systems [BRSV17, BRSV18].

At the heart of the proof of Theorems 4.1.2 and 4.1.3, we construct a doubly-efficient interactive proof
system with subpolynomial number of queries.

Theorem 4.2.3 (Interactive proof system for K, p-subgraph counting with subpolynomial queries).

There is an O(logn)-round interactive proof system for the statement “#EMB(K“’*’)(G):C” such that

(K.

the verifier runs in time O(n?logn) and asks the prover to solve #EMB a.0) for polylogn instances,

where n is the number of vertices of the given input graph.

Roughly speaking, we can construct a selector of Theorem 4.2.1 by simulating the verifier of an
interactive proof system of Theorem 4.2.3 by using the candidate circuit as a prover. More precisely, for
a given input x and two circuits Cy and C4, the selector simulates Cy and C7 on input x and obtains
the two outputs Cy(x) and Cy(z). Then, the selector runs the interactive proof system to check whether
the output is correct. If one of Cy or (' is correct, the verifier accepts the corresponding output and the
selector outputs the accepted one.

We emphasize the importance of low query complexity of a doubly-efficient interactive proof system.
Suppose that we can simulate the candidate circuits Cy and Cy in time T (n) and that the verifier runs
in time Ty (n), making Q(n) queries in the interactive proof system. The running time of a selector
that is constructed from the interactive proof system is roughly O(Ty (n) + Q(n)Tc(n)). In our setting,
Tc(n) = n® ¢ and thus Q(n) must satisfy Q(n) = n°™) to archive our goal.

The salient feature of our interactive proof system is that the amount of communication between
a verifier and a prover is at most polylog(n) bits; equivalently, the number of queries that a verifier
makes to a prover is at most polylog(n). This will be important in the next section—where we prove
hardness amplification theorems in a fine-grained setting based on an interactive proof system whose
query complexity is subpolynomially small.

gg)) Let H be a graph. There is an O(logn)-round

(H)(G) = C"” such that, given an input (G,n,C),

col

Theorem 4.2.4 (interactive proof system for #EMB
interactive proof system IP for the statement “4EMB
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o The verifier accepts with probability 1 for some prover if the statement is true (perfect completeness),
while it rejects for any prover with probability at least 2/3 otherwise (soundness).

e In each round, the verifier runs in time n?(logn)CUFUD gnd sends (logn)CUEUDD jnstances of
#EMB(%) to a prover.

Furthermore, for any constant Ly, there exists a constant Ly = Ly1(H, Lg) such that, if the statement

is true and the prover has oracle access to a randomized algorithm that solves (#EMB£§)7QT(LP?/2) with

success probability 1 — (logn)~F1, then the verifier accepts with probability 1 — (logn)~to.
The “Furthermore” part follows the worst-case-to-average-case reduction of Theorem 3.2.5: We can
easily modify an honest prover of IP so that the prover is required to solve polylog(n) instances of the

distributional problem (#EMBEZ), fo?m)

The interactive proof system of Theorem 4.2.4 can be compared with one given by Goldreich and
Rothblum [GR18a]. They presented an O(1)-round O(n)-query doubly-efficient interactive proof system
for #EMB(K’“). Theorem 4.2.4 significantly improves the query complexity from 6(71) to polylog(n),
at the cost of increasing the round complexity from O(1) to O(logn). To explain the source of our
improvement, we review the ideas of [GR18a]: Their interactive proof system is essentially a variant of the
sum-check protocol [LFKN92]. They encoded #EMB(K *) as a polynomial over a large finite field and used
the following downward self-reducibility of #EMB"*) (G): #EMBY'M(G) = 3,0y () #EMBHH1)(G -
1), where G — i denotes the graph obtained by removing the vertex i from G. In each round, the prover
sends a polynomial of degree O(n) to the verifier. Each coefficient of the polynomial can be computed
by calling a #EMBEH) golver polylogn times. Overall, the number of queries made by the verifier
is O(npolylogn). To summarize, the degree of the polynomial is the main bottleneck for the query
complexity.

We improve the query complexity by exploiting a different type of downward self-reducibility. Roughly

speaking, at each round, we reduce verifying #EMBE? (G) for an n-vertex graph G to the verification of

#EMBEz) (Gh),---, #EMng)(Gm) for m = polylog(n), where each G; has n/2 vertices. The downward
(H)

self-reducibility enables us to encode the problem #EMB,,,’ as a polynomial of degree |E(H)|(2!V()I —
1) = O(1) for a fixed graph H, thereby reducing the query complexity. The details are presented in
Section 4.4.

We mention that the existence of a doubly-efficient interactive proof system with communication
complexity polylog(n) for #EMBg{l) is guaranteed by using the general result of Goldwasser, Kalai,
and Rothblum [GKR15]. However, the strategy of an honest prover of their proof system may not be

computed efficiently with #EMB(H)

col oracle. We need an interactive proof system in which an honest

(H)

prover is simulated with oracle access to #EMB_,’,

as is guaranteed in Theorem 4.2.4.

4.2.4 Yao’s XOR lemma

Let f:{0,1}™ — {0,1} be a Boolean function. Yao’s XOR lemma [Yao82] asserts that, if no small circuit
can compute f on more than a v fraction of inputs, then no small circuit can compute f®* on a roughly
14+ fraction of inputs, where f&%: {0,1}"* — {0, 1} is defined as f&*(zq,..., zp) = f(21)®- D f(wp).
Yao’s XOR lemma is a way to construct a strongly hard-in-average Boolean function from a weakly hard-
in-average Boolean function and has been extensively investigated [Yao82, Tre03, GNW11, IJK09] (recall
that the direct product theorem does not yield a Boolean function). One can obtain the Yao’s XOR lemma
by combining the direct product theorem of Impagliazzo, Jaiswal, Kabanets, and Wigderson [[JTKW10]
with the local list decoding algorithm for the Hadamard code given by Goldreich and Levin [GL89].
Broadly speaking, the algorithm of Goldreich and Levin [GL89] is given an oracle access O computing
f®% in 1/2 4 v and then produces a list A?,..., A9 of oracle algorithms one of which is guaranteed to
compute f* with a nonnegligible success probability. The algorithm of [GL89] is simple and efficient and
thus we can apply it directly to the fine-grained complexity setting. As a consequence, we can prove a
uniform and fine-grained version of Yao’s XOR lemma for any problem that admits an efficient selector
(Theorem 4.6.3).

We apply the fine-grained version of Yao’s XOR lemma to the parity variant of #EMB(H)

col *

To
state our results formally, let @EMBE? denote the problem of computing the parity @EMBig)(G) =
(#EMBE?(G) mod 2). Observe that, for k graphs G1,...,G, C K, x H, computing the k-wise XOR of

aEMB D) (Gy),. .., @EMB(H)(Gk) is equivalent to computing @EMB (G1W---WGy) (recall that FUG

col col col
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denotes the disjoint union of two graphs F and G). Let L+Jk gff?m denote the distribution of G1 W- - - WGy,
(H)

where each G; is independently chosen from G, /2

(H)
col

Theorem 4.2.5 (XOR lemma for @EMB

constant. Suppose that there is a T(n)-time randomized algorithm that solves (EBEMBEg), " gfﬁ)ﬂ) for

any k = O(logn) with success probability greater than % +n=°. Then, there exists a T(n)n°)-time
(H)
col

). Let H be an arbitrary graph and ¢ > 0 be an arbitrary

randomized algorithm that solves @EMB with probability at least 2/3 on every input.

The proof of Theorem 4.2.5 is presented in Section 4.6. The idea is to combine the fine-grained direct
product theorem and the local list decoding of [GL89]. Details can be found in Section 4.6.

4.2.5 Related work

Boix-Adsera, Brennan, and Bresler [BABB19] and Goldreich [Gol20] reduced @K,-SUBGRAPH to the
distributional problem (®K,-SUBGRAPH,G(n,1/2)). However, their results required an algorithm that
solves (@K ,-SUBGRAPH, G(n,1/2)) with success probability closed to 1. They left an open question of
improving this success probability. Our result Theorem 4.1.3 improves it, albeit for a slightly different
distribution.

Goldenberg and Karthik C. S. [GK20] studied hardness amplification of optimization problems, in-
cluding problems in P. Unlike our settings (in which it is highly non-trivial to construct a selector as in
Theorem 4.2.2), it is trivial to construct a selector for any optimization problem; therefore, it is easy to
obtain hardness amplification theorems of optimizations problems by using the powerful direct product
theorem of Impagliazzo, Jaiswal, Kabanets, and Wigderson [IJKW10].

Goldreich and Rothblum [GR18a] constructed a distribution D such that (#EMB%*) D) is hard
to solve efficiently for greater than a n~°-fraction of instances for some constant ¢ > 0, based on the
worst-case hardness of #EMB(K’”‘). Their distribution D of graphs is not natural since the distribution
is constructed through a number of artificial reductions. Therefore, we cannot exploit their technique
since our goal is to obtain a natural average-case hard random graph.

4.2.6 Organization of this chapter

In Section 4.4, we present the doubly-efficient proof system of Theorems 3.1.2 and 4.2.4. In Section 4.5,
we prove the direct product theorem in the setting of fine-grained complexity. In Section 4.6, we prove
our fine-grained XOR Lemma.

The proofs of Theorems 4.1.2 and 4.1.3 are given in Sections 4.5.2 and 4.6.2, respectively.

4.3 Formal Definition

4.3.1 Interactive proof system

We follow the basic notion of interactive proof system (see, e.g., Chapter 8 of [AB08]). For a string
x € {0,1}*, let |x| denote the length of x.

Definition 4.3.1 (Interaction of deterministic functions; Definition 8.2 of [ABO08]). Let f,g: {0,1}* —
{0,1}* be functions and k: N — N be a function. A k-round interaction of f and g on input « € {0,1}*,
denoted by (f, g)(x), is the sequence of strings ay,...,ar € {0,1}* for k = k(|z|) defined as follows.

ar = f(z),

a2 = g(x,al),

ag2i4+1 = f(l‘,(ll, . ,a2i) Zf 2t < k,
azive = g(x,a1,...,a241) if 20 +1 < k.

The output of f at the end of the interaction, denoted by outs(f,g)(x), is defined as outs(f,g)(z) =
f(.’L‘, Ayy..., ak).
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Note that an interaction is specified by k£ and two functions f and g. The string as;41 can be
interpreted as a message from f to g, and so does aq; 12 vice versa. We can regard f and g as deterministic
algorithms: One algorithm sends a new message a;41 to the other given the history (z,a,...,a;) as
input. We can extend the notion of interaction of two deterministic algorithms to that of a randomized
algorithm f and deterministic algorithm g: We add an additional input r € {0,1}* to f, where the bit
string r stands for the random bit used in the randomized algorithm f.

Definition 4.3.2 (Interaction of functions with private input). Let f,g: {0,1}* — {0,1}* be functions
and k: N = N be a function. A k-round interaction of f and g on input x € {0,1}* with private input
r € {0,1}*, denoted by (f, g)(x;r), is the sequence of strings a1, ...,ar € {0,1}* for k = k(|z|) defined
as follows.

a; = f(x,r),

az = g(x7a1)7

a2i4+1 = f(ZL’,T', A1,... ,CLQZ') Zf2’L < k,
a9;42 = g(x, A, ..., a2¢+1) Zf 2i+1< k.

The output of f at the end of the interaction, denoted by outs(f, g)(z;r), is defined as outs(f, g)(x;r) :=
flx,ray,... ak).

Note that the function g is not given the string r (thus r is a private input for f). If r is a random
string, then the interaction (f, g)(z;r) and output outs(f, g)(z;r) are random variables. Moreover, we
can regard f as a randomized algorithm since it is given a randomness.

Definition 4.3.3 (Interactive proof system). A decision problem II has a k-round interactive proof
system if there is an algorithm V (called verifier) that performs a k-round interaction satisfying, for any
mput x and a private random string r,

1. (completeness condition) if x is an YES-instance, then there is an algorithm Phonest such that

Priouty (V, Phonest) (z;7) = 1] > 2/3,

T

2. (Soundness condition) if x is a NO-instance, then for any algorithm P,

f;r[out\/(V, P)(xz;7) =0] > 2/3.

An algorithm P that interacts with the verifier is called prover and the algorithm Pyonest in the com-
pleteness condition is called honest prover.

If the probability in the completeness condition is equal to one, then we say that the verifier has a
perfect completeness.

Example 4.3.4 (Interactive proof system for NP). Let HAMILTON PATH be the decision problem that
asks whether a given graph G contains a path of length |V(G)| — 1. This problem is a well-known
NP-complete problem. It is easy to see that HAMILTON PATH has a one-round interactive proof system
with perfect completeness.

Verifier Given a graph G as input, the verifier V' sends nothing to the prover P (i.e., the first message
ay is the empty string).

Prover. Given the input G and an empty message a1, the prover sends a path P to the verifier as a
message.

Verifier. Given a path P, the verifier outputs 1 if P C G and P is a path of length |V (G)|—1. Otherwise,
the verifier outputs 0.

If the input G is an YES-instance, an honest prover sends a path of length |V(G)| — 1 and then the
verifier outputs 1. On the other hand, if G is a NO-instance, no matter what path the prover sends, the
verifier outputs 0 since G does not contain such a long path.

In general, any problem in NP has a polynomial-round interactive proof system with a polynomial-
time verifier: An honest prover sends the witness and the verifier checks it.
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4.3.2 Oracle algorithm

Definition 4.3.5 (Oracle algorithm). Let O: {0,1}* — {0,1}* be a function. Then, an oracle algorithm
is an algorithm that uses the function O as a subroutine.

We denote by A© if an algorithm A uses O as an oracle. Note that an oracle can be an algorithm (for
example, we will consider an oracle that solves a distributional problem with certain success probability
in Chapter 4).

Observation 4.3.6. Consider an oracle algorithm A°. Suppose that A calls the oracle O at most Q(n)
times. If A and O runs in time Ta(n) and To(n), respectively, then the total running time of A© is at
most Ta(n) + To(n)Q(n).

We will construct a randomized oracle algorithm A€ that solves #EMB(K“) with total running
time n% ) where the oracle O solves the k-wise direct product (#EMB(KQ*b),ICaﬂb)n)k with success
probability at least n=°(¢) in time n®¢ for k = polylog(n). Here, the number Q(n) of queries has to be
at most n°M.

4.4 Doubly-Efficient Interactive Proof System

This section is devoted to the proof of Theorem 4.2.4. Fix a prime n!V)! < ¢ < 2n!VI and consider
the polynomial EMBCOL,, g 4 : IF,IE(K"XH) — F, defined in (3.1). In our interactive proof system IP, the
verifier checks the statement that EMBCOL,, g 4(z) = C for given C' € F, and z € IFqE(K”XH). Recall

that, if « is an edge indicator vector of a graph G, then EMBCOL,, g 4(z) = #EMBH)(G) holds.

4.4.1 Downward reducibility

We may assume without loss of generality that n = 2! for some ¢t € N. Since otherwise, we can add
isolated vertices to G. For each ¢ € V(H), let V; := {v € V(K,, x H) : ¢(v) = i}.

For each i € V(H), let (Vi0,Vi1) be a partition of V; such that |V;o| = |Vi1| = |Vi|/2. For n €
{0, 1}V et B, = Ujepiay E (Vi Vimi))s where E(S,T) = {e € E(K,x H) : eNS # 0 and eNT #
0} for S, T C V(K,, x H) (see Figure 4.1). Since |V; ,,;)| = |Vi|/2, we can identify E, with E(K, o x H).
From the definition (3.1), we have

EMBCOL, mq(x) = > EMBCOL, s s14(x[Ey)), (4.1)
ne{0,1}V ()

where z[E,] € FqE" is the restriction of x on FE,,.

We identify {0,1}VU) with {0,1,...,2VUEI — 1} C F, in the following way. Regard V‘(H) =
{0,...,k — 1} C F, for k = |V(H)| and consider the mapping {0, 1}V 5 5 s Yievim 2'n(i) €
{0,..., olVH)| _ 1} C F,. This mapping is injective and thus we can regard n as an element of F,. For
n€{0,..., 2V 11 et §, : F, — F, be the degree-(2!V ()l — 1) polynomial satisfying

5, (2) 1 ifz=mn,
zZ) =
K 0 ifz#nand0<z<2VUEL

Note that these 2/V(#)l — 1 conditions specify 4, since d, has degree 2!V —1. Let m = |E(K 2 x H)|.

Suppose E(K,;; x H) = {e1,...,en} and £, = {e],...,en} for each n € {0,1}V(H). For each
n € {0,1}VUD) and v € IF,;E"’, define v" € ]FqE(K"/QXH) by v'[e;] = v[e]]. Then, for z € ]F;E(K“XH),
let 7 : F, — ]F;E(K"/ZXH) be Z(-) == 32, cio1yvim oy () (z[Ey])". Note that & satisfies (i) 2(n) = z[£)]
holds for all n € {0,1}V) and (ii) for each e € E(K, /> x H), the function F, 3 2z — &(2)[e] € F,
is a polynomial of degree 2!V(H)l — 1. In condition (i), we identified E, with E(K, 3 x H). For each
n, the function 4, can be constructed by O(2!VUDI|V(H)|) field operations using the fast univariate
polynomial interpolation [Hor72]. Since our computational model is O(logn)-Word RAM, we can per-
form any field operation on [F; in constant time. Thus, the construction of Z can be done in time

OV (H)||E(H)|n?). Using &(-), we can rewrite the recursion formula (4.1) as

EMBCOL,, s 4(z) = > EMBCOL,, o, g1, (#(1))- w2
ne{0,...,2IVH)I—1}
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Vao Vau
2 E Vio Vi

Vio Vi,

G(K,x H)

Figure 4.1: An example of E,. In this example, n = (1,0,0,1) € {0,1}V). Four grey areas represent
Vi) fori=1,2,3,4,

Note that EMBCOL,, g ,((-)) is a univariate polynomial over F, of degree |E(H)|(2!V I — 1).

4.4.2 Description and analysis of IP

Now we present IP that verifies the statement “EMBCOL,,  4(z) = C”. Suppose that n = 2¢. IP consists
of t + 1 rounds. The verifier is given a vector z € Ff (K H) (in our case, x is the edge indicator of the
input graph G). At each round, the verifier updates the vector x and the constant C. In r-th round, the

protocol proceeds as follows.
Verifier. When r = ¢+ 1, check EMBCOL,, y ,(x) = C and halt.
Prover. Send a polynomial G(-) of degree at most |E(H)|(2!V )l — 1) over F, to the verifier.

Verifier. Check C = ZzE{O SV () _1} G(z). If not, reject. Otherwise, construct the polynomial
vector Z(-) using x. Sample ¢ ~ Unif(F,) and proceed to the next round, where Verifier checks the
statement “EMBCOL,, /5 g7,4(%(i)) = G(i)” recursively.

.....

The task of the prover is to construct the function EMBCOL,, /5 g7 4(Z(-)). Note that we can construct
EMBCOL,, /2 #,4(Z(-)) by evaluating EMBCOL,, /2 77,,(Z(-)) at |E(H)|(2!V I — 1) + 1 points. The evalu-
ation is reducible to #EMB(H)

col
(

Cf

via (3.3). Thus, one can modify IP above such that the verifier asks the

o(1)

prover to solve #EMB g) for (logn) instances. In what follows, we analyze this modified protocol.

Running time

Let n be the size of the original input. In the beginning of -th round, the size of z is |E(K, x H)| /4"~ =
|E(H)|-4'="+1. Thus, in the (¢ + 1)-th round, the verifier runs in constant time. Any other task of the
verifier can be done in time n?(logn)°(") (the bottleneck is the simulation of the reduction of constructing

EMBCOL,, /5 11.4(7(-)) to #EmB').

col

Completeness and soundness

The perfect completeness of IP is easy: If the statement is true, an honest prover convinces the veri-
fier with probability 1 by sending the polynomial EMBCOL,, /5 f 4(Z(-)) at each round (recall that the
polynomial EMBCOL,, i ,(Z(-)) satisfies the recurence formula (4.2)).

Now we show the soundness.
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Proposition 4.4.1. Let n = 2'. If the statement “‘EMBCOL,, g ,(z) = C” is false, then for any provers,
t—1
the verifier rejects with probability (1 - %) .

Proof. The proof is based on the standard argument of sumcheck protocols. We show Proposition 4.4.1
by induction on the number of rounds. Suppose that the statement “EMBCOL,, g 4(z) = C” is false. In
the last ¢-th round, the verifier immediately reject (with probability 1).

Let D := |E(H)|(2!V#)! —1) be the degree of EMBCOL,, /2 #r,(#(-)). Fix 1 < r < t and suppose that
the verifier rejects with probability (1 — D/q)'™" during (r 4 1)-th to ¢-th rounds. Consider 7-th round
with the assumption that the the statement “EMBCOL,, g 4(z) = C” is false. Then, any provers cheat
with sending a polynomial G(-) that is not equal to EMBCOL,, 3 7,4(Z(-)). It holds that

D
P G(i) # EMBCOL (i) >1—- =
iNUnig(]Fq) [G) # n/2.1,0(2(0))] 2 q
since both G and EMBCOL,, /5 57 4(Z(-)) are degree at most D. Therefore, with probability 1 — D/q, the
rounds proceeds to the next (¢ + 1)-th round with a false statement. By the induction assumption, the
verifier rejects with probability at least (1 —D/q) - (1—D/q)'™" = (1 — D/q)***=", which completes the
proof of Proposition 4.4.1. O

Ability of an honest prover

In IP, the prover is required to send a polynomial G that is expected to be EMBCOL,, /5 17,4(Z(:)). As
(H)

col - Moreover, by

mentioned above, this can be reduced to solving m = polylog(n) instances of #EMB

Theorem 3.2.5, each of the m instances can be reduced to polylog(n) instances of (#EMBE?, gr(fll)/Z) In

other words, an honest prover can construct the polynomial EMBCOL,, /5 7 4(-) by solving m polylog(n) =

polylog(n) instances of the distributional problem (#EMBE?I), gff?/z)
Suppose that the prover has oracle access to a randomized algorithm solving (#EMB((ﬁ), gff?/Q) with

success probability 1 — (logn)~%t. Then, by the union bound, the probability that the oracle outputs

at last one wrong answer is at most polylog(n) - (logn)~£* < (logn)~to if L1 = Ly (H, L) is sufficiently
large.
This completes the proof of Theorem 4.2.4.

4.4.3 Interactive proof system for counting K,

By combining Theorems 3.2.7 and 4.2.4 and Lemma 3.5.1, we obtain an interactive proof system for
#EMB(K“>”) as follows.

Corollary 4.4.2 (IP for #EMB %)), Let H be a fized graph. There is an O(logn)-round interactive
proof system |P for the statement “#EMB(K“=b)(G) = C"” such that, given an input (G,n,C),

o The verifier accepts with probability 1 if the statement is true (perfect completeness), while it rejects
for any prover with probability at least 2/3 otherwise (soundness).

e The verifier runs in time n*(logn)°@) and sends (logn)°@®) instances of #EMBE ) at each
round.

Furthermore, for any contant Ly, there exists a constant L1 = Lq(a,b, Ly) such that, if the prover solves
(#EMB(K“*”),ICG,;W) with success probbalitiy 1 — (logn)~t1, then the verifier accepts with probability
1 — (logn)~ Lo,

Proof. For a given graph G, the verifier applies Lemma 3.5.1 and reduces #EMB(K“*”) to solving m = O(1)

(Ka,b)

instances of #EMB__,

Then, the verifier solves each of the m instances G/,..., G, of #EMB((:fl“’b) using the reduction of

Theorem 3.2.5 with the help of the prover. Let C1,...,C}, be the values obtained by the reduction. Now,

the verifier suffices to check that, for each i € [m], the answer of the i-th instance G of #EMBéﬁa’b) is

C! (if all of these m values are the correct one, then the verifier could solve the original instance G of
#Emp(Kar)),
To this end, run IP of Theorem 4.2.4 with letting H = K, ;. Here, an honest prover suffices to solve

(#EMB(K“’b),/Ca,bm) since #EMB(K“) reduces to solving polylog(n) instances of (#EMB(K“”’),ICM,H)

col

by combining the reductions of Lemma 3.5.1 and Theorem 3.2.7. O
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4.5 Fine-Grained Direct Product Theorem

In this section, we provide a sufficient condition for a direct product theorem to hold. We will present
a direct product theorem for any distributional problem that admits a selector. The notion of selector
that we use in this chapter is defined below.

Definition 4.5.1 ((Oracle) Selector; [Hirl5]). A randomized oracle algorithm S is said to be a selector
from 11 to a distributional problem (I, D) with success probability 1 — 0 if

1. given access to two oracles Ag, A1 one of which solves (I1, D) with success probability 1 —3, on input
x, the oracle algorithm S40-41 computes I1(x) with high probability (say, probability > %), and

2. for any n € N and any input x € supp(D,,), each query q of S to the oracles Ay and A; satisfies
that g € supp(Dy,).

In order to obtain a direct product theorem in the settings of fine-grained complexity, it will be crucial
to consider a selector with polylog(n) queries.

4.5.1 Selector for subgraph counting problems
In this subsection, we show the existence of a selector with polylog(n) queries for #EMng). We first
recall the notion of instance checker, which is known to imply the existence of selector ([Hirl5]).

Definition 4.5.2 (Instance Checker; Blum and Kannan [BK95]). For a problem 11, a randomized oracle
algorithm M is said to be an instance checker for I1 if, for every instance x of II and any oracle A,

1. Pry[MA(x) = II(z)] = 1 if A solves I1 correctly on every input, and
2. Pry[MA(z) € {Il(z),fail}] = o(1).

The existence of an instance checker for a problem II is implied by an efficient interactive proof system
for IT where the computation of an honest prover is efficiently reducible to II. By using the interactive
proof system of Theorem 4.2.4, we obtain the following instance checker with polylog(n) queries for

(H)
#EMB, .
(H)

Theorem 4.5.3. There erists an instance checker Checker for #EMB_

K, x H,

such that, given a graph G C

1. Checker runs in time O(n?2),

2. for any oracle A, Checker? calls the oracle A at most (logn)C# times, where Cy is a constant that
depends only on H, and

3. each query G’ of Checker satisfies G’ C K, x H.

Proof. Recall IP of Theorem 4.2.4. For a given oracle A, Checker obtains C' := A(G) and then runs IP
(H)(G) = (. If the verifier accepts, then Checker outputs C' and

using A as a prover to verify #EMB_,

otherwise it outputs fail.

Suppose the oracle A solves #EMng) correctly. Then, Checker output the correct answer with
probability 1 by the perfect completeness of IP.

Now we check the second condition of Definition 4.5.2. If A(G) is the correct answer, then the output

of Checker is either A(G) or fail. Otherwise, IP proceeds with the false statement that #EMB(H)(G) =

col

A(G). Tt follows from the soundness of IP (c.f. Proposition 4.4.1) that Verifier rejects with probability
(1 —0O(g™1))t. Hence, Pr[Checker(G) = faill > 1 — O(t/q) = 1 — o(1). O
Theorem 4.5.4 (Restatement of Theorem 4.2.2). Let H be a fized graph. There exists a selector S from
#EMBE?I) to (#EMB((EI), gfﬁ%) with success probability 1 — 1/ polylog(n) such that

1. S runs in time O(n?), and

2. S makes at most polylog(n) queries.
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Proof. We combine the instance checker C' of Theorem 4.5.3 with a worst-case to average-case reduction
R (Theorem 3.2.5).

Here is the algorithm of a selector S. Given a graph G and oracle access to Ag, A, for each b € {0, 1},
the selector S simulates the instance checker C(G), and answer any query ¢ of the instance checker by
running the reduction R4 (q). If the checker outputs some answer other than fail, the selector S outputs
the answer and halts.

The correctness of S can be shown as follows. Let A, be an oracle that solves (#EMBCOI ,Qn 1 /2)
with success probability 1 — 1/ polylog(n), where b € {0,1}. By the correctness of the reduction R, the
algorithm R4® solves #EMBgz) with high probability. Therefore, if the instance checker C' is simulated
with oracle access to R4, then by the property of an instance checker, C' outputs the correct answer
with high probability. Moreover, C' outputs a wrong answer with probability at most o(1); thus, the
selector outputs the correct answer with high probability. O

Corollary 4.5.5. There is an O(n?)-time selector S from #EMBE) to (#EMBE®) K, ) with
success probability 1 — 1/ polylog(n). Moreover, S makes at most polylog(n) queries.

Proof. From Theorem 4.5.4, we obtain a selector S from #EMBgfl“'b) to (#EMBES“ v QT(LKI"/QI’ ). Here,
we let H = K, ;. Invoke Proposition 3.2.6 that reduces (#EMB(%{I" b QT(LKI“/QI’ ) to (#EMB “fb),lCa,b’n)

in 20(a+0) — O(1) time. Note that the reduction of Proposition 3.2.6 preserves the success probability
within a constant factor. Thus, each oracle query of S can be replaced by the reduction and we obtain a

selector from #EMB(KI“ ») 4o (#EMB(K“ ) ,Kapn) By Lemma 3.5.1, #EMBK0) is eﬁiciently reducible

to #EMBCOla ) , from which the existence of a selector from #EMB a) to (#EMB a.0) ,Kapn) follows.
O

4.5.2 Direct product theorem for any problem with selector

Using the notion of selector, we provide a direct product theorem in the context of fine-grained complexity.
A direct product of a distributional problem is formally defined as follows. Recall Definition 4.1.1 of the
direct product of a distributional problem.

The following direct product theorem gives an almost uniform direct product, in the sense that it
requires O(log1/¢) bits of non-uniform advice in order to identify which is a correct algorithm. We
observe that the direct product theorem is quite efficient and useful even in the setting of fine-grained
complexity.

Theorem 4.5.6 (Impagliazzo, Jaiswal, Kabanets, and Wigderson [[JKW10]). Let k € N, €,§ > 0 be
parameters that satisfy € > exp (—Q(0k)). There exists a randomized oracle algorithm M that, given
access to an oracle C that solves (I, D)* with success probability €, with high probability, produces a list
of deterministic oracle algorithms My, --- , M,, such that MiC computes (II, D) with success probability
1—90 for somei € {1,...,m}, where m = O(1/e).

If an oracle C can be computed in Tc(n) time, then each ME runs in time O(Tc(n)e tlogd™t)).
The running time of M is at most O(e~1T¢(n)).

Remark 4.5.7. The algorithm M of Theorem 4.5.6 works even when II is not a decision problem (see
Theorem 1.6 of [IJKW10]).

Lemma 4.5.8. Let (II, D) be a distributional problem. Suppose there exists a selector S from II to
(I1, D) with success probability 1 —§ that calls an oracle at most Q(n) times. Let My, ..., M,, be a list of
deterministic algorithms such that, (1) for somei € {1,...,m}, M; solves (II, D) with success probability
1—-196, (2) foralli € {1,...,m}, M; runs in time tpr(n), and (3) for all i,5 € {1,...,m}, the selector
SMiMj runs in time tg(n ) (here, ts(n) does not take the running times of M; and M, into account).
Then, there exists a t(n)-time randomized algorithm that solves I1 with high probability, where t(n) =

O(m?(ta(n)Q(n) +ts(n))logm/log6—1).

Proof. Let = be an input. From the assumption, there exists a selector S such that Prg[S40-41(z) =
II(z)] > 1—1/16m for any oracles Ay, A; and any input x. Here, at least one of Ay and A; solves (II, D)
with success probability 1 — §. Note that the probability Prg[S40:41(x) = II(z)] can be assumed to be
1 —1/16m since one can repeat the computation of S for O(logm) times and then output the majority.
Let us call this selector S.
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We present a randomized algorithm B that solves II. For each i,5 € {1,...,m} with ¢ # j, B runs
SMiMj (1) and let ¢ij be its output. If there exists i € {1,...,m} such that ¢;; = cforall j € {1,...,m},
B outputs c. If B outputs nothing during the iteration, B outputs anything. Since the overall running
time of SMiMi is at most (ts(n) + tar(n)Q(n)) - O(logm) for every i, 7, the algorithm B runs in time
O(m2(tar (M) Q(n) + ts(n)) logm).

We claim the correctness of the algorithm B. From the assumption, there exists ¢ € {1,...,m} such
that M; solves (II, D) with success probability 1 — J. For this M;, we have Prg[gMi’Mj (x) = O(x)] >
1 —1/16m for every j. By the union bound, with probability at least 15/16, ¢, ; = II(x) for every j.
Similarly, we also have ¢;; = II(x) for every j with probability at least 15/16. These two properties
guarantee that the output of B is equal to II(x). Overall, with probability at least 1 —3/16, the algorithm
B outputs II(z). O

We usually set Q(n) = polylog(n). We now present a completely uniform direct product theorem for
any problem that admits a polylog(n)-query selector.

Theorem 4.5.9 (Direct Product Theorem for Any Problem with Selector). Let k € N, ¢,6 > 0 be
parameters that satisfy € > exp (—Q(dk)). Let (II, D) be a distributional problem. Suppose there exists a
ts(n)-time selector S from 11 to (II, D) with success probability 1 — & that calls an oracle at most Q(n)
times.

Suppose that there exists a t(n)-time algorithm solving (I, D)* with success probability . Then, there
exists an O((t(n)Q(n)e 1 log 1 +ts(n))e 2 loget)-time algorithm that solves 11 with high probability.

Proof. Let A be a t(n)-time algorithm solving (II, D)* with success probability e. By using the algorithm
M of Theorem 4.5.6, M4 produces a list of oracle algorithms Mj, - - - , M,, such that MZ-A computes (II, D)
with success probability 1 — § for some ¢ € {1,...,m}, where m = O(1/e). Then, we apply Lemma 4.5.8
using M{*,..., M4 as the list of algorithms. Note that, from Theorem 4.5.6, each MiA runs in time
O(t(n)e~tlogd~1t) and M runs is time ¢(n)/e. Thus, the algorithm solving IT of Lemma 4.5.8 runs in
time O((t(n)Q(n)e tlogd=! +ts(n))e ?loge™t). O

We obtain the main result (Theorem 3.1.2) by combining a selector (Corollary 4.5.5) with the direct
product theorem (Theorem 4.5.9).

Proof of Theorem 4.1.2. We prove the contrapositive. Assume that there exists a t(n)-time algorithm
that solves (#EMB(K‘“’)7 Kabn)® with success probability € = n=%/4, where t(n) = n2=.

By Corollary 4.5.5, there is a 5(n2)—time selector using Q(n) = polylog(n) queries from #EMBHar)
to (#EMB(K‘“”), Kapn) with success probability 1 —§, where § = (logn)~“# for a constant Cy > 0 that
depends only on H. We choose k = O(6 1 loge™!) < O(a(logn)“#*1) = polylog(n) large enough so that
the assumption of Theorem 4.5.9 is satisfied. By Theorem 4.5.9, we obtain a t'(n)-time algorithm that
solves #EMBE ) where t/(n) = O((n2+t(n))-n®/2) < O(n*=*/2). This contradicts Theorem 3.2.1. [J

4.6 Fine-Grained XOR Lemma

In this section, we show a XOR lemma in the context of fine-grained complexity. We focus on the XOR
problem TIP* defined as follows.

Definition 4.6.1. Let IT be a problem such that II(x) € {0,1} for any input x. For a parameter k € N,
let I®* be the problem of computing Zle II(z;) (mod 2) on input (z1,...,2k).

Throughout this section, we consider decision problems unless otherwise noted. For a distributional
problem (I, D), let D* be the direct product of D (see Definition 4.1.1). Suppose that there is a selector
from II to (II, D) that makes at most polylog(n) queries. The aim of this section is to derive the average-
case hardness of the distributional problem (II®* D¥) from the worst-case hardness assumption of II (see
Theorem 4.6.3). To this end, we combine Direct Product Theorem (Theorem 4.5.9) and the well-known
list-decoding technique for the Hadamard code due to Goldreich and Levin [GL89]. Let us restate the
Goldreich-Levin theorem as follows.

Theorem 4.6.2 (Goldreich-Levin Theorem [GL89]). Let (II,D) be a distributional problem and let
k = k(n) € Nye = e(n) > 0 be parameters. Then, there exists an oracle algorithm M that, given
an oracle A solving (II®* DF) with success probability 1/2 + €, produces with high probability a list of
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deterministic oracle algorithms My, ..., My, such that, for some t € {1,...,m}, the oracle algorithm
MA solves (I1,D)?* with success probability €/(6v/k). Here, m = O(k/€).

If an oracle A can be computed in time Ta(n), then each M runs in time O(Ta(n)k?®/€?) for any
i, and M runs in time O(m - Ta(n)k?®/e?) = O(Ta(n)k3>/e*).

Proof. The proof is essentially given in [GL89]. Let (II, D) be the distributional problem and k& =
k(n),e = e(n) be the parameters mentioned in Theorem 4.6.2. Consider the following problem II": Given
2k instances 1, ..., 9, of Il and r € {0,1}2*, compute szlﬁ - I(z;) mod 2. Let (II',D’) be the
distributional problem where, in D', an input (z1,...,7e,7) is sampled as (zy,...,za) ~ D and
r ~ Unif({0,1}2%). Note that, if  ~ Unif({0, 1}%¥), With probability at least (Qkk) /2% > 1/(2Vk), the
vector 7 € {0,1}2F has exactly k ones (note that (3*) > (1 — &)—--). Conditioned on this event,

k Vrk
the distributional problem (II',D’) is equivalent to (II®*, D*). Let A’ be the algorithm that takes 2k
instances w1, ...,z9, and 7 € {0,1}2* as input and outputs A(z;,,...,z;,) if r contains exactly k ones

in the position of 41 < - -+ < i; otherwise outputs a random bit. This algorithm A’ runs in time O(¢(n))
and solves (IT', D) with success probability at least 1/2 + ¢/(2v/k). In other words,

Pr A(z L T riI1(z;) mod 2 )
A7 21, e Unif ({0,1)2F) [ (=1, g Z R 1 2\/E
Now we present the algorithm M mentioned in Theorem 4.6.2. We say that an input (z1,...,2a) is

good if

1 €
P A . i i d2 -+ —.
A’,ernifI(‘{O,l}Qk) [ (@1, e, ZT (i) mo ] 2 4\/E

We claim that at least e/(4v/k) fraction of (z1,...,x;) are good. To see this, let £ be the event that
A’ success (i.e., A'(z1,..., 2ok, 7) = Zfﬁl rII(z;) (mod 2)) and let F be the event that (z1,...,zo) is
good. Assume Pr[F]| < ¢/(4Vk). Then, from the property of A’ and the assumption, we have

1

2xf £l

< Pr[€|F] Pr|[F] + Pr[€|not F|Pr[not F|

€ +(1+ € )_1+ €
Wk 2 4k 2 2k
Thus we have Pr[F] = Pr[(z1,...,xa) is good] > ¢/(4Vk).
Let m = 24k/e? and /£ be the minimum integer satisfying m < 2°. The algorithm M produces a list
My, ..., My such that, for some i € {1,...,2¢}, M2 solves (II, D)% for good inputs (it outputs anything

for non-good inputs). Let s, ... s ~ Unif({0,1}?*) be £ i.i.d. random vectors. Construct m distinct

RO,

nonem subsets L1,... m & in a canonical way an et r = . ote a or ever
pty subsets T1,...,T, c[e] I way and let () := Y. ;. 5. Note that, f y

i # i, 7™ and r() are pairwise independent random vectors and each (¥ is drawn from Unif ({0, 1}2).

