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ABSTRACT
New Methods in Sublinear Computation for High Dimensional Problems

Erik Waingarten

We study two classes of problems within sublinear algorithms: data structures for
approximate nearest neighbor search, and property testing of Boolean functions. We develop
algorithmic and analytical tools for proving upper and lower bounds on the complexity of

these problems, and obtain the following results:

e We give data structures for approximate nearest neighbor search achieving state-of-
the-art approximations for various high-dimensional normed spaces. For example, our
data structure for arbitrary normed spaces over R¢ answers queries in sublinear time
while using nearly linear space and achieves approximation which is sub-polynomial
in the dimension.

e We prove query complexity lower bounds for property testing of three fundamental
properties: k-juntas, monotonicity, and unateness. Our lower bounds for non-adaptive
junta testing and adaptive unateness testing are nearly optimal, and the lower bound
for adaptive monotonicity testing is the best that is currently known.

e We give an algorithm for testing unateness with nearly optimal query complexity. The
algorithm is crucially adaptive and based on a novel analysis of binary search over

long paths of the hypercube.
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Introduction

This thesis is on sublinear algorithms, a paradigm in algorithm design addressing new
challenges faced by increasing data. The starting point is that modern demands on various
computational tasks make “efficient” algorithms unsuitable. The hardness is not necessarily
due to the computational complexity of the problem in the classical sense. In fact, most of
the problems considered in this thesis have linear time algorithms. Rather, we intend to run
these algorithms on massive inputs. In this context, even linear time is unacceptable.
Sublinear algorithms address this setting. The goal is to solve problems with time and/or
space which is significantly smaller than the size of the input. This focus on ultra-efficiency
requires new problem formulations, which usually allow approximate solutions and a small
probability of error. The area has had a profound impact in computer science: these include
sketching and streaming algorithms in computer networking and databases [3, 109, 21], fast
algorithms for linear algebra in machine learning [100, 136], and testing of local codes in
hardness of approximation [38, 125]. This thesis covers topics in two areas of sublinear

algorithms: approximate nearest neighbor search and property testing of Boolean functions.

Approximate Nearest Neighbors The problem of similarity search, also known as near-
est neighbor search, is formalized by considering a distance function defining a metric space
on the objects which measures dissimilarity. Then, one designs a data structure supporting
searches for close objects in that metric space. The nearest neighbor search problem is both
an indispensable algorithmic primitive and a hallmark tool in modern data analysis with
applications in diverse fields such as machine learning, robotics, and biology [128, 127].
As the number of objects grows and metric spaces become more complex, straightforward
solutions become computationally intractable. The curse of dimensionality exemplifies

this phenomenon: data structures for nearest neighbor search in high dimensional spaces

1



either have time complexities scaling linearly with the number of objects, or have space
complexities scaling exponentially with the dimension of the underlying space.

Major advances were made by allowing approximations, and currently, many techniques
exist for designing efficient data structures with good approximations in important special
cases. These techniques include Locality-Sensitive Hashing [79, 47, 60], metric embeddings
[81, 80, 27], and sketching [93, 7, 15]. The resulting data structures find approximately
nearest neighbors with sublinear time and polynomial space complexities. (See the recent

survey [9], as well as the thesis [5, 120].)

Property Testing Property testing, introduced in [125, 68], deals with approximate de-
cision making under extreme computational constraints. The algorithmic problems ask
to determine, given access to an unknown large object, whether or not it has a particular
property. The objects may be functions, graphs, or even probability distributions. Ideally,
algorithms answer these questions by inspecting the object in very few locations.

An analytic theme is “local-to-global” reasoning: the idea that global properties may
be deduced by making few local (and random) observations. One well-known instance is
random sampling for estimating statistics, and while sampling is a central tool in property
testing, the techniques stretch way beyond that. New methods of aggregation and consistency
of local observations, developed within the context of property testing, offer new perspectives
on classic mathematical concepts. These include, for example, linearity of functions,
sortedness of total and partial orders, and triangle freeness of large graphs (see [123, 122,

67] for a survey on property testing and the recent textbook [66] for more examples).

Summary of Contributions This thesis is divided in two parts. The first discusses
approximate nearest neighbor search, where the motivating question is: what properties
of a metric space enable the design of efficient data structures with good approximations?
The central concept introduced is the cutting modulus of a metric space, a quantity which
will determine (in part) the complexity of data structures. We design necessary algorithmic
primitives and develop analytical tools to understand the cutting modulus of a metric space,

and give new data structures for large classes of metric spaces which were previously not

2



well understood. The material presented appeared in the following works:

e [12]: “Approximate near neighbors for general symmetric norms”, with Alexandr
Andoni, Huy L. Nguyen, Aleksandar Nikolov, and Ilya Razenshteyn, appeared in
STOC 2017.

e [14]: “Data-dependent hashing via non-linear spectral gaps”, with Alexandr Andoni,
Assaf Naor, Aleksandar Nikolov, and Ilya Razenshteyn, appeared in STOC 2018.

e [16]: “Holder homeomorphisms and approximate nearest neighbors”, with Alexandr
Andoni, Assaf Naor, Aleksandar Nikolov, and Ilya Razenshteyn, appeared in FOCS
2018.

The second part discusses topics in property testing of Boolean functions, and in
particular, the well-studied properties of juntas, monotonicity, and unateness. We prove
new upper and lower bounds on the query complexity of certain aspects of these testing
tasks. A theme is understanding the power of adaptivity, i.e., how the query complexity
changes when considering adaptive and non-adaptive algorithms. We give a nearly optimal
lower bound for testing juntas non-adaptively, a matching upper and lower bound on testing
unateness, and a new lower bound for testing monotonicity. The material presented appeared

in the following works:

e [56]: “Settling the query complexity of non-adaptive junta testing”, with Xi Chen,
Rocco A. Servedio, Li-Yang Tan, and Jinyu Xie, appeared in CCC 2017 and Journal
of the ACM.

e [51]: “Beyond Talagrand functions: new lower bounds for testing monotonicity and
unateness”, with Xi Chen and Jinyu Xie, appeared in STOC 2017.

e [50]: “Testing unateness nearly optimally”, with Xi Chen, appeared in STOC 2019.

We give a more detailed overview next, where we set up some necessary context and
highlight the main results. The following section is on approximate nearest neighbor search,

and the following is on property testing of Boolean functions.

3



Approximate Near Neighbor Search

Definition 1 (ANN Problem). Let (X, dx) be a metric space, r > 0 and ¢ > 1. The
(r, cr)-Approximate Near Neighbor Search problem asks to preprocess a set of n points
P C X into a data structure which supports near-neighbor queries.: given a query point

q € X such that there is a data point p € P with dx(q,p) < r, return a point p € P with

dx(q,p) < cr.

We refer to ¢ > 1 as the approximation and » > 0 as the distance threshold; both
parameters are known during the preprocessing. We frequently abbreviate the (r, cr)-
Approximate Near Neighbor Problem as c-ANN when a data structure exists for an arbitrary
distance threshold ». The computational task is to produce a data structure D which
optimizes the space the data structure occupies and the time it takes to answer a single query.
The data structures will be randomized: the preprocessing step and the query step may use
randomness, and a query must succeed with probability at least 2/3 over the randomness in
the preprocessing and query step.

The exact version of the problem (when ¢ = 1) has been intensely studied since the
early work of Minsky and Papert (see [106] Section 12.7), and is considered one of the
fundamental problems in computational geometry [119]. When the metric space consists of
vectors in R? with some norm' specifying distances, the best known data structures have
runtime O(dn) (amounting to a scan of the dataset for each query), or have exponential

O(d) 1n fact, this “curse of

space dependence with respect to the dimension, for instance, n
dimensionality” seems to be an intrinsic barrier [134, 2, 135].
The works of Indyk and Motwani [79], as well as Kushilevitz, Ostrovsky and Rabani [93]
obtained sublinear query time and polynomial space data structures for small approximations
over /¢ and /4. For example, [79] design a data structure for c-ANN over /¢ with query

time O(dn'/¢log(n)) and space O(nd + n'*1/¢). These works ushered a new class of ANN

algorithms side-stepping the “curse of dimensionality” in high-dimensional normed spaces,

' A normed space is a metric space specified by a vector space V' and a map, or norm, || - ||: V' — R=°,
which satisfies some additional norm axioms: 1) ||z|| > 0 and is 0 only if z = 0, 2) ||az|| = |«|||z| for all
a€Randx € V,and 3) ||z +y|| < ||z| + ||y|| forall 2,y € V. The distance between two vectors z,y € V
is given by ||z — y||.



and pioneered the use of randomized space partitions for data structure design. These data
structures provide a prototypical example of the theorems we are after. Formally, we want

the following guarantee.

Definition 2 (c-ANN Data Structure). For a metric space (X,dx), there exists a data
structure for c-ANN over X if the following holds. For any n € N and r > 0, there
exists s = s(n) € N (denoting the space complexity), t = t(n) € N (denoting the time
complexity), te, = tcp(n) € N (denoting the cell-probe complexity), and w = O(log(n))
(denoting the word size), as well as two (randomized) functions:
e A preprocessing function, Preprocess: X" — ({0, 1}")?, taking as input n points
in X, and outputting a data structure D € ({0, 1}")* of s words of w bits each.
e A querying algorithm Query: X x ({0,1}")* — X, which given as input a query
q € X, access to w-bit words from a data structure D, outputs a point p € X. The

algorithm probes at most t., words from D and computing Query(-, -) takes at most t

time.?

For any dataset P = (p1,...,p,) € X", and any q € X where dx(p;,q) < r for some

i € [n], we denote the random variable given by the output of the data structure on query q,

p = Query(q, Preprocess(P)) € P.

The output point p should satisfy

Prldx(p,q) < cr] =

Wl o

We frequently consider growing families of metric spaces, where log | X| is useful
measure of complexity: points in X are encoded using O(log | X|) bits, and we assume that
evaluating distances between two points a,b € X takes polylog| X | time. Infinite metric
spaces are handled via an (natural) encoding of a finite subset of the metric space. For

example, points in R? are encoded by d coordinates of w bits each, where w = O(logn).

ZNotice that tep < t, since the running time of the algorithm is at least the number of times it probes the
data structure.



The induced metric space is on {—n?M) .. n®M1d and since the querying algorithm

reads w-bit words, computing distances tends to take O(d) or poly(d) time.?

Theorem 1 (Indyk and Motwani’s ¢; Data Structure [79]). For any ¢ > 1, there exists a

data structure for c-ANN over ($ with space complexity O(nd +n'*1/¢) and time complexity

O(dn'/¢log(n)).

For the rest of this thesis, a data structure is efficient if the time and space complexity
are akin to Theorem 1, i.e., the query time is sublinear in the number of data points n
and polynomial in the underlying dimension d (or in log | X| in the case of a finite metric
(X, dy)), and the space is polynomial in the dimension and the number of data points.*
Theorem 1 remains highly efficient even for approximation factors ¢ which are close to 1.
This is a major accomplishment of [79, 93], and we will encounter metric spaces for which
the best approximation ¢ must be at least some fixed constant (larger than 1) or fixed factor
which grows with d, or n. For example, we will, at times, heavily rely on the following

theorem of Indyk [78], obtaining a O(log log d)-ANN data structure for /<.

Theorem 2 (Indyk’s /., Data Structure [78]). For any p > 0, there exists a data structure for
(4[log,, ,log(4d)] 4 1)-ANN over (2, with space complexity O(dn'**) and time complexity
O(dlogn).

A rich theory for ANN algorithms for Hamming/Manhattan (¢,) and Euclidean (¢5)
metrics developed following the works of [79, 93]. The new data structures were based
on hashing — in particular, Locality-Sensitive Hashing (LSH) [6] and its data-dependent
counterparts [13, 10, 17]. However, the landscape quickly blurs when considering metric
spaces beyond /1, /5 and /., as well as some other notable examples. Each ANN data
structure tends to be tailored to the specific metric space, and there lacks a general recipe for
dealing with new metric spaces, either from the upper bounds or lower bounds perspective.

This state of affairs motivates the following broad question.

3We work in the Word RAM model, so we assume that bit-wise operations on words, such as arithmetic,
may be done in constant time.

4 Another interesting parameter to optimizing is the time complexity of preprocessing. This quantity is not
discussed in this thesis, and for the most part, the preprocessing time for data structures presented is inefficient.
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Problem 1. For a given approximation c > 1, which metric spaces admit efficient c-ANN

algorithms?

The exploration is after a “simple” characterization of metric spaces admitting efficient
c-ANN data structures. We want a theory which specifies, for each metric space and approx-
imation factor ¢ > 1, how to build a data structure for that metric space, and a proof that the
approximation cannot be improved. Problem 1 is motivated from several complementary
directions. The first is the ubiquity of similarity search data structures in practice, and the
need for data structures in important metric spaces where ANN is poorly understood (e.g.
the Earth Mover’s Distance (EMD), the edit distance, generalized versions of the Hamming
distance’, etc). Oftentimes, the data structures used for ANN require modern mathematical
machinery and are highly non-intuitive; such circumstances necessitate a thorough and
rigorous approach to study the performance of these data structures. The second, perhaps
more theoretical motivation, aims to understand ANN at a fundamental level. The goal
is to identify the geometric properties governing the hardness of ANN, and to develop

algorithmic primitives for manipulating high dimensional data in sublinear time.

Our Contributions in Approximate Nearest Neighbor Search

In the first part of this thesis, we develop algorithmic and analytical tools for addressing
Problem 1. The first chapter gives a broad tour of results in approximate nearest neighbor
search, and subsequent chapters formalize the notions developed there. We explore the
“embeddings approach” as a powerful (but also limited) paradigm for data structure design.
For a given metric space (X, dy), the goal is to design an embedding f: X — Y, where
(Y, dy) is another metric space, such that distances are roughly preserved, i.e., dx(z,y) ~
dy (f(z), f(y)), and (Y, dy) is “algorithmically tractable,” in the sense that there exists an
efficient ANN data structure over Y. Then, a data structure for ANN over X proceeds by
first mapping all points according to f, and then utilizing the data structure over Y. The
tradeoff is between the extent distances in Y approximate distances in X under f and the

tractability of the space (Y, dy ). We use this approach to design a data structure for any

SE.g., a metric of interest in applications is (X%, pya), where X is a metric itself, with the distance
between vectors x,y € X defined as pya(x,y) = 25:1 dx (i, 9;)-
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symmetric normed space® with poly(log log n) approximation [12] (Chapter 1, Section 1.1).

Theorem 3 (ANN for Symmetric Norms). Let X = (R%, || - || x) be any symmetric normed
space. There exists a data structure for poly(loglog n)-ANN over X using space complexity

poly(d) - n'T°W and time complexity poly(d) - n°W,

The conceptual significance of Theorem 3 is its generality and modularity. The resulting
data structure was the first to improve on a O(+/d)-approximation’ for a large class of
d-dimensional normed spaces. Consequently, Theorem 3 (in [12]) initiated the research
direction aimed at answering Problem 1 for high dimensional normed spaces.

In Chapter 1, Section 1.2, we briefly discuss the list-of-points model, which is a use-
ful abstraction for hashing-based data structures [18], and prove a lower bound for the
complexity of data structures over the shortest path metric on a constant degree expander.
The implication of this lower bound, namely, that ANN over the shortest path metric on
expanders is computationally hard, will be clear shortly. Then, we introduce the cutting
modulus of a metric space, the metric invariant which will play a prominent role in this
thesis. A more thorough discussion of the cutting modulus appears in Chapter 1, Section 1.3;
however, we present an informal definition here. The subsequent paragraphs and Figure 0.1

give a useful consequence.

Definition 3 (The Cutting Modulus — Simplified). Let (X, dx) be a finite metric space and
e € (0,1). Then, X has cutting modulus =(X,e) > 0, if for any r > 0 and any d-regular®
graph G = (V, E) with vertices V C X and edges supported on points within distance r,°

at least one of the following two scenarios hold.

®Symmetric normed spaces are specified by norms || - || x : R? — R0, which in addition to satisfying
norm axions, are invariant to permutations of coordinates and sign flips, i.e., in other words, for any = € R4,
and any bijection 7: [d] — [d], letting z, € R? be the vector with (1 ); = |@(;)|, we have ||z[|x = ||z x.

7A data structure achieving approximation O(+/d) for any normed space over R? follows from an
application of John’s theorem to embed into ¢4 [82, 40] , and then applying the data structure of [79].

8We note that this is a simplification of the definition. In particular, we will not assume G is regular, and
we will also consider the weighted graph version. We refer the reader to Chapter 1 Section 1.4 for the formal
definition.

°In other words, (a,b) € E only if dx(a,b) <r



1. Cluster scenario: Half of the vertices of the graph G are clustered within a set of
diameter at most =(X, €) - r. In other words, there exists B C X with diamx(B) <

E(X,e)-rwith| BNV| > |V]/2

2. Cut scenario: There exists a subset S C V of conductance at most ¢,

Bu(s) — — EEVAS)

= domin (5] [V \ S|} = M

It is useful to think of G = (V, E) as encoding near-neighbor relationships among all
points to be considered by an ANN data structure; specifically, the dataset P will be a subset
of V' C X, and the query ¢ € V will be connected by an edge in £ to a near-neighbor
in P. Intuitively, Definition 3 aids in building a data structure by recursively partitioning
the metric space X. For example, consider the “cluster scenario” first, where there exists
aset B C X of diameter diamyx(B) < r - Z(X,¢) with [BN V]| > |V|/2, so at least
half of vertices in G lie in a cluster of diameter r - Z(X, ¢). It is conceivable that a data
structure would choose one vertex in G to represent all vertices within the cluster (up to
approximation r - (X, £)), since such a representative would summarize at least half of the
graph G. On the other hand, if no such set B exists, we are in the “cut scenario”, and there
exists a low-conductance cut S C V of GG. Suppose, furthermore, that S C V is a balanced
separator.'? The data structure may then partition G according to S and recurse on both
sides; if the query-and-neighbor pair (¢, p) were sampled by a uniformly random edge in F,
the probability that the data structure errs from partitioning G according to S is small, i.e.,

bounded by O(¢).

Another useful example to consider Definition 3 is the shortest path metric on an
expander graph. Specifically, we let G = (V, F) be a 3-regular expander graph, and we
consider the metric space (V, dg) where dg(x,y) is the length of the shortest path between
vertex = and vertex y in GG. Since G is an expander graph, there are no low-conductance
cuts; formally, every set S C V satisfies @5 (S) = (1). Furthermore, by virtue of GG being

3-regular, the number of vertices within any set of diameter D is at most 3”; this means that

0We have that ®;(S) < ¢ and the denominator of the left-hand side of (1) is at least d|V|/3, i.e.,
VI/3 <|S]<2[V|/3.



no set of diameter less than logs(|V'|/2) contains half of the vertices in G. We have thus

shown that for a small constant ¢ > 0, Z((V, dg), ) > Q(log(|V]))."!
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Figure 0.1: The “cluster-or-cut” scenario for metric spaces displayed. See Definition 3 and
the subsequent paragraphs. On the left-hand side, the “cluster scenario” is displayed, where
the vertices of a graph G = (V, F) satisfy that at least half lie in a cluster of radius less than
r - Z(X, ). On the other hand, the right-hand side shows a graph G = (V, E') without any
clusters, and as a result, the cutting modulus implies that a low-conductance cut of the graph
exists.

As shortest path metrics on expander graphs have high cutting modulus, upper bounds
on the cutting modulus of a metric space (X, dy) measure the “non-expander” nature of
(X, dx). Our use for the cutting modulus is the following theorem, which gives a (cell-
probe) data structure for any metric space (X, dy) whose approximation is given by the
cutting modulus. Conceptually, the theorem shows that there exists a data structure for
ANN over (X, dx) whenever the metric space (X, dx) is unlike a shortest path metric on
an expander graph. We refer to Chapter 1 Section 1.2 and Section 1.4 for a more elaborate

discussion on this point.

Theorem 4 (ANN Cell-Probe Data Structure from Cutting Modulus). For any metric space
(X,dx) and any € € (0, 1), there exists a data structure for O(Z(X, ¢))-ANN over X with

space complexity poly(log | X|) - n'*9©) and cell-probe complexity poly(log | X|) - n®©),

The introduction of the cutting modulus allows for leveraging a growing body of work
on metric spectral gaps for data structure design [105, 113, 111]. Metric spectral gaps
were originally developed to prove nonembeddability theorems, and here, we use these

techniques for upper bounding the cutting modulus, and in turn, designing data structures.

"'This bound is maximal, since the diameter of a constant degree expander is O(log |V |).
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For example, if X = (R%, || - ||x) is a normed space, Theorem 1 in [111] and Cheeger’s
inequality [48, 4] will imply an upper bound of =(X, ¢) < log d/s?, and hence, Theorem 4
gives a cell-probe data structure for O(log d)-ANN over any d-dimensional normed space.
In addition, the cutting modulus sheds new light on sufficient conditions for (data-dependent)
locality-sensitive hashing, as well as new randomized space partitions for classical normed
spaces (see Chapter 1, Section 1.4). Given the applicability of locality-sensitive hashing to
other algorithmic problems (beyond ANN), we suspect the cutting modulus could play a
central role there.

Beyond the black-box application of Theorem 4, this approach yields time-efficient
algorithms (as opposed to merely cell-probe efficiency) by augmenting Definition 3. In
particular, the goal is to bound the computational complexity of low conductance cuts S

found in the cut scenario.'?

The theorems we present next may be considered the “crown jewels” of our exploration
into Problem 1, as these constitute significant quantitative improvements to prior known
ANN data structures. (See Chapter 1, Section 1.4 and Section 1.5 for a high level discussion

on how this theorem is obtained.)

Theorem 5 (ANN Data Structure for Any Norm). There exists a data structure for d°)-
ANN over X, where X = (R%, || - ||x) is any d-dimensional normed space with space

. pltoll

complexity poly(d) ) and time complexity poly(d) - n°().

Prior to this work, the best approximation factor achievable in such generality was a
O(\/E)-ANN data structure, which readily follows from the “embeddings approach:” the
embedding of any d-dimensional normed space over R? into ¢4 is given by John’s theorem
proceeded by known data structures for £¢ (see Chapter 1, Section 1.1 for a more thorough
discussion). Furthermore, a study of the cutting modulus of specific metric spaces gives new
ANN data structures for classic normed spaces improving on the state-of-the-art. For the

classic Eg normed spaces, previous data structures achieved approximation O(2?) [114, 27]

12In particular, in the cut scenario of Definition 3, the set S should be accompanied by an algorithm which
given a point z € V, determines whether z € S or x ¢ S in time polynomial in the representation of 2 (which
is logarithmic in the size of the graph). See Chapter 1, Section 1.4 for more discussion.
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or O(loglog d) [5]. For the Schatten-p normed spaces, no (non-trivial) data structures were

known.!3

Theorem 6 (ANN Data Structure for £, Norms). For any ¢ € (0,1) and p € [1,00), there
exists a data structure for O(p/e)-ANN over (% with space complexity poly(d) - n'*< and

time complexity poly(d) - n®.

Theorem 7 (ANN Data Structure for Schatten-p Norms). Forany e € (0,1) and p € [1, 00),
there exists a data structure for O(p/<)-ANN over Sg Ywith space complexity poly(d) - n'*e

&€

and time complexity poly(d) - n®.

Property Testing of Boolean Functions

The second part of this thesis studies property testing of Boolean functions. The goal is
to study highly efficient randomized algorithms which are given black-box query access
to a Boolean function f: {—1,1}" — {—1,1},'® and approximately decide whether f has
a particular property P. In general, the property P is a collection of Boolean functions,
namely, those which have the property. The approximation refers to the fact that algorithms
may mistakenly decide f has property P when f is very “close” to having the property.
Formally, we will consider the following definition. We refer the reader to Chapter 1 of the

textbook [66] for thorough justification of the definition below.

Definition 4 (Property Testing for P [68]). Fixn € N, ¢ € (0,1), and a set P C {f :
{=1,1}" — {—1,1}}. The problem of testing P asks to design a randomized algorithm
which receives black-box query access to an unknown Boolean function f: {—1,1}" —

{—1,1}, and outputs accept or reject . If f € P, the algorithm outputs accept

13The trivial data structure for Schatten-p norms interprets the matrix as a vector in /5, and obtains
approximation d!'/2=1/l,

“For p € [1,00), the Schatten-p normed space S = (R*?, ||-||5, ) is defined over the space of d x d matri-

ces of real numbers, where for a matrix z € R4, ||z[|g, = (Zle oi(2)P)V/?, where oy (z), ..., 0a(z) € R

are the singular values of . We note 57 is also known as the “nuclear norm” or “trace norm” and S, as the
“operator norm.”

5In particular, algorithms interact with an oracle for the function f: {—1,1}" — {—1,1}. A query
specifies an input € {—1, 1}", and the oracle outputs the value f(z).
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with probability at least 2/3, and if mingep Pro(—11)»[f(x) # g(x)] > €, the algorithm

outputs re ject with probability at least 2/3.

The set P is called the property and € € (0, 1) is called the proximity parameter. We
say f is e-far from P when mingep Proi_1132[f(x) # g(x)] > €. Algorithms testing
P (primarily) focus on minimizing the query complexity, which perhaps surprisingly, is
oftentimes a universal constant (depending only on ¢) or small function of n and &.'®
From a purely structural perspective, efficient algorithms testing P give query-efficient and
randomized characterizations of P which are robust to small changes to the function (in
particular, this is the view spearheaded in [125]). The contrapositive of Definition 4 implies
that if an algorithm testing P outputs accept on an input f with probability at least 2/3,
then f must be “close” to P; i.e., there exists g € P with Pry(_1 1y [f(x) = g(x)] >
1—¢el7

From the computational perspective, Definition 4 and its various manifestations offers
a model for approximate decision-making in sublinear time. Our aim, in this thesis, is to
develop some of the algorithmic tools needed for these analyzes. Property testing provides a
space for the development of these techniques, as well as for a systematic evaluation of their
relative power. We give a short example of an important question in the analysis of testing
algorithms, commonly referred to as the power of adaptivity, which plays a prominent role
in this thesis and property testing research more broadly (see [69, 71, 122, 42] for a short
list).

One common stipulation is that testing algorithms be non-adaptive: these algorithms
query the unknown function f at inputs which are independent of responses to previous

queries.'® They are more desirable to some extent; non-adaptive algorithms are maximally

16The trivial algorithm (aside from querying the entire input) queries the unknown function f at
O(log|P|/e) uniformly random inputs. The algorithm scans through all g € P and determines whether f
agrees on all randomly chosen inputs with some function in P. If it does, the algorithm outputs accept , to
indicate its belief that f € P; otherwise, it outputs re ject . Notice that since the total number of functions
f:{=1,1}" — {~1,1}is 22", log | P| could be as large as 2".

17The probability that two functions disagree on a uniformly randomly input defines a metric over the space
of functions f: {—1,1}" — {—1,1}. We write dist(f, g) = Pry(—1,13»[f(x) # g(x)] and the distance to
a property P as mingep dist(f, g).

3Without loss of generality, we may assume a g-query non-adaptive algorithm generates a set of queries
(z1,...,x4) € ({—1,1}™)9 drawn from some distribution D, and outputs accept or reject according to
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parallelizable, simpler to implement, and simpler to analyze. Yet, certain scenarios require
“adaptivity,” i.e., dependence on responses to previous queries, to achieve query-optimal

algorithms.

For example, consider the task of finding a bi-chromatic edge of a Boolean function
f:{=1,1}" = {—1,1}." In all testing problems considered here, a single bi-chromatic
edge of f will convey important information about f, and finding (special) bi-chromatic

edges of f will often be the core of the analysis.

One well-known technique, which plays a crucial role in algorithm design more generally,
is random sampling. Let the total influence of f, denoted I, be the number of bi-chromatic
edges of f divided by 2". Since the total number of edges in {—1,1}" is n2"~!, an algorithm
which samples edges of {—1,1}" uniformly at random and queries both endpoints will
find a bi-chromatic edge of f after roughly O(n/I;) attempts. Note that this sampling
algorithm is non-adaptive, since the algorithm may (randomly) choose the O(n/Iy) queries

in advance.

On the other hand, there is another algorithmic technique which may dramatically
improve on the “non-adaptive edge sampling” algorithm. An (improved) algorithm may
proceed by sampling two inputs «, y ~ {—1, 1}" uniformly at random, and executing the

following sub-routine, which we informally term “binary search” (see also, Figure 0.2).

the response vector (f(x1),..., f(xq)) € {—1,1}9.

19An edge of the hypercube (z,y) € {—1,1}" x {—1,1}" is a pair of points which differ on a single
coordinate. In other words, there exists exactly one index ¢ € [n] such that z; # y; and x; = y; for
all j € [n]\ {¢}. The edge (x,y) is bi-chromatic under the Boolean function f: {—1,1}" — {—1,1} if
f(zx) # f(y). Forx € {—1,1}" and i € [n], the vector () € {—1,1}" is given by negating the i-th bit of x.
Hence, we (x, () is an edge, and we will say the edge (z, (")) is in direction i.
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Informal Description of Subroutine BinarySearch (f, z,y).

Input: Query accessto f: {—1,1}" — {—1,1}, and two points z,y € {—1,1}".
Output: A bi-chromatic edge of f along a direction in {i € [n] : z; # y;}, or “fail.”
1. Query f(x) and f(y) and return “fail” if f(z) = f(y). Otherwise, f(x) # f(y),
and we proceed to the next step.
2. If (x,y) is an edge of {—1, 1}", output (z, y).
3. Otherwise, let x = ay, ..., a; = y be a (uniformly random) shortest path from x
to y along edges in {—1,1}". Let z = a|42) and query f(2).
4. If f(z) = f(x), output BinarySearch(f, z,y). Otherwise, output
BinarySearch(f,z,2).

The binary search sub-routine is adaptive, since the value of f(z) determines whether
BinarySearch(f,z,z) or BinarySearch(f,y, z) is executed. If, upon sampling
x,y ~ {—1,1}", the algorithm finds f(x) # f(y), then BinarySearch(f,z,y) will
output a bi-chromatic edge after O(logn) additional queries. In particular, the query
complexity of the adaptive algorithm is O(1/ Var(f) + logn),?® which is never larger than

O(n/I;) and may be significantly smaller.

Unsurprisingly, binary search sub-routines are extremely useful for property testing
(for example, [33, 89, 53, 28, 99, 45, 50]). However, basic questions about “binary search”
beyond (trivial) observations become extremely hard to answer. The difficulty seems to
stem from the richness in structure of Boolean functions, and the adaptive nature of binary
search. In this thesis, we study property testing algorithms for three well-studied properties:
k-juntas, monotonicity, and unateness. We explore the power of adaptivity in the context
of these three properties, and in doing so, prove new upper and lower bounds on the query

complexity of testing algorithms.

2We denote the variance of the Boolean function, as Var(f) = Eg ,(_1.13-[(f(2) — f(y))?], and
notice that Var(f) is proportional (since the functions are Boolean) to the probability that two random inputs
are unequal.
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Figure 0.2: Pictorial representation of one step of the binary search strategy for finding
bi-chromatic edges. The hypercube {—1, 1}" is represented as a diamond, corresponding
to the shape of the Hasse diagram of the partial order on {—1, 1}"; the bottom-most point
is the all —1’s point, and the top point is the all 1’s point. Points x and y are given with
f(z) =0and f(y) = 1 and a particular path represents flipping variables where x and y
differ one at a time. Finally 2 lies in the middle of a shortest path between x and y; in this
case, f(z) = 1, so BinarySearch(f, z,y) recurses down BinarySearch(f,z, 2).

k-Juntas

Definition 5 (k-Juntas). For n,k € N, a Boolean function f: {—1,1}" — {—1,1} isa
k-junta if there exists k indices i1, ..., i € [n] and a function g: {—1,1}* — {-1,1}

where f(x1,...,2,) = g(x;y, ..., 2 ) forevery x € {—1,1}".

The study of computational aspects of k-juntas is especially motivated by the feature
selection problem in machine learning (see e.g. [36, 37, 76, 73, 98, 46]). The n bits of
an input € {—1,1}" specify the presence or absence of certain features.”! A k-junta
f:{-=1,1}" — {—1, 1} specifies a concept where, when n > k, contains a large number
(in particular, at least n — k) of irrelevant features/variables [36, 37, 108, 132]. In practice,
filtering out irrelevant features can increase accuracy of certain learned models, and assist
in interpretability. Definition 5 specifies a notion of relevance and irrelevance for Boolean
functions on {—1,1}": a variable i € [n] is relevant if there exists a bi-chromatic edge
(z,2®).

The main result of Fischer, Kindler, Ron, Safra, and Samorodnitsky [64], who first

2IFor example, we interpret & € {=1,1}" with 2; = 1 as z containing attribute ¢ and z; = —1 as
lacking attribute i.
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studied k-juntas from the property testing perspective, is a O(kz) /e-query testing algorithm,
showing that the complexity of testing is independent of the size of the input f. Since [64],
subsequent works sought the optimal dependence on k and . Chockler and Gutfreund [57]
showed that any tester for k-juntas requires €2(k) queries (for a constant £), and that result
was (recently) improved to €2(k log k) by Saglam [126]. We highlight two works of Blais [32,

33] which gave new algorithms for testing k-juntas in the adaptive and non-adaptive settings.

Theorem 8 (Blais’s Adaptive Junta Tester [33]). There is an O(klogk + k/e)-query, adap-
tive algorithm with the following property: Given ¢ > 0 and query access to an unknown
Boolean function f: {—1,1}" — {—1, 1}, it always accepts when [ is a k-junta and rejects

with probability at least 2/3 when [ is e-far from a k-junta.

Theorem 9 (Blais’s Non-adaptive Junta Tester [32]). There is an O(k*/?)/e-query, non-
adaptive algorithm with the following property: Given ¢ > 0 and query access to an
unknown Boolean function f: {—1,1}" — {1, 1}, it accepts with probability at least 2/3

when f is a k-junta and rejects with probability at least 2/3 when [ is e-far from k-junta.

We note that Theorem 8 is optimal.??> The algorithm behind Theorem 8 is intuitive;
it proceeds by randomly partitioning the variables [n] into poly(k/e) parts, and finding
relevant parts with a binary search strategy. The novelty of [33] lies in the analysis. The
existence of a non-adaptive subroutine which would close the query complexity gap between

Theorem 8 and Theorem 9 remained open for some time.

Our Contributions to Junta Testing We show a Q(k%/? /) lower bound for non-adaptive
algorithms, matching the algorithm of [32] and settling the question up to poly-logarithmic
factors [56].

Theorem 10 (Non-adaptive Lower Bound for Testing k-Juntas). Let o € (0.5, 1) be a fixed
constant, and let k = k(n): N — N and ¢ = ¢(n): N — R be any functions where

k(n) < anand 27" < e(n) < 1/6 for all sufficiently large n. Then, any non-adaptive

22While the title to Blais’s paper, published in 2009, was “Testing juntas nearly optimally”, the recent
improvement of the lower bound by Saglam [126] shows that it is optimal up to constant factors.
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algorithm testing whether a Boolean function f: {—1,1}" — {—1,1} is a k-junta or e-far

from a k-junta makes Q(k3/% /<) queries.

The technique for proving Theorem 10 was suprisingly general, and in particular, also
used for proving the query-complexity lower bounds for monotonicity and unateness testing
that we will see in the next sections.>*> The main idea is to design two distributions over
Boolean functions (one supported on functions with the property, and one supported on
functions far from the property) by sampling a random partition of {—1,1}" and placing
a “hardness gadget” in each part. The proof of the lower bound then proceeds in two
steps. First, we show that the random partition imposes serious restrictions on testing
algorithms. For example, we will show that queries falling within the same part must be
close in Hamming distance.?* Then, we prove that algorithms with these restrictions cannot
determine whether or not the function came from one distribution or the other, i.e., whether
the function has the property or is e-far from it. The challenge is designing the random
partition and hardness gadgets giving rise to two distributions; at the same time, we want
the random partition to place the most serious restrictions on algorithms, and the hardness

gadget to require many queries before it reveals useful information to the algorithm.

Monotonicity

Definition 6 (Monotonicity). For n € N, a Boolean function f: {—1,1}" — {—1,1} is

monotone if every pair x,y € {—1,1}" where x < y satisfies f(z) < f(y).

One may interpret a Boolean function f: {—1,1}" — {—1,1} as a subset A; =
{z e {-1,1}" : f(x) = 1} C {—1,1}". A monotone Boolean function is one where
for any x+ € Ay, any shortest path between the all 1’s point and x is contained in Ay
(see the left-hand side of Figure 0.3). Studying monotone Boolean functions from the

property testing perspective was first considered by Goldreich, Goldwasser, Lehman, Ron

23The same technique for proving lower bounds is also implicit in [28, 96, 117] as well.

24For non-adaptive algorithms, the argument may by considering two queries 1,22 € {—1,1}" which
are far in Hamming distance and showing that the random partition places x1 and x- in different parts with
high probability.

2The symbol < specifies the natural poset on {—1,1}", z < y if and only if z; < y; for all i € [n].
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and Samorodnitsky [70], and since has been intensely studied (see Chapter 4 of [66] for an
overview and references therein).

Monotonicity testing provides the context for studying structural properties of the partial
order {—1, 1}", and this perspective has uncovered a surprising amount of combinatorial
structure. For example, the analysis of the “edge tester” [70, 61], which led to the first
O(n/e)-query algorithm, is the perfect example of a directed isoperimetric result.?® For-
mally, it states that the distance from f to monotonicity, scaled by 2", is a lower bound
for the number of hypercube edges (z,y) where x < y and f(x) > f(y).>” We will refer
to such edges as decreasing edges, or violating edges, as these form a certificate that the
function f is non-monotone. Chakrabarty and Seshadhri [43] gave the first improvement
to the “edge tester,” cementing the analogy to (undirected) isoperimetric inequalities with
an algorithm of query complexity O(n/8 /e3/?); the algorithm was improved to O(n?/6 /%)
by Chen, Servedio and Tan [49], and most recently to O(\/ﬁ /€%) by Khot, Minzer and
Safra [88]. This latest development of [88] gave a directed analogue of an inequality of
Talagrand [131], and proved the following elegant theorem, giving a “path tester”’, which

readily implies the O(+/n/?)-query upper bound.

Theorem 11 (Khot, Minzer, and Safra’s Analysis of the Path Tester [88]). Forn € N, let D
be the distribution, supported on pairs of points (x,y) in {—1,1}" given by the following

procedure:

1. Sample x ~ {—1,1}" uniformly at random, and sample t ~ {0, ..., [log,n]/2}

uniformly at random.

2. Sample y by picking a random subset S C [n] of 2! variables, and let

1 ieS

Y, =

26 As far as we can tell, the connection is made in hindsight and attributed to the work of Chakrabarty and
Seshadhri [43] in [88].

2TThe first algorithm proceeds by sampling O(n /) uniformly random edges of the hypercube and querying
the end points. Since the total number of edges is n2", and €2 are decreasing when f is e-far from monotone,
O(n/e) queries suffice for an algorithm which succeeds with high constant probability. Furthermore, this
algorithm is non-adaptive and makes one-sided error.
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Then, if f is e-far from monotone,

Pr [f(z) > [(y)] = Q/vVn).

(z,y)~D

The corresponding “path tester” is non-adaptive and always outputs accept when f is
monotone. With these restrictions, Theorem 11 matches a query-complexity lower bound
of Q(y/n) (for constant €) [63]. The techniques developed in two papers [49, 54] showed
Q(n'/?79)-queries are needed for non-adaptive algorithms, for any constant § > 0. Whether
adaptive algorithms may improve on the query complexity of the path tester was (and still is)
an enticing open question. An approach is to appeal to the (extremely effective and efficient)
binary search procedure. Analytically, we want to answer the following question: when f
is e-far from monotone, is there a lower bound on the probability that (some variation of)
binary search outputs a violating edge? Until the work of Belovs and Blais [34] not even a

super-logarithmic query-complexity lower bound on adaptive algorithms was known.

Theorem 12 (Belov and Blais’s Adaptive Monotonicity Testing Lower Bound). Let ¢ > 0
be a fixed constant. Any algorithm which tests whether an unknown Boolean function

f:{=1,1}* = {—1,1} is monotone or e-far from monotone makes Q(n'/*) queries.

Our Contributions to Monotonicity Testing Here, we improve the adaptive lower bound

to 2(n'/3) and the non-adaptive lower bound to Q(,/n) [51].

Theorem 13 (Adaptive Monotonicity Testing Lower Bound). There exists a fixed con-
stant € > 0 such that any algorithm which tests whether an unknown Boolean function

f:{=1,1}" — {—1,1} is monotone or e-far from monotone makes Q(n'/®) queries.

Theorem 14 (Non-adaptive Monotonicity Testing Lower Bound). There exists a fixed
constant € > 0 such that any non-adaptive algorithm which tests whether an unknown

Boolean function f: {—1,1}" — {—1,1} is monotone or e-far from monotone makes

Q(y/n) queries.
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Figure 0.3: Pictorial representation of a monotone Boolean function (on the left-hand
side), and a unate Boolean function (on the right-hand side). The hypercube {—1,1}" is
represented as a diamond, corresponding to the shape of the Hasse diagram of the partial
order on {—1, 1}"; the bottom-most point is the all —1’s point, and the top point is the all
1’s point. The functions have the regions Ay = {z € {—1,1}" : f(z) = 1} as shaded gray.
When f: {—1,1}" — {—1,1} is monotone, any shortest path between any point in A and
the all 1’s point along edges of {—1, 1} is fully contained in A;. When f is unate, there
exists a point € {—1, 1}" such that f(x - r) is monotone, i.e., any shortest path between
any point in A and 7 is fully contained in Ay.

Unateness

The problem of testing unateness, first studied in [70], has also attracted significant attention
[89, 44, 24, 23]. A Boolean function f is unate if every variable is either monotone non-
decreasing, or monotone non-increasing. Equivalently, a Boolean function f: {—1,1}" —
{—1,1}, specifying the set Ay = {z € {-1,1}": f(x) = 1} C {-1,1}",*® is unate iff
there exists a point € Ay such that every shortest path between r and a point x € Ay is
contained in Ay (see the right-hand side of Figure 0.3); formally, we have the following

definition.

Definition 7 (Unateness). For n € N, a Boolean function f: {—1,1}" — {—1,1} is unate
if there exists r € {—1,1}" so that g: {—1,1}" — {—1,1} given by g(z) = f(x - 1) is

monotone.

Similarly to the case of monotonicity testing, there is a non-adaptive “edge tester” with

28We are implicitly assuming here that A t is non-empty.
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query complexity O(n/c) [89, 43, 24, 23].%° These non-adaptive algorithms turned out to
be optimal [51, 22] for non-adaptive algorithms which always accept unate functions. Using
the techniques developed for proving Theorem 11, we gave an O(n3/* /?)-query adaptive

algorithm in [52].

Our Contributions to Unateness Testing Here, we improve on the O(n?/*/¢?)-query
tester. The main result is an (nearly optimal) algorithm which tests unateness with query
complexity O(nz/ 3 /%). The main conceptual contribution is an adaptive preprocessing stage
which efficiently identifies a subset of variables containing many violations to unateness.
The preprocessing stage is based on, unsurprisingly, a novel analysis of a binary search
procedure. Whether an analogous preprocessing stage, making o(+/n)-queries, exists for
monotonicity testing is a tantalizing open problem. Such a procedure has the potential to
close the gap between the O(\/ﬁ)—query upper bound of [88] and the Q(nl/ 3)-query lower
bound of Theorem 13 [51].

Theorem 15 (Adaptive Unateness Tester). There is an O(n?/®/%)-query, adaptive algo-
rithm with the following property: Given ¢ > (0 and query access to an unknown Boolean
function f: {—1,1}" — {—1,1}, it always accepts when f is unate, and rejects with

probability at least 2/3 when f is e-far from unate.

Theorem 15 has optimal dependence on n up to poly-logarithmic factors, as we show a

matching lower bound.

Theorem 16 (Adaptive Unateness Testing Lower Bound). There exists a fixed constant £ > 0
such that any algorithm which tests whether an unknown Boolean function f: {—1,1}" —

{—1,1} is unate or e-far from unate makes Q(n?') queries.

29We note that the unateness edge tester from [23] is more involved. It utilizes Levin’s work investment
strategy to carefully choose how many random edges to sample in each direction. A simple edge tester, which
only samples uniformly random edges, is analyzed in [70] and makes O(n>/? /) queries.
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Part 1

Approximate Nearest Neighbor Search

in General Metric Spaces
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Chapter 1

Overview of the Results

The results in approximate nearest neighbor search presented in this thesis [12, 14, 16] build
on each other, and hence, we use this chapter to give a broad overview of these results.
While some technical arguments are presented, the purpose here is not to present formal

proofs. Later chapters elaborate on the arguments and formal proofs are given.

1.1 The Embedding’s Approach and ANN for Symmetric

Norms

The first direction toward Problem 1 is understanding the power and limitations of metric
embeddings. These essentially function as reductions between metric spaces. To design a
data structure for a desired metric space, one identifies a target metric space which is both
algorithmically tractable and sufficiently expressive; i.e., the target space admits an efficient
data structure (for instance E‘f as in Theorem 1), and there is an embedding from the desired
metric space into the target space which approximately preserves distances. The resulting
data structure proceeds by first applying the embedding, and then using the data structure
in the target metric space. The following definition, formally stating what a (bi-Lipschitz)
embedding is, as well as its use in the subsequent theorem encapsulates the “embeddings

approach.”

Definition 8 (Bi-Lipschitz Metric Embedding). Letr (X, dx) and (Y,dy) be two metric
spaces. For c > 1, a function f: X — Y is an embedding of X into Y with distortion c if

there exists a threshold T > 0 such that for every a,b € X,

dx(a,b) < 7-dy(f(a), f(b)) <c-dx(a,b).
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Theorem 17 (The Embeddings Approach). Let (X, dx ) and (Y, dy ) be two metric spaces.
Suppose that:

o f: X — Yisanembedding of X into'Y of distortion c,, and there exists an algorithm
ALGy which given as input a point a € X, outputs f(a) in time T(f).
e Foreveryn € N and c > 1, there exists a data structure for c-ANN over Y with query
time q(Y,n, c) and space s(Y,n,c).
Then, there for every n € N there exists a data structure for (coc)-ANN over X with query

time T(f) + q(Y,n, c) and space s(Y,n,c).

This very elegant and versatile approach already gives a wealth of ANN data structures
over various metric spaces. First and foremost, it implies efficient ¢(1 4 £)-ANN data
structures for Eﬁ for p € [1,2] [83].! Common target metric spaces for this approach (which
are substituted into (Y, dy) in Theorem 17) are 02, Eg [79, 93], and Ego [78]. Successes
include a poly(log log d)-approximation for the Ulam metric [8], a O(log d)-approximation
for EMD [47, 81], a 25(\/@)—approximation for edit distance [116], and a poly(log d)-
approximation for Frechét distance [77]. Generally, combining Theorem 17 with John’s
theorem (stated next) gives an ANN data structure for any d-dimensional normed space

with approximation O(v/d).
Theorem 18 (John’s Theorem [82, 25]). Let (RY, || - ||x) be any d-dimensional normed
space. There exists a linear map® f: R? — R? such that for every a € R,

lallx < If(@ll2 < V- Jlallx.

One may further weaken the notion of embeddings to allow for randomization. The idea
is to relax the condition that all pairwise distances are approximately preserved, and instead

require that the probability of the near neighbor be preserved is high enough for the reduction

! The reduction to Theorem 1 proceeds by defining a distribution over linear maps R% — RO(4log(1/2)/ %)
such that a random map from this distribution is an embedding of ¢,, to £; with distortion (1 + ¢) with high
probability. For {5 — {1, matrix multiplication by a scaled Gaussian matrix gives the desired embedding.

Notice that since the function is linear and dx (a,b) = ||a — b|| x in a normed space, an upper and lower
bound on the norm of each vector implies Definition 8. Furthermore, computing f is done via a matrix-vector
multiplication.
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to ANN over the target space to succeed. In fact, the following definition implies the nearest
neighbor preserving embeddings of [80] and will give O(loglog d)-approximation for all

¢,-norms [5].

Definition 9. Ler (X, dx) and (Y, dy ) be two metric spaces. Forr >0, ¢ > 1, and a, 5 > 0,
a distribution D supported on functions f: X — Y («, B)-preserves approximate near

neighbors®, if there exists thresholds 0 < 1| < Ty such that for every a,b € X:
o Ifdx(a,b) <r, then Prypldy(f(a), f(b) < 7] > a.
o Ifdx(a,b) > cr, then Pry pldy (f(a), f(b) < ] < B.

Given a data structure for (72 /71)-ANN over (Y, dy ), a c-ANN data structure for (X, dx)
proceeds by, independently for O(1/(av — n)) iterations, sampling f ~ D and applying
the (72/71)-ANN data structure for (Y, dy) to the data set f(P) = (f(p1), ..., f(pn)). For
a query ¢ € X with near-neighbor p; € P, following a union bound, at least one of the
O(1/(cv — pn)) iterations of f ~ D will satisfy dy (f(q), f(p;)) < 71 and every p; € P
where dx(q,p;) > cr will satisfy dy (f(q), f(p;)) > 7 with high constant probability.
Once this happens, the corresponding (72 /7 )-ANN data structure over (Y, dy ) will find the
near neighbor with high constant probability.

I will now sketch how to use randomized embeddings of this form, combined with
known results from the literature (specifically, [78, 77, 5]), to obtain a poly(loglog n)-ANN
data structure for any symmetric norm. A formal description of the embedding, as well as

the algorithm, is presented in Chapter 2.

Definition 10 (Symmetric Norm). A normed space X = (R% || - ||x) is symmetric if
|- llx: RY — R2% is invariant under permutation and sign-flips of coordinates. In other
words, if v € R? and x* € R is given by sorting the coordinates of || in non-increasing

value, then || x| x = ||z*] x.

The key is to identify a target metric space which is algorithmically tractable (for the

doubly-logarithmic approximation we are aiming for) and expressive enough to admit

3and in particular, will be used in conjunction with an ANN algorithm for (Y, dy') to obtain an ANN
algorithm for (X, dx).
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embeddings for all d-dimensional symmetric norms with a small constant distortion. We

state one of the main theorems, whose proof appears in Chapter 2.

Theorem 19 (Universal Target for Symmetric Norms). Fixd € N and § € (0,1/2). There
exist t = t(d, ) < d°0e(/9)/% and a normed space Y = (R',|| - ||y) such that any
symmetric norm X = (R% || - ||x) embeds into Y via a linear map f: R® — R! with

distortion 1 + 9.

The normed space Y is given by an iterated product space of top-k norms; we will view

T = (@ k)ici] ke € (RY)"Y, so that the parameter ¢ in Theorem 19 is given by ¢;d?, then

d
lzlly = max (]E% ||xi,k|\T<k>> :
and T(k) = (R%, | - |l7@)) denotes the top-k norm.* We abbreviate Y = (% (¢4(T™)).
Conceptually, the existence of such a low-dimensional universal space incuring only constant
distortion is surprising. Classical results in convex geometry and metric embeddings, such
as John’s theorem [82] (cited in Theorem 18) and Frechét’s embedding technique [101]
show that /5 and /., admit embeddings of general normed spaces; however, the embeddings
either incur distortion which is polynomial in the dimension or suffer an exponential blowup
in the dimension of the target space.

The new data structure for the normed space Y uses a combination of novel and known
techniques based on randomized embeddings, the data structure of Theorem 2 [78], as well

as the data structure for £,-product spaces [77, 8, 5].

Theorem 20 (Theorem 1 of [77] and Theorem 5.1.2 of [5]). Let k € N, and suppose
{(Xi, dx,) }icpy is a collection of metric spaces where each admits a c-ANN data structure
using space at most s(n) > n and query time at most q(n) for some ¢ > 1. For any ¢ > 0,

e € (0,1), and p € [1,00), there exists a data structure for O(cs ' log, slogn)-ANN

“The top-k norm of a point x € R¢ is given by sum of the highest (in absolute value) k coordinates of z;
: ko« .\
ie., [|zllrk) = 22, =] (see Definition 10).
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over the {,-product of X’s> (x%_, X;, dox(x,)) using space® O(ks(n)n°*="), and query time
O(n") - O(q(n) log(n) + klog(n) max; ey log | Xy).

The final step is to give a randomized embedding, in the sense of Definition 9, from
(R% || - l7r)) to €4 which (v, §)-preserves approximate near neighbors with fn < «, for
arbitrary k € [d]. Combining the embedding with Theorem 2 gives a data structure for
O(loglog d)-ANN for top-k norms. We will then successive apply Theorem 20 to give a

poly(loglog n)-ANN data structure for Y, and thus, for any symmetric norm.

Lemma 1.1.1 (Randomized Embedding of Top-k into ¢, [12]). Fix k,d € N, and let r > 0,

c>1,ande € (0,1/2). There exists a distribution D supported on R>° such that letting

Ui, ..., Uq ~ D, the linear map f = fu,. . u,: R? — R? given by
1 I9 Tq
(xl,@,...,xd)i) (,,...,)
U Uz Uq
is a randomized embedding between (RY, || - || ;a0 ) and (2, which (1/n®,1/n?)-preserves

approximate near neighbors with thresholds Ty = r and 5 = 3cr - €.

The proof of Lemma 1.1.1 follows from a more general construction of randomized
embeddings from any d-dimensional Orlicz norm into ¢ . Specifically, for a convex
function G: R= — R2° with G(0) = 0 defining the Orlicz norm (R%, | - ||¢)’, the
distributions D over R>Y, defining the scalings in the randomized embedding, is one where
Pry.pl|t/u| < 7] = a1/ Hence, the condition that || f(x)|| < 71 translates (by
independence of the draws to D) to a product of probabilities, where each term in the

product is Pr,,p[|z;/u| < 71]. The definition of D then implies, when ||z||¢ < r, that the

product is at least «.

>Given a collection of metric spaces {(X;, dx,)}ie(x and p € [1, 00], the £,-product of X’s the metric
space defined over the cartesian product x*_, X;, where distances between points (ay, ..., ax), (b, .., bx)

is given by dye x,) (a,b) = (X5, dx; (ai, bi)?) /7.

SWe remark that [77], which first obtained this Theorem for p = o0, states a weaker bound in the space
complexity. [8] noticed a better analysis gave the corresponding space bound. See also, Appendix A of [12].

"The Orlicz norm over R? specified by the function G is given by ||z||¢ = inf{r € (0,00) :

S G|zl fr) < 13
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Theorem 21 (Symmetric Norm Data Structure [12]). Fixd € N and € € (0,1/2), and let
X = (R ||-|lx) be a symmetric norm. There exists a data structure for O(log? log(n) log log d/<°)-
ANN over X using space d°Y) - O(n'*¢) and query time d°) - O(n?).

We remark that the “embeddings approach” outlined in this section has its limits. Indyk
suggested the proof of the following theorem (formally proven in Chapter 2), which shows
that one cannot hope for a universal target space (in the sense of Theorem 19) for general

norms with a polynomial blowup in the dimension improving on Theorem 18.

Theorem 22 ([12]). Fix ¢ € (0,1/2) and C > 1. Suppose that for any d € N, there
exists d € N and a normed space Y = (R? || - |ly) such that for any normed space
X = R || - |lx), there exists a distribution D supported on linear maps R¢ — RY where

every x € RY satisfies

Pr [lellx < @)y < C-d*|alx] >

Wl N

Then, d' = exp (Q(d*)).

1.2 A Lower Bound in the List-of-Points Model

This section explores Problem 1 from a lower bounds perspective. We construct a class
of metric spaces, the shortest path metrics on constant-degree expander graphs, which, for
large classes of data structures, do not admit small approximations for ANN. The restriction
to “large classes of data structures” is necessary; current techniques for proving (general)
data structure lower bounds are far-from distinguishing the nuances between metric spaces.®
Rather, we formalize the list-of-points framework. This algorithmic framework encapsulates

hashing-based approaches pioneered in [79], and the lower bounds proved will inform the

upper bounds to come.

8The best cell-probe lower bounds for ANN appear in [118]. Here, the lower bounds become trivial once
the query time exceeds O(logn).
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Definition 11. Let G = (V, E) be a connected, undirected graph. The shortest path metric
on G is the metric space (V,dg) given by letting d¢(u, v) be the length of the shortest path

between u and v in G.

We consider an arbitrary family G = {Gy = ([N], En) } ven of 3-regular expanders, i.e.,
there exists constants 7 € (0,1) and Ny € N such that all N > Nj satisfy \o(Lg,) > 7.’
We consider the family M = {([N], d¢, )} ven of shortest path metrics on G. For N € N,
we seek efficient data structures for ANN over ([N], dg, ) when n, the number of dataset

points, satisfies
w(logn) <log N < n°W, (1.1)

since this choice of parameters aligns well with the notion of efficiency for Definition 2.
Here, we want to prove a curse of dimensionality for metric spaces in M: for any 6 € (0, 1)
there are infinitely many N € N, such that any data structure for (log N)'~°-ANN over
([N], de, ) for n dataset points must have time complexity {2(n) or space complexity scaling
exponentially in (log V). The approximation factor of (log N)!~° for any & € (0, 1) would

be best possible, due to the embedding theorem of Bourgain [39].

Theorem 23 (Bourgain’s Embedding [39, 97]). For any metric space (X, dx), there exists
an embedding f: X — £2O(log N wvith distortion O(log N).

The above theorem, together with the “embeddings approach” of Theorem 17, lays a
path toward data structures for O(log N)-ANN over ([N], d¢, ). Time efficiency does not
necessarily follow because the function f may take N time to compute.'' However,
Theorem 23 does imply an efficient cell-probe data structure, and leaves us hopeless for

unconditional lower bounds except for dramatic advancements in complexity theory.

9Here, I am letting A\o(Lg,, ) be the second smallest eigenvalue of the normalized Laplacian of the graph
Gn.

10Recall that the metric analogue of dimension will be log | X | for a metric space (X, dx ).

"Tn particular, the time complexity of computing f will crucially depend on the oracle access granted
to the metric space ([N], dg ). In the black-box model, where a metric space (X, dx) is accessed only via
black-box evaluations of d(-, -), computing even a single coordinate of f may be too costly. See [91] for a
more thorough treatment of the black-box model for ANN.
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The hardness of ANN over metric spaces alike M is unsurprising. A growing body of
work, establishing non-embedability results for finite metric spaces, utilize the shortest path
on constant degree expanders as the hard instance. These lower bounds preclude efficient
data structures for ANN which proceed via low-distortion embeddings into low-dimensional
tractable spaces. For example, the work of London, Linial, and Rabinovich [97] shows
that embedding ([N], dg,, ) into ¢; requires 2(log V) distortion, matching the upper bound
on the distortion from Theorem 23'? (see also Section 15.5 in [102]). More generally,
there are strong lower bounds on the required distortion'? for embedding M into arbitrary
low-dimensional normed spaces [110, 111]. The arguments are formalized with the notion
of non-linear spectral gaps, first studied by [105], we give a proof of the subsequent theorem

in Chapter 3.

Definition 12 (Non-Linear Spectral Gaps). Let (X, dx) be a metric space and for n € N,
i be a symmetric probability measure supported on [n| X [n| with marginal distribution p.
For p > 0, the inverse of the non-linear spectral gap ~(u, d% ) is the infimum over v > 0
such that for any uq, . ..,u, € X,

B [dx(ug, ug)’ ] < v E - [dx(ug, ui)?]

©.3~p (@:3)~p
Theorem 24. Let d € N and consider any normed space X = (R?, || - ||x). Forn € N,

and a symmetric probability measure . over [n| X [n| with marginal p,

15 (1LY

where \y(L,,) is the second smallest eigenvalue of the normalized Laplacian matrix L, =

I, — diag(p) "/ pdiag(p)~'/2.

For the metric space ([V],dg,) € M, consider the distribution ; which samples a

12Even though the upper bound in Theorem 23 holds for embedding into /o, the embedding into ¢; follows
from concatenating Theorem 23 with the O(1)-distortion embedding of ¢5 — ¢1.

Beven average distortion
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uniformly random edge of Gy, and notice that since Gy is 3-regular, v(u, dg; ) 2 log® N.14
If for a normed space X = (R, || - ||x), there existed an embedding f: ([N],dg,) —
(R?, || - ||x) with distortion ¢, then v(p, || - ||%) 2 log® N/c?; however, Theorem 24 implies
log® N/c? < log?d, since \a(p) = (1), and thus ¢ = Q(log N/ log d). This latter result
gives a curse of dimensionality for data structures which proceed via embeddings into an
arbitrary d-dimensional normed space: any (log N)!~°-ANN data structure implied by an
embedding into a normed space with Theorem 17 will have time and space complexity
exponential in (log N)°. (As well will see, Theorem 24 will be useful for designing data

structures as well!)

Definition 13 (List-of-Points Framework [18]). For a metric space (X,dx), n € N and
r > 0, a data structure for c-ANN over X in the list-of-points framework is specified as

Jollows:

o There are two parameters { = {(n) € N and a distribution H supported on a list
of { pairs of subsets of X, i.e., a sample {(A1,B1),...,(A,B¢)} ~ H satisfies
A, B, C X.
e The function Preprocess: X" x {0,1}" — ({0,1}")*, given P € X" and random
bits, constructs D € ({0,1}")* by:
1. Using the random bits to sample {(A1,B1),..., (A, By)} ~ H,
2. D isdivided into three parts; the first part encodes the lists { (A1, B1), ... (Ay, By)}, 12
the second part uses n - [log | X |/w] words to store the dataset P in order; the

third part is divided into { blocks. For i € [(], we denote D; as the ith block.

3. Foreachi € [{), D; stores indices of points from P inside A, using at most one

word to store each index.'®

e The function Query: X x {0,1}™ — X, when given a query q € X proceeds by:

“In particular, letting n = N and u; = i in Definition 12, we notice that dg, (i,5) = 1 for every
(i,4) ~ pand dg, (,7)? = log?> N with probability approaching 1 as N — oo (1.2), which lower bounds
¥(1, d%;N) > log® N.

3for example, we may succinctly encode this by storing the random bits

16Recall that w = O(logn), so that one word is enough to an element of [n)].
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1. Reading the encoding of the list {(A1,B1), ..., (A, By)} and forming the set
I(q)={i€[f]:qeB}.”

2. For each i € I(q), the algorithm scans D;,'® and computes, for each index
Jj € D, dx(q,p;). If the algorithm finds a point p; where dx(q,p;) < cr, it

OUIpuUts p;.

Definition 13 captures data structures based on randomized space decompositions. A
draw of {(A1,B),..., (A, By)} ~ H gives two such decompositions of X; where A =
{A4,..., A/} governs where dataset points are placed, and B = {By,..., B/} governs
where queries search. The setting of hashing, a la Locality-Sensitive Hashing (LSH) [79],
corresponds to the case A; = B, for every ¢ € [¢]. For general data structures, Definition 13
has a glaring weakness: the space decompositions used are completely independent of the
dataset. This exempts the preprocessing and query phases from using the dataset P to guide
the execution, a major detriment to efficient data structures.!® Nevertheless, the list-of-points
framework will provide a useful abstraction for studying necessary properties of randomized
space decompositions for ANN data structures. A formalization of hashing-based data
structures, allowing for adaptivity of the hash functions, appears in [11], where the goal

there is understanding limits of the data-dependent LSH approach for ¢ [13, 10].

We now define the robust expansion of a metric space, a central quantity of a metric
space which will dictate the quality of space decompositions. This quantity characterizes
the time and space complexity of list-of-points data structures. The robust expansion was
first identified in [118] and used to establish cell-probe lower bounds for ANN under various

metric spaces, most notably for ¢, /5, and ¢, [58, 18, 85].

7We will ignore subtle issues of encoding of the list {(A1,B1),..., (A, By)}, as well as the time
complexity of computing I(g) since this definition will be useful for lower bounds.

Bthere is a subtle issue in finding D;. In particular, since the blocks may have varying sizes (because
storing a different number of points from P), the algorithm will not know where in D the block D, lies. We
note this issue may be safely ignored for lower bounds, and assume the algorithm knows where blocks D;
begin.

YFor example, when X = R, a data structure which sorts the dataset P and performs a binary search is
not captured by Definition 13.
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Definition 14 (Robust Expansion [118]). Fix a metric space (X, dx ) and a distribution .
supported on pairs points X x X with marginal distributions p, and ps. For v > 0 and

a > 0,

o (A) A, BC X, p(A) <aand (pE)I;lt[q €EBlpe Al > fy} .

The following lemma formalizes the connection between Definition 14 and lower bounds
for data structures in the list-of-points model. It analyzes an appropriate distribution over
dataset-query pairs and applies Yao’s principle. The lower bound on the space and time
complexity follow by a lower bound on the expected time and expected space complexity of
the assumed list-of-points data structure with respect to the distribution over inputs. The
following lemma appears in [18]. It is a simple exercise in computing the time and space

complexity of list-of-points dat structures.

Lemma 1.2.1. Let (X, dx) be a metric space, r > 0 and n € N. Suppose that H and {
specify a list-of-points data structure for c-ANN over (X, dx ) with distance threshold r and
n dataset points. Let p be a distribution supported on pairs of points X x X with distance
at most r, and let py and py be the marginal distributions of |, where

Pr [dx(py,p,) <cr]=o (1> :

P1,P2~pP1 n

Then, there exists {(A;, B;)}i_, in the support of H such that for every i € [{], a; = p1(4;),
Y = Prp.q~ula € B | p € Aj] satisfying Sy > %, and

14 ‘
s(n) >0+nd a, Gep(n) =" @, (s, vy - (1 + nay).
i=1 i=1

Given Lemma 1.2.1, it remains to compute the robust expansion of metric spaces in M
for an appropriate distribution 1, and apply the lower bound. Specifically, for any 6 € (0, 1)
and N > Ny, let r = (log N)°/10. The distribution z supported on pairs of points in
([N],de, ) at distance at most r is given by letting (p,q) ~ 1 where p ~ [N] uniformly

and q is the result of a random walk from p of length r in G'y. Then, since both marginal
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distributions of p are equal and uniform, and Gy is 3-regular,

367"
pl,EI;pl [day(Py,py) < cr] < ~ < \/_ (1.2)

and since n satisfies (1.1), we may apply Lemma 1.2.1. Finally, an application of the

expander mixing lemma shows that for all o,y € (0, 1),

7 < Pula,y) - at (1= Aa(Lay))" Pular, 7).

Deducing the curse of dimensionality is now straight-foward: we apply Lemma 1.2.1 to
obtain the sequence of points {(c;, ;) }icjq and consider the subset L C [/] of indices
satisfying ®,, (v, v:)ou > 7;/2. First, consider the case > ;c; yy; > 1/4, and notice
that substituting this (along with the definition of L) into the expression for g.,(n) in
Lemma 1.2.1 implies g.,(n) = €2(n). On the other hand, if > ;c; a;y; < 1/4, we must
have Y-,4; a;y; > 1/4. In this case and since N > Ny, every i ¢ L satisfies 7;/2 <

(1 —n)"\/®,(, ;). This implies

s(15) =Tavalan <t

i¢L

because P, (v, 7)oy < 1land ¢ — |L| < ¢. Seeingas 1 —n € (0,1) is a fixed constant and
the expression of s(n) in Lemma 1.2.1 depends linearly on ¢, we obtain space complexity

exponential in 7 = (log N)°/10.

1.3 The Cutting Modulus and Random Partitions

In Section 1.2, we showed that the shortest path metric on expander graphs, M =
{[N], dgy }nen, suffers the curse of dimensionality in the list-of-points framework; i.e., any
sublinear time data structure for ANN incurs exponential dependence in the dimension of
the space.?’ Utilizing M as an initial lower bound instance, Theorem 17 can derive lower

bounds for an arbitrary metric space (X, dx ). Informally, if for some § € (0, 1), there exists

20Recall we use log | X| as a proxy for dimension of a metric space (X, dx)
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a function f: [N] — X embedding ([N}, dg, ) into (X, dy) with distortion (log N)*~?;
then, for any ¢’ < §, we obtain a lower bound for data structures for (log N)?-ANN over
X. Hence, a prerequisite for efficient data structures for ANN over X (in the list-of-points
framework) is that shortest path metrics on expander graphs do not embed into X . This
section is based on the work in [14] (and the formal proofs are given in Chapter 3), where
we provide a partial converse to the above statement: for any metric space (X, dx) where
expanders do not embed,?' we construct an ANN data structure over X.?* The resulting
data structure will be in the cell-probe model, i.e., the data structure is efficient in its space

and cell-probe complexity, but not in its time complexity.

Definition 15 (The Cutting Modulus [14]). Let (X, dx) be a finite metric space and ¢ €
(0,1). The cutting modulus =(X, €) is the infimum of = > 0 such that the following holds.
For all r > 0, and all symmetric probability measures |1 supported on pairs of points X x X
at distance at most r in X with marginal distribution p, either (1) there exists a set B C X

with p(B) > 1/2 and diamy (B) < r - Z, or (2) there exists a set S C X with conductance

C uE.X\S)
2l = n(p(®), T (5] =

The case of infinite metric spaces is handled by considering all finite subsets. Specifically,
the cutting modulus of a (infinite) metric space (Y, dy ), denoted Z(Y ¢), is the infimum over
all= > 0 and N € N such that all metric spaces (Y, dy ) induced from Y by considering a
subset Y/ C Y of size N has =(Y’,¢) < E.

The metric spaces M defined in Section 1.2 have cutting modulus Z(([N],dg, ), €) 2
log N when € < /2 and N > N,. The proof follows from considering » = 1 and p to be
the uniform distribution over pairs of points in Gy connected by an edge (which implies p
is uniform since the graphs are regular). By virtue of the graphs Gy having degree 3, any

subset of diameter significantly smaller than log /N will not contain any constant fraction

of the graph (the computation is similar to (1.2)). On the other hand, \2(L¢, ) > n for

21 The precise notion of nonembeddability is captured by the cutting modulus, which we define in Defini-
tion 15.

22Furthermore, we note that the data structure will not be in the list-of-points framework.
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N > Ny, which implies, by the (easy direction of the) Cheeger inequalities [48, 4], that any
subset has conductance at least 77/2.

More generally, upper bounds on the cutting modulus may follow from an application of
Cheeger’s inequality to an upper bound on the non-linear spectral gap (Definition 12), and we
may utilize various techniques exist for upper-bounding non-linear spectral gaps of metric
spaces [103, 105, 110, 111]. The machinery (including Theorem 24) were initially developed
for proving nonembeddability of expander metrics; however, these automatically give upper
bounds on the cutting modulus. We sketch how Theorem 24 imples Z(X, ¢) < log d/e?: if
14 1s a symmetric probability distribution supported on pairs of points X x X at distance
at most r in X with marginal p, and if p(B) < 1/2 for all diamx (B) < r - logd/e?, then,
Y(, || -11%) 2 log® d/e?, and by Theorem 24, \o(L,,) < €2, so that we may apply Cheeger’s
inequality to obtain a low-conductance cut S C X of p [48, 4].

Theorem 25 is stated next and places the cutting modulus at the focus of our study of

Problem 1.2

Theorem 25 (Cell-Probe Data Structure for (Z(X,¢) + 1)-ANN [14]). Let (X,dx) be a
metric space of size N and ¢ € (0,1). There exists a data structure for (=(X,¢) + 1)-
ANN over X with space complexity n'*°© log N(log(1/¢) + loglog N) and cell-probe
complexity n°©) log N (log(1/¢) + loglog N).

At a high level, the data structure behind the proof of Theorem 25 builds a (data-
dependent) randomized decision tree. The data structure begins with a set P of n dataset
points in X and continues the following process while more than one dataset point is
considered. The algorithm checks whether there is a cluster in P containing a constant
fraction of points with diameter - Z(X, ). If such a cluster exists, any dataset point inside
the cluster is a (2(X, ) + 1)r-approximate near neighbor to any query point within distance
r from any point in the cluster. The data structure stores one point inside the cluster and
makes a child node, recursing on remaining dataset points outside the cluster. If no such

cluster exists, Theorem 26, relying on condition (2) of Definition 15, will imply existence of

23We know the cutting modulus in conjunction with Theorem 25 cannot be the conclusion of Problem 1.
For example, Z(¢4,, ¢) = O(log d /<), while Theorem 2 gives an O(log log d)-ANN data structure [78].
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a randomized space partition supported on subsets with small conductance (with respect
to some symmetric probability measures) which split the dataset roughly evenly. The data
structure samples a set S from the randomized space partition and makes two child nodes:
one node recurses on P N S and the other recurses on P N (X \ S).

The approach of taking a “ball” or “cut” most resembles the data structures for ANN over
(1 /s of [10] and Ego of Indyk [78] (proving Theorem 2). At a high level, these follow by
designing randomized space partitions which performs well under a fixed dataset assuming
the dataset satisfies a well-separatedness condition. In this case, the absence of large clusters
of small diameter serves as this condition. The randomized space partitions depend on
the dataset, and hence termed “data-dependent LSH.”** The next subsection is devoted
to one such “ball” or “cut” theorem for general metric spaces, analogous to Lemma 1 of
[78]. The quality of the randomized space partitions depends on the cutting modulus of
the metric space, and following that subsection, we show how the theorem is used to prove

Theorem 25.

1.3.1 Data-dependent randomized space partitions from bounds on
the cutting modulus

Theorem 26 ([14]). Let (X, dx ) be a metric space of size N, € € (0,1/8), andr > 0. There

exists a collection F of at most NOUos(1/)+logloeN) sybsets of X such that the following

holds. If, for 1 <m < N and x1,...,2, € X, all B C X with diamx(B) <r-Z(X,¢)

satisfy |B N {xy,...,xm}| < m/8, there exists a distribution H supported on F satisfying:
1. A subset S ~ H satisfies |S N {x1,...,xy} € [m/8,7m/8] with probability 1.

Pr 2N S| = < 20e
S~H [|{y7 } | ] = :

There are three crucial components of the randomized space partition defined in

2*In contrast, a (data-independent) LSH is a randomized space partition which performs well under any
dataset. For example, the data structures for ANN over ¢; of [79] and [93] (proving of Theorem 1) fall in this
category.
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Theorem 26. The first is the balancedness of parts with respect to a dataset of points
x1, ..., T, € X, as guaranteed by (1). The second is that the probability of separating any
two points within distance r is small, as guaranteed by (2). In the language of Locality-
Sensitive Hashing (LSH) [79], (1) is analogous to an upper bound of 7/8 on p, and (2)
is analogous to a lower bound of 1 — 20¢ on p;. Subsequently, Theorem 26 foreshadows
an ANN data structure with time complexity n'°8(1/P1)/1oe(1/p2) — pO() The third crucial
component is the fact that samples from the distribution 7 may be encoded in at most
O(log N(log(1/e) 4+ loglog N)) bits. This is a consequence of the collection F being small

and fixed in advanced.

Roughly speaking, the cutting modulus asserts that for every symmetric distribution g
over pairs of points in X at distance at most r, where the marginal distribution p contains no
large clusters of diameter r - Z(.X, ), there exists a set S with conductance at most . After
an iterative argument taking unions of low-conductance cuts, the set .S can be assumed to
be roughly balanced, i.e., min{p(S),1 — p(S)} > 1/3 and u(S, X \ S) < 2¢.% If points
Z1,..., T, from X are sampled from p, |S N {xy,...,x,}| € [m/8,7m/8] with very
high probability over randomness in generating the points @1, .. ., ,,. Furthermore, since
(S, X \ S) is exactly the probability that a random pair (y, z) ~ p is separated by 5, i.e.,
{y, z} NS| = 1, if the query and near-neighbor pair (y, z) are sampled from y, y and =z
lie in the same side of S with probability at least 1 — 2¢ over randomness in generating the
query and near-neighbor pair. As a result, the cutting modulus gives, for each distribution x
with marginal p, a single set S C X satisfying conditions akin to (1) and (2) assuming the
points @1, . .., x,, and y, z are sampled from p and x, and the probability of success is with
respect to the randomness in generating the points.

On the other hand, Theorem 26 considers a fixed set of points x4, ..., x,, and y, 2, and
asks for a distribution ‘H over subsets of X performing well for z4, ..., x,, and y, z, where
the probability of success is with respect to a sample S ~ 7. At a high level, Theorem 26
generates, from a solution for any distributional input, a distribution over (few) solutions

for any worst-case input. The proof of Theorem 26 proceeds in two steps. We first argue

25For example, one may use the reduction which converts a low-conductance cut into a balanced separator
(Section 3.3 of [95]).
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Theorem 26 is implied by a lemma we state next. Then, we prove the next lemma assuming

an upper bound on the cutting modulus.

Lemma 1.3.1. Let (X, dx) be a metric space of size N, ¢ € (0,1/8), and r > 0. Consider
s € N, and suppose that for every distribution p supported on points in X satisfying all
B C X with diamx(B) < r-Z(X,¢) have p(B) < 1/7, there exists a distribution H,
supported on at most s subsets of X where the following hold:
1. A subset S ~ H, satisfies p(S) € [1/7,6/7) with probability 1.
2. Ify, z € X satisfy dx(y, z) < r, then |{y, z} N'S| = 1 with probability at most 20
over S ~ H,,.

Then, the conclusion of Theorem 26 hold with log |F| < log N - log s.

The implication from Lemma 1.3.1 to Theorem 26 can be understood in the context
of online learning. An oracle has an unknown and fixed dataset P C X without large
clusters, and we want a (deterministic) algorithm which builds a distribution H satisfying
the conditions of Theorem 26 by querying the oracle. The algorithm proceeds in a sequence
of iterations. In each iteration, the algorithm updates a “proposed distribution”, p supported
on X, which over the course of the execution, approaches the uniform distribution over P,
which we denote )p. The notion of approaches is with respect to Kullback-Liebler (KL)
divergence, RE(:||-), and the updates are according to the multiplicative weights update rule

(see, [74, 20]).

Claim 1.3.2. Let X be a fixed set, p be any distribution supported on X, andn € (0, 1) be
a fixed constant. For any set S C X, there exists two distributions p& and pg supported on

X such that for any unknown distribution 1) supported on X,

o If p(S) —(S) > n, then RE(pg [|1) < RE(plly)) — n*/4.
o If p(S) —¥(S) < —n, then RE(p§||v)) < RE(p|[v) — n*/4.

Initially, the algorithm sets p to the uniform over X, and continually proceeds as follows.
Suppose there exists a set B C X with diamx(B) < r - Z(X, ¢) satisfying p(B) > 1/7;
since the ¥p(B) < 1/8, the algorithm updates p to pg according to Claim 1.3.2, thereby

decreasing RE(p||¢p) by at least a small constant. Otherwise, using the assumption of
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Lemma 1.3.1, the algorithm designs a candidate distribution #, over subsets of X, and
measures the quality of H, with respect to ¢p by querying the oracle.? In particular, if
(1) of Theorem 26 is not satisfied, and there is a subset S in the support of H, where
Yp(S) ¢ [1/8,7/8], the oracle reports the set .S and whether ¢p(S) is larger than 7/8 or
smaller than 1/8 using [log, s] + 1 bits. Again, the algorithm updates p by to either p; or
pg according to Claim 1.3.2, which decreases RE(p||1)p) by at least a constant. To complete
the argument, notice that RE(p||¢p) € [0, log N], implying that the algorithm terminates
with a distribution #, satisfying the conditions of Theorem 26 after O(log V') iterations.
The upper bound on | F| follows from the fact that #, only depends on O(log N log s) bits
communicated by the oracle.

The second step, summarized in the lemma below, implies the conditions of Lemma 1.3.1

with s = O(log(NN) /%) and completes the proof of Theorem 26.

Lemma 1.3.3. Ler (X, dx) be a metric space of size N, ¢ € (0,1/8), r > 0, and s =
O(log(N)/e?). Suppose p is a distribution supported on points in X such that all B C X
with diamy (B) < r-Z(X, ¢) satisfy p(B) < 1/7. There exists a distribution H, supported

on at most s subsets of X where the following holds:
1. A subset S ~ H, satisfies p(S) € [1/7,6/7] with probability 1.
2. Ify, z € X satisfy dx(y, z) <, then |{y, z} N'S| = 1 with probability at most 20e

over S ~ H,,.

The proof of Lemma 1.3.3, without the sparsity condition on the distributions #,,
follows from von Neumann’s minimax theorem. Specifically, let C;. C X x X be the set
of pairs of points (y,z) € X x X at distance at most r, i.e., dx(y,z) < r, and consider
the compact and convex set D C R/ of symmetric probability distributions supported
on pairs in C,.. Furthermore, denote S, as the collection of subsets X which are roughly
balanced with respect to p, i.e., S € S, satisfies p(S) € [1/7,6/7], and consider the

1S,

compact, and convex set K C RI#! of probability distributions supported on subsets in S,.

Z6Notice that the distribution o satisfies condition (2) of Theorem 26, as this is the same as condition (2)
of Lemma 1.3.1. Hence, only (1) is to be checked.
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Then, Lemma 1.3.3 is exactly saying

min max >, >, L{{y.z} NS =1} uly.2) - H(S) <20e. (13)
H s-sparse (y,2)€Cy SES,

Removing the sparsity condition on H and applying von Neumann’s minimax theorem, a

proof of Lemma 1.3.3 without a bound on s follows from showing that

max min @%2@ s%,, 1{{y, 2} N S| =1} - u(y, z) - H(S) < 20e. (1.4)
Toward this (relaxed) goal, consider any distribution p € D, and let ji € D be the following
mixture: a sample (y, z) ~ [ is generated by letting (y, z) = (v, 2’) ~ p with probability
1/8, and (y, z) = (x, x) where  ~ p with probability 7/8. We now apply Definition 15 to
fi. By writing the marginal distribution p of [i, we have p(B) < 1/2 for all B C X with
diamx(B) < r-=Z(X,¢), since p(B) < 7/8-p(B)+1/8 < 7/8-1/7+ 1/8. Hence, let
S C X have (S, X'\ S) <2eand p(S) € [1/3,2/3]. Using again the fact that /i is defined
as a mixture of 4 and twice p, we have (S, X \ S) < 16¢ and p(S) € [5/21,16/21].
Letting ‘H be the distribution which is only supported on the set S proves the left-hand side

of (1.4) is at most 16 < 20e.

The fact that there exists an s-sparse distribution H € K satisfying (1.3), follows, again,
from the multiplicative weights update algorithm. The argument proceeds as in Section 3.2
of [20] on approximately solving zero-sum games [65]. We consider a payoff matrix indexed
by C, x S,. For (y,2) € C, and S € S, the entry in the (y, z)-th row and S-th column is
1{|{y, 2z} N S| = 1}. As shown in the previous paragraph, for any “mixed strategy” of the
row player, i.e., a distribution p € D, there exists a “pure strategy” of the column player,
i.e.,asetS € S,, with expected payoff less than 16¢. Hence, the goal is to find a “mixed
strategy” for the column player, which is approximately optimal up to additive 4¢ against
any “pure strategy” of the row player; in addition, the mixed strategy should be s-sparse.
Theorem 3.1 of [20] shows exactly this: there exists a 4c-approximate mixed strategy for
the column player given by the average of O(log(|C,|)/e?) pure strategies for the column

player. Since |C,| < N?, this completes Lemma 1.3.3, and hence, Theorem 26.
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1.3.2 Proof of Theorem 25

Assuming Theorem 26, completing the sketch of Theorem 25 is straight-forward. The depth
of the randomized decision tree is at most logg > n: either there is a cluster of more than
1/8-fraction of dataset points within a set of diameter r - =(X, ¢), and we store one point
inside the cluster, or the data structure samples a set S ~ 7 and recurses on dataset points

falling inside and outside the set S, decreasing the dataset by at least a 1/8-fraction.

The querying algorithm, upon receiving a query g € X, begins at the root and walks
down the tree. If a node contained a cluster of dataset points, and the point stored as part
of the cluster is within distance 7(=(X, ¢) 4+ 1) from ¢, the data structure returns the point.
Otherwise, the querying algorithm reads the encoding of the set S ~ 7 and checks whether
q € S. If so, the algorithm proceeds with the child node corresponding to S; otherwise, the

algorithm proceeds with the child node corresponding to X \ S.

Suppose p € P satisfies dy(q, p) < r, and consider the event, over the randomness in
samples to the distributions H along the path in the decision tree containing p (of depth at
most logg 7 n), that whenever a set S ~ H is sampled, |{p, ¢} N S| # 1. Notice this occurs
with probability at least (1 — 20g)108s/7" = p~1o8s/7(1/(1=205) > 4, =1000= WWhen the event
does occur, two outcomes may occur. The first is that query algorithm encounters a cluster
node with a point within distance r(Z(X, e) + 1) of the query and returns successfully. The
second outcome is when the first outcome does not occur. In this case, p does not belong to a
cluster (otherwise, ¢ is within (=(X, €) + 1) from a cluster point); since p and ¢ were never
split by a set S, they lie in the same leaf node and the query algorithm returns p. Repeating
the randomized decision tree O(n'%°%) times to increase the probability of success implies

Theorem 25.

Remark 27 (A remark on cell-probe complexity). This section’s primary focus was ANN
data structures with efficient space and cell-probe complexities. Time complexity was
completely ignored. The key concern is that a root-to-leaf path in the randomized decision
tree built may take | X|*(") time to traverse. In particular, the data structure consists of

n©) decision trees and for a query ¢ € X, a root-to-leaf path on the tree is determined
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by the inclusion or exclusion of ¢ in a set S C X sampled from H.2” The set S may be
large (for example, |S| € [| X%, | X| — | X|%%1), and a priori have no structure. On a query
q € X, the data structure walks down the decision tree and must repeatedly performing the
following: at the current node (which does not contain a cluster), the data structure reads
the encoding of the set S sampled for that node, decodes the set S, and scans S to determine
if ¢ € S. Notice that the cell-probe complexity is determined by the size of the encoding of

S, and the time complexity is determined by the time to decode S and |S|.

1.4 Upper Bounds on the Cutting Modulus

This section presents upper bounds on the cutting modulus of various metric spaces. Claims
in this section are formalized in Chapter 4. Combined with Theorem 25, these result in
efficient cell-probe ANN data structures. Emphasis is given to bounds which also yield time
efficient data structures. As briefly alluded to in the last section, we augment the notion of
cutting modulus to mind time complexity. We begin with bounding the cutting modulus of

(4. This is the simplest such bound, and elucidates approaches to come.

1.4.1 The cutting modulus of /¢

Fix N € N and consider any finite subset X C ¢¢. Let u be any symmetric probability
distribution supported on pairs in X x X and let p be the marginal distribution of x. Consider

the quantity

> 2wz y)lle —ylh E (e —ylh]

z (zy)~p

Riu, || - ) = =28 = , (1.5)
S plx)p@)]lz — ylh mﬁp[llw—ylll]
zeX yeX

Suppose that, for » > 0, ¢ and p satisfy the conditions of Definition 15. In other words, p is

supported on pairs of points at distance at most r, and p(B) < 1/2 for every B C X with

Y Technically, there exists the (easy) case when there was a large cluster of dataset points with small
diameter. In this case, the data structure performs computes dx (¢, p) for some p € P and either returns p, or
proceeds to the child node.
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diamga(B) < 4r/ .28 Under these assumptions, R(y, || - ||1) < ¢; specifically, we upper
bound the numerator of the right-hand side of (1.5) by r, and lower bound the denominator of
the right-hand of side of (1.5) by /<. The numerator is at most r because every (x,y) ~ p
has ||z — y||; < r. For bounding the denominator, notice that for every x € X, the set
B = X N Bu(x,2r/¢) satisfies p(B) < 1/2 because diamya(X) < 4r/e. This implies

Ey,[llz — yll1] > r/e and gives a lower bound on the denominator.

Lemma 1.4.1. Let d € N and i1 be any symmetric probability distribution supported on
finitely many pairs of points in R%. Let p be the marginal of i and suppose it has non-zero

support on at least two points. There exists a distribution S supported on subsets of R?

satisfying
E O] 1 (16)
= Myl - {l1)- .
B [p(S) (1 = p(S))]
Since R(p, || - [l1) > 1/¢,% Lemma 1.4.1 implies there exists a set S C R? in the

support of S with ®,,(.5) < .%° The proof of Lemma 1.4.1 proceeds by noticing that, since

|z = ylly = Srepg [x — yrl, there exists & € [d] where’!

JE lee-wl) E eyl
’ <& = R(u |- ). )
E Toe-ud = E flz— ]

Let a = inf{x; € R : x € supp(p)} and 5 = sup{z, € R : z € supp(p)} be the smallest
and largest values on the k-th coordinate of a sample of p, and consider the distribution &

supported on sets S C R¢ given by letting S = {a: eERY:z; < T} where 7 ~ [«, (] is

*$Here, the assumption on diama (B) < 47 /¢ is to upper bound Z(¢{,¢) < 4/e.

2Notice this implies p has non-zero supported on at least two different points, since otherwise, the
denominator of (1.5) is 0.

30In particular, (1.6) implies, by re-arranging terms, that Ess [14(S,S) — ep(S)(1 — p(S))] < 0. Hence,
there exists a set S C R? in the support of S where (S, S) — ep(S)(1 — p(S)) < 0, and the bound on
®,,(S) follows since p(S)(1 — p(S)) < min{p(S),1 — p(S)}. Generally, for any m € N and collection
{(ai, bi) }ie[m) of pairs of real numbers, (>, a;)/(3_,; b;) = ~ implies there exists some i € [m] where b; # 0
and ai/bi < .

31'The argument is analogous to footnote 30.
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drawn uniformly at random.? Then, we simply notice the left-hand side of (1.6) is exactly

the left-hand side of (1.7). Formally,

s]gs [/“‘(S’g)} =>. > uxy) Sfig [{z,y}NS|=1] = (m,gwu lW] ‘
E [p(S)(1 = p(8)] = E p(x)p(y) Pr [{z,y} N8| =1] = E lW} .

Remark 28 (Time Complexity Bounds for /¢). Even though the above-mentioned argument
bounding =(X,e) < 4/e, combined with Theorem 25, gives a cell-probe data structure,
we may additionally conclude in this case that ¢(n) = O(g.,(n)). The argument proceeds
by noticing that Lemma 1.4.1 finds, given any distribution x on pairs of points in ¢¢, a
low-conductance cut S C R? given by an axis-aligned threshold. In other words, a set .S is
specified by a coordinate k& € [d] and a threshold 7 € R; then, x € S if and only if z;, < 7.
Following the argument in Subsection 1.3.2 and Remark 27, a walk down the decision tree
must repeatedly determine whether the query ¢ lies in a set S sampled from 7. In this case,
the set S is given by the union of axis-aligned thresholds, i.e., axis-aligned boxes (with
possibly infinite sides).*®> Hence, sets S in #, or their complements, are encoded by a list
of at most d triples (k,7_,7,) € [d] X (R U {—00,00})?, and determining whether ¢ € S

takes linear time in the encoding of S, implying ¢(n) = O(gp(n)).

1.4.2 Bounding the Cutting Modulus via Holder Maps of Unit
Spheres

For any metric space (X, dx ), the natural approach to upper bound Z( X, ¢) follows, yet
again, from embedding X into /¢ and applying Lemma 1.4.1. This is the approach we take
in this section when (X, dx) is a normed space, albeit with a notion of embedding less
stringent than Definition 8. Consider any symmetric probability distribution y supported

on finitely many pairs in X and let p be its marginal distribution. For any r € (0, c0), we

32Notice that by definition of @ and 3, p(S) € (0, 1) with probability 1.

33Even though, Lemma 1.4.1 gives a low conductance set, p(.S) may be arbitrarily small. Recall that a set
S in H must have p(S) € [1/3,2/3], so we may apply Lemma 1.4.1 multiple times. See also, Footnote 25.
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consider the quantity*

(w,glj))rvu [dX(ma y>7"]
R(,LL, dX) = E {dX(CU, y)r] ) (18)

T,Yy~p

which we term the non-linear Rayleigh quotient. When (X, dx) is the metric on the real

line, (R, | -

), and r = 2, (1.8) is exactly the Rayleigh quotient of the normalized Laplacian
of the (weighted) graph defined according to p. Specifically, let U C R be the support of p,
and since (1.8) is invariant under translation, assume points in U satisfy >, o p(z)z = 0.
Consider the weighted graph G = (V, E,w) where V = U, (z,y) € E iff u(x,y) # 0, and
w(x,y) = p(z,y). The normalized Laplacian L is the |U| x |U| matrix, where rows and
columns are indexed by = € U, and the entry (L), is —p(z, y)/\/m if © # y,
and 1 — p(z,z)/p(x) if * = y. Then, the vector z € RIVI where 2, = \/p(z) - = satisfies
(z.2) = (1/2) Zyyev p(a)p(y)lz — yI? and (z, Lgz) = (1/2) E, yev nlz, y)lz — yl*.

For a metric space (Y,dy) and p € (0, c0), we consider a function f: X — Y% and

write .
LB ldy(f(@), f(y))
RO (1), dy) = & -
VTR (@) W)
The goal of this section is to design, given a d-dimensional normed space X = (R?, || - ||x)

and a symmetric probability distribution ;. over finitely many pairs of points in R¢, function

f: R? — R? such that for ¥: R=% — R=% with ¥(¢) — 0ase — 0,7

RGA () -1l < W (R(u, |- 1)) - (1.9)

Combining (1.9) with Lemma 1.4.1 immediately implies Z(X, ) < 4(1/¥~*(¢))"/", where
U1(e) = sup{eg > 0: V&' < g, ¥(¢') < £}. Then, Theorem 25 gives an (4/¥~!(g)!/" +

3*Equation (1.5) corresponds exactly to the case (X,dx) = ¢¢ and r = 1.

PFormally, lett = >, p(z)z and U' = {x — ¢ : € U}. Then, the ratio in (1.8) remains unchanged
when using the distribution p’ given by (z — t,y — t) where (x,y) ~ p with marginal p’ instead of p.
Furthermore, > ., p'(z)x = 0.

3%For example, f could be an embedding as in Definition 8, or as we will see, a slightly weaker object.

37In the discussion, it is implicit that f does not map all points in supp(p) to a single point and make the
denominator of (1.8) be 0.
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1)-ANN cell-probe data structure over X . We note that comparison inequalities analogous
to (1.9) between general metric spaces are studied in [113]. There, comparisons are made
among nonlinear spectral gap (recall Definition 12), which may be equivalently stated as the
supremum over all f: X — X of 1/R(f(u), d’). While relating the nonlinear spectral gap
of a metric space (X, dx) and that of ¢; gives upper bounds on =Z( X, €) as well, maintaining
the function f in (1.9) allows for a discussion on computational complexity. In particular,
upper bounds on the time complexity of ANN data structures obtained via this method will

follow from restrictions imposed on the computational complexity of f.

Remark 29. Section 1.3 describes the cutting modulus and suggests an approach for ANN
data structures in order to address limitations of the embeddings approach from Section 1.1.
It seems peculiar that we will upper bound =( X, €) using metric embeddings into (1, and
that this will overcome limitations of the embeddings approach for ANN data structures.
The key is that the embeddings necessary are substantially weaker than those prescribed in
Section 1.1. In particular, the inequality (1.9) allows the embedding f to preserve distances

on average over [, and p. This relaxed guarantee is what this section will exploit.

Definition 16 (Holder Homeomorphism between Spheres). Let X = (R%, || - ||x) and
Y = (R?,||||) be two normed spaces. For c > 0and o € (0, 1), function ¢: S(X) — S(Y)
is an a-Holder homeomorphism with Holder constant c if it is bijective and for every
a,be S(X),

[p(a) = d(b)lly < c-lla—bll%.

Lemma 1.4.2 (Radial Extensions of Holder Homeomorphism between Spheres). Let X =
R || - ||x) and Y = (R, || - |ly) be two normed spaces, and for ¢ > 0 and o € (0, 1], let
¢: S(X) — S(Y) be an a-Holder homeomorphism with constant c. Then, for r > 1, the

radial extension f4,: R? — R? given by

Jor(x) = |zl - ¢(z/]lx]lx) (1.10)
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satisfies || f4.-(z)||y = ||z||% for every x € R% and for every z,y € R?,
1for(@) = For@lly < (2% +27r) lz = yll% (Il + Iwlx®) . .11

A weakness of using the radial extensions of Holder homeomorphism as embeddings is
that the quality of (4.2) degrades as norms of vectors grow. However, we will still derive
(1.9) when f is a translation of f, ,, since distances will be preserved on average. To garner
intuition, consider a distribution . supported on finitely many pairs in R? x R, and suppose
that after a translation, the marginal distribution p is roughly centered after applying fy ,;

formally, assume?

E [fur(@) =0.
Under this condition,
E fsr@)lv] < E Tlfor(®) = for(ylly] <2 E [ fs-(2)ly] (1.12)

by the triangle inequality. We use (4.1) in Lemma 1.4.2 to lower bound the denominator of
R(fsr(1), ] - |ly), and (4.2) to upper bound the numerator of R( f, (), || - ||y). In particular,
(4.1) and (1.12) imply the denominator of R(fs. (1), || - ||y) is up to a constant factor at
least E,,[||z|%] > 27" ' Eg 4[|l — yl|k]- Suppose that after applying f, . to points
in (x,y) ~ p, the numerator of R(fs, (1), || - ||v) increases substantially in terms of the
numerator of R(y, || - || x). This occurs when the upper bound on || f, () — fo,(y)|ly in
terms of ||@ — y|| x in (4.2) degrades substantially, which only occurs when ||| x and ||y|| x
are large. However, this means E,, [|| f5-()||y], and because of (1.12), the denominator
of R(fsr(1), ] - ||y) is large. The next theorem closely follows an argument of [103],

formalizing the intuition with a relaxed assumption of the centering of p, as well as for

bounding R( o, (1), 1| - [I3)-

Theorem 30 (Matousek’s Extrapolation [103, 16]). Let X = (R%, || - ||x) and Y = (R?, || -

3We seek a vector z € R? which depends on p and satisfies Eq,[fs(z — 2)] = 0. If such a vector
exists, it suffices to prove (1.9) under the centering assumption since R(u, || - || x) is invariant to translations.
The existence of such a vector is a subtle matter which will be discussed shortly.

50



ly) be any normed spaces, and suppose that for o € (0,1] and ¢ > 0, there exists an
a-Holder homeomorphism ¢: S(X) — S(Y') with constant c. Let |1 be any symmetric
probability distribution supported on finitely many pairs of points in X x X, and let p be
the marginal of .. Suppose that, for r > « and s > 0, the distribution p under f,, is

approximately centered, i.e.,

1 1/s
Elfn@)| < (57 E Ifa@I) . (113)
then,
RUFa (10 1+ 1) < 2272 (e )" R |- 5% (1.14)

For certain important cases, Theorem 30 obtains a bound on the cutting modulus better
than by using the best bi-Lipschitz embeddings. Furthermore, we may employ techniques
for constructing Holder homeomorphism between spheres of normed spaces (for example,
see Chapter 9 of [29]) to obtain new ANN data structures. For a particularly elegant example
of when Theorem 30 and Theorem 25 shine, consider ¢, spaces when p > 2. Here, bi-
Lipschitz embeddings into ¢ incur distortion d'/>~'/? 3 resulting in ANN data structure
via Theorem 17 with polynomial approximation. On the other hand, a well-known map, the

Mazur map ([104], and Section 9.1 of [29]), between the S(¢£%) — S(¢{) given by*
(21, ..., 2q) —>(sign(as) - |21 [P, . .., sign(zq) - |zal?), (1.15)

is 1-Holder with constant at most 2p. Consider setting » = p and s = 1, and notice that
for: R? — R? acts coordinate-wise as specified in (1.15). In order to find a translation
z € R? which centers the dataset, we let z; € R where E,.,[sign(z), — 2i)|z, — 2[7] = 0

for every k € [d].*! Therefore, we may assume (4.3) and apply Theorem 30, with s = o = 1

39The identity map embeds ¢, — £ with distortion d'/2~/P, and matrix multiplication by Gaussian
random variables embeds ¢ — ¢; with small constant distortion. See Footnote 1.

40More generally, a Mazur map exists from any ¢, — ¢, norm, by analogously mapping (x1, ..., z4) —
(sign(z1)|z1[P/9,. .. sign(zq), [zalP/7).

41To see that such a point z, € R exists, notice that Es,[sign(xy, — 2x)|xr — 2|P] is continuous as a
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and r = p, to obtain the bound R(f,, (), || [l1) < 24p-R(p, || - [[2)'/7 and hence, show that
the cutting modulus Z(¢%, €) < p/e.** Finally, we show the last ingredient, which shows a

center for the distribution p always exists.

Theorem 31 (A Good Translation Always Exists [16]). Let X = (R? || - ||x) and Y =
(R?,|| - ||y) be any normed spaces. Suppose that for o € (0,1] and ¢ > 0, the function
¢: S(X) — S(Y) is an a-Holder homeomorphism with constant c. For any probability
distribution p supported on finitely many points in R% and any r > 1, there exists a point
z € R? such that

E [fy.(x — 2)] = 0. (1.16)

TP

Furthermore, if, for R € R, p is supported in Bx (0, R), the point z may be chosen to satisfy
lzl|x < 87/*R.

A similar approach, utilizing a properly generalized Mazur map, obtains ANN data
structures for the Schatten-p norms with approximation O(p). These are normed spaces
defined on R%*? where vectors x are interpreted as matrices, and the Schatten-p norm is
given by ||z||s, = (X0, |oi(z)|P)'/?, where o1 (), . . ., 04(x) are the d singular values of .
The non-commutative Mazur map [121] maps S(S,) — S(S,) by mapping z +— UAP/V,
where UAV is the singular value decomposition of z, and bounds on « and ¢ analogous to
that of S(¢,) — S(¢,) are attained for any p, ¢ € [1,00). Recall that Schatten-2, i.e., the
Frobenius norm, is equivalent to (& , and we have established (1.9) when the right-hand side
is R(y, || - ||3). One would apply Theorem 46 to obtain a centering z € R?, and then apply
Theorem 30 with X = S, for some p € [1,00), Y = Sy, and s = 2.

function of zj, and at some moment changes sign as zj, increases.

“2We note that with a different approach, [114, 27] utilize the Mazur map as an embedding to design a data
structure for O(2P)-ANN over ¢, norms. The challenge with that approach is that distances between large
vectors are poorly preserved; to overcome this, [114, 27] reduce the c-bounded-ANN problem, where dataset
points lie in a bounded ball of radius O(c).
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1.5 Time Efficient Algorithms for Any Norm

Special care is need when defining the exact computational model for ANN data structures
over arbitrary normed spaces X = (R?, || - ||x). For example, computing ||| x should not
be the bottleneck, and instances considered should be numerically stable, i.e., discretizing
coordinates to within w-bit precision should not incur massive changes to distances.*> We

consider the following assumptions:

1. We design data structures for (1, ¢)-ANN over X, i.e., the distance threshold is 1; the

assumption is without loss of generality, since otherwise, we may rescale all points.

2. We assume the unit ball of the normed space X, By, satisfies By, C Bx C
V/dBy,. Equivalently, this corresponds to the assumption that every = € R? satisfies
|z||2/vd < ||z||x < ||z||2. By John’s theorem, one may apply a linear transformation

(increasing running time by O(d?) times bit complexity of the linear transformation).

3. For simplicity, we consider the case all dataset points P C R%, as well as the query
q € R%, lie within a Euclidean ball of radius poly(d) from 0 € R?. This assumption is
also without loss of generality, although some algorithmic preprocessing is required:
we first build the data structure for ANN over /; in Theorem 1, which uses a randomly
chosen LSH function and utilize it to hash dataset points into buckets; for each

non-empty bucket, we recenter the points to enforce a bounded diameter.

4. We assume access to an oracle which computes ||z x for any z € R%.

We record the final theorem of this section, which shows that an algorithm which
computes the radial extension of an a-Holder homeomorphism into ¢ efficiently suffices

for time-efficient ANN data structures.

Theorem 32 (Time Efficient Data Structures from Holder Homeomorphisms [16]). Let
X = (R%,|| - ||x) be any normed space, and suppose that for o € (0,1], ¢ > 0, and d’ € N,
there exists an o-Holder homeomorphism ¢: S(X) — S((4) with constant c. Suppose, that

forr > 1, there exists an algorithm ALG,,, which receives as input a vector v € R? and an

#3Recall that w is the word complexity of data structures, which will commonly be set to O(log n).
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error parameter 6 € (0, 1), and outputs in time poly(d, d',1/5) a vector y € R such that

Hf(ﬁ,r(x) - y”z <.

Then, for any ¢ € (0, 1), there exists a data structure for ANN over X with space complexity
poly(d, d)n'+9©) log(1 /) and time complexity poly(d, d')n°) log(1/e), which achieves
approximation (O((c +1)/e))'/e.

At a high level, the proof of Theorem 32 designs an algorithm by combining the bound
of 2(X,¢) < (O((c+1)/e))"* from Theorem 30 and Theorem 46, as well as the ideas
behind Theorem 25. Similarly to Remark 28, the query algorithm behind Theorem 25 needs
to walk down a decision tree, where the child node in the walk depends on whether the
query point ¢ € R? lies in a set S C RY, where S was sampled from a distribution  made
up of unions of (possibly infinite) low-conductance cuts guaranteed to exists from the bound
on Z(X, ¢). For each S € supp(H ), there was some symmetric probability distribution z
supported on pairs of points X x X within distance at most 1 whose marginal p has no
small-diameter dense clusters, and the set S was a balanced separator with respect to y (i.e.,
u(S, X \S) < e, and min{p(S),1 — p(S)} > 1/3).

We make two observations when applying Theorem 30 and Theorem 46 to p with
marginal p. The first is that if p does not contain small-diameter clusters, the low-
conductance cut S is specified by the inverse image of an axis aligned threshold after
a translation of fy4,. In other words, Theorem 30 and Theorem 46 imply that if we translate
all points in p according to some centering (as specified by Theorem 46), and then we
apply f,., to every point, we obtain a distribution zi/ in ¢4 where R(z//, || - ||2) is small.**
The claim is that there exists an axis aligned threshold in R¢ which has low conductance

with respect to ¢.*> As a result, in order to determine whether the query ¢ belongs to .S or

#That occurs when we apply Theorem 30 with s = 2.

#Technically, we showed in Section 1.4.1 how to obtain axis aligned thresholds of low conductance given
an upper bound on R(z/, || - ||1), while we have an upper bound on R(y’, || - ||3). The thing to notice is that we
may apply Theorem 30 and Theorem 46 with the Mazur map My 1 : S(¢4 ) — S(¢¢') (see Equation 1.15 and
Section 4.1.1), and parameters r = 2, s = 1, a = 1; the result is that if we translate the points in u’ and apply
M5 1 to every point, we obtain a distribution p”” where R(y”, || - ||1) is small, hence, giving an axis aligned
threshold of low-conductance. Finally, notice that the Mazur map acts coordinate-wise and monotonically, i.e.,

54



not, one needs to translate g, apply f, ., and check the appropriate coordinate, which may
be done efficiently given an algorithm for computing f,; .. We note that one (minor) issue
which adds some complication is that the algorithm ALG, , does not compute f, exactly,
but rather, outputs a vector y which within distance ¢ of f, ,; hence, we must ensure that
Theorem 30 and Theorem 46 are robust to perturbations on the order of 1/poly(d”, d').
The second observation is to address the following potential worry: the balanced
separator may be the union of (possibly infinite) low-conductance cuts, and if each cut
used a different translation, the time required to check whether a query lies in this union
would be unbounded. We now use the fact Theorem 46 gave a translation where (1.16) is
0, and that (4.3) allowed some slack. The good news is that we may re-use translations.
Specifically, consider any subset S where p(.S) is very small, and let 1’ be the distribution
given by (x,y) ~ p conditioned on x,y ¢ S, and let p’ be the marginal of y’. Since all
points are bounded within a ball of radius R (in || - || x), we always have || fy, ()]s < R",

which means that

S Rp(S).

2

E [f¢,r(m>] - m]NEp, [f(b,r(w)]

T~p

In particular, if p(.S) is 1/poly(d"), for sufficiently large polynomial, the left-hand side of
(4.3) is small, while the right-hand side of (4.3) is large when there are no low-diameter
dense clusters. Therefore, we may invoke Theorem 46 only after the having removed
1/poly(d")-fraction of points. When the same translation is used, the union of axis aligned
thresholds is an axis aligned box (with possibly infinite sides). In summary, the resulting
balanced separators are the union of polynomially many axis aligned boxes obtained after
applying translations and fy ;.

We state the final ingredient for applying Theorem 32 in order to obtain ANN data
structures for any norm. In particular, we establish efficiently computable Holder homeo-

morphisms between unit spheres of normed spaces.

Theorem 33 (Efficient Holder Homeomorphism between Perturbations of Spheres [59,
29, 16]). Let X = (C4,|| - ||x) be any normed space, and fix o, 3,y € (0,1/2]. There

M1 (z); < M2 1(y), if and only if z; < y;. Thus, the inverse image of an axis aligned threshold under the
transformation M> ; is also an axis aligned threshold.
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exists two normed spaces Y = (C?, || - ||y) and Z = (C4, || - || z), as well as an a-Holder
homeomorphism ¢: S(Y') — S(Z) with constant O(1/+/~3) such that the following three

items hold:

e The normed space Y is a small perturbation of X: By C Bx C d*tP(1-20/2p,

Furthermore, there exists an algorithm which given as input a vector x € R¢ and

d > 0, as well as oracle access to || - || x, outputs 7] € Rxq satisfying ) € (||z|ly —
S, [|z|ly + &) in time poly(d, 1/9).
o The normed space Z is a small perturbation of (4: By C By C d'y(l’Za)/QBeg.

e There exists an algorithm which given as input a vector v € R? and § > 0 such that

|z|ly € (1 —=0,1+6), as well as oracle access to || - || x, outputs in time poly(d, 1/0),

a vector y € RY satisfying
ly = o(z/l[zlly)llz < 0.

We now apply Theorem 33 with

1 1
a=p= and Wzlogd‘

Vlogd

Let 1 be any symmetric probability distribution supported on finitely many pairs R? x R¢.

First, notice that by Theorem 33,
R(ps |+ [13) < 20720 R, | - 11%). (1.17)

Applying Theorem 30 with ¢ from Theorem 33, r = 1, and s = 2, we have that there exists

a translation z, giving the distribution p’ such that

R(for (), 1+ 17) S 1/(38) - R(u ] - 15 (1.18)
Finally, once again, we use the fact that Z is a perturbation of (C%, || - ||2) to write
R(for (), 11 113) S @72 R(for (), 11 112)- (1.19)
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Combining (1.17), (1.18), and (1.19), as well as the parameter settings,

R(for(i), || 12) S 70729 1/ (5 8) - " +Pe029R (|| - || %)
= poly(logd) - R(u, || - [|5)"/ Vs
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Chapter 2

ANN for General Symmetric Norms

In this chapter, we formally prove Theorem 21, Theorem 22, and Theorem 22, as stated
in Section 1.1 in Chapter 1. We re-state the definition as well as the main theorem for the

algorithm for convenience.

Definition 17. A normed space X = (R% || - ||x) is symmetric if || - ||x: R? — R=0
is invariant under permutation and sign-flips of coordinates. In other words, if v € R?
and xv* € RY is given by sorting the coordinates of |x| in non-increasing value, satisfy

lellx = ll2*[lx-

Recall the main result is a poly(log log n)-ANN data structure for an arbitrary symmetric
norm. Formally, we prove the following theorem, which we instantiate with d = n°") so as

to disregard polynomial dependencies in the dimension.

Theorem 34. Fix n € N and d = n°Y). For every d-dimensional symmetric norm || - ||,

there exists a data structure for ANN over || - || for n-point datasets with approximation

(loglog n)°®M space n'*°M), and query time n°™W.

We re-state two theorems which we use extensively in this chapter: Theorem 2, which
gives a data structure for /., as well as Theorem 20, which shows how to combine many

data structures for product spaces.

Theorem 35 ([78]). For any p > 0, there exists a data structure for (4[log, , ,log(4d)] +1)-
ANN over (2 with space complexity O(dn'™°) and time complexity O(dlogn).

Theorem 36 (Theorem 1 of [77] and Theorem 5.1.2 of [5]). Let k € N, and suppose
{(Xi,dx,) }icp is a collection of metric spaces where each admits a c-ANN data structure

using space at most s(n) > n and query time at most q(n) for some ¢ > 1. For any § > 0,
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e € (0,1), and p € [1,00), there exists a data structure for O(cs ' log, slogn)-ANN
over the {,-product of X’s' (x%_ X, dgl;(Xi)) using space® O(ks(n)n’*+"), and query time
O(n") - O(q(n) log(n) + klog(n) max;cy log | Xx).

2.1 An algorithm for Orlicz norms

Before showing a data structure for general symmetric norms, we give an algorithm for
general Orlicz norms. We then show how to apply these ideas to top-£ norms. This restricted
setting has a simple analysis and illustrates one of the main techniques used. A similar
approach was used in prior work to construct randomized embeddings of ¢, norms into
!, and solve the ANN search problem; here we show that these techniques are in fact

applicable in much greater generality.

Definition 18 (Orlicz Norms). Let G: R>y — R be a non-zero convex function with
G(0) = 0. For d € N, the Orlicz norm G = (R%, || - ||¢) is defined by letting its unit ball

Bg C R? consist of all vectors x € R with ¥4, G(|z;]) < 1.

Lemma 2.1.1. Let || - ||g be an Orlicz norm. For every D,« > 1 and every u € (0,1/2)

there exists a randomized linear map f: RY — R® such that for every x € R%:
o if lzllg < 1, then Prfo(gp)H < 1] >

o if ||x|l¢ > aD, then Prfwf(x)”oo > D} >1—p

Proof. Let the distribution D over R have the following CDF F': R, — [0, 1]:

F(t) = P%[ugt] =1 — uf0.

'Given a collection of metric spaces {(X;, dx,)}icr and p € [1, oc], the £,-product of X’s the metric
space defined over the cartesian product x*_, X;, where distances between points (ay, ..., ax), (b, . ., bx)

is given by dfg(Xi) (a7 b) = (Zf:l dXi (ai7 bi)p)l/p'

ZWe remark that [77], which first obtained this Theorem for p = oo, states a weaker bound in the space
complexity. [8] noticed a better analysis gave the corresponding space bound. See also, Appendix A of [12].
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Consider the following randomized linear map f : R? — R

fo(T1 X2 Ld
(T1, T, ..., xq) > (,,...,>
Uy U2 Uqg
where uq,...,uy ~ D are i.i.d. samples from D. Suppose that ||z||c < 1. Then,

¢ G(|lzs]) < 1. This, in turn, implies:

X

el < 1] = 11 P 2] <

u;

d d
1} = [ uSleih = i Gl >
i=1

Now suppose that ||z||¢ > aD. This, together with the convexity of G(-), implies:

Thus, we have:

Z;

[ If @)l < D) = HPr

uzwD

u;

d
< D] = ] pCUl/P) = 3o Gllil/D) < e
=1
O

Theorem 37 (ANN for Orlicz norms). For every d-dimensional Orlicz norm || - || and every

e € (0,1/2), there exists a data structure for ANN over || - |

a, which achieves approximation

O (bg;%‘g using space O (dn'*¢) and query time O (dn?).

Proof. Let P C R? be a dataset of n points. Consider the data structure which does the

following:

1. For all 1 < ¢ < n®, we independently apply the randomized linear map f from

Lemma 2.1.1 with parameters = n"%, D = O (%), and o = g We define
P;={f,(x) |z € P}

to be the image of the dataset under f,, where f; is the i-th independent copy of f.

2. Foreach 1 < ¢ < nf, we use Theorem 2 to build a data structure for ANN over /.,
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with approximation D for dataset P;. We refer to the ¢-th data structure as 7;.

Each T} occupies space O(dn'"¢) and achieves approximation D with query time O(d logn).
To answer a query ¢ € R%, we query T; with f,(q) for each i € [nf]. Let z; be the point
returned by 7;, and let p; € P be the pre-image of z; under f,, so that f,(p;) = z;. If for

some 7}, the point returned satisfies ||p; — ¢||¢ < aD, then we return p;.

e If there exists some p € P with ||p — ¢||¢ < 1, then by Lemma 2.1.1, with probability
filp) —

1= (1—=n"9)" > 2, some f, has | f(p — q)]|o < 1. Since f, is linear,
(@)oo < 1as well.

e Leti € [n°] be an index where some p € P with ||p—q||¢ < Lhas || f;(p)—F:(Q) |l <

1. Every other p’ € P with ||p’ — ¢||¢ > aD satisfies

1
Pr!|fi(v) = fi(d)lle = D| = .

A union bound over at most n points with distance greater than oD to ¢ shows that
except with probability at most %, T; returns some p; € P with ||p; — q|l¢ < aD.

Thus, the total probability of success of the data structure is at least % — %

The total query time is O (dn? - logn) and the total space used is O (dn'™°). This data
structure achieves approximation oD = O (k’g;#l) Decreasing € by a constant factor, we

get the desired guarantees. [

Remark. The construction of the randomized embedding in Lemma 2.1.1 and the data
structure from Theorem 37 work in a somewhat more general setting, rather than just for
Orlicz norms. For a fixed norm || - ||, we can build a randomized map f: R? — R¢ with the
guarantees of Lemma 2.1.1 if there exists a non-decreasing G: R, — R, where G(0) = 0,

G(t) — oo ast — oo, and for every z € R?:
o if ||z]| <1, then =%, G(|z]) < 1, and
e if ||| > aD, then X% G (%) > .

The data structure itself just requires the existence of a randomized linear map satisfying the

conditions of Lemma 2.1.1.
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We now describe how to obtain a data structure for ANN for any top-k norm, (R?, || -
7)), where ||z||7x) computes the sum of the highest (in magnitude) & coordinates of

x. In particular, for any z € R? let z* € R? be the vector given by a non-increasing

re-arrangement of coordinates.® Then, ||z 7@y = Y5 |2}].

Lemma 2.1.2 (Randomized Embedding of Top-k into ¢..). Fix any k € [d]. For every
D,a > 1and every i € (0,1/2), there exists a randomized linear map f: R¢ — RY such

that for every v € R%:

o if ||x||rw) <1, then Pry

@)l < 1] =

° l'foHT(k) > aD, then Pry ||| f(z)||eoc > D| > 1 — s

Proof. We define G: R, — R, where for every z € R?,

G(t) =t - X100 ()

%

IA

If ||| 7 < 1, there are at most k coordinates where |z;| > 1. Therefore, >, G(|z;|)
lzllzy < 1. I [l2llzy > oD, then X2, [af| > aD. Therefore, ¢, G (15!) >

e (‘%') > « — 1. The proof now follows in the same way as Lemma 2.1.1. U

Lemma 2.1.2 gives us a data structure for any top-k norm with approximation O(log log d)

applying Theorem 37.

2.2 Embedding symmetric norms into product spaces

We construct an embedding of general symmetric norms into product spaces of top-k norms.

To state the main result of this section, we need the following definition.

Definition 19. For any c1,...,cq > 0, let (4(T©)) c R? be the space given by the

seminorm || - ||§f7)1 ‘R? — Rwhere forz = (z1,...,14) € R and x4, ... x4 € R%:

d
215 = 3 exllzellree-
k=1

3In other words, for 2 € R?, the vector 2* € R? is such that ] > --- > x; and there exists a bijection
7 [d] — [d] where for all i € [d], z; = a7, ;).

63



Theorem 38 (Re-statement of Theorem 19). For any constant § € (0,1/2), any symmetric
norm || - ||x: R? — R can be embedded linearly with distortion 1 + 6 into (*_((3(T?)))

where t = dOUos(1/9)5™) Iy particular, there exists ¢ € R such that for every x € R?,

d

(= D)l < max (z cz-,knasunk)) < (1+8)ellx. @

The vectors in //_(¢4(T(®))) c R* can be broken up into td blocks of d coordinates
each. The embedding referenced above will simply map € R into R*" by making each
of the td many blocks equal to a copy of z. The non-trivial part of the above theorem is
setting the constants ¢; ;, for i € [t] and k € [d] so (2.1) holds. Before going on to give the
proof of Theorem 38, we establish some definitions and propositions which will be used in

the proof. For the subsequent sections, let 5 € (1, 2) be considered a constant close to 1.

Definition 20 (Levels and Level Vectors). For any fixed vector v € R and any k € 7, we
define level k with respect to z as By,(z) = {i € [d] | 7% < |z;| < B7F}. Additionally,
we let by(x) = |Bx(z)| be the size of level k with respect to x. The level vector of x,

V(x) € R is given by

V(‘T) = (ﬁkv"'7Bk76k_17"'76k_17--'75_]67---;5_16,0,-'-0)

b_g(x) times b_k+1(z) times by (x) times

where k is some integer such that all non-zero coordinates lie in some level between —k

and k. We say the i-th level vector V;(x) € R% is given by
Vi(z) = (B7%...,57,0,...,0).
—_———

b; (x) times

The notation used for level vectors appears in [35]; however, we refer to level £ as the

coordinates of z lying in (3751, 37*]; whereas [35] refers to level k as the coordinates of

x lying in [3*71, B%).

Definition 21. Fix some 7 > 0. For any vector v € RY, let C(x) € R? be the vector where
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each i € [d] sets

T, x| > T
Clz); =4 E :
0 |.I‘Z| <T

Proposition 2.2.1 (Proposition 3.4 in [35]). Let || - || x be any symmetric norm and x € R?

be any vector. Then

;HV(@HX < [lellx < |V(@)]x.

Proposition 2.2.2. Let || - ||x be any symmetric norm. For any vector x € R,
z]lx = 7d < [C(2)][x < [l]lx

Proof. Note that x weakly majorizes C'(z), so ||C(z)||x < ||z||x. For the other direction,
let v = 2 — C(z). Then v has all coordinates with absolute value at most 7, so 7d¢™) weakly

majorizes v. Therefore,
[zllx < [C(2)][x + [[v]lx < [IC(@)]|x + 7d.

]

Intuitively, the above two propositions say that up to multiplicative loss /5 and additive
loss 7d in the norm of the vector, we may assume that all coordinates are exactly /37 for

j > logs(7). Thus, if z € R, then
[z]|x —7d < [[V(C(2))]|x < Bz x-

If additionally, we let 7 = 2

1z, 50 when |[z]|x < 1 there are at most 2logs d non-empty
levels in V(C'(z)).

Definition 22 (Rounded counts vector). Fix any level vector v € R%. The rounded counts
vector of z, W (z) € R? is given by y where the y € R® is constructed using the following
procedure:

1: Initialize y = (0,...,0) € R?and c = d.

2: fork = —o0,...,2logs(d) — 1do
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3: if bi(z) > O then

4: Let j € 7, be the integer where 3771 < by(x) < 7.
5: if c> || then
6: Set the first | 37 | zero-coordinates of y with 3~*. Update ¢ < ¢ — | 37F].
7: end if
8: end if
9: end for
10: Return vy

Intuitively, W (x) represents the level vector of = where we ignore coordinates smaller

than d%, and additionally, we round the counts of coordinates to powers of 3.

Lemma 2.2.3. For every vector x € R and any symmetric norm || - |

lzllx = 7d < [W(V(C()))llx < 5 llx.