Now we present the list of oracle algorithms My, ..., Mye. For each t € {1,...,2¢}, the algorithm

MtA/ works as follows. Write t = Zle

be seen as an (-bits of advice. The bit w; tells us the value of (II(z),s()) := Zfil H(il?i)SEJ) (mod 2).
Note that, for some ¢, this equality holds for all j =1,...,¢.

Suppose that the input (z1,...,z9r) is good. Given (wi,...,wy), for every i = 1,...,m, MtA/
does the following: First, MtA/ computes W := ZjeTi w;. Note that, for some ¢, we have w =

S ier (M(x),s9) = (I(z),r®). Then, for every index I € {1,...,2k}, M7 calls the oracle and ob-
tain A’(z1, .. l‘gk,’]"gz), .. 7"1( )1,rl( ),rl(j_)l, . rélk)) where Z := 1 — z for z € {0,1}. The output O
satisfies W) + O®) = TI(z;) (mod 2) if A’ success. This happens with probability 1/2 + ¢/(4vk) since
(71, ...,22;) is good. We repeat this for Q = 96k /e? times and then we can compute II(z;) by taking
the majority among the @ trials with successes probability at least 1 — 12k foreach I =1,...,2k. To see
this, let Z; be a binary indicator random variable such that Z; = 1 if and only if W + O(i) = H(acg

Let Z = Zy + -+ + Zg. It suffices to show Pr[Z > Q/2] > 1 — 5-. Note that E[Z] > % + 46\/E

2j_1wj as a binary extension. In other words, (wi,...,w,) can
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and Var[Z] = Z , Var[Z;] < @ since the random variables Z; are pairwise independent. From the
Chebyshev 1nequahty, we obtain

Pr {Z < Cﬂ <Pr [|Z—E[Z]| > 46\%}

VQ
<Pr||Z-E[Z]| > 4\/E\/Var[Z]]

H
(=)
B

< <L
— €e2Q T 6k

Here, recall that the Chebyshev inequality asserts

Pr (|7 - E[Z]| > ¢/ Var[7]| < 52
for any £ > 0. Then, from the union bound over 2k indices, MtA/ (for the appropriate t) computes
(T1(z1), . .., (x9)) with probability at least 2/3.

Note that MZ-A/ is deterministic without loss of generality since the coin flips can be given by M. The
success probability of MA is at least (2/3) - (¢/(4vk)) > €/(6v/k) since input (z1, ..., x9;) is good with
probability at least ¢/(4v/k). The running time of M2 is O(Qk) = O(k>®/e?) for all i € {1,...,m}.
Thus, if A is a T4 (n)-time algorithm, then we can construct M; as a deterministic O(T4(n)k* 5/6 ) time
algorithm. The total running time of M is at most m - O(Ta(n)k3® /e*) since M constructs m = O(k/€?)
algorithms each of them runs in time O(T4(n)k*®/€?). O

Now we prove the main result of this section.

Theorem 4.6.3 (XOR lemma for any problem with selector). Let k € N €, > 0 be parameters satisfying
€ > exp(—Q(0k)). Let (II, D) be a distributional decision problem.

Suppose there exists a ts(n)-time selector S from I to (II, D) with success probability 1 — § that calls
an oracle at most Q(n) times. Suppose that there exists a t(n)-time algorithm solving (II®% D*) with
success probability % + €.

Then, there exists a t'(n)-time randomized algorithm that solves I1 with high probability. Here t'(n) =

O((ts(n) + Q(n)t(n)) - log(1/8)(k/e)®).

Proof. From the assumption, we have a t(n)-time algorithm A solving (II®* D*) with success probability
% + €. Then, by Theorem 4.6.2 using A as the oracle, we obtain a list of deterministic oracle algorithms
Mj, ..., M,, such that M# solves (I, D)** with success probability Q(e/vk) for some i € {1,...,m},
where m = O(k/e?). Each of M; runs in time O(t(n)k*¢~2) if we take the running time of A into
account. This list can be constructed in time O(t(n)k3-5e1).

Let § > 0 be the parameter mentioned in Theorem 4.6.3. For each i € {1,...,m}, apply Theorem 4.5.6
using M; as the oracle. This yields a list M;,..., M;, of deterministic algorithms for each i €
{1,...,m}, where m’ = O(e~!). Moreover, if M;- solves (I, D)?*, then M; j« solves II with success
probability 1—4 for some j* € {1,...,m’}. For every i, j, M; ; runs in time O(t(n)k?5e 2. 1logd—1) <
O(t(n)k*%e3log—1).

Now we have a list (M; ;) of mm’ = O(ke™3) deterministic algorithms. From Lemma 4.5.8, there
exists an algorithm B that solves II with high probability. The overall running time of B is at most

O((mm)2(ts(n) + Q(n)t(n)k*5¢%) log(VE/e) log(mm')) < O((ts(n) + Q(n)t(n)) - (k/e)%). O

4.6.1 Application 1: @EMBcol

Let H be a fixed graph. Consider the problem @EMB( 1) of computing the parity of #EMB col )( H) for a
given graph G. For a parameter k, let |4 U g( 12 be the distribution of random graphs that is a direct

sum of k i.i.d. graphs drawn from Q 1/2 That is, let G1,..., G ~ gn 12 be i.i.d. random graphs.
Suppose that G(V;) N G(V;) = 0 for any ¢ # j. Then, the graph G defined by V(G) = Ule V(G;) and

EG) = U¢:1 E(G;) forms the distribution [4* gfﬁ)ﬂ Let EMB&OI) be the decision problem in which we
are asked to decide whether #EMB(H)

ol (G) > 0 or not for a given graph G. This subsection is devoted to
the proof of the following result.
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Theorem 4.6.4. Suppose that there exists a t(n)-time algorithm solving the distributional problem
(@EMBEE),Uk gr(LH1)/2) with success probability § + € far any k = polylog(n). Then, there ezists a
t(n) - (logn/e)°M -time randomized algorithm solving Ems) with probability 2/3.

col

The proof of Theorem 4.6.4 consists of the following three steps. First, we present a randomized
reduction of EMBEg) to @EMB&? in the worst-case sense. Then, we check that the parity problem
@EMBE? admits a 5(n2)—time selector with polylog(n) queries. Finally, we apply Theorem 4.6.3 to
boost the error tolerance. The second and third steps imply Theorem 4.2.5. More specifically, we obtain
the following.

Theorem 4.6.5 (Refinement of Theorem 4.2.5). Let H be an arbitmry graph. Suppose that there exists
a T'(n)-time randomized algorithm that solves (EBEMB(H)

col

1+ € for any k = O(loge™'). Then, there exists a T(n )(logn/e)o(1 -time randomized algorithm that
solves @EMBD)

col

U g 1 /2) with success probability greater than

with probability at least 2/3 for any input.

Remark 4.6.6. Theorem 4.2.5 immediately follows from Theorem 4.6.5 (substitute e = n=° to Theo-
rem 4.6.5).

Parity vs. Detection.

Lemma 4.6.7. Suppose that there exists a t(n)-time randomized algorithm solving @EMBCol for any
input with probability at least 2/3. Then, there exists a t'(n)-time randomized algorithm that solves

EMB( ) with probability at least 2/3. Here, t'(n) = O(21FUDlt(n)).

Proof. The proof is essentially given in Appendix A of [BABB19]. For completeness, we present the

proof. Consider the polynomial Pg : IE"E(G) — F5 defined as

Pg(x) == Z H Te-

FCE(G): ecF
F' is isomorphic to H

Then, G does not contain H if and only if Pg(+-) = 0. The degree of Pg is |E(H)|. Moreover, if Pg(-) Z 0,
then Pg(z) = 1 for at least 271U fraction of z € IE"‘QE(G)| (see, e.g., Lemma 2.6 of [NS94]).
We present an algorithm that solves Emp?) using an oracle for EBEMB(H). Let m = 100 - 2/FUDI

col col
and sample m i.i.d. random vectors z1,..., 2y, ~ Unif(IF2E(G)). Then, compute Ps(z1),..., Po(zm). If
Pg(z) = 1 for some 7, output YES. Otherwise, output NO. Note that one can compute Pg(+) by solving

@EMB((:{){]) since Pg(+) is a polynomial over Fs.

If G does not contain H, the algorithm outputs NO with probability 1. If G contains H, the
probability that the algorithm outputs NO is at most (1 — 2~ [FUDym < =100, O

(H)
col *

Selector for ®EMB
(H)
n,1/2
1 — 1/ polylog(n) such that (1) S runs in time O(n?), and (2) The number of oracle accesses is at most
polylog(n).

Theorem 4.6.8. There exists a selector S from @EMB( ) to (@EMB( ) g

col » ) with success probability

Proof. The proof is essentially the same as that of Theorem 4.5.4. First, we encode @EMB( 1) to the
low-degree polynomial EMBCOL,, i F,,. Note that, since Fo: has characterlstlc 2 (i.e., a+ a =0 for any
a € Fyt), computing the polynomial EMBCOL,, g r,, (7) for = € {0, 1}EH) XK g equivalent to solving
@EMBgol) by regarding the input x as the edge indicator of a graph. Using Corollary 3.4.2, we reduce
computing EMBCOL,, g r,, to solving the distributional problem (EMBCOLH,H’]th7U1§LH)(F2t)). More-
over, we can reduce (EMBCOL,, g r,, ,ur(LH)(th)) to (EMBCOL,,  F,, U (F3)) with query complexity
(log n)CUEM)D ysing the technique of [BABB19]. This yields a worst-case-to-average-case reduction for
aEMBY) (c.f., Theorem 3.2.5).

col
Similarly, a slight modification of the interactive proof system IP of Theorem 4.2.4 works for oBEmp)

col *

To be more specifically, let us consider an interactive proof system IP’ for the statement “@EMB((f]) (G) =
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b”. The protocol IP’ is the same as IP except for using Fo: instead of F,. Note that the equation (4.2)
holds even for EMBCOL,, g r,,. Moreover, computing the polynomial EMBCOL,, yr,, can be reduced to

computing EMBCOL,, i r, using the aforementioned technique of [BABB19].
(H)

ol » WeE can construct an 6(n2)-tirne polylog(n)-query

Using the interactive proof system IP’ for ®EMB

instance checker C” for EBEMB((:OI) (see Theorem 4.5.3). Combining the instance checker C’ and the worst-

case-to-average-case reduction, we can construct the desired selector (see the proof of Theorem 4.5.4). [

XOR lemma for @EMB (proof of Theorem 4.6.5). Assume that there exists a t(n)-time al-
gorithm A that solves (@EMBCO] F gn 1 /2) with success probability e. Note that the distributional

problem (@(@EMB(H)) (Q(H) )¥) is equivalent to the distributional problem (@EMB(H) " g ).

col n,1/2 col n,1/2
Hence, the algorithm A also solves (@(@EMBE?)’“, (gﬁ)ﬂ))k) From Theorem 4.6.8, there exists an
O(n?)-time selector using polylog(n) oracle accesses from ®EMB£01) to (@EMBE?I), Qlel)ﬂ) with success

probability 1 — (logn)~¢ for some constant C' > 0 that depends only on H. Let § = (logn)~¢ and

k = k(n) be parameters such that the assumptions of Theorem 4.6.3 is satisfied. Note that we can set
k = (logn)°©) = polylog(n). Then, by Theorem 4.6.3, we have an t'(n)-time ranndomized algorithm
that solves @EMng) with high probability, where #'(n) = O((n? + t(n)) - (k/€)® = t(n) - (logn/e)°®
(here we assume t(n) > n?).

Proof of Theorem 4.6.4. We combine Lemma 4.6.7 and Theorem 4.6.5. Suppose that there exists
a t(n)-time algorithm solving (EBEMB(H)

col

U g< 1/2) with success probability €. From Theorem 4.6.5,

(H ) . Then, from Lemma 4.6.7, we

( )

col *

there exists a t(n) - (logn/e)0M)- tlme randomized algorithm for GEMB
obtain a 2/EUI . ¢(n) - (logn/e)°M-time randomized algorithm for EMB

4.6.2 Application 2: ®K,-Subgraph

Recall that ®K,-SUBGRAPH is the problem of computing the parity of the number of K, subgraphs
contained in a given graph. This subsection is devoted to the proof of Theorem 4.1.3. Recall that
G(n,1/2) is the distribution of the Erdés—Rényi graph G(n,1/2), and " G(n,1/2) is the distribution of
the disjoint union of k random graphs G, ..., Gy each of which is independently drawn from G(n, 1/2).

Theorem 4.6.9 (Refinement of Theorem 4.1.3). Suppose that there exists a T'(n)-time randomized algo-
rithm that solves (BK,-SUBGRAPH, 4§ G(n,1/2)) with success probability 5 +¢& for any k = polylog(n).

Then, there exists a T(n)(logn/e)®M-time randomized algorithm that solves ®K,-SUBGRAPH for any
input with probability 2/3.

Proof of Theorem 4.1.3. Theorem 4.6.9 directly implies Theorem 4.1.3 (let ¢ = n~¢). O
The core of the proof of Theorem 4.6.9 is the existence of the following efficient selector.

Lemma 4.6.10. There exists an 5(n2)—time selector S from @ K,-SUBGRAPH to the distributional prob-
lem (®K,-SUBGRAPH, G(n,1/2)) with success probability 1 — 1/ polylog(n). Moreover, the number of
oracle accesses of S is at most polylog(n).

Proof. The proof of Lemma 4.6.10 is similar to that of Corollary 4.5.5. From Theorem 4.6.8, we have

gfl ) to (EBEMBES“), gffi”/)z) Then, we use the reduction by Boix-Adsera,

Brennan, and Bresler [BABB19]. They reduced (@EMB(K“), gffi”/)g) to (®K,-SUBGRAPH, G(n,1/2)) with

col
preserving the success probability up to a constant factor (Lemma 3.10 of [BABB19]). Using their reduc-
(Ka)

obtain a selector from ®EMB

tion, each query of the selector S can be replaced by the reduction. This yields a selector from GEMB_;
to (&K ,-SUBGRAPH, G(n,1/2)). We then use the reduction of Lemma 3.3 of Boix-Adserd, Brennan, and

Bresler [BABB19]. They reduced ®K, ;-SUBGRAPH to EBEMB((:KI“). Specifically, if @EMB%“) can be

{0)

solved in time t(n), then there exists a t(n) + O(n?)-time algorithm for ©K,-SUBGRAPH. O
Proof of Theorem 4.6.9. Suppose that there exists a T'(n)-time randomized algorithm that solves the dis-
tributional problem (B K,-SUBGRAPH, [* G(n, 1/2)) with success probability 1+efor any k = polylog(n).

Note that (BK,-SUBGRAPH, |* G(n,1/2)) is equivalent to ((&Kq,-SUBGRAPH)®F, (G(n,1/2))F). From
Theorem 4.6.3 and Lemma 4.6.10, we obtain a t'(n)-time randomized algorithm solving &K, ,-SUBGRAPH
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with probability 2/3, where #'(n) = (n? + t(n)(logn/e)°M) = t(n) - (logn/e)°M) (here, we assume
t(n) = Q(n?) and let 6 = 1 — (logn)~) and k = (logn)°W.
O



Chapter 5

Functional Voting

5.1 Model

In this chapter, we introduce functional voting, which contains the pull voting, best-of-two, and best-
of-three as special cases. Then we investigate basic properties of functional voting. The model in this
chapter will play a central role in Chapters 6 and 7.

Definition 5.1.1 (Functional voting process). Let V' be a finite set. Let f: R — R be a function
satisfying £([0,1]) = £([0,1]), £(0) =0, and f(1) = 1. Let P € [0,1]V*V be a transition matriz over
V. For a fized subset A CV, let B=V \ A and let (X,)vev be independent binary random variables
defined as

Pr[X,
Pr[X,

] - f(P(v,4)) ifveB, (5.1)

1
0] = f(P(v,B)) ifveA.

For ACV and (X,) above, define A’ = {v €V : X, =1}. A functional voting with respect to f is the
Markov chain (Ay)iez~, over 2V given by A;1 = (A;)'. We call the function f a betrayal function.

In particular, o functional voting with respect to f on a graph G is the functional voting with respect
to f where transition matriz P is given as the simple random walk (2.1) on G.

Note that, if A; € {§), V} then A;1; = A; since f(0) =0 and f(1) = 1.

Definition 5.1.2. Consider a functional voting on V. For A C V, the consensus time, denoted by
Teons(A), is defined as

Teons(A) :=min{t >0 : A, € {0,V}, Ay = A}.

Definition 5.1.3 (Best-of-two and best-of-three). The best-of-two is a functional voting with respect to
fBoa: « +— 22. The best-of-three is a functional voting with respect to fpos: x — 3x2 — 2z3.

Remark 5.1.4. The definitions of best-of-two and best-of-three on a graph given in Definition 5.1.3
coincide with the best-of-two and best-of-three introduced in Section 1.2.1. Note that the pull voting is
a functional voting with respect to fpun:  — .

5.2 Previous Works on Voting Processes

In this part, we review previous results concerning voting processes on graphs.

The pull voting is a simple and well-studied voting process [NIY99, HP01]. The pull voting and
its variants have been studied as a model of interactive particle systems in the context of statistical
physics. In the context of voting process, Hassin and Peleg [HP01] showed that the expected consensus
time is O(n3logn) for any non-bipartite graphs and any initial opinion configuration, where n is the
number of vertices. Note that, for bipartite graphs, there is an initial opinion configuration that never
reaches consensus. Cooper, Elsdsser, Ono, and Radzik [CEOR13] improved the bound of Hassin and
Peleg [HP01] by showing that the expected consensus time is O(n?®). Cooper and Rivera [CR16] proposed
the linear voter model, that is a generalization of the pull voting, push voting and several other voting
processes.

49
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Doerr Goldberg, Minder, Sauerwald, and Scheideler. [DGM™11] introduced best-of-two and showed
that, for complete graphs initially involving two possible opinions, the consensus time of best-of-two is
O(logn) with high probability. Since best-of-two reaches consensus much faster than the pull voting, the
study of best-of-two has gathered special attention in the area of distributed computing.

Motivated by the application in distributed computing, several researchers have studied voting process
on complete graphs initially involving & > 2 opinions [BCN*16, BCNT17a, BCE'17, GL18]. Becchetti,
Clemanti, Natale, Pasquale, and Trevisan [BCNT16] introduced the best-of-three and obtained an upper
bound on the consensus time of the process on complete graphs. Interestingly, it is known that best-
of-three outperforms best-of-two in the multi-opinion setting: Berenbrink, Clemanti, Elsasser, Kling,
Mallmann-Trenn, and Natale [BCET17] proved that, on the complete graph, best-of-three reaches con-
sensus within O(n%/4(logn)7/®) rounds from any initial configuration (k is arbitrary), while best-of-two
requires {2(n/logn) rounds to reach consensus for some initial configuration. Ghaffari and Lengler [GL18§]
proved that the consensus time of the best-of-three on the complete graph is 5(n2/ 3), where the term
“O(-)” hides a (logn)°® factor.

Several researchers considered the best-of-two and best-of-three on general graphs. Cruciani, Natale,
Nusser, and Scornavacca [CNNS18] studied best-of-two on the core periphery network. Cruciani, Natale,
and Scornavacca [CNS19] studied best-of-two on the (a, b)-regular stochastic block model, which is a graph
consisting of two a-regular graphs connected by a b-regular bipartite graph. Kang and Rivera [KR19]
considered the best-of-three on graphs with minimum degree n” for v = Q((loglogn)~!). Under the
assumption that the initial configuration is randomly sampled from a biased distribution, they proved
that the process reaches consensus within O(loglogn) rounds. There is a line of works that studies these
voting processes on ezpander graphs [CEOR13, CER14, CER™15] (see Section 7.1.1 for details).

The best-of-k is a natural generalization of pull voting, best-of-two and best-of-three. In each round,
every vertex v randomly selects k neighbors (with replacement) and then if at least |k/2]+1 of them have
the same opinion, the vertex v adopts it. Note that the best-of-1 is equivalent to pull voting. Abdullah
and Draief [AD15] studied a variant of best-of-k (k > 5 is odd) on a specific class of sparse graphs that
contains the random regular graph G, 4 of d = o(y/logn) with a random initial configuration. To the
best of our knowledge, best-of-k has not been studied explicitly so far.

In Majority (a.k.a. local majority), each vertex v updates its opinion to match the majority opinion
among the neighbors. This simple model has been extensively studied in previous works [BCO™16,
Ber01, GZ18, Pel98, Pel02, Zeh18]. For example, Majority on certain families of graphs including the
Erdés-Rényi random graph [BCO'16, Zeh18|, random regular graphs [GZ18] have been investigated.
See [Pel02] for further results.

5.3 Basic Property

In this section, we explore basic properties of a functional voting on an n-vertex graph. For fixed

A CV,let @« = |A|/n and o = |A'|/n. Note that o’ is a random variable that can be written as

the sum of independent random variables: o = 1 > wev Luear. Hence, from the Hoeffding bound

(Proposition 5.4.3), we obtain the following. "

Proposition 5.3.1 (Concentration of o). For any k > 0,

2 2
Prlo’ — E[¢]| > k] < 2exp (—K) :
n

In particular, it holds w.h.p. that o/ = E[a'] + O(y/logn/n).

Consider a functional voting on the n-vertex complete graph with self-loops (that is, the transition
matrix P satisfies P, , = 1/n for all u,v € V). Then, we can write E[¢/] as

Blo|=a+ Y Prlve A]— - 3" Prive B
veEB vEA
=a+(1-a)f(a) —af(l —a).

Therefore, we can view the sequence (at)tez., (o = |A¢|/n) as an iteration of applying the mapping
= x+ (1—2)f(x) —zf(l—x).
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5.4 Tool

We present inequalities that will be used in Chapters 6 and 7.

5.4.1 Concentration inequalities

Proposition 5.4.1 (A variant of the Chernoff bound; Corollary 1.10.4 of [DN20]). Let X1, Xo,..., X,
be independent random variables taking values in [0,1]. Let X =} ;.1 Xi. Then, for any k > 2e E[X],
we have

Pr[X >k <27k

Proposition 5.4.2 (Additive Chernoff bound; Theorems 10.10 and 10.11 of [DN20]). Let X1, Xo,..., X,

be independent random variables taking values in [0,1]. Let X = Zie[n] X;. Then for any § > 0,

Pr[X > E[X] + 6] < exp (—:15 min {E‘E;](sD ,

Pr[X < E[X] -] <exp (_213(]5[X]> .

Proposition 5.4.3 (Hoeffding bound; Theorem 10.9 of [DN20]). Let X;, Xs,...,X,, be independent
random variables. Assume that each X; takes values in a real interval [a;,b;] of length ¢; := b; — a;. Let
X = Zie[n] X,;. Then for any § > 0,

2 2
i€[n] ~i

267
i€[n] i

Corollary 5.4.4. Let Xy, Xo,...,X, be independent random variables. Assume that each X; takes

values in a real interval [a;,b;] of length ¢; :==b; — a;. Let X = Zie[n] X;. Then, for any § > 0,

Zie[n] C'LZ

262
i€[n] 71

Pr{|X| > [E[X]| + 6] < 2exp (—252> ,

Proof. For the first inequality, it is straightforward to see that

Pr{|X| > [E[X]| + 6] = Pr[|X]| - [E[X]| > 6] < Pr[|X - E[X]| > J]

< 262
=IO Zie[n] sz .

Note that |z| — |y| < |x — y| for any =,y € R. Similarly, it holds that

Pr[|X| < [BX]| - 6] = Pr[[E[X]| - |X| > §] < Pr[[B[X] - X| > 4]

<2 7262
=T _Zie[n] i)’

and we obtain the claim. O

Proposition 5.4.5 (The Janson inequality; Theorem 21.12 of [FK16]). Let Iy,..., Iy be independent
binary random variables and let Fy, Fy, ..., Fy be subsets of [M]. Consider a random variable Y defined

Vi= > ] L

i€[N] e€F;
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Then, it holds for any t < E[Y] that

Pr[Y <E[Y] -] <exp (‘2@)

where

V= Z E (HI) er'

i€EN,jEN: ecF; e'cF;
FiﬂFj;ﬁ@

Proposition 5.4.6 (The Kim-Vu concentration inequality; Main Theorem of [KV00]). For a given set
[M] ={1,2,...,M}, let I, Is,...,In be independent binary random variables. Now, let £ C 2M] pe g
collection of subsets of [M|] and let

Y = Z w(F) H I.,

Fe& ecF
where w(F') are positive coefficients. For a subset A C [M], define Ya as

Ya=> wF) [] L.

Feé&: ecF\A
FOA

If the polynomial Y has degree at most k (i.e., maxpeg |F| < k), then for any positive A > 1, it holds
that

Pr
AC[M)] AC[M]: A%

Y — E[Y]| > \/k! max E[Y4] max E[V4](8\)F| < 2exp(2+ (k — 1)log M — \).

5.4.2 Other inequalities

Proposition 5.4.7 (The Berry-Esseen theorem; Theorem 1 of [Shel0]). Let X1, Xo,..., X, be in-
dependent random wvariables such that E[X;] = 0, E[X?] > 0, E[|X;]?] < oo for all i € [n] and
2 ien] E[X?] =1. Let X = Yiem) Xi and let ®(x) = \/127ij0 e v /2dy (the cumulative distribution
function of the standard normal distribution). Then

sup|Pr [X <] — ®(x)| <5.6 Y B[ X,[%).

z€R 1€[n]

Corollary 5.4.8. Let X1, Xo,..., X, be independent random variables and let X := Zie[n] X;. Suppose
that Var[X] # 0 and | X; — E[X}]| < ¢; < 0o for alli € [n]. Then for any x € R,

|Pr

X — E[X] <ol — o) < 5.6C
Var[X] ~ /Var[X]

Proof. For all i € [n], let

X, — E[X;
Z; = 17[)(1}7
ar[X]|
7= Zi=Y)_ 7.
i€[n]:E[Z2]>0 i€[n]

i

Note that E[Z?] =0 < Y _2?°Pr[Z; = 2] =0 <= Pr[Z; =0 = 1. Then, for alli € {j € [n] :

E[Z2] > 0}, it is easy to check that E[Z;] = 0, E[Z}] > 0, and E[|Z;]*] < ﬁ;]sﬂ < oo. Furthermore,

X E[(X; — E[X;])?
> E[Zﬂ—Z]E[Z?]—ZZE["} Vol

i€[n):E[Z2]>0 i€ln
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Thus we can apply Proposition 5.4.7 to Z and it holds that
X-E

pr | X —EX]

Var[X]

< x] —®o(x)| =

<56 S E[Zf)

i€[n]:E[Z2]>0

_5.6C _ 5.60
vV Var ] i o Var[X]

O

Corollary 5.4.9. Let X1, Xo,..., X, be independent random wvariables, ¢ = (¢1,...,¢,) € R™ be a
vector, and X = Z n) Xi- Suppose that, for all i € [n], | X; — E[X]] < ¢ < 0o and Var[X] > 0. Let

O(x) = \/ﬂ f_oo eV /2dy. Then, for any positive x € R,

Pr [IX\ < x\/\T[X]} < ®(z) + _56lel3
B - Var[X[3/2

Proof. For each i € [n], let

X, —E|X;
Zi::¢7 Z:i= Y Zi=)> Z.
Var[X] , 2 ;
i€[n):E[Z2]>0 i€[n]
For any i € [n] satisfying E[Z2] > 0, it is easy to check that E[Z;] = 0, E[Z?] > 0, and E[|Z;|%] <
3
W < oo. Furthermore,
> i El(Xi — E[X;])?]
E(Z? =Y E[z?] = =< =1
> Bzi- Y B2 T
i€[n]:E[Z2]>0 i€[n]

Thus, we can apply Proposition 5.4.7 to Z and it holds that
X —E[X
’Pr X B[]

Var[X] ~ Y. Zi<x| - d(x)| =|Pr(Z <a] - ()|

1€[n]
<56 Y E[Zf]
i€[n]:E[Z2]>0

. _ el
- Var[X]3/2  Var[X]3/2

1€[n]

(5.2)

Next we observe that
Pr [|X| > 2y/Var[X]| = Pr [X > z\/Var[X]| + Pr [Y < —z\/Var[X]| (5.3)

holds. If E[X] > 0, we have

Pr [|X\ > x\/\?[x]} > Pr [X > z\/Var[X] + E[X]]

5.6|c||3
21—Pr[X—E Var[X } Vw}(']'w
from (5.2). Similarly, if E[X] <0, (5.2) yields
Pr {|X| > x\/Var[X]} > Pr [X < —a/Var[X] + E[X]}
c 3
—Pr [X _E[X] < —x\/Var[X]} > o(—) — \;ZX']L’?)/Q

Thus, the claim holds for both cases. Note that ®(—z) =1 — ®(x) holds. O
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A function f : {0,1}™ — R is monotone increasing if f(x) < f(y) whenever x = (z1,...,753),y =
(y1,---,ynr) € {0,1}M satisfies z; < y; for every i = 1,..., M.

Proposition 5.4.10 (The FKG inequality; Theorem 21.5 of [FK16]). Let I, I, ..., Ip be independent
binary random variables. Then for any two monotone increase functions f,g : {0,1}* — R, it holds
that

E[f(D)g(T)] = E[fT)] E[g(I)]

where I = (I, Iy, ..., In) € {0,1}M.



Chapter 6

Voting Process on Stochastic Block
Model

6.1 Our Results

In this chapter, we consider best-of-two and best-of-three on the graph G(2n,p,q) drawn from the
stochastic block model G(2n, p, q) (see Definition 1.2.1 for the definition). Throughout this chapter, we
assume p = w(logn/n), in which regime each community is connected w.h.p [FK16]. We denote by V'
the vertex set of the underlying graph.

Our voting process proceeds as follows. We first generate a graph G(2n, p, q¢) according to G(2n, p, q),
and then set an initial opinion configuration Ag C V. Then consider functional voting (see Defini-
tion 5.1.1) on the graph G(2n,p,q). We are interested in the consensus time Tiops.

Remark 6.1.1 (Two sources of randomness). A functional voting on the graph G(2n, p, q) drawn from
G(2n,p,q) involves two sources of randomness: the generation of G(2n,p,q) and the Markov chain
(A(t))t:O,L,__. We say Teons(A) < f(n) for any A CV w.h.p. if there is a set P of finite graphs satisfying

e It holds w.h.p. that G(2n,p,q) € P, and
e For any n-vertex graph G € P and any A C V(G), Teons(4) < f(n) w.h.p.

In the former (respectively, latter) condition, the probability is taken over G(2n,p,q) (respectively, the
process). The term “Teons(A) > g(n) for some A CV w.h.p.” is defined in a similar way.

The set P can be interpreted as a graph property (strictly speaking, P may not be a graph property
since G(2n,p, q) has a vertex set V3 U V2 and P may not invariant under the isomorphism).

Cooper, Elsésser, and Radzik [CER14] used the framework of Remark 6.1.1 to consider the consensus
time of best-of-two on the random regular graph G, 4.

Example 6.1.2. Consider the best-of-two on the graph G(2n,1,1). Then, Teons(A) = O(logn) for any
A CV wh.p. To see this, let P = J,,cy{K2n}, where Ky, is the 2n-vertex complete graph. Obviously,
G(2n,1,1) is in P with probability 1. Moreover, from [DGM™11], it is known that T,ons(A) = O(logn)
w.h.p. for any A C V.

Example 6.1.3. Consider the best-of-two on the random regular graph G, 4 for d = w(logn). Then,
Teons(A) = O(logn) w.h.p. for any A C V satistying ||A| — |V \ A|| = Q(n). To see this, let P be the set
of all \-expander graphs for an appropriate A = O(1/,/np) (see Chapter 7 for the definition of A-expander
graphs). It is known that G, 4 is O(1/+v/d)-expander w.h.p. [CGJ18, TY19]. Moreover, from [CER14], it
is known that, the best-of-two on any O(1/v/d)-expander graph reach consensus within O(logn) rounds
w.h.p. if the initial configuration A C V satisfies ||A| — [V \ 4]| = Q(n).

In this chapter we obtain two results. The first result concerns the phase transition of voting processes
on G(2n,p,q). In the second result, we consider the worst-case consensus time of voting processes on
G(2n,p, q). Here, the term “worst-case” refers to the worst initial configuration, that is, the configuration
A C V that attains the maximum consensus time.

55
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Result I: Phase transition. We obtain a “sharp threshold result” on the consensus time of voting
processes on the stochastic block model.

Theorem 6.1.4 (Phase transition of best-of-three on G(2n, p, q)). Let p = p(n) and ¢ = q(n) be functions
such that p,q = w(logn/n) andr = r(n) := q(n)/p(n) is a constant. Consider best-of-three on G(2n,p, q).
Then, for any constant € > 0, the following hold.

(i) If(r)z 1+, then Teons(A) = O(loglog n+log n/ log(np)) for any A C V satisfying ||A| — |V \ A|| =
Q(n) w.h.p.

(i) If r < & — €, then Teons(A) = exp(U(n)) for some A C 'V w.h.p.

Theorem 6.1.5 (Phase transition of best-of-two on G(2n,p,q)). Let p = p(n) and ¢ = q(n) be functions
such that p,q = w(logn/n) and r = r(n) := q(n)/p(n) is a constant. Consider best-of-two on G(2n,p, q).
Then, for any constant € > 0, the following hold.

(i) If r > /5 — 2 + ¢, then Teons(A) = O(loglogn + logn/log(np)) for any A C V satisfying
IA] = [V \ Al = Q(n) w.h.p.

(i) If 1 <5 —2 — ¢, then Teons(A) = exp(Q(n)) for some A CV w.h.p.

The bound Teons(A) = O(loglog n +logn/log(np)) is tight up to a constant factor if logn/log(np) >
loglogn. To see this, observe that there is a set A C V such that Teons(A) is at least half of the diameter.
In addition, it is easy to see that the diameter of G(2n,p,q) is ©(logn/log(np)) w.h.p. [FK16].

We also note that the consensus time of the pull voting is poly(n) w.h.p. for any connected non-
bipartite graph [HPO1]. Therefore, Theorems 6.1.4 and 6.1.5 imply that best-of-two and best-of-three
can be exponentially slower than the pull voting.

Result II: Worst-case consensus time. The most difficult part in the analysis of voter processes
is the symmetry breaking, i.e. the number of iterations required to cause a small bias starting from the
half-and-half state. Here, we are interested in the worst-case consensus time with respect to initial
opinion configurations. To the best of our knowledge, all current results on worst-case consensus time
of best-of-two and best-of-three deal with complete graphs [DGM*11, BCN*17a, BCE*17, GL18|. All
previous work on non-complete graphs has involved some special bias setting (e.g. an initial bias [CER14,
CER™15, CRRS17], or a random initial opinion configuration [AD15, CNS19, KR19]). In this chapter,
we present the first worst-case result concerning the consensus time of best-of-two and best-of-three on
non-complete graphs.

Theorem 6.1.6 (Worst-case analysis of best-of-three on G(2n,p,q)). Let p > q > 0 be constants and
consider best-of-three on G(2n,p, q). If% > %, then Teons(A) = O(logn) w.h.p. for any A C V.

Theorem 6.1.7 (Worst-case analysis of best-of-two on G(2n,p, q)). Consider best-of-two on G(2n,p, q)
for positive constants p and q. [f% > /5 — 2, then Teons(A) = O(logn) w.h.p. for any AC V.

6.1.1 Our strategy: Structual analysis of G(2n,p, q)

Consider a functional voting on a graph G = (V, E) (see Definition 5.1.1). Then, if A; = A is fixed,
then |A’| = > _i, 1ycar is the sum of independent random variables; thus, the size |A’| concentrates on
E[|A"]].

As mentioned in Section 5.3, if the underlying graph is the complete graph (with self loops), the
state space of the functional voting becomes {0,...,n} (each state represents |A|). Therefore, the
expectation E[|A¢11] | Ax = A] can be written as a function E[|A:41| | A+ = A] = F(|A]), where F(-)
is a function depending on f. For example, in best-of-three, from a straightforward calculation, we
have E[|A’|] = nfpos (3‘%'), where fpoz(z) := 322 — 223. Doerr et al. [DGM™11] exploited this idea for
best-of-two and obtained the worst-case consensus time on complete graphs.

The key observation of the best-of-three on complete graphs is that, the property that the expectation
E[|Ai11] | A; = A] can be written as a function F(]A|) makes the analysis of best-of-three on complete
graphs tractable. Our strategy is to extend this observation. For simplicity, we state our strategy for
the analysis of best-of-three on G(n,p). The first idea is to define a graph property P as the set of
graphs such that E[|A:11]| | Ax = A] can be approzimated by a function F(|A|). Next, we show that

veV
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G(n,p) satisfies the graph property P. Then, the graph property P makes the analysis of best-of-three
on G(n,p) tractable.

We further extend this strategy to G(2n,p,q). Recall that, the graph G(2n,p, q) has the vertex set
V=VUV, For ACV and i € {1,2}, let A; := ANV,. Since |A}| can be written as the sum of
random variables, we focus on E[|A}|]. We define a set Papprox Of graphs as the set of graphs with vertex
set V3 U V4 on which the best-of-three satisfies E[|A}|] = F;(|A1],|A42]) £ O(y/n/p) for all A C V, where
Fy,F, : N2 = N are fixed functions.

The technical contribution of this chapter is to show that G(2n,p,q) € Papprox W.h.p. Indeed, in
best-of-three, we show that E[|A}|] = Fi(|A1|,|Az2|) & O(y/n/p) for all A C V, where F; : N> — N is
some function (i € {1,2}). We prove that the similar approximation result holds for the best-of-two.
Our key tool is the concentration inequalities, specifically the Janson inequality (Proposition 5.4.5) and
the Kim-Vu concentration inequality (Proposition 5.4.6).

6.1.2 Proof overview: Voting process on G(2n,p,q)

We briefly present our idea by considering the best-of-three on G(2n,p,q). The following arguments
on the best-of-three also works for the best-of-two, which implies Theorem 6.1.5. Consider a sequence

(@D)iez., = ((oét),ozét))),gez>0 of random variables, where az(-t) = |[A; N Vi|/n for i € {1,2}. From
our technical result that G(Qn_, P,q) € Papprox W.h.p., we can approximate the sequence (a®);cz., by
a sequence (a®),cz., defined as a1 = H(a®) and a(® = a® for some function H : [0, 12 >
[0,1]2. Specifically, we show that |a® —a®|, = O(1)! - (1/\/np + /logn/n) for all t = 0,...,n°M)
(Theorem 6.2.3). The function H defines a two-dimensional dynamical system, which we call the induced
dynamical system (see Figure 6.1).

: > " /
L e t
e W % /?zm\\w,»ij
St 7 AN
RN 7 IS
ATERNSEN 1 TN
AN m\\\ il ; /// RN
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AN\ : A AR RN
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\\&\\\\\\\ G NERI IR TERN
(a) r>1/7 r<1/7

Figure 6.1:  The induced dynamical system of the best-of-three on G(2n,p,q) is illustrated, where
r = q/p. Note that the best-of-three exhibits a phase transition at threshold r = 1/7 (Theorem 6.1.4).
The existence of a “sink point” affects the behavior of the best-of-three.

In terms of induced dynamical systems, we obtain two results concerning a®). Let H be the induced
dynamical system. First, we show that, for any initial configuration A, a® is arbitrary closed to one of
the fixed points of H for some t = O(1). Figure 6.2 illustrates the fixed points of the induced dynamical
system H of best-of-three on G(2n,p,q). In general, it is quite difficult to predicate the orbit of a
dynamical system since some dynamical systems exhibit chaos property. Moreover, some dynamical
system has a loop of period two or more (i.e., there might exist two distinct points a,b such that
H(a) = b and H(b) = a). Therefore, the proof of the convergence of the sequence (a*)) generated by
H is difficult in general. Fortunately, the induced dynamical system of best-of-two and best-of-three on
G(2n,p,q) is competitive, which is a nice property of dynamical systems [HS05] (see Section 6.2.4 for
definition).

Second, we investigate the behavior of a(¥ starting from a point closed to a fixed point of H.
The fixed points are classified into four types using the Jacobian matrix: consensus, sink, saddle and
source points.Around consensus points, we show that the process reaches consensus within O(loglogn +
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Figure 6.2: Four fixed points of the induced dynamical system H are illustrated. Note that, the
horizontal and vertical axis correspond to a; and ag, respectively. The points (g, a2) = (0,0),(1,1)
represents consensus. If » > 1/7, sink areas (excluding consensus points) do not exist.

logn/log(np)) steps. Around sink points, we show that the process remains there for at least exp(2(n))
steps, and also show that sink points do not appear if » > 1/7. This yields the lower bound of the
consensus time. Around saddle and source points, we show that the process “escapes” from there within
O(logn) steps if p and g are constants. Intuitively speaking, in these two kinds of fixed points, there are
drifts towards outside and we can apply the framework of [DGM™11].

6.1.3 Organization of this chapter

As a preliminary, we introduce precise definition of our model and auxiliary results of the stochastic
block model and dynamical systems in Section 6.2. In Section 6.4, we prove Theorems 6.1.4 to 6.1.7
using the auxiliary results. In Sections 6.5 and 6.6, we prove the auxiliary results of the stochastic block
model and dynamical systems, respectively.

6.2 Auxiliary Results

In this section, we introduce auxiliary results for Theorems 6.1.4 to 6.1.7.

6.2.1 Our model

We say that a functional voting is a polynomial voting process if it is a functional voting with respect to
a polynomial. We consider a polynomial voting process on G(2n,p, q).

6.2.2 Concentration result for the stochastic block model

Consider a polynomial voting process on the graph G(2n,p,q). For a fixed A C V, let o; = |[ANV;|/n
for i € {1,2} and o = |A’ NV;|/n (see Definition 5.1.1 for the definition of A’). Since o = %Zvevi X,
is the sum of independent random variables, the Hoeffding bound (Proposition 5.4.3) implies that

o} ~ E[af]| = 0 (V/nlogn) (6.1)
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holds w.h.p. (here, the probability is over the randomness of the process). For any fixed A C V| we have

Blojl = - 3 EIX,

veV;
= % Z(l—Pr[Xv:0])+% > Pr(x, =
vEA; veV\A;
1 < deg 4 (v deg 4 (v
O S FIC T
n vgi deg(v) GVZ\A deg(v

In general, (6.2) is a random variable since G(2n,p, q) is a random graph. Our key ingredient is the
following concentration result for this random variable.

Definition 6.2.1 (f-good graph). Let G = (V, E) be a graph on 2n vertices. Let f :[0,1] — [0,1] be
a function, V1,Vo C V be a partition of V' such that |V1| = |Va| = n, and p,q € [0,1] be parameters
satisfying p > q > 0 (p = p(n) and ¢ = q(n) may depend on n). We say a graph G = (V, E) is f-good
for a partition Vi, Vs and parameters p, q if the graph satisfies the following conditions.

(P1) It is connected and non-bipartite.
(P2) There is a positive constant Cy such that, for all A,S CV and i € {1,2},

deg 4 (v ) <|Az‘p+ |A3—i|Q> \/H
E —|SNV; —— || < C14/—,
f( deg(v | g Wop
where A; = ANV; for j € {1,2}.

veSNV;
(P3) There is a positive constant Cy such that, for al ACV, S e {A, V\ AV} and i€ {1,2},

d A; As_; ]
Z f( ega(v >§|Sﬂ%f(| lp + |As Iq)+C|A| ogn
2=, Vet o+ ) w

Theorem 6.2.2 (Main technical theorem). Consider a stochastic block model G(2n,p,q) on a vertex set
Vi UVa. Let f:]0,1] — [0,1] be a polynomial, and p = w(logn/n) and q¢ > logn/n? be functions. Then
G(2n,p,q) is f-good for a partition (V1,Va) and parameters p,q w.h.p.

The proof of (P1) is not difficult since p = w(logn/n) and ¢ > logn/n? (see, e.g., [FK16]). However,
proving (P2) and (P3) is challenging: we prove them in Section 6.5.

Let f : [0,1] — [0,1] be a polynomial and define f(z) = 1 — f(1 — x). Note that g : [0,1] — [0,1].
From Theorem 6.2.2, G(2n,p,q) is f- and f-good for a partition (Vi,Vs) and parameters p,q w.h.p.
Henceforth, we consider a polynomial voting process on a (fixed) f- and f-good graph for a partition

(V4,V2) and parameters p,q. Let r := %, o = “i—‘ and a = oy + az. From (6.2), (P2) and (P3), we
have

Bl =3 (252 0ot (2532 o (s { o 2] 00

for all A C V and i = 1,2. Here, we note that the additive error O (min{, / %p’ ay/ %}) depends on
a. This property plays a key role in consensus.

6.2.3 Induced dynamical system

Consider a polynomial voting process with respect to a polynomial f on a fixed graph that is f-good

for a partition (V7,Vs2) and parameters p,q. Suppose that r = % is a constant. Define two functions

Hy, H>: [07 1}2 — [0, 1] as

Hi(a1,a2) = a;F <“;Lff> +(1—a)f (‘ﬁfﬁf’) for i € {1,2}. (6.4)
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From (6.1) and (6.3), for all A C V and i € {1,2}, it holds w.h.p. that

ot =0 |22, 65

Throughout this chapter, we use & = (a1, a2) and &’ = (o), a)) as vector-valued random variables.
Equation (6.5) leads us to the dynamical system H, where we define H : R? — R? as

H :aw— (Hyi(a), Hy(a)). (6.6)

By combining (6.5) with the Lipschitz condition (see Section 6.3.3), it is not difficult to show the
following result.

Theorem 6.2.3. Consider a polynomial voting process with respect to f on an f-good graph for a
partition (V1,Va) and parameters p,q. For the mapping H given by (6.4) and (6.6), let (a®)22, be the

sequence defined as

0) = o(®

a o (6.7)
alttl) = [(a®).

Then, there is a constant C' > 0 such that

1 logn —an
la® —a®|, <C? <+ >1—n 0,
\/1p n

Broadly speaking, Theorem 6.2.3 approximates the behavior of a® by the orbit a® of the dynamical
system determined by H. We call the mapping H induced dynamical system.

Vo<t <n°M VA, CV : Pr

Proof of Theorem 6.2.53. From (6.5), for all A C V| there is some positive constant Cy such that ||a’ —

H(a)l|oo < Cy <\/1Tp + 105”) holds w.h.p. Since f and f are polynomials, the function H satisfies the

Lipschitz condition. That is, there is a positive constant Co such that ||H(x) — H(¥)|leco < Cal|x — ¥|eo
holds for any x,y € [0,1]* (see Section 6.3.3). Then, we have

o = 2]l = [ ~ H(al"™V) + H(al"™V) - H@'V)]
< [ ~ H@l" D))l + Colla® — a1

1 1
< CQHOé(til) _ a(tfl)”OO + 0 < + ogn>

N n
1 [logn
< t R -
=€ <\/17p+ n )’

where C' is a sufficiently large constant. O

Now, we change the coordinate of H for convenience. Let § and §’ be

0 = (01,02) == (a1 — g, a1 + ag — 1), (6.8)

6/ :( /1v6£) = (O/l _O/27O/1 +O/2 - 1)

Axes §; and d5 correspond to the dotted lines of Figure 6.2. From (6.3), for any A C V and any ¢ = 1,2,
E[0]] = T;(61,62) + O (ﬁ) holds, where

T1(dy, dy) :=H1(Hd1+d2 1—d1+d2> _H2(1+d1+d2 1—d1+d2)7

2 ’ 2 2 ’ 2
1+d dy 1—4d d 14+di+dy 1—dy+d
T(dy, dy) 5=H1( + ;-F 27 ;-i— 2>+H2( + ;-l- 27 ;-l- 2)_1.

This suggests a dynamical system T(d) = (T1(d), T»(d)). Here, we use d = (d;,ds) as a specific point
and § = (d1,02) as a vector-valued random variable. Note that d satisfies 01| + |d2] < 1. In addition,
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the dynamical system T is symmetric: Specifically, T} (+dy, Fdo) = +£T1(d1,d2) and To(+dy, Fd2) =
FT»(dy,ds) hold. To see this, observe H;(ag,1) = Hsz_;(aq, ) (exchange Vi and V3) and H;(1 —
a1,1 —a) = 1 — Hy(ay,as) (consider (V \ A)’ instead of 4’). Consider ) = (5?),6?)) = (agt) -
agt),agt) + aét) — 1) and (d®)52,, where d©@ = §© and d®) = T(d®) for each ¢t > 0. From
Theorem 6.2.3, it holds w.h.p. that

1 logn
(t)_d(t) <Ot | —— g .
|6 oo <C <W+ - ) (6.9)

for sufficiently large constant C' > 0, any 0 < ¢ < n°1) and any initial configuration 4y C V.
Let

S = {(dy,d2) € [0,1)* : dy +dg < 1}. (6.10)

We will show in Lemma 6.4.1 that, d®*1) € § holds for any d®) € S in best-of-two and best-of-three.
Therefore, we focus on the behavior (d(¥)$2, within S.

6.2.4 Orbit convergence

In this subsection, for a map 7' : S — S and an initial point x € S, we present a sufficient condition for
the convergence of the orbit (i.e., the sequence (T"(x)),>0). We call a point x a fized point if T(x) = x
holds.

Theorem 6.2.4. Let T : S — S be an injective and C* (i.e., differentiable and its derivation is contin-
uous) function where S is defined in (6.10). Let J = (ji;); je2) be the Jacobian matriz of T at x € S.
Suppose that J satisfies

(C1) For any x € S, it hold that j11,j22 > 0 and jia,j21 <0, and
(C2) For any x € S\ {(0,1)}, the determinant satisfies det J > 0.
Then, for any x € S, there is the limit lim,_, ., T™(x) and the limit is a fixed point of T.

We will show that the dynamical system T of the best-of-two (and best-of-three) satisfies both (C1)
and (C2). Roughly speaking, from (6.9) and Theorem 6.2.4, it holds w.h.p. that 8 approaches around
a fixed point after constant steps (see Section 6.4 for details).

To show Theorem 6.2.4, we introduce the notion of competitive dynamical system.

Definition 6.2.5 (Competitive dynamical system). For two points x = (x1,22) and 'y = (y1,y2), we
write x <g y ifv1 < y1 and yo < xo hold. For S CR?, amap T : S — S is competitive if T'(x) <x T(y)
whenever x <k y.

See [HS05] for the background of competitive dynamical systems. For two points x = (z1,z2) and
v = (y1,y2), we write x < y if 1 < y; and 29 < yo. We write x < y if 1 < y1 and x5 < yo.
The following known result provides a sufficient condition for the orbit convergence of a competitive
dynamical system.

Theorem 6.2.6 (Theorem 5.28 of [HS05]). Suppose that a competitive map T : S — S satisfies x <y
for any x,y € S of T(x) < T(y). Then, for any x € S, the sequence (T"(x))n>0 converges to some
fixed point of T.

Proof of Theorem 6.2.4. 1t suffices to check the condition of Theorem 6.2.6 holds. First, we claim that
T is competitive. Let T'(x) = (T1(x),T2(x)) for x = (x1,22) € S. From (C1), the function 7; is
nondecreasing on z; and is nonincreasing on x3_;. Therefore, for any (a,b), (¢,d) € S of (a,b) <k (¢, d),
we have T'(a,b) <k T(c,d). In other words, T is competitive.

Second, we claim that the inverse T~! satisfies T71(x) < T~!(y) whenever x <y. Let U := T~!
and U(x) = (Uy(x),Us(x)) for x = (x1,22) € S. By the Inverse Function Theorem (Proposition 6.3.5),
the Jacobian matrix K of U at x € S\ {(0,1)} is the inverse of that of T. Thus, from (C2), we have
ag; (x) > 0 for any x € S\ {(0,1)}. Hence the functions U;(x1, z2) and Us(z1,22) are nondecreasing on
both z; and x5. Therefore for any two points (a, b), (¢,d) € S of (a,b) < (¢, d), we have U, (a,b) < Uy (c, d)
and Us(a,b) < Us(c,d) (note that if (a,b) = (0,1) then (¢, d) must be (0,1) and we are done).

For any points x,y € S of T(x) < T(y), the second claim implies that x = T 1(T(x)) <
T~YT(y)) =y. Therefore, we can apply Theorem 6.2.6. O
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6.2.5 Local dynamics around fixed points

Consider a polynomial voting process with respect to f on an f- and f-good graph for a partition (V1, V)
and parameters p, ¢ (recall that f(z) =1 — f(1 —x)). Let H be the induced dynamical system.

In this subsection, we focus on the behavior of (a¥))$2 when the initial point (%) is around a fixed
point of H (i.e., a point x such that H(x) = x holds). In this case, Theorem 6.2.3 does not provide
enough information about the dynamics. In dynamical system theory, a common approach for the local
behavior around fixed points is to consider the Jacobian matrix. In what follows, we will investigate
the local dynamics from the viewpoint of the maximum singular value and eigenvalue of the Jacobian
matrix. For the readability, we put the proofs of each statements in Section 6.6.

Sink point. We begin with defining the notion of sink points. Recall that the singular value of a
matrix M is the positive square root of the eigenvalue of M T M (see Section 6.3.2 for formal definition
and basic properties). For x € [0,1]2 and r > 0, let B(x,7) := {y € R? : ||x —y||oc < 7} denote the open
ball of radius r with respect to the />*°-norm.

Definition 6.2.7 (sink point). Consider a dynamical system H. A fized point a* € R? is a sink point
if the Jacobian matrix J at a* satisfies omax < 1, where omax s the largest singular value of J.

Proposition 6.2.8. Consider a polynomial voting process with respect to f on an f- and f-good graph
for a partition (V1,Va) and parameters p,q such that r = % is a constant. Let H be the induced dynamical

system. Then, for any sink point a* and any sufficiently small e = w(+/1/np),
Pria’ € B(a*,¢)|a € B(a*,¢)] < exp(—Q(e’n))

holds. In particular, let T := inf {t eN:al ¢ B(a*,e)} be a stopping time. Then, T > exp(Q(e?n))
holds w.h.p. conditioned on a®) € B(a*, €) for any € satisfying ¢ = w(max{1/,/mp,/logn/n}).

Fast consensus. We consider the case in which the initial opinion configuration Ay is closed to con-
sensus. We first observe that, in the best-of-two and best-of-three, the Jacobian matrix at the consensus
point (i.e., & = (0,0), (1, 1)) is the all-zero matrix.

Proposition 6.2.9. Consider a polynomial voting process with respect to f on an f- and f-good graph
for a partition (V1,Va) and parameters p,q such that % is a constant. Suppose that the Jacobian matrix
at the point o = (0,0) is the all-zero matriz. Then, there are constants C1,Cy,0 > 0 such that

1
Pr {TCOHS(A) <O (bg logn + —e" )} >1-p O
log np

hold for any A C'V satisfying |A| < on.

Escape from a fixed point. Let a* € R? be a fixed point of the induced dynamical system H. Let
J be the Jacobian matrix of H at a* and Aj, Ay be its eigenvalues. Let u; be the eigenvector of .J
corresponding to A;. Suppose that uj, uy are linearly independent. Then, we can rewrite J as

J=U"'AU,

where A = diag(\1, \2) and U = (u; up)~!. For a fixed point a* € R?, let 3 = (31, 32) be a vector-valued
random variable defined as

B=U(a—a"). (6.11)

From the Taylor expansion of H at a*, we have E[3'] = AB if ||3||« is sufficiently small.

Recall that B(a, R) is the open ball of radius R (with respect to the ¢>°-norm) centered at a. If
|\i] > 1 for some i € [2], one may expect that a!™ ¢ B(a*, eg) holds for any Ag C V and for some
constant €y > 0. We prove this under some assumptions.

Assumption 6.2.10 (Basic assumptions). Consider an (f1, f2)-polynomial voting process on an f1- and
fa-good graph for a partition (V1,V2) and parameters p,q, where p > q > 0 are constants. Let H be the
induced dynamical system. Let a* be a fized point and J be the Jacobian matriz of H at a*. We assume
that J satisfies
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(A1) The eigenvectors uy and us are linearly independent.

(A2) There is a constant eg > 0 such that Var[al] > Q(n™1) for any i € {1,2} and any A C V of
o € B(a* e).

(A3) The matriz J contains an eigenvalue X satisfying |A| > 1.

Proposition 6.2.11. Let a* be a fized point satisfying Assumption 6.2.10. Suppose that the eigenvalues
A1, A2 of the Jacobian matriz J at a* satisfies |\;| # 1 for all i € [2]. Then, for some t = O(logn) and

some constant € > 0, it hold w.h.p. that ||| > €, and |BJ@| <€ forany j € [2] of |Nj] < 1.
We consider the case of \; = 1 for some ¢ as follows.

Proposition 6.2.12. Let a* be a fized point satisfying Assumption 6.2.10. Suppose that there is a
constant € > 0 satisfying

(B1) There are two positive constants e1,C such that |E[BL]] > (1 + €1)|58:| — % holds for any A C'V
of |18l < € and any i € [2] of |A\;| > 1.

(B2) For anyi € [2] of |\i| <1 and any A CV of |Bi| < €, it holds that Pr[|Bl] < ¢*] > 1 —n~ 1),
Then, for some t = O(logn) and some constant ¢ > 0, it hold w.h.p. that ||| > €, and |ﬁj(-t)| <

for any j € 2] of |\;] < 1.

6.3 Tool

6.3.1 Probability

Proposition 6.3.1 (Lemma 4.5 of [CGGT18]). Consider a Markov chain (X;);2, with finite state space
Q and a function f: Q — {0,...,n}. Let Cs be arbitrary constant and let m = Csy/nlogn. Suppose
that Q, f and m satisfies the following conditions:

(1) For any positive constant h, there is a positive constant Cq < 1 such that

Pr[f(Xi11) < hv/n| f(X:) <m] < Ch.

(2) There are three positive constants €, Ca and h such that, for any x € Q satisfying hy/n < f(x) < m,

Pr[f(Xe41) < (1+ ) f(X,)| X, = a] < exp (—czf(ffy) |

Then f(X;) > m holds for some 7 = O(logn).

Corollary 6.3.2. Consider a Markov chain (X;)$2, with finite state space 2 and a function f : Q —
{0,...,n}. Let Cs be arbitrary constant and m = Csy/nlogn. Consider a set B C Q such that

BC{reQ: f(z) <m}.
Suppose that Q, f,m and B satisfy the following conditions:
(1) For any positive constant h, there is a positive constant Cy < 1 such that

Pr [f(Xi41) < hv/n| f(Xy) <m, X, € B] < Cy.
(2') There are three positive constants €,Co, h such that, for any x € B satisfying hy/n < f(x) < m,

Pr[f(Xe1) < (14 €)f(Xe) | Xy = 2] <exp <_C2f(z)2) :

(3") For some constant Cy > 0,

Pr(X;y1 & B and f(Xi41) <m|X, € B] <O(n~),
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Then,
Pr(f(X;)>m|Xoe B >1—n"
holds for some T = O(logn).

Proof. Let @ = B U {a,b} be the state space with two special states a and b. We consider a Markov
chain (X/)2¢, on Q' by

Pr(Xip1 =z | X: =1y if x,y € B,

Pr(X/, — o | X =y = PriXip1 € BAf( X)) <m | Xy =y] ifx=aandyebB,
Pr(f(Xiy1) = m | Xy =y ifz=>bandyebB,
1 if e =y € {a,b}.

In other words, the special state a corresponds to the event “f(z) < m and z € B 7, and b does
“f(z) > m”.

Suppose that X{; € B and let 7/ = min{t : X| ¢ B} > 0 be the stopping time. Then, the above
definition of X, naturally yields a coupling (Xy, X|)i<, satisfying X; = X] for ¢ < /.

Let f/: Q' — {0,...,n} be a function given by

o ) flx) ifxebB,
Je) = {n if x € {a,b}.

Then, the Markov chain (X[) on €' and the function f’ satisfies the conditions (1) and (2) of Propo-
sition 6.3.1. Hence, for some 7 = O(logn), it holds that X € {a,b}. We insist that X = b, that is,
f(X;) > m. Indeed, from the condition (3'), we have Pr[X. =a | X, € B| < 7-0(n~%) <n %0, O
6.3.2 Linear algebra

Definition 6.3.3 (singular value). For a real matriz A € R™*"  singular values o1,...,0m, of A are
nonnegative square roots of eigenvalues of AAT. We write o;(A) when we specify A. In particular, the
maximum singular value, denoted by opmax, s the largest value among all singular values.

Proposition 6.3.4. For a real matrix A € R™>*™ it holds that

Omax = max |AV]|2,
VER™:||v]la=1

where the norm || - ||2 is the €2 norm.
In particular, it holds that

|Av]l2 < omax|[ V]2

for any vector v € R".

6.3.3 Real analysis

Proposition 6.3.5 (The inverse function theorem; Theorem 12.17 of [Kral6)). Let f be a continuously
differentiable function from an open set U C RF into R¥. Suppose that the Jacobian matriz J at p € U
is tnvertible. Then there is a neighborhood V of p such that the restriction of f to V s invertible.
Moreover, the Jacobian matriz of f~1 at p is given by J 1.

Definition 6.3.6. Consider a function H : S — T, where S C R™ and T C R"™ are closed sets. The
function H satisfies the Lipschitz condition if there is a constant C > 0 such that

[H (x) — H(y)llo < Cllx =yl
holds for any x,y € S.

It should be noted that the definition of the Lipschitz condition does not depends on the norm.
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Proposition 6.3.7 (Exercise 1D.3 of [DR14]). Let O C R¥ be an open set and S C O be a compact
convex subset of O. Suppose that H : O — RF¥ is continuously differentiable on an open set O. Then H
is Lipschitz continuous on C and

[H(x) = H(y)lloo < maxamaX(Jp)Hx — ¥lloo>
peS

where Jp is the Jacobian matriz at p.

Corollary 6.3.8. Let H : R™ — R"™ be a function given by
H(x) = (H1(x),...,H,(x)),

where H;(x) = H;(z1,...,%m) is a polynomial on x1,...,%m for all i € [n]. Then, H satisfies the
Lipschitz condition on [0,1]™.

6.4 Best-of-Two and Best-of-Three on Stochastic Block Model

This section is devoted proving our main results Theorems 6.1.4 to 6.1.7. For notational convenience,
let fpos() := 322 — 223, fRoa(w) := 22, and frea(z) := 1 — fea(l — ) = (2 — x). Recall that the
best-of-two (best-of-three) is a polynomial voting with respect to fgo2 (fBos, respectively). Consider the
best-of-two on an fe2- and foa-good graph, or the best-of-three on an fgo3-good graph (note that fgo3
satisfies fBos(z) =1 — fpo3(1 — x) for every x € [0, 1]). We consider the behavior of § defined as (6.8).

Let u := 32~ Then we have E[5!] = T;(d1,02) + O (%), where, in the best-of-three,

1+4+r np
. udy 2 2 _ A2 2 g2
Tl(dl,dg) = 7 (3 - (udl) - 3d2) 5 Tg(dl,dQ) = ? (3 - 3(Ud1) - dQ) y (612)
and in the best-of-two,
d d
Ty (dy, dy) = 31 ((2u+1) — (udi)? — (2u+1)d3) , Ta(d1,d2) := 52 (38— u2+u)d}—d3). (6.13)

Note that T: S — S, where S is defined as (6.10). For notational convenience, we refer d’ to T(d).
The dynamical system H of the best-of-three is illustrated in Figure 6.3.

Lemma 6.4.1. Consider the best-of-two or best-of-three. For any d € S, it holds that d’ € S.

Proof. In this chapter, we prove Lemma 6.4.1 for the best-of-three. The case of the best-of-two can be

shown in the same way. If (di,ds) € S, we have 3d3 + (ud1)? < max{3,u?} < 3 and d3 + 3(ud;)? <

max{1,3u%} < 3. Hence, from (6.12), we have di > 0 and dj > 0. Let z = 4t apd y =

%. Then, (dy,ds) € S implies % <x <1land0 <y <1. In addition, a simple calculation yields
2 3

T1(dy,d2) + To(dy,ds) = 3 (mlirry) -2 (ﬂfﬁ’) < 1, where r = };—Z Note that 0 < xlny < 1 and the

function f : z > 322 — 223 satisfies f(2) < f(1) = 1 for all 0 < z < 1. Therefore, d’ € S. O

From Lemma 6.4.1 and the symmetry of T', it suffices to consider the case of 60 es.

6.4.1 Best-of-three
It is straightforward to check that fixed points of (6.12) in S are dj, d3,d}, d}, where

(0,0 ifi =1,
. ( 3’:52,0) ifiz?anduZ%,
d; = - ymry U s (6.14)
( T8 4u) ifi=3and u >y,
(0,1) if i = 4.

The Jacobian matrix at (di,dsz) of the dynamical system (6.12) is

- 3 u(l — (ud1)2 — d%) —2ud1d2
T=3 ( —2u2d,ds 1= (ud)? -2 ) (6.15)
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Figure 6.3: The induced dynamical system H of the best-of-three. The horizontal and vertical axes
correspond to o and aw, respectively. The points d} are the fixed points of T'in S. In (a), the only sink
point is d}, which is the consensus point.

Proposition 6.4.2 (Orbit convergence). Consider a sequence (d)2 such that d® € S and d*+Y) =
T(dY). Then limy_,o d®) = d} for some i € {1,2,3,4}. Additionally, suppose that u < 3 and d\®) =

(clgo)7 déo)) € S satisfies dgo) > ¢ for some constant ¢ > 0, then lim;_,o, d® = dj.

Proof of Proposition 6.4.2. If u = 1, we have d} + d, = f(d1 + d2) and d} — d;, = f(dy — dz), where
frz 22(3—22). Since f(2) > 2 for z € (0,1), we have lim;_, d® € {(0,0),(0,1),(1,0)}. In addition,
if déo) > 0 then dgt) — 1 ast — oo. Suppose that 0 < u < 1. Note that T is C! and injective' on
S. Tt is straightforward to check that the conditions (C1) and (C2) hold (see (6.15)). Therefore, from
Theorem 6.2.4, we obtain the first claim of Proposition 6.4.2.

We show the second claim of Proposition 6.4.2. Suppose that u < %. From (6.14), there are at most
three fixed points df,d}, and d} of T' (if v > %) From the first statement of Proposition 6.4.2, we have
limy oo d®) = d} for some i € {1,2,4}. If i = 4, we are done. Suppose that i = 1. Then, for any € > 0,
there is T' € N such that ||[d®®) — d}||oc < € for all ¢ > T. Recall that, from the assumption, déo) > 0.
From (6.12), it is easy to check that dj > d3 if d2 > 0. Fix a sufficiently small constant ¢ > 0 and a point
d such that ||d — d||c < € and da > 0. Then, from (6.12), we have dj > 1.5(dy — 3u?e® — €2) > 1.49d5.
Therefore, if déo) satisfies || d(®) — d}||oc < € and déo) > 0, then either dgt) > € or dgt) > ¢ holds for
some t = O._,0(loge~!). This contradicts to the assumption that lim,_,., d®) = df. Therefore, we have
lim;_, o, d® # d. Similarly, we can show that lim;_, ., d® # d} (when % <u< %) O

Now we focus on the behavior of 8) when 6 is around a fixed point. Table 6.1 shows the property
of eigenvalues of the Jacobian matrix at d} for each i € {1,2,3,4}.

Table 6.1: Each (¢1, c2) represents the property of the eigenvalues Ay > Ag of the corresponding Jacobian
matrix. Specifically, ¢; represents the sign of A\; — 1. For example, (+,0) means that Ay > Ay = 1 and
(4, —) means that Ay > 1 > A,.

points | 0 <u < 2 u=3% f<u<ilu=32]3<u<
dT (+a 7) (+a 1) (+, +) (+7 +) (+a +)
d; undefined (+a 1) (+7 _) (17 _) (_7 _)
d; undefined | undefined | undefined | (1,-) (+,-)
dz (_7_) (_)_) (_7_) (_’_> (_7_)

INote that detJ > 0 for any d € S\ {(0,1)}. Then, from the Inverse Function Theorem (Proposition 6.3.5), T is

injective on S.
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Recall that B(x,r) is the open ball of radius r with respect to the £>*°-norm. For d = (di, d2) € R?,
let (d)+ = (|d1], |da|) € R%.

Proposition 6.4.3. Consider the best-of-three on an fpo3-good graph for a partition (Vi,Va) and pa-
rameters p,q such that r = q/p < 1/7 is a constant. Then there is a constant € = ¢(r) > 0 satisfying
Pr [(8'), & B(ds,e) | (8)+ € B(d},6)] < exp(~Q(n)).
In particular, Teons(A) = exp(Q(n)) w.h.p. for any A satisfying (6), € B(d3,€).
Proof. From Table 6.1, it is straightforward to check that the points d3 and —dj are sink if r < % (or

equivalently, u > %) Therefore, Proposition 6.4.3 immediately follows from Proposition 6.2.8. O

Proposition 6.4.4. Consider the best-of-three on an fpo3-good graph for a partition (Vi,Va) and pa-
rameters p,q such that r = q/p is a constant. Then, for some constant € = €(r) > 0, Teons(4) <
O(loglogn +logn/log(np)) holds w.h.p. for any A C'V satisfying min{|A|,2n — |A|} < en.

Proof. Note that the Jacobian matrix at dj is the all-zero matrix and the same holds for —dj. Let € > 0
be sufficiently small constant. If A satisfies |A| < en, apply Proposition 6.2.9. If A satisfies |A| > (2—e¢)n,
apply Proposition 6.2.9 for V' \ A. O

Proposition 6.4.5. Consider the best-of-three on an fpoz- and fro3(1— fBo3)-good graph for a partition
(V1,V2) and parameters p,q such that p and q are constants. If q/p > 1/7 and |(5§0)\ = o(1), then it holds
w.h.p. that |5ét)| > Kk for some t = O(logn) and some constant k > 0.

Proof. Suppose that u < % (or equivalently, r > %) and that p > ¢ > 0 are constants. From Proposi-
tion 6.4.2, we may assume

sV e |J B e) (6.16)
i€{1,2}

for a sufficiently small constant e; > 0. We use Propositions 6.2.11 and 6.2.12.
First, we check the condition (A2) of Assumption 6.2.10. Note that variance Var[|A}| | A] can be

written as Var[|Aj] = > v g (degA(”)> for any A C V, where g(z) := fBo3(x)(1 — fBo3(z)). Therefore,

deg(v)
from the property (P2) of g-goodness, there are two constants C > 0, Cy > 0 such that
Ai A —i
VACV,Vie{1,2} : ‘Var[|A;|]—n-g(||p+|3|q)‘ gcg\/ﬁ. (6.17)
n(p +q) p
Using z; 1= aiﬁfj”i, we rewrite Var[a}] = Var[|A%]/n? as

var[a;]23(3221)(121)2(221‘*1)10( 1 )

n \/@

Note that Var[a)] = Q(n™!) if a1 < 1 — €3 or az < 1 — €3 for some constant €3 > 0. Therefore, the
statement (A2) holds for every & satisfying & € (;c(; 2y B(d], €2) with sufficiently small constant ez < 1
mentioned in (6.16).

We consider two cases: u # % and u = %
The case of u # % A straightforward calculation of the Jacobian matrix implies that both dj and dj
satisfies the conditions (A1) and (A3) of Assumption 6.2.10. Moreover, the condition of Proposition 6.2.11
holds (see Table 6.1). Therefore, we can apply Proposition 6.2.11.

Suppose that u < 2. Then the fixed point d} does not exist and thus we may assume 69 e B(d?, e).
From Proposition 6.2.11, we have \59\ > e for some t = O(logn) (note that, here, B8 = § and the
eigenvalues satisfy 0 < A\ <1 < Ag).

2

Suppose that u > 5. Both eigenvalues of J; are strictly larger than 1. Hence, for dj, Proposi-

tion 6.2.11 implies that either |(5§t)| > €y Or |(5§t)\ > €, holds for some ¢ = O(logn) if 8 € B(d},e).
If the former holds with \5£t)| = o(1), then 6"*T) € B(d3, ;) holds for some constant T' = T'(e;) since
dy > d; holds whenever 0 < d; < \/% and dy = 0. Note that, at the point d, the Jacobian matrix
Jo has eigenvalues A1, Ao satisfying 0 < A\; < 1 < Ay. Moreover, in look at (6.11), we have 8 = d — d3.
Thus, Proposition 6.2.11 yields that |5ét/)| > €5 holds for some ¢’ = O(logn) and for any 6% € B(d}, e5).



CHAPTER 6. VOTING PROCESS ON STOCHASTIC BLOCK MODEL 68

The case of u = 2. In this case, we have dj = dj = (0,0). We claim that this point satisfies (B1)
and (B2) and then apply Proposition 6.2.12.

Let €2 > 0 be sufficiently small constant mentioned in (6.16). The Jacobian matrix J; = J has
eigenvalues 1 and 3. Supposc that [|6(?|o < € for sufficiently small constant e; > 0. Then, we have
|E[65]] = |‘s2 3 - 3(u51 —63)| £ O(n™0%) > 1.49]6;| — O(n="%). This verifies the assumption (B1).
Now we check that the assumption (B2) holds. Note that (B2) is equivalent to

Pr(|d]] < e2]]01] € €] > 1 —n 0.
For any d of |41] < ez, we have

U(Sl i

B[] =

[3 = (u81)* = 353| £ O(n™"?) < |41 (1 - 5%) +0(n %),

Therefore, from the Hoeffding inequality (Proposition 5.4.3), if |§1] < €g, it holds w.h.p. that

logn
161 < 16:] — f|51|3+o~/ —

for sufficiently large constant C' > 0 and large n. If |6;]® > 270 logn we have |01] < 01| < €2 holds

n 3

w.hp. If [5; 2 < 22€ /18" "we have |6} | = <,/l°§"> < € holds w.h.p.
Thus, from Proposition 6.2.11, we have \52/ | > €2 w.h.p. for some ¢t = O(logn). This completes the
proof of Proposition 6.4.5. O

Here, we prove Theorems 6.1.4 and 6.1.6 using Propositions 6.4.2 to 6.4.5.

Proof of Theorem 6.1.4. From Theorem 6.2.2, G(2n,p,q) is fBoz-good. If r > % and Ag C V satisfies
|[Ag| — n| = Q(n), then we have 1A = 16| > & for some constant & > 0. Next, for any constant
¢ > 0, Proposition 6.4.2 implies (d)), € B(dj,e¢) for some constant | = I(¢). From (6.9), we have
(60, € B(d3, ) for sufficiently large n. Set € be the constant mentioned in Proposition 6.4.4. Then,
from Proposition 6.4.4, it holds w.h.p. that Tions(Ao) < 14 Teons(Ar) < O(loglogn + logn/log(np)).

If r < 1, Proposition 6.4.3 yields Teons(Ao) > exp(Q2(n)) w.h.p. for any Ay C V with 69 e B(ds,e),
where € > 0 is the constant from Proposition 6.4.3. This completes the proof of (ii). O

Proof of Theorem 6.1.6. From Theorem 6.2.2, G(2n, p, q) is both fpos- and fpoz(1— fBo3)-good w.h.p. If
|6(9)| = o(1), then Proposition 6.4.5 yields that [§(Y)| > x for some constant £ > 0 and some ¢t = O(logn).
Then, from Theorem 6.1.4, we have Tcons(A:) < O(loglogn + logn/log(np)). Thus, Teons(Ao) < t+
Teons(A:) < O(logn). O

6.4.2 Best-of-two

The induced dynamical system (6.13) of the best-of-two has the same form as that of the best-of-three.
A straightforward calculation yields that d’ = d € S holds if and only if d € {d}}}_;, where

(0,0) ifi=1,

g/ = ) ifi:2andu2%, (6.18)

u24u—1 1 g s
\/ (u—fi-l)Q ) \/u(u+1)2) . ifi=3and u > 5 s
(0,1) if i =4.

P

The Jacobian matrix J at (dy,dsz) is

=3 —2u(u + 2)dydy 3 —u(2+ u)d? — 3d3

(6.19)

See Table 6.2 for the eigenvalues of J at each d.

Proposition 6.4.6. For any sequence (d)2, lim; o (d®), = d for some i € {1,2,3,4}. Further-
more, if u < @ and there is a positive constant k > 0 such that the initial point d©) = (dgo), d§0>) es
satisfies |dY)| > k, then limy_ o0 (d®)), = di.
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Table 6.2: Each (c1, c2) represents the property of the eigenvalues A\ > Ay of the corresponding Jacobian
matrix. Specifically, ¢; represents the sign of \; — 1.

points 0<u<% uz% %<u<% uz‘/ngl ‘/52*1<u§1
d)lk (+’_) ( 71) (+7+) ( 7+) (+7+)
d; undefined (+,1) (+,-) (1,-) (—,—)
d; undefined | undefined undefined (1,-) (+,-)
dZ (_5_) (_7_) (_7_) (_7_) (_’_)

Proposition 6.4.7. Consider the best-of-two on an fE°2- and f2°2-good graph for a partition (Vy,Vz)

andparameters p,q such that r = q/p < /5 — 2 is a constant. Then, there is a constant ¢ = €(r) > 0
satisfying

Pr[§' ¢ B(ds, ) |6 € B(d3,€)] < exp(—Q(n)).
In particular, Teons(A) = exp(2(n)) holds w.h.p. for any A CV satisfying (0)+ € B(d3,e).