Proof. The bound ||z||x — 7d < ||W(V(C(z)))||x follows by combining Proposition 2.2.1
and Proposition 2.2.2, as well as the monotonicity of norms. The bound ||V (V (C(x)))||x <
(2%||z||x follows from Proposition 2.2.1, Proposition 2.2.2, as well as Lemma 3.5 from

[35]. 0
In order to simplify notation, we let R: R? — R? given by R(z) = W(V(C(z))).
Definition 23. Let the set L C ]Ri be given by

L={yeR. |y >...y0> 0},

Additionally, for an arbitrary symmetric norm || - || x with dual norm || - || x«, we let the set

R C L be given by
R ={R(y) e RL |y € LN Bx-}.

Definition 24. Fix a vector y € L\ {0} (y has non-negative, non-increasing coordinates).

Let the maximal seminorm with respect to y, || - ||,: R? — R be the seminorm where for
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every r € R

llly = (=", 9)-

We first show there exists some setting of ¢ € R? such that we may compute ||z ||, as

04(T).

Lemma 2.2.4. For every vector y € L\ {0}, there exists cy,...,cq > 0 where for all
z € RY,

Iz lly = ll=]157)
Proof. For k € [d], we let ¢, = Yy, — Yx+1, Where yg41 = 0.

d

d d d k
(2] ) z|x e = z\x:r(zck)—zck (zw)—zcknxum
=1 k=1 k=1 =1

k=1

Given Lemma 2.2.4, it suffices to show that for an arbitrary symmetric norm || - || x, we
may compute ||z||x (with some distortion) as a maximum over many maximal seminorms.
In the following lemma, we show that taking the maximum over maximal norms from
‘R suffices, but gives sub-optimal parameters. We then improve the parameters to prove

Theorem 38.

Lemma 2.2.5. Let || - || x be an arbitrary symmetric norm and let || - || x« be its dual norm.

Then for any ||z||x < 1,
2
lzllx — rd < max ||z}, < Fz]lx-

Proof. Without loss of generality, we rescale the norm so that ||e;||x~ = 1, where e; is
the first standard basis vector. Consider any z € R with ||z||x < 1. Then since || - ||x
is symmetric, we may assume without loss of generality that all coordinates of = are non-

negative and in non-increasing order. Thus for each y € £ N {0}, we have ||z||, = (z,y).

The lower bound simply follows from the fact that R(z), other than coordinates less than
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7, 1s monotonically above z, and all coordinates in = are non-negative. More specifically,

[zlx = sup (z,2) < sup (x,R(2))+7d =max (z,y) + 7d,
2ELNBx* 2€LNBx* yER

where 7d comes from the fact that because ||x||x < 1, every coordinate of x is at most 1.

On the other hand, we have

2 Y 2 2
max (r,y) = 8° max (x, < sup (z,z2) = T x,
nax (@) = max (o, 55) < 87 sub (7,2) = Flellx
where we used the fact that ||y/(%||x+ < 1 by Lemma 2.2.3. O

Given Lemma 2.2.5, it follows that we may linearly embed X into ¢¢_(¢¢(T())) where
t=|R

, with distortion 3%/(1 — 7d) < [3* (where we used the fact 7 = 3/d and that
1 + /d < § for a large enough d). The embedding follows by copying the vector x
into the ¢ spaces (¢(T(?)) corresponding to each vector y € R given in Lemma 2.2.4.
The one caveat is that this embedding requires ¢ copies of £¢(7(), and t is as large as
(loggd + 1)?'°ss ¢ = ¢OUeslosd) This is because there are at most 2 log; d many levels, and

. . . . -~ logs d .
each contains has number of coordinates being some value in {3°}, =) . Thus, our algorithm

becomes inefficient once d > 2“(10151%).

In order to avoid this problem, we will make the embedding more efficient by showing
that we do not need all of R, but rather a fine net of K. In addition, our net will be of
polynomial size in the dimension, which gives an efficient algorithm for all w(logn) < d <

n°M) . We first show that it suffices to consider fine nets of R, and then build a fine net of R

of size poly(d).

Lemma 2.2.6. Fixan~ € (0,1/2). Let || - ||x be an arbitrary symmetric norm and || - || x~

x=, then

be its dual norm. If N is a y-net of R with respect to distance given by || - |
(1 =7 = rd)llz]x < max ], < (8% + ) lllx

Proof. Since the embedding we build is linear, it suffices to show that every vector z € R?
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with ||z||x = 1 has

Ly —7d < max|el, < (5° +7).
Consider a fixed vector € R? with ||z||x = 1. Additionally, we may assume the
coordinates of x are non-negative and in non-increasing order. We simply follow the
computation:

lzllx = [llz*[llx < max (|z%|,y) + 7d = max ((|2*], y) + ([2"[, v)) + 7d < max(|z"[,y) + v]|lz|x + 7d,
YyER yeN yeEN

where we used Lemma 2.2.5 and the fact that ||v|| x+ < 7 in a y-net of R with respect to the

distance given by || - || x+. On the other hand,

— * * < < 2
max 2], = max ((|2"], y) + (Ja7|, v)) < max |z, +7llz]x < (6" +pzllx,

where again, we used Lemma 2.2.5 and the fact that ||v]|x < 7. O]

Finally, we conclude the theorem by providing a y-net for R of size d°Uos(t/1)7™ ),

Lemma 2.2.7. Fix any symmetric space X with dual X*. There exists an 8(3 — 1)-net of

size dOU1°s(1/(B=1)/1085) for R with respect to distances given by || - |

X*.

We defer the proof of Lemma 2.2.7 to the next section. The proof of Theorem 38
follows by combining Lemma 2.2.4, Lemma 2.2.6, and Lemma 2.2.7. In particular, given
a ((8 —1)/8)-net of R, we get an embedding with distortion at most (3% + 8(5 — 1))(1 +
(8(8 — 1) + 7d)?) from Lemma 2.2.6. We let 7 = 3/d? and 3 = \/m to get the
desired linear embedding with distortion 1 + 6. We now proceed to proving Lemma 2.2.7,

which gives the desired upper bound on the size of the net.

2.2.1 Proof of Lemma 2.2.7: bounding the net size

We now give an upper bound on the size of a fine net of R. We proceed by constructing a
further simplification of R(x). Intuitively we show that one can ignore the higher levels if

there are fewer coordinates in the higher levels than some lower level.
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Lemma 2.2.8. Let || - || x be a symmetric norm. Consider any nonnegative vector x € R%

as well as two indices u,v € [d]. Let y € R% be the vector with:

r,  keld\{u,v}
Ye = Ty + 1, k=u

0 k=v
Then |lyl|x > [z x-

Proof. Consider the vector z € By where (z, z) = ||z||x. Now, we let 2’ € R be given

by
2k ke [d\ {u,v}
2, = 4 max{z,, 2, } k=u
min{z,, z, } k=wv

Note that 2’ is a permutation of z, so 2z’ € Bx«. Now,

(y,2') = (xu + zv) max{z,, 2, } + Z T2 = Z TRz = (T, 2) = ||z] x.
ke[d]\ {u,v} keld]

]

Definition 25. Consider a vector v € R. We define the simplified rounded vector S(z) as
the vector returned by the following procedure.
1: Initialize z = x

2: fork=0,1,...,2logs(d) — 1do

w

if b(z) < MAX ;<13 logy (5—1) bi(z) then

4: Set all coordinates of z of value 37 to 0 i.e. set by(2) = 0.
end if

- end for

4

33

N

. Sort the coordinates of z in non-increasing order and return z.

Next we show that the simplified rounded vector is close to the rounded counts vector.
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Lemma 2.2.9. Let || - ||x be a symmetric norm and let x € R. Then ||S(x) — z||x <

2(8 = Dzl x.

Proof. Consider some k € [2logz d — 1] and let C.(x) C [d] be set of coordinates where x

is at level £ and does not equal S(x) = z, i.e.,
Ce(z)={i€[d|z; =B "and z; # z}.

Additionally, for each k € [2logsd — 1], let T}, C [d] be the coordinates at level k in x
which trigger line 3 of S(z), and thus become 0’s in z (we do not need to consider the case
k = 0 since line 3 never triggers, in fact, we do not need to consider & € [—3logs(b — 1)]
either). In other words,

Ti(z) = {i € [d] | z; = 7" and at iteration k of S(z), bp(2) < j<k+6r’llloag};(6—l) bi(2)}.

Note that T (), ..., Thieg, a—1(x) are all disjoint, and |Cy(x)| < 3;cp |T5(2)

, since
whenever we zero out coordinates in levels less than or equal to k, S(x) will shift the
coordinates when we sort, causing z; # z;. Thus, we may consider an injection sy, : Cy(x) —
Ujep Tj(), which charges coordinates in C(z) to coordinates which were zeroed out in
line 3 of S(z).

Additionally, for each j € [2loggd — 1] where Tj(x) # 0, we let ¢; be the integer
between 0 and j + 3logg(3 — 1) which triggered line 3 of S(x) at k = j. More specifically,
0 <¢q; <j+3logs(f — 1) is the integer for which b;(z) < by, (z).

Finally, for each j € [2logs d — 1] where Tj(x) # (), we let g;: Tj(x) — By, () (recall
that By, (z) C [d] are the indices of x at level g;) be an arbitrary injection. Such an injection
exists because b;(2) < by, (). We may consider the mapping 1 Uepz1og, a1 Ck(2) — [d]

where
F(i) = gj(sk()) where £ and j are such that i € Ci(z) and s; (i) € T;(z).

See Figure 2.2.1 for an example of a coordinate being mapped by F'. Let y be the vector

where we “aggregate” coordinates of Uyeps log (d)—1] Cr(x) of x according to the map F'
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9j

/\/—Sk\
AN

v ( ) —3logs (B — y

1 — 12 ) )

~—}

By, (@) Ti(x) Cr ()
Figure 2.1: Example mapping of particular levels of = with [’ showing aggregation of
coordinates. The coordinate i € Cy(z) belongs to level k£ and will be non-zero in = — S(x).
In particular, coordinate i’ € Cy(z) is mapped via s, to coordinate ¢ € T}(x), which is 577
in z and 0 in S(x). Then coordinate ¢ is mapped to i € B, (z), where g; is the level below
J with by, > b;. Thus, the composed map F' sends 7’ to i.

according to Lemma 2.2.8. In particular, we define y € R¢ where for i € [d], we let

Yi = Z Lyt
#eF=1(3i)
Note that for each i € [d], 0 < (z — 2); < x;, and Urepiog, (a)-1) Ck(x) C [d] are the non-
zero coordinates of x — z. Thus, from Lemma 2.2.8, we conclude that ||z — z||x < ||y||x-

We now turn to upper-bounding ||y|| x.

Fix some i € [d] where z; = 377. Then

Yi= ) (Z Islcgklcm) ;

k>j—310g£(5—1)

where we interpret Ty lgrt(iy) 88 0 when g;'(i) = 0, or s;,*(g;,* (7)) = 0. Note that

whenever Tl gr L (0) # 0, T Lot i) = B~*. Thus,

ﬁl—k 617j+310g[3(,871)

TS (Zﬁ"“’)s Y ST o SAB-D-sT

k>j—3logg(B—1) \K'=k k>j—3logg(B—1)

Recall that z; = 577, so 3(8 — 1)x weakly majorizes ¥, and thus

|z = zllx < |lyllx < BB —1) - [lz]x.

Hence, when § < 2, we have ||z — z||x < 2(8 — 1)||z||x. O
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Proof of Lemma 2.2.7. We now prove the theorem by showing that the set
N ={S(z) eR|z € R}

is a y-net of R, and we give an upper bound on the size. By Lemma 2.2.9, ||z — S(z)||x <

2(8 — 1)||z]|x < 8(8 —1). So it suffices to give an upper bound on the size of V.

We bound from above the number of net points by an encoding argument. Let z = S(z)

and let
bi(2)

t), = .
MAaX;j<k+3log, (1) bj(2)

Let k* € {0,...,2logzd — 1} be the smallest level k with non-zero by(z). For all j >
k* —3logs(B — 1), we either have ¢;(z) = 0 or t;(z) > 1. Additionally, z has d coordinates,
SO
2loggd—1
[T max(t,1) <d sl
j=k*—3loggz(B—1)

since terms of the product “cancel” except for at most —3 logg (8 — 1), which are each at

most d.

We will encode z € N in three steps. In the first step, we use 2logzd — 1 bits
in order to encode whether by(z) = 0 or bg(z) > 0. In the second step, we then en-
code the values by« ;(z) for j € {0,...,3logg(1/(8 — 1))}. Finally, we go through
J > k*+3logg(1/(B — 1)), and encode t; using a prefix-free code, where writing t; uses

at most O (log max(¢;, 1)) many bits. Thus, in total, the number of bits we use is

1 2loggd—1
O (logﬁd+ log dlogg (5—1> + > log max(t;, 1))

j=k*—3logg(8—1)

log d - log (%) 2logg d—1
=0 517 4o max(t;, 1

Jj=k*—3loggz(B—1
0 logd - log (51;)
N log 3 '

Thus, we obtain N is a 8(3 — 1)-net, and the size of N is ¢©oe(1/(5=1))/log 5, O
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2.3 Proof of Theorem 34

We now prove our main result, Theorem 34. The algorithm here achieves approximation

<log2 log n - log log d)
0 . |

We proceed by giving an algorithm for ¢%_(¢¢(T())) using Theorem 2, Theorem 5.1.2 from
[5], and Theorem 36.

Lemma 2.3.1. Fix some cy,...,cq > 0. Let {2 (T')) be the space with || - ||§FC)Oo R” - R
seminorm where for every & = (11, ..., x4) € RT,
() _
HxHT,oo = T&% CkH»’UkHT(k)-

For every € € (0,1/2), there exists a data structure for ANN over || - ||§?’OO which achieves ap-

proximation O(log logn - log log d/&3) using space O (d* - n'™¢) and query time O (d* - n?).

Proof. Given the randomized embedding from Lemma 2.1.2, we can build a data structure
for cz| - ||z achieving approximation O(log log d/c?) using space O(d*n'*</2) and query
time O(d?n°/?). This data structure works in the same way as in the proof of Theorem 37.

We handle the constant c;, by rescaling the norm, and since the embeddings are linear, it

does not affect the correctness of the data structure. Then we apply Theorem 2. 0
Lemma 2.3.2. Fix some ci,...,cq > 0. Let (3(T'®)) be the space with || - ||§f7)1: R” - R
seminorm where © = (xy,...,Zy,) € R,

d
Hxlléi)l = Z CkakHT(k)-
k=1

For every ¢ € (0,1/2), there exists a data structure for ANN over || - Hgﬁ}l which achieves

approximation O(log log n-loglog d/e*) using space O(d*-n'*¢) and query time O(d*-n?).

Proof. The proof follows from Theorem 5.1.2 in [5] and Lemma 2.3.1. [
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Finally, we are combine the above results to get an improved algorithm for general

symmetric norms.

Theorem 39. For every d-dimensional symmetric norm || - || x and every € € (0,1/2), there
exists a data structure for ANN over ||-|| x which achieves approximation O(log® log n log log d/e°)

using space d°V) - O(n'*¢) and query time d°V) - O(n?).

Proof. Given Theorem 38, we embed || - ||x into 2% (¢4(T()) with approximation
(1+ %) The result from Lemma 2.3.2 allows we to apply Theorem 36 to obtain the desired

data structure. O]

Theorem 39 implies our main result Theorem 34.

2.4 A lower bound for linear embeddings of general
symmetric norms

We show that these techniques do not extend to general norms. In particular, we show there
does not exist a universal norm U for which any norm embeds (possibly randomized) with
constant distortion, unless the blow-up in dimension is exponential. Hence the result from

below applies to cases of U = /., as well as an (low-dimensional) product spaces.

Theorem 40. For any € > 0, let U be a d'-dimensional normed space such that for any d-
dimensional normed space X, there exists a distribution D supported on linear embeddings

f: R? — R¥ where for every x € RY,

zllx < [[f(@)llv < Dl|zllo
holds with probability at least 2/3 over the draw of f ~ D, for D = O(d"*¢). Then
d' = exp ((d*)).

The following proof presented was suggested by Piotr Indyk. We will prove the above
theorem by showing that if there exists a universal normed space U satisfying the conditions

of Theorem 40 above, then two parties, call them Alice and Bob, can use the embeddings
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to solve the communication problem INDEX with only a few bits. Let U be a proposed d'-
dimensional normed space satisfying the conditions of Theorem 40. By the John’s theorem

[25], we may apply a linear transform so that:
By, C By C Vd'By,

Lemma 2.4.1. For any € > 0, there exists a set of exp (2(d*)) many points on the unit
sphere S~ such that pairwise inner-products are at most 1/d"/?=<. In fact, these points

may consist of points whose coordinates are +1/ V.

Proof. Consider picking two random points x,y € S% ! where each entry is i%. Then by

Bernstein’s inequality,

1 &
Proy |z, 9) 2 d1/2—] < 2exp (—Q(d*))

We may pick exp (©(d**)) random points and union bound over the probability that some

pair has large inner product. [

Fix ¢ > 0 and C' = d*/?7¢, and let P be set a set of unit vectors with pairwise inner-
product at most & of size exp(Q(d*)). For each a € {0,1}"” consider the following
norm:

lolla =€ max [{z,y)].

Assume there exists a randomized linear embedding f: RY — R? with the following

guarantees:

e Forevery x € RY,

llo < ||f(x)|lv < D||z||, with probability at least 3.

Note the embedding f can be described by M, a d’ x d matrix of real numbers. Addi-
tionally, we consider rounding each entry of M by to the nearest integer multiple of m
(M — MNx|ly < (M — M)x|s < m. Thus, we

,and lose (1 + M) factor in

to obtain M’. For each z € S%1,

may assume each entry of M is an integer multiple of m

the distortion of the embedding for vectors in Bs.
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We now show that the existence of the randomized embedding implies a one-way
randomized protocol for the communication problem INDEX. We first describe the problem.

In an instance of INDEX:

e Alice receives a string a € {0, 1}".
e Bob receives an index i € [n].

e Alice communicates with Bob so that he can output a;.

Theorem 41 ([92]). The randomized one-way communication complexity of INDEX is

We give a protocol for INDEX:

1. Suppose Alice has input a € {0,1}". She will generate the norm || - ||, described
above. Note that f ~ D has that for each 2 € R, the embedding preserves the norm
of x up to D with probability 2. In particular, if Bob’s input is ¢ € |P|, corresponding
to point y, then an embedding f € D, which we represent as a d’ x d matrix M,
satisfies:

1ylla < [Myllo < Dljylla

with probability % In particular, with probability %:

e If a; = 0, then ||y||, < 1, which implies ||My||y < D.

e If a; = 1, then ||y||, > C, which implies ||My|y > C.
Alice computes the set P, C P of vectors which satisfy the above property (i.e. the
embedding M preserves increases the norm by at most a factor D).

2. Alice finds a subset B C P, of linearly independent vectors such that every x € P, we
have z € span(B). Note that |B| < d and for all z € B, |Mz||y < Vd'|Mz|y <
C'- D -+/d'. Therefore, each Mz € R? can be written with O(d’) bits. So Alice sends
the set B, as well as M« for each = € B using O(dd') bits.

3. In order for Bob to decode a;, he first checks whether y € span(B), and if not, he
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guesses. If y € span(B), which happens with probability %, then Bob writes

Yy = Z cib;

b;eB
and My = 3. cpc;Mb;. If | My|ly < D, then a; = 0 and if | My|y > C then
a; = 1. Thus, if D < %, Bob can recover a; with probability %

Alice communicates O(dd’) bits, and Bob is able to recover a; with probability 2. By

Theorem 41, dd’ > Q (| P]), which in turn implies @’ > exp (Q(d*)).
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Chapter 3

ANN via the Cutting Modulus

We now provide the formal arguments for Section 1.3 in Chapter 1, where the main algo-
rithmic contribution is to show that small cutting modulus (Definition 15) yields a new
ANN bit-probe data structure with small approximation, O(Z(X, ¢)). We recall that a data
structure in the bit-probe model is specified by a preprocessing procedure that encodes the
input as a string of bits, which is the data structure, and a query procedure that inspects

some of the bits in the data structure to answer a given query.

Definition 26 (Re-statement of the Cutting Modulus [14]). Let (X, dx) be a finite metric
space and € € (0, 1). The cutting modulus =(X, €) is the infimum of = > 0 such that the
following holds. For all v > 0, and all symmetric probability measures |1 supported on
pairs of points X x X at distance at most r in X with marginal distribution p, either (1)
there exists a set B C X with p(B) > 1/2 and diamx (B) < r - Z, or (2) there exists a set
S C X with conductance

p(S, X\ 5)

B = info($), 1 o)} =

Theorem 42 (Re-statement of Cell-Probe Data Structure for (Z(X,¢) + 1)-ANN [14]).
Let (X, dx) be a metric space of size N and ¢ € (0, 1). There exists a data structure for
(2(X,e) + 1)-ANN over X with space complexity n'+°© log N (log(1/¢) + loglog N) and
cell-probe complexity n°) log N (log(1/¢) + loglog N).

We do not bound the time of the query procedure, only the number of bits read from the
preprocessed memory. To simply store the dataset requires O (n - log N) bits, so the space

O(e)

overhead of the data structure is essentially n~'*’, up to lower order terms. Finally, the query

procedure is deterministic and the randomness is only used in the preprocessing step.
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The main tool used to prove Theorem 42 is a new randomized partitioning procedure for
a metric space (X, dx) with guarantees similar to those of data-dependent LSH [13, 10, 18].
Crucially, the quality of the resulting partitions is directly governed by the cutting modulus
=(X, e). They are also tractable, in the sense that, for any dataset P C X, a partition of X
can be specified by a small number of bits. The precise guarantees are given in the following

theorem.

Theorem 43 (Re-statement of the Main Partitioning Theorem[14]). Let (X, dx) be a
metric space of size N, ¢ € (0,1/8), and r > 0. There exists a collection F of at
most NOUee(t/e)loglogN) gubsets of X such that the following holds. If, for 1 < m < N and
1, .., Ty, € X, all B C X with diamx(B) < r-Z(X,¢) satisfy |BN{z1,...,z,} <

m /8, there exists a distribution H supported on F satisfying:

1. A subset S ~ H satisfies |S N {z1,...,xn}| € [m/8,Tm/8] with probability 1.

2. Ify, z € X satisfy dx(y,z) < r, then

Pr (I{y,2} NS = 1] < 20=.

3.1 Partitioning general metrics

The proof of Theorem 43 consists of three parts, which are described in the next three
sections. We first set up some notation. For a finite set U, let A(U) be the set of all
probability measures over U, and let I'(U) be the set of all symmetric probability measures
over UxU. Forp € A(U)and u € U, we write p(u) = p({u}), and similarly, for . € I'(U)
and u,v € U, we write p(u,v) = p({(u,v)}). For p € I'(U), recall that we denote the

marginal probability measure by p,, € A(U), given by p,,(u) = > e p1(u, v).

Let (X, dx) be a finite metric space. For r > 0, we denote by I',.(X) C I'(X) the set of
all symmetric probability measures over X x X supported on the pairs of points (z, y) with
dx(z,y) <r.Weuse Bx(z,7) ={y € X : dx(x,y) < r} to denote the ball of the radius

r centered at z € X.
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3.1.1 Cutting Modulus and Partitioning

Definition 27 (Dispersed measures). A measure p € A(X) is (R, 5)-dispersed for R > 0
and 0 < 5 < 1lifevery B C X with diamx(B) < R has p(B) < (. The subset
Aprg(X) C A(X) is the set of all (R, [3)-dispersed probability measures over X.

With this definition, we can restate Definition 26 of the cutting modulus =( X, ¢) as the
infimum over all = > 0 for which we have that, for every > 0 and every p € I",.(X) with
pu € Az.r1/2(X), there exists S C X such that ®,,(S) < e. The next two definitions deal

with notions of randomly partitioning a metric space.

Definition 28 (Balanced Cuts). Let U be a finite set, S C U and p € A(U). Fix(0 < g <
1/2. We say that S is B-balanced with respect to p, if B < p(S) < 1 — 5. Moreover, we say
that a probability distribution D over 2U is 3-balanced with respect to p if all sets in the

support of D are 3-balanced.

Definition 29 (Separating Distribution). We say that a distribution D over subsets of X is
(s,0)-separating for s > 0 and 0 < 6 < 1, if forevery x,y € X with0 < dx(z,y) < s, one
has: PrSND[‘{m,y} N S‘ =1] <é.

Theorem 43, stated more concisely now, guarantees that, for every p € Az(x q).r,1/3(X),
there exists a (r, 20¢)-separating distribution D supported on F, all of which are 1/8-

balanced with respect to p.

3.1.1.1 Finding balanced sparse cuts

Lemma 3.1.1. Let pn € I',(X) satisfy p, € Ar1/4(X). Then, there exists a subset S C X
which is 1/4-balanced with respect to p,, and satisfies (S x (X \ 9)) < e/2.

We note that 11 € I',,(X) satisfying p, € Ag1/4(X) must also satisfy p, € Apg1/2(X),
so by the definition of the cutting modulus, there exists a subset S C X with ¢,(5) < e.
Since X is a finite metric space, the proof of Lemma 3.1.1 will follow from applying the

following claim.
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Claim 3.1.2. Let ji € I',.(X) satisfy p, € Ag1/4(X) and suppose S C X satisfies ®,(S) <
e and p,(S) < 1/4. Then, there exists a non-empty subset S’ C X \ S with p,(5") < 1/2
satisfying ®,(SUS") <e.

Proof. Consider the measure /i € I',(X) given by conditioning p on (X \ S) x (X \ 5).
We will show that p; € Ag;1/2(X), which by the definition of the cutting modulus, implies
there exists a set S’ C X with p;(S’) < 1/2 and ¢,(5") < e. Then, we will show that
S'U S satisfies ©,(SUS") <e.

First, we note that for any subset 7' C X,

pa(T) = pu(T) = (T x S) — p((T'NS) X (X'\ 5))
g 1= pu(S) = p(S x (X\5)) = u((X\ §) x 5)

3.1

Since p,,(S) < 1/4 and ¢,(S) < e fore < 1/8, we have p; (1) < 2p,(T). In particular,
this implies that if € X and we consider the ball 7" = By (z, R), then p;(T") < 2p,(T) <
1/2 since p, € Ag1/4. We conclude p; € Ag1/2(X), and let " C X be a set satisfying
pa(S) < 1/2and ®;(S) < ¢ guaranteed to exists since R = =(X, ¢) - r. Without loss of
generality, we may assume S’ C X \ S, since p;(x) = 0 for all z € S. Applying (3.1) to
the set S’ gives p,(S) < 1/2. Finally, since ®,(5) < e and ®;(5") < ¢, we have:

u((SUS") x (X\(SUS))) < epu(S)+epp(SHu((X\S) x (X\S5)) < e(pu(S)+pu(S"),
which finished the claim. ]

Proof of Lemma 3.1.1. Let i € I'.(X) satisfy p, € Ap1/4(X), and let S be the collection
of subsets S C X with ®,(S) <eand p,(S) < 3/4, and let S* € S be the set of maximum
cardinality (which is well-defined since X is finite). Then, if p,(S*) < 1/4, letting S’ be the
non-empty set obtained from Claim 3.1.2, we have S* U S’ € S, which contradicts the fact
S* has maximum cardinality among all sets in S. Thus, ®,(S*) < € and S* is 1/4-balanced

with respect to p,,, which implies p(S* x (X \ S*)) < e/2. O

Lemma 3.1.3. Suppose that v € Ag;/7(X) and i € I',(X). Then, there exists a subset
S C X, which is 1/7-balanced with respect to v and u(S x (X\ S)) < 8e.
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Proof. Consider the probability measure i over X x X given by

(g, 29) if 71 # x93

oo

fi(x1, x2) =
- pu(@y, 1) + & - v(xy)  otherwise.

=

Note i € I, (X), and forevery S C X, pa(S) = p,(5)/8+7v(S)/8 and i(S x (X \5)) =
(S x (X '\ 5))/8. Furthermore, any ball of radius R has measure at most 1/7 in v and
at most 1 in p, which gives fi € Ag;/4(X). We now apply Lemma 3.1.1 to /i to obtain
aset S C X which is 1/4-balanced with respect to p; and has (S x (X \ 5)) < ¢/2.
Then, by the properties of p; and /i above, S’ must be 1/7-balanced with respect to v and
p(S x (X\9)) < de. O

3.1.2 The Multiplicative Weights Update Method

One of the crucial ingredients in our arguments is a version of the Multiplicative Weights
Update algorithm [20]. Before we state the relevant result, let us recall the notion of relative
entropy. Suppose that U is a finite set, and let ¢, v be two probability measures over U. We

define the relative entropy RE(¢||v) as

(u)

v(u)’

RE(|lv) = 3 ¢(u) - In

uelU

where 1(u) - In qf((;‘)) = 0 when ¢(u) = 0, and ¢)(u) - In % = oo if v(u) = 0 and ¢(u) > 0.

The following lemma is implicit in the proof of Theorem 2.4. in [20], and is also used

in [74]. We include a proof for completeness.

Lemma 3.1.4. Let U be a finite set. Let v € A(U), and 0 < n < 1. Then, for every S C U,
there exist two probability measures v, v~ € A(U), with the same support as v, such that

forevery € A(U):

RE(¢[[v") — RE(W]lv) < n(v(S) —(S)) +7*
RE(Y[lv™) = RE(®[v) < n(¥(S) —v(S)) +n*.
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Proof. We define the measures as follows: for any u € U, we set

v(u)en@

Pwev v(w)eni )’

v(u)e 9@

Ywev v(w)e 3

v (u) = v (u) =
where S(u) equals 1 if u € S, and 0 otherwise. We prove the lemma for v (u); the proof

for v~ (u) is analogous.

By the definition of relative entropy, we have

v(u v(w)enSw)
RE(||/v* (1)) — RE([v) = 3 ¢(u) In y+((3) S () n 2w ()

nS(u
uel uel ens()

= —nyY(S)+1n Z v(w)e”™) < —n(S) + In Z v(w)(1+nS(w) + n*S(w)

welU wel

= —np(S) + In(1 + nu(S) + n*v(S)) < n(w(S) —¥(S)) + .

The first inequality above follows from ¢* < 1+ z+ 22 for all |2| < 1. The second inequality

follows from In(1 + 2) < z. O

We will use the following immediate corollary of Lemma 3.1.4.

Corollary 3.1.5. Let U be a finite set. Let v € A(U), and 0 < 6 < 1. Then, for every

S C U, there exist two probability measures v, v~ € A(U) such that for every v € A(U):
o If1)(S) > v(S) + 4, then RE(¢[|v*) < RE(¢|v) — &,
o If(S) < v(S) — 6, then RE(¥||lv~) < RE(¢|v) — 2.

Proof. Follows from Lemma 3.1.4 by setting n = %.
3.1.2.1 Weaker version of Theorem 43

Using Lemma 3.1.3, we now show a weaker version of Theorem 43, which will later be

used to show Theorem 43.

Lemma 3.1.6. For every v € Ag1/7(X), there exists a (r, 9)-separating distribution D

supported on O(c~%log N) subsets of X, all of which are 1/7-balanced with respect to v.
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The key difference between Theorem 43 and Lemma 3.1.6 is that in Lemma 3.1.6 we
do not require the distribution D to be supported on a collection F of subsets of X that is
both of small size (| F| = NP N)) and is independent of the measure v. This property is
crucial for the ANN application, since it allows to encode a subset sampled from D using
merely O((log N)(loge™! + loglog N)) < N bits. Nevertheless, Lemma 3.1.6 is a useful

step towards Theorem 43.

Proof of Lemma 3.1.6. To give some intuition, let us first show the existence of D supported

on possibly all the 2V subsets of X. By von Neumann’s minimax theorem,

min max Pr
D x1,x2 S~D

‘{$1,$2} N S‘ = 1} = mlz}xmbinu(S x (X'\9)),

where D ranges over distributions supported on 1/7-balanced sets with respect to v, 1, x5
range over pairs of points in X such that 0 < dx(z1,z5) < r, u ranges over I',(X), and
S ranges over 1/7-balanced sets. Then, if there is no distribution D as in the statement
in the lemma, there must exist a distribution x € I'.(X) such that for every set S C X
that is 1/7-balanced with respect to v, one has M(S X (X\S )) > 8¢. But this directly
contradicts Lemma 3.1.3. In order to also give a bound on the support size of D, we will use
a constructive proof of the minimax theorem, based on the multiplicative weights update

method. The argument follows along the lines of [65] (see also [20]).

For any x1, xo € X such that 0 < dx(x,22) < r, define ¢, ,, to be the measure that
assigns ; to (x1,22) and to (3, 1), and 0 to all other pairs of points. Let yy € I';(X) be
the uniform probability measure on {(x1,23) : 0 < dy(x1,29) <r}. Let0<n<1lbea
real parameter, and 7' be an integer parameter, both to be determined soon. Suppose that we
have defined measures fig, ji1, - - ., 1, where 1 < ¢ < T is an integer. Let S; C X be a
1/7-balanced set with respect to v such that ;_; (St X (X\ St)) < 8¢, which is guaranteed
to exist by Lemma 3.1.3. By Lemma 3.1.4, there exists a measure p; = u~ € T',.(X) such

that, for any distinct z; and x5 satisfying dx (z1,z2) <,

RE(wm,wz“Mt) < RE(wxl,xQHUtfl) + 8ne — 77%1@2(& X (X \ St)) + 772-
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Adding these inequalities over ¢ € {1,...,T} gives that, for all 1, 25 as above,

RE(¢I17$2||MT) < RE(¢$1,$2||M0) + 8T775 - |{t : |{J71’ ‘x?} M St| - 1}’ + T772' (32)

Letus set T > 41°g(N and n = 4/ log(N ) and, and define D to be distribution of S; when ¢
is sampled uniformly at random from [7']. An easy calculation shows that D(t),, , ||i0) <
log(N?), and, by the non-negativity of relative entropy, RE(¢,, ., |/#7) > 0. Using these

facts, and rearranging inequality (3.2), we get

log(N?)
R%U{xl,xz}ms\ _ 1} < o B < 0,

as we wanted to prove. 0

3.1.2.2 Proof of Theorem 43

We are now ready to prove Theorem 43 using Lemma 3.1.6 as a subroutine.

Lemma 3.1.7. There exists two functions Enc: Agq/5(X) — {0,1} and Dec: {0,1}" —
Ap1/7(X) with ¢ = O((log N)(loge™ + loglog N)) such that for any ¢ € Apj5(X),
letting v = Dec(Enc(v)) and D be the (r,9¢)-separating distribution which is 1/7-

balanced with respect to v given by Lemma 3.1.6, D is 1/8-balanced with respect to 1.

Proof. For the remainder of the proof, given a distribution v € Ag; /7, denote D, as
the (r, 9¢)-separating distribution which is 1/7-balanced with respect to v, as given by
Lemma 3.1.6. Let us fix some T > 4 - 10* - log N. For any 1) € Ap1/7(X), we consider
the sequence 7 (v) = ((v;,S;) € A(X) x 2% : 0 <4 < T) defined recursively by letting
vy € A(X) be the uniform distribution and Sy = (), and when i > 1:

o If ;1 ¢ Ap1/7(X), then we let S; be a ball Bx(z, R) for z € X with v;_,(S;) >
1/7. If there are many such balls, we choose one in some fixed way, e.g. by imposing
an order on X, and picking the ball whose center comes first in the order. Since
Y € Ap1s(X), we have 9(S5;) < 1/8, so we let v; = v;_; be the distribution

obtained from applying Corollary 3.1.5 with set S; to v;_1, ¢, and § = 1/100.
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o If v,y € Ap1/7(X), we consider the distribution D,, . If every S € supp(D,,_,) is
1/8-balanced with respect to 1), we let v; = v;_1 and S; = (). Otherwise, we let S; be
a set in supp(D,,_,) where ¢ is not 1/8-balanced. Therefore, |¢(S;) — v;_1(S;)| >
1/100, so let v; be the distribution obtained from applying Corollary 3.1.5 with S;_; to
Vi1, %, and § = 1/100. In particular, if 1/(.S;) > v;_1(S;) + 1/100, we let v; = v;" |,
and if ¥(S;) < v;_1(S;) — 1/100, we let v; = v_;.

We make two crucial observations. The first observation is that for all 7 > 1 whenever
vii1 # v, D(W||lvi) < RE(W|lv;_1) — 6%/4 (for § = 1/100) by Corollary 3.1.5. Recall
that relative entropy is always non-negative, so 0 < RE(¢||v;). Moreover, since vy is
uniform, RE(¢||vy) = log N — H(¢)) < log N, where H(¢) is the Shannon entropy of
. It follows that, for some large « < 7', we have vy = ... = 1; = v;_; and equivalently,
vp € Agp1/7(X) and D, is 1/8-balanced with respect to 1. The second observation is
that for all 7 > 1, v; only depends on S;, v;_1, and on whether ¢(S;) > v;_1(S;), and this
information can be encoded concisely. Next we describe the precise encoding. Let us fix
some ¢ = O(loge~" + loglog N) such that 2° — 1 is an upper bound on the support size
of D,,,, and, for each i > 0, fix a bijection f; from the support of D,, to {0, 1}* \ {0}. For
example, we can fix an ordering on X, and, for a set S in the support of D,,, let f;(S) be its
rank in the lexicographic ordering of supp(D,,). We define o; € {0,1}**! for eachi > 1

as follows:
o Ifv, | & Api1/7(X),orif v;_y € Ap1/7(X) and every set in the support of D,, | is
1/8 balanced, we set o; = 0.

o If ; € Ag /7, then we set 0; = f;_1(S;) o 0 in case (S;) > v;_1(S;), and we set

o; = fi—1(5;) o Lin case ¢(5;) < v;_1(S;). Here o denotes concatenation.

Then, Enc(v) equals the concatenation 0 = 0y 0...007. Clearly, ¢ =T - (¢’ +1) =
O((log N)(loge™t + loglog N)) as claimed. The value of the decoding function Dec(c),
for o € {0, 1}*, can be computed by decoding the sequence 7 (¢), and returning v = vp.
In particular, we set 14y to be the uniform distribution on X, and use o to simulate the
recursive construction of 7 (1)) above. For that purpose, we divide o into o4, ..., o, each

a block of ¢/ 4 1 bits. If 0; = 0 and v;_; € Ag1/7(X), we set S; to be a ball Bx(z, R)
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such that v;_1(S;) > 1/7, and set v; = v,_,. (If there are multiple such balls, we break ties
in the same way we did in the construction of 7".) If ¢ = 0 and v;_; € Ap;,7(X), then
we set S; = 0 and v; = ;1. If 0y # 0, then we let o be the first ¢’ bits of o;, and set
S; = f(c}). If the last bit of o, is 0, we set v; = v;' |, and if the last bit of o; is 1, we set
v; = v;_;. Itis straightforward to verify that the sequence (v;, S;)L, constructed in this way
equals 7 (¢)). Then, Dec(o) = v as promised, and, as observed above, we must have that
vp € Ag1/7(X) and D, is 1/8-balanced with respect to 1.

O

Proof of Theorem 43. For any o € {0,1}¢, where ¢ = O((log N)(loge™! + loglog N)) is
as in Lemma 3.1.7, consider the distribution v = Dec(o) € Ag1/7(X), and let D, be
the 1/7-balanced, (r, 9¢)-separating distribution supported on O(e?log N) subsets of X,
guaranteed to exist by Lemma 3.1.6. We let F' = U,¢9,13¢ supp(D,). The cardinality of
F is bounded by O (22 log N) = 20((loa N)(loge™ +loglog N)) ' By [ emma 3.1.7, for every
Y € Ap1/3(X), there exists some (r, 9¢)-separating distribution D, (namely, the one for
o = Enc(v)) which is 1/8-balanced with respect to ¢). By construction, D, is supported
on O(e?log N) of the sets in F, as required. O

3.2 Cell-probe ANN data structure

Proof. We first describe a “building block™: the data structure with success probability

n~9) . The final data structure will simply consist of n°()

such independent data structures,
and the query algorithm will query each of them. The building block is simply a randomized
decision tree, which we build and query recursively.

During recursion, we will have the following mutually exclusive cases, which cover all

the possibilities.
e Casel. P = 0.
e Case2. |P|=1.
e Case 3. |P| > 1 and there is a point zy € X such that |P N Bx(xo, r2(X,€)/2)| >

|P|/8.
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e Case 4. |P| > 1 and for every xy € X, one has |P N Bx(zo,72(X,¢)/2)| < |P|/8.

Preprocessing algorithm During the preprocessing, we do the following depending on
the case.

e Case 1. We do nothing.

e Case 2. We store the only element p, € P.

e Case 3. We store xy € X and an arbitrary point py € P N Bx(xg,r=(X,¢€)/2) and
call the preprocessing procedure recursively for the set P\ Bx(xq,r=(X,¢)/2).

e Case 4. Let ¢ be the uniform distribution over P. By the assumption, ¢ €
Arz(x,e),1/8(X), thus we can apply Theorem 43 to it. Theorem 43 gives a distri-
bution D over subsets of X. We sample S ~ D, and store the description of S using
O(log N(loge™ + loglog N)) bits. Finally, we call the preprocessing procedure
recursively for the sets P NS and P\ S.

Query algorithm The query algorithm proceeds recursively descending down the tree
built during the preprocessing. Let ¢ € X be a query point.

e Case 1. We return L.

e Case 2. If dx(po,q) < (E(X,e) + 1)r, we return pg, otherwise, we return L.

e Case 3. If ¢ € Bx(zo,(2(X,e) + 1)r), then we return the point p, € P N
Bx(zo,72(X,€)/2) we stored, otherwise, we query the data structure for P \
Bx(zo,72(X,€)/2).

e Case 4. If ¢ € S (to check this, we reconstruct S from the succinct O(log N (loge ™! +
log log IV))-bit description that we stored), then we query the data structure for PN S,

otherwise, we query the data structure for P\ S.

Now let us analyze the above algorithm.

Claim 3.2.1. The depth of the built decision tree is O(logn).

Proof. Consider the preprocessing procedure. For Case 3, |P N Bx(x, r2(X,€)/2)| >
| P|/8, thus, we recurse on the dataset of size (1 — (1)) - | P|. The same happens for Case

4, since the set S is 1/8-balanced with respect to the uniform distribution over P. ]
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Claim 3.2.2. The total number of nodes in the built decision tree is O(n).

Proof. This readily follows from the fact that we always recurse on at most two (possibly

empty) sets of points, which are always disjoint. [
Claim 3.2.3. One can store each tree node using O(log N (loge™! + loglog N)) bits.

Proof. In a tree node, we need to store O(1) pointers, O(1) points from X, and at most one
subset S C X. Pointers require O(logn) = O(log V) bits, points require O(log N) bits,
and subsets can be encoded using O(log N (loge™! + loglog N)) bits. [

Claim 3.2.4. The space required to store the decision tree is O(n - (log N(loge™ +
loglog NV))) bits.

Proof. This is an easy corollary of Claim 3.2.2 and Claim 3.2.3. [

Claim 3.2.5. The query procedure inspects O(logn - (log N(loge™t + loglog N))) bits of

the memory.

Proof. Similar to Claim 3.2.4, this is an immediate corollary of Claim 3.2.1 and Claim 3.2.3.

]

Claim 3.2.6. For a fixed query point ¢ € X, which is within r from some p* € P, the
probability of returning a point p € P with dx(q,p) < (2(X,¢) + 1)r is at least n=°®),

Proof. The desired probability is lower bounded by the probability that ¢ and p* are
not separated in the decision tree in the “Case 4” nodes. This probability is at least
(1 — 9¢)CUoen) — =0 gince by Claim 3.2.1 the depth of the tree is O(logn), and the

distribution D in any “Case 4” tree node is (r, 9¢)-separating. U

0() decision trees, and when answering

To get the success probability 0.9, we build n
a query, we query all of them. The desired bounds can be easily obtained from the above

claims for a single tree.
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3.3 An Inefficient Upper Bound on the Cutting Modulus

of any Normed Space

Here, we prove Theorem 24 from Section 1.2 in Chapter 1, which as discussed, immediately

gives an upper bound on the cutting modulus of any d-dimensional normed space.

Definition 30 (Re-statement of Non-Linear Spectral Gaps). Let (X, dx ) be a metric space
and form € N, p € T'([m]). For p > 0, the inverse of the non-linear spectral gap (i, d% )
is the infimum over y > 0 such that for any uy, ..., u, € X,

B dx(ui,u)] <v B [dx(ui,ug)”]

4,j~pu (2,5)~p
Theorem 44. Let d € N and consider any normed space X = (R?,| - ||x). Form € N

and p € T'([m]) over [m] x [m],

el 1B S (s )

where \o(L,,) is the second smallest eigenvalue of the normalized Laplacian matrix L, =
I, — D;l/ZGMD;V% where D, = diag(p,), and G, is the m x m symmetric matrix with

(Gu)ig = plis J)-

We obtain the following estimate on the cutting modulus of X:

< 1 4 log ca(X) ~ L+logd
~ g2 g2

E(X,e)

~J Y

where the second step follows from the bound c3(X) < v/d, which, in turn, is an immediate
corollary of John’s theorem. The remainder of this section is devoted to the proof of
Theorem 44.

Let V,, C (R?)™ be the following codimension-1 subspace:

gm-wzo}.

V,u = {('Ul,’UQ, Ce ,’Um> S (Rd>m

91



We denote by V.X = (V.|| - lvx) the normed space where for v = (v, vz, ..., Un) € Vj,
the norm is given by [[v|lyvx = (X2, |vi|I%)Y/2. Denote by A,: V,, — V,, the following
linear map:

= %))
(Aw); = - v;.
azl pu( )Pu(])

Putting it differently, .4, acts on a size-m tuple of d-dimensional vectors the same way as
A, = D, "G, D;;)'/* acts on a size-m tuple of scalars. It is immediate to check that the im-
age of A, indeed lies in V,; this follows from the fact that (p,(1)¥/2, p,.(2)*/2, ..., p.(m)'/?)
is an eigenvector of A,. LetZ: V,, — V, be the identity map.

We show that Theorem 44 readily follows from the following lemma.
Lemma 3.3.1. One has: H(I — At HVX VxS < (T +1logea(X))/ A2 (L).

Proof of “Lemma 3.3.1 = Theorem 44”. Indeed, an immediate reformulation of Lemma 3.3.1

is that for every vy, vy, . . ., v, € R such that 327, p,,(i)Y/2 - v; = 0,

1 +log ca(X)

> il < (W)i

. . 2
o ICHNTS (3.3)

Pu(i)PuO)

X
Our goal is to show that for every u;, us, . . ., Uy, € R,
U , , 1+ logca(X) 2 m .
Y. pu(0)pu() - lwi —wllx S\ ——7ry— ) 2o #(ig) - llui —wllx. G4
i,j=1 >‘2(£M) ij=1

Since (3.4) contains only pairwise differences of ;’s, we can assume that > | p,(7)-u; = 0.
We set vy, . . € R? by letting v; = p,,(i)*/? - u;, so that -7, p,(i)"/? - v; = 0 and, thus,
(3.3) applies. On the one hand,

m m 9
> pul@)pu(ills = uslli < 3 pu<i>pu<j>(||ui||x + Jluglx)
3,j=1 ij=1
23 pu(@m ) (luli + o)
3,7=1
_42/)# HulHX _4ZHUZHX (3.5)
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On the other hand,

o)y e ) (e
Z Jz=:1 pu(i)pu@) ¥ Z: Z ' (\/ ' )

=1

(3.6)

where the third step is due to the triangle inequality, and the fourth step is due to Jensen’s

inequality. Combining (3.3), (3.5) and (3.6), we obtain (3.4). [

We now proceed to the proof of Lemma 3.3.1. Let H = (R%, || - || ) be a Hilbert space
such that for every v € R?, one has ||v]| g < ||v]|x < c2(X) - ||v]||#, whose existence follows
from John’s theorem. We define the normed space V,/ = (V,, || - [[vr) similarly to VX the

12 Clearly,

norm [|vllyn for v = (v1,vs,...,v,) € V, is given by [lv[lyn = (37 [|vil|7)
for every v € V,

[ollve < flvllvx < (X)) - oy 3.7

Finally, we define A, = (A, + I)/2 and A, = (A, 4+ Z)/2. Let us observe that T — A, =
(Z—Au)/2,50 (T —Au) Hlvxsvx < (T - A1 lvx vx /2, thus it is enough to show

that
< 1+ IOg Co (X)

3.8
VXV X ™ )‘2([/#) (3.8)

@A)

One can see that (3.8) is an immediate corollary of the following three statements together
with (3.7). Let us note that Lemma 3.3.4 is the place where the logarithmic dependence on

the distortion shows up.
Claim 3.3.2. One has || A,[|lyx_yx < 1.
Claim 3.3.3. One has | Aullysvi < 1—Xa(L,)/2.

Lemma 3.3.4. Let || - ||p and || - ||¢ be two norms on RY such that for some ® > 1 and

for every u € R? one has ||jullg < ||ullp < @ - ||ullg. Suppose that T: RY — R¥ isa
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linear map such that |T||pp < 1 and ||T||g»q < 1 — ¢ for some 0 < ¢ < 1. Then,
I(Z = T) M lpop S 252,

Proof of Claim 3.3.2. For every v = (v1, vy, ..., n) € VX one has

o2 = TR o (S GY) NN pul) 2
A0l =3 Al =3 ; z (% e Xs;(j; e\ ]X)
<33 o et ii HE) o - >l = ol

where the third step is by the triangle inequality, and the fourth step is by Jensen’s inequality.

Hence,

]

Proof of Claim 3.3.3. Let us first observe that for every u € R™ such that 37, (p,.(7))*/2 -

~ Ao (L
VA ulls < (1— 2 “))-Huuz, (3.9)

u; = 0, one has

2

since fl is positive semidefinite, its largest eigenvalue is 1, the corresponding eigenvector
is ((pu(i))¥?)™ ,, and the second largest eigenvalue is 1 — Ao(L,,)/2.

The desired inequality reduces to (3.9) as follows. Since H is a Hilbert space, there exists

an orthogonal (not necessarily orthonormal) basis e, e, . .., g € R? such that for every

u € R?, one has ||ull}; = S0 (u,e;)?. For1 <i < dandv = (v1,v2,...,v) € VL,

define 7;(v) = ((v1, €;), (Va,€), ..., (U, €;)) € R™. Then, ||v||‘2/f =3¢, ||mi(v)]|2. One

has:

Aol = S Im &0l = 318w < (1-252) S molg

i=1 i=1

(L))
= (1= 25) oty

Proof of Lemma 3.3.4. For every k > 1, one has

1Tl < @ [T gg < @ - (1 - o).
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Thus, we can choose k* < m%gq) such that || T

p—p < 1/2. Finally, we have:

— = * = ik* * =~ 7 * 1 + 10 (I)

II=T) Mlpop <D NTF lpop <KD ITH ||pop <KD (1/2)" = 2k S %
k=0 i=0 i=0

as desired. ]
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Chapter 4

Constructive Bounds on the Cutting Modulus of Any Norm

In this chapter, we present the formal arguments to claims made in Section 1.4 Chapter 1.
We give various upper bounds on the cutting modulus (recall, Definition 15) which yield

time efficient ANN algorithms.

Definition 31 (Non-linear Rayleigh Quotient). Let (X, dx) be a metric space, and let i be

any symmetric probability distribution supported on finitely many pairs of X, and let p be

its marginal distribution. For any r € (0, 00), the non-linear Rayleigh quotient is given by
E [dX (.’E, yy]

(z,y)~p
R ) = )
U dy) = = @ v

Z,Yy~p

The main lemma, which illustrates the approach for bounding the cutting modulus is

summarized in the following lemma.

Lemma 4.0.1 (Comparison of Rayleigh Quotient to £). Letd € N and let X = (R%, || - || x)
be a normed space. Suppose that for any symmetric probability distribution (i over finitely
many pairs of points in R?, there exists f: R? — R? such that for ¥: R=° — R=2% with

V() —0ase — 0andr >0,

RGA) - 1) < (R, |- 1Ix)-
Then, Z(X,e) < 4(1/9~1(e))Y/", where U~ (¢) = sup{ey > 0: V&' < 0, ¥(¢') < e}

Proof. Let p be any symmetric probability distribution supported on finitely many pairs
of points in R¢ within distance at most 1, and let p be its marginal distribution. Suppose

that for any set B C R with diamyx(B) < R, we have p(B) < 1/2, where we set
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R = 4(1/¥~(£))¥/. Then, we notice that

r 1 (R\
E [Jz—ylkx]<1 and E [||:B—y||X]22.<)’

(z,y)~p z,Yy~p 2

where in the second inequality, we are using the fact that for any & sampled from p,
Bx(x, R/2) has diameter at most R, and hence with probability at least 1/2 over the
draw of y ~ p, ||z — y||x > R/2. Hence, R(x, || - |I'y) < 2(2/R)", which implies that
R(f(u), | - [1) < ¥(2(2/R)") < e. By Lemma 1.4.1, there exists a cut S C R? of

conductance ®,(5) < e. O

4.1 Relating Rayleigh Quotients with Holder

Homeomorphisms

Definition 32 (Holder Homeomorphism between Spheres). Let X = (R?, | - ||x) and
Y = (R, ||-||) be two normed spaces. For ¢ > 0 and o € (0,1], function ¢: S(X) — S(Y)
is an a-Holder homeomorphism with Holder constant c if it is bijective and for every
a,be S(X),

[6(a) = o(b)[ly < c-lla—Db|%.

Lemma 4.1.1 (Radial Extensions of Holder Homeomorphism between Spheres). Let X =
R || - ||x) and Y = (R, || - |ly) be two normed spaces, and for ¢ > 0 and o € (0, 1], let
¢: S(X) — S(Y) be an a-Holder homeomorphism with constant c. Then, for r > 1, the

radial extension f4,: R? — R? given by
for(@) = [zl - o(x/|z|x) (4.1)
satisfies || fo.-(z)|ly = ||z||% for every x € R%, and for every z,y € RY,

1for(@) = for@ly < (2% +277) Iz =yl (l2l5 + ylx) . @2
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Proof. The first claim, that || f, . (2)|ly = ||z||’k is trivial, as

[for@lly = llzlxlloC/ Izl )Ny = 2l

since ¢: S(X) — S(Y). For the second claim, let z,y € R? and let a = z/|zx,

b=1y/|lyllx,and t = ||y||x/||x| x, which we assume without loss of generality, that ¢ < 1.

| fo.r(2) = fo.r(y)

1%

v [6(a) = o(B)lly + lo(b) = t"d(0)|ly = clla = bll5 + (1 = 1) -7

< clla—bll% +r (la—th]x) < [la—tb]§ (2°c+rla— b))

< (2% +2""r) [la — tb]|%.
where I used the fact that
la = bllx < lla —tbllx + [[tb = bl x = lla = bl x + (1 =) = |la — tb][x + [lal[x — t[[blly < 2[la —b]|x.
Therefore, we conclude

1for(@) = For@lly < (2% +2'727) Iz = yll% - |25,

and the remaining term (2%c + 2'77) ||z —y||%-||ly||% @ is added in case ||y||x > ||z||x. O

Theorem 45 (Matousek’s Extrapolation [103, 16]). Let X = (R%, || - ||x) and Y = (R?, || -
|ly) be any normed spaces, and suppose that for o € (0,1] and ¢ > 0, there exists an
a-Holder homeomorphism ¢: S(X) — S(Y) with constant c. Let |1 be any symmetric
probability distribution supported on finitely many pairs of points in X, and let p be the
marginal of j1. Suppose that, for r > « and s > 1, the distribution p under fy, is
approximately centered, i.e.,

Bl @] < (5 Bl @) a3

r~p T~p
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then,

R(for (1), - 13) <222 (c+ )" - R(p, || - 1) (4.4)

Proof. We upper-bound the left-hand side of (4.4) by upper bounding and lower bounding

the following quantities, respectively,

E (lfor(®) = for(@)lly]  and E for(®) = for@)lly].

($7y)NN T.Yy~p

First, the upper bound follows from Lemma 4.1.1:

B 1far(@) — forl)li] < (e +20) B [l g (hells™ + ull )]

()~ (zy)~p
«@ 1—a.\* sr O‘/T sT (r=e)/r
<2(zc+270) (B (le-yl¥l) (B llels)
(@y)~p TP

by applying Holder’s inequality with conjugates r/a and r/(r — ). On the other hand, we

use (4.3) and the fact || f,.(z)||y = ||z|/k for the lower bound. First, notice that

S S

y]gp [fqb,r(y)} v

|+

B (1o, @) <2 B |

xT~p

Jor@ = E (for®)]|

<2 E [l[for(®) = for@ll3]+ ;ml,@p U fs.r(®)51,

Z,y~p
where we used the triangle inequality and Jensen inequality (since s > 1). This implies

B [1for@) ~ for®)I}] > 5 B, Mfor @)} = 5y B, el

z,Y~p T~p

Combining the upper and lower bounds, we have

alr
E [lo- y||§§1)

(wvy)Nﬂ

(B, o (@)5])

T~p

RO, |- 1Iy) < 2 (2% +217or) - 2071 <

/r

<222 (e ) R |- 1)

100



4.1.1 /¢, Spaces

Definition 33 (Mazur Map into /;). Let d € N and p > 1. We let M,,;: R? — R? be the

map which takes the vector v € R? to

M . . )
(T1,...,2q) 3 (sign(zy) - |z1|P, sign(xs) - |zo|P, ..., sign(xq) - |z4|?)

Lemma 4.1.2. Fixd € N and p > 1. Then M,1: S((%) — S(¢{) is a 1-Holder homeomor-

phism of constant at most 2p.

Proof. First, notice that M, ; is a bijection, and that for any = € S (fg),

d

[Mpa(@)lls =D ol = 1.

i=1

For the 1-Holder estimate, consider x,y € S (Eg), we upper bound each coordinate by taking
its linear approximation, and then using Holder’s inequality with conjugates p and p/(p — 1).
Specifically, we have

d

d
> Isign(as)lail” — sign(ya)lyil’| < > ples — yil max {[a], [y}

i=1 i=1

d /p , g4
< (z 21 y|) (Z — mup)
=1 =1

< 207Dz — g,

(»—1)/p

where we notice that %, max{|z,|, |y;|}? < 2 since x,y € Sed. N

Lemma 4.1.3. Fixd € N and p > 1. Let i1 be any symmetric probability distribution

supported on finitely many pairs of points in R%. There exists a point z € R and a function

f: R? — RY such that
f(@) = My (2 — 2),
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and we have

R(F(u), |- [l1) < 24p - R(u, || - |I2)"/7.

Proof. Letting p be the marginal distribution of z, we first notice that there exists z € R?
such that
E [M,,(x —2)] =0,

xT~p
which follows from the fact that M, ; acts coordinate-wise, and that each ¢ € [d] has
Eq, [M,1(x — 2);] goes from —oo to 0o as z; goes from —oo to co. We therefore may
consider the distribution /i given by (x — z, y — z) for (x, y) ~ u, whose marginal p satisfies
(4.3) with f,,: R — R? for ¢ = M,,; and r = p. In particular, notice that f, = M,

when viewed as a map R? x R?. Thus, we apply Theorem 45 with s = 1, c =2pand o = 1

to obtain

ROF()s - 1) = R(for (), I - 1) < 24p - R, || - 177 = 24p - R(ps, || - [12)'77.

Corollary 4.1.4. For any d € N and any p € N, Z({],¢) = O(p/e).
Proof. We apply Lemma 4.1.3 and Lemma 4.0.1. [

By utilizing Lemma 4.1.3, it suffices to relate Rayleigh quotients in a metric space to
that of /,. Since one may then apply M5 ; in order to relate to Rayleigh quotients in /;, and

hence obtain sparse cuts.

4.1.2 A Good Translation Always Exists

Theorem 46 (A Good Translation Always Exists [16]). Let X = (R || - ||x) and Y =
(RY, || - ||y) be any normed spaces. Suppose that for o € (0,1] and ¢ > 0, the function
¢: S(X) — S(Y) is an a-Holder homeomorphism with constant c. For any probability
distribution p supported on finitely many points in R% and any r > 1, there exists a point

2 € R? such that
E [for(x—2)] = 0.

TP
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Furthermore, if, for R € R, p is supported in Bx (0, R), the point z satisfies ||z||x < 8"/°R.

Proof. Consider the continuous function h: (R%, ||-|ly) — (R, | -||y') which maps a vector
u € R? by
W) = B [Jorla + ;).

We will prove that / is a surjection, so that there exists u € R? where h(u) = 0. Then, we
letz = —f, I(u), and we obtain the desired center. Notice that for a fixed setting of p, as u

becomes a vector with very large norm, i (u) tends to be very close to u, i.e.,

Ih(w) = ully < B [|for(@ + for ) = for(far@)],]
< B [l (e + £ @l + 175 ()]
=270 Bzl + B, lalis] - 27 e (wll®

r—Q T r—o o 1-a/r
=2 E [l2lly] + 2 E [lell}]- [uly™" = o(lully), 45

Claim 4.1.5. Let h: R — R? be any continuous function such that for some norm || -

>

|1h(u) — u|| < o(||ul]|). Then, his surjective.

Consider the basis vector eq,; € S% and let 7: S 1\ {eq;1} — R? be the homeo-
morphism given by stereographic projection, and consider the map h: §4 — §¢ given
by

ﬁ(v) _ T_l(h(T(U))) v # €41

b

€d+1 U = €4+1

and notice that since h(u) — 0o as u — oo, h is continuous. We verify that 4 is homotopic

to the identity map by showing that the map £': S¢ x [0, 1] — S¢ given by

~ €d+1 VU = €4+1

F(v,t) =
7 Htr(v) + (L= t)h(1(v))) v # eqm

is continuous in S x [0, 1]. Notice that 7 is a homeomorphism, and (u, t) + tu+(1—t)h(u)

is continuous over R? x [0, 1], it suffices to show that £'(v, t) is continuous at g, x [0, 1].
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In order to do this, it suffices to show that for every ¢ € [0, 1] and for large enough radii
r € Rsg, every u € R? with ||u|| > r has |[tu+ (1 —#)h(u)|| > 6(r), for § — oo asr — oo.