Proposition 6.4.8. Consider the best-of-two on an fges-good graph for a partition (V1,V2) and pa-
rameters p,q such that r = q/p is a constant. Then, for some constant € = €(r) > 0, Teons(4) <
O(loglogn +logn/log(np)) holds w.h.p. for any A C'V satisfying min{|A],2n — |A|} < en.

Proposition 6.4.9. Consider the best-of-two on an fgo2-, [Bo2(1— fBo2)-s [Bo2- and feoz(1— fBo2)-good
graph for a partition (Vi,Vs) and parameters p,q such that p and q are constants. If q/p > /5 — 2 and

|5é0)| = o(1), then it holds w.h.p. that |5ét)| > Kk for some t = O(logn) and some constant k > 0.

We omit proofs of Propositions 6.4.6 to 6.4.9 since they are substantially the same as that of Propo-
sitions 6.4.2 to 6.4.5.

Proof of Theorems 6.1.5 and 6.1.7. The proof of Theorem 6.1.5 is the same as that of Theorem 6.1.4
except for the threshold and using Propositions 6.4.6 to 6.4.9 instead of Propositions 6.4.2 to 6.4.5. [

6.5 Proof of f-Goodness

In this section we show Theorem 6.2.2. In Section 6.5.1, we show that the property (P2) is obtained
from Lemma 6.5.1.

Lemma 6.5.1. For a finite set V with |V| = N, let (Ie)eE<V) be (1;[) independent binary random
2
variables. Let p := maxX,e (v) E[l.]. Suppose that Np > 1. For £+ 1 vertex subsets Sp, S1,...,Se, let
2

W(So; S1,...,S8¢) = Z H degg, (s), (6.20)

s€So iclf]

W(So;S1,...,8) ==Y [] Eldegs, (s)] (6.21)

sE€So i€[(]

where degg(v) = X e (v} Lv,sy for SCV andv e V.
Then there are two positive constants Cq,Csy depending only on £ such that the following holds with
probability 1 — N~¢1:

VS0, 81,y 8ot [W(S05 1, ., Se) = W (S0 1, Se)| < CoN(Np)* =2,

Our proof of Lemma 6.5.1 consists of three parts. First, we give a concentration of W (Lemma 6.5.3).
Next, we give an upper bound on the gap between E[WW] and W (Lemma 6.5.4). At the end, we show
Lemma 6.5.2 which plays a key role in showing Lemmas 6.5.3 and 6.5.4.
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6.5.1 Reduction to the concentration of W
Proof of (P2) of Theorem 6.2.2 via Lemma 6.5.1. Let f(x) = Eﬁ:o cjz?. For notational convenience,

let ©, = djggkiT;)’ Ty = % and & = % Then from the triangle inequality, it holds that
Yo () —r@) | <| Do (fla) = f@)|+] Y (f@) - f@)]. (6.22)
veSNV; veSNV; vESNV;

For the second term of the right hand of (6.22), there are two positive constants C7, Cy such that

S (f@) - @) < Y HE)-f@<a Y Ja-il<alP U e,

n
veSNV; veESNV; veSNV;

The second inequality follows from the Lipschitz condition of f (cf. Section 6.3.3). The third inequality
holds since E[deg(v)] = (n — 1)p + ng and ([4;| — 1)p + |As—i|q < E[deg,(v)] < |Ailp + [A3-4|q for any
veV.

For the first term of the right hand of (6.22), since

(a0 (Blaoao)y? _ (e ~aec) (2) -+ (dema(0) ~ Bldoga ()
deg(v) E[deg(v)] E[deg(v)]J

for any j and v € V, we have

S (o) - ] S S (@) - @)

vesSNV; j=1 vesSNV;

<3 iy

Note that E[deg(v)] = (n — 1)p+ng > (n — 1)p for any v € V. Since

+

> (Bldeg(v)l - deg(v)’) (x,)’

veSNV;

Z (deg4(v)? — E[deg 4 (v)})

veSNV;

) |

Y. (Bldeg(v))’ — deg(v)’) ()’ | < max |y (Bldeg(u)l’ — deg(u)’)
vesSNV; - uelU
/—’JH A /—L
:glga% wWU;v,...,V)=W({U;V,...,V)

and Y-, c gny. (dega(v)? — Eldeg,(v)[) = W(SNVi; A, ..., A)=W(SNVi; A, ..., A), we obtain the claim
from Lemma 6.5.1. Note that, forany S C V,a € RV andz € [0,1]V, | 3 g as®s| < maxpcy | Y ,cp aul
since ZSES:aSSO as < Y ies Wsls < ZsES:aSZO As- O

Now we introduce the following lemma, which we will use in Sections 6.5.2 and 6.5.3.
Lemma 6.5.2. Let V be a finite set of size N and fir | + 1 subsets Sy, S1,...,5 € V. For any
s = (80,81,-..,81) € Sp X S1 X -+ x S}, define
U(s) :={s;:i € {0} U[]}.
Consider Zsesp|f(s)‘, where p € [1/N,1], § € Sy x S1 x --- x S and

F:Sox S x- xS —2(2)

Suppose that the following three conditions hold for anys € S: (1) |F(s)| <k, (2) F(s) C (Ués)) and (3)
the graph G(s) = (U(s), F(s)) is connected. Let L C {0} U [l] be a set of indices such that S; N S; =0
foranyi,j € L (i #j). Then

PO < By, N(Vp)* Hier 5]
> NI
seS

where B; denotes the l-th Bell number.
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The I-th Bell number B; is the number of possible partitions of a set with [ labeled elements. It is

1
known that B; < <%) for all positive integer ! [DT10].

6.5.2 Concentration of W

Lemma 6.5.3. Let W and W be the values defined in (6.20) and (6.21), respectively. Then there are
two positive constants Cy, Co depending only on £ such that the following holds with probability 1 — N~ :

VS0, 51, ..., Se t [W(S0; S1,...,8e) — E[W(So; 51, ..., Se)]| < CaN(Np)“ /2.
Proof. For £+ 1 vertex subsets Sy, S1, ..., S, let
S :={(s0,51,-..,5¢) : S0 € So,s; € Si \ {s0} for every i € [{]}
and for any s = (sg, $1,...,5¢) € Hf:oSi =Sy) x 81 x -+ xSy, let
s) := {{s0,5:} :i € [(]} \ {s0}.
For example, F((a,lxa,c, d,b, f, a)) = {{cub}7 {a,c}, {a,d}, {a,f}}. Then,
W (S0; S1,...,80) = Y H > sy | =D H Iwsy=>_ [[ L (6.23)
s50€S0 1€[f] \s;€5;\{so} seS il SES ecF(s)
Lower bound on W. First, we claim the following: There are two positive constants C3, Cy; such that
Pr [vso,sl oo S W(S0:S1, ., Se) > E[W(So:; i, ..., S)] — C’4N(Np)£’1/2} >1- N (6.24)
To obtain (6.24), we apply Janson’s inequality (Proposition 5.4.5) to (6.23). Then we have
Pr[350,51,...,50: W(So;S1,...,5¢) <E[W(Sp;S1,...,50)] — 1]

t2 #
< (9N 041 B < 1)N — 2
<) e s e ) S\ Y S wE s sy) O

where

V(S();Sl,...754): Z E H Ie H Ie/ .

s€S,s’eS: ecF(s) e €F(s)
F(s)NF(s')£0

Thus it suffices to show that V(Sp; S1,...,S¢) = O(N(Np)?~1). Since max, ¢ (v) E[I.] = p, it holds that

V(So:St,....S0)= > E|[[ L ] | Y @ pFEFEL (6.26)

scS,s'eS: e€F(s) e’€F(s’) s€S,s’cS:
F(s)NF(s")#£0 F(s)NF(s")#£0
To bound (6.26), we apply Lemma 6.5.2 which we will prove in Section 6.5.4. Consider 2¢ + 2 vertex
subsets Sy, S1,. .., S5, where S} := S; mod (¢41). For any i € {0} U [2( + 1], let

20+1
S = {(80,81,...,5224_1) €SxS: F((So,...,SZ)) ﬂF((Sg.;_l,...,s%_._l)) 7£ @} g H S/
i=0
2041
F(s) := F((so, .. .,Sg)) U F((seH, .. .,32[4_1)) for any s = (sg,81,...,82041) € H St

Then for any s € S, G(s) = (U(s), F(s)) is a connected graph and |F(s)| < 2¢ — 1. Thus, for any
ix € {0} U [{], Lemma 6.5.2 with letting [ =20+ 1,k =2¢ — 1 and L = {i.} yields

FEUFE) — 3 76 < N(Npy2-1 1%
> op Sp Ba(e+1)N (Np) N

s€S,s'eS: seS
F(s)NF(s")#0

(Np)*~'. (6.27)

= Ba(r41)|5i.
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Equations (6.26) and (6.27) imply the following statement: For any ¢ + 1 vertex subsets Sy, S1,...S¢
and for any i, € {0} U [4],

V(So0; 51, - -+, Se) < BaeglSi,

(Np)** ™" < Byey1) N(Np)* . (6.28)

Thus by substituting t = C4N(Np)*~/2 with Cy = \/2(€ + 1+ C3)Bs(g41) to (6.25), we obtain the claim
(6.24).

Upper bound on W. To complete the proof of Lemma 6.5.3, we combine the claim (6.24) and the
following claim: There are two positive constants Cs, Cs such that

Pr VS, S1...,80: W(S0;S1,...,50) <E[W(So;S1,...,80)] +CeN(Np)~Y2| >1-N"%. (6.29)

To show the claim, we consider the following expression of W. For any Sp,S1,...,S¢, let Wy =
i

—
W (So; S1,...,S5¢) and let W, :=W(V;V ...,V ,S;, Sit1,...,S¢) for each i € [¢ + 1]. Since W;11 — W; =

WV V,...,V,V\S;,Sit1,...,8¢) for any i € {0} U [l + 1] and Y, ((Wip1 — W;) = Wip1 — Wo, we
have

{41 7
— ¢ —
W (S0; S1,...,80) =W (V;V,...,V) =Y WV;V,...,V,V\S;,Sis1,...,5). (6.30)
1=0

We can apply (6.24) for the second term of the right hand of (6.30). Now we try to get an upper bound
0+1 +1

— —
on W(V:V,...,V). For the notational convenience, let Y = W(V;V,..., V). Let S; = V for every
i€ {0} U [{] and let

E:={F(s):s€8S}.

From (6.23), we have

Y=Y ] I.=>_ Kses:F(s)=F} ] .

s€S ecF(s) Fe& ecel

Thus applying Kim-Vu inequality (Proposition 5.4.6) to Y yields

Pr

Y —E[Y]| > /0! max E[Y4] max E[Ya](8\)"]| <2exp(2+2(f—1)logN —))  (6.31)
Ac(3) AC(3):A#0

where

Ya=>» KseS:Fs)=F} [ .= > [ I

Feé&: ecF\A SES: ecF(s)\A
FOA F(s)DA

Now, we give an upper bound on E[Y4]. Since max,c(v) E[J.] = p, it holds that
2

E[Y,] = Z E H | < Z pIFENAl — Z NECIER

s€S: ecF(s)\A sES: s€S:
F(s)2A F(s)2A F(s)2A

If A =0, a direct application of Lemma 6.5.2 with letting [ = k = £ and L = () yields

E[Ya] =E[Y] <) pF®I < B i N(Np)". (6.32)
seS

Note that |F(s)| < £ and G(s) = (U(s), F(s)) is a connected graph for any s € S C Hf:o S;.
Now we consider the case |A| = k > 1. Let V(A) be the set of vertices induced by the edge set
A C (‘2/) If F(s) O A for some s € Hf:o V, the graph G’ = (V(A),A) is a star graph and hence
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[V(A)| =]Al+1=x+1. Let V(A) = {ag,a1,...,a,}. Now consider (¢ + 1) + (k + 1) vertex subsets
80,51, ---Spyepq where S; = S; for any 0 <4 < £ and S} = {a;_(p41)} forany £+1 <i <L+ k+1. Let

K l+rk+1
S = {(50,51, ey S0trt1) €S X H{ai} : F((so, .. .,sz)) D A} C H S,
i=0

i=0
l+r+1
F(s) :=F((s0,-..,s¢)) for any s = (s9,81,...,Sr4x+1) € H S
i=0

Note that, for any s € S, the graph G(s) = (U(s), F(s)) is connected and | F(s)| < £. Thus Lemma 6.5.2
with letting l = ¢+ rx+1, k=Cland L = {{+ 1,0+ 2,...,{ + k + 1} (note that a; # a; for any i # j

l+r+1 l+r+1
and Hi:Z»l 1S = Hi:ZJrl \{al, 041) H =1) yields

L4r+1
JLZed 15

N = By (Np) T (6.33)

Eva< ¥ plF@i-ial -

sES:
F(s)DA

Z eIl < *Bz+n+2N(N )

p" seS

Combining (6.32) and (6.33), we have

max E[Y,] < max B N e—\A\:B N f—l,
ac (P S g (B, By (PN = Bty (87)

max E[Y4] = max max  E[Y4],E[d(V)] p < 62(4+1)N(Np)e.
AC(y) AC(3):141>1

Thus from (6.31) with A = (2(¢ — 1) + C7/2)log N and Cs = v/1By(s41)(16(¢ — 1 + C7/2))¢, we obtain
Pr {|Y —E[Y]| > CsVN(log N)f(Np)H/Q} < 262 /NC7. (6.34)

Combining (6.30), (6.24) and (6.34), the following holds with probability at least 1 — 2¢2/N¢7 —1/NCs:

VSo,Sl,...,Sg :
W (S0;S1,-..,50) <E[W(So; S1,-..,50)] + CoV'N(log N (Np):~Y/2 + (£ + 1)C4N(Np)*~1/2,

Thus we obtain the claim (6.29) and combining the claims (6.24) and (6.29) complete the proof of
Lemma 6.5.3. O

6.5.3 Expectation evaluation

Lemma 6.5.4. Suppose the same setting of Lemma 6.5.1. Then for any vertex subsets Sy, S1,...,S¢
and for any i, € {0} U [€], there is a positive constant C' such that

[EW(S0; St S0)] = W(So3 51, S0)| < €IS, | (Np)'~
Proof of Lemma 6.5.4. We show

> 1] Eldegs, (s)] < E[W(So; S1,....80)] < > ] Eldegg, (s)]

sE€So i€[l] sESo i€[{]

i (NP)Ll

for any i, € {0} U [¢]. The first inequality follows directly from the FKG inequality (Proposition 5.4.10)
since degg (s) is a monotone increase function on (1) e(Y) for every i. Now we show the second
i € 2

inequality. We write each element s € S as s = (sg, 51, ..., 5¢). Then we have

E[W(SO;Sl,...,Sg)]: Z E HI{SO,Si} + Z E HI{SO’Si}

scS: i€[l] s€S: €[]
|F(s)|=¢ |F(s)[<t—1
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since E[W (So; S1,...,50)] = D g E [Hie[é] I{Smsi}] For the first term, since s; # s; for any 4,5 € [{]
(i # j) if |F(s)| = ¢, we obtain

Z E H Tsosiy | = Z H L [I{So’si}} < Z H E [I{Sox z} Z H Eldegg, (s

IFs(g)SI::Z e[l |F( )I - i€l s€Sic[(] s€So ic[(]

For the second term, from Lemma 6.5.2,

Z E H I| < Z Pl 7O < Boia|Si |(Np) !
sES: eEF(s) sES:
|P(s)]<t—1 |F(s)]<t—1
Note that G(s) = (U(s), F(s)) is a connected graph for any s € S. O

6.5.4 Proof of the key result
To complete the proof of Lemma 6.5.1, we show Lemma 6.5.2 in this section.
Proof of Lemma 6.5.2. 1t is easy to see that
Vs €S U(s)| —1 < | F()] <k
since G(s) = (U(s), F(s)) is a connected graph from the assumption. Hence we have
Zp\]-'(s)l < ZPW(S)H _ Z plVEI-1 < Z plv®I-1, (6.35)
s€S s€S s€S:|U(s)|<k+1 selll, Si:|U(s)|<k+1

To estimate above, we introduce the following notations. For any (I + 1)-dimensional vector s =
(80,81,---,81) € Sg xS X -+ x 8y, let

s):={{je{0}ul]:s; =s}:i€{0}U[]}.

For example, R((a,b,a,c,d,b, f,a)) = {{0,2,7},{1,5},{3},{4},{6}}. Note that R(s) is a partition
of {0} U[l]. From the definition, we have |R(s)| = |U(s)|. For example, |U((a,b,a,c,d,b, f,a))| =
[{a,b,c,d, f}| = 5 = |R((a,b,a,c,d,b, f,a))|. Let R; be the family of all partitions of {0} U [I]. For

example,

= {{{O}a {1}a {2}}’ {{0}7 {172}}’ {{1}7 {072}}’ {{Q}a {07 1}}’ {{O’ 172}}}'

Note that |R;| = Bi+1. Then we have

1
Z PVl = Z Z plveI = Z pl {s € HSi :R(s) = R} . (6.36)
T g RER : RER,: i=0
fz?(sH)E‘)kili RI<k1 SERI?;) -0 5 RI<ki1
From the definition of R(s), for any r € R(s), s; = s; for any ¢,j € . Thus
1
HSEHS“R(S):RH SEDIIREDVID SEED SN | B IR | (A LI CED
i=0 561’1270 S S0ESy s1€S51 sIES| TER,JET re€R |i€r
R(s)=R

For example, consider four vertex subsets Sy, S1,52,S3, let R = {{O7 1},{2},{3}} € Rs and let | =
{i+} C {0} U[3] where i, € {0} U[3]. Then (6.37) means that

3
{s S HSi :R(s) = R}
i=0

= |{(80781,82783) S SO X Sl X SQ X Sg 8o = 81,950 7é S2, 80 7é 83, 82 7é 83}|

< Z Z z Z Lop=sy < 150N S1|]S2]]S5] = H ﬂSi-

80€S50 81E€S51 52€852 53€S53 re{{0,1},{2},{3}} lier
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For an index ¢ € {0} U [l], let r; be the element of R such that r; 5 i. Now let us consider the set L
described in the statement (of Lemma 6.5.2). First we assume that there are 4,j € L with ¢ # j such
that both ¢ and j in the same r. = r; = r; € R. In this case, since S; N S; = () from the definition of L,
we have

I

reR

II

rER\T,

Ns.

€T

= 0. (6.38)

Ns.

€T

:ﬂsi

1ETy

Now we assume that r; # r; for any i,j € L. Then since |{r; : i € L}| = |L| and R = {r; : i €
LYURN\ {r;:i € L}, we have

ITNs|=1I{Ns| II |Nsi< (HI&I) NIRIZIE] (6.39)

rER |i€r i€l |jET; reR\{r;:i€L} [jET i€L

Finally, by combining (6.35) to (6.39), we obtain

!
Zplf(S)l < ]% Z plfl {s € HSi R(s) = RH
i=0

seS ReR;:
[R|<k+1
1 [Lco 15il _ 1 (1Licy |5l
<= pl BINIFIZEL 20 2 2aiel 70 (Np)k+t 1
p R;z: N‘Ll p N‘Ll R;L:
|R|<k+1 |R|<k+1
Hiel |5 k HieL |5 k
<Rl (Nm N(p)* = By (T30 vy
Note that the third inequality follows since Np > 1 from the assumption. O
Proof of Lemma 6.5.1. Combining Lemmas 6.5.3 and 6.5.4, we obtain the proof. O

6.5.5 Concentration of sum of degree powers for small |A|

We prove that G(n,p,q) satisfies the property (P3) of Theorem 6.2.2. We begin with showing the
following two lemmas.

Lemma 6.5.5. Suppose that 0 < ¢ < p = w(logn/n). Then there are two positive constants Cy,Cy such
that G(2n, p,q) satisfies the following with probability 1 — O(n=%1):

Yo e Vi |deg(v) — n(p + q)| < Cav/nplogn.
Proof. Applying the Chernoff bound (Lemma 5.4.2),

Pr[Jv eV :|deg(v) —n(p+q)| >t

< 3 (o (- saaegr) + o (-5) o (-~ 2wtz

veV

< 2e r +e !
n xp | ——— xp [ —=
< P\~ Gnp pl—3
t? t
<2exp|logn—— ) +exp|logn—=-].
6np 3

Note that E[deg(v)] = (n — 1)p+ ng for any v € V and E[deg(v)] < n(p+ ¢q) < 2np. Thus we obtain the
claim letting t = Cov/nplogn since t = Co/nplogn > C'logn for some constant C.
O

Lemma 6.5.6. Suppose that 0 < q < p = w(logn/n). Let S(A) = {SNU: S € {A,V\AV}U €
{(W1, Va, V}} for A C V. For any constant £, there are two positive constants Cy,Co such that G(2n,p, q)
satisfies the following with probability 1 — O(n=C1):

VAC V., VSy,...,Si_1 € S(A) :

[W(S0; S1, ..., Se—1,A) = W(S0; S1,...,Se—1, A)| < Ca| A|y/log n(np)* /2.
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Proof.
Lower bound. First we claim the following: There are two positive constants C3,Cy such that the
following holds with probability 1 —n~¢s:

YA CV,VSy,...,S11 € S(A):

W (S0;S1,...,80-1,A) > W(Sp;S1,...,80_1,A) — Cy|A|\/log n(np)* /2. (6.40)

From Janson’s inequality (Proposition 5.4.5) and (6.28) with a constant C5 and Cs = /2(C5 + 1)Ba(r41),
we have

Pr [HSO’ A ny W (S0, Sem1, A) < E[W(So; S, .., S, A)] — CG|A|\/logN(Np)e_l/2}

N 2(Cs +1)B Al(log N)(Np)2¢-1
< (3 Yt esp (- 2Co = DBeanl Ao X))
|4 2By e41)|A[(Np)

< 9%xp (JA|log N — (Cs5 + 1)|A|log N) < 9¢/N5. (6.41)

Thus combining (6.41) and Lemma 6.5.4 yields the claim (6.40).
Upper bound. Now we show the following claim: There are two positive constants C7, Cg such that
the following holds with probability 1 — n=¢7:

WA C V,¥S0,..., 51 € S(A) :
W (So; 1. -+, Se—1, A) < W(S0; 1, ..., Se—1, A) + Cs|A|/log n(np)*~ /2. (6.42)

From the same discussion of (6.30),
W(So;Sl,...,Sg_l,A)ZW(V;V,...,V,A)— W(V;‘/Y,...,V,V\Si,Si_,_l,...,Sg_l,A) (643)

since Wy, — Wy = ZZ 1(Wi+1 — W;). Thus we consider an upper bound on W(Sy; S1,...,Se—1,A4). Let
dmax 1= max, ey deg(v). Since ) . deg,(v) = >, 4 deg(v), we have

W(V’ V? MR V’ A) = Z deg(/U)E71 deg < dfnax Z degA max Z deg < dfnax|A"
Z' veV veV acA

From Lemma 6.5.5, it holds with high probability that

A (n(p+ q) + O(\/m)y = (n(p+ q))g (1 +0 (@)) .

The second equality holds since (logn)/(np) = o(1) and £ is a constant. Hence we have

¢

W(V"/’ o '7V A) < dfnax|A| = |A‘(n(p+ q))e <1 + O ( 10gn>>

np
¢
n ———
<W(V;V,...,V,A) + O(|A|/log n(np)*—1/?). (6.44)

¢

A m—— ¢
Note that W(V;V,...,V,A) = |A|((n—1)p+ng) . Thus we obtain the claim (6.42) by applying (6.40)
and (6.44) to (6.43). Combining the claims (6.40) and (6.42) complete the proof of Lemma 6.5.6. O

Proof of (P3) of Theorem 6.2.2. Let dpin := min,ey deg(v). Then for any j € [£],

J

—
5 (degA( > <dyd, Y degu(s) =d L W(SNViA, ..., A).

seSNV; deg( ) seSNV;
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From Lemma 6.5.5, it holds with high probability that

ddy = (0 + )~ O(Vplogm)) = (1 +0 (w/ l‘fp”» (n(p+4) .

The second equality holds since (logn)/(np) = o(1) and j € [£] is a constant. Thus from Lemma 6.5.6,
we have

Z (degA(s))j (110 logn W(Sﬂ‘/i;m) +o(a logn
o, \ des(s) np (n(p + ) np

- ' n(p +q) np |

|SOVil (| Aslp+]As_ila) _ |SOVil(Aslp+]As ila) (1Alp+As_ilg\' ™" [Alp :
Note that (n(p+q))j3 - n(p+q) . ( n(p+q3) ) < < |A]. Thus we obtain

the claim. 0

6.6 Proof of local dynamics around fixed points

In this section, we consider a polynomial voting process with respect to f on an f- and f-good graph G
for a partition (Vi,V5) and parameters p, ¢ (recall that f(z) = 1 — f(1 — x)). Throughout this section,
the randomness is the generation of A" at each step. Let H = (Hy, Hs) : [0,1]> — [0, 1]? be the induced
dynamical system.

6.6.1 Dynamics around sink points

Let Ba(x,7) denote the open ball of radius r (with respect to the £2-norm) centered at x. Let a* be the
sink point. From the property of singular value (Proposition 6.3.4) and the Taylor expansion, there are
constants r, K > 0 such that, for any x € B(x*,r), it holds that

1H (x) = x"[|2 = [[H (%) = H(x")|l2 < Omax]|x = %" [l2 + Oxses (% = x"[|3) < (1 = K)r.

Let € > 0 be such that ¢ < r and € = w(1/,/np). From the Hoeffding inequality (Proposition 5.4.3), for
any A CV of a € B(a*, €), we have

Pr(a’ —a®[ls > < Prfla’ — E[]|2 + | E[e/] = H(e)|]2 + | H(a) —a"[|2 > €]
< Prfla’ — E[]|2 = Ke = O(1/y/np)]

< Pr [na' ~Blo/]| > S£ -0 (\/%H

< exp(—Q(Ke*n)).

Fix an initial set Ag C V such that a0 e B(a*,€). For any T > 0, from the union bound over the
time t =1,...,T, we obtain

Pr [at € [T]: a® ¢ B(a", e)] < T exp(—Q(e*n)).

Suppose that € = w(max{\/logn/n,/1/np}). If we set T = exp(De>*n) for some constant D > 0, the
stopping time 7 = min{t : «®) ¢ B(a*,¢)} satisfies 7 > exp(Q(e?n)) w.h.p. Note that Trons(Ag) > 7 and
we are done.

6.6.2 Dynamics around consensus points

This subsection is devoted to the proof of Proposition 6.2.9. We begin with the following result which is
of independent interest.
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Proposition 6.6.1. Suppose that there are absolute constants C,§ > 0 and a function € = ¢(n) = o(1)

such that
C|AP=2
miag < 0 qa)

holds for all A CV satisfying |A| < dn. Then, there are positive constants 6',C', C" such that

1 "
Pr {TCO,,S(A) < <1og logn + - osn )] >1-nC

oge~1
holds for any A C'V satisfying |A| < §'n.
Proof of Proposition 6.6.1. Note that we may assume e(n) = Q(y/logn/n): If ¢ = o(y/logn/n), we
have logn/loge™! = O(1) and we will obtain the claim by applying Proposition 6.6.1 with letting
e = +/logn/n.
Take a positive constant ¢’ such that

M2
10 (Cn + 6M> < M, (6.45)

1
/< . - .
) mln{é, 160} (6.46)

hold for any 0 < M < §'n. We can take such constant ¢’ > 0 since € = o(1) and thus the inequality
(6.45) holds if the ratio 2% is sufficiently small.

Consider (A¢)iez., given by the polynomial voting process such that |Ag| < dn. To exploit the
assumption of the expectation, we first claim that |A4;| < §'n < én holds w.h.p. for all t = 0,...,n°("),
Let B® be the event that |4;| < dn for all i = 0,...,t. Note that B holds. Consider Pr[B¢+1D|B®)].
If E[|A'|] > logn, from the Chernoff bound ((i) of Proposition 2.5.5), for any A C V such that |A| < §'n,
we obtain

2
Pr {|A' > 10 (C|A| + e|A|>] <Pr[|A'| > 10E[|A"|] < exp (—130 logn> <n73
n
Then, for |A| < §'n, it holds with probability 1 — O(n~?) that
2
a1 <10 (S04 qal) < Jag < o (6.47)
n

Here, we used (6.45) with letting M = |A|. If E[|A’]] < logn, from the Chernoff bound (Proposi-
tion 5.4.1), we have

|A'] < 6logn = o(d'n) (6.48)
with probability at least 1 — O(n~?). From (6.47) and (6.48), we obtain Pr [B(*+D | B1)] > 1 - O(n=?)

for each t and thus B® holds for t = n%°" with probability 1 — O(n=299).
Now we look at |A;|. Note that, if |[A] < §'n, then

n

gy < D i En <]l <o,
“\2eA] if0<]A] < £

We consider the following two cases.

Case I: £n < |A|® < §'n. From the Chernoff bound (Proposition 5.4.1), we have

12C1 A, 12
Pr {|At+1| > B2CAL

B(t)} < 9-0l1ogn),

In the last inequality, we used |4;| > &n = Q(y/nlogn). Hence, conditioned on B® and [4|®) > &n
(i=0,...,t), it holds w.h.p. that

120(|Aia])? _ n (12C]A] 2t<0.752tn
= 12C = 120

Here, we used (6.46). Therefore, for some 7 = O(loglogn), |A- | < & holds w.h.p.

|[A:] <

n
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Case II: 0 < |A;| < &n. Conditioned on [4g| < &n, we claim that E[|A,[] < n=%W for some
72 = O(logn/loge™t). Note that this completes the proof of Proposition 6.6.1 since Pr[A,, # (] <
E[A,,|] = n~ %Y from the Markov inequality.

To show the claim, we exploit the property that E[|A’[] < 2¢|A] if |A] < %. Before using this, we show
that |Ay| < <2 holds for all ¢t =1,...,n°()). Conditioned on [A| < <%, we have E[|4’|] < 2¢|A| < O(e*n)
and thus, from the Chernoff bound (Proposition 5.4.1), for any A C V' such that [A| < %, we obtain
Pr HA’\ > %] < 27Uen) — =1 Therefore, it holds w.h.p. that |4;] < gnforalt=0,... ,ne).
Let C® be the event that |A;| < &n holds for all i = 0,...,t. Then, from the tower property of the
conditional expectation, we have

E[|A,,||C"™] < E[E[An| | Ar,—1,C")) | 2]
< E2¢|Ar, 1| | €]
en
< (2™ =
< (297 5
< 0

for some 75 = O(logn/loge~!). This shows the aforementioned claim, which completes the proof of
Proposition 6.6.1. O

Proof of Proposition 6.2.9. It suffices to check the condition of Proposition 6.6.1 for ¢ = © (1/1(:1&).
Using (P3) and the Taylor expansion, there is a constant C' = C'(H) such that

np

1 1
E[|A}]] = nHi(a1,02) £ O (|A| Og”> <nC (@ +a2)? + 4] °g”>

np
Al? 1
_ AL opay, [ loen
n np
holds if ||e|| < § for sufficiently small constant d. O

6.6.3 Dynamics around source and saddle points

Let a* be a fixed point satisfying Assumption 6.2.10. Recall the random variable 3 defined in (6.11).
From the definition (6.11), each element f3; of 3 can be rewritten as

2
ﬂi = Zuijaj — (Ua*)i, (649)
j=1
where we let U = (u;;). Each element u;; of the matrix U does not depend on n. Hence, the Hoeffding
bound (Proposition 5.4.3) implies
Pr(|8/ — E[3]]| > 1] < exp (—Q(tn)) (6.50)

From (6.3) and the Taylor expansion, it holds w.h.p. for any A C V' that

E[3] = U(H(a) —a*) + O (\/%p) 1

a2 +0 (=) ) 1

=AB+ <O|B|—>O(||ﬂgo) +0 (\%@)) 1

= UJ(a—a*) + <0ﬁa*(

Hence, the i-th element 3; of B = (B B2) | satisfies

BB = B + Opaimo(IBI%) + O (\/;p) | (6.51)
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It is convenient to consider the behavior of 3 instead of . Note that @ — a* implies 8 — 0 and vice
versa since the matrix U is nonsingular. By substituting ¢ = © <\/ loi") to (6.50), for sufficiently large
constant C > 0, it holds w.h.p. that

logn
181 = INlIBill < CUBIE, + €y === (6.52)

*

Proof of Proposition 6.2.12 Suppose that the fixed point a* satisfies the condition of Proposi-
tion 6.2.12 and Assumption 6.2.10. Let Isq := {¢ € [2] : |A;| > 1} and I<; :=[2]\ I>1. Fix a sufficiently
large constant K > 0 and let €* be the constant mentioned in Proposition 6.2.12. Define

I
A = {A CV ¢ Bl < € and |8;] < K/ —22 for all j € 1>1},
n

logn

n

Ay = {A CV :|Bllec <€ and || > K for some j € I>1},

A3 ={ACV : ||Blloc > € and |B;]| < €" for all j € I<1}.

We claim that, for each ¢ = 1,2 and any Ag € A;, it holds w.h.p. that A, € A;;; for some 7 =
O(logn). This completes the proof of Proposition 6.2.12.

Case I: 4g € A;. Let f(A) := |[nmax{|B;| : i € Is1}] and m = K+/nlogn. We use Corollary 6.3.2
to show A, € Ay for some 7 = O(logn). Here, we use A; as B of Corollary 6.3.2. Note that A € A;
implies f(A4) < m.

From (6.49) and (A2), we have Var[[B;[] = > uz; Var(a;] = Q(n~") for any A € A;. Here, note
that, for every i € [2], there is j € [2] such that u,;; # 0, since otherwise, it contradicts to the fact that
the matrix U is nonsingular. Thus, from Corollary 5.4.8, it holds that, for any constant h > 0, there is
a positive constant C; < 1 such that Pr[f(A’) < hy/n] < C; holds for any A C V with f(A) < m This
verifies the condition (1) of Corollary 6.3.2.

Now we check the condition (2'). Let z € [2] be the least index satisfying |5.| = max{|5;| : i € [2]}.
Suppose that A € A; satisfies f(A) = |n|B.|] > hv/n for sufficiently large constant h > % (recall that
the constant €; is mentioned in (B1)). Then, from (B1), we have

|E[BL]] > (1+0.99€1)|8.| + 0.01€1] 8. | — \% > (1+0.99€1)|52).

Thus, from the Hoeffding inequality (Proposition 5.4.3), we obtain

Pr{f(4") < (1+09861) /()] < Pr | F(A) < 1ot E[f(A’ﬂ] < exp (‘9 <ﬂf))>

holds for every A € A; satisfying f(A) > hy/n. This verifies the condition (2').
Finally, we check the condition (3) of Corollary 6.3.2. From (B2), for any A € Ay, it holds that

Pr[A’ ¢ A; and f(A') <m] < Pr[3j € I<1,|B)| > €] <n 0.

Therefore, from Corollary 6.3.2, we have f(A;) > m = Ky/nlogn (ie. A, € As) holds w.h.p. for
some 7 = O(logn).
Case II: Ay € A;. Suppose that Ay € Ay and let j € Iq be the index satisfying |3;] > K k’%.
We remark that K is sufficiently large. From (B1) and (6.52), we have |B}[ > (1 + 0.99¢1)|3;|. Thus,

for some 7 = O(logn), we have |,3](T)| > €*. Moreover, from (B2), we have |ﬁi(7)| < ¢ forall i € I<;.
Therefore, A, € Az holds w.h.p.
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Proof of Proposition 6.2.11. Suppose that the fixed point a* satisfies the condition of Proposi-
tion 6.2.11. Let

I :={ie2]:|N] <1},
I = {i € [2]: |\| > 1}

Note that Iy U1 = [2]. Moreover, there is some constant € > 0 such that
[|Ai] — 1] > 3e (6.53)

holds for every i € [2]. For A CV, let z = z(A) € [2] be the least index satisfying |5.| = ||8]|cc. We use
four constants: In (6.52) and (6.53), we defined C and €. Let K := % and ¢ := &. Consider four events

log n

B = {ACV K < ||Bllso < € and Z(A)€I<1},

1
By — {Agv 1Bl < K Og”},

log n

B3 = {ACV K < [|B]lco < € and Z(A)€I>1}7

Bi={ACV : ||Blloc > € and |B;| <€ forall j € I}.

We claim that, if Ay € B;, then A, € B; holds w.h.p. for some j > ¢ and some 7 = O(logn). This
completes the proof of Proposition 6.2.11.

Case I: Ay € B;. Suppose Ay € By. We claim that, if A; € By, then either A;y; € Bs or ||B(”1)||oo <
(t) . .
o0 -H.P-. <1, .
(1 -€)]|8"||co holds w.h.p. For any j € I, the bound (6.52) yields that

1
81 < (1=39)1Blloe + CI1BIZ, + €1/ =2~
1
< (1= Bl — 2Bl + OBl + Oy 2"
1
= (1= )1Bllos = ellBlloe + O/ =22

< (1= 9)lBlloo

holds w.h.p. If Ayyy & Bs, then [|8||oc = |8} for some j € I<y; thus, we have [|8']|c < (1 — €)]|8]lo0
w.h.p. Therefore, for some 7 = O(logn), it holds w.h.p. that A, € By U Bs.

Case II: Ay € B;. Suppose Ag € Bs. Our strategy is to apply Corollary 6.3.2. We will prove the
following result in the last part of this subsection.

Lemma 6.6.2. For any fixed A € By, the following hold w.h.p.:

i) For everyi € I-q, it holds that |8)| < K /82 and
Y <1 [ n ’

(i1) there is a constant h > 0 such that |E[5]]| > (1 + €)|8:| for every i € I satisfying |B;| > ﬁ

Let m = K+/nlogn and define f(A) := |n-max;er., |8;]]. Suppose that f(A,;) > K+/nlogn holds
w.h.p. for some 7 = O(logn). Then, we have A, & B; UBy w.h.p. since |ﬂi(7)| <K k’% holds w.h.p. for
any i € I.;. Here, we used (i) of Lemma 6.6.2. To show f(A4,) > K+/nlogn, we check the condition
(1") to (3") of Corollary 6.3.2 and then apply it.

First, we check the condition (1’) of Corollary 6.3.2. We use the same argument described in the
Case I in Section 6.6.3. From (6.49), we have Var[3]] > Z; , u3; Var[aj]. Moreover, for every i € [2]
there is j € [2] such that u;; # 0, since otherwise, it contradicts to the fact that U is nonsingular. From
(A2), we have Var|[3!] = Q(n~1); thus, from Corollary 5.4.8, it holds that, for any constant h > 0, there
is a positive constant C; < 1 such that Pr[f(A’) > hy/n] < C; holds for any A C V with f(A) < m.
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We check the condition (2’) of Corollary 6.3.2. For every i € I~1, from Lemma 6.6.2, we obtain
(B[ | A€ Bl > (14 )87, (6.54)

In look at (6.49), from the Hoeffding inequality (Proposition 5.4.3), it holds for any set A; € Bs, any
index ¢ € I and any constant € > 0 that

Pr(|8] < (1 - )| E[B]]] < exp (-2 (2 E[8)?n)) < exp (—Q <f(A)>) S (65)

n

From (6.54) and (6.55), by letting ¢ = ﬁ, we obtain

Pr (|8 < (1+5) 18] | A € Ba| < Pr{|]l < (1= €)- | E[3]| A, € Bl

con(-0(127))

In other words, for any A € B, satisfying f(A) > hy/n for some constant h > 0, we have

Ay = A} < exp (—Q (JC(;?Z» .