In particular,
[tw + (1 = Oh(u)| = [Jull = (1 = )[[a(w) = ul] = (1 = o(1))[|u].

Hence, / is surjective, and so is h (see Exercise 5 in page 91 of [19]).

When h(u) = 0, then by (4.5), if all  ~ p have |z||x < R,
Julle < s {2 R 2 R a7

In the case the maximum is achieved by the left-most term, we have ||u|ly = ||z]|% <
2r—o+1R" so that ||z]| x < 2R. In the case the maximum is achieved by the right-most term,

then ||ul|%/" < 27-2*+2 R so that ||z|x < 8'/°R. O
Y

4.1.3 Schatten-p spaces

Definition 34 (Schatten-p normed space). For d € N and p € [1,0), the normed space
Sp = (R || - ||s,) is defined over d x d matrices of real numbers, and the |z|% =
Sy loi(@)

(via identity map) to (9%,

P where o;(x) is the i-th singular value of . We note that S, is isomorphic

Definition 35 (Non-commutative Mazur Map into Sy). Let d € N and p € [1,00). We let
My, : R4 — R be the map, which given a matrix x € R™® where x = UXV is the

singular value decomposition of x, sets
M2, (z) = USPPV. (4.6)

Similarly to the case of ¢, Holder estimates on the map M, give a relation between
Rayleigh quotients in S, and S5, and since Sy = {2, we obtain a Rayleigh quotient relation

with /;. The argument relies on the following estimates.
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Lemma 4.1.6 (Holder estimates for Mg, [121]). Foranyp € [1,00), there exists a constant
¢p € Rxq such that for any d € N, My,: S(Sp) — S(S2) is min{p/2, 1}-Holder with

constant Cp.

We may use Lemma 4.1.6, Theorem 45, and Theorem 46 to relate Rayleigh quotients in

S, to those in S, (and, hence /5 and ¢,).

Lemma 4.1.7. Fixd € Nand p > 1 and p # 2. Let ju be any symmetric probability
distribution supported on finitely many pairs of points in R4 There exists two points

21, 20 € R and a function f: R¥>¢ — R4 such that
f(l') = MQJ (M;;’Q(ZC — 21) — 22) s

and

RO/ (). - 1) S p- R - 13, )72,

Proof. Letting p be the marginal distribution of i, we apply Theorem 46 with X = S,
Y = Ss,and ¢ = M, 5 and r = max{p/2,1} > min{p/2,1} = a to find a point z; € R4
with

E [M;,(z —2)| =0,

T~p

where I used the fact that the radial extension of My, to R** applies (4.6). By applying
Theorem 45, to the symmetric probability distribution i given by (x — 21,y — z) with

(x,y) ~ p, s =2,r=p/2,and @ = min{p/2, 1}, we have

ROM;, (i), || - 112,) < p* - R, | - || ymn2/r),

Considering the symmetric probability distribution /i given by (M2, (), MS,(y)) where
(x,y) ~ fi, we may apply Lemma 4.1.3 to obtain that there exists zo € R such that
[ R4 — R given by f(x) = My (x — 25) satisfies

ROFG), - 11 < 48 R(, [ - 13"
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Combining both Rayleigh quotient relations, as well as noticing that Rayleigh quotients are
invariant to translations, the function F': R™? — R%*? given by F(z) = My, (M;Q(a: —2) — 2’2)

satisfies

REE(p), Il - 1) = ROF(A), |- 1) < 48 - R || - [13)"? = 48 - R(Myo(a0), || - [13,)"2

S0 RO | - [0 = R, | [, /2000,

Corollary 4.1.8. Forany d € N and any p € N, E(Sg, g) < (p/e)maxtz/pih,

Proof. We apply Lemma 4.1.7 and Lemma 4.0.1. [

4.2 A Holder Homeomorphism Between Perturbations of

Spheres

Below, the unit ball and unit sphere of a (complex!) normed space X = (C¢, || - ||x) are

denoted Bx = {r € C%: ||z||x <1} and Sy = {z € C¢: ||z|x = 1}, respectively.

Theorem 47 (Existence of a Holder homeomorphism between spheres of perturbed spaces).
Let X = (C4, || - ||x) be a normed space and fix o, 3,7 € (0, 5. Suppose that the inradius
and outradius of Bx are r > 0 and R > 0, respectively, i.e., T’Bzg C Bx C Rng.
Then there are normed spaces Y = (C%, | - |ly) and Z = (C% || - ||z), and a bijection
¢: Sy — Sz, with the following properties.

1. pPetPU=20) By C By C R0y

2. 1029 By € By C R1U% By,

3 Mé) = 0@allz £ 7= llvn = vallg for all yr, yz € Sy

'Tt is convenient and most natural to carry out the ensuing geometric and analytic considerations for
normed spaces over the complex scalars C, but all of their applications that we obtain here hold also for
normed spaces over the real scalars R through a standard complexification procedure which is recalled in
Section 4.3 below.
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The parameters «, /3,y are chosen to be small, in which case the first two assertions of
Theorem 47 mean that Y and Z are relatively small perturbations of X and ¢4, respectively.
The last assertion of Theorem 47 state that ¢ is an a-Holder homeomorphism between the
unit spheres of these perturbed spaces with constant O(1/+/537). The tension is between
the smallness of o, 3,7 (thus, the extent to which the initial geometries of X and /¢ were
deformed) and the quality of the continuity of ¢; the parameters are eventually set to
appropriately balance these competing features.

Theorem 47 is a finite-dimensional quantitative refinement in the spirit of [110] of the
work of Daher [59] which is itself an extension of a landmark contribution of Odell and
Schlumprecht [115] (in unpublished work, Kalton independently obtained the result of [59];
see [30, page 216] or the MathSciNet review of [59]). Our proof of Theorem 47 is an
adaptation of the proof of the corresponding qualitative infinite-dimensional result that

appears in [30, Chapter 9].

Theorem 48. Let 0 < ¢ < 1 and X = (C,|| - ||x) be a d-dimensional normed space. Then

there exists a randomized data structure for c-ANN over X with the following guarantees:

e The approximation is ¢ < exp (O (\/ logd - maX{v loglog d, f/olg log d }))
og log

e The query procedure takes n° - d°) time;

o The space used by the data structure is n'*= - d°0);
e The preprocessing time is n°® . 0@

Both the preprocessing and query procedures access the norm through an oracle, which,

given a vector x € C%, computes ||z||x.

4.2.1 Algorithmic version of Theorem 47

For algorithmic applications, we would like to compute the mapping ¢ from Theorem 47
efficiently at any given input point in C?. The main ingredient in the construction of F is the
notion of complex interpolation between normed spaces, which was introduced in [41]. For
two d-dimensional normed spaces U and V', complex interpolation provides a one-parameter
family of d-dimensional normed spaces [U, V], indexed by 6 € [0, 1], such that [U, V], = U,

[U,V]; =V and [U, V]y depends, in a certain sense, smoothly on 6. In particular, we need to
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compute the norm of a vector in [U, V|, given suitable oracles for the norm computation in
U and V. This is a non-trivial task since the norm in [U, V], is defined as the minimum of a
certain functional on an infinite-dimensional space of holomorphic functions. We show how
to properly “discretize” this optimization problem using harmonic and complex analysis,
and ultimately solve it using convex programming (more specifically, the “robust” ellipsoid
method [94]). We expect that the resulting algorithmic version of complex interpolation will

have further applications.

More specifically, for z € C* the interpolated norm ||z ||y, is defined as follows. First,
we consider the space F of functions F': & — C¢, where @ = {z € C | 0 < Rez < 1} is

a strip on the complex plane, such that:

e [ is bounded and continuous;

e [ is holomorphic on the interior of &.

The norm || F'|| # in the space F is defined as follows:

17l = mac{ sup [P s, 1Pl

ez= ez=

Finally, for z € C?, we define:

lellwy, = ok [IFll 47

F(0)=x
A priori, it is not clear how to solve (4.7), since the space F is infinite-dimensional. However,
we are able to show that one can search for an approximately optimal F' € F of the following

form:

F(z)=¢" - > vke’T

|k|<M
for a fixed ¢ > 0, M and L, and variables are v, € C?. This turns (4.7) into a finite-
dimensional convex program, which we might hope to solve. However, in order for the
optimization procedure to be efficient, one needs to upper bound M and the magnitudes
of vi. This can be done by taking an approximately optimal (in terms of (4.7)) function F',

smoothing it by convolving with an appropriate Gaussian, and finally considering its Fourier
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expansion, whose convergence we can control using the classical Fejér’s theorem [86]. To
bound the magnitudes of v, we need a statement similar to the Paley—Wiener theorem [86].
Finally, to address the issue that the norm in F is defined as a supremum over the infinite set
(the boundary of the strip &), we show how to discretize and truncate the boundary so that
the maximum over the discretization is not too far from the true supremum. This is again

possible due to the bounds on the magnitudes of ¢, v and M we are able to show.

4.3 Preliminaries

Given two quantities a,b > 0, the notation a < b and b 2 a means a < Cb for some
universal constant C' > 0. In this work we use some tools from complex analysis. Denote
S = {2 € C| 0 < Rez < 1} C C the unit open strip on the complex plane, let
06 = {2z € C | Rez € {0,1}} be its boundary, and, finally, let & = & U & be the
corresponding closed strip. Given a normed space X defined over a (real or complex) vector
space V, the subset Bx C V is the unit ball of X, i.e., By = {x € V : ||z||x < 1}. Fora
measure space (€2, 1) and a Banach space X we denote L, (€2, i, X ) the Banach space of

measurable functions f: {2 — X such that

L 1F1B dn < oo

we define the norm to be:

A1 e = [ 115 dn

Sometimes, we omit € in the notation if it is clear from the context (or unimportant).

Computational model for general normed spaces

Throughout this work, we deal with computational aspects of ANN defined over general
normed spaces, in particular X = (R?, || - ||x). We work with the standard computational

models for convex sets over RY. In particular, we may assume the following about X:

e There exists an oracle which, given z € R, computes ||z||x;
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e The unit ball of X satisfies By C By C dBy for d = poly(d).

The second assumption is essentially without loss of generality. Indeed, if one assumes By
is contained within the unit Euclidean ball and contains a small Euclidean ball of radius
r = exp(—poly(d)), then, by the reductions of [72], we may design a separation oracle for
Bx, and as noted in Section 1.1 of [84], this means we can transform By to be in a position

such that the second assumptions holds.

The Poisson kernel for the strip &

For w € & and z € 06, the Poisson kernel P(w, z) for & is defined as follows:

sin Ty

" coshn(r—v)—cosmu) W= U + v and z = iT,
P(w,z) = “3)

DN

sin Tu
cosh w(T—v)+cosmu’

w=u-+wand z =1+ 7.

N[

For every w € &, and every z € J&, one has P(w, z) > 0. In addition, for every w € &,
/P(w,z) dz =1,
06

which allows us to denote 1, the measure on & with the density P(w,-). We refer the

reader to [133] for further properties of the kernel P(-,-).

For 6,0, € (0,1), we let

def 1 1 1 1
AlB,02) = \/<91 Tz 91> (92 Tz 92)’ 49)

Claim 4.3.1. Forany z € 06 and 0,,605 € (0, 1),

P(Ql, Z)
P(927 Z)

< A6y, 0:)°.
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Proof. First, consider the case z = i7 when 7 € R. Then by the first case of (4.8),

P(0y,i1) sin(m6,) ~cosh(77) — cos(mb,)
P(0y,i7)  cosh(m7) — cos(7;) sin(m6s)
<0, (1 N 1 ) _cosh(77) — cos(mb>)
Oy  1—05/) cosh(nr)— cos(mb)

1 1 1
sor( ) (15 )
~%\g, T1 g, ( +9$>
where in the first line, we use the fact that sin(7wf) ~ 6 when 6 ~ 0 and sin(76) ~ 1 — 6

when 6 ~ 1, and in the second line, we use the fact that cosh(7w7) > 1, and the fact that

1 — cos(mh) = 0%. By the second case of (4.8), when z = 1 +i7 for 7 € R,

P(01,1+i1) sin(76;) cosh(m7) + cosh(mf,)
P(0y,14i1)  cosh(wr) + cos(mb;) sin ()
1 1 1
<(1—86 ( ) 1 —
SA-0){g + 175 <+(1—91)2>’
where we now use the fact that 1 + cos(m) 2 g7 O

Harmonic and holomorphic functions on S

Lemma 4.3.2 ([133]). Let f: & — R be a continuous function which is harmonic (as a

function of two real variables) in S. Moreover, suppose that the integral
J 17 dualz)
06

if finite for j = 0,1 and some w € &. Then for every w € G, one has:

fw) = [ 1) dpal2).
06

Corollary 4.3.3. Let f: & — C9 be a continuous function which is holomorphic in &.

Moreover, suppose that

S]] dia(z) < o0

06
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for some w € G. Then for every w € S, one has:

fw) = [ 1) dpl2).
06

Proof. This follows from Lemma 4.3.2 and the fact that the real and the imaginary part of a

holomorphic function are harmonic. [
Complexification
Let X = (R%, | - ||x) be a normed space over the vector space R¢. The complexification

of X, denoted by X7, is a normed space over C? defined as follows. Elements of X are
formal sums u +iv for u, v € X. Given u+iv, w+iy € X%, addition of (u+1iv)+ (w+iy)
is given by (u~+iv)+ (w+1iy) = (u+w)+i(v+y). Givenu+iv € X and o = p+iq € C,
scalar multiplication o(u + iv) is given by, a(u + iv) = (pu — qu) + i(pv + qu). Finally,

the norm on X T is defined as:

27
1
|u + iv||%e = ;/Hucosw—vsingp”i dep. (4.10)
0
The space X© = (C%, || - ||xc) defined above is indeed a complex normed space and,

moreover, X embeds into X© isometrically via the map u — u + ¢ - 0. In addition, consider
the d-dimensional space (£5)" = (C || - [|4)c) given by the complexification of the space

(3 = (R, || - ||l2). We note that:

) 1 27 . 1 2r d )
Jut ol =~ [ lucoso — veinglido = — [ S (uscosg — vising)do = ull3 + ol
i=1

which implies that (¢4) is isometric to 2¢ = (R, || - ||5), where we consider splitting the
real and imaginary parts of each coordinate, and interpreting these as real numbers. We note
that by a simple calculation, if Wy = (R4, || - ||w,) and W; = (R%, || - ||w, ) are real normed

spaces with BWO C BW1 cd- BWO’ then BWUC - Bch cd- BWOCD.
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Complex interpolation between normed spaces

Let Wy = (C%4 || - [|w,) and Wy = (C% || - [|w,) be two d-dimensional complex normed
spaces. We will now define a family of spaces [Wo, Wilg = (C% || - |ljwy,wry,) for 0 <
6 < 1 that, in a sense we will make precise later, interpolate between W, and W;. This
definition appeared for the first time in [41], see also the book [31]. Let us first define
an auxiliary (infinite-dimensional) normed space F as the space of bounded continuous

functions f: & — C<, which are holomorphic in &. The norm on F is defined as follows:

I = sup 17w s 17w, |-

Re(z)= Re(z)=1
Now we can define the interpolation norm || - ||y, w,], on C* as follows:
l#llwo e = inf - 11f (4.11)
f(O)=z

The fact that ||x|/jw,w,), is @ norm is straightforward to check modulo the property
“l{[wo,w1), = O implies 2 = 0”. The latter is a consequence of the Hadamard three-

lines theorem [129].
Fact 4.3.4. For every 6 € [0,1], [Wy, Wi]g = [W1, Wo]1_s.

Fact 4.3.5 (Reiteration theorem). For every 0 < 6 < 0y < 1 and 0 < 03 < 1, one has:

[W07 Wl}@p [W07 Wl]@z = [W07 Wl](1—93)91+9392~

03
Below is arguably the most useful statement about complex interpolation.
Fact 4.3.6 ([41, 31]). Let Wy = (C4,|| - |lw,) and Wy = (C%, || - |lw,) be d-dimensional
complex normed spaces, and let Uy = (C%, || - |l,) and Uy = (C, || - ||v;,) be a couple

of d'-dimensional ones. Suppose that T: C* — C¥ be a linear map. Then, for every

0 <0 <1, one has:

1T o wigo w0010 < N T 0+ 1T, -0,
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Corollary 4.3.7. Let Wy = (C%|| - |lwy) and Wy = (C4 || - |lw,) be complex normed

spaces such that for some dy,dy > 1 and every x € C%, the following holds:
1
gzl < llzllw, < d2 - flzflw,. (4.12)
1

Then, for every 0 < 0 < 1 and every x € C% one has:

1 1 _
diﬁ'“xH[Wo,Wﬂe < ||x||Wo < dg'Hx”[Wo,Wl]e and dl—e'HxHVVl < HxH[Wle]G < d; 9”wa1
1

Proof. This follows from Fact 4.3.6 applied to the identity map. [

Fact 4.3.8 ([41, 31]). Let Wy = (C%, || - ||lw,) and Wy = (C4, || - ||, ) be complex normed
spaces, and let Wy* = (C4 || - ||w,+) and Wi* = (C%|| - ||w,*) be the dual spaces,
respectively. For any 0 € [0,1], the dual space to [Wy, Wilg, given by [Wy, W1]; =

(Cc4 || - | two,wa);) is isometric to the space [Wy™, W1]p.

Uniform convexity

Let W = (C%, || - |lw) be a complex normed space. We give necessary definitions related to

the notion of uniform convexity. For a thorough overview, see [26].

Definition 36. For 2 < p < oo, the space W has modulus of convexity of power type p iff

there exists K > 1 such that for every x,y € W:

L VY o (et ol + e =yl )
p p w W
(1ol + gibolt) ™ < : .

Definition 37. The infimum of such K is called the p-convexity constant of W and is denoted
by K,(W).

Claim 4.3.9. One always has K..(W) = 1, and for a Hilbert space, one has: Ky((3) = 1.
Claim 4.3.10. One has K,(Wy @2 W1) < max{K,(W), K,(W1)} for every p > 2.

Proof. The claim follows from W, @©, W, being isomorphic to Wy @, W and the fact that
K,(Wy &, W) < max{K,(W), K,(W1)}. O
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Lemma 4.3.11 ([112]). One has K,(La(p, W)) S K,(W) for every p > 2.

The following lemma shows how the p-convexity constant interacts with complex

interpolation.

Lemma 4.3.12 ([110]). For every 2 < p1,ps < 0o and every 0 < 0 < 1, one has:

K _ oy ([WO, W1]9> < K, (Wo)' ' K,,(Wy)’.

0p1+(1—0)pg

The space F»(6)

Now we define another space related to /. This definition appears in [41], see also [30].
First, for 0 < 6 < 1, let us consider the normed space G(#) of continuous functions

f: & — 4, which are holomorphic in &, and
2
/Hf(z)” dpg(z) < oo.
06
The norm || f|g(s) is defined as follows:

1o = [ |, dee+ [ @], . @13

Re(z)=0 Re(z)=1

Clearly, 7 C G(#). One may naturally view G(6) as a (not closed) subspace of Lo({z |
Re(z) = 0}, g, Wo) @2 La({z | Re(z) = 1}, g, W1 ). Now we can define the space F»(6)
as the closure of G(f) (in particular, G(0) is dense in F5(#)). An element of F»(f) can
be identified with a function f: & — C? defined almost everywhere on & and defined

everywhere on & such that:

e f restricted on {z | Re(z) = 0} belongs to Lo({z | Re(z) = 0}, pg, Wo);
e frestricted on {z | Re(z) = 1} belongs to Lo ({z | Re(z) = 1}, g, W1);

e f is holomorphic in G;
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In this representation, the norm is defined similar to (4.13):

10 = [ [, duw+ [ £, duoz).

Re(z)=0 Re(z)=1

Fact 4.3.13. For every f € F2(0) and w € S, one has:

flw) = [ &) dua().

Proof. This identity is true for G(#) by Corollary 4.3.3. Hence it holds for F»(¢), since
every element of F5(f) is a limit of a sequence of elements of G(6), which converges

pointwise in G and in L, in 06. [

The following gives an alternative definition of an interpolated norm, which should be

compared with the original definition (4.11).
Fact 4.3.14 ([30]). For every x € C?, one has:
Il wio = ,dnf 1l (@14
f(0)==

Claim 4.3.15. For every p > 2, one has:
Kp(F2(0)) S max{K,(Wo), K,(W1)}.
Proof. One has:

K(Fo(6)) < I, Lal{= | Re(=) = 0. si0. Wo) @0 La({= | Re2) = 1}, o, W)
< maX{Kp (LQ({Z | Re(z) = 0}, po, WO)>,KP<L2({2 | Re(z) = 1},u9,W1)>}

S max{K,(Wo), Kp(Wh)},

where the first step is due to F,(f) being a subspace of Ly({z | Re(z) = 0}, g, Wo) Do
Ly({z | Re(z) = 1}, g, W1), the second step is due to Claim 4.3.10, and the third step is
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due to Lemma 4.3.11. ]

Lemma 4.3.16. For 0 < 01,05 < 1, the spaces F»(01) and F2(0s) are isomorphic via the
identity map. More specifically, for every € F5(6) one has:

£ 117502 < A(O1:62) - [ 1l 22000);

and, similarly, for every f € F5(0), one has:

”f||]-—2(91) < A(01792) ' ||f||}—2(92)'

Proof. This easily follows from the definition of F5(6) and Claim 4.3.1. O

4.4 Holder homeomorphisms: an existential argument

In this section we show the proof of Theorem 47 making the exposition of the result from [59]
in [30] quantitative. We make the construction of the map algorithmic in Section 4.5. Let
X = (€] - ||x) be a normed space of interest. For a real normed space, one can consider
its complexification, which contains the real version isometrically.

Let us first assume that K,(X) < oo for some 2 < p < co. We start with taking a closer
look at Fact 4.3.14. Suppose that we interpolate between X and ¢ and moreover for some
0 < r < R one has:

rByu © Bx € RByg.

Let F,(6) be defined with respect to X and /4.

Fact 4.4.1 ([30]). For every x € C¢, in the optimization problem

inf ||F
6 Pl
F(0)=x

the minimum is attained on an element of F2(0). Moreover, the minimizer is unique, and we

denote it by F;, € F»(0).
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Below statement shows that minimizers F), have very special structure.

Fact 4.4.2 ([30]). Fixz € CYand 0 < 0 < 1 and consider F}, € F(0). Then,

e For z € C such that Rez = 0,

Fgo(2)|lx = llllix .00, almost everywhere;

o For z € C such that Rez = 1,

Fgo(2)llea = ||l (x 041, almost everywhere;

e Forevery() <0 <1, HFJx(Q)H[X,eg}; = HCEH[X,eg]Q'
Below lemma is the core of the overall argument.

Lemma 4.4.3 (a quantitative version of a statement from [30]). For every 0 < 6 < 1 and

every Iy, Ty € Six ga),, one has:

Proof. By Claim 4.3.15, one has:

* * 1
Fioy = Froa| S K(X) - 121 = 2ol

2

Ky(F2(0)) S max{F,(X), K,(63)} S Ky(X),

where the second step follows from K, (¢4) < 1. Second, suppose that for zy, 5 € S| X, 04]50

one has |21 — 22| x4, = € > 0. Then,

where the first step follows from Fact 4.3.14, and the second step follows from x; and x5

* *
F9x1+F9x2 P

2

9) Z Hxl +$2|’[X7€g]9 2 2 — g, (4.15)

being unit and the triangle inequality. Now by the definition of K,(F»(#)) (Definition 36)

and the fact that the minimizers are unit, we have:

p
9 - F* * *
’F; +F P n ‘ bor Tl 2 ) < 1255, 1%, 0) T 12552, 15, 0) _ o (4.16)
B (N0 Kp(F2(0))r 2

Combining (4.15) and (4.16), we get:

p
* *
F9x1 - FHxQ
F2(0)

< K (Fa0)) - (2 — (2 &) < p2 " - K, (Fal0))" - <.
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Finally, we get:

as desired. ]

< K (Fa(0)) - 7 S Ky(X) - P = Ky(X) - ||z — x2||[1)/<1;g]9

* *
F6'xl - F9:172

Fa(0)

Fix 0 < 6,02 < 1. Define the map Up,p, : S[X’gg}gl — S[X,eg]92 as follows:
x— Fy (02).

The map is well-defined, since by Fact 4.4.2, for every x with ||| 4], , one has || F5, . (02)([(x g1, =

1. One also has: Ue_l,l92 = Up, 9, since, again by Fact 4.4.2, for every z € C¢, one has:

Fg;Fglm(Qg) = Fe*lm
In particular, Uy, g, is a bijection between the unit spheres of [X, ¢3], and [X, 4], .

Lemma 4.4.4 (a quantitative version of the statement from [30]). For x1, 22 € S[ X, 0]y, ON€

has:

1
1Usso2(21) = Usyoa (22) | 11, S A1, 02) - Kp(X) - [la1 = o[, -

Proof. One has:

1Us,0, (1) — Ugy0,(22) | x 01,, = 1F,2 (02) — £, (02) | 1x 0,
S ||F6'*1$1 - F0*1:s2 ||}—2(62)
< A(elﬂ 92) : ||F0*1301 - F;1x2‘|-7:2(91)

1
S A(@l, 92) . Kp(X) ' Hxl - mQH[)/(I,)Zg]gl’

where the first step is by the definition of Uy, y,, the second step is due to Fact 4.3.14, the

third step is due to Lemma 4.3.16, and the last step is due to Lemma 4.4.3. [

The below theorem summarizes the above discussion.
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Theorem 49. Let X = (C% || - ||x) be a complex normed space such that K,(X) < oo
for some 2 < p < oo and for some 0 < r < R, one has: TB@S C Bx C Rng. Fix
0 < 8,7 < 1/2. Then there exist two spaces Y = (C4,|| - |ly) and Z = (C4,|| - ||z) and a
bijection ¢: Sy — Sy such that:

e One has: 1°By C Bx C R°By;

e One has: r”ng C B; C RVBeg;

e foreveryy €S has: — < Ep(X) | o l|P.

1, Y2 y, one has: |lo(y1) — p(y2)llz < N 1 — wa2lly"
B

e forevery z1,zy € Sz, one has: |0 (z1) — o H22)|ly S % |z — 22||lz/p.

Proof. WesetY and Z to be [ X, (4] 5 and [ X, £3], ., respectively. Finally, set p to be Ug 1.

Then, the first two inequalities follow from Corollary 4.3.7. The third inequality follows

from Lemma 4.4.4 combined with the estimate A(5,7) < ﬁ The fourth inequality is
gl

shown similar to the third taking into account that p~! = U;_, 4. U

Now let us turn to the case when X is not necessarily p-convex.

Theorem 50 (Theorem 47, restated). Let X = (C%, || - ||x) be a complex normed space
such that for some 0 <r < R, one has: 7By © Bx C RBy. Fix( < a, B, < 1/2. Then
there exist two spaces Y = (C% || - |ly) and Z = (C%, || - || 2) and a bijection ¢: Sy — Sy
such that:

e One has: r** P02 B, C By C R A2 p,

e One has: 7“7(1_20‘)3@% C B; C R7(1_2O‘)Bzg;

« .
Y

e for every y,,ys € Sy, one has: ”90(91) - Sp(yz)HZ S ﬁ : Hyl — Yol

o forevery 21,z € Sz, one has: ||~ (z1) — o (22)|ly < ﬁ |21 — 22)|%
Proof. Denote A = [X,(4]5,. By Lemma 4.3.12, one has Ki/a(A) < 1. Let us now
apply Theorem 49 to A, which yields two spaces Y = [A, (d]s and Z = [A, (d],. By
Fact 4.3.5, one has: Y = [X, £4]0+5(1-20) and Z = [X, {4]2a+(1—+)(1—24), Which together
with Corollary 4.3.7 yields the first two items. The third and fourth items follow from
Theorem 49 applied to A. [
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4.5 Computing approximate Holder homeomorphisms

4.5.1 High-level overview

The goal of this section is to give polynomial time algorithms for computing various
aspects of complex interpolation which completes the description of the approximate Holder
homeomorphism from Section ??. The data structures for ANN over a real normed space
X = (R, || - ||x) will compute this map, so we will assume oracle access to computing
Il - || x- In particular, we will provide algorithms for the two tasks specified towards the end
of Subsection ??. We will consider a complex normed space W = (C?, || - || ) and the

Hilbert space H = (Eg)c, 1.e., the complexification of ¢4, and assume
Bw C By Cd- By, “4.17)

(note that we may compute ||z||;; since it is isometrically isomorphic to /3¢ by separating
the real and imaginary parts of each coordinate; see Subsection 4.3).

At a high level, our algorithm will express the algorithmic tasks from Subsection ?? as
the optimums of convex programs, which we then solve using various tools from convex
optimization. We first set up some notation. For a convex set X C R™, and a real number
d>0welet B(K,§) ={y € R" : 2 € Kand ||z — y|2 < d}, and we abuse notation
slightly by letting B(y,d) = B({y},d) fory € R™. Then, we let B(K, —J) = {y € R™:
B(y,§) C K}. We will frequently interpret convex sets K C C™ as convex sets of R?™, by

separating the real and imaginary parts of the vectors in C™.

Definition 38 (Membership Oracle (MEM(K)) [94]). For a convex set K C R™, given
a vector y € R™ and a real number § > 0, with probability 1 — 0, either assert that
y € B(K,0) orasserty ¢ B(K,—9J).

The goal of this section is to solve the following algorithmic task, which we denote
ApproxRep(z, 8, ¢; W), where we will assume access to MEM(Byy ), thus, we will mea-
sure the complexity of the algorithm for ApproxRep(x, d,c; W) in the number of calls to

MEM(By ), as well as the error parameter 0 > 0 in these calls. In Subsection 4.5.5, we show
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how the subsequent algorithms are used in our applications to ANN.

Definition 39 (Algorithmic Task ApproxRep(z,0,c;W)). For a complex normed space
W = (T2 - |w) sarisfying
BW C By Cd- Bw,

we want to solve the following algorithmic task. Given access to MEM(Byy ), a parameter 6 €
(0,1), a vector x € C4, and an approximation parameter £ > 0, output the representation
of a function f: & — C? € F (where F is defined with respect to the couple (W, H)?)

such that:

o [[£(0) — zllw,m, < ellxllpw,m, and

o [IfllF = max{sup,cg £ (it) [ w, supser [[f (1 + it)[|a} < (1 + 1) l|l2llw,a,-
The representation of the function should also have the property that we may compute a
(1 & )-multiplicative approximation to || f|| 7 in poly(d/e) time, and for any ' € (0,1) we
may compute f(0') € C% in poly(d/e) time.

In the following section, we will assume that ¢ is a small enough parameter, which will

later be set to ﬁy(@' Before proceeding to present an algorithm for ApproxRep(z, 6, ¢; W),
we give the following simple consequence of being able to solve ApproxRep(x, 0, &; W),

which solves the first algorithmic task from Subsection ??.

Corollary 4.5.1. For any x € C% 6 € (0,1) and ¢ > 0, we may obtain a (1 £ £)*-

multiplicative approximation to ||x||jw,m), from a call to ApproxRep(x,6,e; W).

Proof. Given f € F as an output of ApproxRep(z, 0, ; W), we note that

17 = 1F O wme = Nzl = 17O) = 2llw.mny = (1 =)l

where we first used the definition of interpolation, and then we utilized the triangle inequality,
as well as the fact that f(#) is close to x. The upper bound follows by definition of
ApproxRep(z, 0, e; W). Finally, we note that we may compute a (1 & €)-approximation to

|| f|| 7 in poly(d/e) time. o

Zgee Subsection 4.3 for a formal definition of F
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For simplicity, when working with a couple (W, H), where W = (C4,]| - |lw) is a
complex normed space and H = (¢4)® is a Hilbert space satisfying (4.17) we denote Wy =

(C% | - |lo) as the complex normed space given by Wy = [W, Hlgand || - ||o = || - [[w.m1),-

4.5.2 Discretization of F

We will now give the discretization of F we optimize over. Specifically, we show a
quantitative version of Lemma 4.2.2 from [31]. We will write the discretization of J, where
F is defined with respect to the complex normed spaces Wy = (C%, || - ||w,) and W; =
(€4, - |lw,). In our applications of this discretization to computing ApproxRep(z, 8, &; W),
we will set Wy, = W and W, = H. Assume that W, and W are both close to the Hilbert

space H = ((2)%, i.e., every x € C? satisfies
[2lwo < llzlle < dllzlw, — and flzllw, < lzllx < dfjz]lw;. (4.18)

Recall from Subsection 4.3, the space F, defined with respect to W, and W/, is a space
over bounded continuous functions f: & — C¢ which are holomorphic in &. We will

consider a z € €% such that ||z |, wy), = 1.

Let us first introduce some notation. For f € F and 7 € R, we denote:

Br(f.7) < max{|| f(i)llwo. | (1 +i7)|lw,},  and (4.19)
Buoo(f.7) € muax, |1f (u+i7) ... (4.20)

In addition, for each f € F, we may view go: R — C% as go(7) = f(i7) and g,(7) =

f(1 + 7). Given these definitions, when the derivatives % and d91 exist, we denote:

dr
D) e[ 2200 }
loo

The following lemma is a quantitative version of the classical Fejér’s theorem [86].

dgy
g ATCo)

loo

Lemma 4.5.2. Let f: R — C to be a differentiable 2w L-periodic function. Consider its
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Fourier series:

f= Z ane”iz,

nez

where

a, = 1 / f(x)e_me dx.

Then the Césaro partial sums

fu(@)= > <1 — ]\/—H) ane' T

[n|<M

satisfy || far — flle, < efor0 < e < 0.1 with

1flles - 1117, - 22
M5 5 .

Proof. We can assume, by rescaling, that L. = 1. Then, one has:

fM:f*FM>

where

[ 1 sin% 2
M= M\ sin2

2

is the Fejér’s kernel. Thus, for every 6 > 0, one has:

™

@) = @) = |- [ ($e =) = 1) a0y
< o [[# =) £ Futr) de
= [a=0-s@|Fu@ dt+ o [ (5 =0 - f@)[Fa)
|t] <8 o<t|<m
< o7 e + W1

where the first step follows from ;- f Fy(t) dt = 1, the second step follows from F,(t) >
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0, and the fourth step follows from 5- ]’r Fy(t)dt =1, and Fp(t) < 5557 for 6 < [t < .

1/3
Substituting § ~ ( M','{ ]U,‘ﬁ ) / , we get

me2 \ /3
uto) - sl (M)

which implies the desired bound. 0

Claim 4.5.3. For every x € C% with |||/, w.), = 1 and every ¢ > 0, there exists f, € F

such that:

o f.(0) ==,
o forevery T € R, B(fs,7) <1+ cand Byo(f,,7) S d;

Proof. By definition of ||z w,,w,], from (4.11), let f, € F be the function with f,(0) = «
and || fz|| 7 < ||#]|wo, w1, + € < 1+ €. In addition, since || f, || 7 = sup,cg Br(fz,T), we
obtain that Bx(f,,7) < 1 + . Finally, we note that f, is holomorphic on &, continuous on

G, and bounded, so by the Hadamard three-lines theorem, Beo(f5, 7) < supye(o,1) [|.f (u +
TER

i)l < sup, e max{|| fo (1), | (1 + 7)1} < d. 0

Claim 4.5.4. For every x € C? with |||/, w), = 1 and every ¢ > 0, there exists f{*) € F

such that:

d ||f;£2)(9) — x|, Se and

o foreveryT € R, Br(f?,7) <1+ ¢, Boo(f?,7) <d, and Do (fP, 7) < d2A0.0),

T ~ I

Proof. Let f, € F be from Claim 4.5.3 for the vector z € C? and . For o > 0 let

Y E fuz+ig) 4.21)

g~N(0,02)

We note the bounds on Bx(f{?), 7) and By, (f(?,7) are immediate from Jensen’s inequality
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and convexity of || - ||: C% — R=°. In order to bound | f(¥(8) — x||,.., we have

120 = £00 "2 | (12 = () diaa(2) 2 /86( E )fx(2+ig)—fx(2)> dpo(2)

06 g~N (0,02

= B [ (B tin) = £2) di()

- F /BG £u(2) (P(e, > —ig) — P(6, z)) dz,

g~N(0,02)

where we used the definition of j4(z) from Subsection 4.3 in the last line. Therefore,

g~N(0,02

26) = £l < (s00Bu(or)) B [ 1P0.2)~ P02 i) d:

<d E / P8, 2) — P(6, = — ig)| d=. 4.22)

g~N(0,02) JO&

Note that for § € (0,1), P(0,-) is symmetric around zero and unimodal, when g > 0, we
have P(0, z) > P(0,z —ig) whenIm(z) < § and P(0, z) < P(0, 2 —ig) when Im(z) > %.

So we have that when g > 0,

/a6 \P(6,2) — P(8, > — ig)|dz = / (P(6,2) — P(8, > — ig))d> — / (P(6,2) — P(8, > — ig))d>

2€06 2€06
Tm(z)<$ Im(2)>$§
- / PO, 2)dz — / P06, 2)dz — / P(0, 2)dz= + / P9, 2)dz
2€06 2€06 2€06 2€06
Im(2)<$ Im(2)<—-% Im(2)>$ Im(z)>—%
—9 / P8, 2)dz. (4.23)
2€06
[Im(z)|<§

The case when g < 0 is symmetric, thus, we may combine (4.22) and (4.23) to conclude

120 - L@ 54 B [ PO.2) S0 B gl SdA@G,0)0 <=
g~N(0,02) g~N(0,02)
2€06
[tm(z) < gl

when o S 57577, where we used the fact that P(0,z) < A(0,0) when z € 06 and 0 €
(0,1). Now let us upper bound D, (¥, 7). Denote p,(t) the p.d.f. of N(0, ¢?). In addition,

if we let go, g1, 95, g1+ R — C have g;(7) = f.(j +i7) and ¢\” () = f2(j + ir) for
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2 dg;”

j=0,1, we have g!* = gj * Py (7). Thus, we have ——(7)

J dr

o)

dr 7’

d
= |lg; *P;Hgoo S P

loo

S

d2A(0,0)

]

Claim 4.5.5. For every x € C? with |||/, wy), = 1 and every ¢ > 0, there exists f{>) € F

such that:

o [I£2(0) =zl S
€ 177—2)

57'2

o foreveryt € R, Br(f®, 7)< (1+¢)-e T and Boo(f®,7) <d-e @, and

e forevery T € R, one has: Doo(f), 7) <

Proof. We may consider f(?) € F from Claim 4.5.4 and set

fO(2) = 5 - fD(2).

All the desired properties are immediate to check.

2,
d2A(00) |~
13

er? _er?
T telr]-e .

]

Claim 4.5.6. For every x € C? with |||/, w,), = 1 and every ¢ > 0, there exists f{*) € F

such that:

o [I£59(0) = zlle S

o foreveryT € R, Br(fV,7) <1+ 0(e), Boo(fW, 7

T

and

o W is 2miL-periodic for

Proof. We take f{3) from Claim 4.5.5, and set:

4 d2-A(6,0)
) Sd Doo(fiV,7) S =757,

f9() =3 fO(z + 2miLlk).

keZ
All the desired properties are immediate to check.
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Denote for n € Z the n-th Fourier coefficient:

L
]_ inT
Ay = ﬁ / f:](:4) (Z'T)eiT dr € (Dd.

—nL

Claim 4.5.7. For every 0 < 0 <1, one has:

L
1 ~ n~ iT
onl /Lf£4><9+mewf’ dr = a,.

Proof. First, let us show that the left-hand side, which we denote by A(#), does not change
when 0 is varied in (0; 1). Consider the following contour on the complex plane for & > 1:
01 —im Lk to 6y +imw Lk to 5+ im Lk to 03 —im Lk to 1 —im Lk. On the one hand, the integral
of f()(2)e~T over it equals to zero. On the other hand, it is equal to & - (A(6;) — A(6y))
plus a term that is independent of k. Since k is arbitrary, we get A(6;) = A(fs). On the
other hand, for 0 < # < 1, we have A(f) = A(0) = A(1) = a,, since the function f*(z)
converges uniformly to the corresponding boundary value as the real part of z converges to

zero or to one. ]

Claim 4.5.8. One has:

o [lanlle., < min{1,e™ - [[f]e, < min{l,e™/"} - d.

e Ifwe denote ) € F by

then || f2)(2) — [V (2)llen < Efor

5 2 2
L &L A0)

g3

Proof. The bound ||a,|le. < [P, < dis trivial. To show that ||a,|l,. < e /% -
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| £D]|,... we just use Claim 4.5.7 with § = 1:

_ n(l+4ir) in

7L L
1 1 inr
7 oL /L fOQ )5 dr = e /L fOQ+ir)eE dr

9 (z) converges to f*)(2) uniformly in /., for Rez = 0 by Lemma 4.5.2. But due to
Claim 4.5.7, it is also the case for Rez = 1. We get the required bound on M from the
conclusions of Lemma 4.5.2 and Claim 4.5.6. For 0 < Rez < 1, we simply use the
Hadamard three-line theorem. ]

Lemma 4.5.9. For every & € C* with ||z||w,w,), = 1 and every ¢ > 0, there exists a

lo

function f, € F with

~ 2
Rl =B 3 e,

9€Qum
where Qp = {2 : |s| < ML} and v, € C° for all ¢ € Q. satisfying:
o L < M =poly(d/e);
o ||vyllp S min{l,e 7} - M;
o |fullF <1+ =l

o [1£:(0) = o < &

Proof. We take f{”)(z) from Claim 4.5.8 with & < poly(e, 1). This implies that || f{* —
€ : .z 2
D)7 < o and || £ (0) — z||jwy,mi), < 5. Finally, setting f,(2) = e™ - f)(2), and a

similar argument to that of Claim 4.5.5, the required properties hold. [

4.5.3 Convex program for ApproxRep(z, 0, e; W)

In this subsection, we present a convex program for solving ApproxRep(z, 0, ;W) and ar-

gue that a good enough solution to this program can be a valid response for ApproxRep(z, 8, ; W).

Given any vector x € C?, we may compute the vector y € C? with y = —2—. We

[l &

note that since |||y < ||z]ls < d||z||g from (4.17), we have 1 < ||y||s < d, and recall

that d = poly(d). Thus, we may assume that calls to ApproxRep(z, 0, £; W) always have
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r € C? satisfying
|l =1 and 1< ||lz]ls < d. (4.24)

Given z € C? satisfying (4.24), we will define a convex program Rep(z, #, ¢; W) which
takes a parameter ¢ > 0 and has size poly(d/e) whose optimum will give a valid response
for ApproxRep(z, 6, 10e; W). Recall the parameter M = poly(d, L, A(6,6)), as well as the
definition of the set 3); C R from Lemma 4.5.9, and let N < M?4d for a large enough

constant.’ For j € {0, 1}, consider the subset:
D%)(izef{j+§$€86:sez,|s| gMN}.
Let the sequence of vectors V = (v, € C?: ¢ € Q) define a map fy, € F given by:

fr(2) Eei 3 v, (4.25)

q€Qm

The convex program Rep(z, 6, ¢; W) is given by:

minVE(@d)hQ]w | (6%
a€cR20

s.t . VzeDO|Ifr)w <a+e
Rep(z,0,5; W) = i, Vee DU )y <ate
iii. Vg€ Qu, ||lvgl|m max{e?, 1} < 2Md

iv. (@) —zlly <%

(4.26)

In the language of Grotschel, Lovasz and Schrijver [72], we will argue that solving the weak
optimization problem of Rep(z, 0, £; W) satisfies the requirements of ApproxRep(x, 0, 8s; W).

After that, we address the problem of computing Rep(z, 0, &; W).

Lemma 4.5.10. For x € C?and e > 0, and 0 € (0,1) with A(0,0) < poly(d), let

3see (4.9) for the definition of A(6;, 65), and note that A(6,6) = poly(d) for 6 € (poli(d), 1-— poll}/(d) ).

130



(V,a) € (CHIRM| x R be a feasible solution to Rep(x,0,c; W), where the optimum of

Rep(x, 8,e; W) is at least o«—5¢e. Then fy € F is a valid output of ApproxRep(z, 0, 8; W).

Before giving the proof of Lemma 4.5.10, we give some discussion as well as a sequence

of claims from which Lemma 4.5.10 will easily follow.

_x 4
llzll6”

at @ in F. In other words, f,(0) = a and || f,|| = 1. Applying Lemma 4.5.9, there exists

Consider the unit vector a = and let f, € F be an optimal representative for a

some f, € F such that:

~ 22
o fu(2) =M X ey, Vge?, and for all ¢ € Qar, vy € CF with [Jvy]| - max{e?, 1} <
M.

o |fullr <1+ 5 and||fa(6) — ally < 5.

Therefore, let the function fx € F be

fol2) € lz)loful2) (4.27)

which satisfies,

= x € €
1£2(0) — @l < llzllo - 1fa(0) = allm < lzllo - 5 =< 5 (4.28)
In addition, we have:
z ~ €
1£2(0) = 2llo < d[[fo(6) = @llzr < 5 - llllo (4.29)
llz]|o]|vg]| - max{e?, 1} < Md for all ¢ € Qy, (4.30)
= ~ €
1l < ello Il < (14 5) lelle: @3

We note that the above facts imply that if (V, o) € (C4)I®v x R, where V = (v, : ¢ € Q)
and the vectors v, define f, € F according to (4.25), and o = || f, |, then (V, ) is a

feasible solution for Rep(z, 0, &; W).

“algorithmically, we do not have access to this vector
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Claim 4.5.11. Suppose V. = (v, : q¢ € Qu),a € R? defines a feasible solution for

Rep(z,0,e; W), and suppose z = j + it € OS with |t| > M, then || fy(2)||g < 5.

Proof. We simply follow the computations, using the third constraint of (4.26):

2_.2

v (@)l = = ( Z ||Uq||H-eqj)

a€ERM
7'2—1 1
<e" < 2Md) < —
< e (Qu] - 2Md) < o,
when 7 > M > \/M log(d) log(M ), since d = poly(d). O

Corollary 4.5.12. Let V = (v, : ¢ € Qu), @ € R be a feasible solution for Rep(z, 8, c; W).

We have that:

ufvuf:max{ sup [ fy (i), sup va<1+muH}.

ITI<M IrI<M

Proof. From the fourth constraint of (4.26), ||f1/(0) — z|le < d|fv(0) — z||g < 2e.
Therefore, we have || fv|z > [[fv(0)|ls > ||z]lp — 2¢ > 1 — 2 > 3 for small enough
£ < i. Since by Claim 4.5.11, any |7| > M satisfies || fy (¢7)||lw < d||fv(i7)||x < % and

| fv(1+47)||n < 5, we must have

ufvuf—max{ sup | (ir)lws sup va(1+i7)||H}-
|TI<M |T|<M

Let us write fi-: & — C%as fy = (g1(2), ..., 94(2)), where g,: & — C is given by

the k-th coordinate of fi-. Then, taking derivatives, all k£ € [d] satisfy

G =S (et (a4 5.

q€Qm
Thus, when (V, o) is feasible in Rep(x, 0, £; W), the third constraint of (4.26) implies that
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for each z = j + i1 € 06 with |7| < M and every k € [d],

2
g1(2)] < e e MST [(vg)k - €9(q + 2)
9€Q M

<elQul|-2Md - (M +2) < M*d. (4.32)

Claim 4.5.13. For large enough N < @ = poly(d/e), we have that any (V, «) which is
feasible for Rep(x, 0, e; W) satisfies

2eD{Y zeD{y

[fvllF < maX{ sup |fv(2)llw, sup ||fv(2)||H} +e

Proof. By definition of ]D%), any z € 06 with|Im(z)| < M and Re(z) = j, there exists

some z' € DY with |z— 2’| < +. This implies that every k € [d] satisfies |gx(2) — gr(2')| S

|2 — 2'| - M*d = 24 by (4.32). Thus,

d 2
1 (=) = Fr (Dl < Do loul=) - eI < 35,
k=1

for a large enough setting of N. Therefore, we have || fy(z) — fv(2')||z < §, and that

Il fv(z) — fv(Z)|lw < e, which completes the proof. O

Claim 4.5.14. We have that
|z||o < Rep(z,8,e; W) + 3e.

Proof. Every vector (V, ) which is feasible in Rep(x, 0, e; W) defines a function fy € F
by (4.25), which by Claim 4.5.13, satisfies

Ifvllz < maX{ sup |.fy (2)llw, sup va(Z)IIH} te

2eDY 2D

Therefore, for all (V, «) which are feasible for Rep(z, 6, ¢; W), we have:

lzllo < [ fv@)llo + || (@) —xllo < || fu|lr +e < a+3e,
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which implies ||z||g < Rep(z, 0, ;W) + 3e. O

Proof of Lemma 4.5.10. First, consider the solution (V, o) whose values of (v, : ¢ € Q)
define the function f, according to (4.25), and a = || f,|| . Then, (V, @) lies in the feasible
set of Rep(x, 6, e;W). In particular, (4.28) shows that v, satisfies the last constraint of
(4.26). In addition, since ||z||s < d, the third constraint of (4.26) is also satisfied. Therefore,

we have that the optimal solution of Rep(z, 0, £; W) satisfies:

. €
Rep(,0,5 W) < | fll < (1+ 5 ) Il
If, in addition, (V, ) has & < Rep(x, 0, e; W) + 5e, then by Claim 4.5.14 and |||/ > 1,

9
(1=8o)llallo < a < (1+ 5 +¢) lll

which is a valid output of ApproxRep(z, 0, 8=; W). N

4.5.4 Computing ApproxRep(z,0,c; W) with MEM( By )

In this section, we show how to compute an approximate optimum of Rep(z,0,c; X)
described in (4.26). In particular, we will compute some value (V,«) which satisfies
the conditions of Lemma 4.5.10. In other words, the solution (V,«) is feasible for
Rep(z,0,e; W), and the optimal value of Rep(x,0,s; W) is at least &« — 5e. If the al-
gorithm runs in poly(d/e) time, by Lemma 4.5.10, this would give us the required algorithm
for ApproxRep(z, 0, 8¢; X).

Let P C (C%)I®u] x R=0 be the set:

V2 eDY  |fe)lw<ats
i.V2eDY [fr()lln <a+
P = ((vymax{e’, 1} : ¢ € Qu), ) € (C) ¥ x R=": i, Vg € Qur vl max{es, 1} < 24

iv. [ fv(0) — x||n < 35
V. S gcny Vgl max{e®?, 1} + o
(4.33)

134



where R = poly(d/e) is a large enough parameter. In addition, we view the set P C
(Ch)IRu| x R as a subset of (R??)Rm| x R by separating the real and imaginary parts of

the vectors v, for ¢ € Q.

4.5.4.1 Properties of the set P

The following are a couple of useful facts showing that the convex set P is nice. In particular,
we will have that P is convex and inscribed within a Euclidean ball of polynomial radius.
Any solution close to P (by an inverse polynomial amount), gives a feasible solution to
Rep(z, 6, ¢; W). The approximate representative to x, given by f» in (4.27) lies well within
P (by an inverse polynomial amount). Finally, there exists an explicit solution well within

P (by an inverse polynomial amount).

For the remainder of the section, we let 6 = poly (5, é) be the parameter:

Fact 4.5.15. The set P is convex and is contained in a Euclidean ball of radius R.

Lemma 4.5.16. Let (U, ) € B(P,6) where U = (u, : ¢ € Qur), and let V = (v, : q €

Qur) where vy, = Then, (V, «) is a feasible solution to Rep(z, 0, e; W).

Uq
max{ed,1}"

Proof. Consider (U,a) € B(P,6) and let (U,a) € P with ||(U,«) — (U, &)z < 6. We

denote U = (1, : ¢ € Q) and V = (v, : ¢ € Q) where 7, = Therefore, we

Uq
max{ed,1}"

have

Y lug = tgll7r + la — af* < 6%
q€QMm

We will check that assuming constraints (i-iv) in (4.33), we can satisfy constraints (i-iv) in
(4.26) for the point (V, ). All the subsequent checks proceed in the same fashion: we first
use the triangle inequality to argue about (U , &) and use (4.17) and the constraints (i-iv) in

(4.33) of ((7, @) to deduce (V, a) is feasible for Rep(z, 8, ¢; ).
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iv. We simply follow the computations:

3¢ 2 —
1w (0) = @l < 1f50) = 2l + /v (0) = fo @)l < 55 + MN e |vg — Tgllu
q€Qm
3 2 e? _ 3e _
< AN lug — gl < S e Y (lug = Ugllu
2d e Tor max{ed, 1} 2d e
3e 2¢e
< — §< =.
=54 + e|Qu|d < d
iii. For g € Q,, we have:
. N . _ 3M -d
[[vg|lr max{e?, 1} < [[vg ||z max{e?, 1} + |lug — tyl[n < +0<2M-d.

1. Forz=1+1it € ]D)S\P, we have:

vl < f5Ele +1/v(z) = fHE) I <a+ % Tt Y g - vl
9€Q M

€
§@+§+€‘QM‘5§O¢+€.
1. In addition, for z = 17 € D(l), we similarly have,

1@l < 1o Glw + ()~ foG)ln ot +d-cF 3 [ — vl
9€Q M

§a+g+dQMw§a+a

This completes the proof. 0

Lemma 4.5.17. We have B((U, «),0) C P, where (U, ) is given by U = (v, max{e?, 1} :
q € Qus) where the vectors v, € C¢ define f, in (4.27) according to (4.25), and o = || f.|| 7.
In other words, (U, a) € B(P, —9).

Proof. Consider the point (V, «) where the vectors v, define the function f. € F from
(4.27) and o = || f,|| 7. Let U = (u, : ¢ € Qys) where u, = v, max{e?, 1}. We claim that
B((U,«),d) C P. In particular, consider any (U’, o) with U" = (u;, : ¢ € Q) where
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||(U/a0/) - <U7 a)|’2 < 5’ Le.,

Yo g —uglly + o’ — af* < 62
q€EQMm

With arguments very similar to those in the proof of Lemma 4.5.16 above, we may check

that constraints (i-iv) of (4.33) have (U’, o) € P since v, satisfy (4.29) and (4.30)°. It

remains to check that constraint (v) is satisfied. Letting v; = max?"q 7
ed,1}

Yo vl max{e®, 1} + o < Y7 (luglla + llug — ugllm)® + (o + | — al)?
q€QMm q€Q s

<2 ( > lluq||%1+a2) +2 ( >y —ugl|f + o — af?

9€Qnm q€EQm

= ( 2 llvllfy max{e®, 1} +a2) +26°

9€Qnm

<2 (|Qu|M?d* + d%) + 20 < R.

Therefore, we may conclude that (U’,a’) € P, which implies that B((U,a),0) C
P. [

Corollary 4.5.18. We have that miny,q)ep(p,—s) @ < || fa || -

In addition, using the very similar arguments as in the proof of Lemma 4.5.16, one may

deduce the following lemma.

Lemma 4.5.19. Let (U, ) be the vector given by:

x-e /M q=20
Ug = and o =d.
0 otherwise

Then, B((U,«),6) C P.

SNote that v, here corresponds to v, ||z ||¢ in (4.29) and (4.30), since in (4.29) and (4.30), v, are the vectors
which define f,, and f, = ||z|/o fa-
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4.5.4.2 Optimizing over P

In this subsection, we show how to optimize over the convex set P defined in (4.33) using

the tools from [94].

Definition 40 (Optimization Oracle (0PT(K)) [94]). For a convex set K C R™, given a
unit vector ¢ € R™ and a real number 6 > 0, with probability 1 — 6, the oracle either finds
a vectory € R™ such thaty € B(K,0) and c"x < cTy + § for all B(K, —0), or asserts
B(K, —9) is empty.

The next lemma, combined with Lemma 4.5.10 shows that in order to solve ApproxRep(z, 6, ¢; W),

it suffices to give an optimization oracle for P, OPT(P).

Lemma 4.5.20. Let (U, «) be the response to a call to OPT(P) with vector ¢ = (0,...,0,—1)

and § = 55—, and let V = (vq : q € Qur) be given by v, = $ Then, (V,«) is a

feasible solution for Rep(z, 0, c; W) and the optimum of Rep(x, 0, ;W) is at least o — 5e.

Proof. Note from Lemma 4.5.17 that B(P, —J) is non-empty, so that OPT(P) always
returns a vector (U, ) € (R??)I®u| x R such that (U, a) € B(P,d) and o/ > o — § for all
(U',a/) € B(P,—J). We note that by Lemma 4.5.16, (V, q) is feasible for Rep(z, 6, ¢; ).

Additionally, let (U’, o) where U’" = (v max{e?, 1} : ¢ € Q) where the vectors v},
define f, from (4.27) according to (4.25), and o/ = || f,|| . By Lemma 4.5.17, (U', /) €
B(P,—4), which implies o — § < o = || fu||7, and by @.30D), || fullx < (1 + 5)[|zls -
Finally, using Claim 4.5.14, and the fact that Rep(z, 0, ¢; W) < 2d,

2
a < Rep(z,0,e; W) + ?8 + 4e + 0 < Rep(z,0,e; W) + be,
which completes the proof. [

Given Lemma 4.5.20 and Lemma 4.5.10, in order to solve ApproxRep(z, 0, 8¢; W) it
suffices to give an algorithm which solves OPT(K’) with a unit vector ¢ and error § in time
poly(g, %) In order to do this, we will utilize the reduction from [94] which reduces the

optimization problem to the separation problem.
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Definition 41 (Separation Oracle (SEP(K)) [94]). For a convex set K C R™, given a
vector y € R™ and a real number 6 > 0, with probability 1 — 6, the oracle either asserts

y € B(K,0), or finds a unit vector ¢ € R™ such that c’x < cTy + § for all v € B(K, —0).

Theorem 51 (Theorem 15 from [94]). Let K C R™ be a convex set satisfying B(0,r) C
K C B(0,1), and let k = %. For any 6 € (0,1), with probability 1 — 4, one can compute
OPT(K) with a unit vector c and parameter § with O(mlog(™")) calls to SEP(K) with

error parameter 6’ = poly(m, 6, %) and poly(m,log(%)) additional time.

b
Given Theorem 51, we give an algorithm which solves OPT(P) using calls to SEP(P).

Lemma 4.5.21. There exists an algorithm for OPT(P) with a unit vector ¢ and error param-
eter ) making poly (g, log (%)) calls to SEP(P) with error parameter ' = poly (g, 5) and
poly (g, log (%)) additional time.

Proof. Recall that by Lemma 4.5.19, there exists a vector (U, ) € B(P,—J), which
we may compute algorithmically. This implies that the set P’ = {(U,«) — (Up, ap) :
(U,a) € P}, has B(0,0) C P C B(0,2R). This in turn, implies that the set P, =
{35(U,a): (U,a) € P'} has B(0, 25) C P, C B(0,1). Suppose (U, @) is the output of
OPT(F,) with a unit vector ¢ and error parameter %%. In addition, one may easily verify that
2R(U, &) + (Uy, ap) is a valid output for OPT(P) with unit vector ¢ and error parameter ¢.

Given Theorem 51, and the fact that R = poly(d/e), it suffices to show that one may
implement SEP(F,) with SEP(P). Consider a call to SEP(F) with some point (U, «) and
error parameter &' > 0. Let (U, &) = 2R(U, a) + (Uy, ). Then if (U, a) € B(P,2R¢),
then (U, a) € B(P,,d"). If ¢ is a unit vector where T - (U’, o) < ¢7 - (U, &) + 2R’ for all
(U',a/) € B(P,—2R{'), then, the vector ¢ is a valid output of SEP(F). O

Thus, given Lemma 4.5.21, it suffices to design an algorithm for SEP(P) which runs in

poly ( g, 5) time with error parameter .

Lemma 4.5.22. There exists an oracle for SEP(P) with error parameter § which makes

poly (g) calls to an oracle SEP(Byy) with error parameter §' = poly (g, %) and takes

poly (g) additional time.
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Proof. Consider some (U, o) € (R??)I®u| x R with U = (u, : ¢ € Q) which is an input

to SEP(P) with error parameter §. Let V = (v, : ¢ € Q) have v, = —2 The

max{e?,1}"

algorithm proceeds as follows:

1. First, check whether constraint (v) in (4.33) is violated by computing ||(U, «)||3 in

poly (g) time since H = ¢34, If ||(U,a)||3 < R?, then continue. Otherwise, we

(U,a)
[(Ua)ll2”

output the vector ¢ = which is a valid output of SEP(P).

2. Second, we may think of Uy, as the 2d x |Q/| matrix, whose columns are the vectors
v, € R, Thus, the constraints (ii-iv) may be written as ||Uyy||z < ) for some
RS RI®RuI which is a column vector. If none of the constraints (ii—iv) are violated,
then we continue. If some constraint is violated, i.e., ||Uny||g > A, let b = Uy,
so that 4% > ), but any (U”,) € P with [|[Ufy]l# < A has T < A Thus,

we consider the vector ¢ = (4% € R* : g € Q) x (0) € (R*)I®u] x R, so that

[0l
™ (U,a) = % Thus is a valid output for SEP(P).

3. Finally, we consider constraint (i), which may be written as ||Uy;||w < A for some
A € R with A € (5,2R). For each constraint of type (i), we query the oracle

SEP(Byy) on the vector y = %ﬂ;’d)

with error parameter ¢’ (which we specify
later). If SEP(By) asserts y € B(Byy, '), then ||Uny|lw < A. So if all oracle calls
to SEP(Byy) assert y € B(Byw, '), then since constraints (ii—v) are satisfied as well,
we have (U, «) € P, so we may assert (U, «) € B(P, ).

Otherwise, suppose ||Uay|lw > A. Then, we have

< Ul < 3 allluglla < [yl - M - d.

A
d q€R

In this case, SEP(Byy) outputs a unit vector b € R?? where b7y < bTy + ¢ for all

J € B(By,—¢"). So suppose (U,d) € P and in particular, |Uy7|lw < A. Then,

M, we have § € B(By,, —¢'). Therefore,

letting y =
bTUMy < DTUpry + 0N+ 8d||bl|o|Unry || < bTUpy + 26'Md.

Similarly to step 2 above, we consider the vector ¢ = (7,0 : ¢ € Qu) % (0) €
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(R2d)|@ul » R which satisfies 67Uy = cT(U, a) for all (U, «). Recall that since b

is a unit vector in R??, we have ||c[ls = ||7]]2 > 3 ol y which in turn,

dlQum| = 4dd?M|Qum |
implies that:

o~ c’ 8dNd® M| Q|
— (U,a) < (U,a)+ —————-§' < (U, a) + 0,
i U< (G : T
de
heny = ——M—.
WO = AR M| Q|

]

Finally, we will use a reduction from [94], which asserts that one may implement

SEP(Byy) with MEM(Byy).

Theorem 52 (Theorem 14 from [94]). Let K C R™ be a convex body satisfying B(0,r) C

K C B(0,1), and let k = % For any 0 € (0, 1), with probability 1 — ¢, one can compute

SEP(K) with error parameter 6 with O (m log (%)) calls to MEM(K') with error parameter
11

6" = poly(0, =, =) and poly(m,log(%)) time.

PKYm

Lemma 4.5.23. There exists an algorithm for SEP(Byy) with parameter 6 which makes

poly (g, log (%)) calls to MEM( By, ) with parameter &' = poly (4, 5).

Proof. We simply use Theorem 14 from [94], where we note that By, C By C dByy, which
implies that B(0, 1) C By C B(0,1). O

4.5.5 Summary and instantiation for applications

From the discussion above, we may conclude the following theorem, whose proof simply
follows by combining the reductions given in Lemma 4.5.10, Lemma 4.5.20, Lemma 4.5.21,

Lemma 4.5.22, and Lemma 4.5.23.

Theorem 53. There exists an algorithm which solves ApproxRep(x, 0, ;W) with prob-
ability at least 1 — poly(e, é) making poly(d, %) calls to MEM(W) and using poly(d, %)

additional time.
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In order to see how the above algorithm will be applied, recall from our discussion in
Subsection 4.3, that in designing algorithms for ANN over X, we will assume oracle access
to the real normed space X = (R%, || - || x).

Lemma 4.5.24. Let ¢ < & and assume access to computing || - || x, where X = (R%, || - || x)

is a real normed space with

B)(CBQCCI'B)(,

for d = poly(d). Given a vector x € C? with ||z||xc, one can compute a multiplicative

(1 + 4e)-approximation to ||z || xc in time poly(d/e).

Proof. Letx = u + iv € C?. We note that we may compute ||z||z for H = (¢4)%, so

_Z
(1%

that the vector y = satisfies 1 < |ly|]|xc < d. Thus, we may assume without loss of
generality that 1 < ||z||xe < d. For a parameter P > 0 (which we set briefly to poly(d/e),
consider the set:

k
D;C):{P:ogk§2wp}.

Then, we note that by differentiation, we have that for all ¢ € [0, 27|, if we let = ]DEDC) be

2R
I3 9

the smallest element greater than ¢, when P =
|ucos g+ vsind|lx —e < |lucosd +vsin || x < ||ucosd + vsin@||x + ¢.

The value {xc(x) = > gep© |lucos ¢ + vsin ¢||% may be computed in poly(¢, R)
P

1
C
D |
time with access to || - || x, and we have:

2m
(1 —2e)lxe(x) < 1/ |lucos ¢ + vsin d||3do < (1 + 2e)lxe(z) + 2.
7 Jo

Therefore, we have (1 — 2¢)lxc(x) < ||z]| xe and ||z|| xe < (14 2e)lxe(z) +€||z]| xe, sO

Given Lemma 4.5.24, we may now design a membership oracle for Byc.
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Lemma 4.5.25. Assume oracle access to a real normed space X = (R, || - || x) with
Bx C B, Cd- By.

Let Bxc C R?? be the convex set given by the unit ball Byc C C%. There exists an

membership oracle MEM(Bxc ) running in time poly(d, %)

Proof. Given a vector y € R??, first compute ||y||s, and if [Jy|ls > 1, assert that y ¢
B(Bxe,—6) since y ¢ By and Bxe C B,. We interpret the vector y € C? and compute

(xc(y) € R20 satisfying

4]

llxe < txel) < (14 5200 ol e
1yl

Note that since [|y||» < 1, the computing {xc (y) takes poly(d, 5) time by Lemma 4.5.24. If

(xc(y) < 1, then by (4.34), ||y||xc < 1,1i.e, y € Bxc. This means we may safely assert

that y € B(X®,4). On the other hand, if xc(y) > 1, then by (4.34), ||ly||xc > —5—.

o
y+ oi-llxe = (14 75 lyllxe > 1, which implies that B(y, §) ¢ Bxe, ie.,

Therefore,

we may safely assert y ¢ B(Bxc, —0). O

Looking ahead to Section ?? and Section ??, as well as the discussion from Section ??,
starting from oracle access to the normed space X = (R%, || - ||x), we will consider the
normed spaces

A=[X" H], and Y = [A, H]s,

for some values of o, 3 € (0,1) with 3 < o, 3 < 1 — % (which implies A(c, &) and A(j3, §)
are at most poly(d)). During the course of the algorithms in Section ?? and Section ??, we
will need to compute ApproxRep(z, 3, €; A), which is needed for computing norms ||z||y
as well as approximate representatives in F defined by the couple [A, H]y in the definition
of Section ??.

From Theorem 53, we consider the setting with W' = A, so it suffices to construct an
oracle MEM(B ) which runs in poly(d, ;) time. Note that we do not have oracle access to

|| - |4 (which would give MEM(B,)). However, by Corollary 4.5.1, we may design MEM(B,)
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running in poly(d, §) time by solving ApproxRep(z, a, §; X ) again. Thus, we construct
MEM(B.) by using Theorem 53, this time with W = X, to solve ApproxRep(z, i, §; X©)
using poly(d, 5) time and oracle calls to MEM(X®). Finally, Lemma 4.5.25 shows how
to solve MEM(X®) in poly(d, ;) time from oracle access to || - || x. We thus conclude the

discussion below into the following corollary.

Corollary 4.5.26. Assume oracle access to a real normed space X = (R%, || - || x) with
Bx C By Cd- By,
where d = poly(d). Then, letting H = ({4)%,
A=[X® H and Y =[A H],

there exists a poly(d/c) time algorithm which for each x € C, computes a (1 * €)-

approximation to ||z||y with probability at least 1 — «.
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Part 11

Property Testing of Boolean Functions
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Chapter 5

A Lower Bound for Non-Adaptive Junta Testing

The main result of this chapter is the following theorem:

Theorem 54 (Lower Bound for Testing k-Juntas Non-adaptively [55]). Let a € (0.5,1) be
an absolute constant. Let k = k(n): N — Nand e = £(n): N — R be two functions that
satisfy k(n) < anand 27" < e(n) < 1/6 for all sufficiently large n. Then any non-adaptive

e-tester for k-juntas must make Q(k:3/ 2 /e) many queries.!

Together with the O(k%/2) /e non-adaptive upper bound from [32], Theorem 54 settles

the query complexity of non-adaptive junta testing up to poly-logarithmic factors.

5.1 High-level overview of our approach

Below we provide a high level overview of the proof of the lower bound given by Theorem 54.
First, it is not difficult to show that Theorem 54 is a consequence of the following more

specific lower bound for the case where k = an:?

Theorem 55. Let o« € (0.5,1) be an absolute constant. Let k = k(n): N — N and
e = £(n): N — Ry be two functions that satisfy k(n) = an and 2=?*=Y"/2 < ¢(n) < 1/6
for sufficiently large n. Then any non-adaptive e-tester for k-juntas must make Q(n?’/ 2/e)

many queries.

We now provide a sketch of how Theorem 65 is proved. It may be convenient for the
reader, on the first reading, to consider o« = 3/4 and to think of ¢ as being a small constant

such as 0.01.

The precise lower bound is (m) .

2See Section 5.6 for the proof that Theorem 65 implies Theorem 54.
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Fix a sufficiently large n. Let K = an and € = (n) with ¢ satisfying the condition in

Theorem 65.

This lower bound proof consists of two components:

1. A reduction from a simple algorithmic task called Set-Size-Set-Queries (SSSQ for
short), which we discuss informally later in this subsection and we define formally in
Section 5.3. This reduction implies that the non-adaptive deterministic query

complexity of distinguishing Dy and D,, is at least as large as that of SSSQ.

2. A lower bound of Q(n?*/2/¢) for the query complexity of SSSQ.

Our yes-functions and no-functions have very similar structure to each other, but are
constructed with slightly different parameter settings. The first step in drawing a random
partition by choosing a uniform random subset M of ©(n) “addressing” variables from
x1,...,T,. Arandom subset A of the complementary variables M is also selected, and for
each assignment to the variables in M (let us denote such an assignment by ¢), there is an
independent random function h; over a randomly selected subset S; of the variables in A.
A random function from D, is constructed in the same way, except that now the random
subset A is chosen to be slightly larger than in the yes-case. This disparity in the size of A
between the two cases causes random functions from Dy, to almost always be k-juntas and
random functions from D, to almost always be far from k-juntas.

An intuitive explanation of why this construction is amenable to a lower bound for
non-adaptive algorithms is as follows. Intuitively, for an algorithm to determine that it
is interacting with (say) a random no-function rather than a random yes-function, it must
determine that the subset A is larger than it should be in the yes-case. Since the set M of
O(n) many “addressing” variables is selected randomly, if a non-adaptive algorithm uses
two query strings x, z’ that differ in more than a few coordinates, it is very likely that the
random set M will contain a variable where x and 2’ differ, and therefore, = and 2’ will
correspond to two different random functions h;, h;. Hence, every pair of query strings x, 2’
that correspond to the same h,; can differ only in a few coordinates with high probability.

This phenomenon significantly limits the power of a non-adaptive algorithm distinguishing
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Dyes and D,,, and allows us to reduce from the algorithmic task SSSQ at the price of only

a small quantitative cost in query complexity, see Section 5.4.

At a high level, the SSSQ task involves distinguishing whether or not a hidden set (cor-
responding to A) is “large.” An algorithm for this task can only access certain random bits,
whose biases are determined by the hidden set and whose exact distribution is inspired by the
exact definition of the random functions h; over the random subsets S;. The SSSQ problem
is much easier to work with compared to the original problem of distinguishing Dy and
Do In particular, we give a reduction from an even simpler algorithmic task called Set-Size-
Element-Queries (SSEQ for short) to SSSQ (see Section 5.5.1) and the query complexity
lower bound for SSSQ follows directly from the lower bound for SSEQ presented in
Section 5.5.2. We hope that the SSSQ problem and/or the SSEQ problem may find other

applications in lower bounds for query algorithms.

Let us give a high-level description of the SSEQ task to provide some intuition for
how we prove a query lower bound on it. Roughly speaking, in this task an oracle holds
an unknown and random subset A of [m] (here m = ©(n)) which is either “small” (size
roughly m/2) or “large” (size roughly m/2 + ©(y/n - logn)), and the task is to determine
whether A is small or large. The algorithm may repeatedly query the oracle by providing
it, at the j-th query, with an element ¢; € [m/|; if i; ¢ A then the oracle responds “0” with
probability 1, and if i; € A then the oracle responds “1” with probability ¢/1/n and “0”
otherwise. Intuitively, the only way for an algorithm to determine that the unknown set
A is (say) large, is to determine that the fraction of elements of [m] that belong to A is
1/2 + ©(logn/+/n) rather than 1/2; this in turn intuitively requires sampling 2(n/ log® n)
many random elements of [m| and for each one ascertaining with high confidence whether
or not it belongs to A. But the nature of the oracle access described above for SSEQ is
such that for any given i € [m], at least Q(y/n/c) many repeated queries to the oracle on
input ¢ are required in order to reach even a modest level of confidence as to whether or not
1 € A. As alluded to earlier, the formal argument establishing our lower bound on the query
complexity of SSEQ relies on an upper bound on the total variation distance between two

Binomial distributions.
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5.2 The Dy and D, distributions

Let o € (0.5,1) be an absolute constant. Let n be a sufficiently large integer, with k = an,

and let € be the distance parameter that satisfies
9~ (Za—ln/2 < ¢ < 1/6. (5.1)

In this section we describe a pair of probability distributions Dy, and D, supported over
Boolean functions f: {0,1}" — {0,1}. We then show that f < Dy is a k-junta with
probability 1 — o(1), and that f < D,, is e-far from being a k-junta with probability
1 —o(1).

We start with some parameters settings. Define

e of 1 def 1 logn
0 d:f 1— € 0, 0.5 5 d:f ) no — 3 )
a€(0,0.5), p p RN

2
def def def ~¢
m = 20n + dy/nlogn, t=n-—m= (2a—1)n—dy/nlogn, N = 2.

A function f < D, is drawn according to the following randomized procedure:

1. Sample a random subset M C [n] of size t. Let ' = I'yy : {0,1}" — [IV] be the
function that maps x € {0, 1}" to the integer encoded by x|y in binary plus one.
Note that [ M| =n — ¢t = m.

2. Sample an A C M by including each element of M in A independently with
probability p.

3. Sample independently a sequence of N random subsets S = (S;: i € [IV]) of A as
follows: for each i € [IV], each element of A is included in S; independently with
probability €/+/n. Next we sample a sequence of N functions H = (h;: i € [N]), by
letting h;: {0,1}" — {0, 1} be a random function over the coordinates in S;, i.e., we
sample an unbiased bit z;(b) for each string b € {0, 1}5¢ independently and set
hi(z) = zi(xs,).

4. Finally f = fypapm: {0,1}" — {0, 1} is defined using M, A and H as follows
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Figure 5.1: An example of how an input = € {0, 1}" is evaluated by f ~ Dy (or D,,). The
relevant variables of x are shaded gray. The output f(x) is computed in two steps. First,
the input x is indexed into one of N functions hy, ..., hy according to '\ (x) = rm + L
Second, letting i = I'pg(), the output f(x) is equal to h;(z), which depends on the values
of x|g, for a subset S; C A.

(note that we can skip S since the choice of S is included in the choice of H):
f(z) = hry@(x), foreachz € {0,1}".

In words, an input z is assigned the value f(x) as follows: according to the
coordinates of x in the set M (which intuitively should be thought of as unknown),
one of the V functions h; (each of which is, intuitively, a random function over an
unknown subset S; of coordinates) is selected and evaluated on z’s coordinates in S;.
For intuition, we note that both M and M will always be of size O(n), the size of A
will almost always be ©(n), and for a given ¢ € [N] the expected size of S; will
typically be ©(e+/n) (though the size of S; may not be as highly concentrated as the

other sets when ¢ is tiny).

A function f < D,, is generated using the same procedure except that A is a random
subset of M drawn by including each element of M in A independently with probability
Pno (instead of p). See Figure 5.1 for an example of how an input = € {0, 1}" is evaluated

by f ~ Dyes or Dy

5.2.1 Most functions drawn from Dy are k-juntas

We first prove that f <— Dy, is a k-junta with probability 1 — o(1).
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Lemma 5.2.1. A function f < Dy,, is a k-junta with probability 1 — o(1).

Proof. By the definition of Dy, all the relevant variables of f ~ D, belong to M U A.
Note that [M| = ¢. On the other hand, the expected size of A is on + d\/nlogn/2. By a

Chernoff bound, we have

1 1
|A| < dn+ 5\/520gn + 5\/ﬁ4ogn < on+dy/nlogn

with probability 1 — o(1). When this happens we have M U A| < an = k. O

5.2.2 Most functions drawn from D,,, are c-far from k-juntas

Next we prove that f < D,, is e-far from any k-junta with probability 1 — o(1). The details
of the argument are somewhat technical so we start by giving some high-level intuition,
which is relatively simple. Since p,, = p + log(n)/y/n, a typical outcome of A drawn from
D,, is slightly larger than a typical outcome drawn from Dy, and this difference causes
almost every outcome of |[M U A| in D,, (with M U A being the set of relevant variables
for f « D,,) to be larger than k by at least 9y/n. As a result, the relevant variables of any
k-junta must miss either (a) at least one variable from M, or (b) at least 9y/n variables from
A. Missing even a single variable from M causes the k-junta to be far from f (this is made
precise in Claim 5.2.4 below). On the other hand, missing 9+/n variables from A means that
with probability {)(¢), at least one variable is missing from a typical S; (recall that these are
random (g//n)-dense subsets of A). Because h; is a random function over the variables in
S;, missing even a single variable would lead to a constant fraction of error when h; is the

function determining the output of f.
Lemma 5.2.2. A function f < D,, is e-far from being a k-junta with probability 1 — o(1).

Proof. Fix any subset M C [n] of size ¢, and consider f = f, o iy Where A and H are
sampled according to the procedure for D,,. With probability 1 — o(1) over the choice of

A, we have

|
|A| > ppom — (5\/520gn > on +25y/nlogn and |MUA|>k+d§y/nlogn. (5.2)

152



Assume this is the case for the rest of the proof and fix any such set A C M. It suffices
to show that f = f,, , i is e-far from any £-junta with probability 1 — o(1), where H is
sampled according to the rest (steps 3 and 4) of the procedure for D, (by sampling S, from
A and then h; over S;).

The plan for the rest of the proof is the following. For each V' C M U A of size 9/n,
we use Ey to denote the size of the maximum set of vertex-disjoint, f-bichromatic edges

along directions in V' only. We will prove the following claim:

Claim 5.2.3. For each V. C M U A of size 9y/n, we have Ey > 2™ with probability
1 — exp(—2%M™) over the choice of H.

Note that when E > 2", we have dist(f,g) > ¢ for every function ¢ that does
not depend on any variable in V. This is because, for every f-bichromatic edge (z, ")
along a coordinate £ € V, we must have f(z) # f(z(?)) since the edge is bichromatic but
g(x) = g(x) as g does not depend on the /th variable. As a result, f must disagree with g
on at least £2" many points.

Assuming Claim 5.2.3 for now, we can apply a union bound over all

|M U A| n o(y/nl
< <9 nlogn)
(o) = lovr) <

possible choices of V' C M U A to conclude that with probability 1 — o(1), f = fy; 4 is
e-far from all functions that do not depend on at least 9y/n variables in M U A. By (5.2),

this set includes all k-juntas. This concludes the proof of the Lemma 5.2.2 modulo the proof

of Claim 5.2.3. O]

In the rest of the section, we prove Claim 5.2.3 for a fixed subset V' C M U A of size

9y/n. We start with the simpler case when V' N M is nonempty.

Claim 5.2.4. If V. N M # (), then Ey, > 2"/5 with probability 1 — exp(—2%™) over the
choice of H.

Proof. Fix an ¢ € V N M; we will argue that with probability 1 — exp(—2™) there are at
least 2" /5 f-bichromatic edges along direction ¢. This suffices since such edges are clearly

vertex-disjoint.
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Observe that since ¢ € M, every € {0,1}" has I'(x) # I'(z(?). Foreach b € {0, 1},
let X, be the set of € {0,1}" with x|, = b. We partition {0, 1}" into 2'~! pairs X
and X, where b ranges over the 2t~ strings in {0, 1}M with b, = 0. For each such pair,
we use D, to denote the number of f-bichromatic edges between X, and X ). We are
interested in lower bounding ", Dy,

We will apply Hoeffding’s inequality. For this purpose we note that the D,’s are
independent (since they depend on distinct h;’s), always lie between 0 and 2™, and each
one has expectation 2!, The latter is because each edge (z,2") has f(z) and f(z®))
drawn as two independent random bits, which is the case since I'(x) # I'(x(¥)). Thus, the
expectation of ", Dy is 2"~2. By Hoeffding’s inequality, we have

Pr “Z D, — 2”‘2‘ > ;g} < 2-exp < 2(271/20)2> = exp (—29(”))

- 2t—1 . 22m

since t = 2(n). This finishes the proof of the claim. O

Now we may assume that V' C A (and |V| = 9y/n). We use I to denote the set of
i € [N] such that S; NV # (). The following claim shows that I is large with extremely

high probability:

Claim 5.2.5. We have |I| > 4.4e N with probability at least 1 — exp(—2%™) over the
choice of S.

Proof. For each i € [N] we have (using 1 —z < e * forall z and 1 — z/2 > e * for
z € [0, 1.5)):

VD
E
Pr[zel]:1—<1— >1—e % >45¢
ﬁ) - -

since £/4/n is the probability of each element of A being included in S; and ¢ < 1/6 so
9¢ < 1.5.
Using ¢ > 27(2¢=bn/2 from (5.1), we have E[|I|] > 4.5eN = 2% Since the

S;’s are independent, a Chernoff bound implies that |[I| > 4.4¢ N with probability 1 —

exp(—2%M). O
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By Claim 5.2.5, we fix Si,..., Sy to be any sequence of subsets of A that satisfy
|I| > 4.4¢eN in the rest of the proof, and it suffices to show that over the random choices
of hy,..., hy (where each h; is chosen to be a random function over .5;), Ey, > 2" with

probability at least 1 — exp(—2%™).

To this end we use p(i) for each i € I to denote the first coordinate of S; in V, and
Z; to denote the set of z € {0,1}" with ['(x) = ¢. Note that the Z;’s are disjoint. We
further partition each Z; into disjoint Z;, b € {0,1}%, with z € Z;; iff v € Z; and
xs, = b. Foreachi € I and b € {0, 1} with by = 0, we use D; , to denote the number
of f-bichromatic edges between Z;;, and Z, ;,» along the p(i)th direction. It is clear that

such edges, over all 7 and b, are vertex-disjoint and thus,

Ey>> Y Dy, (5.3)
i€l pe{0,1}5i
boi)=0

We will apply Hoeffding’s inequality. Note that D, j, is 2m~15 with probability 1/2, and
0 with probability 1/2. Thus, the expectation of the RHS of (5.3) is

o2t g = ) 9m 2 > e,

i€l

using || > 4.4eN. Since all the D, ;’s are independent, by Hoeffding’s inequality we have

2(0.01|1] - 2m—2)?
Pr“RHS of(5.3)—\[]-2m2‘20_01|]|.2m2} < 2. exp (_ (0.01[7] ) )

Sier 218il=1 . 92(m—[S;|)
< exXp (_QQ(TL)) )

since |I| > Q(eN) = 29" Therefore, with probability 1 — exp (2_9(”)), we have

Ey >0.99-|I|-2m7% > 2™

This concludes the proof of Claim 5.2.3. [
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5.3 The Set-Size-Set-Queries (SSSQ) Problem

We first introduce the Set-Size-Set-Queries (SSSQ for short) problem, which is an artificial
problem that we use as a bridge to prove Theorem 65. We use the same parameters p, p,o
and m from the definition of Dy, and D,,, with n being sufficiently large (so m = 2(n) is

also sufficiently large).

We start by defining Ay, and A,,, two distributions over subsets of [m]: A ~ Ay is
drawn by independently including each element of [m| with probability p and A ~ A,, is
drawn by independently including each element with probability ¢. In SSSQ, the algorithm
needs to determine whether an unknown A C [m] is drawn from Ay or A,,. (For intuition,
to see that this task is reasonable, we observe here that a straightforward Chernoff bound
shows that almost every outcome of A ~ Ay is larger than almost every outcome of
A ~ A, by Q(y/nlogn).)

Let A be a subset of [m| which is hidden in an oracle. An algorithm accesses A (in order
to tell whether it is drawn from Ay or .A,,) by interacting with the oracle in the following
way: each time it calls the oracle, it does so by sending a subset of [m] to the oracle. The
oracle responds as follows: for each j in the subset, it returns a bit that is 0 if j ¢ A, and
is 1 with probability £/y/n and 0 with probability 1 — £//n if j € A. The cost of such an

oracle call is the size of the subset provided to the oracle.

More formally, a deterministic and non-adaptive algorithm ALG = (g, T') for SSSQ ac-
cesses the set A hidden in the oracle by submitting a list of queries 7" = (11, ..., Ty), for

some d > 1, where each T; C [m] is a set. (Thus, we call each T; a set query, as part of the

name SSSQ.)

e Given 7', the oracle returns a list of random vectors v = (v, ..., vq), Where
v; € {0,1}" and each bit v; ; is independently distributed as follows: if j ¢ A then

v, ; = 0;if j € A then

1 with probability £//n
Vij = (54)

0 with probability 1 — (¢/y/n).
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Note that the random vectors in v depend on both 7" and A.

e Given v = (vy,...,v,), ALG returns (deterministically) the value of

29 <<

g(v) € {“yes”, “no”}.
The performance of ALG = (g, T") is measured by its query complexity and its advantage.

e The query complexity of ALG is defined as 3¢, |T}|, the total size of all the set
queries. On the other hand, the advantage of ALG is defined as

Pr [ALG(A) = “yes”} — Al:'r

Ay {ALG(A) = “yeS”} :

Remark 56. In the definition above, g is a deterministic map from all possible sequences of
vectors returned by the oracle to “yes” or “no.” Considering only deterministic as opposed
to randomized g is without loss of generality since given any query sequence T, the highest

possible advantage can always be achieved by a deterministic map g.

We prove the following lower bound for any deterministic, non-adaptive ALG in Sec-

tion 5.5.

Lemma 5.3.1. Any deterministic, non-adaptive ALG for SSSQ with advantage at least

2/3 satisfies

n3/2

d
ST >
=1

e-log’n -log*(n/e)’

5.4 Reducing from SSSQ to distinguishing Dy and Dy,

In this section we reduce from SSSQ to the problem of distinguishing the pair of dis-
tributions Dyes and D,,. More precisely, let ALG" = (h, X') be a deterministic and non-
adaptive algorithm that makes ¢ < (n/e)? string queries® X = (z1,...,z,) to a hidden

function f drawn from either Dy, or D,,, applies the (deterministic) map 5 to return

3 Any algorithm that makes more than this many queries already fits the ﬁ(n?’/ 2 /&) lower bound we aim
for.
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h(f(z1),..., f(z,)) € {“yes”, “no”}, and satisfies

Pr [ALG™(f) = “yes”| — P [ALG™(f) = “yes”| > 3/4. (5.5)

We show how to define from ALG" = (h, X) an algorithm ALG = (g, T’) for the problem
SSSQ with query complexity at most 7 - ¢ and advantage 2/3, where 7 = ¢,, - 5log(n/¢)
and

>0 with (1.5—a)% =1/2

Co —

“log(1.5 — a)
is a constant that depends on . Given this reduction it follows from Lemma 5.3.1 that

¢ > Q(n?/?/¢). This finishes the proof of Theorem 65.

We first give a sketch of the reduction and some intuition behind the proof. Fixing
a subset M of [n] of size ¢, we use X, ..., Xy, for some d > 1, to denote a partition
of the query strings w1, ..., z, such that z; and x; belong to the same X, if and only if
(z:)jm = (zj);m. For each ¢ € [d], we use T} to denote the set of indices k € M such
that z;, # vy, for some strings x,y € X,. The first part of the proof shows that there exists
an M such that (1) ALG" can distinguish Dy.s and D,, conditioning on M = M (recall
in both Dy, and D,,, M is a subset of [n] of size ¢ drawn uniformly at random), and (2)
|z —ylly < 7forall £ € [d] and x,y € X,, which in turn implies that 3¢y |T¢| < 7 - g.
Indeed we show that most draws from M satisfy both properties; the intuition behind (2) is
that two query strings with a large Hamming distance would have different projections on
M with high probability. Fixing such an M, we identify indices of M as those of [m] in
SSSAQ (by picking an arbitrary bijection between them) and show that 7" = (T3, ..., Ty)
can be used to obtain an algorithm ALG = (g, T') for SSSQ, with query complexity at most
T - q, for some appropriate g. The intuition is that in SSSQ we receive intersections of 7}
with random subsets S, drawn independently from the hidden subset A, which can be used
to simulate random functions h, over S, evaluated on strings in X,.

We start the reduction with some notation. For a fixed M of size t, we use Eyes(M)
to denote the distribution of A and H sampled in the randomized procedure for Dy,
conditioning on M = M. We define &,,(M) similarly. Then conditioning on M = M,
f ~ Dy is distributed as fi; a g With (A, H) ~ & (M) and f ~ D,, is distributed as
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fuv.am with (A, H) ~ &,,(M). This allows us to rewrite (6.5) as

1

(ttl)‘M:zM:u ((A,H)I:ryes(M) {ALG*(‘f mam) = “yes”} B (A,H)l::gno(M) {ALG*(fM’A’H) N “yeS”D -

B~ w

We say M C [n] is good if any two queries z; and z; in X with Hamming distance
|z; — x;]|, > 7 have different projections on M, i.e., (z;)|n # (2;)n. We prove below

that most M’s are good.
Claim 5.4.1. Pry; [M is not good} =o(1).

Proof. For each pair of strings z; and x; in X with Hamming distance at least 7, the
probability of them having the same projection on M (drawn uniformly from all size-t

subsets) is at most

<(5)> Sem DD (1) < - ko) <s-ar <0 ()

by our choices of ¢, and 7. The claim follows by a union bound over at most ¢* < (n/e)*

pairs. [

We can split the sum (6.5) into two sums: the sum over good M and the sum over bad

M. By Claim 5.4.1 the contribution from the bad M is at most o(1), and thus we have that

<711>. 3 ( Pr [ALG*(fMA,H) = “yes”] — Pr {ALG*(fM’A7H) = “yes”D

good M (A H)~Eyes (M) (A H)~Eno (M)

is at least 3/4 — o(1). Thus, there must exist a good set M C [n] of size t with

P ALG* — (13 2 _ P ALG* — [13 2 > 2 .
(AVH)N;;%(M) [ (Faram) = “yes } (AVH)N(I;"O(M) { (Frram) = “yes } >2/3

(5.6)

Fix such a good M. We use ALG" = (h, X) and M to define an algorithm ALG = (g, T)
for SSSQ as follows (note that the algorithm ALG below actually works over the universe

M (of size m) instead of [m] as in the original definition of SSSQ but this can be handled
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by picking any bijection between M and [m]; accordingly A ~ Ay, is drawn by including
each element of M with probability p and A ~ A,, is drawn by including each element of
M with probability p,,). We start with T

1. First we use M to define an equivalence relation ~ over the query set X, where
x; ~ xjif (23) ] = (25)m. Let Xq, ..., Xg, d > 1, denote the equivalence classes
of X, and let us write p(¢) for each ¢ € [d] to denote the value I'(z) € [N] that is

shared by all strings x € X.

2. Next we define a sequence of subsets of M, T = (Ty,...,Ty), as the set queries of

ALG, where
7y = {i € M: 3,y € X, such that z; # y; }. (5.7)

To upper bound |7/, fixing an arbitrary string x € X, and recalling that M is good, we have
that

Tl < > o=yl > 7= X

yeXy yeXy

As aresult, the query complexity of ALG (using 7" as its set queries) is at most

d d
Z|TE|§7_Z|XZ|§TC]
/=1 /=1

It remains to define h and then prove that the advantage of ALG = (g, T') for SSSQ is
at least 2/3. Indeed the g that we define is a randomized map and we describe it as a
randomized procedure below (by Remark 56 one can extract from g a deterministic map

that achieves the same advantage):

1. Given vy, ..., vq, v, € {0, 1}, as the strings returned by the oracle upon being given
T, let
Re={jeTv,;=1} (5.8)

For each ¢ € [d], the procedure draws a random function f, : {0,1}% — {0, 1}, by

flipping 2!/ many independent and unbiased random bits.
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2. Next for each query = € Xy, ¢ € [d], we feed f,(x|g,) to h as the bit that the oracle
returns upon the query . Finally the procedure returns the result (“yes” or “no”) that

h returns.

In the rest of the proof we show that the advantage of ALG = (g, T') is exactly the same as
the LHS of (5.6) and thus, is at least 2/3.

For convenience, we use V., to denote the distribution of responses v = (v, ..., v ) to
T when A ~ Ay, and V,, to denote the distribution when A ~ A,,. Then the advantage

of ALG is

Pr {g(’u) = “yes”} — Pr [g('v) = “yes”}.

v~ Vyes v~Vho

It suffices to show that

Pr {g(v) = “yes”} Pr {ALG*(fMA,H) = “yes”} and (5.9)

v~ Vyes (A H)~Eyes (M)
vlj’g;o {g(’u) = “yes } = (A,H)P:E,IO(M) [ALG (frram) = “yes } . (5.10)

We show (5.9); the proof of (5.10) is similar. From the definition of Ve and Eyes(M)
the distribution of (R, : ¢ € [d]) derived from v ~ V. using (5.8) is the same as the
distribution of (S, N Ty : £ € [d]): both are sampled by first drawing a random subset A
of M and then drawing a random subset of A N7} independently by including each element
of A N T, with the same probability //n (recall in particular equation (5.4) and step 3 of
the randomized procedure specifying Dy in Section 5.2). Since f; o i(7) for v € X, is
determined by a random Boolean function k) from {0, 1}5-® to {0, 1}, and since all the
queries in X, only differ by coordinates in 7}, the distribution of the ¢ bits that g feeds to h
when v ~ V. is the same as the distribution of (f(z) : x € X) when f ~ &y (M). This

finishes the proof of (5.9), and concludes our reduction argument.
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5.5 A lower bound on the non-adaptive query complexity

of SSSQ

We will prove Lemma 5.3.1 by first giving a reduction from an even simpler algorithmic
task, which we describe next in Section 5.5.1. We will then prove a lower bound for the

simpler task in Section 5.5.2.

5.5.1 Set-Size-Element-Queries (SSEQ)

Recall the parameters m, p, pn, and € and the two distributions Ay, and A, used in the
definition of problem SSSQ. We now introduce a simpler algorithmic task called the Set-
Size-Element-Queries (SSEQ) problem using the same parameters and distributions. As in
the SSSQ problem, the goal is to distinguish between the case in which a hidden subset A
is drawn from Ay, or from A,,.

Let A be a subset of [m] hidden in an oracle. An algorithm accesses the oracle to tell
whether it is drawn from Ay or A,,. The difference between SSSQ and SSEQ is the way
A is accessed. In SSEQ, an algorithm ALG’ = (h, £) submits a vector £ = ({y,...,{,,) of

nonnegative integers.

e On receiving ¢, the oracle returns a random response vector b € {0, 1}, where each
entry b; is distributed independently as follows: if i ¢ A then b; = 0,and if 1 € A

then

1 with probability A(¢;) 4
b; = ,  where A\(¢;) =1— <1 - \/_) ‘
0 with probability 1 — A(¢;) n

Equivalently, for each ¢ € A, the oracle independently flips ¢; coins, each of which is
1 with probability £/4/n, and at the end returns b; = 1 to the algorithm if and only if
at least one of the coins is 1. Thus, we refer to each ¢; as ¢; element-queries for the

ith element.
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e After receiving the vector b from the oracle, ALG' returns the value

h(b) € {*yes”,“no”}. Here h is a deterministic map from {0, 1}™ to {“yes”, “no”}.

Similar to before, the performance of ALG' is measured by its query complexity and its

advantage:

e The query complexity of ALG' = (h, ¢) is defined as ||¢||; = >, ;. For its
advantage, we let By, denote the distribution of response vectors b to query ¢ when
A ~ Ay, and By, denote the distribution when A ~ D,,. The advantage of
ALG' = (h, ¢) is then defined as
bFBIy‘es {h(b) = “yes } - thgt:,O {h(b) = “yes }
Remark 57. It is worth pointing out (we will use it later) that the highest possible advantage
over all deterministic maps h is a monotonically non-decreasing function of the coordinates
of L. To see this, let A be the underlying set and let { and (' be two vectors with {; < U, for

every i € [m). Let b and b’ be the random vectors returned by the oracle upon { and ('.

Then we can define b* using b’ as follows: b; = 0 if b, = 0; otherwise when b, = 1, we set

1 with probability \(¢;) /(L))

0  with probability 1 — \(¢;)/ A\(£%)

One can easily verify that the distribution of b is exactly the same as the distribution of b*.
Hence there is a randomized map h' such that the advantage of (h', ') is at least as large as
the highest possible advantage achievable using (. The remark now follows by our earlier
observation in Remark 56 that the highest possible advantage using {' is always achieved

by a deterministic h'.

The following lemma reduces the proof of Lemma 5.3.1 to proving a lower bound for

SSEQ.
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Lemma 5.5.1. Given any deterministic and non-adaptive algorithm ALG = (g,T) for
SSSQ, there is a deterministic and non-adaptive algorithm ALG' = (h, () for SSEQ with

the same query complexity as ALG and advantage at least as large as that of ALG.

Proof. We show how to construct ALG' = (h, {) from ALG = (g,T'), where h is a random-
ized map, such that ALG' has exactly the same query complexity and advantage as those of
ALG. The lemma then follows from the observation we made earlier in Remark 56.

We define / first. Given T' = (T3, ..., Ty) forsome d > 1,0 = ({1, ..., {,,) is defined

as

ty=ield: jeT}

So ||l = 3%, |T|. Recall from Section 5.4 that Ve, and V,, denote the distributions
supported on responses v = (vy,...,v4) to T in SSSQ when A ~ Ay, and A ~ Ay,
respectively. To define h, we describe a randomized procedure P that, given any b € {0, 1},
outputs a sequence of random vectors v = (v, ..., vq) Which simulates Vye, if b ~ Byes

and V,, if b ~ B,,.In other words, we define P below and prove the following claim:

Claim 5.5.2. If b ~ B, (or By,), then P(b) is distributed the same as Vyes (or V,,,

respectively).

Assuming Claim 5.5.2, we can set h = g o P and the advantage of ALG’ would be the
same as that of ALG. In the rest of the proof, we describe the randomized procedure P and
prove Claim 5.5.2.

Given b € {0,1}", P outputs a sequence of random vectors v = (vy,...,vq) as

follows:

e If b; = 0, then for each i € [d] with j € T}, P sets v, ; = 0.
e If b; = 1 (this implies that ¢; > 0 and j € T; for some i € [d]), P sets

v;;:1 € |d],j € T;)tobe alength-r, where r = [{i € |[d] : j € T;
J g

, binary string
in which each bit is independently 1 with probability ¢/+/n and 0 with probability

1 — ¢/4/n, conditioned on its not being 0".

Proof of Claim 5.5.2. Tt suffices to prove that, fixing any A C [m] as the underlying set

hidden in the oracle, the distribution of v is the same as that of P(b). The claim then follows
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since in the definitions of both Byes and Vyes (or By, and V), A is drawn from Aye (or Ay,
respectively).

Consider a sequence v of d vectors vy, . .., vg with v; € {0, 1} for each i € [d], and let
nj71:|{z'€ [d] :jeTiandvm:lH and nj70:|{z'€ [d] :jeTiandU@j:OH,

for each j € [m]. Then the v returned by the oracle (in SSSQ) is equal to v with probability:

1[vj ¢ A, nyu =0] - I (%)n (1 _ \%)W , (5.11)

jEA

since all coordinates v; ; are independent. (Here 1 denotes the indicator function, so 1[E] is

1 if event E holds and is 0 otherwise.) On the other hand, the probability of P(b) = v is

1fei ¢ 4.5 0] 11 (1 ra=t]-(1- %)+ bz 1] (5) (1 ﬁ)) ,

which is exactly the same as the probability of v = v in (5.11). [

This finishes the proof of Lemma 5.5.1. [

5.5.2 A lower bound for SSEQ

We prove the following lower bound for SSEQ, from which Lemma 5.3.1 follows:

Lemma 5.5.3. Any deterministic, non-adaptive ALG' for SSEQ with advantage at least

2/3 satisfies

3/2
def n/

l > s = .
1l > s e -log*n - log*(n/¢)

Proof. Assume for contradiction that there is an algorithm ALG' = (h, ¢) with ||£]]; < s
and advantage at least 2/3. Let £* be the vector obtained from ¢ by rounding each positive
¢; to the smallest power of 2 that is at least as large as ¢; (and taking ¢; = 0 if {; = 0).
From Remark 57, there must be a map h* such that (h*, £*) also has advantage at least 2/3
but now we have 1) ||¢*||; < 2s and 2) every positive entry of /* is a power of 2. Below

we abuse notation and still use ALG' = (h, £) to denote (h*, ¢*): ALG' = (h, () satisfies
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I¢|l: < 2s, every positive entry of ¢ is a power of 2, and has advantage at least 2/3. We
obtain a contradiction below by showing that any such ¢ can only have an advantage of o(1).

Let L = [log(2s)] = O(log(n/¢c)). Given that ||¢||; < 2s we can partition {i € [m] :
¢; > 0} into L + 1 bins Cy, ..., C, where bin C; contains those coordinates ¢ € [m| with
{; = 27. We may make two further assumptions on ALG' = (h, ¢) that will simplify the

lower bound proof:

e We may reorder the entries in decreasing order and assume without loss of generality

that

(= 2L, . 2L o=t ..., 1,...,1,0,...,0], (5.12)
N——

crL CL—1 co

where c; = |C}] satisfies 3 ¢; - 27 < 2s. This is without loss of generality since Ae
and A,, are symmetric in the coordinates (and so are By, and By,).
e For the same reason we may assume that the map h(b) depends only on the number

of 1’s of b in each set C';, which we refer to as the summary S(b) of b:

def
SO 2 (el byl - by I ) € 255

To see that this is without loss of generality, consider a randomized procedure P that,
given b € {0,1}™, applies an independent random permutation over the entries of C;
for each bin j € [0 : L]. One can verify that the random map A’ = h o P only

depends on the summary S(b) of b but achieves the same advantage as h.

Given a query / as in (5.12), we define Sy, to be the distribution of S(b) for b ~ By,
(recall that By is the distribution of the vector b returned by the oracle upon the query ¢
when A ~ A,). Similarly we define S,, as the distribution of S(b) for b ~ B,,. As h only
depends on the summary the advantage is at most dry (Syes, Sno), Which we upper bound
below by o(1).

From the definition of By (or By, respectively) and the fact that Ay, (or A,,, re-
spectively) is symmetric over the m coordinates, we have that the L + 1 entries of

Syes (0f Sy, respectively) are mutually independent, and that their entries for each Cj,
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J € [0: L], are distributed as Bin(c;, pA;) (as Bin(c;, pnoA; ), respectively), where we have
N =1— (1 (e/ym)?.

In order to prove that dpv (Syes, Sno) = 0(1) and achieve the desired contradiction, we
will give upper bounds on the total variation distance between their C;-entries for each

j€{0,..., L}

Claim 5.5.4. Forevery j € [0 : L], we have dry(X,Y) < o(1/L), where X ~ Bin(c;, pA;)
and Y ~ Bin(c;, puoj).

We delay the proof of Claim 5.5.4, but assuming it we may simply apply the following

well-known proposition to conclude that dpy (Syes, Sno) = 0(1).

Proposition 5.5.5 (Subadditivity of total variation distance). Let X = (Xy,...,Xy) and
Y = (Y4, ..., Yy) be two tuples of independent random variables. Then dry(X,Y) <
iy dov (X5, Y5).

This gives us a contradiction and finishes the proof of Lemma 5.5.3. [l

Below we prove Claim 5.5.4.

Proof of Claim 5.5.4. Consider any fixed j € [0 : L]. The claim is trivial when ¢; = 0 so

we assume below that ¢; > 0.
Letr; = pA; and z; = logn - \;/v/n. Then X ~ Bin(c;,r;) and Y ~ Bin(c;, 7 + ;).
As indicated in Equation (2.15) of [1], Equation (15) of [124] gives

Tj(ﬁj) 4 ' def ' Cj + 2
drv(X,Y) <O <(1 — Tj(xj))2> . where T;(z;) = x“/72rj(1 —) (5.13)

whenever 7;(z;) < 1. Substituting for x; and r;, we have (using ¢; > 1, r; < 1/2 and

p=1/2)

logn - \; i A ¢ 1 n'/2 .\
”””:O<\mj‘fﬁ=0o%” ]nﬁZO L'\Z < logn |
J



where the last inequality follows from

' n3/2
62 <2<0|——5——].
¢-log”n - L?

Finally, note that (using 1 — z > e~2* for small positive x and 1 — x < ¢~ for all z):

27 .
1) = (1 R \/ﬁ> > (e V)T = e 21 - O(2e Vi)

Vi A

5 1 — O(1). This implies 7j(z;) = o(1/L). The claim then follows from
‘€
(5.13). [

so that

5.6 Proof of Theorem 54 assuming Theorem 65

We prove the following claim in Appendix 5.6.1.

Claim 5.6.1. Let (n) be a function that satisfies 27" < £(n) < 1/5 for sufficiently large n.
Then any non-adaptive algorithm that accepts the all-0 function with probability at least
5/6 and rejects every function that is e-far from (n — 1)-juntas with probability at least 5/6

must make )(1/¢) queries.

Next let k(n) and £(n) be the pair of functions from the statement of Theorem 54. We
consider a sufficiently large n (letting &k = k(n) and € = £(n) below) and separate the proof

into two cases:
2—(2a—l)k/(2a) S c S 1/6 and 2—77, S < 2—(20&—1)]6/(20&)'

For the first case, if K = O(1) then the bound we aim for is simply (1/¢), which follows
trivially from Claim 7.3.4 (since k < an < n — 1 and the all-O function is a k-junta).
Otherwise we combine the following reduction with Theorem 65: any e-tester for k-juntas
over n-variable functions can be used to obtain an e-tester for k-juntas over (k/«)-variable
functions. This can be done by adding n — &/« dummy variables to any (k/«)-variable

function to make the number of variables n (as £ < an). The lower bound then follows
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from Theorem 65 since « is a constant. For the second case, the lower bound claimed in
Theorem 54 is Q(1/¢), which follows again from Claim 7.3.4. This concludes the proof of
Theorem 54 given Theorem 65 and Claim 7.3.4. [

5.6.1 Proof of Claim 7.3.4

Let C' be a sufficiently large constant. We prove Claim 7.3.4 by considering two cases:

1 1
> O;ngn and ¢ < Czongn'

3

For the first case of 2"¢ > ('logn, we use D; to denote the following distribution over
n-variable Boolean functions: to draw g ~ D, independently for each = € {0,1}" the
value of g(x) is set to 0 with probability 1 — 3¢ (recall that ¢ < 1/5) and 1 with probability
3e.

We prove the following lemma for the distribution Dj:
Lemma 5.6.2. With probability at least 1 — o(1), g ~ D, is e-far from every (n — 1)-junta.

Proof. Note that every (n — 1)-junta is such that for some i € [n], the function does not
depend on the ¢-th variable; we refer to such a function as a type-7 junta. An easy lower bound
for the distance from a function g to all type-: juntas is the number of g-bichromatic edges
(z, ™) divided by 2". When g ~ D, each edge (z, (") is independently g-bichromatic
with probability 6e(1 — 3e) > 12¢/5 (as € < 1/5). Thus when 2" > C'log n, the expected

number of such edges is at least
2" (12¢/5) > (6/5) - 2"¢ > (6/5) - C'logn.

Using a Chernoff bound, the probability of having fewer than 2" bichromatic edges along
direction 7 is at most 1/n* when C'is sufficiently large. The lemma follows from a union

bound over i. O]

As a result, when 2"¢ > C'logn, if A is a non-adaptive algorithm with the property
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described in Claim 7.3.4, then .4 must satisfy

Pr [A accepts the all-0 function} — {.A accepts g} >2/3—o0(1).

g~D,
But any such non-adaptive algorithm must make 2(1/¢) queries as otherwise with high
probability all of its queries to g ~ D; would be answered 0, and hence its behavior would
be the same as if it were running on the all-0 function.

Finally we work on the case when 1 < 2" = O(logn). The proof is the same except
that we let g be drawn from D,, which we define to be the distribution where all entries
of g ~ D are 0 except for exactly 2"¢ of them picked uniformly at random. The claim

follows from the following lemma:
Lemma 5.6.3. With probability at least 1 — o(1), g ~ Dy is e-far from every (n — 1)-junta.

Proof. This follows from the observation that, with probability 1 — o(1), no two points
picked form an edge. When this occurs, we have 2"¢ bichromatic edges along the ith

direction for all . ]
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Chapter 6

Lower Bounds for Testing Monotonicity and Unateness

The main results of this chapter are lower bounds for testing monotonicity and unateness, in

both adaptive, and non-adaptive settings.

Theorem 58 (Adaptive Monotonicity Testing Lower Bound). There exists a constant
go > 0 such that any two-sided and adaptive algorithm for testing whether an unknown
Boolean function f : {0,1}" — {0, 1} is monotone or £y-far from monotone must make

Q(n'/3/log®n) queries.

In [34], Belovs and Blais obtained their (n!/*) lower bound using a family of ran-
dom functions known as Talagrand’s random DNF's (or simply as the Talagrand function)
[130]. A function drawn from this family is the disjunction of N = 2v” many monotone
terms 7; with each T; being the conjunction of y/n variables sampled uniformly from [n].

So such a function looks like

fl@)="\V Ti(x)=V (/\ xk)
i€[N] i€[N] \k€ES;
However, it turns out that there is a matching O(nl/ 1)-query, one-sided algorithm for
functions of [34]. (See Section 6.5 for a sketch of the algorithm.) So the analysis of [34] is
tight.

Our main contribution behind the lower bound of Theorem 58 is a new and harder
family of random partitions for monotonicity testing, which we call two-level Talagrand
Jfunctions. This starts by reexamining the construction of [34] from a slightly different
angle, which leads to both natural generalizations and simpler analysis of such functions.

The techniques developed in the proof of Theorem 58 can be easily adapted to prove a
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Best Upper Bound Best Lower Bound This Work
Non-adaptive
Monotonicity | O(y/n/e?) [87] Q(n'/?) [54] Q(v/n)
Unateness O(n/e) [43] Q(y/n) (one-sided) [24] | €(n) (one-sided)
Adaptive
Monotonicity | O(y/n/e?) [87] Q(n'/*) [34] Q(n'/?)
Unateness O(n?/3/£?) [50] Q(n?/3)

Figure 6.1: Previous work and our results on monotonicity testing and unateness testing.

tight Q(nl/ 2) lower bound for non-adaptive monotonicity testing, removing the —c in the

exponent of [54] (see Section 6.4).

Theorem 59 (Non-adaptive Monotonicity Testing Lower Bound). There exists a constant
€o > 0 such that any two-sided and non-adaptive algorithm for testing whether an unknown

Boolean function f: {0,1}" — {0, 1} is monotone or ey-far from monotone must make

Q(y/n/log®n) queries.

Next for testing unateness, we present an Q(n2/ 3) lower bound against adaptive algo-

rithms.

Theorem 60 (Adaptive Unateness Testing Lower Bound). There exists a constant €y > 0
such that any two-sided and adaptive algorithm for testing whether an unknown Boolean
function f : {0,1}" — {0, 1} is unate versus co-far from unate must make Q(n?/log® n)

queries.

The lower bound construction behind Theorem 60 follows a similar framework. Some
of the new ideas and techniques developed for the monotonicity lower bound are adapted to
prove Theorem 60 though with a few twists that are unique to unateness.

Moreover, we obtain a linear lower bound for one-sided and non-adaptive unateness
algorithms. This improves the (/1) lower bound of Baleshzar et al. [24] and matches the

upper bound of Chakrabarty and Seshadhri [43] for such algorithms.
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Theorem 61 (One-sided and Non-adaptive Unateness Testing Lower Bound). There
exists a constant €q > 0 such that any one-sided and non-adaptive algorithm for testing
whether an unknown Boolean function is unate versus £y-far from unate must make

Q(n/log®n) queries.

We summarize previous work and our new results in Figure 6.1.

6.0.1 Distance to monotonicity and unateness

We review some characterizations of distance to monotonicity and unateness.

Lemma 6.0.1 (Lemma 4 in [63]). Let f: {0,1}" — {0, 1} be a Boolean function. Then
dist(f,MoNo) = M| /2",

where M is the maximal set of disjoint violating pairs of f.

Lemma 6.0.2. Given f: {0,1}" — {0,1}, let (E;", E;

)

.1 € [n]) be a tuple of sets such
that (1) each set E; consists of monotone bi-chromatic edges (x, ") along direction i with
x; =0, f(x) = 0and f(z) = 1, (2) each set E; consists of anti-monotone bi-chromatic
edges (x,1") along direction i with x; = 0, f(z) = 1 and f(z®) = 0; (3) all edges in

these 2n sets are disjoint. Then
1 n
. - + —
d1st(f, UNATE) o zj: min {]Ei |, | E; |}.
Proof. By definition, the distance of f to unateness is given by

dist ( 1, UNATE) r?m}n dist ( frs MONO)

where f,(x) = f(z @ r). On the other hand, since all edges in the 2n sets E; and E; are

disjoint, it follows from Lemma 6.0.1 that

=

dist(fT,MONO) 21 ( > ‘E

’LT‘Z— ’LT’L—

) > ;némin{lEfl, E71}-
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This finishes the proof of the lemma. O

6.0.2 Tree pruning lemmas

We consider a rather general setup where a g-query deterministic algorithm A has oracle
access to an object O drawn from a distribution D: Upon each query w, the oracle with
an object O returns n(w, O), an element from a finite set . Such an algorithm can be
equivalently viewed as a tree of depth ¢, where each internal node u is labelled a query w
to make and has |*J3| edges (u, v) leaving u, each labelled a distinct element from 3. (In
general the degree of u can be much larger than two; this is the case for all our applications
later since we will introduce new oracles that upon a query string x € {0, 1}" returns more
information than just f(x).) For this section we do not care about labels of leaves of A.
Given A, we present two basic pruning techniques that will help our analysis of algorithms
in our lower bound proofs later.

Both lemmas share the following setup. Given A and a set F of edges of A we use Lg
to denote the set of leaves ¢ that has at least one edge in F along the path from the root to .
Each lemma below states that if /' satisfies certain properties with respect to D that we are
interested in, then

OI:IZ') {O reaches a leaf in LE] =o(1). (6.1)

This will later allow us to focus on root-to-leaf paths that do not take any edge in .

For each node u of tree A, we use Pr[u| to denote the probability of O ~ D reaching u.
When wu is an internal node with Pru] > 0 we use g(u) to denote the following conditional
probability:

Z(’LL,U)EE PI'[’U]

q(u) = Ofl% O follows an edge in F at u ’ O reaches u] = Pr(u]

We start with the first pruning lemma; it is trivially implied by the second pruning

lemma, but we keep it because of its conceptual simplicity.

Lemma 6.0.3. Given E, if q(u) = o(1/q) for every internal node u with Pr[u] > 0, then
(6.1) holds.
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Proof. We can partition the set Ly of leaves into Ly = Uiclq L;, where L; contains leaves
with its first edge from E being the ith edge along its root-to-leaf path. We also write F;
as the set of edges in £ at the ith level (i.e., they appear as the ith edge along root-to-leaf

paths). Then for each i,

0111{) OreachesLi}g Z Prlv Z Z Prlv ZPr o(1/q).

(u,v)€E; U (u,w)ER;

Note that the sum is over certain nodes u at the same depth (i — 1). Therefore, >, Pr[u] <1

and the proof is completed by taking a union bound over L;, i € [q]. [

Next, for each leaf ¢ with Pr[¢] > 0 and the root-to-¢ path being ujus - - - upy1 = £,
we let ¢*(¢) denote 3 ;cp ¢(ui). The second pruning lemma states that (6.1) holds if
q*(¢) = o(1) for all such ¢.

Lemma 6.0.4. If every leaf { of A with Pr[{] > 0 satisfies ¢*({) = o(1), then (6.1) holds.

Proof. The first part of the proof goes exactly the same as in the proof of the first lemma.

Let A’ be the set of internal nodes u with Pr[u] > 0. After a union bound over L;,

i € lgl;
Pr |O reaches LE] < > Prlu] - q(u).

ueA’
Let L, be the leaves in the subtree rooted at u € A’. We can rewrite Pr([u] as >, Pr[/].
Thus,

pr [O reaches LE} <> > Pr{l]-q(u) => Pr[/]

uE€A’ b€ Ly
where the last sum is over leaves ¢ with Pr[¢] > 0; the last equation follows by switching

the order of the two sums. The lemma follows from ¢*(¢) = o(1) and }_, Pr[¢] = 1. [
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6.1 Monotonicity Lower Bound

6.1.1 Distributions

For a fixed n > 0, we describe a pair of distributions D¢, and D,, supported on Boolean
functions f : {0,1}" — {0,1}. We then show that every f ~ D, is monotone, and
F ~ Do is Q(1)-far from monotone with probability 2(1). Recall that N = 2V,

A function f ~ D, is drawn using the following procedure:

1. Sample a pair (T, C) ~ £ (which we describe next). The pair (7", C) is then used to
define
a multiplexer mapT' = T'r ¢ : {0,1}" — (N x N) U {0*, 1*}.!
2. Sample H = (h;; :i,j € [N]) from a distribution £, where each
h;;:{0,1}" — {0,1}
is a random dictatorship Boolean function, i.e., h; ; () = x with k sampled
independently for each h; ; and uniformly at random from [n].
3. Finally, f = fr o : {0,1}" — {0,1} is defined as follows: f(r) = 1 if
[z > (n/2) +v/n; f(x) = 0if 2| < (n/2) — V/ns if
(n/2) —v/n < |z| < (n/2) + /n, we have

0 if T(z) = 0*

flz) =11 if T'(z) = 1*

hr)(x) otherwise (ie., I'(z) € N x N)

On the other hand a function f = fr oy ~ D,y is drawn using the same procedure,
with the only difference being that H = (h,; : 1,5 € [N]) is drawn from &,, (instead of
Eyes): each h; ;(z) = Ty, is a random anti-dictatorship function with k£ drawn independently

and uniformly from [n].

"We use 0* and 1* to denote two special symbols (instead of the Kleene closure of 0 and 1).
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1

T o
Figure 6.2: An illustration of the function f = fr ¢ g and its dependency on 7', C and H.

Remark 62. Given the same truncation done in both Dy, and D,,, it suffices to show a

lower bound against algorithms that query strings in the middle layers only: (n/2) —\/n <

|z < (n/2) + V/n.

Next we describe the distribution £ in details. £ is uniform over all pairs (7, C') of the
following form: T' = (7} : i € [N]) with T} : [\/n] — [n] and C' = (C;; : i, j € [N]) with
Cij : [v/n] = [n]. We call T;’s the terms and C; ;’s the clauses. Equivalently, to draw a pair
(T,C) ~ &:

e For each ¢ € [N], we sample a random term T'; by sampling T';(k) independently and
uniformly from [n] for each k € [\/n], with T';(k) viewed as the kth variable of T';.

e For each i, j € [IV], we sample a random clause C; ; by sampling C’; ;(k)
independently and uniformly from [n] for each k& € [\/n], with C; ;(k) viewed as the
kth variable of C ;.

Given a pair (7', C'), we interpret 7; as a (DNF) term and abuse the notation to write

T1<m): /\ TT;(k)
kelvn]

as a Boolean function over n variables. We say x satisfies T; when T;(z) = 1. We
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interpret each C; ; as a (CNF) clause and abuse the notation to write

Cij(x) =V zc,,m
kelv/n]
as a Boolean function over n variables. Similarly we say z falsifies C; ; when C; ;(z) = 0.

Each pair (7', C') in the support of £ defines a multiplexer map I' = 'z : {0,1}" —
(N x N)uU{0*,1*}. Informally speaking, I" consists of two levels: the first level uses the
terms 7; in 7" to pick the first index ¢’ € [N]; the second level uses the clauses C; ; in C' to
pick the second index j' € [N]. Sometimes " may choose to directly determine the value of
the function by setting I'(x) € {0*, 1*}.

Formally, (7, C') defines I as follows. Given an x € {0,1}" we have I'(z) = 0* if
Ti(z) = O0forall i € [N]and I'(x) = 1% if T;(x) = 1 for at least two different ¢’s in [N].
Otherwise there is a unique ¢’ with T; (x) = 1, and the multiplexer enters the second level.
Next, we have I'(z) = 1" if Cj j(x) = 1 forall j € [N] and I'(z) = 0" if Cy j(x) = 0 for
at least two different j’s in [V]. Otherwise there is a unique j' € [N] with Cy j/(x) = 0 and
in this case the multiplexer outputs I'(z) = (', 7).

This finishes the definition of Dy, and D,,. Figure 6.3 above gives a graphical repre-
sentation of such functions. We now prove the properties of Dy and D,, promised at the

beginning.
Lemma 6.1.1. Every function f in the support of D, is monotone.

Proof. Consider f = fr o g with (T, C') from the support of £ and H from the support of
Eyes. Let z € {0,1}" be a string with f(z) = 1 and 2; = 0 for some 7. Let 2’ = @, We
show that f(2') = 1.

First note that every term in 7" satisfied by = remains satisfied by x’; every clause satisfied
by = remains satisfied by z’. As a result if I'(z) = 1* then I'(2’) = 1* as well. Assume
that I'(z) = (4, 7). Then h; j(x) = f(z) = 1. For this case we have either I'(z') = 1* and
f(z") =1, 0r f(z') = h; j(z') and h; ;(2") = h; ;(x) = 1 because h; ; here is a dictatorship

function. L

Lemma 6.1.2. A function f ~ D,, is Q(1)-far-from monotone with probability Q(1).
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Figure 6.3: Picture of a function f in the support of Dy, and D,,. We think of evaluating f(z)
as following the arrows down the tree. The first level represents multiplexing = € {0,1}"
with respect to the terms in 7'. If x satisfies no terms, or multiple terms, then f outputs 0,
or 1, respectively. If x satisfies T; for a unique term T; (‘15 in the picture), then we follow
the arrow to 7; and proceed to the second level. If z falsifies no clause, or multiple clauses,
then f outputs 1, or 0, respectively. If x falsifies a unique clause C; ;, then we follow the
arrow to C; ; and output h; j(x).