Finally, we check the condition (3") of Corollary 6.3.2. From Lemma 6.6.2, we have

Pr [f(AtH) < (1 + %) F(Ay)

logn

PI‘[At+1 g By A f(At+1) <m ‘ A € BQ] <Pr A€ By

3jela: |8 >K

n

< an(l).

Now, from Corollary 6.3.2, there is some 7 = O(logn) such that f(A;) > K lo% and |ﬂ§7)| <

K /28" hold w.h.p. for every j € I.;. Consequently, A, € B; U B, holds w.h.p.

n

Case III: Ay € Bs. Suppose that Ay € Bs. From (6.52), it holds w.h.p. that

1
1811 > MalB] = Cl1Bllo — CW
1
> (14 O|Bu] + (e8] — CIB.%) + (W . cﬁ)

> (1+¢€)|B.|

Moreover, for any j € 1.1, it holds w.h.p. that

logn

1851 < (1 = 36)[1Blls + ClIBIIZ + C < (1-9)5|

n
These imply that A;y1 & B1 U By holds w.h.p. whenever A; € Bs. Let 7 be the stopping time given by
7:=min{t : A; € Bs}. Then, |8 V|| > (14€)]|8||s holds w.h.p. for all ¢ < 7. Therefore, we have

A, € By with 7 = O(logn), and |8\ < ¢ for all j € Iy.

Proof of Lemma 6.6.2. Suppose A € Bs and recall the definition K = % For any ¢ € 1.1, the bound
(6.52) yields that

n n n

1 1 1 1
e e +o\/ B < W i
n

holds w.h.p. This completes the proof of the statement (i).
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Now we consider the statement (ii). Suppose that A € B, and |3;| > < - ﬁ (we expect h = ©).

€

For i € I-1, the bound (6.51) implies | E[B]]| > |\i||8:] — ClB|I% — % Since [|Blloc < K 10% and

|Bi| > % = % . ﬁ, we have
CK1
ClBlZ < b O €|Bi| (for sufficiently large n),
C
n < €lBil.

This leads to | E[S!]| > (1 + €)|3;|, which completes the proof of the statement (ii).



Chapter 7

Quasi-Majority Functional Voting

7.1 Introduction

In this chapter, we focus on voting processes on expander graphs. We say that a graph G is A-expander
if max{|Az|, [A\n|} < A, where 1 =X > Ag > -+ > )\, > —1 are the eigenvalues of the transition matrix
P of the simple random walk on G. For example, the Erd6s—Rényi graph G(n,p) of p > (1 + 6)@% for
an arbitrary constant € > 0 is O(1/,/np)-expander w.h.p. [CO07]. The random d-regular graph G, 4 of

3 <d < n/2is O(1/Vd)-expander w.h.p. [CGJ18, TY19).

7.1.1 Voting processes on expander graphs

There is a line of works concerning voting processes on expander graphs. Cooper, Elsdsser, Ono, and
Radzik [CEOR13] showed that the expected consensus time of the pull voting is O(n/(1 — X)) on A
expander regular graphs for any initial configuration. Compared to the pull voting, the study of the
best-of-two on general graphs seems much harder. Most of the previous works concerning the best-of-two
on expander graphs put some assumptions on the initial configuration. Let A denote the set of vertices
of opinion 0 and let B := V' \ A. Cooper, Elsésser, and Radzik [CER14] showed that, for any regular
A-expander graph, the consensus time is O(logn) w.h.p. if ||A| - |B|| = Q(An). This result was improved
by Cooper, Elsisser, Radzik, Rivera, and Shiraga [CER'15]. Roughly speaking, they proved that, on \-
expander graphs, the consensus time is O(log n) if [d(A)—d(B)| = Q(X\*d(V)), where d(S) = Y g deg(v)
denotes the volume of S C V. To the best of our knowledge, any previous works that studies voting
process other than pull voting on non-complete graphs put some assumption on the initial configuration
(e.g., random initial configuration [KR19, AD15] and initial bias [CEOR13, CER14, CER"15]).

7.1.2 Our model

In this part, we introduce quasi-majority functional voting, a subclass of functional voting (see Defini-
tion 5.1.1 for the definition of functional voting).

Definition 7.1.1 (update function). For a functional voting, the function

Hy(w) = 2(1 - f(1—2)) + (1 - 2)f(x)
is called an update function.
The intuition behind the update function Hy is that, on a complete graph K,, (with self-loops), the
functional voting with respect to f satisfies E[a/] = % (1 —f (%)) + %f (%) = Hy(a), where
a = |A|/n and o = |A’|/n (see Section 5.3).

Example 7.1.2. The pull voting, best-of-two, and best-of-three are functional votings with respect to z,
22 and 322 — 223, respectively. The update function of them are z,3z2 — 223, and 322 — 223, respectively.
In general, the best-of-k is a functional voting with respect to

k

felm) =Y (’;)xiax)ki. (7.1)

i=|k/2]+1

84
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It is straightforward to check that Hy, () = fi(x) if kis odd and Hy, () = fr41(2) if k is even. Majority
is a functional voting with respect to

: 1
ifx <3,
if v =
if ¢ >

fa) = (7.2)

b

= - O
[SIEERNITE

if a vertex adopts the random opinion when it meets the tie. It is easy to see that Hy(z) = f(z) for
Majority.

We focus on a functional voting with respect to f satisfying the following property.

Definition 7.1.3 (Quasi-majority functional voting). A function f is quasi-majority if f satisfies the
following conditions.

(1) f is in class C? (i.e., the derivatives f' and f" of f ewist and are continuous),
(2) 0< f(1/2) <1,

(8) Hy(z) < x whenever x € (0,1/2).

(4) Hy(1/2) > 1,

(5) H5(0) < 1.

A wvoting process is a quasi-majority functional voting if it is a functional voting with respect to a quasi-
majority function f.

Note that Hy(x) is symmetric (i.e., Hf(1 —z) = 1 — Hy(z)) and thus the condition (3) implies
Hy(x) > « for every x € (1/2,1). Intuitively speaking, the conditions (3) to (5) ensure the drift towards
consensus. The conditions (1) and (2) are due to a technical reasons.

pull voting
best-of-three -----
best-of-seven -

He(x) 05f

0 ] 0.5 1
X

Figure 7.1: The update functions Hy(x) of pull voting (solid line), best-of-three (dashed line) and best-
of-seven (dotted line). One can easily observe that best-of-three and best-of-seven are quasi-majority
functional voting. Intuitively speaking, quasi-majority functional voting processes have update functions
Hy with the property so-called “the rich get richer”, which coincides with Definition 7.1.3.

For each constant k > 2, the best-of-k is quasi-majority functional voting but the pull voting and
Majority are not. Indeed, if Hy, is the update function of best-of-k, then Hj} (z) = H}, (x) =
(20+41) (Qf)xg (1 — x)*. Tt is straightforward to check that this function satisfies the conditions (3) to (5)
if £ # 0 (this condition excludes the pull-voting). See Figure 7.1 for depiction of update functions of the
pull voting, best-of-three and best-of-seven.
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7.1.3 Our result

We study the consensus time T¢,s of a quasi-majority functional voting on expander graphs. Throughout
this chapter, we consider sufficiently large n = |V|. Let T¢ons(A) denote the consensus time starting from
the initial configuration A C V. For a graph G = (V, E), let 7 = (7(v))vev denote the degree distribution
defined as

_ deg(v)
w(v) = S

(7.3)

Note that 7 is the stationary distribution of the transition matrix (2.1) of the simple random walk on G.
For ACV,let m(A) =) c,7(v). Let

0(A):==m(A) —m(V\A)=2r(4) -1
denote the bias between A and V' \ A.

Theorem 7.1.4 (Main theorem). Consider a quasi-magority functional voting with respect to f on an
n-vertex A-expander graph with degree distribution w. Then, the following hold:

(i) Let C; > 0 be an arbitrary constant and € : N — R be an arbitrary function satisfying e(n) — 0
as n — oo. Suppose that X\ < Cyn~ /4 ||7|ls < C1/v/n and ||7||3 < e/v/n. Then, for any A C 'V,
Teons(A) = O(logn) w.h.p.

(i) Let Cy be a positive constant depending only on f. Suppose that A < Cy and ||7]|2 < Co/v/logn.
Then, for any A C 'V satisfying |6(A)| > Comax{\2, ||7|[2v/1ogn}, Teons(A) = O(logn) w.h.p.

The following result which we show in Section 7.5 indicates that the consensus time of Theorem 7.1.4(i)
is optimal up to a constant factor.

Theorem 7.1.5 (Lower bound). Under the same assumption of Theorem 7.1.4(i), Teons(A) = Q(logn)
w.h.p. for some ACV.

Theorem 7.1.6 (Fast consensus for H}(O) = 0). Consider a quasi-majority functional voting with respect
to f on an n-verter \-expander graph with degree distribution w. Let C' > 0 be a constant depending
only on f. Suppose that H;(0) = 0, A < C and ||«[|2 < C//logn. Then, for any A C 'V satisfying
|6(A)| > C max{\?, ||7||2v/Iog n}, it holds w.h.p. that

_ logn logn
TconS A =011 1 I A 1 .
(A) <0g ogn +log|d(A)|"" + log A1 + 10g(|7r2\/@)1>

For example, for each constant k > 2, best-of-k is quasi-majority with H}(0) = 0.

Remark 7.1.7. Roughly speaking, for p > 2, ||7|, measures the imbalance of the degrees. For any
graphs, |||/, > n~111/7 and the equality holds if and only if the graph is regular. For star graphs, we
have |||/, = 1.

Results of best-of-k. Our results above do not explore Majority since it is not quasi-majority. A
plausible approach is to consider best-of-k for k = k(n) = w(1) since each vertex is likely to choose the
majority opinion if the number of neighbor sampling increases. Also, note that the betrayal function
fr of best-of-k given in (7.1) converges to that of Majority (i.e., fi(z) — f(z) as k — oo for each
x € [0,1], where f is the betrayal function (7.2) of Majority). On the other hand, if k = O(1), there is a
tremendous gap between best-of-k and Majority: For any functional voting on the complete graph K,
Teons(A) = Q(logn) for some A C V from Theorem 7.1.5. Majority on K, reaches the consensus in a
single step if |A| < |V \ A| — 1. This motivates us to consider best-of-k for k = k(n) — oo as n — oo.
For simplicity, we focus on best-of-(2k 4+ 1) and prove the following result in Section 7.6.

Theorem 7.1.8. Let k = k(n) be such that k = w(1) and k = o(n/logn). Let C be an arbitrary positive
constant. Consider the best-of-(2k + 1) on an n-vertex A-expander graph with degree distribution m such

that A < Ck=2n=Y2, ||x|ly < Cn= Y2 and ||xl|s < Ck~Yn=V2. Then, Toons(A) = O ({ggg) holds

w.h.p. for any A C V. Furthermore, there exists a set A CV such that Teons(A) = Q (igig) holds w.h.p.
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7.1.4 Application

Here, we apply our main theorem to specific graphs and derive some useful results.

Erdos—Rényi graph

For any p > (1+ e)lo% for an arbitrary constant e > 0, the Erd6s—Rényi graph G(n, p) is connected and
O(1//np)-expander w.h.p [CO07, FK16].

Corollary 7.1.9. Consider the best-of-k on the Erdés—Rényi graph G(n,p) for an arbitrary constant
k > 2. Then, G(n,p) w.h.p. satisfies the following:

(i) Suppose that p = Q(n~/2). Then

(a) for any A CV, Teons(A) = O(logn) w.h.p.
(b) for some A CV, Teons(A) = Q(logn) w.h.p.

(i) Suppose that p > (1 + 6)10% for an arbitrary constant ¢ > 0. Then, for any A C V satisfying
16(A)] > Cmax{i 1Og”}, Teons(4) = O (loglogn—|—1og|(5(A)|_1 + logn ) w.h.p., where C >

np> VT Tog(np)

0 is a constant depending only on f.

If lolg(gnr;) = O(loglogn) (or equivalently, np = n*(/1o8logn)) " Corollary 7.1.9(ii) implies Tpons(A) =

O(loglogn + log |6(A)|~1) w.h.p.

Corollary 7.1.10. Let k = k(n) be such that k = w(1) and k = O(y/n). Consider the best-of-(2k + 1)
on G(n,p) for p=Q(k/\/n). Then, for any A CV, Teons(4) =0 (11222) holds w.h.p.

From Corollary 7.1.10, best-of-n® on G(n,n~'/?%¢) for any constant € € (0,1/2) reaches consensus in
O(1) steps. It is known that Majority on G(n,Cn~1/?) satisfies Thons(A) < 4 for large constant C' and
random A C V with constant probability [BCO™16].

Random regular graph

For 3 <d < n/2, it is known that the random d-regular graph G,, 4 is connected and O(1/ V/d)-expander
w.h.p. [CGJ18, TY19].

Corollary 7.1.11. Consider the best-of-k on the random d-regular graph Gy, q for an arbitrary constant
k > 2. Then, Gy q w.h.p. satisfies the following:

(i) Suppose that d = Q(n'/?) and d < n/2. Then,
(a) for any A CV, Teons(A) = O(logn) w.h.p.
(b) for some A CV, Teons(A) = Q(logn) w.h.p.
(i) Suppose that d > C and d < n/2 for a constant C' > 0 depending only on f. Then, for any ACV
satisfying |6(A)| > C’max{é, \/@}, Teons(A) = O (loglogn +log |5(A)|~t + 11232) w.h.p.

Corollary 7.1.12. Let k = k(n) be such that k = w(1) and k = O(y/n). Consider the best-of-(2k + 1)
on the random d-regular graph Gp.q such that d = Q(kv/n) and d < n/2. Then, for any A C V,

Teons(A) =0 Ggig) holds w.h.p.

Roughly-regular expander graphs

We can apply Theorems 7.1.4 and 7.1.6 if the ratio of the maximum and average degree is constant as
follows.

Corollary 7.1.13. Consider a quasi-majority functional voting with respect to f on an n-vertex -
expander graph with degree distribution w. Suppose that dpax < Crdaye for an arbitrary constant Cq; > 0,
where dpax and daye denote the mazimum and average degree, respectively. Then, the following hold:

(i) Suppose that A < Cin~'/*. Then
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(a) for any A CV, Teons(A) = O(logn) w.h.p.
(b) for some A CV, Teons(A) = Q(logn) w.h.p.

(i) Suppose that A < Cy for some constant Cy > 0 depending only on f. Then, for any A C V
satisfying |6(A)| > Co max{A?, \/lo%}, Teons(A) = O(logn) w.h.p.

(iii) In addition to the same assumption as (ii), suppose that Hy(0) = 0. Then, it holds w.h.p. that
Teons(4) = O (IOglog” +log|a(A)| 7" + lolg‘i’ll).

Corollary 7.1.14. Let k = k(n) be such that k = w(1) and k = o(n/logn). Let C be an arbitrary
constant. Consider the best-of-(2k + 1) on an n-vertex A-expander graph with degree distribution m such
that A < Ck*1/2n*1/4, and dpax < Cdayy, where dyax and dayye denote the mazimum and average degree,

respectively. Then, Teons(A) = O (iggg) holds w.h.p. for any AC V.

Corollaries 7.1.13 and 7.1.14 immediately follow from Theorems 7.1.4 to 7.1.6 and 7.1.8 since ||7||2 =
O(n~'/?). Note that if the ratio of the maximum degree dp.. and average degree day, is constant,
[7ll, = ©(1/n'~1/P) since m(v) = O(1/n) for all v € V. We obtain Corollaries 7.1.9 to 7.1.12 from
Corollaries 7.1.13 and 7.1.14.

7.1.5 Other quasi-majority functional votings

We can consider the p-lazy variant of a voting process, i.e., every vertex v individually tosses its private
coin and operates the voting process with probability p, while v does nothing with probability 1 — p.
Berenbrink, Giakkoupis, Kermarrec, and Mallmann-Trenn [BGKMT16] studies 1/2-lazy pull voting. If
the original voting process is a quasi-majority functional voting with respect to f, then the corresponding
p-lazy variant is quasi-majority functional voting with respect to pf : © — pf(x). Indeed, H,¢(z) =

(1= p)z+ pHy(z).

Corollary 7.1.15. Consider a p-lazy quasi-majority functional voting on G(n,p) for an arbitrary con-
stant p € (0,1]. Suppose that p = Q(1/y/n). Then, for any A CV, Teons(A4) = O(logn) w.h.p.

This implies the following interesting observation. In voting processes, the number of neighbor
sampling queries per each vertex at each step affects the performance. In pull voting, each vertex
communicates with one neighbor but it has a drawback on the slow consensus time. In the best-of-two,
each vertex communicates with two random neighbors and its consensus time is much faster than that
of pull voting. In p-lazy best-of-two, each vertex queries 2p vertices at each round in expectation, that
is less queries than pull voting if p < 1/2. On the other hand, the consensus time is much faster than
pull voting.

Additionally, we can deal with k-careful voting. In this model, each vertex v selects k random
neighbors (with replacement), and if these sampled k opinions are the same one, v adopts it. Note
that the one-careful voting and two-careful voting are equivalent to the pull voting and best-of-two,
respectively. One can check easily that, for any constant k£ > 2, this model is a quasi-majority functional

voting with respect to f(x) = z*. Note that H(0) =0and Hy(1/2) =1+ 2ot

Corollary 7.1.16. Consider a k-careful voting on G(n,p) for an arbitrary constant k > 2. Suppose that
p=Q(1/v/n). Then, for any A CV, Teons(A) = O(logn) w.h.p.

7.2 Preliminary

7.2.1 Technical background

Consider best-of-two on a complete graph K, (with self loop on each vertex) with a current configuration
A CV. Let a = |A|/n. We have P(v,A) = « for any v € V and A C V. Then, for any A C V,
Elo] = Hy(a) = 3a? — 2a®. Thus, in each round, o/ = 3a? — 203 + O(y/logn/n) holds w.h.p. from
Proposition 5.3.1. Therefore, we can regard the behavior of o as the iteration of applying Hy.

The most technical part is the symmetry breaking at a = 1/2. Note that H¢(1/2) = 1/2 and thus,
the argument above does not work in the case of | — 1/2| = o(y/logn/n). To analyze this case, the
authors of [DGM*11, CGG™18] proved the following technical lemma asserting that « w.h.p. escapes
from the area in O(logn) rounds.
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Lemma 7.2.1 (Lemma 4.5 of [CGG 18] (informal)). For any constant C, it holds w.h.p. that |a—1/2| >
Cy/logn/n in O(logn) rounds (the hidden constant factor depends on C) if

(i) For any constant h, there is a constant Cy > 0 such that, if o — 1/2] = O(y/logn/n) then
Pr{|o/ —1/2| > h/\/n] > Cy.

(ii) If |a — 1/2| = O(y/logn/n) and | — 1/2] = Q(1/vn), Prlja’ — 1/2] < (1 + &)|a — 1/2|] <

exp(—O((a — 1/2)%n)) for some constant € > 0.

Intuitively speaking, the condition (ii) means that the bias |o’ — 1/2| is likely to be at least (1 +
€)|a — 1/2| for some constant € > 0. The condition (ii) is easy to check using the Hoeffding bound. The
condition (i) means that o/ has a fluctuation of size 2(1/4/n) with a constant probability. We can check
condition (i) using the Central Limit Theorem (or the Berry-Esseen bound, see Proposition 5.4.7). The
Central Limit Theorem implies that the normalized random variable (o/ — E[a'])/+/Var[a/] converges
to the standard normal distribution as n — oo. In other words, o has a fluctuation of size ©(y/Var|[a/])
with constant probability. Now, to verify the condition (i), we evaluate Var[a/]. On K, it is easy to
show that Var[a/] = ©(1/n), which implies the condition (i).

The authors of [CER'15, CRRS17] considered best-of-two on expander graphs. They focused on the
behavior of 7(A) instead of a. Roughly speaking, they proved that E[xr(A") — 1/2] > (1 + €)(n(4) —
1/2) — O()?). Then, from the Hoeffding bound, we have E[r(A’) —1/2] > (1 +¢€)(m(A) —1/2) — O(A? +
|7l|2v/Togn)). Thus, if the initial bias |7(A) — 1/2| is Q(max{A?,/logn/n}), we can show that the
consensus time is O(logn).

Unfortunately, we can not apply the same technique to evaluate Var[r(A’)] on expander graphs,
and due to this reason, the worst-case consensus time on expander graphs seems to be a nontrivial
task. Actually, any previous works put assumptions on the initial bias due to the same reason. It
should be noted that Lemma 7.2.1 is well-known in the literature. For example, Cruciani, Natale, and
Scornavacca [CNS19] used Lemma 7.2.1 from random initial configurations (under this assumption, we
can trivially evaluate Var[m(A)], where the randomness is taken over the initial configuration).

The techniques of evaluating E[r(A’)] by Cooper, Elsdsser, Radzik, Rivera, and Shiraga [CER'15]
and Cooper, Radzik, Rivera, and Shiraga [CRRS17] are specialized in best-of-two. Thus, it is not
straightforward to prove the evaluation of E[r(A’)] for voting processes other than best-of-two.

7.2.2 Our technical contribution

For a C? function h: R — R, let

Ki(h) := max |h'(x)|, Kz(h):= max |h"(z)] (7.4)
z€[0,1] z€[0,1]

be some constants depending only on h. The following technical result enables us to evaluate E[r(A’)]
and Var|[m(A’)] of a functional voting with respect to any C? function.

Lemma 7.2.2. Consider a functional voting with respect to a C? function f on a A-expander graph.
Then, for all ACV,

[B[r(A)] — H (r(A))] < Ka(HA(127(A) — 1]+ \)7(A) (1 — w(A)).

Lemma 7.2.3. Consider a functional voting with respect to a C? function f on a \-expander graph. Let
g(x) = f(x)(1 — f(x)). Then, for all ACV,

Varfr(a)] - vl (5 )| < (o) (Gl i20(4) = 11+ 207137 () (= 7))

7.2.3 Proof sketch of the main result

We present proof sketch of Theorem 7.1.4(i). From the assumption of Theorem 7.1.4(i) and Lemma 7.2.3,
if [m(A) — 1/2| = o(1), we have Var[r(A")] = O(||7[39(w(A))) = O(||7l[39(1/2 + o(1))) = O(1/n).
Moreover, E[r(A")] = Hy(m(A)) £ O(mw(A)/+/n) holds for any A C V. Hence, from the Hoeffding bound,
m(A") = Hy(m(A)) + O(y/log n/n) holds w.h.p. for any A C V.
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o If |m(A)—1/2] = O(y/logn/n), we use Lemma 7.2.1 to obtain an O(log n) round symmetry breaking.
In this phase, since |7(A4) — 1/2] = o(1), Var[r(A") — 1/2] = ©(1/n). Then, from the Berry-
Esseen theorem (Proposition 5.4.7), we can check the condition (i). To check the condition (ii), we
invoke the condition H }(1 /2) > 1 of the quasi-majority function. From Taylor’s theorem and the
assumption of Lemma 7.2.1(ii) (7(A4) —1/2 = Q(1/y/n)), E[n(A") —1/2] = Hy(n(A)) — H¢(1/2) —
O(1/y/n) = (14 €1)(m(A) — 1/2) for some positive constant €; > 0. Note that Hy(1/2) =1/2.

If Cy+/logn/n < |n(A) — 1/2] < C4 for sufficiently large constant C; and some constant Cy > 0,
we use the Hoeffding bound and then obtain m(A") —1/2 ~ (1+€1)(w(A) — 1/2) — O(y/logn/n) >
(14 (e1/2))(w(A) —1/2) w.h.p. Hence, O(logn) rounds suffice to yield a constant bias. (Note that
this argument holds when |7(A) — 1/2| < Cs due to the remainder term of Taylor’s theorem.)

If O3 < m(A) < 1/2, it is straightforward to see that w(A") = Hy(mw(A))+O(y/logn/n) < w(A)— e
w.h.p. for some constant e > 0. Note that we invoke the property that Hy(x) < x whenever
0<z<1/2

If 7(A) < Cj for sufficiently small constant C3, we use the Markov inequality to show 7(A4;) =
O(n=3) w.h.p. for some t = O(logn). Since 7(A) > 1/n? whenever A # (), this implies that the
consensus time is O(logn) w.h.p. Note that, since H};(0) < 1, we have E[r(A")] < Hy(m(A)) +
O(m(A)/vn) = Hy(0)m(A) + O(m(A)/v/n) < (1 — e3)m(A) for some constant €3 > 0.

In the proof of Theorem 7.1.8, we modify Lemma 7.2.1 and apply the same argument.

7.2.4 Tools

Let Ay > --- > )\, be eigenvalues of a transition matrix P. If P is reversible, it is known that \; € R for

all i. Let A = max{|\z|, |\n|} be the second largest eigenvalue in absolute value. The quantity

Q(S,T) := Z w(v)P(v,T)

vES

(7.5)

is well known as edge measure [LP17] or ergodic flow [AF, MTO06] in the context of Markov chain. Note

that, for any reversible P and subsets S, T C V, Q(S,T) = Q(T, S) holds.

Proposition 7.2.4 (Expander mixing lemma; p.163 of [LP17]). Suppose P is reversible. Then, for any

S, TCV,

QS.T) — w(S)n(T)] < M/w(S)n(T) (1~ () (1 — =(T)).

Proposition 7.2.5 (Lemma 3 of [CRRS17]). Suppose that P is reversible. Then, for any S CV,

< N7(9)(1—7(9)).

> w(w)P(v,8)* - x(S)

veV

Corollary 7.2.6. Suppose that P is reversible. Then, for any S CV,
> 7(0)(P(v,5) = w(S))" < N7(S)(1 - 7(5)).
veV
Proof. Since Q(V, S) = Q(S,V) = n(S) for any reversible P and S C V', we have
S w()(P(v,8) —7(8))* = 3 w(v)P(v,8) + 7(8)? — 21(S)Q(V, S)

veV veV

= Z m(v)P(v,8)* = 7(9)* < X*7(9)(1 — 7(S9)).

veV

Here, we invoked Proposition 7.2.5 in the last inequality.
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7.3 Evaluate the Expectation and Variance of 7(A’)

7.3.1 Extension to reversible Markov chains

The main results of this chapter (Theorems 7.1.4 to 7.1.6) hold for any quasi-majority functional vot-
ing specified by a reversible Markov chain (see Definition 5.1.1). For example, we can apply our
results to a voting process on an edge-weighted graph G = (V,E,w), where w : E — Rxo de-
notes an edge weight function by considering the transition matrix P defined as follows: P(u,v) =
w({u,v})/ 3w wyer wW{u, x}) for {u,v} € £ and P(u,v) = 0 for {u,v} ¢ E. A weighted functional
voting with respect to f is determined by Prjv € A" | v € B] = f(P(v,B)) and Prjv € B | v € A] =
f(P(v, A)). The weighted variant can be interpreted as follows: For example, in the best-of-three, a ver-
tex selects three neighbors uniformly at random. In the weighted best-of-three, each edge has a positive
weight and the probability of the selection is in proportional to the weight of the edge.

For a function h : R — R and subsets S,T C V, we are interested in the quantity Q(S,T) defined
as

Qn(S,T) = Z m(v)h(P(v,T)). (7.6)

vES

Note that the edge measure (7.5) is a special case of @, where h(x) = x. We show the following lemma
which gives a useful evaluation of Q(S,T).

Lemma 7.3.1. Suppose P is reversible. Then, for any S,T CV and any C? function h: R — R,

Qn(S,T) = w(S)h(x(T)) — I (x(T)) (Q(S, T) — W<S>”(T>)\ = KQz( &

Na(T) (1 —w(T)).

Proof of Lemma 7.3.1. From Taylor’s theorem, it holds for any z,y € [0, 1] that

()~ hiy) ~ (@) - o) < F @y
Hence
|Qn(S,T) = 7(S)h(r(T)) — ' ((T)) (Q(S,T) = =(S)(T))|
= |3 7(0) (WP, T)) = h(=(T)) = W (x(T)) (P, T) - w<T>))’
veES
< 3" w(@) (P, 7)) = h(x(T)) = ¥ (x(T)) (P(v, T) = m(T)|
veS
<Y w2 (o 1) — w(1)? < K2 5 ) (P01 — m(1))?
veS veV
< K22(h) N2r(T) (1 — 7 (T))
Note that the last inequality follows from Corollary 7.2.6. O
Next, consider
Rp(S.T) := Y w(v)’h(P(v,T)) (7.7)

veES

for a function h: R — R and S,T C V. For ease of notation, let m(S) := > _gm(v)? for S C V. We
show the following result that evaluates Ry (S,T).

Lemma 7.3.2. Suppose that P is reversible. Then, for any S,T CV and any C? function h: R — R,

|RA(S,T) = ma(S)h(n(T))| < Ki(h)|x 2\ /7(T) (1 = =(T)).
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Proof. We first observe that
|h(x) = h(y)| < Ki(h)]z —y| (7.8)
holds for any z,y € [0,1] from Taylor’s theorem. Hence,

[R1(5,T) — ma(S)h(x(T))|

Z 7r(v)2 (h(P(v7 T)) — h(ﬂ'(T)))

< Z W(U)Q‘h(P(U,T)) — h(W(T))‘

veSs veS
<> 7@K ()| P, T) = m(T)| < Ky(h) Y m(v)?|P(v, T) — 7(T)).
veS veV

Then, applying the Cauchy-Schwarz inequality and Corollary 7.2.6,

> w(@)?|P(v,T) - =(T)| < J (Z m)ﬁ) (Z m(v) (P(v,T) — W(T))2>

veV veV veV
3/2
< w372 /7 (T) (1 = =(T))
and we obtain the claim. O

For simplicity, in this chapter, we do not explore the weighted variant and focus on the usual setting
where P is the matrix (2.1) and its stationary distribution = is (7.3).

7.3.2 Expectation and Variance

This section is devoted to evaluating E[r(A’)] and Var[r(A’)] for a quasi-majority functional voting.
Recall that we use B =V \ A for A C V. Then, it is clear that

E[r(A)] =n(A) — Z m(v)f(P(v, B)) + Z m(v)f(P(v, A)), (7.9)
vEA vEB
Var[r(A")] = Z m(v)%g(P(v, B)) + Z m(v)g(P(v, A)). (7.10)
vEA vEB
Proof of Lemma 7.2.2. From Definition 5.1.1, (7.6) and (7.9), we have
Bfr(A')] = 7(A) — Qs(A, B) + Qs (B, A), (7.11)
Hy(m(A)) = w(A) — 7(A)f(x(B)) + m(B) f(m(A)). (7.12)

For notational convenience, for 5,7 C V| let
Af(S.T) = Qp(S,T) — n(8)f (n(T)) — f'(=(T)) (Q(S, T) — m(S)n(T))
= Qn(S,T) — (S)f (n(T)) = f'(m(T))(Q(T, S) — m(T)x(S)).
The equality follows from the reversibility of P (see Section 7.3). From Lemma 7.3.1, we have

aps.1) < F2D ()1 - ().
Then, combining (7.11) and (7.12), we have
[Blr(4)] - Hy (n(4))
= |Qs(B,A) = =(B)f (x(4)) — Qs(A, B) + 7(A)f (=(B)|
— |A4(B, 4) + 1/ (=(4)) (Q(A, B) - m(A)n(B))
~Af(A,B) = f(=(B)) (Q(A, B) — n(4)m(B)|
<187 (B,A)| + A1 (A B) + | £ (w(4)) = £/ (=(B))||Q(A, B) = n(A)n(B)
< Ka(F)N(A)R(B) + Ka(F)|r(A) = 7(B)| An(A)n(B).

and we obtain the claim. Note that the last inequality follows from Taylor’s theorem (7.8) and Proposi-
tion 7.2.4. O
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Proof of Lemma 7.2.3. From (7.7) and (7.10),
Var[r(4')] = Ry(4, B) + Ry(B, A).

Thus, applying Lemma 7.3.2 yields

[Var[w(4")] — (m2(A)g(=(B)) + m2(B)g(w(4)) )| < 2K (g) I} *\/7(A)m(B). (7.13)
Next, using Taylor’s theorem (7.8),

1

ma(A)g(n(B) + ma(Bg () ~ Il (5

o) (a(r(8) =0 (5) ) + ma() (o

< Ki(g)m(A)

N—

3
—
h
S~—
SN—
|
Q
7 N
|
N———
N———

(B) ~ 5| + Klo)ma(5)

m(A) — ’ . (7.14)

The last equality follows since |7(A4) —1/2| = |7(B) — 1/2|. Combining (7.13) and (7.14), we obtain the
claim. O

7.3.3 Symmetric functions

In this subsection, we consider a special case that f(z) is symmetry (i.e., f(1 —z) =1— f(x) holds). We
present the following simplified variant of Lemma 7.2.2, which we will use in Section 7.6. Note that, for
a symmetric function f, it holds that Hy(x) = f(x) hor all z € [0,1].

Lemma 7.3.3 (Special case of Lemma 7.2.2). Consider a functional voting with respect to a symmetric
C? function f on a A-expander graph with degree distribution 7. Suppose that f satisfies f(1 — x) =
1 — f(x) for every x € [0,1]. Then, for all ACV,

Nm(A)(1—7(A4)).

Proof. Note that, for a functional voting with respect to a symmetric f, we have Prjv € A’'] = f(P(v, 4))
for any v € V. Thus we have

E[n(A)] =) w(v)f(P(v.4)) = Qs (V. A).
veV

By substituting V' to S of Lemma 7.3.1, we obtain

Qs(V 4) — 5 (r(4))| < K2

Note that Q(V,T) = Q(T,V) = n(T) from the reversibility of P. O

Nm(A)(1—7(A4)).

7.4 Proof of main results

We prove Theorems 7.1.4 and 7.1.6. Consider a quasi-majority functional voting with respect to f on
an n-vertex A-expander graph with degree distribution 7. Let Ag, Ay, ..., be the sequence given by the
functional voting with initial configuration Ay C V. Theorems 7.1.4 and 7.1.6 follow from the following
lemma.

Lemma 7.4.1. Consider a quasi-majority functional voting with respect to f on an n-vertex \-expander
graph with degree distribution w. For the betrayal function f, let en(f) := H(1/2) =1, ec(f) = 1-H}(0),
and K(f) := max{Ks(f), K2(Hy)} be three positive constants depending only on f. Then, the following
hold:

(I) Let C; > 0 be an arbitrary constant and € : N — R be an arbitrary function satisfying e(n) — 0
as n — 0o. Suppose that X < Cin~'/4, ||n|ly < C1/v/n and ||7||s < e/+/n. Then, for any Ay CV
such that |6(Ap)| < c1logn/y/n for an arbitrary constant ¢ > 0, |6(A4¢)| > c1logn//n within
t = O(logn) steps w.h.p.
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eh,(ff) . Then, for any Ao CV s.t. W max{\?, ||[r|l2vlogn} < [6(Ag)| <

%Ef) |0(As)| > ) within t = O(log |§(Ag)|~1) steps w.h.p.
(III) Let ca,c3 be two arbitrary constants satisfying 0 < ¢z < c3 < 1/2 and €(f) = minge(e,,cy) (¢ —
Hf(:r)) be a positive constant depending f,ca,c3. Suppose that A < %{)f) and ||7|l2 < %,

Then, for any Ay CV satisfying ca < w(Ap) < c3, m(As) < co within constant steps w.h.p.

€c €c 2 : ; €c
(1V) Suppose that A < 2K((ff)) and |||l < 321((;%. Then, for any Ay C V satisfying m(Ag) < 8K((ff))7

w(As) = 0 within t = O(logn) steps w.h.p.

(V) Suppose that Hy(0) = 0, A < 10%@‘) and |72 < m. Then, for any Ay C V satisfying

m(Ag) < #(f), it holds w.h.p. that w(A;) = 0 within

logn logn
=0 logl teps.
<°g BN foga 1og<||7rWogn>l> e

Proof of Theorem 7.1.4(ii). Since ||«|l2 > 1/4/n, we have [6(Ag)| = Q(y/logn/n). This implies that
Phase (II) takes at most O(logn). Thus, we obtain the claim since we can merge Phases (II) to (IV) by
taking appropriate constants ca, cs in Phase (III). O

Proof of Theorem 7.1.4(i). Under the assumption of Theorem 7.1.4(i), for any positive constant C, a
positive constant C” exists such that C(A\? + ||7|l2y/Iogn) < C'IO%. Thus, we can combine Phase (I)

and Theorem 7.1.4(ii), and we obtain the claim. O
Proof of Theorem 7.1.6. Combining Phases (II), (IIT) and (V), we obtain the claim. O
In the rest of this section, we show Phases (I) to (V) of Lemma 7.4.1. For notational convenience, let
a:=7(A), o =7(A"), ay = m(A4),
§:=06(A)=2a—1,0 :=5§(A"), 6 = 5(As).
7.4.1 Phase (I): 0 < |0] < ¢qlogn/v/n

We invoke Proposition 6.3.1 to show Lemma 7.4.1(I). We begin with showing the following result con-
cerning the growth rate of |4| to prove (I) and (II) of Lemma 7.4.1.

Lemma 7.4.2. Consider a quasi-majority functional voting with respect to f on an n-vertex \-expander
graph with degree distribution m. Let en(f) = H}(1/2) — 1 and K(f) = max{Ka(f), K2(Hy)} be

positive constants depending only on f. Suppose that X < 26;'(((1;)). Then, for any A C V satisfying

2K(f)>\2<|5|§5h(f)
262
pr (|5 < (1+2U)) )5 _GlI)0Ty
[ '-(* s ) Pl =2 (g3

en(f) K(f)’
Proof. Combining Lemma 7.2.2 and Taylor’s theorem, we have

() 1 (o)
:2‘E[o/} — Hy () + Hy () — Hy @) - Hj (é) (‘“D‘

2
< 2K5(PA (18] + ) a1 — ) + Ka(Hy) <a _ 1>
(

2

< < 2f) K(f )|5> \6|+@)\2 (7.15)
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Note that Hy(1/2) = 1/2 from the definition. From assumptions of A < ;;((f), o] < ” ) and A2 <

eh(f)
, (1
Hence, it holds that

200 > |#1; (5 ) ] - Jen018 = (1 enHll = FenHls = (14 25 ) .

\5| we have

3
< 2 en()1dl.