Proof. Fix a pair (T, C) from the support of £ and an H from the support of &,,. Let
[ =Ffren.

Consider the set X C {0, 1}" consisting of strings = in the middle layers (i.e., |z| €
(n/2) + /n) with f(z) = 1, I'(x) = (i, ) for some i, 7 € [N] (instead of 0* or 1*), and
h; j being an anti-dictator function on the kth variable for some k£ € [n] (so x;, = 0). For
each v € X, we write 1)(z) to denote the anti-dictator variable % in h; ; and use z* to
denote ("), (Ideally, we would like to conclude that (x,z*) is a violating edge of f
as h; ;(z*) = 0. However, flipping one bit potentially may also change the value of the

multiplexer map I'. So we need to further refine the set X.)
Next we define the following two events with respect to a string = € X (with I'(z) =
(4,4)):
e [ (x): This event occurs when n(z) # C; ;(¢) for any ¢ € [\/n] (and thus, C; ;(z*) =
0);
e F(x): This event occurs when Ty (z*) = 0 for all ¢/ # i € [N].

We use X' to denote the set of strings x € X such that both £ (z) and Es(z) hold. The
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following claim shows that (x, z*) for every x € X' is a violating edge of f.

Claim 6.1.3. For each x € X', (x,z") is a violating edge of f.

Proof. Tt suffices to show that f(z*) = 0. As x satisfies a unique term 7; (7; cannot have
n(x) as a variable because x,,) = 0), it follows from £ (x) that * uniquely satisfies the

same T;. It follows from £ (x) that 2* uniquely falsifies the same clause C; ;. As a result,

Furthermore, the violating edges (z, x*) induced by strings z € X’ are indeed disjoint.
(This is because, given z*, one can uniquely reconstruct x by locating h; ; using I'(z*) and
flipping the kth bit of 2™ if h; ; is an anti-dictator function over the kth variable.) Therefore,
it suffices to show that X' (as a random set) has size 2(2") with probability (1), over
choices (T',C) ~ £ and H ~ &,,. The lemma then follows from the characterization of
[63] as stated in Lemma 6.0.1.

Finally we work on the size of X'. Fix a string z € {0, 1}" in the middle layers. The
next claim shows that, when (T', C) ~ & and H ~ &,,, X' contain = with (1) probability.

Claim 6.1.4. For each x € {0,1}" with (n/2) — \/n < |z| < (n/2) 4+ \/n, we have

(T,C)le"c”,rHNaw [x < X/} - Q(l)

Proof. Fix an z € {0,1}" in the middle layers. We calculate the probability of z € X
We partition the event of z € X' into ©(nN?) subevents indexed by i, j € [/N] and
k € [n] with 2, = 0. Each subevent corresponds to 1) Condition on T": both z and x*)
satisfy uniquely the ith term; 2) Condition on C: both z and z*) falsify uniquely the jth
term; 3) Condition on H: h; ; is the anti-dictatorship function over the kth variable. The
probability of 3) is clearly 1/n.
The probability of 1) is at least

(2 ) ) o).
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The probability of 2) is at least

1- (n/QZ\/ﬁ)ﬁ)Nl (et _g (1)

As aresult, the probability of z € X' is Q(nN?)xQ(1/N)xQ(1/N)xQ(1/n) = Q(1). O

From Claim 6.1.4 and the fact that there are €2(2") strings in the middle layer, the
expected size of X' is Q(2"). Via Markov, | X'| = Q(2") with probability Q(1). This
finishes the proof. O

Given Lemma 6.1.1 and 6.1.2, Theorem 58 follows directly from the following lemma
which we show in the rest of the section. For the rest of the proof we fix the number of

queries ¢ = n'/3 /log” n.

Lemma 6.1.5. Let B be any q-query, deterministic algorithm with oracle access to f. Then

Pr {B accepts f} < fPDr

.f ~ Lyes

[B accepts f} +o(1).

~Dhyo

Since f is truncated in both distributions, we may assume WLOG that B queries strings

in the middle layers only (i.e., strings x with |z| between (n/2) — y/n and (n/2) + \/n).

6.1.2 Signatures and the new oracle

Let (7', C') be a pair from the support of £ and H be a tuple from the support of Eye or &
Towards Lemma 6.1.5, we are interested in deterministic algorithms that have oracle access
to f = frc,m and attempt to distinguish Dy, from D, (i.e., accept if H is from & and
reject if it is from &,,).

For convenience of our lower bound proof, we assume below that the oracle returns
more than just f(z) for each query = € {0,1}"; instead of simply returning f(z), the
oracle returns a 4-tuple (o, 7, a, b) called the full signature of x € {0, 1}" with respect to
(T, C, H) (see Definition 43 below). It will become clear later that f(x) can always be
derived correctly from the full signature of x and thus, query lower bounds against the new

oracle carry over to the standard oracle. Once the new oracle is introduced, we may actually
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ignore the function f and view any algorithm as one that has oracle access to the hidden
triple (7', C, H) and attempts to tell whether H is from Eye or &p.

We first give the syntactic definition of full signatures.

Definition 42. We use B to denote the set of all 4-tuples (o,7,a,b) with o € {0,1, %}V
and T € {0,1,x}N U{L} and a,b € {0,1, L} satisfying the following properties:

1. o is either 1) the all-0 string 0N 2) e; for some i € [N]; or 3) e; s for some
i <1 €[N].
2. 7 =L ifoisofcase 1) or3). Otherwise (when o = e; for some i), T € {0, 1, *}N is
either 1) the all-1 string 1V; 2) €; for some j € [N]; or 3) €; ;» for some j < j' € [N].
3. a=b=_1Lunless: 1)Ifo = e; and T = €; for some i,j € [N}, then a € {0,1} and
b=_1;0r2)Ifc =e;and T =€, for somei € [N|and j < j' € [N], then
a,b e {0,1}.

We next define semantically the full signature of = € {0, 1}" with respect to (T',C, H).

Definition 43 (Full signature). We say (o, 7,a,b) is the full signature of a string x €

{0, 1} with respect to (T, C, H) if it satisfies the following properties:

1. First, o € {0,1,*}" is determined by T according to one of the following three
cases: 1) o is the all-0 string O~ if Ty(z) = 0 for all i € [N]; 2) If there is a unique
i € [N]with T;(x) = 1, then o = e;; or 3) If there are more than one index i € [N|
with T;(x) = 1, then o = e, with i < i’ € [N] being the smallest two such indices.
We call o the term signature of x.

2. Second, T = L if o is of case 1) or 3) above. Otherwise, assuming that o = e;,
7 € 40,1, %} is determined by (C; ; : j € [N]), according to one of the following
cases: 1) 7 is the all-1 string 1V if C; ;(x) = 1 for all j € [N]; 2) If there is a unique
J € [N]with C; j(x) = 0, then T = €;; or 3) If there are more than one index j € [N]
with C; j(x) = 0, then T =€, 7 with j < j' € [N] being the smallest two such

indices. We call T the clause signature of .
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3. Finally, a =b =1 unless: 1) If o = e; and T = €; for some i, j € [N|, then
a=h;;j(x)andb=_1;0r2)Ifc =e; and T =€, for somei,j < j' € [N], then
a = h;j(x) and b = h; j(z).

It follows from the definitions that the full signature of = with respect to (7, C, H) is in
B. We also define the full signature of a set of strings () with respect to (7', C, H).

Definition 44. The full signature (map) of a set Q C {0,1}" with respect to a triple
(T,C,H) is a map ¢: Q — ‘B such that ¢(x) is the full signature of x with respect to
(T, C, H) for each z € Q.

For simplicity, we will write ¢(z) = (04, 7y, az, b;) to specify the term and clause
signatures of = as well as the values of @ and b in the full signature ¢(z) of x. Intuitively
we may view ¢ as two levels of tables with entries in {0, 1, x}. The (unique) top-level table
“stacks” the term signatures o,, where each row corresponds to a string x € () and each
column corresponds to a term 7; in 7. In the second level a table appears for a term 7; if the
term signature of some string x € () is ¢;. In this case the second-level table at 7} “stacks”
the clause signatures 7, for each x € () with o, = e; where each row corresponds to such
an x and each column corresponds to a clause C; j in C'. (The number of columns is still N
since we only care about clauses C; ;, j € [IN], in the table at T;.)

The lemma below shows that the new oracle is at least as powerful as the standard oracle.

Lemma 6.1.6. Let (T',C') be from the support of € and H from the support of Eyes or &,
Given any string x € {0,1}", fro.u(z) is determined by its full signature with respect to

(T, C, H).

Proof. Firstif z does not lie in the middle layers, then f(z) is determined by |z|. Below we
assume that x lies in the middle layers. Let (o, 7, a, b) be the full signature of z. There are
five cases:

1. (No term satisfied) If o = 0V, then f(z) = 0.

2. (Multiple terms satisfied) If o = ¢, ; for some i,4" € [N], then f(z) = 1.

3. (Unique term satisfied, no clause falsified) If o = ¢; but 7 = 1V, then f(x) = 1.
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4. (Unique term satisfied, multiple clauses falsified) If o = ¢; but 7 = €; ;/, then

f(z)=0.

5. (Unique term satisfied, unique clause satisfied) If o = ¢, and 7 = €;, then f (x) = a.

This finishes the proof of the lemma. 0

Given Lemma 6.1.6, it suffices to consider deterministic algorithms with the new oracle
access to a hidden triple (7', C, H), and Lemma 6.1.5 follows directly from the following

lemma:

Lemma 6.1.7. Let B be any q-query algorithm with the new oracle access to (T,C, H).
Then

Pr B accepts (T,C,H) | < Pr B accepts (T,C,H) | + o(1).

(T,C)~E HoEyes (T,C)~E HrEpp

Such a deterministic algorithm B can be equivalently viewed as a decision tree of depth
¢ (and we will abuse the notation to also denote this tree by B). Each leaf of the tree B is
labeled either “accept” or “reject.” Each internal node u of B is labeled with a query string
x € {0,1}", and each of its outgoing edges (u, v) is labeled a tuple from 3. We refer to

such a tree as a signature tree.

As the algorithm executes, it traverses a root-to-leaf path down the tree making queries
to the oracle corresponding to queries in the nodes on the path. For instance at node u, after
the algorithm queries = and the oracle returns the full signature of = with respect to the
unknown (7', C, H), the algorithm follows the outgoing edge (u, v) with that label. Once a

leaf ¢ is reached, B accepts if ¢ is labelled “accept” and rejects otherwise.

Note that the number of children of each internal node is 3|, which is huge. Algorithms
with the new oracle may adapt its queries to the full signatures returned by the oracle, while
under the standard oracle, the queries may only adapt to the value of the function at previous
queries. Thus, while algorithms making ¢ queries in the standard oracle model can be
described by a tree of size 29, g-query algorithms with this new oracle are given by signature

trees of size (2°(v™)4,
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We associate each node u in the tree B with a map ¢,, : (), — ‘13 where (), is the set of
queries made along the path from the root to u so far, and ¢, () is the label of the edge that
the root-to-u path takes after querying x. We will be interested in analyzing the following

two quantities:

Pr [(T, C, H) reaches u] and

{(T, C, H) reaches u] :
(T,C)~E H~Eyes

r
(T,C)~E,H ~Eno

In particular, Lemma 6.1.7 would follow trivially if for every leaf ¢ of B:

(T, C, H) reaches 4 < (1+o0(1))- Pr [(T, C, H) reaches 4.

Pr [
(T,C)~E HrEyes (T,C)~E, HrEn,
(6.2)

However, (6.2) above does not hold in general. Our plan for the rest of the proof is to
prune an o(1)-fraction of leaves (measured in terms of their total probability under the
yes-case) and show (6.2) for the rest. To better understand these probabilities, we need to

first introduce some useful notation.

6.1.3 Notation for full signature maps

Given a map ¢ : Q — B for some @ C {0, 1}", we write ¢(z) = (04, Ts, az, b, ) for each
x € () and use 0, ;, 7, ; to denote the ith entry and jth entry of o, and 7, respectively. Note
that 7, ; is not defined if 7, = L. (Below we will only be interested in 7, ; if 0, = ¢; for
some i € [N].)

We introduce the following notation for ¢. We say ¢ induces a tuple (I; J; P; R; A; p),

where

e Theset I C [N]isgivenby I = {i € [N] : Jx € Q with g, ; = 1}. (So in terms of
the first-level table, I consists of columns that contain at least one 1-entry.)

e J=(J; C[N]:ie€l)isatuple of sets indexed by i € I. For each i € I, we have
Ji={j €[N]: 3z € Qwitho, =¢;and 7,,; = 0}.

(In terms of the second-level table at T}, J; consists of columns that contain at least
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one 0-entry.) By the definition of 3, each x with o, = e; can contribute at most two
J’s to J;. Also x does not contribute any j to J; if o, = ¢, or e;s ;, in which case
7, = L,orif o, = ¢; but 7, = 1%V, So in general .J; can be empty for some i € 1.

o P=(P,P,;:i€l,je J;)isatuple of two types of subsets of (). For i € I and
J€EJ;

Pi:{er:am-:l} and Pm-:{xe@:ax:eiandrx,j:O}.

(In terms of the first-level table, P; consists of rows that are 1 on the ¢th column; in
terms of the second-level table at T;, F; ; consists of rows that are 0 on the jth

column.) Note that both F; and P, ; are not empty by the definition of / and J;.

e R=(R;,,R;;:1€1,j€ J;)isatuple of two types of subsets of ). Fori € [ and
J€EJ;

Ri:{erzox,i:O} and R;; = {xEQ:JI:eiandevj :1}.

(In terms of the first-level table, R; consists of rows that are 0 on the sth column; in
terms of the second-level table at T}, I?; ; consists of rows that are 1 on the jth

column.)
o A= (Ao, Air,Ai o, Aij1:i€I,j€ J;)isatuple of subsets of [n]. Fori € I and
JEJ;

Ai71:{k‘€[n]:Vx€Pi,xk:1} and ALo:{kE[n}:Va:EPZ-,wk:O}

A1 = {k €[n|:Vee P,z = 1} and A; ;0= {k €[n|:Vee P, x = 0}.

Note that all the sets are well-defined since F; and P ; are not empty.
o p=(p;ij:i€l,je€ J;)isatuple of functions p; ; : P, ; — {0, 1}. For each
x € P, ;, we have p; ;(z) = a, if 7, = €; or 7, = €, ; for some j' > j; p; ;j(x) = b,

if 7, = €, ; for some j' < j.

Intuitively [ is the set of indices of terms with some string z € () satisfying the term 7;
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as reported in o,, and P, is the set of such strings while R; is the set of strings which do
not satisfy 7;. For each ¢ € I, J; is the set of indices of clauses with some string x € P,
satisfying T; uniquely and falsifying the clause C; ;. P ; is the set of such strings, and R, ;
is the set of strings which satisfy 7; uniquely but also satisfy C; ;. We collect the following

facts which are immediate from the definition.

Fact 6.1.8. Let (I; J; P; R; A; p) be the tuple induced by a map ¢: () — X. Then we have

] < Yier |2 < 2[Q).
Foreachi € I, |J;] <Y ey,

P, ;| <2|P.

Foreachi € I and j € J;,
Foreachi € Iandj € J;, P,j; C P, Aijg C Aijo, and Ajy C A jr.

R;| and |R; ;| are at most |Q)| (as they are subsets of Q)).

Note that || and Y_;c; |.J;| can be strictly larger than |@Q)|, as some x may satisfy more
than one (but at most two) term with o, = e; ;» and some x may falsify more than one clause

with 7, = €54+

The sets in A are important for the following reasons that we summarize below.

Fact 6.1.9. Let ¢ : () — P be the full signature map of Q) with respect to (T, C, H). Then
e Foreachi € I, T)(k) € A;1 forall k € [\/n] and T;(x) = 0 for each x € R;.
e Foreachi € I and j € J;, C;;(k) € Aijoforall k € [\/n] and C; ;(z) = 1 for each

T € Rz‘,j-

Before moving back to the proof, we introduce the following consistency condition on

P.

Definition 45. Let (I; J; P; R; A; p) be the tuple induced by a map ¢ : QQ — B. We say
that P, ; for some i € I and j € J; is 1-consistent if p; ;(x) = 1 for all x € P,;, and

O-consistent if p; j(x) = 0 for all x € P, ;; otherwise we say P, ; is inconsistent.

Let ¢ be the full signature map of ) with respect to (T',C, H). If P, ; is 1-consistent,
the index & of the variable z;, in the dictatorship or anti-dictatorship function /; ; must lie in
A, jo (When h, ; is an anti-dictator) or A; ;1 (When A, ; is a dictator); the situation is similar

if P; ; is O-consistent but would be more complicated if F; ; is inconsistent. Below we prune
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an edge whenever some F; ; in I? becomes inconsistent. This way we make sure that P ;’s

in every leaf left are consistent.

6.1.4 Tree pruning

Consider an edge (u,v) in B. Let ¢,: @ — B and ¢,: Q U {x} — ‘P be the maps
associated with v and v, with x being the query made at u and ¢,(x) being the label of
(u,v). Let (I;J; P; R; A; p) and (I'; J'; P'; R'; A’; p') be the two tuples induced by ¢,, and
¢y, respectively.

We list some easy facts about how (I; J; P; R; A; p) is updated to obtain (I'; J'; P'; R'; A" p/).

Fact 6.1.10. Let ¢,(v) = (04, Tz, Az, by ) for the string x queried at u. Then we have

o The new string v is placed in P} if o, ; = 1, and is placed in PZ-'J ifo, =e; and
Tz = 0.

o Each new setin P’ (i.e., P/ withi ¢ I or P/ with eitheri ¢ I ori € I but j & J), if
any, is {x} and the corresponding A;, or A ;| is {k : x), = 1} and A, or Aj ;¢ is
{k:zp =0}

e Eachold setin P' (i.e., P/ withi € I or P;; withi € I and j € J;) either stays the
same or has x being added to the set. For the latter case, {k : x = 0} is removed
from A;y or A; j1 and {k : x), = 1} is removed from A; o or A, ;o to obtain the new

setsin A'.

Now we are ready to define a set of so-called bad edges of B, which will be used to

prune 5. In the rest of the proof we use « to denote a large enough positive constant.

Definition 46. An edge (u,v) is called a bad edge if at least one of the following events occur at
(u,v) and none of these events occur along the path from the root to u (letting ¢,, and ¢,
be the maps associated with u and v, © be the new query string at u, (I; J; P; R; A; p) and
(I'; J'; P'; R'; A'; p') be the tuples that ¢, and ¢, induce, respectively):

e forsomei € I,

Ain \ Al

e Forsomei € I and j € J;,

> ay/nlogn.
Ai,j,O \ A;,j,(]‘ Z a\/ﬁlog n.
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e Forsomei € I and j € J;, P, ; is O-consistent but P,L»’J is inconsistent (meaning that
x is added to P j with p; j(y) = 0 for ally € P j but p; ;(x) = 1, instead of 0).
e Forsomei € I and j € J;, P, j is 1-consistent but Pi:j is inconsistent (meaning that

x is added to P; j with p; j(y) = 1 for all y € P, ; but p; ;(x) = 0, instead of 1).

Moreover, a leaf ( is bad if one of the edges along the root-to-{ path is bad; ( is good

otherwise.

The following pruning lemma states that the probability of (T', C, H) reaching a bad
leaf of B is o(1), when (T',C') ~ £ and H ~ ;. We delay the proof to Section 6.1.6.

Lemma 6.1.11 (Pruning Lemma). Pr(r c)s m~c,, [(T, C, H) reaches a bad leaf of B} =
o(1).

The pruning lemma allow us to focus on the good leaves ¢ of B only. In particular we
know that along the root-to-¢ path the sets A; ; and A; ;o each cannot shrink by more than
a+/nlog n with a single query (otherwise the path contains a bad edge and / is a bad leaf
which we ignore). Moreover every set P, ; in P at the end must remain consistent (either

0-consistent or 1-consistent).

We use these properties to prove the following lemma in Section 6.1.5 for good leaves

of B.

Lemma 6.1.12 (Good Leaves are Nice). For each good leaf { of B, we have

Pr (T',C,H) reaches (| < (1+0(1)) - Pr (T',C, H) reaches { |.
(T,C)~E HEyes (T,C)~E HEno

We can now combine Lemma 6.1.11 and Lemma 6.1.12 to prove Lemma 6.1.7.

Proof of Lemma 6.1.7. Let L be the leaves labeled “accept,” and L* C L be the good leaves

labeled “accept.” Below we ignore (1", C') ~ & in the subscript since it appears in every
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probability.

Pr | B accepts T,C,H} = Pr
HNgyes p ( ) KEZL HNgyes

[(T, C, H) reaches 4

< Z Pr {(T,C,H) reaches E] +0(1)

ter HEes

<(1+o0(1)- > Pr

gepLx T

[(T, C, H) reaches 4 +0o(1)

< Pr [B accepts (T, C, H)] + o(1),

~Cno

where the second line used Lemma 6.1.11 and the third line used Lemma 6.1.12. ]

6.1.5 Proof of Lemma 6.1.12 for good leaves

We prove Lemma 6.1.12 in this section. Let ¢ be a good leaf associated with ¢, and
(I; J; P; R; A; p) be the tuple that ¢, induces. Note that along the root-to-¢ path, when a
set A; o, Ain, Aijo, Aij is created for the first time in A, its size is between (n/2) £ /n
(since all queries made by B lie in the middle layers). As a result, it follows from Definition

46 that forz € [ and j € J;:

i) [Aual > (1/2) — (1P - Vitlogn) and |Ais0] > (1/2) — O] - y/logn);
i) [Aiol, [Aials [Aijol, [Aijal < (n/2) + /n;

iii) FP; ; is consistent (either 1-consistent or 0-consistent).

We start with the following claim:

Claim 6.1.13. Foreachi € [ and j € J,,

Aijal = (n/2) = O(|P* - V/nlogn).
Proof. For any two strings z,y € F; j, we have

[{k €[] an = s =0} > [Ai 0l > (n/2) — O(| Pyl - v/ logn).
As a result, it follows from [{k : v, = 0}| < (n/2) 4+ \/n and P, ; being nonempty that

‘{k En]:azy=1y = O}’ < O(\PZ-J] : \/ﬁlogn).

190



Finally we have

|A; 1| > ’{k‘ Xy = 1}’— > ‘{k cxp =1y, = 0}‘ > (n/2)—0(|37j|2.\/ﬁlogn>.

yEP; j\{z}
(6.3)
This finishes the proof of the lemma. 0
Additionally, notice that A;; C A, ;1; thus from i) we have
[Aijal = |Aia] = (n/2) = O(|P - v/nlogn). (6.4)

The following claim is an immediate consequence of this fact and Claim 6.1.13.

Claim 6.1.14. For eachi € I and j € J;, we have
[ Ai 1] = |4 50l| < O (Vnlogn - min {|P;, %, |Pi[})
Proof. We have from 1) and ii) that
[Aial = |40l £ (0/2) + v = ((n/2) = O(1P|- Vilogn)) = O(|P.gl - Vi logn).
On the other hand, from ii), (6.3) and (6.4), we have
[Aijol = [Aija] < O(Vlogn - min {|P;, % | Pi[}).

Note that | P, ;| < |P;|. The lemma then follows. O

We are now ready to prove Lemma 6.1.12.

Proof of Lemma 6.1.12. Let { be a good leaf and let ¢ : () — I3 be the map associated with
l.
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Let |£]| denote the support size of £. We may rewrite the two probabilities as follows:

Pr {(T7 C, H) reaches E] |5| Z HfN’r

[ T,C, H) reaches E]
(T,C)~E HEyes Eyes

/\/no

(Tvc)gl’c'ngm {(T C. H) reaches E] |5| Z Pr { (T, C, H) reaches 4,
where the sum is over the support of £. Hence, it suffices to show that for each (7', C') such
that

Pr [(T, C, H) reaches E] > 0, (6.5)

H~. gyes

we have the following inequality:

Pry.e, [(T,C, H) reaches /]
(T, C, H) reaches (] —

Py >1—o0(1). (6.6)

yes

Fix a pair (7, C') such that (6.5) holds. Recall that (7', C, H) reaches ¢ if and only if the
signature of each = € @ with respect to (7', C, H) matches exactly ¢(x) = (0, Tu, Ay, by)-
Given (6.5), the term and clause signatures of = are already known to match o, and 7,
(otherwise the LHS of (6.5) is 0). The rest, i.e., a, and b, for each x € (), depends on
H = (h; ;) only.

Since ¢ is consistent, there is a p; ; € {0, 1} for each P, ; such that every x € P, ; should
satisfy h; j(x) = p; ;. These are indeed the only conditions for H to match a, and b, for

each z € (), and as a result, below we give the conditions on H = (h; ;) for the triple

(T, C, H) to reach ¢:

e For &y, (T, C, H) reaches ¢, where H = (h; ;) and h; j(z) = xy, ;, if and only if
kij € Aijp,, foreachi € I'and j € J; (so thateach x € P ; has h; j(x) = p; ;).
e For &, (T',C, H) reaches ¢, where H = (h; ;) and h; j(x) = Ty, , if and only if

kij € Aiji—p,, foreachi € I and j € J; (so that each x € P;; has h; j(z) = pi ;).

With this characterization, we can rewrite the LHS of (6.6) as follows:

PrHNgm) {(T7 C7 H) reaCheS g] — H |Al.] lfpl,j — H 1 + |Ai’ja17pi,j
Pry.¢,. [((T,C, H) reaches (] . _: Aijpi iei e, |Aijpi

i€l,jed; ’ ©:05P1,j

- | Aiaj’pi J
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Thus, applying Claim 6.1.14 and noting that |4, ; ,, .| < n (whether p; ; = 0 or 1),

Pry.¢, [(T,C, H) reaches /] logn - min{| P, ;|%, | P;|}
> 11 [1-0 7
Pry.¢, [(T,C, H) reaches /| vn

iEI,jEJi

logn .
> 1—0( ) min §|P;;|?, | B b
\/ﬁ ’L'EI,X:]'EJZ‘ { ’ }

As Y, |Pj| < 2|P, ¥ e, min {|Pi,j|2, |R|} is maximized if |J;| = 2\/| 7| and | P, ;| =

\/@. So

> min{|Pyl% Bl < D212 < 0(6*),

iel,jed; i€l
since Y, | P;| < 2q. This finishes the proof of the lemma since g is chosen to be n'/3/ log® n.

O

6.1.6 Proof of the pruning lemma

Let E be the set of bad edges as defined in Definition 46 (recall that if (u,v) is a bad edge,
then the root-to-u path cannot have any bad edge). We split the proof of Lemma 6.1.11
into four lemmas, one lemma for each type of bad edges. To this end, we define four sets
E,, Es, E3 and E, (we follow the same notation of Definition 46): An edge (u,v) € E

belongs to

1. Eyif|A;p \ A1 > ay/nlogn for some i € I;

2. Eyif [Ajjo\ Aol > ay/nlogn forsomei € I and j € J;

3. Esifitis notin F, and for some < € [ and j € J;, P, ; is O-consistent but PZ-’J is
inconsistent (when (u,v) € F3 and the above occurs, we say (u,v) is E3-bad at
(4,9));

4. Eyifitisnotin £} or F; and for some ¢ € [ and j € J;, P, ; is 1-consistent but PZ-’J is
inconsistent (when (u,v) € Ej and the above occurs, we say (u,v) is Ey-bad at
(2,4)).

Itis clear that & = 7 U Ey U B3 U Ey. (These four sets are not necessarily pairwise disjoint

though we did exclude edges of F, from F5 and edges of £ and F, from E, explicitly.)
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Each lemma below states that the probability of (T", C') ~ £ and H ~ &, taking an edge

in £; is o(1). Lemma 6.1.11 then follows directly from a union bound over the four sets.
Lemma 6.1.15. The probability of (T',C) ~ £ and H ~ &, taking an edge in E is o(1).

Proof. Let u be an internal node. We prove that, when (T, C) ~ £ and H ~ &, either
(T, C, H) reaches node u with probability 0 or

(T’C)Nl:;&[%yes (T, C, H) takes an E;-edge at u | (T',C, H) reaches u | = o(1/q).
(6.7)

Lemma 6.1.15 follows from Lemma 6.0.3. Below we assume that the probability of
(T, C, H) reaching node u is positive. Let ¢ : @) — P be the map associated with u,
and let z € {0, 1}" be the string queried at u. Whenever we discuss a child node v of u
below, we use ¢’ : Q U {x} — P to denote the map associated with v and (I; J; P; R; A; p)
and (I'; J'; P'; R'; A’ p') to denote the tuples ¢ and ¢’ induce. (Note that v is not a specific
node but can be any child of u.)

Fix an ¢ € I. We upperbound by o(1/¢?) the conditional probability of (T',C, H)
following an edge (u, v) with [4;; \ 4] ,| > ay/nlogn. (6.7) follows directly from a union
bound over i € 1.

With i fixed, observe that any edge (u, v) has either A} } = A;; or Aj; = A; 1 \ A; with
Ai = {E € Ai,l Xy = 0} - Ai,l-

The latter occurs if and only if P/ = P; U {z}. Therefore, we assume WLOG that
|A;] > ay/nlogn (otherwise the conditional probability is 0 for ), and now it suffices to
upperbound by 0(1/¢?) the conditional probability of (T', C, H) taking an edge (u, v) with
P! = P, U {zx}.

To analyze this conditional probability for i € I, we fix a triple (7"_;, C, H), where we

use 1"_; to denote a sequence of N — 1 terms with only the ¢th term missing, such that

PT’_r [((T,i, T;),C, H) reaches u} > 0,
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where T'; is a term drawn uniformly at random. It suffices to prove for any such (7_;, C, H):

gr{((T_i, T,),C, H) reaches v and P = P, U {x}} (6.8)

<o(1/¢?) - 1;1“ {((T_i, T,),C, H) reaches u}

Recalling Fact 6.1.9, the latter event, ((7;,T";), C, H) reaching u, imposes two conditions

onT;:

1. Foreachy € P, T;(y)

=1, and
2. Foreach z € R;, T;(2) = 0.

Let U denote the set of all such terms 7" : \/n — [n]. Then equivalently 7' € U if and only
if

U:T(k) € A; forall k € [\/n] and each z € R; has zp(;) = 0 for some k € [/n].

Regarding the former event in (6.8), i.e. ((7_;,T;),C, H) reaching v and P/ = P, U {z},
a necessary condition over T'; is the same as above but in addition we require T;(x) = 1.
(Note that this is not a sufficient condition since for that we also need T'; to be one of the

first two terms that = satisfies, which depends on 7" ;.) Let V' denote the set of all such

terms. Then T € V if

V:T(k) € A1\ A; forall k € [/n] and each z € R; has zr(,) = 0 for some k € [\/n)].

In the rest of the proof we prove that [V|/|U| = o(1/¢?), from which (6.8) follows. Let

¢ = log n. First we write U’ to denote the following subset of U: 1" € U is in U’ if

{k € [vn]: T'(k) € A}

=/,

and it suffices to show |V |/|U’| = o(1/¢?). Next we define the following bipartite graph
G between U’ and V' (inspired by similar arguments of [34]): 7" € U’ and T' € V have an
edge if and only if 7'(k) = T'(k) for all k € [\/n] with T"(k) ¢ A;. Each T" € U’ has

degree at most |A; 1 \ A, as one can only move each 77(k) € A; to A;1 \ A,
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To lowerbound the degree of a’I" € V/, note that one only needs at most ¢ many variables
of T to kill all strings in R;. Let H C [\/n] be any set of size at most ¢ such that for each
string z € R;, there exists a k € H with zp,) = 0.2 Then one can choose any ¢ distinct
indices ki, ..., k, from H, as well as any / (not necessarily distinct) variables ti,. .., %,
from A\;, and let 7" be a term where

ti k = k; for some i € [(]

T'(k) =
T(k) otherwise.

The resulting 7" is in U’ and (7', 7") is an edge in G. As a result, the degree of 7" € V' is at

<\/ﬁ€— q) NG

By counting the number of edges in G in two different ways and using |A;1| < (n/2) ++/n,

'f;,' . (ﬁg— q) . <’A\A\’A‘>é > <gj . m)e > w(e),

least

by choosing a large enough constant o > 0. This finishes the proof of the lemma. [
Lemma 6.1.16. The probability of (T',C') ~ £ and H ~ &, taking an edge in E5 is o(1).

Proof. The proof of this lemma is similar to that of Lemma 6.1.15. Let u be any internal
node of the tree. We prove that, when (T, C) ~ &£, H ~ &y, either (T, C, H) reaches u

with probability O or

(T,C)N]?c”,I}{Ngyes (T, C, H) takes an Esy-edge at u | (T, C, H) reaches u | = o(1/q).
(6.9)

Assume below WLOG that the probability of (T', C, H) reaching u is positive.
Fix i € [ and j € J;. We upperbound the conditional probability of (T, C, H) taking
an edge (u, v) with [4; ;0 \ Aj ;0| > a/nlogn by o(1/¢%). (6.9) follows by a union bound.

2For example, since | R;| < ¢, one can set H to contain the smallest & € [/n] such that 2r@k) = 0, for
each z € R;.
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Similarly let
A= {5 € Aijo:ixe= 1} C Aijo, (6.10)

and assume WLOG that |A; ;| > ay/nlogn (as otherwise the conditional probability is 0
for ¢, j). Then it suffices to upperbound the conditional probability of (1", C, H) going
along an edge (u,v) with P/; = P, ; U {z} by o(1/¢®). The rest of the proof is symmetric
to that of Lemma 6.1.15. [l

Lemma 6.1.17. The probability of (T',C) ~ £ and H ~ &, taking an edge in Ej is o(1).

Proof. We fix any pair (7', C') from the support of £ and prove that

Pr |(T,C, H) takes an Fs-edge| = o(1). (6.11)
HNgycs

The lemma follows by averaging (6.11) over all pairs (7', C') in the support of £. To prove
(6.11) we fix any internal node u such that the probability of (7', C, H ) reaching w is positive,
and prove that

HPg (T, C, H) takes an E3-edge leaving u | (T',C, H) reaches u| = o(1/q). (6.12)

(6.11) follows by Lemma 6.0.3. Below we assume the probability of (7, C', H) reaching u
is positive.

We assume WLOG that there is no edge in F along the root-to-u path; otherwise, (6.12)
is 0. We follow the same notation used in the proof of Lemma 6.1.15, i.e., ¢, : QQ — B
as the map associated with u, x as the query made at u, and (I; J; P; R; A; p) as the tuple
induced by ¢,. We also write F' to denote the set of pairs (7, j) such thati € I and j € J.

Observe that since (7', C') is fixed, the term and clause signatures of every string are
fixed, and in particular the term and clause signatures (denoted o, and 7,) of x are fixed.
We assume WLOG that 0, = e, for some k € [N] (otherwise = will never be added to any
P, ; when (T, C, H) leaves u and (6.12) is 0 by the definition of Es). In this case we write
D to denote the set of {(k,j) : 7,; = 0} with |D| < 2. As a result, whenever (T',C, H)

takes an F3-edge leaving from u, this edge must be F3-bad at one of the pairs (k, j) € D.
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Thus, the LHS of (6.12) is the same as

> Pr {(T, C, H) takes a (u, v) that is E3-bad at (k, j) | (T, C, H) reaches u |.
(k.gyen o
(6.13)
To bound the conditional probability for (k, j) above by o(1/q), we assume WLOG that
(k,j) € F (otherwise = would create a new P, ; whenever (7', C, H ) takes an edge (u,v)
leaving u, and the latter cannot be E5-bad at (k, j)). Next we define (A ;o below is well

defined since (k, j) € F)
Apj={le Ao a=1}.

We may assume WLOG that |A, ;| < ay/nlogn; otherwise (T, C, H) can never take an
edge (u,v) in F3 because Es-edges are explicitly excluded from Fj3. Finally, we assume
WLOG py, ;(y) = 0 for all y € Py ;; otherwise the edge (u,v) that (T',C, H) takes can
never be F3-bad at (k, j).

With all these assumptions on (k, 7) in place, we prove the following inequality:

Pr |(7,C, H) takes a (u, v) that is E3-bad at (, j)] (6.14)

HNgyes A
< Bl Pr {(T,C,H) reaches u |.
[ Ak ol H~Ee

Given |Ay ;| = O(y/nlogn) and |A4; ;0| > (n/2) — O(gy/nlogn) = Q(n) (since there is
no bad edge particularly no Es-edge, from the root to u), (6.12) follows by summing over
D, with |D| < 2.

We work on (6.14) in the rest of the proof. Fix any tuple H_ j (with its (k, j)th entry
missing) such that the probability of (T, C, (H_(,j), h)) reaching u is positive, where h is
a random dictator function with its dictator variable drawn from [n] uniformly. Then (6.14)

follows from

Pr| (T, C, (H_g,), h)) takes (u, v) that is Ey-bad at (K, j)} 6.15)

AN
< Akl . Pr [(T, C,(H_(,),h)) reaches u |.
[ Apjol h

The event on the RHS, i.e., that (T, C, (H_), h)) reaches u, imposes the following
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condition on r the dictator variable of h: r € Ay 0, since py ;(y) = O forally € Py ;.
Hence the probability on the RHS of (6.15) is |A4; ;o] /n. On the other hand, the event on
the LHS of (6.15), that (T, C, (H_(; j), h)) follows a (u, v) that is F5-bad at (k, j), imposes
the following necessary condition for r: r € Ay ;.> As a result, the probability on the LHS
of (6.15) is at most |Ay, ;| /n. (6.15) then follows. O

Lemma 6.1.18. The probability of (T',C) ~ £ and H ~ &, taking an edge in Ey is o(1).

Proof. We fix a pair (T, C') from the support of £ and prove that

Pr [(T, C, H) takes an E4-edge} =o(1). (6.16)

H~Eyes

The lemma follows by averaging (6.16) over all (7', C') in the support of £. To prove (6.16),
fix a leaf ¢ such that the probability of (7', C, H) reaching / is positive. Let uy - - - upuy 1 =
¢ be the root-to-¢ path and let ¢(u,) denote the following conditional probability:

HPg (T, C, H) takes an E,-edge leaving u; | (T, C, H) reaches us |.
~Cyes

It then suffices to show for every such leaf /,

> qlus) = o(1), (6.17)

set!]

since (6.16) would then follow by Lemma 6.0.4. To prove (6.17), we use ¢ to denote the
smallest integer such that (w1, us12) is an edge in F; or Fy with ¢t = ¢’ by default if there
is no such edge along the path. By the choice of ¢, there is no edge in £ or E, along

Uy - - - gy 1. For (6.17) it suffices to show

> q(us) = o(1). (6.18)

sE(t]

To see this we consider two cases. If there is no £y, Es edge along the root-to-¢ path,

then the two sums in (6.17) and (6.18) are the same. If (u;11, usy2) is an edge in F; or Es,

3Note that this is not a sufficient condition, because the other pair (k,j’) € D may have |A ;| >
ay/nlogn.
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then g(us) = 0if s > ¢t 4 2 (since (u,v) ¢ FE if there is already an edge in E along the
path to w). We claim that ¢(u;;,) must be 0 as well. This is because, given that (7', C) is
fixed and that (7', C, H) takes (w41, us12) With a positive probability, whenever (7', C, H )
follows an edge (u;,1,v) from w4, v has the same term and clause signatures (o, 7,) as
U2 and thus, also has the same P and A (as part of the tuple its map induces). As a result
(ug1,v) is also in Ey or F5 and cannot be an edge in Fy (recall that we explicitly excluded

E; and E5 from E,). Below we focus on ug with s € [t] and upperbound ¢(us).

For each s € [t| we write x* to denote the string queried at us and let (1°; J%; P*; Q*; R*; p®)
be the tuple induced by the map associated with us. We also write F to denote the set of
pairs (i, 7) with ¢ € I*,j € J?. Following the same arguments used to derive (6.13) in the
proof of Lemma 6.1.17, let D, C F; denote the set of at most two pairs (i, j) such that
2° is added to P?; when (T',C, H) reaches u,. Note that if x° just creates a new P; ; (so
(1,7) ¢ Fs), we do not include it in Dy. As a result, whenever (7', C, H) takes an F4-edge

(u, v), the latter must be F4-bad at one of (7, j) € D;.

Next for each pair (i, j) € D;, we can follow the analysis of (6.14) to show that

Pr ((T,C, H) takes a (u,v) thatis £,-bad at (i,j)} <

H~Eyes

Pr {(T, C, H) reaches u |,

where the set A? ; is defined as
Al = {k: €A, ) = o}.

As there is no F; or F; edge along the path to u,, we have by (6.4) that Af . has size Q(n).

%,7,1
Thus,

q(us) <O(1/n) - > ‘Af’j and Y q(us) <O(1/n)- > > ‘A (6.19)

(4,7)€Ds s€(t] s€lt] (¢,5)€Ds

Let (I*; J*; P*; R*; A*; p*) be the tuple induced by the map associated with u,,; and
let F'* be the set of (i, j) with ¢ € I* and j € J;. We upperbound the second sum in (6.19)
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above by focusing on any fixed pair (i, j) € F"* and observing that

> Ay

5(7/7])6D5

+|A74] < (n/2) + V.

This is because Af; and A} ;| are pairwise disjoint and their union is indeed exactly the
number of 1-entries of the query string along the path that first creates F; ;. The latter is
at most (n/2) + y/n because we assumed that strings queried in the tree lie in the middle

layers. On the other hand,
A71| = (n/2) = O(Vlogn - min {| P, |P71}).

This follows directly from (6.3) and (6.4) and our choice of ¢ at the beginning of the proof
so that there is no E; or Es edge from w4 to us1. We finish the proof by plugging the two
inequalities into (6.19) and follow the same arguments used at the end of the proof of the

lemma for good leaves. [

6.2 Unateness Lower Bound

We start with some notation for strings. Given A C [n] and = € {0,1}", we use z4 to
denote the string in {0, 1}* that agrees with = over A. Given y € {0,1}* and z € {0,1}%,
we use x = y o z (as their concatenation) to denote the string = € {0, 1}" that agrees with
y over A and z over A. Given z € {0,1}" and y € {0,1}* with A C [n], we use z ® y to
denote the n-bit string 2’ with 2, = x; foralli ¢ Aand 2}, = z; ® y; forall i € A, i.e., 2’ is

obtained from x by an XOR with y over A.

6.2.1 Distributions

For a fixed n > 0 we describe a pair of distributions, Dy and D,,, supported on Boolean
functions f: {0,1}" — {0, 1} that will be used to obtain a two-sided and adaptive lower
bound for unateness testing. After defining the distributions, we show in this subsection that

any f ~ Diye is unate, and f ~ D, is 2(1)-far from being unate with probability €2(1).
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Let NV be the following parameter:

1 n/4
N=|1+— ~ eV,
( +ﬁ> ‘

A function f ~ D, is drawn using the following procedure:

1. Sample a subset M C [n] uniformly at random from all subsets of size n/2.

2. Sample T ~ £(M) (which we describe next). T is a sequence of terms
(T, : ¢ € [N]). T is then used to define a multiplexer map
I =Tg: {0,1}" — [N]U {0, 1*}.
3. Sample H ~ &(M) where H = (h; : i € [N]). Foreach i € [N],
h;: {0,1}" — {0,1} is a dictatorship function h;(x) = x; with k sampled
independently and uniformly from M. We will refer to h; as the dictatorship function
and zj, (or simply its index k) as the special variable associated with the ith term T;.
4. Sample two strings r € {0, 1}™ and s € {0, 1}™ uniformly at random. Finally, the

function f = fyrm,s: 10,1} — {0, 1} is defined as follows:

Fvraes(®) = fmrH (3? @©(ro 5))»

where fy; 5 is defined as follows (with the truncation done first):

0 if |ap| < (n/4) — Vi

1 if |p| > (n/4) + Vi
Fvra() =10 if T'(z) = 0*

1 if D(z) = 1*

hrey(z) otherwise (i.e., when T'(z) € [N])

This finishes the definition of our yes-distribution Dy..

A function f = fyrpp,s ~ Dio is drawn using a similar procedure, with the only

difference being that H = (h; : i € [N]) is sampled from &,,(M) instead of Eyes(M):
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each h; is a dictatorship function h;(x) = x; with probability 1/2 and an anti-dictatorship
h;(x) = Ty, with probability 1/2, where k is chosen independently and uniformly at random
from M. We will also refer to h; as the dictatorship or anti-dictatorship function and z;, as

the special variable associated with T;.

Remark 63. Note that the truncation in fy; 1y, s is done after sampling r. As a result,

we may not assume all queries are made in the middle layers, like we did in Section 6.1.

Fixing an M C [n] of size n/2, we now describe T ~ (M) to finish the description of
the two distributions. Each term T; in T, ¢ € [N], is drawn independently and is a random
subset of M with each j € M included with probability 1/4/n independently. We also
abuse the notation and interpret each term T'; as a Boolean function that is the conjunction

of its variables:

JET;
Note that, for some technical reason that will become clear later in the proof of Lemma
6.2.13, the definition of terms here is slightly different from that used in the monotonicity
lower bound, though both are the conjunction of roughly /n/2 (y/n in monotonicity)
variables. Given T, the multiplexer map I't: {0,1}" — [N] U {0*, 1*} indicates the index
of the term T; that is satisfied by z, if there is a unique one; it returns 0* if no term is

satisfied, or 1* if more than one term are satisfied:

0* Vi€ [N], Ti(z) =0
Pr(z) =4 1* Ji#je[N], Tiy(z) =T;(z) =1

i  T(x) =1 forauniquei € [N]

We give some intuition for the reason why the two distributions are hard to distinguish
and can be used to obtain a much better lower bound for unateness testing, despite of
being much simpler than the two-level construction used in the previous section. Note that
Dyes and Dy, are exactly the same except that (1) in Dy, h;’s are random dictatorship or
anti-dictatorship functions (if one takes s into consideration) but are consistent in the sense

that all h;’s with the same special variable xj, are either all dictatorship or anti-dictatorship
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functions; (2) in contrast, whether h; is a dictatorship or anti-dictatorship is independent
for each i € [N] in D,,. Informally, the only way for an algorithm to be sure that f is from
D,, (instead of D) is to find two terms with the same special variable x) but one with a
dictatorship and the other with an anti-dictatorship function over z. As a result, one can
interpret our Q(nQ/ 3) lower bound (at a high level) as the product of two quantities: the
number of queries one needs to breach a term T; (see Section 6.2.3 for details) and find its
special variable, and the number of terms one needs to breach in order to find two with the
same special variable. This is different from monotonicity testing since we are done once a
term is breached there, and enables us to obtain a much better lower bound for unateness
testing.

Next we prove that f ~ D, is unate and f ~ D,, is far from unate with high

probability.
Lemma 6.2.1. Every f in the support of Dy, is unate.

Proof. Given the definition of f = fur 1 m,rs using fas 7 m, it suffices to show that fy; 7 5

is monotone. The rest of the proof is similar to that of Lemma 6.1.1. [
Lemma 6.2.2. A function f ~ D,, is Q(1)-far from unate with probability 2(1).

Proof. Consider a fixed subset M C [n] of size n/2. It suffices to prove that, when
T ~ E(M) and H ~ &,,(M), the function f = f ;1 g is (1)-far from unate. This is due
to the fact that flipping variables of a function as we do using r and s does not change its
distance to unateness.

Fix T in the support of £(M) and H in the support of &,,(M). We let X C {0,1}"
denote the set of x € {0, 1}" in the middle layers (i.e. |z, is within n/4 + /n) such that
I'r(z) = i for some ¢ € [N] (rather than 0* or 1*). For each x € X with I'y(z) = i, we also
let p(x) = k be the special variable associated with 7T; (i.e., h;(z) = x or h;(z) = Tf). As

p(z) € M and ' (x) depends only on variables in M, we have that



i.e., after flipping the p(x)th bit of x, the new string still satisfies uniquely the same term as
x.

Let 2* = 2(/(*)) for each string 2 € X (then (z*)* = z). The claim below shows that
(x,x*) is a bi-chromatic edge along the p(x)th direction. As a result, one can decompose

| X | into | X |/2 many disjoint bi-chromatic edges (x, z*).

Claim 6.2.3. Forall v € X, (z,2") is a bi-chromatic edge of fyr 1 m.

Proof. Letk = p(z) € M. Then fy 7 (x) and fy 7 g(x*) are either x;, and z} or T; and

?Z. The claim follows directly from z* = 2*) and thus, x5 = Tf. L]

For each k € M, we partition strings * € X with p(z) = k and f(z) = 0 into
X,j:{a:GX:,o(:v):k:,:vk:(),f(:zr):O} and Xk_:{xeX:p(x):k:,xkzl,f(x):0}.

Note that for each x € X!, (z,z*) is a monotone bi-chromatic edge; for each r € X ,
(x,x*) is an anti-monotone bi-chromatic edge. Since all these | X | /2 edges are disjoint, by

Lemma 6.0.2 we have:
1
dist(meH,UNATE) > o Z min{|X,j|, \X,;|}.
keM

Therefore, it suffices to show that with probability (2(1) over T ~ E(M) and H ~ &,,(M),
both X and X (as random variables derived from T and H) have size 2(2"/n) for every
ke M.

To simplify the proof we introduce a new distribution (M) that is the same as £(M)

1/3

but conditioned on that every 7; in 7' contains at least n'/° elements. Our goal is to show

that

— . ) . ) B
TNS’(]V[},)IENSHO(M) Vk € M, both X; and X have size Q(2"/n)| = Q(1).  (6.20)

This implies the desired claim over T ~ £(M ) as the probability of T ~ £(M) lying in the
support of £'(M) is at least 1 — exp (—£2(y/n)). To see this is the case, the probability of
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T, having less than 7'/ many elements can be bounded from above by

ez 3 () 6 2 ()

71/27711/3
1/3 (m2) (L ~0.49v/n
(n/?+1) <n1/3> (1 7 <e :

IN

Taking a union bound over all N ~ eV™*/* terms, we conclude that T ~ £(M) lies in the

support of &'( M) with probability at least 1 — exp(—0.24,/n).

In Claim 6.2.4, we prove a lower bound for the expectation of |X]|:

Claim 6.2.4. We have (below we use H as an abbreviation for H ~ &,,(M))

B [|X|} —0@) ad B {|X|} — Q2" 6.21)

Proof. By linearity of expectation, we have

CE L) = > P [pex],

middle z T~e(M), H

Fix a string 2 € {0, 1}" in the middle layers (i.e., |2 /| lies in n/44+/n). We decompose
the probability on the RHS for x into /V disjoint subevents. The ith subevent corresponds to

T, being the unique term which z satisfies. The probability of the :th subevent is at least

L0 l)) el

As a result, the probability of x € X is N - Q(1/N) = €(1). The first part of (6.21) follows

from the fact that there are (2(2") many strings x in the middle layers.

The second part of (6.21) follows from the first part and the fact that |X| < 2" and

T ~ £(M) does not lie in the support of £'(M) with probability o(1) as shown above. [

Let u* = Q(2") be the expectation of |X| over T ~ &'(M) and H ~ &,,(M), and let p
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be the probability of |X| > p*/2. Then we have

pr<p-2"+(1—p)-(u/2) <p-2"+p"/2

and thus, p = €(1). As a result, it suffices to consider a 7" in the support of (M) that
satisfies | X'| > p* /2 and show that, over H ~ &, (M), all | X; | and | X, | are (2" /n) with
probability Q(1). To this end, we focus on X and then use symmetry and a union bound
on all the n sets.

Given 7" and its X (with | X| > p*/2), we note that half of z € X have x;, = 0 (since
whether x € X only depends on x,,) and for each z € X with x; = 0, the probability of
x € Xj (over H)is 1/(2n). Hence, the expectation of | X | is | X |/4n > u*/8n = Q(2"/n).

Let = | X|/4n. To obtain a concentration bound on |X;"

, we apply Hoeffding’s inequality

over H ~ &,,(M) in the next claim.

Claim 6.2.5. For each k € M, we have

B [~ X8 2 /2] < o (-2 (2 ).

Proof. Consider the size of X, as a function over hy, . .., hy for a particular fixed 7" in the
support of &'(M) with | X| > Q(2"). We have that X;' is a sum of independent random
variables taking values between 0 and on=n'"* "and the expectation of | X | is 1 because
the choices in H partitions half of X into 2n disjoint parts. Therefore, we can now apply

Hoeffding’s inequality:

22n—n1/3

Q(22n/n2)
— Xt > K < S S A
wbT [u X5l = 2} < exp <

As each term has length at least n'/3, each T} can add at most b; < (1/2) - 20" t0 | X

’

then
Z b2 < 2n7n1/3 Z b < 22717711/3'
1€[N] 1€[N]
This finishes the proof of the claim. 0

The same argument works for | X, |. (6.20) then follows from a union bound on k € M
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and both sets X and X, . This finishes the proof of Lemma 6.2.2. [

Given Lemmas 6.2.1 and 6.2.2, our lower bound for testing unateness (Theorem 60)
follows directly from the lemma below. We fix ¢ = n*3/log® n as the number of queries in

the rest of the proof. The remainder of this section will prove the following lemma.

Lemma 6.2.6. Let B be any q-query deterministic algorithm with oracle access to f. Then

f{’g’m [B rejects f} < fE%“ [B rejects f] + o(1).

6.2.2 Balanced decision trees

Let B be a g-query deterministic algorithm, i.e., a binary decision tree of depth at most ¢
in which each internal node is labeled a query string = € {0, 1}" and each leaf is labelled
“accept” or “reject.” Each internal node u has one 0-child and one 1-child. For each internal
node u, we use (), to denote the set of strings queried so far (not including the query x to
be made at u).

Next we give the definition of a g-query tree B being balanced with respect to a subset
M C [n] of size n/2 and a string r € {0,1}* (as the M and 7 in the procedure that
generates Dy, and D,,). After the definition we show that, when both M and r are drawn
uniformly at random (as in the procedure), B is balanced with respect to M and r with

probability at least 1 — o(1).

Definition 47 (Balance). We say B is balanced with respect to a subset M C [n] of size n/2

and r € {0,1}M if for every internal node u of B (letting x be the query at u) and every

A= {k‘ €n]:Vy,y €Q,y. = y;} and A = {k‘ € [n]:Vy,y € QU{z}, yp = y;},
(6.22)

the set A = A\ A’ having size at least n*/* log n implies that

Ay ={keANM zy@r=0andVy € Q, yy dry, = 1} (6.23)
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has size at least n*/3logn /8.

Lemma 6.2.7. Let B be a q-query decision tree. Then B is balanced with respect to a
subset M C [n] of size n/2 and an r € {0,1}™, both drawn uniformly at random, with

probability at least 1 — o(1)

Proof. Fix an internal node v and a Q C @, such that |A| > n*3logn. Then the
probability over the draw of M and r of A; being smaller than n?/3logn/8 is at most
exp(—Q(n?/?logn)) using the Chernoff bound. The lemma follows by a union bound as

there are at most O(27) choices for v and 27 choices for Q. [
Lemma 6.2.6 follows from the following lemma.

Lemma 6.2.8. Let B be a q-query tree that is balanced with respect to M and r. Then we

have

P B rej < P B rej 1). 24
T,HNE,:(M),S { rejects fM,T,H,r,s} < T,HNS}:S'(M),s[ rejects fM’T7H7T’S} +0o(1). (6.24)

where T ~ E(M) and s ~ {0,1}M.

Proof of Lemma 6.2.6 assuming Lemma 6.2.8. To simplify the notation, in the sequence of
equations below we ignore in the subscripts names of distributions from which certain
random variables are drawn when it is clear from the context. Using Lemma 6.2.7 and

Lemma 6.2.8, we have

[B I'CjCCtS fM,T,H,r,s}

1 . Z

<o) o man |

! Z Pr

< ) [
2n/2 . (n/Q) M r: balanced B T Hr&no (M),

1
—_— P B rej 1
e <n7/L2) M,T:b%a:ncedB T7HN‘€Y€IS‘(M)7S [ rejects fM,T,H,r,s} * 0( )

Pr
M, T, H~Eno(M),r,s

B rejects fum s

B rejects fM,T,HmS} +o(1)

IN

M7T7H££S(M)7T,s [B rejects fMﬁTﬁH’,n,S} + o(1).
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This finishes the proof of Lemma 6.2.6. [l

To prove Lemma 6.2.8, we may consider an adversary that has M of size n/2 and
r € {0,1}™ in hand and can come up with any ¢-query decision tree B as long as B is
balanced with respect to M and 7. Our goal is to show that any such tree B satisfies (6.24).

This inspires us to introduce the definition of balanced decision trees.

Definition 48 (Balanced Decision Trees). A q-query tree B is said to be balanced if it is
balanced with respect to M* = [n/2] and r* = 0"/? € {0,1}M. Equivalently, for every
internal node u of B and every () C Q, (letting A and A’ denote the sets as defined in
(6.22)), if A = A\ A’ has size at least n*/® log n, then the set A, as defined in (6.23) using

M* and r* has size at least n**logn /8.
With Definition 48 in hand, we use the following lemma to prove Lemma 6.2.8.

Lemma 6.2.9. Let B be a balanced q-query decision tree. Then we have

[B rejects fM*’TH’T*’S} < Pr [B rejects fM*,T,HW*’S} +o(1),

Pr <
TvHN&w(M*)aS T7H~5ves(M*)73
(6.25)

where T ~ E(M*) and s ~ {0,1}".

Proof of Lemma 6.2.8 assuming Lemma 6.2.9. Let B be a g-query tree that is balanced with
respect to M and r € {0, 1}*, which are not necessarily the same as M* and r*. Then we
use B, M and r to define a new ¢-query tree B’ that is balanced (i.e., with respect to M*
and r*): B’ is obtained by replacing every query x made in B by xz’/, where 2’ is obtained by
first doing an XOR of x with r over coordinates in M and then reordering the coordinates
of the new z using a bijection between M and M*. Note that B’ is balanced and satisfies
that the LHS of (6.24) for B’ is the same as the LHS of (6.25). The same holds the RHS as

well. Lemma 6.2.8 then follows from Lemma 6.2.9. O]

For simplicity in notation, we fix M and 7 to be [n/2] and 0("/?] in the rest of the section.

We also write £ for E(M), Eyes for Eyes(M ), and &, for £, (M ). Given T in the support of
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&, H from the support of Eyes or £, and s € {0, 1}M, we write

def

fT,H,s - fM,T,H,r,s
for convenience. Then the goal (6.25) of Lemma 6.2.9 becomes

Pr {B rejects fT7H,S} < Pr {B rejects fT,H#} + o(1),

T, H~Eno,s T HrEyes,s
where T ~ & and s ~ {0,1}™ in both probabilities.

Remark 64. Since B works on fr u s and v is all-0, the multiplexer I'y is first truncated

according to |x |, the number of 1’s in the first n/2 coordinates. As a consequence, we
may assume without loss generality from now on that B only queries strings x that have
|| lying between n /4 & \/n. We will refer to them as strings in the middle layers in the

rest of the section.

6.2.3 Balanced signature trees

At a high level we proceed in a similar fashion as in the monotonicity lower bound. We first
define a new and stronger oracle model that returns more than just f(x) € {0, 1} for each
query z € {0,1}". Upon each query x € {0, 1}", the oracle returns the so-called signature
of z € {0, 1}" with respect to (7', H, s) when hidden function is fr ;s (and it will become
clear that fr y s(x) is determined by the signature of z); in addition, the oracle also reveals
the special variable k of a term 7; when the latter is breached (see Definition 52). Note
that the revelation of special variables is unique in the unateness lower bound. On the other
hand, the definition of signatures in this section is much simpler due to the single-level
construction of the multiplexer map.

After the introduction of the stronger oracle model, ideally we would like to prove that
every ¢g-query deterministic algorithm C' with access to the new oracle can only have at most
o(1) advantage in rejecting the function fr g s when T ~ &, H ~ &, and s ~ {0, l}ﬁ as
compared to T, H ~ &y, and s. It turns out that we are only able to prove this when C'is

represented by a so-called balanced signature tree, a definition closely inspired by that of
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balanced decision trees in Definition 48. This suffices for us to prove Lemma 6.2.9 since
only balanced decision trees are considered there.

Recall the definition of e; and e; ; from Section 6.1. We first define signatures syntacti-
cally and then semantically. The two definitions below are simpler than their counterparts
in Section 6.1 (as we only have one level of multiplexing in ['7). By Remark 64, we can

assume without loss of generality that every string queried lies in the middle layers.

Definition 49. We use B3 to denote the set of all triples (o, a,b), where o € {0,1,x}" and

a,b € {0,1, L} satisfy the following properties:

1. o is either 1) the all 0-string OV, 2) e; for some i € [N], or 3) e; s for some
i <1 €[N].

2. Ifoisofcase 1), thena=b= 1. Ifois of case 2), then a € {0,1} and b = L.
Lastly, if o is of case 3), then we have a,b € {0, 1}.

Definition 50. We say (o, a,b) € B is the signature of a string x € {0,1}" in the middle

layers with respect to (T, H, s) if it satisfies the following properties:

1. 0 € {0,1, %} is set according to the following three cases: 1) o = 0V if Tj(z) = 0
foralli € [N]; 2) o = e; if T;(x) = 1 is the unique term that is satisfied by x; 3)
o=e;y ifi <i and T;(x) = Ty(x) = 1 are the first two terms that are satisfied by
x.

2. Ifoisincasel), thena =b= L. If o is in case 2) with o = ¢;, then a = h;(x ® s)*

andb = 1. If o isin case 3) with 0 = e, 1, then a = h;(x & s) and b = hy(z & s).