We observe that, for any x > 0,
2

Pr (|| < [E[§']] — 5] < 2exp <2||K7r||§> (7.16)

from Corollary 5.4.4. Note that 0’ = > ., m(v)(2X, — 1) for independent indicator random variables
(X,)vev (see Definition 5.1.1 for the definition of X,). Thus,

Pr {|5'| < <1 + ehéf)> |5|} = Pr [5’| < (1 + Ehflf)> 16] — Ehéf) |5|]

. € 252
<Pr [5'| < |E[]] - ”éf)él} < 2exp <_1h2(sj|f|)w||§)

and we obtain the claim. O
Proof of Lemma 7.4.1(I). We check the conditions (1) and (2) of Proposition 6.3.1 with letting U(A) =
[n|6(A)]] and m = ¢14/nlogn.

Condition (1). First, we show the following claim that evaluates Var[d'].

Claim 7.4.3. Under the same assumption as Lemma 7.4.1(I),

2
Evar(f) S Var[é’] S &
n n

where €y (f) = f(1/2)(1 — f(1/2)) is a positive constant depending only on f.

Proof of the claim. From Lemma 7.2.3 and assumptions, we have

Var[d’ |
L i (5)| = [varta - it (5)| < Kato) (13154 1)
1
n

K logn
< 171()<0121}+C 3/2> o(1).
Note that Var[§'] = Var[2a/ — 1] = 4 Var[o/]. Since ||7||3 > 1/n, we have
_ 2 2
evar(f) < devar(f) —o(1) < Var[y'] < 4CT +o(1) < &

n o n n n
O
From Corollary 5.4.9 with letting Y, = w(v)(2X, — 1), we have
/ evar(f) / 5.6]|7|3
< — | < < M < —_—
Pr |[§/| < a1/ 02| <Pr [|5 | < o/ Var[o ]} < 0(0) + Far(
&3 n3/2
< B(z) + 5.6 = ®(z) +o(1) (7.17)

W e P72

for any z € R, where ®(x) = \/%ffoo e_yz/Qdy. Thus, for any constant h > 0, there exists some
constant C' > 0 such that

Pr[U(A') < hy/n | U(A) < m] < C,

which verifies the condition (1).



CHAPTER 7. QUASI-MAJORITY FUNCTIONAL VOTING 96

Condition (2). Set h = 265(%) C? and assume hy/n < U(A) < m. Then

2K(f) o - 2K ) o e o
Al < SELOE i = b < W(4) < ol = ofn).

Thus, we can apply Lemma 7.4.2 and positive constants v, C' exist such that, for any hy/n < ¥(4) <

c1yv/nlogn,

n

Pr[¥(A") < (14 7)P(A)] < exp <CW> .

Note that ||7]|2 = ©(1/n) from the assumption. This verifies the condition (2).
Thus, we can apply Proposition 6.3.1 and we obtain the claim. O

7.4.2 Phase (IT): 2288 max (X2 ||x[|yy/logn} < [5] <

Proof of Lemma 7.4.1(1I). Since |5\ > (f) ||7]|2v/1og n from assumptions, applying Lemma 7.4.2 yields

pr 9 < (1+ 20 5] < 2.

Thus, it holds with probability larger than (1 — 2/n?)! that |6, > (1 + Eh(f ) |60 and we obtain the
claim by substituting ¢ = O(log |do|1). O

7.4.3 Phase (IIT): 0 <y <a<c3 <1/2
Proof of Lemma 7.4.1(1II). We first observe that, for any x > 0,

Pr [|o/ _E[]| > #||||2/Tog n} < op (7.18)
from Proposition 5.4.3. Note that o/ = ) ., 7(v)X, for independent indicator random variables

(Xy)vev. Hence, applying Lemma 7.2.2 yields
K5
o — Hy(0)] < o/ ~ Blo/]| + [Blo’] - Hy(0)] < [rlloiogn + 220 0 1y (7.9)

with probability larger than 1 — 2/n2. Then, for any a € [cg, c3], it holds with probability larger than
1 —2/n? that

o < Hye) + K rpviogm < a— ey + L W oD,
Thus, for ag € [ea, 3], ar < ¢g within ¢ = 2(c3 — ¢2)/e(f) = O(1) steps w.h.p. O

7.4.4 Phase (IV): 0<a < €°((f))

We show the following lemma which is useful for proving (IV) and (V) of Lemma 7.4.1.

Lemma 7.4.4. Let € € (0,1] be an arbitrary constant. Consider functional voting on an n-vertex
connected graph with degree distribution . Suppose that, for some o, € [0,1] and K € [0,1 — €],

E[d] < Ka
EXx

for any A CV satisfying a < o, and |72 < NI Then, for any Ag CV satisfying ag < au, ay =0
w.h.p. within O (Io{go%{il) steps.

Proof. For any a < a, from (7.18) and assumptions of E[a/] < « and ||«|]s < 2\;%, it holds with
probability larger than 1 — 2/n* that

o <E[d] +2||r|l2v/1logn < Ka + e, < (1 — €)an + €ay = iy
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Thus, for any oy < a,, we have

Eloy] = Z E[ot|ai—1 = 2] Prog—1 = 2] + Z E [a¢|ai—1 = 2] Prog—1 = 2

r<ax T> Ay
2t
< ; KzProyg_1 =z]+Proy_1 > a.] < KE[oy_1] + -y
2t 2t

<- <Kta0+—<Kt+—

This implies that, E[a;] = O(n~3) within ¢t = O (log)%(?zl) steps. Let Tpin 1= min,ey w(v) > 1/(2|E|) >

1/n?. Markov inequality yields
E
Prio; =0 =1 —Pr[ay > mmin] > 1 — [ov] =1-0(1/n)

Tmin

and we obtain the claim. O
Proof of Lemma 7.4.1 of (IV). Combining Lemma 7.2.2 and Taylor’s theorem,

|E[o/] — H}(0)a| = [E[e'] — Hy(a) + Hy(a) — Hy(0) — Hp(0)(c — 0))|
K2(Hf)a2
2

<2K(f)ha+ @oﬂ. (7.20)

<K (HA0] +A) a(l — o) +

Hence, for any a < C(( f)) we have

E[o/] < (H}(O) +2K(f)A+ K;)a) a

< <1ec(f)+6651ﬁ+eﬁf)>a— (1662]0))a
ee(f)?

Letting € = €.(f)/2, K = 1 —€.(f)/2 and o, = f)’ from the assumption, |72 < R Joen =

€y

2+/logn "’

Thus, we can apply Lemma 7.4.4 and we obtaln the claim.

7.4.5 Phase (V): H;(0)=0and 0 <a <

Proof of Lemma 7.4.1(V). In this case, from (7.20),

7K(f)

E[o/] <2K(f) a + %f)a?. (7.21)

We consider the following two cases.

””“12{7 Z};’g"} <a< In this case, combining (7.18) and (7.21), it holds with

Case 1. max{)\, 7K(f)

probability larger than 1 — 2/n? that

o < (2K(f)/\ E(f) Ilelgvlogn> o2 < TK(f)

9 a”.

+

<
o 2 o? -

Applying this inequality iteratively, for any ag < 7K (f)~!

2

TK(f) 2 TK(f) \° 2
S T =S R (20‘0) = TR

holds with probability larger than (1 — 2/n?)!. This implies that, within ¢t = O(loglogn) steps,

o < max{)\7 % Vfl())g"} w.h.p. Note that max{)\7 % V;())g”} > /lzlz viogn -, >4/ logn/n since

713 > 1/n.
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[mllzvIogm {, _ l[wll2vTogn 72 vTog n _ BK(f)
Case 2. a < max{)\, f{(f)g} Set . = max{/\, ;{(f)g} > %7 K = 55+

1VK(f)|[r]2v/Togn and € = 1/4. Then, from \ < 15+

TOK(f) and HWHQ - 64K(f)\/10gn’

\/||7T||2 [7|l2vIogn € eov
8K logn K(f) 2\/logn 2y/logn’
1 1
K< -+ —<1-g¢

—2 16
Elo/] < (QK(f)/\+ Kéf)oz) a< (QK(f)/\—l— @/\ + ;\/K(f)hg\/logn) a=Ka.

K <1/4+41/2=3/4. Thus, applying Lemma 7.4.4, we obtain the claim. O

I7ll2 = (Vi7ll2)* <

7.5 Lower Bound of Consensus Time

This section is devoted to prove Theorem 7.1.5. In particular, we show the following theorem.

Theorem 7.5.1. Let C > 0 be an arbitrary constant. Consider a quasi-majority functional voting with
respect to [ on an n-vertex A-expander graph with degree distribution w. Suppose that max{\,||7|2} <
n=C. Then, for any A CV satisfying |6(A)] < n~Y, Teons(A) = Q(logn) w.h.p.

Proof of Theorem 7.5.1. From (7.15),
B[] < Hj ( ) 6] + (éf)ﬂ flf)|5|> 16] + %)\2

< (1 +en(f) + 3}(40“)) 6] + K (f)N\2.

Recall that ¢’ = 7 (2, — 1) for independent indicator random variables (X,),cy Definition 5.1.1.
Thus, for any « > 0,

I€2
Pr (& > [E[5")| + ] < exp (w)
2

from Corollary 5.4.4. Hence, it holds with probability larger than 1 — 2/n? that
16'] < ¢|6] + K (F)N? + 2||7]|21/log n,

where we put ¢ := 14¢,(f) + %(f) > 1. Then, applying this inequality iteratively with ¢ = (C/2)log,. n
steps,

[6¢] < clde-a] + K ()N + 2| 7][2/log n
<< ool + e (K(f))\2 + 2H7THQ\/1ogn>
0/2
LRSI T log, n“/? <( ) + 2\/@> o(1)

nC 2C

w.h.p., and we obtain the claim. Note that we use our assumptions of |§o|, max A, |7|2 < n~¢ in the
last inequality.

7.6 Best-of-(2k + 1) on Expander Graphs

We show Theorem 7.1.8. The proof is almost same as the one given in Section 7.4 but we need some
special care. We assume k = w(1) and thus k is sufficiently large. Consider the best-of-(2k + 1) on an
n-vertex A-expander graph with degree distribution 7. Suppose that the graph satisfies the conditions of
Theorem 7.1.8. Let Ag, A1, ..., be the sequence given by the best-of-(2k + 1) with initial configuration
Ap C V. For notational convenience, let

a:=m(A), o =n(4), ay == 7(4),
5= 6(A) = 20— 1, 8 == G(A'), 5 = 5(A,).
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The dynamics of best-of-(2k+1) are divided into four phases. More specifically, we prove the following
key result that corresponds to Lemma 7.4.1.

Lemma 7.6.1. Consider the best-of-(2k + 1) on an n-vertex A-expander graph with degree distribution
w. Suppose that the graph satisfies the conditions of Theorem 7.1.8. Then, the following hold:

(1) For any Ay CV satisfying |dp| < 300C logn/+/n , |0¢] > 300C logn/\/n within t = O(logn/log k)
steps w.h.p.
1) For any Ag C V satisfying |0g| satisfying 300Clogn/v/n < |dp| < @ 8¢ > 25 within t =
vk
O(logn/logk) steps w.h.p. Moreover, there exists Ay C V satisfying 3000 logn/y/n < |dg| < 1—\/2;

such that |6;] < % w.h.p. for any t = o(logn/logk)
(III) For any Ay CV satzsfymg L 25 <1do| <0.9, |61] > 0.9 w.h.p.

(IV) For any Ay C V satisfying 0.9 < |0o| < 1, |6:] = 1 (or equivalently, the voting process reaches
consensus) within t = O(logn/logk) steps w.h.p.

Proof of Theorem 7.1.8 using Lemma 7.6.1. Theorem 7.1.8 is straightforward from Lemma 7.6.1. For
any initial configuration Ay C V, A satisfies one of (I) to (IV). If Ay satisfies (IV), the consensus time
is O(logn/log k). Otherwise, from Lemma 7.6.1, for some ¢ = O(logn/logk), A: satisfies |6(A¢)| > 0.9
and then apply Lemma 7.6.1(IV).

Note that, for an initial configuration Ay satisfying (II), we have Teons(Ag) = Q(logn/logk) w.h.p. O

The rest of this section is devoted to prove Lemma 7.6.1. We begin with preparing useful facts
concerning with best-of-(2k + 1). Let far41 be the betrayal function of best-of-(2k + 1). Then, we have
2k k_
1.05VE < (2k +1) 4=

1
i Fori <2)‘ <2k,
fora1 (1>’ < i\/g < 2vVk,

[ farqa ()] <

2)| = Vm
7 1 1
| fors1 (@) < | foppn m < 1.6k

for sufficiently large k. Here, we used \4ﬁ (1-4) < (Qkk) < ;%,

From Lemmas 7.2.3 and 7.3.3 (note that for11(x) satisfies fory1(2) + far4+1(1 — ) = 1), it holds for
all A CV that

|E[] — fors1(a)| < 0.8k %a(l — ) (7.22)

™
Varfo']— gus(1/2)] < 2V (1712 113 51 1 A 15). (7.23)

where gaps1(2) = £(@)(1 — f(2)). Note that ghy 1 () = fesy (@)1 — 2fans (2)) satisfies lghy ()] <
| for1(@)] < 2v/k. Thus, from the Hoeffding bound (Proposition 5.4.3), it holds w.h.p. that

&/ = fors1(a)] < 0.8kX2(1 — @) + ||7[|21/log n

< 0.8k)\2a(1 — a) + Clzg”. (7.24)
On the other hand, it is routine to check the following facts.
kll7ll3 = o(n™"), (7.25)
<lmigs S, (7.20
kX* = O(1/+/n). (7.27)

We begin with proving the following result.
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Lemma 7.6.2. There exist constants h,c,C,C’ > 0 such that the following hold for any A C 'V satisfying

h/vnk <|6] <1.25/Vk:
Pr(|¢'| < 0.025Vk[d]] < exp (—cknd?),
and
Pr[|0'| > CVk|d|] < exp(—C'knd?).

Proof. Let h be a sufficiently large constant and let A C V' be a configuration satisfying \/% <9 < %
From (7.22), (7.27) and Taylor’s theorem, we have

|E[0"]] > ‘2f2k+1 (; + g) —~ 1' — 0.8k %a(1 — a)

1 52

> fhe (5) 101 oo )y - 02002

> 0.05Vk|8] + (VE|6] — 0.8k6%) — 0.2k\?
0.01h

> 0. —— —0.2k)\?

> 0.05VE|6| + 7 0.2k

> 0.05VE|d].

In the fourth inequality, note that v/k|6| > 0.8k4? holds if |§| < 1.25/v/k. In the last inequality, we used
A= O0(k7%51n7925) and thus kA? = O(1/y/n) < 0.01h/\/n for sufficiently large constant h. Then, from
Corollary 5.4.4, we have

Pr[|0'| < 0.025Vk|6]] < Pr[|0'| < 0.5/ E[¢]]]

0.5/ E[6"]2
= 2exp (‘ 2

< exp (—cknéz)

for some suitable constant ¢ > 0. In the last inequality, we used (7.26).
Similarly, we obtain

1 4
|E[0']| < ‘2f2k+1 (2 + 2) — 1' +0.8kX%a(1 — @)

1 52
< Feer (3) 11+ g, s (91 +0200°
< 2Vk|6] 4 0.8k6% + 0.2k

= O(Vk|9])

and thus, from Corollary 5.4.4, two constants C' and C” exist such that

Pr[|6'| > CVE|d|] < exp(—C'knd?).

7.6.1 Phase (I): 0 < |§] < 300Clogn/v/n

In this part, we show Lemma 7.6.1(I). The proof is almost same as that of Lemma 7.4.1(I) that is
presented in Section 7.4.1. The difference is that we use the following result, which is a slight modification
of Proposition 6.3.1.

Lemma 7.6.3 (Modification of Proposition 6.3.1). Consider a Markov chain (X;)$2, with finite state
space Q and a function U : Q — [0,n]. Let Cy be an arbitrary constant and m = Cyy/nlogn. Let
k = k(n) be a function such that k(n) — oo as n — co. Suppose that Q, ¥ and m satisfies the following
conditions:
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(i) For any positive constant h, there exists a positive constant Cy < 1 such that

Pr [\I/(XtH) < h\/Z‘ (X)) < m] < 3%

(#4) Three positive constants Cs, Cy and h exist such that, for any x € Q satisfying hy/n/k < ¥(z) < m,

X; = x} < exp <—C4W) .

Pr {\P(XtJrl) < C3VET(Xy) n

Then, U(X;) > m holds w.h.p. for some t = O(logn/logk).

We prove Lemma 7.6.3 in Section 7.6.5. Lemma 7.6.1(I) is immediate from Lemma 7.6.3 with letting
U(A) = n|d| and C; = 300C. Hence, it suffices to verify the conditions (i) and (ii).
Condition (i). First we evaluate the variance Var[d'].
Claim 7.6.4. Under the same assumption as that of Lemma 7.6.1(I),

Var|§'] > @
n

Proof of the claim. Note that Var[d'] = 4 Var[o/]. From (7.23), we can evaluate the variance Var[a/] as
follows:

Var(a] = gar1(1/2) 713 = VHdll|w3 — 2VEX |13

1 logn 3/2

P == :

> - 3k (3000 \/ —— + A7l ) (from (7.26))
1-o0(1) ,.

=~ (since k = o(logn/n)) and (7.25))
0.99

> —.

~ 4n

From Corollary 5.4.9, for any positive real x, we have

o <a [0.99
n

e=V*/2dy (see (7.17)). This yields the condition (7).

3

P _200Tls
' - Var|§/]3/2

— ®(2) + o(L),

where ®(z) = \/% .

v(A)
prap

Condition (i7). This condition directly follows Lemma 7.6.2 by substituting |§| =

7.6.2 Phase (II): 300C logn/\/n < |§| < 1.25/Vk

Since |§] > 300C log n/+/n, from Lemma 7.6.2, we have
kn (1 2
Pr[|'| < 0.025v/%|6]] < exp (-C”(Og”)) <n~2

n

if k is sufficiently large. Thus, we have |§;| > (0.025vk)* - 300C log n/+/n with probability (1 —n=2)t.
Therefore, for some t = O(logn/logk), |6;| > 1.25/v/k with probability 1 — n="2.

Now we show the lower bound that ¢t = Q(logn/logk). We assume that k& = n°!) (otherwise,
logn/logk is a constant and the lower bound is trivial). From Lemma 7.6.2, we have 0’| = O(Vk|d|)
w.h.p. Suppose that |§| = 300Clogn//n. If t = o(logn/logk), we have |§;| < n°MO(logn/\/n) <
O(n=13) < 1.25/Vk if k = n°M). This implies that it requires Q(logn/log k) steps to reach a configu-
ration that |§] > 1.25/Vk.
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7.6.3 Phase (III): 1.25/vk < |6] < 0.9
We may assume that § > 0 without loss of generality (otherwise, consider A¢). From (7.24), we have

Klogn

1 4
8 > 2fonin <+> —1-0.4k\2 -2

2 2 n

> 2 (; n g) ~1-o(1).

We claim that 2for41 (5 + g) — 1> 0.9 during this phase (for sufficiently large n and k). Let Bin(V, p)
denote the random variable of the binomial distribution with N trials and probability p. Then, from the
definition of fory1, it holds that

fort1 (;4-5) =Pr l:Bin(?k-l—l,;-i-(s) >k‘+1]

=1-Pr [Bin (Zk +1,- L 5+ 5> ] (7.28)
Let = (2k + 1)(1/2 + §) be the expectation of Bin(2k 4+ 1,1/2 + §). Then, since u — k > 2kd, we have
Pr {Bin <2k+1 1+5) } <Pr |:B1 <2k+1 +5) (uk)]
[B (2k+1;+5)§u—2k5]
xp(—2ko? (7.29)

In the third inequality, we applied the Hoeffding bound (Proposition 5.4.3). If 6 > 1\/23, by combining
(7.28) and (7.29), we obtain

1
foken (2 n 6) > 1 - exp(~2k6?)

> 1 _ e 3125
> 0.92.

Thus, from (7.24), 6’ > 0.92 — o(1) > 0.9 holds w.h.p.

7.6.4 Phase (IV): 09< | <1

We may assume 7(Ag) < 0.1 without loss of generality. We claim that m(A;) < - for some ¢ =
O(log n/log k), which implies A; = @ (since 7(S) > 7~ > > whenever S # 0).
Observe that
2k+1

fort1(z) = Z (Qk;’_ 1) 2i(1 = z)2kt1-
=kt 1

(4z)"

X

< =
~ 4k

whenever z < 0.1 < 471(16k)Y/*~1) with k > 2. Therefore, from (7.22), we have

IN

1
E[o/] < [ — 4 0.4k)?
[a]_<4k—|—0 k/\)()é

From (7.24) and the upper bound of E[a/] above, it holds with probability 1 — O(n=3) that o/ < 0.9
conditioned on o < 0.1. Thus,

t
E[r(4;)] < <41k + 0.4k)\2) 4+ p3+0(1) < p=3+o(D)
for some t = O(logn/logk + logn/logA™!) = O(logn/logk) (note that \~! = Q(n1/4) from (7.27)).

For this ¢, we have Pr[4; # 0] < Pr[n(A;) > n~?] < n?E[r(A;)] = O(n™!). This completes the proof
of Lemma 7.6.1 as well as Theorem 7.1.8.
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7.6.5 Symmetry breaking lemma for best-of-k

The proof is essentially given in [CGGT18]. By inspecting the proof of [CGG'18] with evaluating
constant terms carefully, we obtain Lemma 7.6.3. For completeness, let us present it here.
Let m = C1y/nlogn. Let 7 = inf{t € N: U(X;) > m} and {7(i) };en be the hitting times defined as

7(0) =0,
{T(Z) =infyen{t: 7(i — 1) <t <7, f(X) > hy/n/k}.
Let Ry, Ry, ... be the sequence of random variables defined as R; = X ;). It is shown in [CGGT18] that

e The sequence (R;);en is a Markov chain.

e The sequence (R;);cn satisfies

k\Il(x)2>

PI‘[\IJ(RH_l) < 03\/E\IJ(RZ)|RZ = I] < exp <C4 "

for any x € Q that hy/n/k < &(z) < m.

We claim that ¥(R;) > m for some i = O(logn/logk). To prove this, we use the Markov inequality.

Fix a state z € Q such that hy/n/k < ¥(z) < m for a sufficiently large constant h. Let ¥; = exp(—%)

for each i. Let y = exp(—\y\%)) and z = z(x) = % > h for € Q. Note that e* = y~V*. Then, we

have

E[Y;1|R; = 7]

< Pr[U(Rip1) < CsVEU(z)] + Pr[¥(Riy1) > CsVET(2)] - exp (—Cg\/%lp(x)>

NG
< exp <—C4 k\IlfLI)2> + exp (—03 \/E\}I’ﬁ(.f))

= exp (—C42?) + exp (—C32)

=y VE (exp (C;’z — 0422) + exp <—C;z)>

Y2 (since z > h is sufficiently large and Cy > 1)

y
1
2
i if 1 <y <1,
3

In the second part of the last inequality, we assume that & > 2; hence, it holds that r* < = for 0 <r < %
if a > 2. Note that for each ¢ > 1, the random variable W(R;) = (X ;)) satisfies hy/n/k < W(R;) < m.
Then, we have

BV < (C;ﬂ)z

and thus, by the Markov inequality,

Pr[¥(R;) <m] = Pr [Yi > &P <_;nﬁ>}
o (C;;) 1(222)
<n”!

for i = |[Cslogn/log k| for some constant Cs that depends on Cy and Cs.
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Finally, we consider 7(|Cslogn/logk]). Let Wy, W1, ... be binary random variables defined as

w, = {1 ) =
0 otherwise.
Note that Pr[r(T}) > T3] = Pr| 321 W, < Ti]. Let Wo, Wi, ... be ii.d. binary random variables such

that B[IW;] =1 — % From the condition (i), for every T, the sum Zthl W, has stochastic dominance

T . .
over y ., Wi Therefore, setting 71 = L%j and Tp = f%-\, we obtain

.
Cslogn Cslogn

P >Th| =P E <

r{Tq log & D_ 2} ' Wt_{ log k H

&2
<)
0
N
| |

< Pr Z(l_Wt) > Cg,logn}

Cl) log k -
<o | ==
- (\/E

< nO(l/logk)f%.

In the fifth inequality, we used the union bound over the choice for W;. Note that 1 — W; = 1 with
probability % O



Chapter 8

Random Walk on Growing Networks

8.1 Model and Quantities

In this chapter we introduce a new notion of growing graph and investigate a random walk on it.

8.1.1 Random walk on a growing graph

A growing graph is a sequence G = (Gy)iez., of graphs where each G, = (V;,&,) is a graph such that
Vi € Vip1. A random walk on a growing graph is a stochastic process Z = (Zt)tez, for Z, € V;, where
the transition probability from Z; to Z;y1 is provided as a random walk on G;. Note that Z; € V4
holds for t € N.

We are particularly concerned with a simple model of growing graphs with moderate changes. Roughly
speaking, a growing graph G in this chapter keeps being a graph G unchanged for some duration of
steps, then changes its shape to G("*1) by adding a single vertex and connecting it to G(™). Let 9: N = N
be a function, denoting the duration of keeping the graph unchanged. For n € N, let G(™ = (V(”), E(”))
be a graph such that V(™ = {vy,...,v,}, E®) = 0, and E™ = EC"=D U, s{{vn,u}} for some
S C V=D Then, G is given as G; = G where n(t) € N is the least positive integer satisfying
0(i) <t < >, 0(i). Notice that Gy is a graph of a single vertex'. In other words, 9(n) denotes the
duration of |V;| = n, and hence 9(n) = min{t : |V4| = n + 1} — min{t : |V4| = n} holds. For convenience,
let T;, := """ 0(i) = min{t > 0 : [V| = n} for n € N. For example, if 9(n) = n, then GO = GO,

G =g® = 61:@), GO =gW =60 =GO and Ty =0, T, =1, T3 =3, Ty =6.

This chapter is also concerned with a particular model of random walks on growing graphs. For
simplicity, we assume that a random walk on a growing graph G is temporarily time-homogeneous,
meaning that a random walk is formally represented by a common n X n transition matrix P(") such
that Pr[Z;1 = v | Z; = u] = (P™),, when G; = G. We simply represent a random walk on
a growing graph (RWoGG, for short) by a triple R = (9, (G™),en, (P™),ey). Strictly speaking, an
RWoGG is specified by a pair (9, (P™),en) and the sequence (G(™),cy is not essential. However, we
define an RWoGG as a triple (9, (G™),.en, (P™),cx) in order to emphasize that the random walk takes
place on a growing graph.

We are concerned with the number of vertices unvisited by an RWoGG, formally given by

U = |{vEVi_1:v+# Zs for any s € {0,1,...,t}}],

where recall the fact that Z; € V,_;. Particularly, let U(n) (or simply U without confusion) denote

Ur,.,,ie,U(m)=n— ‘UQSI {Z:}|, and we will be concerned with it.

8.2 Our Results

This chapter investigates the behavior of E[U] regarding 9 for an RWoGG R = (2, (G);cn, (P™);en).
As a warm-up, we first study the simple random walk on a growing complete graph. Then, we obtain
upper bounds of E[U] for general growing graph in terms of the hitting and mixing time of G(™). Finally,
we obtain a lower bound of E[U] for a growing path. This verifies that our upper bounds for general
case is tight for the growing path.

1This is just for convenience of descriptions, but not essential in our later analyses.

105
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8.2.1 Complete graph (Section 8.5)

As an introductory example of our analyses, we firstly concerned with a random walk on a growing
complete graph. Let R. = (3, (G®);en, (P™);ey) be a the simple random walk on a growing complete
graph, where G is the i-vertex complete graph (with self-loops), and (P®)(u,v) = 1/i for any u,v €
v,

Theorem 8.2.1. For R. = (3, (G™);en, (PW);en), the following hold:
(1) If there is a constant C' > 0 such that 9(i) > Ci for all i € [n], then E[U] = O(1).

(2) If 0(i)/i — o0 as i — oo, then E[U] — 0 as n — co.

(8) If o is unbounded (i.e., 9(i) — 0o as i — o) and satisfies for all i € N that a() > a(2:5-11) and
2(i) (i + 1), then E[U] = (1 — o(1)) 55857

(4) Ifo(i) = ¢ for all i € N, then E[U] = (1 — O(n™1))-2

c+1°
Claim (3) means that, in case of 9(i) = o(i) and (i) = w(1), we have E[U] ~ 50m - Claim (4) is the
counterpart of (3) for constant 9. For example, if a new vertex appears every step (9() = 1), a random

walk on a growing complete graph misses a half of the number of vertices.

8.2.2 General upper bound (Section 8.6)

In the rest of this chapter, let thit(i), teoy(?) and tmix(7) denote the hitting, cover and mixing times of
P® | respectively. We obtain several bounds of E[U] for an RWoGG (9, (G );en, (P™);ey) in terms of
thit (1)7 tcov(i) and tmix(i)-

Theorem 8.2.2. Let (9, (G )ien, (P™)ien) be an arbitrary RWoGG.
(1) If there is a constant C' > 1 such that 9(i) > Ctyni (i) for all i € [n], then E[U] = O(1).
(2) If 0(3) /tnit (i) = 00 as i — oo, then E[U] — 0 as n — oo.

Theorem 8.2.2 can be seen as an generalization of Theorem 8.2.1 (1) and (2): it is known that
thit (i) = ©(i) if G is the i-vertex complete graph.

In Theorem 8.2.2, we obtain a general upper bound of E[U] in the case of 9(z) > (1 + €)tn;t(¢), where
€ > 0 is a constant. In contrast, the case of 9(¢) < (14 0(1))tnit(4) seems not easy: it contains an issue of
“short random walks”. that is a challenging topic in the literature of the cover time of multiple random
walks, see e.g., [KMTS19]. Intuitively speaking, if 9(¢) is large enough (say, 0(i) > tmix(7)), then at time
t = T; (vecall that T; = min{t € Z> : G = G,}), the distribution of the position Zz, is close to the
stationary distribution of G¢~1). This property makes the analysis of E[U] tractable.

RWoGG on graphs with ., < tn;;. We focus on lazy and reversible random walks. For “rapidly”
mixing random walks such that ¢,ix < tpit, we obtain the following upper bound.

Theorem 8.2.3. Let (0, (G");en, (P™W);en) be an RWoGG such that PY is lazy and reversible. Let
C > 0 and~ € [0,1] be arbitrary constants. If tyi (i) /tmix (i) > 7 /C and 0(i) > SCth" 3@ for ll1 < i < n,
then E[U] < 827 4+ 32.

Observe that Theorem 8.2.3 for v = 0 claims that E[U] = O(1) if 9(¢) = O(tnit(¢)) under the mild
condition. A natural question remains unsettled whether E[U] = O(1) requires d(i) = Q(tnit(¢)) for
any RWoGG (0, (G™)en, (PD);en). As a consequence of Theorem 8.2.3, for example, we obtain a
bound for degree restricted expander graphs, for which tp;(7) = O(i) and tmix(i) = O(log4) hold, that
E[U] = O(n?) if 0(i) = Q(i'77) for v € [0,1); see Corollary 8.2.6, for detail.

RWoGG on sparse graphs. Though the condition of t;x < thit covers interesting examples of
rapidly mixing random walks, it misses some representative examples, such as random walks on paths
and lollipop graphs, interested in the context of hitting and cover times. To cover those examples,
we consider RWoGG on “sparse” graph. Our first concern is a graph sequence (G(i))ieN satisfying

“[327(_)1‘)' =14+ 0(i"1). For example,
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Theorem 8.2.4. Let ( (G(i))ieN, (P@)ien) be an RWoGG such that P is lazy and simple, and that
for alli € {3,...,n}, \E@ 1)‘ <1+ % hold for some positive constant L. Let C > 0 and v € [0,1] be
arbitrary constants. If (i) > (& + L)t (i) holds for any 1 < i <n, then E[U] < VL + 1%

We can obtain an upper bound of E[U] for a growing path by applying Theorem 8.2.4. Indeed, we will
prove that the upper bound is tight in Theorem 8.2.9. We will also demonstrate another applications
of Theorem 8.2.4 to a growing lollipop graph (see Corollary 8.2.7), where the static lollipop graph is
well-known as a tight example for the bounds tp;; = O(n?) and t., = O(n3) for a simple random walk
for any graph.

In the following result, we focus on a lazy simple and symmetric random walk with 0 < ty;s.

Theorem 8.2.5. Let (3, (G™);cn, (PW);en) be an RWoGG such that P is lazy and symmetric. Let
C > 0 and v € [0,1] be arbitrary constants. Ifd(i) > (£ + 2) tye (i) for all1 < i < n, then E[U] < @

A typical application of Theorem 8.2.5 is a lazy Metropolis walk with the uniform stationary distri-
bution (see Corollary 8.2.8 for details), which often appears in the context of Markov chain Monte Carlo.
Nonaka, Ono, Sadakane, and Yamashita [NOSY10] proved that the Metropolis achieves ty;; (i) = O(i?)
for any connected graph. The upper bound by Theorem 8.2.5 is also tight for a Metropolis walk on a
growing path (Theorem 8.2.9 and Corollary 8.2.10).

Example: Degree restricted expander graph. For a graph G = (V| E), let dave(G) and dpin(G)
denote the average and the minimum degree of G, respectively. Suppose that P is the transition matrix
of the lazy simple random walk on G and let A2(P) denote the second largest eigenvalue of P. We
call a graph G degree restricted expander graph if both ﬂ(g)) and #2(13) are upper bounded by
some positive constant. For example, it is easy to see that G(n,p) is a degree restricted expander
graph if p = w(logn/n). For any degree restricted expander graph, we have tyi(P) = O(|V|) and
tmix(P) = O(log [V]|) (See Lemma 8.4.6 in Section 8.4 and Theorem 12.4 in [LP17]). Thus Theorem 8.2.3
implies the following.

Corollary 8.2.6. Suppose that G@) is a degree restricted expander graph and P is the transition
matriz of the lazy simple random walk on G@ in R = (0,(G™)ien), (PD)ien). Let v € [0,1] and
C > 0 be arbitrary constants. Then two positive constants K, Ko satisfying the following exist: If
(i) > CK1i'™7 + Kalogi for alli € [n], then E[U] < 8% + 32.

Proof. Since there exist some positive constants K, Ko satisfying tni(i) < K¢ and tmix < Ko logi, we
obtain the claim from Theorem 8.6.2. O

Example: Lollipop graph. A graph G = (V, E) is (a, b)-lollipop graph if G is obtained by connecting
the complete graph K, with the path on b vertices (thus G has a+ b vertices and ( ) +b edges). Lollipop
graphs gather special attention in the literature of random walk since the (2n/3,7n/3)-lollipop graph
attains the maximum possible cover and connected graphs [Fei95b].

In this thesis we consider an RWoGG on which each G is the ([i/2], |i/2])-lollipop graph. Formally,
at each round 7 € [n], the sets of odd-indexed vertices V(dZI = {vg;—1 : 1 <4 < [i/2]} and even-indexed
vertices Véj@n = {vg; : 1 <4 < |i/2]} form the complete graph and path graph, respectively. Then these
two components are connected by an edge {vi,va}. Let P() be the transition matrix of the simple lazy
random walk on G(*). For such P it is well known that ty;; (i) = O(i%) [Fei95b].

Corollary 8.2.7. Consider R = (3,(G);en, (PW);en) where G is the lollipop graph defined above
and (P(i))ie[n] is the transition matriz of the lazy simple random walk on GW. Let ~v € [0,1] be an
arbitrary constants. If (i) > C1i377 for all i, then E[U] < Caon?. Here, C1,Cy are some positive
constants.

Proof. From deﬁnition |IE@)| =1+ i(i_l) +i—1= i(iH) and [ECHD| =1+ ("H)Z +i—1= M

E®
Thus for any i, |P|3(’ or < 1+ Kl for some constant K. Furthermore tfu)t <

K5. Applying Theorem 8.2.47 we obtain the claim. O

< Koi3 hOldb for some constant
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1—2q

Figure 8.1: The transition diagram of (8.2).

Example: Metropolis walk. For a given G = (V, E), the transition matrix P of the lazy Metropolis
walk on G is defined by

2max{1du,dv} (lf {U’7 U} € E)
(P)u,'u =4q1- Zw:{u,w}EE(‘P)UﬂU (lf U= U) (81)
0 (otherwise).

Nonaka, Ono, Sadakane and Yamashita [NOSY10] proved that tu;,(P) = O(|V]?) for any connected
graphs. Since P is symmetric matrix, we can apply Theorem 8.2.5 directly.

Corollary 8.2.8. Consider R = (0, (G™);en, (PW)ien), where each PY) is the lazy Metropolis walk on
a connected graph G. Let v € [0,1] and C > 0 be arbitrary constants. If 9(i) > (& + 2ty (i) for all
1 <i<mn, then E[U] < V3%

8.2.3 Lower bound for paths (Section 8.7)

In contrast to upper bounds, an analysis of a lower bound requires more technically complicated argu-
ments. We establish a lower bound of E[U] for a random walk on a growing path graph, which implies
that the upper bound by Theorem 8.2.5 is tight in the case. Let R, = (9,(G™);en, (P™);en) be a
random walk on a growing path graph, where G = (V) E®) is given by V® = {vy,...,v;}, and
E® = v, v}, ..., {vi_1,v;}}, and PO is given by

P fu=v=vioru=v=uw,
1—p if (u,v) € {(v1,v2), (vi,vi—1)},
(P(i))u,v =<q if {u,v} ={v;,vj41} for j € {2,3,...,i -1}, (8.2)
1-2¢ fu=v=uvw,forj={2,3,...,i—1},
0 otherwise

for two parameters p,q € [0, 1] satisfying p > ¢ and ¢ < 1/2 (see Figure 8.
(3,%), the corresponding walk is the lazy simple random walk. If (p,q) = (
is the lazy Metropolis random walk.

). For example, if (p,q) =

1
% i) the corresponding one

Theorem 8.2.9. If0(i) < Ci*>™7 in R, for some constants C > 0 and v € [0,1] then E[U] = Q(n?/C).
Theorems 8.2.4, 8.2.5 and 8.2.9 imply the following tight bounds of E[U] on a growing path.

Corollary 8.2.10. For R, = (0, (G");en, (PW);en), where P is the transition matriz of either the
lazy simple random walk or the lazy Metropolis random walk. Then

(1) Ifo(i) > Ci*>~7 for some constants C > 0 and v € [0,1] then E[U] = O(n?/C).
(2) If (i) < Ci*~7 for some constants C > 0 and v € [0,1] then E[U] = Q(n?/C).

8.3 Related Works

The cover time is a fundamental topic of analyses of random walks. Here, we review some representative
results about the cover times of random walks on static graphs, and on dynamic graphs.
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8.3.1 Cover times of random walks on static graphs

It is known that the cover time of a simple random walk satisfies teoy < 2m(n — 1) for any undirected
graph, see Aleliunas, Karp, Lipton, Lovdsz, and Rackoff [AKL™79] and Aldous [A1d83]. Mathews [Mat88]
devised a technique of upper and lower bounding t..y by tnit, of which a celebrated implication is
teov < tnit logn. The lolipop graph is famous for i = Q(n?), and hence t.o, = Q(n?). Fiege gave a tight
upper bound of the cover times of simple random walks on any graphs such that .o, < %n?’ + O(n°/?)
in [Fei95b], while he in [Fei95a] gave a tight lower bound of the cover time of simple random walks on any
graphs such that t.oy, > nlnn +o(nlnn), using a Mathews’ argument [Mat88]. The connection between
the hitting time and electric circuits is well known (see e.g., [DS84, AF, LP17]).

Motivated by a faster covering by a random walk, Tkeda et al. [[KOYO03] (see also [IKY09]) proposed
B-random walk, which makes transitions only using local information, and proved that the cover time
of a B-random walk is upper bounded by O(n?logn) for any graph. Nonaka et al. [NOSY10] proved
the same bound holds for a Metropolis walk, which is simpler and more popular than S-random walk.
Recently, David and Feige [DF17] (see also [DF18]) proved that a biased random walk achieves O(n?)

cover time for any graph, and affirmatively settled the question posed by Ikeda et al. [IKOY03].

8.3.2 Cover time of random walks on dynamic graphs

An early work [CF03] by Cooper and Frieze investigated random walks on growing “web-graphs”. Specifi-
cally, they considered a random walk on a growing preferential attachment graph with a constant duration
(i.e., the number of vertices increases every constant steps). They proved that E[U]/n converges to some
constant as n tends to infinity. Note that our RWoGG contains their model as a special case.

There are several results about the cover times of random walks on dynamic graphs, sometimes
called “evolving graphs,” with static vertex sets. Avin et al. [AKLO8] (see also [AKL18]) investigated
the hitting times, mixing times and cover times of random walks on evolving graphs with static vertex
sets. They gave a prescribed sequence of graphs on which the hitting time of a simple random walk
gets 220" and hence the cover time is as well. On the other hand, they proved that the cover time
of a max-degree random walk is O(dyaxn®(logn)?) where dpax is the maximum degree of the evolving
graph. Denysyuk and Rodrigues [DR14] were concerned with p-recurrent family of evolving graphs,
where preferable graphs are assumed to appear frequently in the graph sequence. Then, for max-degree
random walks on p-recurrent families, they gave upper and lower bounds of the cover time in terms of the
hitting time, as well as gave an upper bound of the mixing time. Lamprou, Martin, and Spirakis [LMS18§]
were concerned with two random walks of “random walk with a delay” (RWD), where at each step, the
walker chooses an edge of underlying graph and moves when it appears, and “random walk on what is
available” (RWA), where the walker chooses an edge of current graph and moves immediately. Then,
they investigated the cover times of RWD and RWA for edge-uniform stochastically evolving graphs.
Sauerwald and Zanetti [SZ19] extended the argument by Avin et al. [AKL18] in the case that a sequence
of graphs have the same stationary distribution, and presented an upper bound O(n?) of the cover time
on d-regular dynamic graphs.

8.3.3 Other related works

Saloff-Coste and Zuniga investigated time-inhomogeneous Markov chains, and provided some Nash and
log-Sobolev inequalities [SCZ09, SCZ11]. Recently, Cai, Sauerwald, and Zanetti [CSZ20] investigated
the relation between the density of edge-Markovian dynamic graphs and mixing times. They showed for
fast-changing dynamic graphs that ¢,,;x = 0o in sparse case while ¢,,;x = O(logn) in dense case. They
also showed for slowly-changing dynamic graphs that t,ix = Q(n) in sparse case while t,;x = O(logn)
in dense case.

There are many works on other stochastic processes on dynamic graphs, such as exploration, infor-
mation spreading, rumor spreading, gossiping and voter model, see e.g., [JAR16, CST15, BGKMT16].
Theoretical analyses of algorithms on dynamic graphs attract high attentions in the context of dis-
tributed computing, and there are many works concerning the topics, such as exploration, agreement,
and population protocol, on dynamic networks, see e.g., [MS18, Micl6, KO11].
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8.4 Preliminaries

8.4.1 Random walk

We briefly introduce notions of random walk. Let P € [0,1]V*" be a transition matrix over V. A
(time-homogeneous) random walk (or Markov chain) is a sequence X = (X;);ez., of random variables
given as Pr[X;;1 = v | X; = u] = P,, for each t € Z>o. Note that a random walk is characterized by
the transition matrix P.

A random walk is lazy if P, , > 1/2 for all v € V, is reversible if P is reversible, and is symmetric if
P, = P, holds for all u,v € V.

For a transition matrix P, The hitting time ty;; (also denoted by thit(P)) is the random variable given
by thit 1= max, yev E[min{t > 0 : Xy = w and X; = v}]. The cover time tcoy (Or tooy(P)) is given by
teov '= maxyecy Emin{t > 0: [Xo = u] and [Vv € V, s < t, X, = v]}|. The mizing time tyix is given
by tmix = min{t > 0: (1/2) maxyey Y, ey [P (u,v) —w(v)| < 1/4}.

8.4.2 Notation

For ease of notation, we sometimes use z(v) to denote z,, for a vector € RY and v € V. For two vectors
2,y € R and a probability vector m € (0,1]", let (z,y)x := >, oy 7(v)2(v)y(v). Then, the £3(r)-norm
of x is defined by [|z[|, . = \/(z,2)x = /> ey T(v)x(v)%. For two vectors z,y € RV where y(v) # 0
holds for all v € V, define ¥ € RY by T(v) = 2(t) " Note that, for any probability vector & € [0,1]V,

y(v)
2 2
% — ]l(|V|)’ = H%’ — 1 holds. Here, 1™ denotes the n-dimensional vector where all elements are
2, 2,7

equal to one.

8.4.3 Tools

Lemma 8.4.1 (Theorem 4.1 of [OP19]). Let P € [0,1]V*Y be an irreducible, reversible and lazy tran-
sition matriz over V, and let m € (0,1]V denote its stationary distribution. Let (X)iez., denote the
Markov chain according to P. Let 7,(P) = min{t > 0: X; = v} and let ty;(P) = max, ey Eu[1,(P)].
Then for any t > 0 and any ho,h1,...,hy €V,

1 t
I:rr[Xs # hg for all s € {07”'7t}] < (1_ thit(P)> .

By taking hg = --- = hy = v in Lemma 8.4.1, we immediately obtain the following.

Corollary 8.4.2. Let P € [0,1]V*Y be an irreducible, reversible and lazy transition matriz over V, and
let # € (0,1]V denote its stationary distribution. Let (Xt)tezs, denote the Markov chain according to
P. Let 7,(P) = min{t € Z>¢ : Xy = v} and let tniy(P) = maxy ey Ey[7,(P)]. Then for any v € V and
t>0,

Pr[r,(P) > 1] < (1 _ thitl(P)y < exp (_thitt(P)> .

Lemma 8.4.3 (See Section 3.6.5 of [AF] or Theorem 4.1 of [OP19]). Let P € [0,1]V*V be an irreducible
and reversible transition matriz over V, and let 7 € (0,1]V denote its stationary distribution. For a
subset S C 'V, define Pg € [0, V>V by (Pg)uw = Py if u,v € V'S and (Pg)u,n = 0 otherwise. Let
A(M) denote the largest eigenvalue of a matriz M. Then for any S ¢ {0, V},

APg)<1- thitl(P)'

Furthermore, for any S ¢ {0,V} and any f € RV,

Since ||P§f||§ . =(Psf,Psf), = <f, P§f> , we have the following corollary.
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Corollary 8.4.4. Let P € [0,1]V*Y be an irreducible, reversible and lazy transition matriz over V, and
let T € (0,1]V denote its stationary distribution. Suppose that Pz is a matriz defined in Lemma 8.4.3.
Then for any S ¢ {0, V} and any f € RV,

2
P71, < MR 11 < (1= s ) IR,

Here, A\ (M) denotes the largest eigenvalue in absolute value of a matriz M.

Lemma 8.4.5 (See e.g. (12.8) of [LP17]). Let P € [0,1]V*V be a reversible transition matriz with respect
2

to m € (0,1)V. Then for any probability vector f € [0,1]V, ’ % — L —1 and
2,

2
< Aa(P)?

2,

2

Iy
71'

|PL-1
s

2,7
holds where My(P) is the second largest eigenvalue (in absolute value) of P.

Lemma 8.4.6 (Lemmas 4.24 and 4.25 of [AF]). Let P be reversible transition matriz and let m be its
stationary distribution. Then

2
T S B S T m Ty

8.5 Complete Graph

This section is devoted to the proof of Theorem 8.2.1. Consider a random walk (Zt)teZZU on a RWoGG.

For convenience, we divide the T,y step random walk Zy,...,Z7,,, into n random walks each of

length 9(i) (for « = 1,...,n). We call each period a round. For each i € [n], let (Xé@)sezzo denote
a random walk in the i- th round (specifically, it is a random walk accordlng to P(®) with the initial

state X( D= =Zr, = X( i) Note that ( S(Z))sezzo is a random walk on G(). Table 8.1 illustrates the

correspondence between Z, and X{" in the case of (i) = i.

Zo Zy Zo Z3 Zy Zx Zs Ly Z3

oM Xél) Xl(l) .

a® X [ xP [ xP [

a® xP 1 xP I xP | xP ]

G(4) X(()4) X1(4) X2(4)

Table 8.1: Correspondence between Z; and X" when 0(i) = 4. For each i € N, (X i))sez>0 is a random
walk on G(). Note that X(l) = x = Zy, for i > 2. In this example, U(3) = TB“{Z }‘

o(i—1) —
3 3 7
3 — UL, Ui {x 8.

For v € V(™ let £(v) denote the event that v & |J}_, U5 O{X( )} In other words, £(v) means that

the random walk Zy, Z1, ..., Z1,,, does not visit the vertex v.

Consider the RWoGG of Theorem 8.2.1. For the vertex v, attached to G at time T}, we see that
Pr(€(v)] = [Ty, (1 = 1)°” holds, and thus

n non ()
U] = ’;Pr[c‘i(vk)} =311 (1 - 1)

k=1i=k

holds. Theorem 8.2.1 follows from the next lemma.
1 )f (1) )

%

Lemma 8.5.1. For a function f:N = N, let S(n) = ;_, [T, (1 —
(i) If f(i) > Ci for some constant C, then S(n) = O(1).
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(i) If f satisfies f(i) < f(i+1) for alli €N, then S(n) > 57577 (1- %)f(n)
> lH), then for alln € N, S(n) < Ok
(v) If there is a constant ¢ € N such that f(i) = c¢ for all i € N, then for alln € N, S(n) < 2.
Proof of (i). Since 1+ z < e®, we have
n)<§n:exp<—§n:f(i)><§n: —(n—k+1)C)=0(1).
< ‘ rl I
k=1 i=k
O
Proof of (ii). Observe that S(1) =0 and for all n > 1,
n+1n+1 1 F@) 1 f(n+1)
1 — R = — . .
+1) ZH(l Z) (1 n+1> (S(n) +1) (8.3)
k=1 i=k
We prove (ii) by induction on n. In the base case, S(1) = 0 and we are done. If S(n) > FICOES) (1 %)f(n),
then
f(n)
n 1 n f(n)
S(n)+1> (1—> +1> <1— )+1
WA= i\ i\
n— f(n) 1= n+1 S n+1 . (8.4)

=4
f(n)+1 fn)+1 7~ f(n+1)+1
Here, we used (1 + x)" > 1 4 rz in the second inequality and f(n) < f(n + 1) in the last inequality.
f(n+1)
Combining (8.3) and (8.4), S(n+1) > (1 -1 )

n+1

FICESES and we are done. O

n+1

Proof of (iii). The proof is obtained by induction on n > 1. When n =1, S(1) =0 < 1/f(1). Assume
S(n) <n/f(n). Then,

n n n+1
Sn+1)= 1,# " +1)(S(n)+1) F 1 <f(n+—~-1)_|_1 n+1
n+l 14 LD 7y LD f(n 4 1)
Note that (1 — x)¥ < 1/(1 4+ xy) for all z € [0,1] and y > 0. The second inequality follows from
fntl) 1) .
n+ — n

Proof of (iv). The proof is obtained by induction on n. First S(1) =0 < 1/(f(1) + 1). Assume S(n) <
n/(f(n) +1). Then, from (8.3) and the induction assumption, we have

n+1 ( n f(n)Jrl)

o Tl e e 1 1
Sn+1) < Sy = 4 H?(n) = an(n)ﬁ+1 - f(nn;_—kl B f(nn++1)+1'
1 + n+1 1+ n+1 n+1 + n+1
Note that we use f(n) = f(n+ 1) in the first and the last equality. O

We are ready to prove Theorem 8.2.1.

Proof of Theorem 8.2.1. Recall that E[U] = S(n). Statement (1) follows from Lemma 8.5.1(i). State-
ment (3) follows from (ii) and (iii) of Lemma 8.5.1. (4) follows from (ii) and (iv) of Lemma 8.5.1.

Now, we prove Statement (2). More precisely, we prove that, for any € > 0, there is ng € N such that
for all n > ng, S(n) < € holds. From the assumption that 9(¢) = w(i), for any large constant C > 0, we
can take g € N such that for all ¢ > iy, f(¢) > Ci holds. Fix a constant C' > 0 and take i in this way.
Since 1 4+ < e* and f(k)/k > C for all k > iy, we have

%0 n k n n k

n)SZexp (—Zjﬁ))—&- Z exp <_Zf§€)>

i=1 k=io i=ig+1 =i

<igexp(—(n—ig+ )O) + 3 exp(—(n—i+1)C)
i=ig+1

e C

S io exp(f(n — io + 1)0) + m
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Let € > 0 be an arbitrary small constant. Then, take C' > 0 such that == < § holds. According to
this constant C', we can take iy such that f(:) > C% for all i > ig holds. Now C and i are fixed. Hence,
for sufficiently large n, we have ig exp(—(n —ip +1)C) < §. This implies S(n) < € and we are done. [

8.6 General Upper Bound

In this section we prove Theorems 8.2.2 to 8.2.5. Consider an RWoGG R = (9, (G);cn, (P™);en).
Recall that, at each round i, (Xt( ))teZ>0 denotes the random walk according to P(*) where X (0 =
Xa(z(;_li) holds (See Table 8.1 for an example). Let 7(?) denote the stationary distribution of P(*). Let
= min{t > 0 : Xt(i) = v}, ie., 757 denotes the time taken for a random walk (Xt(i))tezzo to reach
v € V@, Note that E[Tl(f)] < maxy, pev E[T, w\Xéi) = u] = thi(i). Recall that V(G®) = {vy,...,v;}
and thus Xél) = v1. For any round k < n, the probability that the walker does not visit the vertex vy
until the end of the round n is equal to Pr [/\ K {T,SQ > D(Z)H Hence we have

ZPI‘ /j\ {70 > D(i)}]
= ZPI‘ {Téi) > D(z)}]

>:

i=k

_ Z S Pr [Xék) = v} Pr /n\ {753 > a(i)}‘xgm = v] (8.5)
k=2 yey (k—1) i=k
< 2 Jnax Pr Zi\k {T,Si) > D(z)} X[()k) = v} . (8.6)

The second equality follows from Pr[X fl) # v1] = 0. The rest of this section is devoted giving upper
bounds of (8.5) and (8.6).

8.6.1 Upper bound for large 0
We show Theorem 8.2.2 in this section. To begin with, we show the following lemma.

Lemma 8.6.1. For any R = (9,(G™);en, (P™);en), we have
ZH max Pr[ @) > o(i )’Xéi) :’u] .
i vEV“)

Proof. Consider a fixed vertex v; with k£ > 1. For a round i > k and a vertex u € V(¥ let &9’) = El(f) (vk)
denote the event that the walker is in vertex u at the end of the i-th round w1thout visiting vertex vy

during the round. Formally &Si)(vk) is defined as the event of {Té >0(i)} A {X (iy = u}- Then for any
Uk—1 € V(k_l)v

n

A\ {ng > O(i)}‘X( ) = uy, 1] = > Y pr

i=k ukev(k) Uy cVv(n)

Pr (8.7)

= Uk—1

/\ g(z)

To bound (8.7), we first observe that, for any vertices, up_; € V=D up € V®) |, € V),

n

N\ €D

i=k

Pr [X(gk) = uk—h&ii)} n  Pr {Xék) = kala/\f:k 575?}
B Pr [Xék) = uk—l} ezlgﬂ Pr [X(gk) = Uk—1, /\5;11 &(Lz)} o

Pr Xék) = Up_1

holds. Then, from the definition of the conditional probability, we have

Pr [X(gk) = uk,h&ﬁ)}

: = Prigf}) 1%} = u]
Pr [ X(Y = ]
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and
Pr | X" = u;_ , ¢ el -1
|: 0 k—1 /\z k zi| — Pr 6(5) X(gk:) — up g /\8(1)
Uy -1 uq
Pr {Xé)—uk 1»/\6 18( } i=k
=Pr [5( (@ 12) = uy_ 1} =Pr [El(ti)‘Xéz) = ug,l} . (8.9)

We use the Markov property in the second equality. The last equality follows from our assumption of
xey X(gé). Hence combining (8.7) to (8.9), we have

2e—1) —
/n\ { (i) a(')}‘x(’” _ u“]

ik

-y ¥ HPr[ O > f0), X0 = E\X(g”:ué,l] (8.10)

up €V (k) u, €V (n) b=k

Pr

- ¥ Pr [51(;? x® _ uk_l} o Y Pr {5%) X — un_l]
ukEV(k) u, V™
< () ‘ 0 _ }
urél‘z}?%) Z Pr [ } urél‘z;%) Pr [ >0(0)| X, ul . (8.11)
ugeV @) =k
We obtain the claim from (8.6) and (8.11). O

Proof of Theorem 8.2.2(1). From the Markov inequality, for any k < i and v € V®, we have

B [LOx® |
Vg it(z)
< | a(;)) | = tg(i) :

Pr [7’5? > D(i)‘Xéi) =0

Hence from Lemma 8.6.1, we obtain

Z H thlt zn: (n—k+1) _ ZC_

k=1i=k =

O
Proof of Theorem 8.2.2(2). For an arbitrary (small) € > 0, let C = C(e) = 2 + 1. From assumption
on (2), we can take some iy = ig(e) such that 9(i) > Ctyi(i) for all @ > ip. Let K = max;c[;, t‘gzl.()i).
From Lemma 8.6.1,

(o i ( - - tnie (k)
s <3 () (T1 %00)+ > 1%

=1 \k=1i k=io+1 i=t9+1 k=1t

< C—<”—i0>§:Ki—io+1 4 zn: o (n—i+1)

=1 i=ip+1
n—ig
soostiesYon
< C—(n—ig) K(l — KZO) 1

1-K -1

Then we can take some ng = ng(e) satisfying C_("_i")m%?o) < €/2. Hence for any n > ng, E[U] < €
and we obtain the claim. O

8.6.2 Upper bound for random walks with small mixing times

In this section we show the following generalized version of Theorem 8.2.3.
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Theorem 8.6.2. Suppose that P is reversible and lazy in R = (0, (G™);en, (PW);en). Let N > 0 be
an arbitrary positive number. If (i) > % + 2tmix(4) for all i € [n], then E[U] < 8N + 32.

Proof of Theorem 8.2.3. For all 4, it is straight forward to see that

Ct}fit(i) N 2C’t-hit(i) < thit (1)
i i — nv/C

(i) > + 2t mix(7)

from assumptions. Taking N = n7/C in Theorem 8.6.2, we obtain the claim. O

To show Theorem 8.6.2, we introduce following two lemmas. The first one generalizes Lemma 8.5.1(i).
The second one is a variant of Lemma 8.6.1.

Lemma 8.6.3. For f,h: N — N andn € N, let

Let N > 0 be an arbitrary number. If f(i) ) for alli € [n], then S(n) < N

v

Proof. Tt is easy to check that

k=11i=k k=1 i=k
- k e /N 1
Zexp( N> — 1—e /N el/N _1 —
k=1
Note that we use 1 + x < e” in the first and the last inequalities. O

Lemma 8.6.4. For any R = (3, (GW);cn, (P™);en) and any function s : N — N such that s(i) < 0(i)
holds for all i, we have

B £ P 0

Proof. From Lemma 8.6.1, we evaluate

Pr[()>b( ’Xo —v}

u,v

Pr[r) > 20)|X =u] = 3 Pr[r) > 00). X)) = o] X" =]
veV (@)

Fix k > 2 and i satisfying k < i < n. For any u,v € V®, observe that
Pr [r) > (), X\ = o[ X" = u]
_ Pr[ () > a(i )’X%)) =0, XV = =u, 7 > s(i )} Pr {X(z)) =, 7 > S(i)‘Xéi) _ u}
—Pr[()>o( —s(i ‘X( _U}PI‘{X(&)—UT(1>S ‘X() }

holds. In the second inequality, we used the Markov property. Then, since

Pr [x({) = 0,70 > ()| X = u] < Pr [X() = o| X[ =] = (PO)O),,,

we obtain

Pr [ ) > (i ‘X = u} = Z Pr {Té? > D(i),Xs(a) = U‘Xéi) = u}
veV (@)

3 ((p(i))s(i))

veV (i)

IA

Pr [ng >0(i) — s(i)’X(gi) - v} (8.12)

for any u € V(). Combining Lemma 8.6.1 and (8.12), we obtain the claim. O
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Proof of Theorem 8.6.2. We use Lemma 8.6.4 with letting s(i) = 2tmix(i). If P® is reversible, for any

i € [n] and u,v € V®, there is a transition matrix P(®) e [0, 1]V(i)><v(i) satisfying
(1) ) 2t mix (1) 1 @) 3 0
((P ) )u =)+ (P (8.13)

holds (see, e.g., p.338 of [LP17]). Hence it holds for any u € V®) that

S0 (PO @) P 70 > (i) — 2tie(0)| X{ = 0]
UEV(7) u,v
1 , , Z,
=1 2 ™Pr [Téz) > (i) — thix(i)’XO() = U}
eV ()
3 H (% 7 . . i
+ 4 Z (P( ))u,v Pr |:T£k) > D(Z) - thix(l)‘Xé ) — 1)]
eV (@)
1 (i) — 2tmix (1) 3 1 1 3
=3 T w () 157 - —. 8.14
N 4exp( thit (2) Ty "y ) 1 (8.14)

Here, we used Corollary 8.4.2 in the inequality above. Now, for a positive integer L, consider a random
variable X ~ Bin(L,1/4). Here, Bin(m, p) denotes the binomial distribution of m trials with success
probability p. Then, it is straightforward to see that

<iexp (le) * i)L = é( . ) (ieXp (;V)) G)L

_ éexp (_;V> Pr[X = i

[L/8] . L .
7 . 7 R
< E exp <_N> Pr(X =i+ | E exp <_N> Pr[X =]
=0 i=[L/8]
L L L L
<Pr|X<— —— | < - - . 1
< r{ < 8}+exp( 8N>_exp( 32)+exp< 8N) (8.15)

The last inequality follows since

Pr[Xgﬂ =Pr[XgE[2]] SQXP(—E[SX]):eXp(—;é>

holds from the Chernoff inequality (Proposition 2.5.5). By combining Lemma 8.6.4 and (8.14) and (8.15),

we obtain
n n—k+1
1 1 3
< — _ —
E[U] < E (4exp( N) + 4)

k=1
- n—k+1 n—k+1

< E - - - T -

< (exp( 32 > +exp( 3N ))
k=1
" k - k

= - | < .
kglexp( 32> Jrkglexp( SN) <324 8N

8.6.3 Upper bounds for simple or symmetric random walks

This section is devoted proving Theorem 8.6.5, which is a generalized version of Theorems 8.2.4 and 8.2.5.

Theorem 8.6.5. Suppose that P is reversible and lazy in R = (0, (G™);en), (PM)ien). Let 7y =

(i— (s — i
mMax, ¢y (i-1) %1()57;) for 1 <i<mn. Let N be an arbitrary number. If 9(i) > (% + %) tl(li)t for all

1, then E[U] < N\/maxl<¢§ni(ri —1)+1.
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Proof of Theorem 8.2.4. Let dq(,i) denote the degree of a vertex v € V() at round . Then, for all v € V),

r D) dyV 2B9] _ |BO)
- = . — < -
*0()  2[EGD| GO = [EGD)|

Note that d ) < dy @) holds from our assumption. Combining the assumptions on 9(¢) and E®  we

have d(z) > t“;t/(c) + L (1) > ﬁ;‘;t/(c) + L1140 (1). Thus we obtain the claim by taking N = n?/C in

Theorem 8.6.5. O

Proof of Theorem 8.2.5. Since P is symmetric, 7() (v ) = % and thus r; = ﬁ <1+ % for all 7 > 1.

From the assumption of Theorem 8.2.5, 9(7) > t‘;‘“/(c) ch‘;(i) > 2‘7‘/(2 + “‘“(252“) for all 4 > 1. Thus

we obtain the claim by taking N = n”/C in Theorem 8.6.5. O

For a matrix M € RY*Y let \;(M) denote the j-th largest (in absolute value) eigenvalue of M. For
any round 1 < £ <n and 0 <t < 09(¢), define a probability vector z/t(f) € [o, 1]V(£) by

v (v) = Pr[x{? =4 (8.16)

for all v € V). For any rounds k, ¢ satisfying k — 1 < ¢ < n — 1, define u € [0, 1]V( 5 by

pi) (v) = Pr

/n\ {T,SQ > a(z‘)}‘x% = v‘| (8.17)

i=0+1

for all v € V(©). For £ = n, we define ug,:) :=1("), Here, recall the notation of Section 8.4.2. Observe

Z S e @D ).

k=2 eV (k—1)

Then, combining the Cauchy-Schwarz inequality, (8.5), (8.16) and (8.17), we have

(k—1)
(v)
B> %’“ L =D () /7D ()
k 1

k=2ypcV(k-1)
- (l(ck 11)(1’)2 (k—1)
SO BN D D= S O
- k—1 k
k=2 \ovev (k-1 ! )(U) veV (k=1)
|| -1
= | Y 8.18
= |5 ] . (8.18)
=2 S
n k1) 2
_ Vo(k—1) B -
D INE R ==y (sl (8.19)
k=2 277T(7c—1) ’

The rest of this section is devoted to proving the following bounds, which imply Theorem 8.6.5.

Lemma 8.6.6. Consider an RWoGG R = (0, (G™);en, (PW);en) such that each PY is reversible and
S5 2

Do (k)

2= (y _
lazy. Let r; = max,cy -1 W forl <i<mn. Ifo(i) > %, then || =5 <

2,7 (F)

maxi<i<n i(r; — 1) for all k € [n].

Lemma 8.6.7. Consider an RWoGG R = (0, (G™);en, (PW);en) such that each PY is reversible and
ﬂ('ifl)(v)
(1) (v)

mQ_l) thit(i) forall1 <i<mn. Then 22:2 )

for 1 < i < n. Let N be an arbitrary positive number such that

(k—1)
oy, ‘ 2D < N.

lazy. Let r; = max,cy -

(i) > (5 +
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Proof of Theorem 8.6.5. Suppose d(i) > el 4 (i(”*l)ﬂ)th“(i) for all 1 < 4 < n. Then, 0(i) >
N

211((121721();(1)) from Lemma 8.4.6. Furthermore, 2(i) > th‘t(z) + Tl_lthlt( ). Thus applying Lemmas 8.6.6

and 8.6.7 to (8.19),

E[U]Si max i(r; — 1) +1‘

1<i<n

<N,/ max i(r; —1)+1

1)‘
ka 2,m(k=1) T 1<i<n

and we obtain the claim. O
Now it suffices to prove Lemmas 8.6.6 and 8.6.7. To this end, we show the following.

Lemma 8.6.8. Consider an RWOGG R=(0,(GD)ien, (PD);en) such that each P is reversible and

2G=1)
lazy. Let vy = max,cy -1 W for 1 <i<n. Then for any round 1 < k < n,

Vélzll) ’ k 1
_ 1) 2D( ) _ =
m(k) ! = z_: Hr Aa(P ’ (1 Ti) .

2,7 (k)

Proof of Lemma 8.6.8. To obtain the claim, we show the following recurrence inequality:

L0 2 J(e=1) 2
20 5@ < rdg(PO)Y2O || 22D g (e + (re — DA (P20 (8.20)
) (=)
2,70 2,w(€=1)
RO) 2
Write z, = H,f((f)) —1® ,co = e (POYRE and dy = (rp — 1)Ao(PY)2 for notational conve-
2,71'(0

nience. If (8.20) holds for any ¢ > 1, applying (8.20) repeatedly yields

k
Tp < cpTp—1 + di < cpCr—1Tp—2 + cpdp—1 + di < - <H Cz) 1+ Z H cj | di.
i=2 \j=it+1
L 2
Since x; = ‘ 25 - 1™ = 0, we obtain the claim.
2,m(1)
Now we show (8.20). From the reversibility of PW it is easy to see that, for all v € V(©),
() (£)
(“) oy = Seevo @ (), o w0 (), (Wnﬂg@) (0. (821
‘ ‘ ¢ ‘ : :
w0 70 (v) S 70 (u) w0
From (8.21) and Lemma 8.4.5, it holds that
O 2 ( 2 © |2
ORI < /\2(P(z))2a(z) _1@® _ /\2(p(€))20(€) 1) 1. (8.22)
W(l) 71'(@ 77(5)
2,70 2,7(6) 2,70

Note that, for v, € V) \ V=1 it holds that 1/( )( 0) = PI'[X(EZ) = vg] = 0. Therefore, we have

02 ¢ _ (e=1) ( \2
£ = Z 7O (v )M: Z Mﬂ(ffl)(v)w
) 2,70 veV (€=1) ﬂ-w)(v) veV (£—1) W(é)(v) Tr(é_l)('l})Q
(1) (1) ||
Voe—1y(v)? v
(£-1) o(¢—1) o 2(0—1)
<1y Z T (v) D) ()2 =7e|| . (8.23)
vevey 2,m(€=1)

The claim (8.20) follows from (8.22) and (8.23). O
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Proof of Lemma 8.6.6. Observe that log (r]( it )) log(1+ (r; — 1)) + log(1 + %) <(rj—-1)+ % and
thus 20(5) > %. Hence we obtain

os(ry51))

. . ) — s 1 1
Ao (PUY2RG) < (1 _ (1 _ AQ(p(J)))) a0 o —~. ]_]’_71
J

From Lemma 8.6.8, we have

k k 1 k k j r 1 k i
o (PG))2009) 1- - < e _
Z ].'_‘[.rj 2( ) ri) 4 Hj+1 T _Zk-&-l(r
=2 \j=1t =2 \j=1 =2
< max i - DA < max i - 1)
peign T YT S e

Now we prove Lemma 8.6.7. We begin with showing the following lemma.

Lemma 8.6.9. Consider an RWOGG R = (0,(GD)ien, (PM);en) such that each P is reversible and

i
Wfor1<z<n Then, for any 1 < k <n,

( ) n 1 0(4)
k—1

< i - — .
‘ Hry, Hz,w(k*) B 1:{ Vi (1 i (l))

thit
Proof. For a transition matrix P € [0,1]V*Y and a vertex w € V, define Py € [0,1]V*V by

lazy. Let vy = max,cy -1

(P = P,, (ifu##wandv#w)
Y0 (otherwise) '

In other words, (Pg)uwy = Pu,vLlustwlozw for u,v € V. Note that Py is a substochastic matrix, i.e.,
> vev (Po)uw < 1 for any u € V. Observe for any u,v € V and 7' > 0 that

(P%)u,v = Z ce Z ]lu;éwpu,vl Pvl,v2 te PvT_l,v]lv;ﬁw
veV\{w} v i€V\{w}
=Prr, > T, Xr =v|Xo=1ul. (8.24)

Here, (Xt)tez., denotes a random walk according to P and 7, denotes the hitting time of (Xt):ez.,

to w. In other words, (PL), ., denotes the probability that the random walk of length T ends up at v
starting from u without visiting w.

Fix k > 1. For ease of notatlon we write pf) = u ) and QO = (P, (E))D(Z fork—1<¢<n-1

(see (8.17) for the definition of u ) We begin with observing the following recurrence equation: For all
k—1</{<n—-1landveV®, it holds that

pO(0) = (QUHVRD) (). (8.25)

Indeed, for any uy € V| combining (8.10) and (8.24) yields

pOu)y = > -y H (P() D(z))

w1 EVERD  w,eVin) i=l41 wim1,ui
_ Z (e+1) (641
- Quz,uz+1 /’L (U’Z"Fl)

Uppq €V (EHD)

= (@1l (w).
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Using (8.25) and Corollary 8.4.4, we obtain

O (v
= Y A2 = Y l) 7D (o) (QUAD ) (u)?

]

2 7T<Z) (
veV () veV ()
< 1o Z 7D (4) < QU+Y £+1)) = re HQ £41) £+1)‘ -
VeV D ar
< e Q)2 | ””\ i (8.26)
Hence applying (8.26) repeatedly, it holds that
n
) (1))2
H“ ’ s = I @2 (8.27)
i=0+1
From the definition of Q) and P, U , Lemma 8.4.3 implies
(i) (1)2() AN
A N =P < (1 - . 8.28
@) = MR < (1- ) (529
Thus we obtain the claim from (8.27) and (8.28). O

Proof of Lemma 8.6.7. Since log \/r; = 3logr; = log(1 + (r; — 1)) < %, we have

1 (i) 1 (#)—tnie (3) log /77 1 0(4) — g e ()
ri|l- ——= <(1-—= <({l—7—= . 8.29
VTi < thit (z)) < thit(l)> < thit@)) ( )

Thus combining Lemma 8.6.9 and (8.29),

n no n 1 0(i)— Ti2_1 thit (2)
“uUk ‘QW(k I)SZH(I—thlt ) <N.
k=2i=k
We invoke Lemma 8.6.3 in the last inequality. O

8.7 A Lower Bound for a Growing Path

This section is devoted to the proof of Theorem 8.2.9. We will use the following well-known inequality.

Lemma 8.7.1 (The Kolmogorov inequality; Theorem 2.5.5 of [Durl9]). Let Z1,...,Z, be i.i.d. random

variables such that E[Z;] = 0 and Var[Z;] < co. Let S; := Z;Zl Z;. Then,
Var|[S,,]
Pr [1I£Ja§xn|sj| = M] = M2

Let L, R € [n] be parameters satisfying L < R. For a vertex v € V(™ let £(v) be the event that

v U, UD(Z){Xfi)}. In other words, £(v) means that the walker does not visit the vertex v during the
walk. For two vertices v;,v; € V(”)7 we write v; X v; if ¢ < j. Note that, for any two vertices u < v and

any round k € [n], it holds that Pr[é’(v)|Xék) <u] > Pr[S(U)\X(()k) = u]. Then, we have
EU]:ZPr[S(vk)]EZPr[S(vk ZPI‘[ VE) /\X( ) < }
k=1 k=R

= Z Pr {E(Uk)‘Xék) = UL} PI‘[X(gk) =]
k=R

> (n— R)Pr [g(uR)’X(SR) - UL} uin {Pr [ng) ~ UL} } . (8.30)

We will determine the parameters R and L such that n — R = Q(n?), Pr [5(1;3)’)(51“” = ’UL} =Q(1/0)

and Pr[X{® < L] = Q(1) for all R < k < n. This yields the lower bound E[U] = Q(n?/C). For fixed
parameter R, let T := >""" ,0(i) denote the number of steps of the walk during the last n— R+1 rounds.
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Lemma 8.7.2. Let L,R € N be parameters satisfying L < R and let T :
following hold.

S" p0(i). Then, the

(i) Pr [S(UR)‘XSR) = ’UL1| >1- ﬁ, and

(i) Pr[X(()k) <] >1—L forall k € [n].

Proof of (i). Let (Zt)ten be i.i.d. random variables sampled from the uniform distribution over {—1,+1}
and S, = Z;:o Z; denote the sum. For a vertex v; € V(™ let pos(v;) = i denote the position

of v;. Then the complementary event £(vg) conditioned on X(gR) = v is equivalent to the event

that maxRSiSn’OSjga(i){pOS(X](»i)) — pOS(X(gR))} Z R — L Moreover, maxRSiSn’ogjga(i) |pOS(X](Z)) —
pos(X(gR))| is dominated® by maxj<.<r|Sc| (recall T = Y 0(i)). This is because the distribution
of pos(X](-l)) - pos(X](Z_)l) conditioned on pos(X](l)) - pos(XJ(Ql) # 0 is uniform on {—1,+1}. Thus we
obtain

Pr {5(03)‘X6R) = UL] <Pr [ max |pos(XJ@) - pos(XéR))| >R- L’XSR) = L]
< Pr[1r<na<XT [Sc| > R — L]

< Var[ST] T

=[R®R-L? 4R-L72

In the last inequality, we used the Kolmogorov inequality (Lemma 8.7.1). O
Proof of (ii). It suffices to show that

Pr(x\" =] > Pr[x\" = v; 4] (8.31)

1-Pr[x{" < 1]
= UL] > )
n—1L

which implies the claim (ii). Here, in the second inequality, note that Pr[Xék) =] > Pr[Xék) = vj]
for all j > L and thus, the average —+ YisL Pr[X(()k) = vj;] is at most Pr[Xék) =ur]. ‘

Now we prove the inequality (8.31). Let xy) € [0,1]V¢ denote the distribution of X j(.l). To simplify
notations, for a vector y € [0, 1]V(1), we write y[u] for the u-th element of y. We call the distribution

y € [0, l]V(l) monotone if y[vg] > y[vk41] holds for any 1 < k < i— 1. Our aim here is to prove that x(()k)

is monotone, which is equivalent to (8.31).
Indeed, we will prove a stronger statement: x;-l) is monotone for any 7 and j. We prove this statement

inductively. First, the vector xgl) = (1) is obviously monotone. Secondly, if :z:gi()i) is monotone, so
éi-i—l) (i+1) (4)

does x . To see this, note that z; is obtained by concatenating Ty i) with 0. More precisely,

2t € [0, 1) satisfies

(i) o . o
% . ‘Tz[j] lfléjgzv
g )= 2O

0 ifj=i4+1.

Finally, we check that x(i)l is monotone if z\” is monotone. From (8.2), we have

Jj+ j
, pmgf) [v1] + (1 — p)at? [v2] | ifh=1,
:L‘§'21[Uk] = qxgl) [kal,] +(1- Qq)xg%) [vi] + qxgz) [vepa] if 1<k <4,
(1- p)x? [v5—1] +PI§1) [v;] if k =1.

2For two random variables X and Y, we say X dominates Y if, for any r € R, Pr[X > r] > Pr[Y > 7] holds.
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By the induction assumption, :vg-i)

p > q, we have

is monotone. Now we check that J:;i) is monotone. For k = 1, since

201 n] = 2§ [a] = (0 = @) (@ [01] = 257 [va]) + (@ [vs] — 2 [v3]) > 0.

For1<k<i—1,sinceq§%,Wehave

2§ o)) = 28 o) = @2 on—a] + (1 = 302 ug] — (1 = 3¢)28 o] — g2 [ugse)

> (1-2) (23" [o] — 2" [ora)) > 0.
Finally, for k = i, since p > ¢, we have

(@) @

i o] = i [oi] = a(@ i) — 2 i) + (0 — @) (@ [vsa] — " [wi]) 2 0.