The signature of a set () C {0, 1}" of strings in the middle layers with respect to (T, H, s)

is the map ¢: QQ — ‘B such that ¢(x) is the signature of x with respect to (T, H, s).

Next we show that fr ;7 s(x) is uniquely determined by the signature of z. Thus, the new

oracle is at least as powerful as the standard one. The proof is similar to that of Lemma 6.1.6.

4Recall that = @ s is the n-bit string obtained from z after an XOR with s over coordinates in M.
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Lemma 6.2.10. Let T be from the support of £, H be from the support of &, or &,, and
s € {0,1YM. Given an x € {0,1}" in the middle layers, fr.p () is uniquely determined

by the signature (o, a,b) of x with respect to (T, H, s).

Proof. Let f = fr u . We consider the following three cases:
1. (No term is satisifed) If o = 0%, then f(z) = 0.
2. (Unique term satisfied) If If o = ¢; for some i € [N], then f(z) = h;(z @ s) = a.
3. (Multiple terms satisfied) If o = e, » for some i < i’ € [IV], then f(z) = 1.

This finishes the proof of the lemma. ]

We have defined the signature of x with respect to (7', H, s), which is the first thing that
the new oracle returns upon a query z. Let @) C {0, 1}" be a set of strings in the middle
layers (and consider () as the set of queries made so far by an algorithm). Next we define
terms breached by ) with respect to a triple (T, H, s). Upon a query x, the new oracle
checks if there is any term(s) newly breached after x is queried; if so, the oracle also reveals
its special variable in M.

For this purpose, let ¢ : Q — P8 be the signature of () with respect to (7', H, s), where
o(z) = (04, az, b,). We say ¢ induces a 5-tuple (I; P; R; A; p) if it satisfies the following
properties:

1. The set [ C [N] is given by
I={ie[N:3zeQuwitho,; =1}.
2. P=(P,:ie€l)and R = (R;:i € I) are two tuples of subsets of (). Foreachi € I,
Pi:{er:am-zl} and Ri:{xEQ:am:O}.

3. A= (Ai,Aip, Aiq i € I)isatuple of subsets of [n]. Foreachi € I, A; = A; gUA; 1

and

Aiq = {ke n] :Va e Pxp = 1} and Ao = {ke [n] :Va € P, ay :0}.
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4. p = (p; : i € I) is a tuple of functions p; : P, — {0, 1} with p;(z) = a, if either
Op =€
or o, = e; for some i’ > i, and p;(z) = b, if 0, = ey ,; for some i’ < i, for each
z € b,
i.e., p;(x) gives us the value of h;(z @ s) for each z € P,.

The following fact is reminiscent of Fact 6.1.9.

Fact 6.2.11. Let ¢ : Q) — *B be the signature of QQ with respect to (T, H, s). Then for each
i€l wehaveT; C A1 N M, Ty(z) =0 forall x € R;, and h;(x & s) = p;(x) for each

r € P,
We introduce the similar concept of consistency as in Definition 45.

Definition 51. Ler (I; P; R; A; p) be the tuple induced by ¢ : () — *B. For eachi € I,
we say P; is 1-consistent if p;(x) = 1 for all z € P,, and 0-consistent if p;(x) = 0 for all
x € P,. We say P; is consistent if it is either 1-consistent or 0-consistent; we say P; is

inconsistent otherwise.
We are now ready to define terms breached by () with respect to (7, H, s).

Definition 52 (Breached Terms). Ler Q C {0, 1}" be a set of strings in the middle layers.
Let T' be from the support of €, H be from the support of E.5 or £y, and s € {0, 1}M. Let
(I; P; R; A; p) be the tuple induced by the signature of Q with respect to (T, H, s). We say
the ith term is breached by ) with respect to (T, H, s), for some i € I, if at least one of the
following two events occurs: (1) P; is inconsistent or (2) |A; N M| < n/10. We say the ith

term is safe if it is not breached.

We can now finish the formal definition of our new oracle model. Upon each query
x, the oracle first returns the signature of = with respect to the hidden triple (7, H, s). It
then examines if there is any newly breached term(s) (by Definition 52 there can be at most
two such terms since x can be added to at most two F;’s) and return the special variable
k € M of the newly breached term(s). As a result, if () is the set of queries made so far, the
information returned by the new oracle can be summarized as a 6-tuple (I; P; R; A; p; 0),

where
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1. (I; P; R; A; p) is the tuple induced by the signature of () with respect to (T, H, s);
2. Let Iz C I be the set of indices of terms breached by @), and let I = I \ Iz denote

the safe terms. Then § : Iz — M satisfies that k = §(4) is the special variable of the

ith term in h;.

We view a g-query deterministic algorithm C with access to the new oracle as a sig-
nature tree, in which each leaf is labeled “accept” or “reject” and each internal node u is
labeled a query string z € {0, 1}" in the middle layers. Each internal node u has [B| - O(n?)
children with each of its edges (u, v) labeled by (1) a triple (¢, a, b) € B as the signature of
x with respect to the hidden (7', H, s), and (2) the special variable of any newly breached (at
most two) term(s). Each node u is associated with a set (), as the set of queries made so far
(not including z), its signature ¢ : Q,, — I3, and a tuple (I; P; R; A; p; d) as the summary
of all information received from the oracle so far. (Note that one can fully reconstruct the
signature ¢ from (I; P; R; A; p) so it is redundant to keep ¢. We keep it because sometimes
it is (notation-wise) easier to work with ¢ directly.)

Finally we define balanced signature trees.

Definition 53 (Balanced Signature Trees). We say that a signature tree C' is balanced if
for any internal node u of C (letting x be the query to make and (I; P; R; A; p; §) be the
summary so far) and any i € I, A = {j € A; : x; disagrees with y; of y € P,} having size
at least n?/3 log n implies that Ay = {k € AN M : 2, = 0and Yy € P;, y, = 1} has size

at least n*/3logn/8.

Note that the definition above is weaker compared to Definition 48 of balanced decision
trees, in the sense that the condition on A; in the latter applies to any subset of queries
@ C @, (instead of only P;’s). Lemma 6.2.9 follows from the lemma below on balanced

signature trees.
Lemma 6.2.12. Let C be a q-query balanced signature tree. Then we have

Pr [C’ rejects (T, H, s)} < Pr [C rejects (T, H, s)} +o(1). (6.26)

T, H~Epo\s - T Hr~Eyes,8
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Proof of Lemma 6.2.9 assuming Lemma 6.2.12. Let B be a g-query balanced decision tree. We
use B to obtain a ¢g-query algorithm C' with access to the new oracle by simulating B as
follows: Each time a string x is queried, C' uses the signature of x returned by the oracle to
extract f(z) (using Lemma 6.2.10) and then continue the simulation of B. One can verify
that the corresponding signature tree of C' is balanced and the probabilities of C' rejecting

(T, H, s) in both cases are the same as B. [

Before moving on to the proof of Lemma 6.2.12, let us remark on how the new oracle
may help an algorithm distinguish between functions in Dy, and D,,. Suppose that a
deterministic algorithm C'is at some internal node u with a tuple (/; P; R; A; p; §). For each
breached i € Ip, the algorithm knows that h; is either a dictator or anti-dictator with special
variable x; with £ = §(i). By inspecting the y; of a y € P; and p;(y), the algorithm can
also deduce whether h;(x @ s) is zy, or Tj,.. The former suggests that xj, is monotone and the
latter suggests that xj, is anti-monotone.

However, unlike monotonicity testing, observing h;(z & s) = T has no indication
on whether f is drawn from Dy or D,,: indeed h;(x @ s) is equally possible to be zj,
or Ty, in both distributions because of the random bit s;. But if the algorithm observes a
so-called collision, i.e. i,i’ € Ip such that h;(z & s) = z;, and h;(x & s) = Ty, then one
can safely assert that the hidden function belongs to D,,. This gives us the crucial insight
(as sketched earlier in Section 6.2.1) that leads to a higher unateness testing lower bound
than monotonicity testing: for testing monotonicity, deducing that a variable goes in an
anti-monotone direction suffices for a violation; for testing unateness, however, one needs
to find a collision in order to observe a violation. While the proof of Lemma 6.2.12 is quite
technical, it follows the intuition that with ¢ queries, it is hard for a balanced signature tree
to find a collision in breached terms /g, and when no collision is found, it is hard to tell

where the hidden function is drawn from.

6.2.4 Tree pruning

To prove Lemma 6.2.12 on a given balanced g-query signature tree C, we start by identifying

a set of bad edges of C' and using them to prune the tree.
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Definition 54. An edge (u,v) in C'is a bad edge if at least one of the following events occurs
at (u,v) and none of these events occurs along the root-to-u path (letting x be the string
queried at u, and (Ip U Is; P; R; A; p;0) and (I3 U I5; P'; R'; A'; p'5 0") be the summaries

at u and v, respectively):

A\ At > n?3logn;
2. |1} >n1/3/logn; or

1. For some i € Ig,

3. There exist two distinct indices i, j € Ij; with §'(i) = §'(j).

We say a leaf ¢ of C'is a good leaf if there is no bad edge along the root-to-¢ path;
otherwise, ¢ is bad. The following lemma allows us to focus on good leaves. We defer the

proof to Section 6.2.6.

Lemma 6.2.13 (Pruning Lemma). Let C' be a balanced q-query signature tree. Then

THF:IE‘S [(T, H, s) reaches a bad leaf} = o(1).

We prove the following lemma for good leaves in Section 6.2.14:

Lemma 6.2.14 (Good Leaves are Nice). For any good leaf ¢ of C, we have

T,H];:Ic‘:',,o,s [(T, H, s) reaches E] <(1+4+o(1))- TijE:gyms [(T, H, s) reaches f}.

Assuming Lemma 6.2.13 and Lemma 6.2.14, we can prove Lemma 6.2.12:

Proof of Lemma 6.2.12 assuming Lemma 6.2.13 and Lemma 6.2.14. Let L be the set of leaves
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of C' that are labeled “reject” and let L* C L be the good ones in L. Then we have

Pr [C’ reject (T, H, s)} =Y THPNI;: . [(T, H, s) reaches 6}

T H~Epo,s el

<
<X P [T ) reaches ] o)

< (1+o0(1))- Z Pr [(T, H, s) reaches 4 +0(1)

leLr T, H~Eyes,s

<(l14o(1))- Pr [C’ rejects (T, H, s)} + o(1)

TvH"‘gyesvs

T,legyes,s [C’ rejects (T, H, s)} + o(1),

where we used Lemma 6.2.13 in the second line and Lemma 6.2.14 in the third line. ]

6.2.5 Proof of Lemma 6.2.14 for good leaves

The proof of Lemma 6.2.14 is similar in spirit to Lemma 6.1.12 for monotonicity.

Fix a good leaf ¢ in C'. We let () be the set of queries made along the root-to-¢ path,
¢ : QQ — B be the signature of Q with ¢(z) = (o4, a,,b,) for each z € @, and let
(Ip U Is; P; R; A; p; §) be the summary associated with /. Since ¢ is a good leaf, there are
no bad edges along the root-to-¢ path. Combining this with the definition of breached/safe

terms, we have the following list of properties:

1. Foreachi € Ig, |A; N M| > n/10;
2. Every i € Ig is either 1-consistent or O-consistent;
3. |Ig] < nl/g/logn; and

4. For any two distinct indices 4, j € 5, we have 6(i) # 0(j).

Let D = {6(i) : i € Ig} C M be the special variables of breach terms. We have |D| = |I5|.
Next we fix a tuple 7' from the support of £ such that the probability of (7, H, s)

reaching ¢ is positive, when H ~ &, and s ~ {0, 1}M. It then suffices to show that

Pr {(T, H, s) reaches E} >(1—-o0(1)) Pr [(T, H, s) reaches 4. (6.27)

HNgy5875 H~Epo,s
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The properties below follow directly from the assumption that the probability of (7, H, s)
reaching ¢ is positive when H ~ &,, and s ~ {0, 1}:

1. Forevery z € () and i € [N] such that o, ; € {0,1}, we have T;(z) = 0,; and

2. Foreach i € I, letting k = 0(7), there exists a bit b such that p;(z) = x @ b for all

x € P,

For each ¢« € Iz U Iz we pick a string y; from P; arbitrarily as a representative and let
a; = pi(Yi).

We first derive an explicit expression for the probability over &,, in (6.27). To this
end, we note that, given properties listed above, (T, H, s) (with H from the support of &£,,)

reaches ¢ iff

1. For each i € Ig, let k be the special variable of h;. Then we have k € A; N M, and h;

is a dictatorship function if y; ;, ® sx = «; or an anti-dictatorship if y; , ® s # ;3

2. For each i € I, the special variable of h; is the same as & = 0(¢) and similarly, h; is

a dictatorship function if y; , @ s, = o or an anti-dictatorship if y; , © s 7# .

Thus, once s is fixed, there is exactly one choice of h; for each i € Iz and |A; N M| choices

of h; for each ¢ € Ig. Since there are (n/2) - 2 choices overall for each h;, the probability

over &, in (6.27) is
1\ =l |A; N M|
i€lg

Next we work on the more involved probability over £y in (6.27). Given properties
listed above (7, H, s) (with H from the support of &y, so every h; is a dictatorship function)

reaches ¢ iff

1. For each i € Ig, let k be the special variable of the dictatorship function /,;. Then we

have k € A; N M and sy, satisfies that y; . & s, = ay;

2. For each i € Ip, the special variable of h; is the same as k = 6(¢) and y; x © s = .

Note that once s is fixed, these are independent conditions over h;’s (among the overall
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n/2 choices for each h;). As a result, we can rewrite the probability for Eyes aS

E [H&L (6.28)
el

s~{0,1}M

where Z;’s are (correlated) random variables that depend on s. Foreach i € Ip, Z; = 2/n if

o = Yi5(i) D Ss(i)

and Z; = 0 otherwise. For each ¢ € Ig, we have

{ke AinM :yiy @ s = aif]

|
Z, -
n/2

For some technical reason, for each ¢ € Ig, let B; be the following random set that depends
on s:

B; = {k e (ANM)\D:yi ® s, =ou}.

Using | D| = |Ip|, we may now simplify (6.28) by:

Z;

i€lg

1\ Bl ’Bl|
& (n) e ( 2)
SN{Ovl}A/j\D i€lg n/

1 2\ 15|
E_[T[2| =~ () E_
s~{0,13M | jer 215l \n s~{0,1}M\D

Therefore, it remains to show that

E

s~{0,1}M\D

2[B;]

Next we further simplify (6.29) by introducing new, simpler random variables. We may

re-write

1 ify, @ sy = q
|B;| = Z Xk, where X,; =

ke(A;NM)\D 0 otherwise
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Foreachi € Igand k € (A;N M)\ D, let Y, and Y; be the following random variables:

1—9X,, + 27
Yir = k Lo

A,NMND
— and Y; = Z Y., where 7= | — | )
|A; N M| hEATIAD 2[(A;n M)\ D

(Note that |(A; N M) \ D] is 2(n) so 7;’s are well-defined.) A simple derivation shows that

11 <m> =11 (1 - Yk) =TI (1-Y:). (630

i€lg i€lg ke(A;NM)\D i€lg

Using the fact that each fraction on the LHS is between 0 and 2, we have that Y, always
satisfies |Y;| < 1. The difficulty in lowerbounding (6.30) is that Y;’s are not independent.
But with a fixed ¢, Y, ;’s are indeed independent with respect to the randomness in s and

each Y, j, is either

Lot Lot
|A; N M| n5/3logn |A; N M| nd/3logn

with equal probabilities, where we used the fact that | A;N M| = Q(n) and | D| < n'/3/logn.

For each 7 € Ig, let W, be the random variable defined as

Y; if|Yy| <log’n/y/n
Wi -
2|Ig| otherwise

We prove the following claim that helps us avoid the correlation between Y,’s.

Claim 6.2.15. The following inequality always holds:

[T(1-Y)>(1=0(1)[1-3 W,
i€lg i€lg

Proof. The inequality holds trivially if [Y;| > log® n/\/n for some j € Is. This is because
'Y;| <1 and thus, the LHS is nonnegative. On the other hand W, = 2|Ig| implies that the
RHS is negative even when every other W is —1. So we may assume that |Y;| < log®n//n

for every 7. The proof in this case follows directly from Claim ?? in the appendix. [
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Given Claim 6.2.15, it suffices to upperbound the expectation of each W, over s ~

{0, 1}M\D:

1
| < , . o> 2 — -
SN{OP}M\D (W] < SN{OEM\D Y]+ (2/1s+1)-Pr, [Y; > log®n/v/n] = O <n2 Flog n)

(6.31)
where we used |I5| < n?/? and that the probability of Y; > log® n//n is superpolynomially
small, by a Chernoff bound. Our goal, (6.29), then follows directly from (6.31) and Claim

6.2.15.

6.2.6 Proof of the pruning lemma

Let E be the set of bad edges in C'. We start by partitioning F into three (disjoint) sub-
sets Fy, F5 and Es5 according the the event that occurs at (u,v) € E. Let (u,v) € E
and let (Ip U Ig; P; R; A; p;6) and (I U Ig; P'; R'; A p/; 0') be the summaries associated

with « and v, respectively. Then

1. (u,v) € E if for some i € Is, we have |4; \ A}| > n*3logn;

2. (u,v) € Eyif (u,v) ¢ Ey and |I%5| > n'/3/logn; or

3. (u,v) € Ejif (u,v) ¢ E1 U E, and for two distance indices i,j € [, we have
5(i) = 3(5).

Note that £, E and Ej5 are disjoint. Moreover, by the definition of bad edges none of these
events occurs at any edge along the root-to-u path.

Our plan below is to show that the probability of (T, H,s),as T ~ &, H ~ &, and
s ~ {0,1}M, passing through an edge in E; is o(1) for each 4. The pruning lemma follows
from a union bound.

For edge sets F; and Es3, we show that for any internal node u of C', the probability
of (T, H, s) taking an edge (u, v) that belongs to £ or Fs is at most o(1/¢), conditioning
on (T, H, s) reaching u when T ~ £ H ~ &, and s ~ {0, 1}*. This allows us to apply
Lemma 6.0.3. We handle £ using a different argument by showing that, roughly speaking,
I3 goes up with very low probability after each round of query and thus, the probability of

|I5| reaching n'/3/logn is o(1).
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Edge Set F,. Fix an internal node u of C. We show that the probability of (T, H, s)
leaving u with an F;-edge, conditioning on it reaching u, is o(1/¢). It then follows from

Lemma 6.0.3 that the probability of (T, H, s) passing through an F;-edge is o(1).

Let x be the query made at u, and let (15 U I5; P; R; A; p; 6) be the summary associated
with u. Fix an index i € Is. We upperbound by o(1/¢?) the conditional probability of
(T, H, s) taking an F;-edge with |A4; \ A}| > n?3logn. The claim follows by a union
boundoni € I (as |I| = O(q)).

Note that either A, = A; or A, = A; \ A, where
A= {k: € A; : xj disagrees with y; of y € B-}.

Thus, a necessary condition for |A4; \ A}| > n?/3logn to happen is |A| > n?3logn and

Since C' is balanced, |A| > n?/3logn implies that

A1:{kEAiﬂM:xk:Oandykzl,yEPi}

has size at least n*?log /8. On the other hand, fix any triple (7", H, s), where T__; is a
tuple of N — 1 terms with T} missing, H is from the support of &, and s € {0, 1} such
that

Pr [((T_i,Ti), H, s) reaches u} >0, (6.32)

where T is drawn by including each index in M with probability 1/+/n. It suffices to show

that

Ir_’rr {((T_i, T;), H, s) reaches u and T;(z) = 1} < 0(1/q2)-%r {((T_i, T;), H, s) reaches u}
(6.33)
For this purpose, note that given (6.32), the event on the RHS of (6.33) occurs at 7; if and
only if 7; is a subset of A;f"l = A;1 N M and T;(y) = O for every y € R;; we use U to
denote the set of all such terms 7; (U cannot be empty by (6.32)). On the other hand, the

event on the LHS of (6.33) occurs if and only if 7; further avoids picking variables from A1,
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1e. T; C A;l \ A;. We use V' to denote the set of all such 7;’s. To prove (6.33), note that
we can take any 7; in V/, add an arbitrary subset of Ay, and the result must be a setin U. As
a result we have (note that the bound is very loose here)

Pr[T; € V] < (

|Aq]
= \/15> — o(1/g).

This finishes the proof for F;. Next we work on the edge set F3.

Edge set F3. Fix an internal node u of C. We show that the probability of (T, H, s)
leaving u with an F3-edge, conditioning on it reaching u, is o(1/q). By definition, we can
assume that there is no bad edge along the root-to-u path and thus, |I5| < n'/3/logn and
I has no collision, i.e. there are no distinct i, j € I such that §(:) = 4(j). For (T, H, s)
to leave u with an F/5-edge, it must be the case that some (at most two) terms are breached
after the query x and a collision occurs (either between a newly breached term and a term in
I, or between the two newly breached terms).

Fix a pair (T, s), where T is from the support of £ and s € {0,1}™, such that (T, H, s)

reaches u with a non-zero probability when H ~ &,. It suffices to show that

I;Ir [(T7 H, s) reaches u and a collision occurs} <o(l/q)- ZEI’{r [(T, H, s) reaches u}
(6.34)
Note that set of (at most two) ¢ € I such that x is added to P; after it is queried is determined
by T’ (if = starts a new F;, then this ¢ is safe for sure). If there exists no such ¢, then the
probability on the LHS of (6.34) is 0 since no term is newly breached and we are done.
Below we prove (6.34) for the case when ¢ € [g is the only index such that x is added to P;.
The case when there are two such ¢’s can be handled similarly.

The proof of (6.34) easily follows from the following simple but useful claim:

Claim 6.2.16. Let T and s be such that (T, H, s) reaches u with non-zero probability when

H ~ &,,. Then conditioning on reaching u, h; has its special variable uniformly distributed

Proof. Asi € Ig, P, is consistent. For (T, H, s) to reach u, the only condition on h; and its
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special variable k is that (1) if yx @ s = p;(y) for some y € P;, then h; is a dictatorship
function z; (2) if yx, ® sk # pi(y) for some y € P;, then h; is an anti-dictatorship function
Tr. Given T and s, there are |A; N M| choices for h; among the 2 - (n/2) choices and they

are all equally likely. 0

Our goal, (6.34), follows easily from |A; N M| = Q(n) since i € Ig, Claim 6.2.16,
15| < n'/3/logn, our choice of ¢ = n%*?/log® n, and the fact that, for the event on the

LHS to happen, the special variable of h; must fall inside /.

Edge set £,. Let (u,v) be a bad edge in E, with |I};] > n'/?/logn. We decompose I
into K and L: i € I};isin K if at the edge (v, v*) along the root-to-v path where i becomes
newly breached, we have |A; N M| < n/10, where A7 is the set at v*, and i € I isin L
otherwise (i.e. |A; N M| > n/10 but P} at v* becomes inconsistent after the query at u').

The claim below shows that K is small:
Claim 6.2.17. For every Ey-bad edge (u,v), we have |K| < O(n'/3/log?n).

Proof. Fix ani € K and let (u/, v*) be the edge along the root-to-v path where i becomes
breached. Note that when A; is first created along the path, A; = M and |A; N M| =n/2
(since at that time F; consists of a single string). As we walk down the root-to-u* path, every
time a string is added to P, the size of A; can only drop by n%/% log n (otherwise, this edge
is an F-edge, contradicting with the assumption that (u,v) € E, since F; edges have a
higher priority) and thus, | A; N M| can drop by at most n?/3 log n. As a result, we have that

| P| at v* is at least
_ 1/3
1+n/2 n/lO:Q<n )

n2/3logn logn

Using the fact that each of the ¢ queries can be added to at most two F;’s, we have

2q nl/3
KI<{ —————=0 .
K] = Q(n'/3/logn) <log2n

This finishes the proof of the claim. ]

It follows directly from Claim 6.2.17 that every bad (u, v) € E;has |L| > n'/3/(2logn).

This inspires us to consider the following random process of walking down the tree C' from
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its root, with respect to (T, H,s) over T ~ &, H ~ &, and s ~ {0, 1}". As we walk
down an edge (u,v) of C, letting (I U Is; P; R; A; p;§) and (I U Ig; P R'; A p'; &) be
the summaries associated with u and v, if |4; \ A} > n*?logn for some i € Ig, then
we fail and terminate the random process; if not we add the newly breached term(s) ¢
with and |A, N M| > n/10 (so P/ becomes inconsistent), if any, to L. We succeed if
IL| > n'/?/(2logn), and it suffices for us to show that we succeed with probability o(1)

over T, H and s.

For the analysis, let u be an internal node of C, and fix any pair (7', s) such that (7, H, s)
can reach u with a non-zero probability. As discussed earlier, the set of (at most two)
P, 1 € Ig, that the query string x joins is determined only by 7. If one of them has
|A; \ AJ] > n?3logn then the process would always fail; otherwise, we have that L
can grow by at most two and this occurs with probability (over the randomness of H but

conditioning on (7', H, s) reaching u) at most

n?/3logn logn
o (=) -0 (3%

because |A; N M| = Q(n) (i € Is), the special variable of h; is uniform over A; N M by
Claim 6.2.16, and for i to be added to L, the special variable of h; must lie in A; \ A’ (of

size at most n?/3 log n).

In summary, after each query the random process either fails, or if it does not fail, L. can
grow by at most two with probability at most p. Therefore, the probability that we succeed
is at most

Pr

m~Bin(q,p)

/3
2m > = o(1),
2logn

since ¢ = n?/3/log® n and p = O(logn/n'/?).

This finishes the proof that (T, H, s) passes through an edge in £, with probability
o(1).
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6.3 Non-Adaptive One-Sided Unateness Lower Bound

In this section we prove Theorem 61: an Q(n/ log® n) lower bound on the query complexity
of testing unateness for one-sided and non-adaptive algorithms. This lower bound matches
the upper bound of [43] up to a poly-logarithmic factor. Our arguments are an adaptation of
Theorem 19 of [63] to the setting of unateness, with one additional observation that allows
us to obtain a higher lower bound. Previously [24] proved a lower bound of Q2 (1/n) for
one-sided, non-adaptive algorithms. For the rest of the section, we fix ¢ = n/ log® n.

For a fixed n > 0, we describe a distribution D, supported on Boolean functions f over
n + 2 variables. We then show that every f ~ D,, is Q(1)-far from unate. An f ~ Dy,
is drawn by first drawing an index ¢ ~ [n| uniformly at random, and then letting f = f;,

where for each z € {0, 1}™:

fi(0,0,2) =0,
fi(0, 1, 2) =3,
fi(1,0,2) = x;,
F(L1) = 1.

In order to simplify the notation, given a,b € {0,1} and i € [n], we write f; ,: {0,1}" —
{0, 1} to denote the function f; ,»(z) = fi(a, b, z) that agrees with f; when a and b are the
first two inputs.

Figure 6.4 gives a simple visual representation of f;. We show that f; is the Q(1)-far

from unate.
Lemma 6.3.1. Foralli € [n), f; is Q(1)-far from unate.

Proof. This is immediate from Lemma 6.0.2, because there are {2(2") monotone bi-chromatic

edges in direction 7, as well as {2(2") anti-monotone bi-chromatic edges in direction 7. [

We consider non-adaptive, one-sided, deterministic g-query algorithm B with oracle
access to a Boolean function. Note that a non-adaptive, deterministic algorithm B is simply

a set of ¢ query strings x4, . . ., x,, as well as a decision procedure which outputs “accept” or
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Figure 6.4: An illustration of f;: {0,1}"" — {0, 1}. The first two coordinates index the
sub-cubes.

t3

“reject” given f(xy) for each k € [g]. Furthermore, since B is one-sided, B outputs “reject

only if it observes a violation to unateness (which we formally define next).

Definition 55. A violation fo unateness for a function f: {0,1}" — {0,1} is a function
v: 0,1} — ({0, 1Y")?, such that for eachr € {0,1}": v(r) = (z,y) where 2,y € {0,1}"
and

r@r<ydr and f(z)=1, f(y) =0.

Intuitively, a violation to unateness consists of a violation to monotonicity, for every
possibly orientation r € {0, 1}™. We refer to f": {0,1}" — {0, 1} as the function f"(z) =
f(z @), forany r € {0,1}". So a violation to unateness for f consists of a violation to
monotonicity for each f”.

Thus, the algorithm B with oracle access to f: {0,1}" — {0, 1} works in the following
way:

1. Query the oracle with queries Q) = {xy,...,z,} C {0, 1}

2. If there exists a violation to unateness of f, v: {0,1}" — ({0,1}")* where the image

of v, {v(r): r € {0,1}"}, is a subset of ) x @, then output “reject”; otherwise, output
“accept".

Note that if B does not find a violation, then there exists some unate function f’: {0,1}" —
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{0, 1} which is consistent with @ (i.e., f'(zx) = f(xy) for all k& € [g]). In order to say that
B does not find a violation, it suffices to exhibit some r € {0, 1}" such that B does not
find a violation to monotonicity of f”. Given Lemma 6.3.1, Theorem 61 follows from the

following lemma:

Lemma 6.3.2. For any q-query non-adaptive algorithm B, there exists some r € {0,1}"2
such that with probability 1 — o(1) over © ~ [n], B does not observe any violations to

monotonicity of f}.

Proof of Theorem 61 assuming Lemma 6.3.2. Lemma 6.3.2 implies that with probability
1 — o(1) over the draw of f ~ D,,, B does not observe any violation to unateness, since
there is some r € {0, 1}""2 where B does not observe any violation for monotonicity of
f". Thus, any g-query algorithm B does not output “reject" on inputs drawn from D,, with

probability at least % 0

We now proceed to prove Lemma 6.3.2. For two strings y, z € {0, 1}", we denote the

Hamming distance between y and z as d(y, z) = [{k € [n]: yr # 2x}|.

Lemma 6.3.3. For any q strings 1, ..., x, € {0, 1}", there exists an r € {0, 1}" such that

forany j, k€ [q, ifr; ®r <z ®r, then d(z;, x)) < 2logn.

Proof. Consider a random n-bit r ~ {0, 1}". Suppose x; and x; have d(z;, z;) > 2logn.

Then:

Pr [xj Br<zp D r} < 2 2losn = =2
r~{0,1}n

since if x; and z;, differ at 4, ; can only take one of two possible values to make them
comparable. Thus we can union bound over all possible pairs of queries with distance at

least 2 log n to obtain

E)Ii} {Elj,k: € [ql,d(xj, xx) > 2logn and z; & r < xkaé'r} <n?/n?=1.

Therefore, there exists an r such that for all j, k € [¢], ; & r < x, & r implies d(z;, zy) >
2logn. [
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Proof of Lemma 6.3.2. Consider a non-adaptive, deterministic algorithm B making ¢ queries
..., 7y €40, 1}"*2 and let 2y, . . ., 2, be the last n bits of these strings. We will focus
on xy,...,z, and refer to the sub-functions the strings query. For example z;, will query
the sub-function f,; corresponding to a = 3, and b = zj ,. We may partition the set of

queries () = {x1,...,xz,}, according to the sub-function queried:

Qoo = {zx € Q: x),, = 2}, = 0}
Qo ={zr€Q:a), =0,2;,, =1}
QlOZ{QZk EQ I;Cl = 1,1’2’2:0}

Qu = {xp € Q: w?al = 37;@2 =1}.

Let r € {0,1}" be the string such that all comparable pairs among z1 & r,...,z, S
have distance at most 2 log n, which is guaranteed to exist by Lemma 6.3.3. We will show
that when 7' = (0,0, r) € {0, 1}""2, with probability 1 — o(1) over the draw of z ~ [n], B

does not observe any violation to monotonicity of fJ .

Consider any i € [n| and one possible violation to monotonicity, given by the pair
(xk, ;) where

mo@r <ai@r and f](z}) =1,f (z}) =0

Then 7, ¢ Qoo and x; ¢ Q1 since f]y, and f7,, are the constant 0 and 1 functions,
respectively. Additionally, if x; € (g, then z;, € Qg since '} = 5 = 0, but this

contradicts the fact that f /(932) = 1,80 z; ¢ Qoo. Similarly, z;, ¢ Q1.

Additionally, if z; € Qo1 (or Q1) and x; € Q19 (or Qo1), 7}, and z; are incomparable,
so zj, @7’ and ;7' are incomparable. Also, for any i € [n], either f/, or f, is monotone,
so it suffices to consider pairs (zy, z;) where either both z, x; € Qo1, or both z, z; € Q1.
Consider the case fi’j 10 1s monotone, since the other case is symmetric. Therefore, it suffices
to show that with probability 1 — o(1) over the choice of ¢ ~ [n], B does not observe any

violations to monotonicity for f],, from queries in Q.

Similarly to [63], consider the graph of the queries where x; and x;, are connected if

x; ® r and x;, @ r are comparable. Additionally, consider a spanning forest 7" over this
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graph. For any i € [n], if f/y,(z;) # flo1(2x) when x; and ; are connected in T, then
there exists an edge in 7', (y, z), where f7,(y) # fl9,(2). Thus, it suffices to upper-bound
the probability that some edge (y, z) in T has f{,(y) # fl:(2), and this only happens

when y & r and z @ r differ at index .

We have:

Pr[30,2) €T+ flonly) # o (2)] < 28"

in~[n]
since the two end points of each edge have hamming distance at most 2 logn (recall our
choice for ). We union bound over at most ¢ edges in 7" to conclude that with probability at
least 1 — 2¢qlogn/n over the draw ¢ ~ [n], B does not observes a violation to monotonicity

for f7o; in Qo1. When ¢ = n/log® n, this probability is at least 1 — o(1). O

6.4 Non-Adaptive Monotonicity Lower Bound

In this section, we present the proof that non-adaptive monotonicity testing requires Q(\/ﬁ)
queries. The previous best non-adaptive lower bound for testing monotonicity is from [54],
where they show that for any ¢ > 0, testing monotonicity requires €2(n'/2~¢) many queries.
Since this lower bound matches the known upper bound from [87], our result is tight up to
poly-logarithmic factors. The following distribution and proof is very similar to the work in
[34].

We use distributions over Boolean functions very similar to the distributions used in

[34]. A function f ~ Dy, is drawn using the following procedure:

1. Sample T ~ & (€ is the same distribution over terms used in Section 6.2). Then T is
used to define the multiplexer map I' = I't: {0,1}" — [N] U {0*, 1*}.

2. Sample H = (h;: i € [N]) from a distribution &, where each
h;: {0,1}" — {0, 1} is a random dictatorship Boolean function, i.e., h;(z) = x},
with k sampled independently and uniformly at random from [n].

3. Finally, f: {0,1}" — {0, 1} is defined as follows: f(x) = 1if |x| > (n/2) + /n;
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f(x) =0if |z| < (n/2) — /n;if (n/2) — /n < |z| < (n/2) + \/n, we have

0 I'(z) =0*
f(x) = 1 I(z)=1*
hr(z) otherwise (i.e., I'(z) € [N])

A function f ~ D,, is drawn using the same procedure, with the only difference being
that H = (h;: i € [N]) is drawn from &,, (instead of &y): each h;(x) = Ty is a random
anti-dictatorship Boolean function with & drawn independently and uniformly from [n].
Similarly to Section 6.1, the truncation allows us to show lower bounds against algo-
rithms that query strings in the middle layers. The following two lemmas are easy extensions

of Lemma 6.1.1 and Lemma 6.1.2 in Section 6.1.
Lemma 6.4.1. Every function in the support of Dy, is monotone.
Lemma 6.4.2. A function f ~ D,, is Q(1)-far from monotone with probability Q(1).

Below, we fix ¢ = v/n/ log® n. Recall from Section 6.3 that a non-adaptive, deterministic
algorithm B is a set of ¢ query strings z1, ..., x4, as well as a decision procedure which
outputs “accept” or “reject” given f(zy) for each k € [g]. Thus, in order to prove the lower

bound, it suffices to prove the following lemma:

Lemma 6.4.3. Let B be any non-adaptive deterministic algorithm with oracle access to f

making q = \/n/log® n queries. Then

fFDI;es[B accepts f] < f]i’lgm[B accepts ]+ o(1)

We follow in a similar fashion to Subsection 6.2.3 by considering a stronger oracle model
that results more than just f(z) € {0, 1}. In particular, we will use the oracle model from
Subsection 6.2.3, where on query x € {0, 1}", the oracle reveals the signature of = with
respect to (7, H) as described in Definition 50. From Lemma 6.2.10, this new oracle is at
least as powerful as the standard oracle. Recall the definitions of the 5-tuple (I; P; R; A; p)
from Subsection 6.2.3. To summarize, the algorithm B with oracle access to the signatures

with respect to (7', H) works in the following way:
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1. Query the oracle with queries Q) = {z1,...,z,} C {0,1}".
2. Receive the full signature map of () with respect to (7', H), and build the 5-tuple
(I; P; R; A; p).

3. Output “accept” or “reject".

We think of an algorithm B as a list of possible outcome, L = {/1, (5, ... }, where each
outcome corresponds to an execution of the algorithm. Thus, each /; is labelled with a
full-signature map of () (and therefore, a 5-tuple) as well as “accept” or “reject”. These
possible outcomes are similar in nature to the leaves in Section 6.1 and Section 6.2.

We proceed in a similar fashion to Section 6.1 and Section 6.2, by first identifying some
bad outcomes, and then proving that for the remaining good outcomes, 5 cannot distinguish
between Dy, and D,,. Note that since our algorithm is non-adaptive, B is not a tree; thus,
there are no edges like in Section 6.1 and Section 6.2. For the remainder of the section, we

let « > 0 be a large constant.
Definition 56. For a fixed 5-tuple, (I; P; R; A; p), we say the tuple is bad if:

e For some i € I, there exists v,y € P, where
Hk € n]| 2z =yp = 1} < (n/2) — ay/nlogn.
e For some i € I, P; is inconsistent (recall definition of inconsistent from

Definition 51).

We will say an outcome / is bad if the 5-tuple at ¢, given by (I; P; R; A; p) from the
full signature map at ¢ is bad. Thus, we may divide the outcomes into Lz, consisting of
the bad outcomes, and L, consisting of the good outcomes. Similarly to Section 6.1 and

Section 6.2, Lemma 6.4.3 follows from the following two lemmas.

Lemma 6.4.4. Let B be a non-adaptive q-query algorithm. Then

TNSE’{I‘NSW[(T, H) results an outcome in Lg| = o(1).

We prove the following lemma for good outcomes.
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Lemma 6.4.5. For any non-adaptive, q-query algorithm B, if { € L¢ is a good outcome,

Pr  [(T,H) results in outcome (] < (14+0(1))  Pr _ [(T, H) results in outcome /).
Tl HEpy TrE Hrbro

Proof. Fix a good outcome ¢ € L¢, and let ¢: () — *P be the associated full signature map
and (I; P; R; A; p) be the associated 5-tuple. Since (I; P; R; A; p) is not bad:

e Forall: € I,and z,y € P,
by Lemma 19 in [34],

{ke€n]|zx =yx =1} > (n/2) — ay/nlogn; hence,

il = [4i0l| < O(PIVinlogm)

e For all 7 € I, P; is either 1-consistent, or O-consistent. We use the p; to denote the

value p;(z) shared by all x € P,.

Consider a fixed 7" in the support of £ such that the probability of (7', H) resulting in

outcome / is positive when H ~ ;. Then it suffices to show that

Pry-¢,[(T, H) results in outcome /]

>1—o0(1).
Pry.¢, (T, H) results in outcome /| — o(1)

We know that 7" matches the full signature ¢ at /. Now, to match the a, and b, for each

x € ) givenin ¢, H (from either &y, and &,,) needs to satisfy the following condition:

o If H = (h;: i € [N]) is from the support of £, then the dictator variable of each h;,
i€ l,isin A; ,,.

o If H = (h;: i € [N]) is from the support of £,,, then the dictator variable of each h;,
e l,isin A;q1_p,.

e If i ¢ I, there is no condition posed on h;.
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As a result, we have:

Pry.e,[(T, H) results in outcome /] 1 |Ai1—p,
Pri.¢, [(T, H) results in outcome ¢] | |A

el >

‘|Ai,pi| — [Ai1p]
> 1—
-1l ( %

D (-0 (F)) = e

when ¢ = /n/log® n. O

P4

i»Pi

We now prove Lemma 6.4.4, which allows us to only consider good outcomes.

Proof of Lemma 6.4.4. We first handle the first case of bad outcomes: some 7 € [ has
z,y € Py where |[{k € [n] | zx = yx = 1} < (n/2) — ay/nlogn. This case is almost
exactly the same as Lemma 16 of [34]. Since the probability some T ~ & is sampled with

the above event happening is at most:

Jn
2) — 1 n
2\/ﬁq2 <(”/ ) —a/n ogn) — (1 B om_l/Qlogn)f < @n % = o(1)
n

since > 0 is a large constant and ¢> < n. Thus, by Lemma 19 in [34], all 7 € I satisfy

’[”] \ Aio \ 4i1| < O(|P;|v/nlogn).

For the second case, in order for some P; to be inconsistent, h;(x) = x; sampled according
to &yes must have k € [n] \ A, \ A; 1. Thus, taking a union bound over all possible i € I,

the probability over H ~ &y of resulting in an outcome where some ¢ € [ is inconsistent is

at most
g ([P Ao\ A (QUE e _
i€l n icl n
since Y1 |P| < 2¢ = 2¢/n/log”n. O
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6.5 Tightness of Distributions for Monotonicity

In this section, we provide the reader with some intuition of why the analyses of [34] and
this thesis are tight. In particular, we sketch one-sided algorithms to find violating pairs
in the far-from-monotone functions from the distributions considered. We maintain this

discussion at a high level.

6.5.1 An O(n'/*)-query algorithm for distributions of [34]

*
yes

recall Talagrand’s random DNF [130] (letting N = 2v™): A function

Belovs and Blais define a pair of distributions D

describe D .. and D*

yes no’

and D} over functions of n variables. To

f drawn from Tal is the disjunction of N terms T}, i € [N], where each T; is the conjunction

of y/n variables sampled independently and uniformly from [n].

Next we use Tal to define Tal.. To draw a function g from Tal., one samples an f
from Tal and a random /n-subset S of [n].> Then g(z) = f(2%)), where 2% is the string

obtained from z by flipping each coordinate in S. Equivalently variables in 7; N S appear

*

ves distribution is then the truncation of Tal, and the

negated in the conjunction of 7;. The D

*

D;, distribution is the truncation of Tal.. Every f ~ Df

is monotone by definition; [34]
shows that g ~ Dy is far from monotone using the extremal noise sensitivity property of

Talagrand functions [107].

We now sketch a O(n'/*)-query one-sided algorithm that rejects g ~ D with high
probability. Note that the description below is not a formal analysis; the goal is to discuss
the main idea behind the algorithm. Let g be a function in the support of D} defined by 7;
and S with 7] = T; \ S. Then the algorithm starts by sampling a random x € {0, 1}" in the
middle layers with g(x) = 1. Tt is likely (€2(1) probability by a simple calculation) that:

1. x satisfies a unique term 7}, among all 77’s.
2. T, N S contains a unique ¢ € [n] (by 1).

3. Ty = T} U {¢} and x has =, = 0 (since g(z) = 1).

SFormally, S is sampled by including each element of [n] independently with probability 1/+/n.
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Assume this is the case, and let A, and A; denote the set of 0-indices and 1-indices of z,

respectively. Then 7}, C A; and £ € A,.

The first stage of the algorithm goes as follows:

Stage 1. Repeat the following for n'/ times: Pick a random subset R C A; of size
v/n and query g(zf)). By 1) and 2) above, g(z*))) = 1 if and only if RN T} = 0,
which happens with 2(1) probability. Let A} denote A; after removing those indices
of R with g(z")) = 1 encountered. Then we have 7} C A and most likely,

C = A, \ A has size ©(n3/*).

After the first stage, the algorithm has shrunk A; by ©(n*) while still making sure that
variables of 7} lie in A}. In the second stage, the algorithm takes advantage of the smaller

Aj to search for £ in Ay, with each query essentially covering O (n*/*) indices of Ay:

Stage 2. Randomly partition Ay into O(n'/#) many disjoint parts Ao, Ao, . . ., each
of size |C| = ©(n*/*). For each Ay ;, query g(z(40sY9). For each A, ; with

(¢ Ap;, g mustreturn 1; for the Ay with £ € Ay, g returns 0 with (1)
probability® and when this happens, the algorithm has found a O(n3/4)-size subset

Ao of Ay containing /. Lety = x(A0,;UC)

Note that the algorithm cannot directly query g(x(494)) since the new string will be outside
of the middle layers (unless | A ;| = O(y/n), in which case one needs 2(y/n) queries to
cover Ap). This is only achieved by flipping Ay ; and C' at the same time (in different
directions) and this is the reason why we need the first stage to shrink A;. In the last stage,

the algorithm will find a violation for y, by providing z < y with g(z) = 1.

Stage 3. Randomly partition Ay, into O(n'/*) many disjoint parts A;, A, .. ., each
of size O(y/n). For each A;, query g(y®)). When ¢ € A;, g(y®?)) = 1 with
probability (1), and y2) < y.
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Figure 6.5: A visual representation of the algorithm for finding violations in the two-level
Talagrand construction. The whole rectangle represents the set [n|, which is shaded for
coordinates which are set to 1, and clear for coordinates which are set to 0. 7; is the unique
term satisfied and Cj ; is the unique clause falsified. The functions 7, ; is an anti-dictator of
coordinate ¢. The sets illustrated represent the current knowledge at the end of Stage 3 of the
algorithm. Note that |C}| = ©(n®/%), |C| = ©(n?/?), |Cy| = n®/°, |T;| = |C; ;] = O(\/n).

6.5.2 An O(n'/3)-query algorithm for our distributions

The idea sketched above can be applied to our far from monotone distribution D,, from
Section 6.1. It is slightly more complicated, since now the algorithm must attack two levels
of Talagrand, which will incur the query cost of O(n'/?) rather than O(n'/*). Similarly to
Subsection 6.5.1 above, we will give a high level description, and not a formal analysis. The
goal is to show the main obstacle one faces in improving the lower bound.

Assume g is in the support of D,,,. The algorithm works in stages and follows a similar
pattern to the one described in Subsection 6.5.1 above. We may assume the algorithm has a
string x € {0, 1}" where x satisfies a unique term 7}, and falsifies no clauses, so g(z) = 1

(this happens with (1) probability for a random x).

Stage 1. Repeat the following for n'/3 times: Pick a random subset R C A; of size

NG

®Informally speaking, this is because the values of () and g(y) essentially become independent when z:
and y are far from each other.
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and query g(z")). Let A} denote A after removing those indices of R with
g(x®)) = 1 encountered. Then we have T; C A} and most likely, C; = A; \ A} has
size ©(n®/®).

The following stages will occur n'/® many times, and each makes n'/% many queries.

Stage 2. Pick a random subset Cy C A, of size n®/%. Let y = x(“1Y0) and query
g(y). With probability (1), g(y) satisfies the unique term 7; (as did x), falsifies a
unique clause C; ;, and h; j(y) = 0. Additionally, with probability Q(n~'/6),
hi;i(y) = T, where ( € C.

Assume that £ € Cy, which happens with Q(n~'/) probability. In the event this happens,

we will likely find a violation.

Stage 3. Repeat the following for n'/ times: Pick a random subset R C A, \ Cy of
size y/n and query g(y")). Let A} denote Ay \ Cj after removing those indices of R
with g(y)) = 0. Let C = (A \ Cy) \ Aj, where very likely |C] = ©(n?/3). Our
sets satisfy the following three conditions: 1) 7; C A},2) C;; C Ay U Cy \ Cp, and
3) ¢ € Cy. See Figure 6.5 for a visual representation of these sets.

Stage 4. Partition C; into O(n'/®) many disjoint parts Cp 1, o2, - . . , each of size

O(n*?) and query g(y(“0s"?))

. For each C) ; with ¢ ¢ C) ; and no new terms are
satisfied, g must return 0. If for some sets Cj ;, g returns 1, then either ¢ € Cj ; and
no new terms are satisfied, or new terms are satisfied; however, we can easily

distinguish these cases with a statistical test.

The final stage is very similar to the final stage of Subsection 6.5.1. After Stage 4, we assume
we have found a set C ; containing ¢. We further partition Cj ; (when g(y(COijC)) = 1) into
O(n'/%) parts of size v/n to find a violation. One can easily generalize the above algorithm
sketch to O(1)-many levels of Talagrand. This suggests that the simple extension of our
construction to O(1) many levels (which still gives a far-from-monotone function) cannot

achieve lower bounds better than n'/3.
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Chapter 7

An Algorithm for Testing Unateness

Our main contribution is an O(nQ/ 3 /e%)-query, adaptive algorithm for testing unateness.
This essentially settles the problem since it matches the Q(nz/ 3) adaptive lower bound of

[51] up to a poly-logarithmic factor (when € is a constant).

Theorem 65 (Main). There is an O(n?/?/e?)-query, adaptive algorithm with the following
property: Given ¢ > 0 and query access to an unknown Boolean function f: {0,1}" —
{0, 1}, it always accepts when f is unate and rejects with probability at least 2/3 when f is

e-far from unate.

Progress made on the upper bound side is due, in part, to new directed isoperimetric
inequalities on the hypercube. In particular, [43] and [87] showed that various isoperimetric
inequalities on the hypercube have directed analogues, where the edge boundary is now
measured by considering anti-monotone bichromatic edges'. In addition to the bipartite
graph structure implied by the isoperimetric inequality of [87], the algorithm relies on novel
applications of the standard binary search procedure on long random paths.

Given a path between two points x and y in the hypercube with f(z) # f(y), the binary
search (see Figure 7.1) returns a bichromatic edge along the path with log ¢ queries where ¢
is the length of the path. The idea of using binary search in Boolean function property testing
is not new. In every application we are aware of in this area (e.g., in testing conjunctions [62,
53], testing juntas [33, 99], unateness [89] and monotonicity [45]), one runs binary search
to find bichromatic edges (or pairs, as in testing juntas) that can be directly used to form

a violation (or at least part of it) to the property being tested. This is indeed how we use

'An edge (z,2() (where (") denotes the point obtained from 2 by flipping the ith bit) in {0,1}" is
bichromatic if f(z) # f(x(?)), is monotone (bichromatic) if ; = f(x), and is anti-monotone (bichromatic) if

z; # f(2).
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binary search in one of the cases of the algorithm (Case 2) to search for an edge violation
(i.e., a pair of bichromatic edges along the same variable, one is monotone and the other is
anti-monotone). However, in the most challenging case (Case 1) of the algorithm, binary
search plays a completely different role. Instead of searching for an edge violation, binary
search is used to preprocess a large set Sy C [n] of variables to obtain a subset S C 5.
This set S is used to search for bichromatic edges more efficiently using a procedure called
AE-SEARCH from [52]. Analyzing the performance of S for AE-SEARCH is technically
the most demanding part of the proof, where new ideas are needed for understanding the

behavior of binary search running along long random paths in the hypercube.

7.0.1 Technical overview

In this section we present a high-level overview of the algorithm, focusing on why and how
we use binary search in Case 1 of the algorithm. For simplicity we assume ¢ is a constant.

First our algorithm rejects a function only when an edge violation to unateness is found.
Since an edge violation is a certificate of non-unateness, the algorithm always accepts a
function when it is unate and thus, it makes one-sided error. As a result, it suffices to show
that the algorithm finds an edge violation with high probability when the unknown function
f is far from unate.

For simplicity, we explain Case 1 of the algorithm using the following setting:?

All edge violations of f are along a hidden set Z C [n] of {2(n) variables. For each
variable ¢ € Z, there are ©(2" /n) monotone edges and ©(2"/n) anti-monotone
edges. Let P;" denote the set of points incident on monotone edges along i and P,
denote the set of points incident on anti-monotone edges along i. The sets P."’s for
1 € 1 are disjoint, so monotone edges along variables in Z form a matching of size
©(2"); similarly, the sets P; ’s are disjoint and anti-monotone edges along Z also

form a matching of size ©(2"). Along each i ¢ Z, there are ©(2"//n) bichromatic

edges along ¢ which are all either monotone or anti-monotone, but not both.

fThe following conditions on the function f are satisfied by the hard functions in [51] used for proving
the Q(n?/3) lower bound.
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This particular case will highlight some of the novel ideas in the algorithm and the

analysis, so we focus on this case for the technical overview.

An appealing approach for finding an edge violation is to keep running binary search on
points x, y that are drawn independently and unifomly at random. Since a function that is
far from unate must be e-far from constant as well, f(x) # f(y) with a constant probability
and when this happens, binary search returns a bichromatic edge. Now in order to analyze
the chance of observing an edge violation by repeating this process, two challenges arise.
First, the output distribution given by the variable of the bichromatic edge found by binary
search can depend on f in subtle ways, and becomes difficult to analyze formally (partly
because of its adaptivity). Second, since the influence of variables outside Z is 2(1/+/n), a
random path between x and y of 2(n) edges may often cross Q(/n) bichromatic edges
along variables outside of Z and O(1) bichromatic edges along variables in Z. In this case,
binary search will likely return a bichromatic edge along a variable outside Z, which is
useless for finding an edge violation.

A less adaptive (and thus much simpler to analyze) variant of binary search called
AE-SEARCH was introduced [52] to overcome these two difficulties. The subroutine
AE-SEARCH (f,z,S)* queries f and takes two additional inputs: = € {0,1}" and a set

S C [n] of variables, uses O(logn) queries and satisfies the following property:

Property of AE-SEARCH: If (z,2() is a bichromatic edge with i € S and
both z

and 2 are (S \ {i})-persistent (which for z informally means that f(r) =
fa™)

with high probability when T is a uniformly random subset of S\ {7} of half of

)

its
size), then AE-SEARCH (f, x,S) finds the edge (z, () with probability at
least 2/3.

3See Figure 7.14 in Appendix 7.9 for a formal description of the AE-SEARCH subroutine.
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In some sense, AE-SEARCH ( f, x, S) efficiently checks whether there exists an i € .S such
that (x, () is bichromatic, whereas the trivial algorithm for this task takes O(|S|) queries.*

In this simplified setting, the algorithm of [52] starts by drawing a size-\/n set S C [n]
uniformly at random and runs AE-SEARCH (f, z, S) on independent samples x for n%/*
times, hoping to find an edge violation. To see why this works we first note that |[S N Z| =

Q(y/n) with high probability. Moreover, the following property holds for S:

Property of the Random Set S: With (2(1) probability over the randomness
of S, most i € S N Z satisfy that most points in P;" and P, are (S \ {i})- (2)

2

persistent.

We sketch its proof since it highlights the technical challenge we will face later.

First we view the sampling of S as S’ U {4}, where S’ is a random set of size y/n — 1
and 7 is a random variable in [n]. Since the influence of each variable in S’ is at most
O(1/y/n), for many points = € {0, 1}" most random paths of length O(+/n) along variables
in S’ starting at x will not cross any bichromatic edges. In other words, most random
sets S’ of size \/n — 1 satisfy that most of points in {0, 1}" are S’-persistent with high
constant probability. Given that U; P;" and U, P, are both Q(1)-fraction of {0, 1}", most
points in U; P;* and U; P,” must be S’-persistent as well. On the other hand, given that 4 is
independent from S’ and that Z is Q(n), with probability (1) many points in P;" and P;”
are S’-persistent. The property of S follows by an argument of expectation.

With properties of both S and AE-SEARCH in hand in (1) and (2), as well as the fact
that |S N Z| = Q(y/n) with high probability, we expect to find a bichromatic edge along a
variable in S N Z after \/n executions of AE-SEARCH (since the union of P;" and P, for
i € SN Z consists of Q(1/y/n)-fraction of {0,1}"™). Moreover, the variable is (roughly)
uniformly over S N Z and (roughly) equally likely to be monotone or anti-monotone. It

follows from the birthday paradox that repeating AE-SEARCH for O(n'/4) - \/n rounds is

enough to find an edge violation.

4See Definition 57 and its relation to the performance of AE-SEARCH in Lemma 7.1.2 for a formal
description
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The natural question is whether we can make S larger (e.g., of size n%*?) without
breaking property (2). This would lead to an O(n?/ 3)-query algorithm (for the simplified
setting). However, it is no longer true that many random paths of length ©(n%/3) do not cross
bichromatic edges because the influence of variables along variables in S \ Z is Q(1//n).
Therefore, large S may not satisfy property (2) and as a result, AE-SEARCH may never
output bichromatic edges along variables in S N Z. This limit to sets of size at most O(/n)
was a similar bottleneck in [87], and the connection between |S| and the total influence of f
was later explored in [45]. Indeed, if (2) held for S of size larger than /n, then one could
improve on the O(y/n)-query algorithm of [87] for testing monotonicity. Consequently,
if one believes that monotonicity testing requires §2(\/n) adaptive queries, it is natural to
conjecture that the algorithm in [52] is optimal for testing unateness.

The key insight in this work is to preprocess the set S before using AE-SEARCH. For
our simplified setting, we first sample Sy C [n] of size n?/3 (much larger than what the
analysis in [87, 52, 45] would allow) uniformly at random. Then, we set S = S, and repeat

the following steps for n%/® - polylog(n) many iterations:

Preprocess: Sample € {0, 1}" uniformly at random. Check if x is
S-persistent by drawing polylog(n) many subsets T C S of half of its size
uniformly at random. If a T with f(z) # (™) is found, run binary search
on a random path from f(z) to f(x(™) to find a bichromatic edge along

variable 7 and remove 2 from S.

At a high level, the analysis of the algorithm would proceed as follows. At the end of
Preprocess, for every i € S, most points in {0, 1}" are (S \ {i})-persistent. Otherwise,
Preprocess would remove more variables from S since points which are not (S \ {i})-
persistent cannot be very S-persistent. At the same time, most variables in Sy N Z at the
beginning survive in S at the end (given that variables in Z have very low influence). It may
seem that we can now conclude property (2) holds for S, and that a violation is found after
O(n??) rounds of AE-SEARCH(f, x, S) when x is uniform.

However, the tricky (and somewhat subtle) problem is that, even though most points

in {0,1}" are (S N {i})-persistent for every i € S N Z, it is not necessarily the case that
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points inside P;" and P, are (S N {i})-persistent, since P," U P, is only a O(1/n)-fraction
of the hypercube. Compared with the argument from [52] above for /n-sized uniformly
random sets, after preprocessing Sy (which was a uniform random set) with multiple rounds
of binary search, the set S left can be very far from random. More specifically, the set S
obtained from S, will heavily depend on the function f and, in principle, a clever adversary

could design a function so that Preprocess running on S, deliberately outputs a set S that

where points in P;" and P, are not (S \ {i})-persistent.

The main technical challenge is to show that this is not possible when variables in
T have low influence,’ and the desired property for S remains valid. To this end, we
show that for any variable ¢ with low influence, the following two distributions supported
on preprocessed sets S have small total variation distance. The first distribution samples
S/ C [n] of size (n*3 — 1) and outputs the set S’ U {i} obtained from preprocessing S},
The second distribution S}, C [n] of size (n?3 — 1) and outputs the set S obtained from
preprocessing S, U {i}. Intuitively this means that a low-influence variable 7 has little
impact on the result S of Preprocess and thus, Preprocess is oblivious to ¢ and cannot
deliberately exclude P;" and P, from the set of S-persistent points.

To analyze the total variation distance between the results of running Preprocess on
S{, and Sy U{i}, we need to understand how a low-influence variable i can affect the result of
a binary search on a long random path (given that Preprocess is just a sequence of calls to

2/3 at the beginning of Preprocess,

binary search). The random paths have length |Sy| = n
and are repeated for O(n?/?) rounds. Giving more details, we show that a variable i with
influence Inf [i] can affect the result of a binary search on a random path of length ¢ with
probability at most log ¢ - Inf ¢[7], instead of the trivial upper bound of ¢ - Inf [i], which is
the probability that a variable 7 affects the evaluation of f on vertices of a random path of
length ¢. This is proved in Claim 7.2.3 (although the formal statement is slightly different
since we need to introduce a placeholder when running binary search on the set without ¢ so

that the two paths have the same length; see Section 7.1.1).

In order to go beyond the assumptions on the function given in this overview, the

3In the simplified setting, each variable i € Z has influence only O(1/n); In the real situation, we need to
handle the case even when each variable has influence as high as 1/n?/3.
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algorithm needs to deal with more general cases: (1) Monotone (or anti-monotone) edges of
7 may not form a matching, but rather, a large and almost-regular bipartite graph whose
existence follows from the directed isoperimetric inequality of [87]. (2) Although [87]
implies the existence of such graphs with bichromatic edges from Z, there may be more
bichromatic edges along Z outside of these two graphs, which would raise the influence
of these variables to the point where Preprocess is no longer oblivious of these variables.
Intuitively, this implies that bichromatic edges which give rise to edge violations are
abundant, so finding them becomes easier. This is handled in Case 2, where we give an
algorithm (also based on binary search) which finds many bichromatic edges along these
high influence variables, and combine it with the techniques from [52] to find an edge
violation. (3) The set Z can be much smaller than 7, in which case, the techniques from [52]

actually achieves better query complexity. We formalize this in Case 3 of the algorithm.

Organization We review preliminaries, recall the binary search procedure and review
the definition of persistency and the AE-SEARCH procedure in Section 7.1. We present
the preprocessing procedure in Section 7.2 and prove that a low-influence variable has
small impact on its output. We use the directed isoperimetric lemma of [87] to establish a
so-called Scores Lemma in Section 7.3, which roughly speaking helps us understand how
good the set S is after preprocessing (in terms of using it to run AE-SEARCH to find a
bichromatic edge along a certain variable). We separate our main algorithm into three cases
in Section 7.4, depending on different combinations of parameters. Case 1, 2 and 3 of the
algorithm are presented and analyzed in Sections 7.5, 7.7 and 7.8, respectively. Section 7.6
presents a procedure used in Case 2 to find bichromatic edges of variables with relatively

high influence.