Therefore x§21 is monotone. O

Now we are ready to prove Corollary 8.2.10. Recall 9(i) < Ci?>~7. Fix a small positive constant
e such that ¢ < min{1/C,0.1}. Set R := n — en“’ and L := R — 0.6n € [0.3n,0.4n]. Then we have

T < (n— R)d(n) < Cen? < n? and thus 1 — m >1— 4X036 > 0.3 and 1—£ > 0.6. Then, from
(8.30) and Lemma 8.7.2, we have
nY
E[U] > en” - 0.3-0.6 = Q () ,
C
which completes the proof of Theorem 8.2.9 (here, we take € > 0 such that e = Q(1/C)). O

8.8 Note on the Initial Round

For a ng > 0, we consider the case where ng vertices exist at the first round.

Theorem 8.8.1. Let G\ = K, .4, i.c., the complete graph with ng + i vertices, and let (P®"),, , =
1/(no +1) for all u,v € VW in R = (0, (G2, (PM)2). Let N be an arbitrary positive number. If
0(i) > 2i/N for all i, then E[U(n)] < 2ng + N.

Proof. Ifn < ng, V™| = ng+n < 2ng and we are done. Suppose that n > ng. Then it is straightforward
to see that

o=nll(1-55) +ZH( )

k=1i=k
2(4)
<ng-+mno-+ < )
k %:H Hc no + i
<2mo+ Y H(l—zl)
k=no+11i=k

Note that we use Lemma 8.6.3 in the last inequality. O



Chapter 9

Average Distance and Diameter

9.1 Results

In this chapter, we consider the average distance and diameter of the random regular graph G, 4. Recall
that the random regular graph G,, 4 is the graph sampled according to the uniform distribution G, 4 of
all n-vetex d-regular graphs. Let AD(G) and diam(G) be the average distance and diameter of a graph
G, respectively (see Section 9.1.3 for the definition). We define AD(G) = diam(G) = oo if G is not
connected. The main results of this chapter are the following.

Theorem 9.1.1. For two constants o € (0,1) and 5> 0, let d = (8 +o(1))n® be an integer. For every
constant € > 0, it holds a.a.s. that

|AD(Grd) — 4] < €,

where

_ _pl/a e
M:{a Lyexp(—=BYe) ifa ! eN, 9.1)

[a1] otherwise.

Theorem 9.1.2. For two constants « € (0,1) and > 0, let d = (8 4+ o(1))n™ be an integer. It holds
a.a.s. that

diam(G,, 4) = a1 + 1.

The diameter of regular graphs has gathered special attention in graph theory [EFHS80, HS60, Mv05]
and has an application in designing efficient network topologies. Note that for every vertex v, there
are at most d(d — 1)¥ vertices having distance k from v. Thus, for every n-vertex d-regular graph G of
diameter D with d > 3, we have

i=1

= [bgd_l n+log, , (1 —~ 3 (1 — i)ﬂ (9-2)

logn
- log(d—1) (1)-

D
DZmin{DeN : ng1+Zd(d—1)i—1}

We denote by D' = D’(n,d) the lower bound (9.2), which is known as the Moore bound [Mv05].
From our result Theorem 9.1.2 and the Moore bound (9.2), we have that the random d-regular graph
Gpq of d= (B +o(1))n® with two arbitrary constants « € (0,1) and 8 > 0 a.a.s. satisfies

lim diam(G,, 4) — D'(n,d)) =

n— oo

(9.3)

0 ifeither o' ¢ Nor (o' € Nand 8 < 1),
1 ifa~'eNand 3> 1.

This means that, for example, G,, 4 has the minimum possible diameter among all n-vertex d-regular
graphs a.a.s. if =1 ¢ N.

123
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9.1.1 Background of G, 4

The study of the random regular graph G, 4 originated from the configuration model introduced by
Bollobés [Bol80]. The configuration model is an algorithm that generates the random d-regular multigraph
(i.e., the genareted graph may contain multiple edges or self-loops). The probability that the graph
generated by the configuration model is simple (i.e., does not contain neither multiple edges nor self-

loops) is (1 + o(1)) exp (#) for fixed d. Therefore, we can study G, 4 by considering the graph
generated by the configuration model conditioned on being simple. Specifically, if C), 4 is the graph
generated by the configuration model, then we can show that, for any graph property P,

2

Pr[G,, 4 satisfies P] = (1 + o(1)) exp ( ) Pr[C,, 4 satisfies P]

This enables us to study G, 4 for a constant d. The case of d = d(n) > 1 is much less understood, though
there is a well-known successful approach called the switching method, introduced by McKay [McK81].
Roughly speaking, the switching method is a framework of algorithms that generates Gy, 4. It starts from
C),,q and repeat eliminating multiple edges and self-loops randomly. See [Wor99] for a detailed survey on
Gy,q. However, since the switching method fails to generate G,, 4 with some probability depending on d,
results based on the switching method usually require the condition that d = o(n”) for some reasonable
constant v < 1. Therefore, G,, 4 of d = (8 + o(1))n® with arbitrary constant o € (0,1) seems to be far
from these methods.

Another recent remarkable approach for the study of Gy, 4 is to compare G,, 4 with the Erdés-Rényi

logn \.
n )

graph G(n,p) of p = %. Recall that the degree is concentrated on np (Example 2.5.6) if p = w (
thus we may expect that G(n,p) and G, 4 share several structural properties if d = (1 + o(1))np. For
logn < d < n*/?/(logn)?, Kim and Vu [KV04] presented a coupling of G,, 4 and Gy, 4 of p = (1—0(1))<
such that G(n,p) € G4 holds a.a.s. Dudek, Frieze, Rucinski, and Sileikis [DFRv17] improved this
result by presenting a coupling having the same property for logn <« d < n. Their result is called the
embedding theorem. The embedding theorem enables us to bound diam(G,, 4) and AD(G,, 4) from above
by diam(G(n,p)) and AD(G(n,p)), respectively. Very recently, Gao, Isaev, and McKay [GIM20] proved
that there is a coupling of G(n,p) and G, 4 satisfying G(n,p) D G, q if p > % for some constant
C, d=w(logn) and d = o(n). We can immediately obtain Theorem 9.1.2 by combining the coupling of
[GIM20] and known results cencerning the diameter of G(n,p). However, due to the O(logn) factor in
the condition p > %, Theorem 9.1.1 does not follow from [GIM20] immediately.

To study diam (G, 4) and AD(G,,,q), we shall look at diam(G(n,p)) and AD(G(n,p)) of p = 4. It is
well known that G(n,p) of p = (8 + o(1))n~'T* has diameter |a~!] + 1 [Bol01, Bol81, FK16]. As for
the average distance, we obtain a concentration result of AD(G(n,p)), which is of independent interest.

Theorem 9.1.3. For two constants o € (0,1) and 3 > 0, let p = fn~1+* and

o a '+ exp(—pY*) ifa”! €N,
o= [a™1] otherwise.

Then, there are absolute constants C1,Cy > 0 such that
|AD(G(n,p)) — pu| < Cyn~

holds a.a.s.

9.1.2 Related results and trivial bounds
Diameter of G(n,p)

There is a long line of works on the diameter of G(n,p) [KL81, Bol81, CL01, FR07, RW10]. For dense
G(n,p), Bollobas [Bol81] proved the following result.

Theorem 9.1.4 (Theorem 6 of [Bol81]). Fiz a positive constant c. Let D = D(n) > 2 be a positive
integer and p = p(n) € [0,1] be a real number satisfying

pPnP=1 =log(n?/c).
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Suppose that np = w(logn). Then, G(n,p) satisfies

exp(—c/2) if k=D,
li_)m Pr(diam(G(n,p)) = k] = ¢ 1 —exp(—¢/2) ifk=D+1,
0 otherwise.

Corollary 9.1.5. Suppose that p = (8 + o(1))n=*+*, where a € (0,1) and B > 0 are any constants.
Then, diam(G(n,p)) = |a~t] + 1 holds a.a.s.

It should be noted that Corollary 9.1.5 also follows from the main result of Klee and Larman [KL81].

The diameter of G(n,p) of small p has gathered special attention [Bol84, RW10, CLO0O1]. In this line
of work, there is a convention that the diameter of a disconnected graph is the maximum among all
diameters of its connected components. Bollobds [Bol84] proved that diam(G(n,p)) € A holds a.a.s. if
np —logn = w(l), where A = A(n) C N satisfies |A| < 4. Chung and Lu [CLO01] studied diam(G(n,p))
with 1 < np < clogn where ¢ is some constant. For example, they proved that diam(G(n,p)) =
(1+0(1)) ﬁ)ogg,:lp holds a.a.s. if w(1) = np < logn. Riordan and Wormald [RW10] strengthened the results
of [CLO1], providing the tight estimate for diam(G(n,p)) for 1 + o(1) < np = O(1). For smaller p,
Luczak [Euc98] investigated diam(G(n,p)) with np < 1.

Average distance of G(n,p)

The average distance of random graphs with a power law degree sequence has gathered a great deal of
attention in network analysis [KNb115, NKKB16, BGHJ07, vdHHMO05, CL04, vdHHO0S]. Focusing on
G(n,p) with np = w(logn), one may observe that AD(G(n,p)) =~ diam(G(n,p)). More precisely, it is
easy to see that AD(G(n,p)) < diam(G(n,p)) = (1+0(1)) 2222 and AD(G(n,p)) > (1 —o0(1)) L2 hold

log np log np

by considering the maximum degree of G(n,p)).
Katzav, Nitzan, ben-Avraham, Krapisky, Kiinh, Ross, and Biham [KNb*15] presented analytical
results on AD(G(n,p)) for dense G(n, p) that coincide with Theorem 9.1.3. However, to the best of our

knowledge, there are no known results with rigorous proofs for AD(G(n, p)) with np = n(1).

Diameter of G,, 4

For random regular graphs G, 4, Bollobds and de la Vega [BdIV82] proved that

. loglogn
d Gnd)=D'(n,d)£0 | ————

1am( n,d) (TL, ) <10g(d _ 1))
holds a.a.s. if the degree d > 3 is a constant. If logn < d < n°(), the embedding theorem of Dudek et
al. [DFRv17] and the lower bound (9.2) together imply that

1
diam(G.q) = (1 +0(1)) 2 = (14 o(1))D'(n, d)
' logd
holds a.a.s.
Suppose that d = (8 + o(1))n®, where a € (0,1) and § > 0 are constants. From the embedding

theorem, we have diam(G,, 4) < || + 1 holds a.a.s., as we will confirm in Section 9.2. On the other
hand, by substituting d = (8 + o(1))n® to (9.2), we obtain

la™t] +1 ifarl!¢gNor (et eNAB < 1),
lim D' =< a~! ifa"leNAB>1, (9.4)
depends on the term o(1) ifa™' e NAB=1.

By combining Theorem 9.1.2 and (9.4), we obtain (9.3). As mentioned earlier, Theorem 9.1.1 immedi-
ately follows from the result of Gao, Isaev, and McKay [GIM20]. In this chapter, we prove Theorem 9.1.2
by combining the upper bound from the embedding theorem [DFRv17] and Theorem 9.1.1 (note that
diam(G) > [AD(G)]).
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Average distance of G, 4

Let Ny be the number of vertex pairs of distance k. We use the same argument as for (9.2) to obtain a
lower bound of AD(G) for any d-regular graph with d > 3. Suppose diam(G) = D’ and thus Ny +--- +
Np = (;) Moreover, for every k = 1,..., D’ — 1, we have N}, < d(d — 1)*~!. Therefore, we obtain

-1

=0~ (3) (@O (D )Nt M)

2
/ n - ! k—1
>D' -, > (D' = k)d(d—-1)
k=1
d(d — 1)’ dp’ d

:D/— +

(n-D@—22  m-1)d—2)  (n—1)d—2)
=log,;_;n—O(1).
Let AD' = AD(n,d) denote the lower bound (9.5). Then, we have

(9.5)

logn
————— —0(1) <AD(G, q) < di n.d)-
This implies that
logn
AD(Gnq) = (1 1) —————

holds a.a.s. if d > 3 is constant or logn < d < ne),
Suppose that d = (8 + o(1))n®, where o € (0,1) and 8 > 0 are constants. From the lower bound
(9.5), we have

o |+ I o
la=t] +1 if a=' ¢ N,
. a1 if o' eNand 8> 1,
nhﬁn;o AD'=¢ | /e I (9.6)
1o g +1 ifa™ eNand <1,

depends on the term o(1) otherwise.

9.1.3 Preliminaries
Throughout this chapter, the number of vertices of a graph is denoted by n, and the vertex set is identified
with [n].
For two graphs G and H, let
GUH=(V(G)UV(H),E(G)UE(H)),
GNH=(V(G)NV(H),E(G)NE(H)).
Note that both G and H are labelled graph.

A path is a graph P = ({vo,...,ve}, {{vo,v1},...,{ve—1,v¢}}) for distinct vertices vy, ...,vs. The
vertices of degree one in a path are called endpoints. We call a path of endpoints s and ¢ an st-path. The
length of a path is the number of edges. For a graph G and its two distinct vertices s and ¢, the distance
distg(s,t) is the minimum length among all st-paths contained in G. We define distg(s,t) = oo if G

does not contain any st-paths. If the graph G is clear from the context, we use dist(s,t) for distg(s, ).
For a graph G = (V, E) of n vertices, the average distance AD(G) of G is

n -1
AD(G) = (2> {g:(v)distg(s,t).

The diameter diam(G) of G is
diam(G) = max distg(s, ).
s#t

Note that diam(G) = AD(G) = oo if G is not connected.
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9.1.4 Tools

Lemma 9.1.6 (Multivariate version of Brun’s sieve; Lemma 2.8 of [Wor99]). Let S S be random
variables defined on the same space €y, such that each S can be written as the sum of binary random
variables. Suppose that there exist positive constants A1, ..., \x satisfying
k k
] (2) - T
lim B | TS )] =11
i=1

i=1

for every fixed integers r1,... 1 > 0.
Then, for any constants j1,...,Jr > 0, it holds that

k

k Ji
N\iss = m] = Lo’

lim Pr -
i=1 Jic

n—roo

Lemma 9.1.7 (Lemma 2.1 of [KSVO07]). Suppose that 1 < d < n. For any fized graph H, it holds that

|E(H)|
Pr[H C Gy,q] = (1 +0(1)) (n> .

Let G[n, m] be a graph selected uniformly at random from the set of all graphs of n vertices with
exactly m edges.

Lemma 9.1.8 (The embedding theorem; Theorem 10.10 of [FK16]). There is a constant C > 0 that
satisfies the following. For any real v = vy(n), integer d = d(n) satisfying

d 1 1/3
c((n+ Ofl”) >§7<1, (9.7)

and m = [ (1 —y)nd/2|, there exists a joint distribution m of Gin,m] and G,, q such that

lim Pr[Gn,m] C G,q4) =1

n—,oo
holds.

In other words, for logn < d < n, we can choose m = (1 — o(1))nd/2 and couple G[n,m] and G,, 4
such that G[n,m] C G, 4 holds a.a.s.

9.2 Upper bounds of AD(G, 4) and diam(G, q)

In this section we obtain upper bounds of AD(G, 4) and diam(G,, 4) using Lemma 9.1.8. As noted
in [DFRv17], in Lemma 9.1.8, one can replace G[n,m] by G(n,p) of p = (1 —2v)d/(n — 1). This yields
the following result.

Corollary 9.2.1. For d = d(n) satisfying logn < d < n, there ezists p = (1 —o(1))< such that
AD(Gy,.q) < AD(G(n,p)) and diam(G,, 4) < diam(G(n,p)) hold a.a.s.

For d = (B + o(1))n®, take v of Lemma 9.1.8 satisfying v = o(1), and let p = (1 — 27)-4 =
(8 +o(1))n=tT. Then, from Theorem 9.1.3 and Corollary 9.2.1, it holds a.a.s. that

AD(G,q) < AD(G(n,p)) < p+o(1). (9.8)
Similarly, from Corollaries 9.1.5 and 9.2.1, the random regular graph G, q a.a.s. satisfies

diam(G,, 4) < diam(G(n,p)) < [~ | + 1. (9.9)
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9.3 Lower bounds of AD(G, ) and diam(G,,4)
If a=! ¢ N, the lower bound (9.6) and the upper bound (9.8) yield that
AD(Grg) = @] +1—0(1)
holds a.a.s. Now we focus on the case where a~! € N. This section is devoted to proving the following.

Lemma 9.3.1. Let d = (8 + o(1))n®, where a € (0,1) and 3 > 0 are any constants satisfying a~! € N.
For any constant € > 0,

lim Pr[AD(Gpq) <pu—¢€ =0,

n— o0
where = o~ + exp(—BH).

Remark 9.3.2. By combining (9.8) and Lemma 9.3.1, we complete the proof of Theorem 9.1.1. More-
over, Lemma 9.3.1 implies

diam(G, q) > [AD(Gpa)] = [a™ '] +1
holds a.a.s., which completes the proof of Theorem 9.1.2.
Proof of Lemma 9.3.1. Note that

AD(G,,,@:(Z ) 3 dist(s,t)
{s.tre(y)

0o —1
S() T G

£=1 {s.tre(y)

a+1n—1
> 1 (2> 2: Liaist(s,t) >0

{s.tye(y)

[

For ¢ € {1,...,a ' + 1}, let py = pe(Gpa) = (g)_l Z{s,t}e(‘g) Lidist(s,t)>¢- We evaluate py using the
following result.
Lemma 9.3.3. Consider G, q of d = (84 o(1))n®. Fiz two constants o € (0,1) and 5 > 0 satisfying

a~! € N. For any constant k € N, fix 2k distinct vertices s1,..., Sk, t1,...,tx. For any fizred {1,...,0; €
{1,...,a=t + 1}, it holds that

k

/\ [dist(si, ;) > m] = exp(—MBY*)

i=1

lim Pr
n— o0

where M = |{i € {1,...,k} : £; = a~ 1 + 1}].
We will prove Lemma 9.3.3 in Section 9.3.1. For £ € {1,...,a~ + 1}, let

R ifl1<¢<al,
pe= exp(—BY%) ifl=a"t+1.

From Lemma 9.3.3, we have

o\ L
Elp/ = <2> Z Pr[dist(s,t) > ¢
{s.}3e(})
= Pr[dist(1,2) > {] = p+ o(1)



CHAPTER 9. AVERAGE DISTANCE AND DIAMETER 129

and

—2
E[p;] = (n> > Prldist(s,t) > £ A dist(s',t') > (]
{s,t},{s’,t’}e(g)

-2
— (n> o(n®) + Z Pr(dist(s,t) > ¢ A dist(s',t') > /]

{s,t}.{s",t' e(}):
{s,t}n{s’,t'}=0

= Pr[dist(1,2) > ¢ A dist(3,4) > £] +o(1) = u? + o(1).
From the Chebyshev inequality, for every constant € > 0, we have

Var[p/]

Pr(lpe = Elpd]| > ] < —5— =o(1).
Thus we obtain
a 41 a t4+1
Pr Z De| —p| >€| < Z Pr [|pe — pue| > ¢/(a™" +1)] = o(1).
=1 =1

Therefore, it holds a.a.s. that
0471-&-1
AD(Gra) > Y pe>p—o(1),
=1

which completes the proof of Lemma 9.3.1. O

9.3.1 Distances of fixed vertex pairs of G, 4

This part is devoted to proving Lemma 9.3.3. We start with establishing the following result.

Lemma 9.3.4. Consider Gy q of d = (8 + o(1))n® for constants a € (0,1) and g > 0. For two fized
distinct vertices s and t, it holds a.a.s. that dist(s,t) € {[a™'], [a™1] + 1},

Proof. For two fixed vertices s,t of Gy, ¢ and an integer ¢, we denote by P the set of paths of length ¢
connecting s and ¢ in a complete graph. Let Xy = X,(G,, 4) be the number of paths P € P contained in
Gn,d, that is,

Xe=|{PeP:PCGna}l (9.10)

Fix an integer £ satisfying o < 1 (or equivalently, £ < [a~1] —1). Then, from Lemma 9.1.7, we have

E(Xg) = Z PI‘[P C Gn,d]

PcP
= (14o(1))n*? (Z)E
=o(1).

From the Markov’s inequality, we obtain

Prldist(s,t) < ¢ < Pr[X; + - -+ Xy > 0]

In other words, dist(s,t) > £+ 1> [a~!] holds a.a.s.
On the other hand, from (9.9), we have dist(s,t) < diam(G,,q4) < [@™'| + 1. This completes the
proof of Lemma 9.3.4. O
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Proof of Lemma 9.3.3. Fix an integer k£ > 0 and 2k distinct vertices s1,...,sg,t1,...,t; of Gy 4,
where d = (8 + o(1))n®. From Lemma 9.3.4, it holds a.a.s. that dist(s,t) € {a=, a~! + 1}.
Suppose that £; < a~! and thus dist(s1,%1) > ¢; holds a.a.s. Then we have

k k
Pr /\[diSt(Si,ti) Z Zl] — PI’[diSt(Sl,tl) < fl] S Pr /\[diSt(Si,ti) Z El]]
=2 i=1
k
S Pr /\[diSt(Si,ti) Z &]]
=2
and thus
k k
Pr | A\ [dist(si,t;) > £:]| = Pr | /\[dist(si, ;) > m] —o(1).
1=1 =2

Hence, we may assume that /; =o' + 1 foralli=1,...,k (i.e., M = k in Lemma 9.3.3).
Let P denote the set of s;t;-paths of length a~! contained in the complete graph K,,. Define X *
as the number of paths of PV contained in G4, that is,

XD =|{PpePD:PCGn,p)

Then, we have

k k k
Pr | A\[dist(si,t;) > o~ +1]| =Pr | A\ [dist(si, t;) > a7 '] A N\ [XD =0]
i=1 i=1 i=1
k
=Pr | \[X© = 0}] —o(1). (9.11)

We evaluate (9.11) using the following result, which will be shown in Section 9.3.2.

Lemma 9.3.5. Consider Gy q of d = (8 + o(1))n®, where oo € (0,1) and 8 > 0 are any constants
satisfying o~ ' € N. Fizx 2k distinct vertices si,...,Sg,t1,...,ts, where k is any constant. For i =
1,....,k, let XD denote the number of s;t;-paths of length a~' € N contained in G(n,p). Fiz arbitrary
nonnegative integers ri,...,Tx. Then, it holds that

k

H(X(i))r;| = (BY*)" +o(1),

i=1

E

where R =11 + -+ + 1.
From Lemma 9.3.5 and the Poisson approximation theorem (Lemma 9.1.6), we have

k
NIXO = 0}] = exp(—kBY ) +0o(1). (9.12)

=1

Pr

By combining (9.11) and (9.12), we have

k
/\[dist(si,ti) >a 4 1]

i=1

Pr = exp(—kBY ) —o(1).

This completes the proof of Lemma 9.3.3 and thus Lemma 9.3.1.

9.3.2 Proof of Lemma 9.3.5

We first prove the following result and then show Lemma 9.3.5.



CHAPTER 9. AVERAGE DISTANCE AND DIAMETER 131

Lemma 9.3.6. Fiz an integer £ > 1 and consider G(n,p) satisfying (np)* = Q(n). Fiz 2k distinct

vertices si, ..., 5k, t1,...,tn, where k is arbitrary constant. Fori=1,...,k, let X denote the number
of s;t;-paths of length £ € N contained in G(n,p).
Then, for any fired nonnegative integers r1,...,7k,
b 1
E H (X(i)) 1 — pRU=1) R <1 +0 ()) ,
i T np

where R=1r1 4+ -+ 1p.
Corollary 9.3.7. Consider G(n,p) of p = (B+0(1))n=1T, where a € (0,1) and B > 0 are any constants

satisfying a~' € N. Fiz arbitrary nonnegative integers r1,...,r. Then, it holds that
k
E H(X(”)m] = (BY*)" +o(1),
i=1

where R=11 + - 4+ 7.

Proof of Lemma 9.3.6. For a positive constant k, fix 2k distinct vertices s1, ..., Sk, t1,...,t,. For every
i€ {1,...,k}, let P() denote the set of all s;t;-paths of length ¢ contained in the complete graph. We
denote by X the number of paths of P contained in G(n,p).

Fix nonnegative integers k,r1,...,75. We may assume that r; > 0 for every ¢ = 1,..., k. Let
A= (PW), x---x (PW), . Each element A € A is a tuple

k

1T TR

where each Pj(i) € P; is an s;t;-path of length ¢ and Pj(i) =+ Pj(,i ) holds for every i and j # j'. For
notational convention, we write A = (Py,..., Pg) € A. Since 7 > 0, it holds that P € P®*).

For a tuple A = (Py,..., P;) of t paths, let E(A) = Uzzl E(P;) and V(A) = U§:1 V(P;) (we will use
induction on R and hence we assume ¢ < R here). For S C A, we consider

rs =3 plFAL.

AeS

Note that E [Hle (X(i))m} =Y 4ca Pr[E(A) C E(G(n,p))] = T 4. We claim

1 1
nR(Z—l)pRé (1 _0 (n)> <4< nR(l—l)pRZ (1 +0 (np>) 7 (9.13)

which completes the proof of Lemma 9.3.6.
For any A € A, it holds that |E(A4)| < R and the equality holds if and only if any two distinct paths
P;, P; of A shares no edges (see Figure 9.1). Let

F={Ac A:|E(A)| < R0}
={(Py,...,Pr) € A:3i # j, E(P) N E(P;) # 0}. (9.14)

Figure 9.2 illustrates an example. Then, I' 4 can be decomposed into
Fa=Tr+Tar (9.15)
The second term I 4\ 7 satisfies

Ty =p"{A€ A:|E(4)| = RY|
>pP{Ac A:|E(A)| = Rl and |V(A)| = R(¢ — 1) + 2k}
=(n— 2k)R(z-1)pRe

> U= R (1 _0 <1>) .
n

This implies the lower bound I'y > I' g\ 7 > pRU—1)pke (1 -0 (%))



CHAPTER 9. AVERAGE DISTANCE AND DIAMETER 132

455

= ——

Figure 9.1: A tuple A € A\ F. Figure 9.2: A tuple A € F.

Now it suffices to bound I' 4 from above. Observe that I' 4\ 7 satisfies
Par=pY {A € A: |E(A)| = ReY| < nF-VpRE (9.16)

We show that this term is dominating in I" 4. Lemma 9.3.6 immediately follows from (9.15) and (9.16)
and the following result:

Lemma 9.3.8. Suppose that (np)* = Q(n). Define F as (9.14). It holds that

R(¢—1), Re
pfzo(np)
np

Proof. We use induction on R. For the base case of R = 1, we have F = () and thus

T4 <nf1pf,
Tz =0.

Suppose that R > 2 and that Lemma 9.3.8 holds for R — 1. Note that Lemma 9.3.6 also holds for
R — 1 since Lemma 9.3.8 implies Lemma 9.3.6. Let

A= (P, x o (PR

Then, each element A = (Py,...,Pr) € A can be decomposed into A’ = (Py,...,Pr_1) € A’ and
Pr € PR, Note that the edge set E(A’) for A’ € A’ are defined in the same way as E(A) and it holds
that |[E(A")] < (R —1)¢. Let

F ={A € A:|EA) < (R-1))}.

By the induction assumption on F’ and A’, we have

T4 < p(B=DE=1),(R-1)t (1 I Cl) )
np
n(R—l)(e—l)p(R—ne)

np

Lr §02<

for some constants Cy,Cy > 0. For A = (Py,...,Pr) € F,let A’ = (Py,...,Pr_1) € A’. Since A € F,
either

(i) E(PR)NE(P;) # 0 for some 1 <4 < R, or

(i) E(Pr)NE(A") =0 and E(P;)) N E(P;) # 0 for some 1 <i < j < R (thus A’ € F')
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holds. Therefore, we have

rr= 3 plE

AceF
<y T e 3 S pEaEr (9.17)
Al A PreP®), AreF! Prep).

E(A)NE(Pgr)#£0 E(Pgr)NE(A")=0

From the induction assumption, the second term satisfies

Z Z pIE(A’)UE(PR)I - Z p\E(A')\ Z p\E(PR)I

A'EF pLeph), AreF Prep®).
E(PR)NE(A)=0 E(PR)NE(A)=0

S F]:/ . nfflpﬁ. (918)

The first term can be rewritten as

Z Z p\E(A/)UE(PR)I - Z p\E(A’)\ Z p\E(PR)\E(A’)I_

Al A PrepP ™). Alc A PrepP ™),
E(A")NE(Pr)#0 E(A)NE(Pr)#0

Fix A" = (P1,...,Pr—1) € A". Let S = {s1,...,8k,t1,...,t;} be the endpoints of the paths and let

Vi=SuV(P)U---UV(Pgr—1). To bound the number of Pg satisfying the condition (ii), we consider
two cases: E(Pg) € E(A") and E(Pr) C E(A’).

Case 1. E(Pg) € E(A’). The edge set E(Pr)NE(A’) forms a forest. Since E(Pg) € E(A’), this forest
is not connected and thus we have |V (Pr) NVi| — |E(Pr) N E(A’)| > 2. This yields

\V(Pr)\ Vi| = |V(Pr)| — [V (Pr) N V3]
<0 —|E(PR)NE(A)| - 1.

Let |E(Pr) N E(A")| =t < {. Then, Pg consists of two type of vertices: at most £ —t — 1 from V \ V;
and the others from V;. Therefore, there are at most n‘~*=1|Vj|* < C'n’~*~! candidates for the path
Pg satisfying |E(Pr) N E(A")| =t < £, where C = (R — 1)(£ + 1) (recall that two endpoints of Pg are
fixed and thus they are not taken into account).

Case II. E(Pg) C E(A’). We claim A’ € F'. If not, it holds that E(P;)NE(P;) = ( forany i < j < R.
Hence, E(Pg) C E(A’) implies P = P; for some ¢ < R. This contradicts to the definition of A
(P; # P; for any i < j < R). Moreover, the number of Pr € P*) satisfying E(Pg) C F(A’) is at most
V1[4t < CFE=1) | Therefore, we have

Z Z pIE(A’)UE(PR)\

ATEX prep®,
E(A)NE(Pr)#0

(-1
< Z plEAD Z Z pl EERNEAD Z plEAD o R(E=1)
t=1

AleA = Prep®). AreF!
|E(A)NE(Pr)|=t
-1

< Z p|E(A’)| . thnf—t—lpé—t + CR(@—l)F]__/

Ale A t=1

Cnf=1pt 1.01C
<y 2P (1 T ) 4+ ORI, (9.19)
np np

From (9.17) to (9.19) and the induction assumption, we have

£—1,,¢
Cn"'p (1+1.010)+CR(4—1)FF
np

Ir<Tw-n"'p'+Tu-

R(¢—1), Re
<0 <np> .
np
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This completes the proof of Lemma 9.3.8 and thus Lemma 9.3.6 (Here, we have used the assumption
that (np)* = Q(n)). O

O

Proof of Lemma 9.3.5. Let d = (1 + o(1))np = (8 + o(1))n®. From Lemma 9.1.7, we have Pr[H C
G(n,p)] = (1 +0o(1))Pr[H C G, 4] for any fixed graph H. Let R =7 +--- + 7, and A = (PW), x

- x (P®),.. We write each element A € A as a tuple A = (Py,..., Pg) of R paths. Then, from
Corollary 9.3.7, we have

k
o | TT () ] S PrE(P U Pr) C Gud

i=1 (Py,...,PR)EA

=(1+o(1)) Y  Pr[E(PU--Pg)C G(n,p)]
(P1.-,PR)

o B 11 (59),|

i=1
= (B+o(1))!/e.

9.4 Concentration of AD(G(n,p))

We prove Theorem 9.1.3. We use AD = AD(G(n,p)) and diam = diam(G(n,p)) as random variables.
Let D = [u] = |a~!] + 1. From Corollary 9.1.5, we have

Pr[|AD — u| > €] < Pr[|AD — u| > €| diam = D] Pr[diam = D] + Pr[diam # D]
< Pr[|AD — pu| > €|diam = D] + o(1)

for any € = ¢(n) > 0. Therefore, we may put the condition that diam = D.

Fort=1,...,D, let
v
= H{s,t} € (2) . dist(s, t) :z}’

We will prove the following result in Section 9.4.1:

Lemma 9.4.1. Let C > 0 be a sufficiently large constant and € = €(n) = lon%. Then, |N; — M;| <
CeM; holds a.a.s. for alli=1,...,D — 1, where
M, — (np)” (m) ifi<al,
(1- exp(—ﬁl/o‘))(g) ifi=a"1eN.

Upper bound of AD. Conditioned on diam = D, it immediately holds that AD < diam < D. Thus,
if a=! ¢ N, we have

AD< D=y

with probability 1 — exp(—n2(™).

Now we focus on the case where ™! € N. Let e = C log"

for sufficiently large constant C' > 0.
Conditioned on diam = D, Lemma 9.4.1 implies

n
Np = <2)Nl...ND_1

< (1+0(e)) exp(=5"7) <Z)
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Therefore, conditioned on diam = D, we have
n D
<2> -AD = ; iN;

< DNp+(D—1) ((;) —ND>

= Np+(D- 1)(2)
< (14 0(e)p (Z)
In other words, AD < 11+ O(e) holds a.a.s.

Lower bound of AD. Conditioned on diam = D, we have Ny +--- + Np = (”) and thus

2
n D
<2) -AD = i:E - ZNi

—N1+2N2+"'+(D—1)ND1+D<(Z> —N1—~~—ND1)
_D(;) —(D—1)N, — (D —2)Ny — - — Np_;

> (1- 0<e>>u(§).

In the last inequality, we used Lemma 9.4.1. This completes the proof of Theorem 9.1.3.

9.4.1 Proof of Lemma 9.4.1

The proof of Lemma 9.4.1 is a slight modification of the proof of Theorem 7.1 of [FK16].
Consider G(n,p) of p = (B +o(1))n~ 1T Let D = |a~!]| + 1. We consider the breadth first search
process on G(n,p) from a fixed vertex. Fix a vertex v. For k > 0, let

Ni(v) = {w € V : dist(v,w) = k}.

Note that No(v) = {v}. For sufficiently large constant C > 0 and € := —l‘fp”, let Fj be the event of
G(n,p) that
2M;|  CeM; :
‘|Ni(v)|— < 2 for alli=1,...,k,
n n

where M; is given in Lemma 9.4.1. Note that Fp must hold. The degree of v is denoted by deg(v). We
denote by Bin(m,q) the binomial distributed random variable with m trials and success probability g.
Note that, if we are given Ny(v),..., Nx_1(v), the random variable |Nj(v)]| is distributed as a binomial
random variable, that is,

k—1
[Ni(v)| ~ Bin <n =S INi(w)], 1= (1 —p)Nkl(””) .
=0

Consider E[|Ny(v)|| Fx—1]. For every k =1,...,D — 1, conditioned on Fj_1, we have

Here, recall that (np)P?~' = O(n). Using the inequality e ™7 < 1 — 1z < e™* for every x € [0,1)
(cf. Lemma 21.1 of [FK16]), we obtain

o\ Nea)] (£ O(€)p(np)*t ifk=1,...,D -2,
t--p" B {(liO(e))exp(—ﬂl/“) ifk=D—1.
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Therefore, we have

(@£ 0(e)(np)k ifk=1,...,D -2,
B{N(@)| Fima] = {(1 +O(e)) exp(—BY*)n itk=D—1
= (1 iO(e))%.

From the Chernoff bound (Proposition 2.5.5), we have

Pr[Fy | Fr—1] > 1 —exp (—O (¢*(np)*))
>1-0(n"?)
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if the constant C' is sufficiently large (recall that C' is the constant in the definition of Fj). Therefore,
Fp_1 holds with probability 1 — O(n~2) for sufficiently large C. Taking the union bound, it holds
a.a.s. that | N;(v)| = (1£0(e)) 2 for all v. Consequently, we have N; = 32 ey INi(v)| = (1£0(e)) M;,

which completes the proof of Lemma 9.4.1.



Chapter 10

Conclusion

In this thesis, we have studied the average-case complexity of graph problems and the behavior of
algorithms on random graphs.

In Chapters 3 and 4, we obtained the nearly-tight average-case complexity of counting biclique-
subgraphs in random graphs. This reveals a computational hardness aspect of random graphs. In
Chapter 3, we proved that no n® *-time algorithm counts K, j-subgraphs even when the input is a
random bipartite graph for any constant ¢ > 0 under a widely investigated conjecture of worst-case
complexity. On the other hand, we presented an n®+t°(!)-time algorithm that solves the counting problem
for any input. The main issue in this result was the fraction of hard instances: Actually, the hardness
result above implies that counting biclique-subgraphs on more than a (1 — 1/ polylog(n))-fraction of
instances is hard for any n®~“-time algorithms. In other words, it ensures that a 1/ polylog(n)-fraction
of random graphs is hard. We handled this issue in Chapter 4 by presenting a general framework of
fine-grained hardness amplification. The core of this framework was a doubly-efficient interactive proof
system with low query complexity. We presented such an interactive proof system for the subgraph
counting problem, which is of independent interest.

The topic of Chapters 5 to 7 was voting processes. In Chapter 5, we introduced the notion of the
functional voting process, which contains several previously-known voting processes. In Chapter 6, we
showed phase transition results of the best-of-two and best-of-three on the stochastic block model. Our
technical contribution here is to present a framework for studying voting processes on the stochastic
block model based on induced dynamical systems. This framework is general and we can apply it to the
analysis of voting processes on graphs having more than two community structures. In Chapter 7, we
introduced the notion of quasi-majority functional voting, which contains several known voting processes
such as the best-of-two and best-of-three. In Chapter 7, we studied quasi-majority functional voting,
which is a wide class of voting processes containing best-of-two and best-of-three as special cases. Then
we obtained upper bounds of the consensus time of the quasi-majority functional voting on expander
graphs. This result generalized and improved several previous works. In particular, we obtained the
tight consensus time of the best-of-two and best-of-three on the Erdés—Rényi graph and random regular
graph.

In Chapter 8, motivated by studying real-world networks, we introduced the model of random walks
on growing graphs (RWoGG). The novelty of the presented model is that the size of the underlying graph
increases over time, which reflects the convention that most real world networks are growing all the time.
We then evaluate the performance of an RWoGG using the expected number of unvisited vertices during
the random walk. We obtained several bounds of this value in terms of hitting and mixing time.

In Chapter 9, we obtained the asymptotic behavior of the average distance and diameter of ran-
dom regular graphs. In particular, we proved that the diameter of dense random regular graphs are
asymptotically optimal if the degree satisfies some mild condition.

This thesis investigated random graphs drawn from simple distributions such as random bipartite
graph, stochastic block model, and random regular graph. However, these kinds of random graphs
usually do not appear in the real-world. Our future direction is the analysis of randomness on real-world
networks such as preferential attachment model.
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