7.1 Preliminaries

We will use bold-faced letters such as T and x to denote random variables. For n > 1, we

write [n] = {1,...,n}. In addition, we write ¢ = O(f) to mean g = O(f - polylog(f)) and
g = Q(f) to mean g = Q(f /polylog(f)).

247



For x € {0,1}", and a set S C [n], we write (%) € {0, 1}" as the point given by letting
a:,(f) =z forall k ¢ S, and ;1:,(65) =1—gxforall k € S (i.e., 9 is obtained from z by
flipping variables in S). When S = {i} is a singleton set, we abbreviate () = z({?}) and
say that 2(?) is obtained from z by flipping the ith variable. Throughout the chapter, we use
n + 1 as the name of a placeholder variable (i.e., a dummy variable). If x € {0,1}" and
S C [n+ 1], then ) := xS\ "*+1D) "and in particular, z("*!) = 2. We will refer to this as
flipping variable n + 1 (see Section 7.1.1) although no change is made on x. For a subset
S C [n + 1] and a variable i € [n], we let Sub(S,7) C [n + 1] be the subset obtained by

substituting n + 1 with 7 and ¢ with n + 1. In other words,

S ifi,n+1leSori,n+1¢S5

Sub(S,i) ={(SU{n+1})\{i} ifieSandn+1¢S

(SU{ih)\{n+1} ifn+1eSandi¢s.

We will at times endow S C [n + 1] with an ordering 7: [|S|] — S which is a bijection
indicating that 7(7) is the ith element of S under 7. When 7" C S, the ordering 7: [|T'|] — T
obtained from 7 is the unique bijection such that for all i, j € T, 771(i) < 77!(j) if and
only if 771(i) < 7~!(j). Moreover, when S C [n + 1] and 7 is an ordering of S, the
ordering 7’ of Sub (S, 7) obtained from 7 is obtained by substituting n + 1 with ¢ and ¢ with
n+ 1 in the ordering, i.e., 7' (k) = 7(k) when w(k) ¢ {i,n+ 1}, 7' (k) =n+1ifn(k) =1
and 7'(k) = iif (k) =n + 1.

Given a Boolean function f: {0,1}" — {0,1}, and a variable i € [n], we say that
(z,2@) is a bichromatic edge of f along variable i if f(x) # f(2(?); it is monotone
(bichromatic) if z; = f(x) and anti-monotone (bichromatic) if x; # f(x). The influence of

variable ¢ in f is defined as

Inf i = Pr [f(z)# f(@?)],

x~{0,1}"

which is twice the number of bichromatic edges of f along i divided by 2". The total

influence of f, 1y = 3=;c(, Inf[i], is twice the number of bichromatic edges of f divided
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by 2". Given distributions x; and po on some sample space €2, the total variation distance

between p; and 9 s given by

drv(p1, p2) = 1ax \m(s) - uz(S)\-

7.1.1 Binary search with a placeholder

We use the subroutine BinarySearch (f, z, S, 7) described in Figure 7.1, where f: {0,1}" —
{0,1} is a Boolean function, = € {0,1}", S is a nonempty subset of [n + 1], and 7 is an

ordering of S.

When S C [n], BinarySearch(f,z, S, 7) performs as the standard binary search
algorithm: = = x¢, 71, ..., 75 = ¥ is a path from x to 2'*) in which z; is obtained from
x;_, by flipping variable 7(t) € S C [n], and when f(z) # f(z'®)), the binary search is
done along this path to find an edge that is bichromatic. Now in general .S may also contain
n + 1, which we use as the name of a placeholder variable. Similarly, when f(z) # f(29),
the binary search is done along the path x = x¢,z4,..., 715 = %) (recall that %) is
defined as 25\ {"*}) when S contains n + 1) where z, is obtained from z,_, by flipping

variable 7(t) (in particular, when 7(t) = n + 1, z; = x;_1).

Note that even though n + 1 is a placeholder variable, given S C [n + 1] with
n+ 1 € S and an ordering 7 of S, queries made by BinarySearch(f,z,S,n) and
BinarySearch (f,z,S \ {n + 1}, 7’) (where 7’ is the ordering of S \ {n + 1} obtained
from ) are different, so their results may also be different. We summarize properties of

BinarySearch in the following lemma.

Lemma 7.1.1. BinarySearch(f, z, S, w) uses O(logn) queries and satisfies the following
property. If f(x) = f(29), it returns nil; if f(z) # f(2), it returns a variable
i € S\ {n+ 1} and a point y € {0,1}" along the path from x to ') with ordering m such

that (y,y") is bichromatic.
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Subroutine BinarySearch (f, z, S, 7)

Input: Query access to f: {0,1}" — {0, 1}, a point zz € {0, 1}", a nonempty set
S C [n + 1] and an ordering 7 of S.
Output: Either i € S and a point y € {0, 1}" where (y, y) is a bichromatic edge, or

nil.
1. Query f(x) and f(z') and return nil if f(z) = f(z(9).
2. Letm = |S|and x = zg, 71, ..., 7, = ) be the sequence of points obtained

from x by flipping variables in the order of 7(1),...,7(m): x; = xgi(f)). Let
¢{=0andr =m.
3. Whiler — ¢ > 1do

Lett = [(¢+1)/2] and query f(x;). If f(xy) # f(x;) set r = t; otherwise
set { = t.

5. Return 7(r) and y = xy.

Figure 7.1: Description of the binary search subroutine for finding a bichromatic edge.

7.1.2 Persistency with respect to a set of variables

We need the following notion of persistency for points and edges with respect to a set of

variables.

Definition 57. Given a Boolean function f: {0,1}" — {0,1}, aset S C [n+1] of variables

and a point x € {0, 1}", we say that x is S-persistent if the following two conditions hold:

_ (T) _ — (T) _
Pr [f@) =f@D) z1-1mr and  Pr [fl@)=fT)] 21
IT|=[151/2] IT|=LIS|/2]+1

where T is a subset of S of certain size drawn uniformly at random. Note that when S = (),
every point in {0, 1}" is trivially S-persistent.
Let e be an edge in {0,1}". We say that e is S-persistent if both points of e are S-

persistent.

The notion of persistency above is useful because it can be used to formulate a clean
sufficient condition for AE-SEARCH (f, x, S) to find a bichromatic edge (z, (¥)) for some

1 € S with high probability. This is captured in Lemma 7.1.2 (see Lemma 6.5 in [52]) below.
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For completeness we include the description of AE-SEARCH [52] and the proof of Lemma

7.1.2 in Appendix 7.9.

Lemma 7.1.2. Given a point x € {0,1}" and a set S C [n + 1], AE-SEARCH(f,z,5)
makes O(logn) queries to f, and returns either ani € S such that (x, ") is a bichromatic
edge, or “fail.”

Let (z,79) be a bichromatic edge of f along i € [n]. Ifi € S and (z,zV) is
(S '\ {i})-persistent, then both AE-SEARCH (f, x, S) and AE-SEARCH (f, 2, S) output i
with probability at least 2/ 3.

Lemma 7.1.2 has the following immediate corollary.

Corollary 7.1.3. Given a set S C [n + 1] and a point x € {0, 1}", there exists at most one

variable i € S such that (x, 29)) is both bichromatic and (S \ {i})-persistent.

Proof. 1f the condition holds for both i # j € S, then from Lemma 7.1.2 AE-SEARCH (f, =, S)

would return both i and j with probability at least 2/3, a contradiction. U

7.2 Preprocessing Variables

Our goal in this section is to present a preprocessing procedure called Preprocess. Given
query access to a Boolean function f: {0,1}" — {0, 1}, a nonempty set Sy C [n + 1]
(again, n + 1 serves here as a placeholder variable), an ordering 7 of Sy and a parameter
¢ € (0,1), Preprocess(f, Sy, 7, &) makes (|Sy|/&)-polylog(n) queries and returns a subset
S of Sy. At a high level, Preprocess keeps running BinarySearch to remove variables
from S; until the set S C S left satisfies that at least (1 — &)-fraction of points in {0, 1}"
are S-persistent (recall Definition 57).

In addition to proving the above property for Preprocess in Lemma 7.2.1, we show
in Lemma 7.2.2 the following: When i € Sy C [n] has low influence, then the result of
running Preprocess on S is close (see Lemma 7.2.1 for the formal statement) to that of

running it on Sub (Sp, 7) (in which we substitute ¢ with the placeholder variable n + 1).
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Subroutine CheckPersistence (f, S, &)

Input: Query access to f: {0,1}" — {0,1}, a nonempty set S C [n + 1], an ordering
7 of S and a parameter £ € (0, 1).
Output: Either nil or a variable 7 € S.

1. Repeat the following steps log* n/¢ many times:
a) Sample a point x from {0, 1}" uniformly at random.

b) Flip a fair coin and perform one of the following tasks:

e Sample T C S with size ||S|/2] uniformly. Run
BinarySearch(f,x, T, w’) where 7’ is the ordering of T defined by
7 restricted on T. If BinarySearch(f, x, T, 7') returns a variable i
and a point y, output ¢.

e Sample T C S with size [|S|/2] + 1 uniformly. Run
BinarySearch(f,x, T, n’) where 7’ is the ordering of T defined by
7 restricted on T. If BinarySearch(f, x, T, ') returns a variable
and a point y, output ¢.

2. If BinarySearch always returned nil, output nil.

Figure 7.2: Description of the subroutine CheckPersistence.

7.2.1 The preprocessing procedure

The procedure Preprocess (f, So, 7, &) is described in Figure 7.3. It uses a subroutine
CheckPersistence (f, S, m, &) described in Figure 7.2. Roughly speaking, CheckPersistence
checks if at least (1 — &)-fraction of points in {0, 1}" are S-persistent for the current set S.
This is done by sampling points  and subsets T of S of the right sizes uniformly at random,
and checking if f(z) = f(x™), for log" n/¢ many rounds. If CheckPersistence finds x
and T such that f(x) # f(x(™), it runs binary search on them to find a bichromatic edge
along some variable ¢ € .S and outputs 7; otherwise it returns nil.

The main property we prove for CheckPersistence (see Lemma 7.10.1 in Appendix
7.10) is that when the fraction of points that are not S-persistent is at least &, it returns a
variable ¢ € S with high probability.

The procedure Preprocess (f, So, 7, &) sets S = Sy and 7 = 7 at the beginning and

keeps calling CheckPersistence (f, S, 7, ) and removing the variable CheckPersistence(f, S, 7, &)
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Procedure Preprocess (f, Sy, 7, )

Input: Query access to f: {0,1}" — {0, 1}, a nonempty set Sy C [n + 1], an ordering
7 of Sy and a parameter £ € (0, 1).
Output: A subset S C 5.

1. Initially, let S = Sy and 7 = 7.

2. While S is nonempty do

3. Run CheckPersistence (f, S, 7,¢&).
4

If it returns nil, return .S'; otherwise (it returns an ¢ € S), remove ¢ from S
and 7.

9

. Return S (which must be the empty set to reach this line).

Figure 7.3: Description of the procedure Preprocess for preprocessing a set of variables.

returns from both S and the ordering 7, until CheckPersistence returns nil or S becomes
empty in which case Preprocess terminates and returns S. As a result, Preprocess makes
at most | S| calls to CheckPersistence. Using the property of CheckPersistence from
Lemma 7.10.1, it is unlikely that {-fraction of points are not S-persistent but somehow
CheckPersistence (f, S, 7, &) returns nil. This implies that at least (1 — &)-fraction of
{0, 1}™ are S-persistent for S = Preprocess (f, So, 7, &) at the end with high probability.

We summarize our discussion above in the following lemma but delay its proof to
Appendix 7.10 since it follows from standard applications of Chernoff bounds and union

bounds.

Lemma 7.2.1. Given a Boolean function f: {0,1}" — {0, 1}, a nonempty Sy C [n + 1],
an ordering T of Sy and a parameter £ € (0, 1), Preprocess (f, Sy, 7, ) makes at most
O(|So|log” n/€) queries to f and with probability at least 1 — exp (—Q(log2 n)) it outputs

a subset S C Sy such that at least (1 — &)-fraction of points in {0, 1}" are S-persistent.

7.2.2 Low influence variables have low impact on Preprocess

In the rest of the section, we show that when Sy C [n], a variable ¢ € Sy with low influence

Inf[i] has low impact on the result of S = Preprocess(f, Sy, 7,&). More formally,
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we show that one can substitute ¢ by the placeholder n + 1 and the result of running
Preprocess on Sub (.Sy, ) is almost the same (after substituting 7 + 1 back to i in the result
of Preprocess).

This is made more precise in the following lemma:

Lemma 7.2.2. Let f: {0,1}" — {0, 1} be a Boolean function. Let i € Sy C [n], m be an
ordering of S and £ € (0,1). Let S|, = Sub(Sy, 1) be the subset of [n + 1] and let 7’ be the

ordering of S|, obtained from 7 by substituting i with n 4+ 1. Then we have
o . ’SO‘ 10g5 n .
drv <Preprocess (f,So,m, &), Sub (Preprocess (f,Sp. 7, &), @)) <O —c Inf ¢[1].

Because Preprocess keeps calling CheckPersistence which keeps calling BinarySearch,
we start the proof of Lemma 7.2.2 with the following claim concerning the binary search

procedure.

Claim 7.2.3. Let i € S C [n] and 7 be an ordering of S. Let S’ = Sub (S, i), and 7’ be the
ordering of S’ obtained from w by substituting i with n + 1. We let uw and v be the random

variables where

e w is the output of BinarySearch (f, x, S, ) when x is drawn from {0,1}"
uniformly, and
e v is the output of BinarySearch (f, z, S, n’') when z is drawn from {0, 1}"

uniformly.
Then, we have dypv(u,v) < O(logn) - Inf ¢[i].
Proof. Our plan is to show that for every point x € {0, 1}" with a certain property, we have
{BinarySearch(f, z,S, ), BinarySearch (f, 2, S, 7r)} (7.1)
as a multiset is the same as

{BinarySearch (f,x,8' '), BinarySearch (f, z®, 5, W/)}. (7.2)
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It turns out that the property holds for most points in {0, 1}". The lemma then follows.

To describe the property we let m = |S| = |S’| and let k = 7~ '(i) (with 7/ (k) = n+ 1).
We let J C [0 : m] denote the set of indices taken by variables ¢ and r (see Figure 7.1 for
settings of ¢ and r) in an execution of BinarySearch along a path of length m that outputs
the £th edge at the end. For example, ignoring the rounding issue, J always contains 0, m
and m/2: these are indices of the first three points that binary search examines. It contains
3m/4if k > m/2,or m/4if k < m/2, so on and so forth. The set .J also always contains
k — 1 and k: these are indices of the last two points that binary search examines before

returning the kth edge.

Now we describe the property. Given = € {0,1}" we let x = g, ..., 2, = 2% with

2y = 2™ forall t € [m]. We let C(x) be the indicator of the condition that:

fla;) = f(2'), forall j e J. (1.3)

We show that © ~ {0,1}" satisfies C(x) with high probability. Because x is drawn
uniformly from {0, 1}", ; defined above is also distributed uniformly for each j € .J and
thus, the probability that a specific j € J violates the condition above is at most Inf ;[7].
It then follows from a union bound over j € J that the fraction of points that violate the

condition C(z) is at most Inf ¢[7] - O(logn).

It suffices to prove that when = € {0, 1}" satisfies C(x), the two multisets in (7.1) and
(7.2) are the same. To this end we write down the two paths in the multiset (7.1) that start

with z and 2 as

X0, L1y T and Yo, Y1, -, Ym

in which x; = xii(f) and y; = xf). Similarly we write down the two paths for (7.2) as

20021y -+ -y 2Zm and  wg, Wy, . . ., Wy,

in which we have z; = x; forall t < k and z; = y, forall t > k; w; = y; forall t < k and
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w; = x4 for all t > k. It follows from the property (7.3) of x that

fx5) = fy;) = f(z) = f(w;), foralljeJ. (7.4)

Since 0, m € J we have that f(zo) = f(z,,,) implies the same holds for y, z and w in which
case (7.1) and (7.2) are trivially the same since they all return nil. So we assume below that
f(zo) # f(x,,) and thus, all four binary searches return a variable and a bichromatic edge.

Next, since £ — 1, k € J we have

flxr—1) = fla) = flye—1) = flur) = f(z1) = f(2) = fwr1) = flwy).

As a result, the kth edge is not bichromatic in all four paths and thus, during each run of
binary search, k is removed from the interval [¢ : 7] (see Figure 7.1) after a certain number
of rounds. Moreover, it follows from the definition of J and (7.4) that in all four runs of
binary search, the values of ¢ and r are the same at the moment when £ is removed from
consideration (i.e., at the first time when either ¢ or r is updated so that k ¢ [¢ : r|. We

consider two cases for the values of ¢ and r.

1. ¢ > k: In this case, BinarySearch (f, z,.S, 7) continues to search on the path
Ty, ..., 7, and BinarySearch (f, 2, S’ 7') continues to search on the path
Wy, . . ., w, which is the same as xy, . .., z, given that / > k. As a result, their outputs
are the same. Similarly we have that BinarySearch (f, 2%, S, 7) is the same as

BinarySearch (f,z, S’ 7’) in this case. See Figure 7.4 for example executions.

2. r < k: In this case, BinarySearch (f, x, S, w) continues to search on the path
Zy, ..., x, and BinarySearch (f, x,S’, ') continues to search on the path z, ..., z,
which is the same as xy, . .., z, given that r < k. As a result, their outputs are the
same. Similarly we have that BinarySearch (f, z(?, S, 7) is the same as

BinarySearch (f,2(", S’, 7') in this case. See Figure 7.5 for example executions.

As a result, the two multisets are the same when x satisfies the condition C(z). [

Claim 7.2.3 gives the following corollary using a union bound:
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L ja Wi, J2 Yija
T = "L‘O wO frd :U(Z) €T = ZO x(l) ey yo
Figure  7.4: Example executions of BinarySearch(f,z,S5,7) and

BinarySearch(f, 2", S' ') on the left-hand side, and executions of
BinarySearch(f,x,S’,7') and BinarySearch(f, 2, S 7) on the right-hand side, as-
suming that C(z) is satisfied, and corresponding to the case when & < /. Queries made only
during executions of BinarySearch(f,z, S,7) and BinarySearch(f,z®, S, 7) are dis-
played by red dots, and the corresponding paths considered are outlined in red; queries made
only during executions of BinarySearch(f,z, S, 7') and BinarySearch(f,z®, S’ 7')
are displayed by blue dots, and the corresponding paths considered are outlined in blue.
Points are filled in with black if f evaluates to 1, and points which are not filled in if f
evaluates to 0. Dotted lines indicates that condition C(z) or the fact that n + 1 is a dummy
variable implies points evaluate to the same value under f. From the above executions,
it is clear to see that BinarySearch(f,z, S, 7) on the left-hand side considers the path
(drawn in red) between zj, and z;,, and BinarySearch(f, S’ 7') considers the path
between w;, and w;, (drawn in blue); since variable n + 1 represents a dummy variable, f
has the same evaluation on both of these paths, so both output the same variable. Similarly,
BinarySearch(f, 2", S, 7) on the right-hand side considers the path (drawn in red)
between y;, and y;,, and BinarySearch(f,z(), S’  7’) considers the same path between
zj, and z;, (drawn in blue); as a result of n + 1 being a dummy variable, both output the
same variable.
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. ® ® |
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Figure 7.5: Example executions of BinarySearch(f,z,S5,7) and
BinarySearch(f,x,S’,n’) on the left-hand side, and executions of

BinarySearch(f, 2, S, 7) and BinarySearch(f, 2", S’ 7’) on the right-hand side, as-
suming that C(z) is satisfied, and corresponding to the case when k& > r. Queries made only
during executions of BinarySearch(f,z, S,7) and BinarySearch(f,z®, S, 7) are dis-
played by red dots, and the corresponding paths considered are outlined in red; queries made
only during executions of BinarySearch(f,z,S’, ') and BinarySearch(f,z®, S’ 7')
are displayed by blue dots, and the corresponding paths considered are outlined in blue;
queries which are made during both are displayed with purple dots, and the intersection of
the paths considered in both are purple. Similarly to Figure 7.4, points filled in evaluate
to 1 under f, and points which are not filled in evaluates to 0 under f. Dotted lines
implies points evaluate to the same value under f. Note that BinarySearch(f,x,S, )
considers the path (drawn in purple) between zj, and x,, and BinarySearch(f, z, 5", 7’)
considers the same path between 2, and z;,; thus, both output the same variable. Similarly,
BinarySearch(f, 2%, S, 1) considers the path (drawn in purple) between Y, and y;,, and
BinarySearch(f, =, S’ ') considers the same path between w;, and w;,; as a result,
both output the same variable.
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Corollary 7.2.4. Leti € S C [n] and 7 be an ordering of S. Let S’ = Sub (.S, i) and 7’ be

the ordering of S’ obtained from w by substituting i with n + 1. Then we have

log” n

drv <CheckPersistence (f,S,m, &), CheckPersistence (f, S',W',ﬁ)) <0 ( )-Inff[z'}.
Proof. We use the following coupling to run CheckPersistence (f, S, 7, {) and CheckPersistence (f, S, 7’
in parallel.
For each round of CheckPersistence we first flip a fair coin and draw a subset T
of S of the size indicated by the coin uniformly. Then we couple the binary search on
x ~ {0,1}" and T and the binary search on z ~ {0,1}" and Sub (T, 1) using the best
coupling between them.
It then follows from Claim 7.2.3 and a union bound over the log” n /€ rounds that the prob-
ability of this coupling of CheckPersistence (f, S, 7, &) and CheckPersistence (f, S, 7', &)

returning different results is at most
(log" n/€) - Inf([i] - O(logn).

This finishes the proof of the corollary. ]
Now we prove Lemma 7.2.2.

Proof of Lemma 7.2.2. Let m = |S| = |S’|. For each j € [m], let X, denote the output
of the jth call to CheckPersistence in Preprocess (f, So, 7, §) with X; set to nil by
default if the procedure terminates before the jth call. Similarly we use Y, to denote
the output of the jth call in Preprocess (f, S}, 7',§). Let X = (X4,...,X,,) and Y =
(Y1,...,Y,,). Then X =Y implies that S = Preprocess|(f, Sy, 7, &) is the same as

S’ = Preprocess (f, S, 7', €). As a result, it suffices to show that

m log®n

dT\/(X,Y) S . IIlff[Z]

To this end, we first note that by Corollary 7.2.4 the total variation distance between X

and Y is at most 3 := O(log” n/¢) - Inf;[i]. On the other hand, note that if the outputs
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from the first ¢ — 1 calls in Preprocess (f, So, 7, &) and Preprocess (f, S(, 7', {) are the
same, say aq, ..., a1, then before the (th call, the set S in the former still contains ¢ and

the S’ in the latter can be obtained by substituting its « with n 4 1. It follows from Corollary

7.2.4 that, for any ¢ > 1 and any ay, ..., a,_1, the total variation distance between the
distribution of X, conditioning on X; = ay,...,X,_; = ay_1 and the distribution of Y/,
conditioningon Y| = ay,..., Y, 1 = ay_1 is also at most 3. We prove that these properties

together imply that drv(X,Y) < m/3, from which the lemma follows.®

For this purpose we use the following coupling of X and Y. First we use the best
coupling for the distribution of X; and the distribution of Y; to draw (a;, b;). Then we
draw (as, bs) from the the best coupling for the distribution of X, conditioning on X; = a;

and the distribution of Y, conditioning on Y; = b;. We then repeat until (@, b,,) is drawn.

It follows from the description that the marginal distribution of @ = (a4, ..., a,,) is the
same as X and the marginal distribution of b = (by, ..., b,,) is the same as Y. Moreover,
we have

drv(X,Y) < Pr[a # b|

:Pr{al#bl}—|—Pr{a1:b1/\a27éb2}+---+Pr[aj:bjforj<m/\am7ébm],

which is at most mf by the description of the coupling and properties of X and Y. [

7.3 The Scores Lemma

By definition when f is e-far from unate, f(z @ a) is e-far from monotone for every
a € {0,1}". This means that we can utilize the directed isoperimetric inequality of [87]
to show the existence of relatively large and almost-regular bipartite graphs that consist of
bichromatic edges (see Definition 60 and Lemma 7.3.3). The goal of this section is to show
that, using these bipartite graphs, there exist certain probability distributions over subsets of
variables such that a set S drawn from any of these distributions can be used to search for

bichromatic edges via AE-SEARCH efficiently.

%We suspect that this is probably known in the literature but were not able to find a reference.
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To this end, we start by introducing three distributions H¢ ,,,, D¢ ,,, and P; ,,, in Section
7.3.1. We then use them to define a score for each variable ¢ € [n] which aims to quantify
the chance of finding a bichromatic edge along 7 using AE-SEARCH and a set S drawn from
some of those distributions. Finally we prove the Scores Lemma in Section 7.3.2, which

shows that the sum of scores over ¢ € [n] is large when f is e-far from unate and has total

influence O(y/n).

7.3.1 Distributions D¢ ,,,, H¢ ., and P; ,,, and the definition of scores

We start by defining two distributions D¢ ,,, and H .

Definition 58. Given ¢ € (0,1) andm : 1 < m < n, we let D¢ ,, denote the following distri-
bution supported on subsets of [n|: S ~ D¢, is drawn by first sampling a subset Sy of [n] of
size m and an ordering T of Sg uniformly at random. We then call Preprocess (f, Sg, 7, &)
to obtain S.

Similarly, let He ., denote the following distribution supported on subsets of [n + 1]:
S ~ He m, is drawn by first sampling a subset Sy of [n + 1] of size m withn + 1 € Sy and
an ordering 7 of So uniformly at random. We then call Preprocess (f, Sy, m, &) to obtain

S. Notice that as n + 1 is just a placeholder, we always have n +1 € S ~ He ;.

As it will become clear later, our unateness tester will sample subsets according to the
distribution D¢ ,,, and use them to find an edge violation to unateness when f is far from
unate. While this section is mainly concerned about H ,, it will only be used in the analysis
to help us understand how good those samples from D¢ ,,, are in terms of revealing an edge
violation to unateness.

Let A = [2log(n/e)] in the rest of the chapter. Giveni € [njandm : 1 <m <n—1
we use P; ,,, to denote the uniform distribution over all size-m subsets of [n] \ {i}.

Next we use H¢ ., and P; ,, to define strong edges.

Definition 59 (Strong edges). Let e be a bichromatic edge of f along variable i € [n|. We

say e is (-strong, for some integer { € [A], if the following two conditions hold:
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1. For every m < n?/® as a power of 2 and every & = 1/2F with £ < k < A, the edge e
is S-persistent (recall Definition 57) with probability at least 1 — (1/logn) when
S ~ Hem.

2. The edge e is S-persistent with probability at least 1 — (1/logn) when

S ~ P’L,]—\/ﬁ/Qé]'

For each i € [n] and ¢ € [A], we define
+ 1 . .
SCORE;(f) = on number of /-strong monotone edges along variable i.

We analogously define SCORE; ,( f) for anti-monotone edges along variable i. Finally we

define

SCORES (f) = mex {SCORE;:E(f) : } : (7.5)

and we analogously define SCORE; (f).

7.3.2 The Scores Lemma

We state the Scores Lemma:

Lemma 7.3.1 (The Scores Lemma). Let f: {0,1}" — {0, 1} be a Boolean function that is

e-far from unate with total influence Iy < 6/n. Then we have
2
Z[:] min {SCOREj(f), SCORE;(f)} >0 <A8> ,
1En

We note that our Scores Lemma above looks very similar to Lemma 4.3 from [52].
Thus the proof follows a similar trajectory. The main difference is that we are varying the
distributions from which the set S of variables is drawn. Compared to [52] we not only
consider the quality of S drawn from the P distribution in the definition of strong edges
but also those drawn from H¢ ,,, with a number of possible combinations of § and m in the
indicated range. This makes the proof of the lemma slightly more involved than that of

Lemma 4.3 in [52].
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We prove Lemma 7.3.1 by proving the following simpler version, which avoids the

minimum.

Lemma 7.3.2. Assume that f is e-far from monotone and satisfies 1y < 6+/n. Then we have

_ g2
> SCORE; (f) > Q <A8> :
1€[n]

Proof of Lemma 7.3.1 assuming Lemma 7.3.2. Let f: {0,1}" — {0, 1} be a Boolean func-

tion which is e-far from unate. We let a € {0, 1}" be defined by setting, for each i € [n],

0 if SCORE] (f) > SCORE; (f)
a; =
1 otherwise
Consider the function g: {0,1}" — {0, 1} defined using f by g(x) = f(z & a). We note
that I; = I, and g is e-far from unate and thus, e-far from monotone. So Lemma 7.3.2

implies that

2
> SCORE; (g) > </€\8> : (7.6)

i€[n]

Finally, we claim that out choice of s implies that
min {SCOREj(f), SCORE;(f)} = SCORE; (g). (7.7)

This can be observed by checking that (1) the distributions Hy ,,, defined using f and g are
exactly the same; and (2) a point x € {0,1}" is S-persistent for some S C [n + 1] in f
if and only if 2 @ a is S-persistent in g. As a result, an edge (z,z(") is (-strong in f if
and only if (z @ a,2® @ a) is (-strong in ¢ but of course whether they are monotone or
anti-monotone may change depending on a;. (7.7) follows from these observations and

Lemma 7.3.1 follows from (7.6) and (7.7). L]
Before proving Lemma 7.3.2, we need a definition and a key technical lemma from [87].

Definition 60. Given a Boolean function f : {0,1}" — {0, 1}, we write G} to denote its

bipartite graph of anti-monotone edges:
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1. Vertices on the LHS of G'; correspond to points x € {0,1}" with f(r) = 1 and
vertices on the RHS correspond to points y € {0,1}" with f(y) = 0;

2. (x,y) is an edge in G if and only if (v, y) is an anti-monotone edge in f.

Let G = (U, V, E) be a subgraph of G ¢, where U is a set of points x with f(x) =1,V
is a set of points y with f(y) = 0, and E consists of all anti-monotone edges between U and
V' (i.e., G is the induced subgraph of G on (U, V). We say that G is right-d-good for some
positive integer d if the degree of every y € V lies in [d : 2d| and the degree of every v € U
is at most 2d; We say that G is left-d-good if the degree of every x € U lies in [d : 2d] and

the degree of every y € V' is at most 2d.

Lemma 7.3.3 (Lemma 7.1 in [87]). If f : {0,1}" — {0, 1} is e-far from monotone, G;
contains a bipartite subgraph G = (U,V, E) induced on (U, V') that satisfies one of the

following conditions:

1. G is left-d-good for some positive integer d and o = |U|/2" satisfies

2
an:@< < ) (7.8)

log*n

2. G is right-d-good for some positive integer d and o = |V'| /2" satisfies (7.8).

We note that each vertex in G, has degree at most n. As a result, the two parameters d

and o in Lemma 7.3.3 always satisfy that 1 < d < n and

12029( (7.9)

£
Vv/nlog® n) '
Proof of Lemma 7.3.2. Let f : {0,1}"™ — {0, 1} be a function that is e-far from monotone
with total variance Iy < 6y/n. It follows from Lemma 7.3.3 that there is a subgraph
G = (UV,FE) of G]T that satisfies one of the two conditions in Lemma 7.3.3. Below we
assume without loss of generality that G is left-d-good and o = |U|/2" satisfies (7.8); the

proof for GG being right-d-good is symmetric.
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In the rest of the proof we set ¢ to be the positive integer such that

1

7 <
ST

1
201 :

So ¢ € [A] using (7.9). Our goal is to show that at least half of edges in G are ¢-strong. As a

result,

N _ 1 _QUE|) 1 1 o g2
;}SCOREi (f) > z[:]SCOREM(f)-Qe > o 50 = Q(ad)-? =Q <ad- A4> =0 )
i€n i€(n

The fact that at least half of edges in G are /-strong follows directly from the next two

claims:

Claim 7.3.4. At least (1 — o(1))-fraction of edges in G satisfy the first condition of being

(-strong.

Claim 7.3.5. At least (1 — o(1))-fraction of edges in G satisfy the second condition of being

(-strong.

The proof of Claim 7.3.5 follows from the arguments in Section 6.2 in [52]. Specifically,
given the definition of robust sets for a bichromatic edge e of a certain size in Definition 6.4
of [52], Claim 7.3.5 is equivalent to applying Lemma 6.11 and Lemma 6.12 twice.

We prove Claim 7.3.4 in the rest of the proof. To this end, let m < n?/3 and ¢ < 1/2°
such that both m and 1/¢ are powers of 2. We consider the quantity « as the fraction of
e € E such that e is not S-persistent with probability at least 1/logn when S ~ He ..

Using o we have

P <(1_ B
Eé‘ [e is S persmtent] <(l—-a)+a (1 log 1

> =1—a/logn,

where e is drawn uniformly from £ and S ~ H¢ ,,,. On the other hand, we consider the

probability

P§' e is not S-persistent} :
€,
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By Lemma 7.2.1, as well as the fact that each vertex of G is incident to at most 2d edges
in B, for at least (1 — exp(—%(log® n)))-fraction of S ~ H; ,, there are at most 2£d - 2"
many edges which are not S-persistent out of a total of at least od - 2" edges in . Therefore,

we have
le:’g [e is not S—persistent} < exp (—Q(log2 n)) + (1 — exp (—Q(log2 n))) -0 (&/o),

which is O(1/A*). Combining these inequalities we have that & = O(logn/A*). Claim
7.3.4 follows from a union bound over O(logn) - A < O(A?) many choices of the two

parameters m and &. O

7.3.3 Bucketing scores

We will now use standard grouping techniques to make Lemma 7.3.1 easier to use.
From (7.5), we say that i € [n] is of type-(s,t) for some s,t € [A] if

1 1
SCORE]” = SCORE], - > and SCORE; = SCORE;, - 5

From Lemma 7.3.1, there exist s, ¢ € [A] such that
&2
Z[:] min {SCOREZ.*, SCORE;} >Q <A10> : (7.10)
i€n
type-(s, t)
Furthermore, we say a variable i € [n| has weight k for some positive integer k if

1
9k—1

1
. _l’_ —
o < mln{SCOREi , SCORE; } <
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Therefore, we have

> min{SCOREj,SCORE;} => > min{SCOREj, SCORE;}

i€[n] E>1  ig[n]
type-(s, t) type-(s,t)
weight k
N
<> Y min{SCOREj,SCORE;} +n- () :
k€[3A]  i€[n] n
type-(s, t)
weight k
which implies by (7.10) that there exists some h € [3A] such that
2
> min {SCORE], SCORE; } > ( 11> . (7.11)
type-(s, t)
weight h

We let
I = {2 € [n] : i is of type-(s,t) and weight h},

and let Z be a subset of Z* such that |Z| is the largest power of 2 that is not larger than |Z*|.

We summarize the above discussion in the following lemma.

Lemma 7.3.6. Let f: {0,1}" — {0, 1} be e-far from unate with Iy < 6\/n. Then there are

s,t € [A], h € [3A] and a set T C [n] such that |Z| is a power of 2, |Z|/2" = Q(e2/A1Y)

and every 1 € L has

1
min {SCOREZ‘S - —, SCORE, - } > (7.12)

28’

7.4 The Main Algorithm

We now describe the main algorithm for testing unateness. The algorithm rejects a function
f only when an edge violation has been found. As a result, for its correctness it suffices
to show that when the input function f is e-far from unate, the algorithm finds an edge
violation with probability at least 2/3. For convenience we will suppress polylog(n /)

factors using O(-) in the rest of analysis.
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The main algorithm has four cases. Case 0 is when the input function f satisfies
I; > 64/n. In this case an O(+/n)-query algorithm is known [23] (also see Lemma 2.1 of
[52]).

From now on, we assume that f is not only e-far from unate but also satisfies Iy < 6/1.
Then there are parameters s,t € [A] and i € [3A] and a set Z C [n| with which Lemma
7.3.6 holds for f. We may assume that the algorithm knows s, ¢, h and |Z| = 2¢ (by trying all
possibilities, which just incurs an addition factor of O(A?) in the query complexity). We may
further assume without loss of generality that s > ¢ since the case of s < ¢ is symmetric.

We consider the following three cases of f:

Case 1: |Z|/2! > n?/3 and and at least half of i € 7 satisfy

2

. c nl/3
Inf[i] < <A13> il : (7.13)

Case 2: |Z|/2' > n?/3 and and at least half of i € Z violate (7.13); and
Case 3: |Z|/2" < n?/3,

We prove the following two lemmas in Section 7.5 and 7.7 which cover the first two

cases.

Lemma 7.4.1. Let s > t € [A], h € [3A], and ¢ € [|logn]] with 2°/2! > n?/3. There is
a O(nz/ 3 /e2)-query algorithm with the following property. Given any Boolean function
f:{0,1}™ — {0, 1} that satisfies (i) Lemma 7.3.6 holds for f with s,t, h and a set T C [n]
with |Z| = 2% and (ii) at least half of i € T satisfy (7.13), the algorithm finds an edge
violation to unateness with probability at least 2 /3.

Lemma 7.4.2. Let s > t € [A], h € [3A], and ¢ € [|logn|] with 2°/2! > n?/3. There is
an algorithm that makes O(n?/? |e?) queries and satisfies the following property. Given any
Boolean function f: {0,1}" — {0, 1} that satisfies (i) Lemma 7.3.6 holds for f with s,t, h
and a set T C [n] with || = 2° and (ii) at least half of i € T violate (7.13), the algorithm

finds an edge violation to unateness with probability at least 2/3.

Case 3 can be handled using an algorithm presented in [52]. We include its description

and the proof of the following lemma in Section 7.8 for completeness.
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Lemma 7.4.3. Let s > t € [A], h € [3A], and ( € [[logn]] with 2//2¢ < n?53.
There is an algorithm that makes O(nz/ 3 + /n/e?) queries and satisfies the following
property. Given any Boolean function f: {0,1}" — {0, 1} that satisfies Lemma 7.3.6 with
s,t,h and a set T C [n] of size |I| = 2°, the algorithm finds an edge violation of f to

unateness with probability at least 2 /3.

Theorem 65 follows by combining all these lemmas.

7.5 The Algorithm for Case 1

Lets >t € [A], h € [3A] and ¢ € [[logn]]. In Case 1 the input function f: {0,1}" —
{0,1} satisfies Lemma 7.3.6 with parameters s,¢,h and Z C [n] of size |Z| = 2¢, with
IZ|/2¢ > n?/3. At least half of the variables i € Z have low influence as given in (7.13). Let
1 be such a variable. Then by (7.13),

s

2\ pl/3 )
' +
<A13> 7 Infy[i] > 2- SCORE[, > -

Letting & = 1/2° throughout this section, it follows from Lemma 7.3.6 that

AL3 7| A2

7.5.1 Informative sets

We start with the notion of informative sets. Note that we will have different notions of
informative sets in different cases of the algorithm. We use the same name because they
serve similar purposes.

Given i € [n] and a set S C [n + 1] we use PE;(S) to denote the set of s-strong
monotone edges along variable ¢ that are S-persistent. We define PE; (.S) similarly for

antimonotone edges.

Definition 61 (Informative Sets). A set S C [n + 1] is i-informative for monotone edges if

|PEj (S)| _ SCORE;, _ 25"
> s>
n - 4 !

(7.15)
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and that S C [n + 1] is i-informative for anti-monotone edges if

IPE; (S)| _ SCORE;, _ 2i=h
> L > :
2" - 4 o4

(7.16)

We simply say that S C [n + 1] is i-informative if S satisfies both (7.15) and (7.16).

2/3

Lemma 7.5.1. For each © € I and each positive integer m < n/° that is a power of 2,

S ~ He i is i-informative with probability at least 1 — o(1).

Proof. We first show that S ~ H ,,, satisfies (7.15) with probability at least 1 — o(1). The
same argument works to show S ~ H, ,, satisfies (7.16). The lemma then follows from
a union bound. To this end, let a be the probability of S ~ Hy ,,, being i-informative for

monotone edges. We examine
P§ eis S—persistent}7
67

where e is an s-strong monotone edge along variable ¢ drawn uniformly at random and
S ~ He . It follows from the definition of strong edges that the probability is at least
1 — 1/logn. On the other hand, we can also upperbound the probability using « (and
the definition of i-informative sets) as (1 — «)/4 + «. Solving the inequality we get

a>1-o(1). O

Next we introduce two new families of distributions that will help us connect H ,,, with

De¢ .-

Definition 62. Given £ € (0,1), m: 1 < m < nandi € [n], we let D¢ ,,,; denote the
following distribution supported on subsets of [n]: S ~ He 1,.; is drawn by first sampling a
subset Sy of [n] of size m with i € Sq and an ordering 7 of S uniformly at random. We
then call Preprocess (f, Sy, 7, &) and set S to be its output.

Similarly, He ., denotes the following distribution supported on subsets of [n + 1]:
S ~ He i is drawn by first sampling a subset Sg of [n+ 1]\ {i} of size m withn+1 € S,
and an ordering 7 of Sy uniformly at random. We then call Preprocess (f,So, 7, &) and

set S to be its output.
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Using the fact that the total variation distance between the Sy used in H ,,, (at the

beginning of the process) and the S, used in Hy ,, ; is at most m/n, we have

drv (Hgm, Hfmz) <m/n
and the following corollary from Lemma 7.5.1.

Corollary 7.5.2. For every i € T and every positive integer m < n*/3 as a power of 2, we

have that S ~ Hc 1, ; is i-informative with probability at least 1 — o(1).

The next two lemmas allow us to draw random subsets and still obtain ¢-informative

sets. They enable us to use techniques from [52] for particular cases of our algorithm.

Lemma 7.5.3. For every i € Z we have T ~ P; 1 /91 Is i-informative for anti-monotone

edges with probability at least 1 — o(1).

Proof. Similarly to the proof of Lemma 7.5.1, we write o to denote the probability of

T ~ P; 1, /n/2t1 being i-informative for anti-monotone edges. We examine
Pr [e is T—persistent},
e, T

where e is a t-strong anti-monotone edge along variable 7 drawn uniformly and T ~
Pi rymyo1- 1t follows from the definition of strong edges that this probability is at least
1 — 1/log n. On the other hand, we can also upperbound the probability using « (and the
definition of i-informative sets for anti-monotone edges) as (1 — «)/4 4+ «. Solving the

inequality we get a > 1 — o(1). O

Similarly, we may conclude the analogous lemma for monotone edges, whose proof

follows similarly to Lemma 7.5.3.

Lemma 7.5.4. For every i € 1 we have that S ~ P [ /951 is i-informative for monotone

edges with probability at least 1 — o(1).
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7.5.2 Catching variables: Relating D, ,,, and H; ,

Now we focus on the variables in Z that satisfy (7.13). To this end, we let Z* be a subset of
7 of size [|Z|/2] such that all variables in Z* satisfy (7.13). Given that the algorithm knows
the size of Z, it also knows the size of Z* (though not variables within). Next we use m
to denote the largest power of 2 that is at most £|Z|/n'/3. In other words, m is the unique

power of 2 satisfying

gz _ €l

Inl/3 m = nl/3’

(7.17)

Given that |Z| > |Z|/2" > n?? and (7.14), we have mg1 and m = ©(¢|Z|/n'/?).

We now turn to analyzing the distribution D ,,, with the m defined above.

Definition 63 (Catching Variables). Let i € Z*. We say that a set S C [n] catches the
variable 1 ifi € S and Sub(S,1) = (SU{n + 1}) \ {4} is i-informative (see Definition 61).
We let

CAUGHT(S) = {z € I* : S catches 2}

Intuitively, if we sample S ~ Dy ,,, and i € CAUGHT(S), then we have an upper bound
for how many samples & we need for AE-SEARCH( f, ¢, SU{n+1}) to reveal a bichromatic

edge along .

Claim 7.5.5. For every i € %, we have

Pr {S catches z} > Pr [T is i—informative} —o(1).
S~D¢ m,i ToHe m,i

Proof. We show the total variation distance between S ~ D¢, ; and Sub (T, ) over T ~

Hf,m,z‘ is

8 8
0 <mk;g” . Inff[i]> —0 (% : Inff[z']> =o(1), (7.18)

given (7.13) and i € Z*. The lemma follows from the observations that Sub (T, 7) contains
i and when T is i-informative, Sub (T, 7) catches i.
To upperbound the total variation distance between S ~ Dy ,,; and Sub(T,) over

T ~ He i, we use the following coupling. First we draw a subset Sy of [n] with i € Sy
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Procedure AlgorithmCasel.1(f)

Input: Query access to a Boolean function f: {0,1}" — {0,1}
Output: Either “unate,” or two edges constituting an edge violation of f to unateness.

1. Repeat the following O(1) times:
2. Draw S ~ D¢ ,,: First draw a size-m subset S, of [n] and an ordering 7 of
S
’ uniformly at random and then call Preprocess(f, Sy, 7, &).
Repeat ¢ times, where ¢ = O ( 2/3/\13/ 2)'
4. Draw an & € {0, 1}" uniformly and run
AE-SEARCH(f,xz,SU{n +1})

(O8]

3. Let A be the set of i € [n] such that an anti-monotone edge along ¢ is found
6. Repeat ¢ times:
7. Draw an y € {0, 1}" uniformly and run
AE-SEARCH(f,y,SU{n + 1})
8. Let B be the set of 7 € [n] such that a monotone edge along variable i is
found
9. If A N B # (), output an edge violation of f to unateness.

10. Output “unate.”

Figure 7.6: Algorithm for Case 1.1

and an ordering 7 of Sy uniformly at random. Then we set S{; = Sub (Sy, ) and 7’ to be
the ordering of Sj, obtained from 7 by replacing ¢ with n + 1. Finally we draw the output
from the best coupling for Preprocess (f, So, 7, ) and Sub (Preprocess(f, Sy, 7', ), ).
The upper bound in (7.18) follows directly from Lemma 7.2.2. [

7.5.3 Algorithm for Case 1.1

There are two sub-cases in Case 1. Specifically, for the remainder of Section 7.5.3, we

assume that
1/3] 2
m > %, (7.19)
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and handle the other case in Case 1.2. We let

m|Z|
ri=
n

= Q(log®n), (7.20)

the expected size of the intersection of a random size-m subset of [n] with Z*, where we
used (7.19) and |Z*|/2" = Q(n?/3). Note that both m and r are known to the algorithm.
We prove Lemma 7.4.1 assuming (7.19) using AlgorithmCasel.1 in Figure 7.6, with the

following query complexity.
Claim 7.5.6. The query complexity of AlgorithmCase1.1 is O(n*/3/e?).

Proof. By Lemma 7.2.1, line 2 of AlgorithmCase1.1 requires O(m/£) queries. By (7.17),

¢z T
¢ =) =0 () =06

using the trivial bound of |Z| < n. The claim then follows from our choice of ¢ in the

algorithm. 0

The algorithm for Case 1.1 starts by sampling a set S ~ D¢ ,,,. It then keeps drawing
points & uniformly at random to run AE-SEARCH (f, , S U {n + 1}) to find bichromatic
edges, with the hope to find an edge violation along one of the variables in Z*. We break lines
3-8 into the search of anti-monotone edges and the search of monotone edges separately
only for the analysis later; algorithm wise there is really no need to do so. (The reason
why we use S U {n + 1} instead of S in the algorithm will become clear in the proof of
Lemma 7.5.7; roughly speaking, we need it to establish a connection between D¢ ,,, and
He,m so that we can carry the analysis on H¢ ,,, that has been done so far over to Dy ,,.)
On the one hand, recall from Lemma 7.1.2 that if i € S C [n] and a bichromatic edge e
along variable i is Sub(.S,7) = (S U {n + 1}) \ {i}-persistent, then running AE-SEARCH
on S U {n + 1} and any of the two points of e would reveal e with high probability. On the
other hand, if a set (e.g., Sub(.S,4)) is i-informative then it is persistent on a large fraction
of edges along variable :.

Our first goal is to prove Lemma 7.5.7, which states that S ~ D¢, catches many

variables.

274



Lemma 7.5.7. We have |CAUGHT(S)| > r /6 with probability Q(1).

Proof. Let a be the probability we are interested in:

a = s~ gm UCAUGHT(S)‘ > g] .

For each i € 7%, as the Sy drawn in D¢ ,, at the beginning contains ¢ with probability m /n,

we have

Pr {S catches z} >

S~D¢

Pr {S catches 2}

S~Deg m,i

AV
33 33

: ( Pr [T is i-informative| — o(1)> > (1-o(1))-

m
Tr~He m,i n

Furthermore, since S ~ D¢, is a subset of Sy drawn at the beginning which is a random
subset of [n] of size m, we have by Lemma 7.11.1 that with probability at least 1 —
exp(—£2(r)) over the draw of S ~ D¢ ,,, that |S N Z*| < 4r. Therefore, we have

I*
(1 —o(1))r = (1—o0(1)) ’ < Z Pr {S catches z] = E { CAUGHT(S)”
EI* §m ~Lem
2 /’n
< m'exp(—Q(log n)) +(1—-a)- 6+a~4r.
Solving for « gives the desired bound of o = (1). O

Given Lemma 7.5.7, a constant fraction of the intersection of S and Z* will be caught,
and therefore, AE-SEARCH (f,x,S U {n + 1}) will output a bichromatic edge along a
variable from these caught coordinates for sufficiently many points . In the rest of the
proof, we fix S to be a set that catches at least /6 many variables in Z*, and prove in the
rest of the proof that during this loop, an edge violation is found with probability 1 — o(1).

Given S, we write J C Z* to denote the set of variables caught by S with | 7| > /6.
Then by definition we have that 7 C .S and Sub (S, j) is j-informative for every j € J.

We start by showing that A N 7 is large with high probability.

Lemma 7.5.8. We have |[A N J| > Q (mQt/nl/?’) with probability at least 1 — o(1).
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Proof. Foreachj € J,welet X; bethesetof z € {0, 1}" such that AE-SEARCH (f, =, SU

{n + 1}) returns an anti-monotone edge along i with probability at least 2/3. Then by

2t n

and the X;’s are disjoint by Corollary 7.1.3 so we have r2!/2" = O(1). To analyze A N 7,

definition we have

we break the rounds on line 3 into [m2!/n'/3] many phases, each consisting of

2N 9 2h 9
LQJ - log n—O<T2t~log n

many iterations of line 4 (using 72¢/2" = O(1)). The ¢ rounds we have are enough since
m2t 2n ) m2" log® n )
, , _ _ /3A13 /.2
[nl/?’w O (th log n) =0 ( s, =0 (n A7 /e )

using r = Q(m|Z|/n) and |Z|/2" = Q(e2/A™). Also note r = Q(m2'/n'/3) using
IZ| > n?/32t,

At the beginning of each phase, either €2(r) anti-monotone edges along different vari-
ables in 7 have already been found, and we are done, or the number of variables in 7 \ A
at the moment is at least Q(r). As a result, their union of X for such j is Q(r2f/2") - 27,
Using the number of rounds in each phase, the probability of not finding any new anti-
monotone edge along 7 during this phase is at most 1/poly(n), and it remains negligible
even after a union bound over the number of phases. The lemma follows from the fact that

the number of phases is at least Q(m2!/n!/3). O

Fix an A such that C' = A N J satisfies the lower bound of Lemma 7.5.8. We finally

show that C' N B with high probability. This finishes the proof of correctness in Case 1.
Lemma 7.5.9. We have that C N B is not empty with probability at least 1 — o(1).

Proof. Foreach j € C,letY; denote the set of y € {0, 1}" such that AE-SEARCH(f,y, SU
{n + 1}) returns a monotone edge along variable j with probability at least 2/3. Then we

have
25 "
|Y]\ :Q<2h> - 2™,
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Procedure AlgorithmCasel.2(f)

Input: Query access to a Boolean function f: {0,1}" — {0,1}
Output: Either “unate,” or two edges constituting an edge violation of f to unateness.

1. Repeat the following O(1) times:

2. Draw a set T C [n] of size p uniformly at random.

3. Repeat O (n2/3A11 log® n/gQ) times:

4. Draw an « € {0, 1}" uniformly and run AE-SEARCH (f, z,T)

5. Let A be the set of ¢ € [n] such that an anti-monotone edge along i is found.
6. Repeat O (n1/3 log® n/(mQt)) times:

7. Draw S by first drawing a subset S of T of size m and an ordering

7 of Sy both uniformly at random and then call
Preprocess(f, Sy, 7, &).
8. Repeat O ((2"/25) -log n) times:
. Draw y € {0, 1}" uniformly and run
AE-SEARCH(f,y,SU{n+ 1}).

10. Let B be the set of 7 € [n] such that a monotone edge along variable i is
found.
11. If A N B # (), output an edge violation of f to unateness.

12. Output “unate.”

Figure 7.7: Algorithm for Case 1.2

Since they are disjoint, the fraction of points that Y;, j € C, cover is at least

25 m2t 25 |7 2 g2
Q <2h ' n1/3> > <2h ESTERRSSTEN B Q n2/3ALL
using s > t and m2' > nt/3 log2 n. The lemma follows from our choice of ¢ in the

algorithm. 0

7.5.4 Algorithm for Case 1.2

The second subcase of Case 1 occurs when

n'/31log*n

m < TR

(7.21)

277



and the crucial difference is that unlike Case 1.1, we cannot conclude with (7.20). More
specificially, two potential issues which were not present in Section 7.5.3 may arise: 1)
sampling a set S ~ D ,,, may result in CAUGHT(S) = (), and 2) even if |CAUGHT(S)] is
large, too few points & may result in AE-SEARCH (f, ¢, S) returning an anti-monotone
edge (for instance, when 2! = 1 and 2" = n). Thus, we address these two problems with
AlgorithmCasel.2, which is described in Figure 7.7.

At a high level, AlgorithmCasel.2 proceeds by sampling a set T C [n] of size

pi=[Vn/2] +1=0(/n/2)

uniformly at random, and directly uses the set T to search for anti-monotone edges by
repeating AE-SEARCH (f, x, T) for O(n?/? /%) many iterations. We show at the end the
algorithm will obtain anti-monotone edges along at least 2(n'/®) variables in T N Z (as
an anti-monotone edge is found every O(y/n/c?) iterations of AE-SEARCH (f, x, S)). The
algorithm will then sample Sy C T of size m (notice that m < p by (7.21)), pass it
through Preprocess to obtain S C Sy, and then repeat AE-SEARCH (f,y,Sy) in hopes
of observing an edge violation. In order to do so, S must contain a variable where the
algorithm has already observed an anti-monotone edge. Since the number of variables with
anti-monotone edges observed may be O(n'/%) and m - n'/® could be much smaller than p,
the algorithm needs to sample the subset Sy from T multiple times.

We state the query complexity of the algorithm for Case 1.2, where we note that the
upper bound will follow from (7.21), (7.14), (7.17), the fact that 2¢ > 1 and 2" /Z > 9(52).

Lemma 7.5.10. The query complexity of AlgorithmCasel.2 is (using (7.14))

() 0(25) o(2)0(2) 0w

In order to analyze AlgorithmCasel.2 we consider one of the main iterations and let 7’
denote the set drawn in line 2. We define the following subset C' C T'N Z* to capture how

good T'is: A variable i € T'NZ* belongs to C'if it satisfies both of the following conditions:

(i) Theset 7"\ {i} is i-informative for anti-monotone edges; and
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(ii) If we draw S by first drawing a subset S, of 1" of size m conditioning on ¢ € Sy and
an ordering of 7 of Sy uniformly at random and then calling
Preprocess(f, Sy, §) to
get S, then the probability that S catches i is at least 1/2.

We prove that when T is a random size-p set, the set C is large with constant probability.

Lemma 7.5.11. With probability at least )(1) over the draw of T C [n] in line 2, we have

ol 0P,

n

Proof. We first note that p|Z*|/n = Q(n'/%) since |T*|/2 = Q(n?/?). By Lemma 7.11.1,
IC| < |TNZ* <4p|Z*|/n

with probability at least 1 — exp(—(n'/%)). We consider the quantity

|IC| > —

=P
o} r Z 10

TC[n]

1 p|T7|
n )

which we will lower bound by (1) by proving both upper and lower bounds for E¢[|C]].

For the lower bound, we use the following claim which we prove next.

Claim 7.5.12. For every i € Z*, we have

TP[I‘] {T and 1 satisfy conditions (i) and (ii)
Cln

ieT} > 1—o(1).

It follows from Claim 7.5.12 that

. N bsd
E ||C|| = P T| - P d tisfied T| > (1—-o0(1)) —.
Tcn] U ” zeZI C[I;l] [z S } Tc[I;L} {(1) and (i1) satisfied | i € } > ( o(1)) -
On the other hand, we may upper bound E1[|C|| using the definition of «,
4p|Z”| plIT7|
. _ 1/6 _ _ 1/6 I Al N
Tgn] [\CH <n eXp( Q(n ))+(1 eXp( Q(n )) (cx -+ (1-a) o)
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which in turn, implies that o« = €(1). O

Proof of Claim 7.5.12. Consider a fixed ¢ € Z*, we will show that sampling T and con-
ditioning on i € T, the probability of i satisfying condition (i) is at least 1 — o(1), and
likewise, the probability of 7 satisfying condition (ii) is also at least 1 — o(1). The claim
then follows from a union bound.
First, T C [n] conditioned on ¢ € T is distributed exactly as T” U {i} where T’ ~
P; 1/m/2t1, by our choice of p. The part on condition (i) follows directly from Lemma 7.5.3.
Second, let 5 be the probability over T C [n] conditioning on ¢ € T that (ii) is not

satisfied. We consider the following quantity

Pr [S catches z}

S~D¢ m,i

On the one hand, we can we bound it from above by 1 — o(1) by combining Claim 7.5.5
and Corollary 7.5.2. On the other hand, S ~ D¢ ,, ; is exactly distributed as first sampling
T C [n], then sampling Sy C T conditioned on i € Sy and finally running Preprocess
using Sy to get S. Thus, we may use the definition of 3 to upperbound the probability by
£/2 4+ 1 — /3, which implies 5 = o(1). O

Having established Lemma 7.5.11, we consider a fixed iteration of line 2 where the set
C obtained from 7" satisfies the size lower bound from Lemma 7.5.11. Note that since line
2 is executed O(1) times, this will happen with large constant probability. After fixing T’
and C, we will show that in this iteration, AlgorithmCasel.2 finds an edge violation to

unateness with high probability.

Lemma 7.5.13. With probability 1 — o(1) over the randomness in lines 3-5,
Q(n'/5).

ANncCl >

Proof. We consider breaking up the execution of lines 3—4 into O(n'/%) phases, each

consists of
o (ﬁ/\ll log® n)

e2
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execution of line 4 each. We note that
I*
n

since |Z|/2¢ > n?/3. Consider a particular phase of the algorithm, and assume that the
number of anti-monotone edges along variables in C' observed is less than |C|/2 (otherwise,
we are done since |C| = Q(n'/%)). In this case, for each j € C along which the algorithm
has not observed an anti-monotone edge, we let X; be the set of points z € {0, 1}" such

that AE-SEARCH (f, z, T') will output j with probability at least 2/3. By condition (i), we

2! n
=0 (%),

and that the X;’s are disjoint by Corollary 7.1.3. As a result, there are at least

2t ’I*‘ |I*’ 82
Q=] -2"- =0 2= —|-2"
<2h> 2ty/n <2h\/ﬁ N

many such points = € {0,1}". By the number of queries we have in each phase, we

have that

will observe an anti-monotone edge along some variable in C' not yet seen with high

probability. [

By Lemma 7.5.13 we consider the case when |[A N C| = Q(n'/5). Fix a particular A
and a subset of 7 = A N C such that | 7| = ©(n!/%).

Lemma 7.5.14. With probability at least 1 — o(1), at least one of the S sampled in line 7

catches at least one variable in J.

Proof. Let [ be the probability that S catches at least one variable in 7. Consider
]é? [{] eJ:S catchesj}}
Using condition (ii) on variables in 7, we have

2t
]é? [{] €eJ:S catchesj}} =>» Pr [So contains j} Pr [S catches j ‘j € So] =0 (%) .
jedg
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Since Sy is a uniform subset of T of size m, and |J| = ©(n'/%), the expectation of

’SO N j’ 18
mn/6 m2t
© (ﬁ/gt) =0 <nl/3> = O(log”n).

Therefore, the probability of [S N J| < |Sy N J| being at most O(log”n) is at least

1 — exp(—Q(log®n)) by Lemma 7.11.1. Thus, we may upperbound the above expectation
using the definition of 3 by

B-0(log®n) + |J| - exp ( — Q(log® n)),

which gives the following lower bound on (:

m2°
>Q —— -
b= <n1/3 log2n>

The lemma follows from the number of times we repeat in line 7. [
Finally we show that if .S catches a j € 7, then line 9 finds a monotone edge along j.

Lemma 7.5.15. If S catches j € [J in line 7, then line 9 finds a monotone edge along

variable j with probability at least 1 — o(1).

Proof. Since S catches j, the number of points = € {0, 1}" such that AE-SEARCH (f, z, S)

returns a monotone edge along j with probability at least 2/3 is at least

29 n
2 <2) 2

The lemma then follows from the number of times the algorithm repeats in line 8. [

7.6 Finding Bichromatic Edges of High Influence
Variables

The goal of this section is to present a procedure Find-Hi-Inf which will be used in

our algorithm for Case 2. The procedure Find-Hi-Inf takes four inputs: query access
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to a Boolean function f, a set S C [n] of variables, a positive integer m and a parameter

a € (0,1]. When f satisfies:

There is a hidden subset H C S such that |[H| > m and every h € H satisfies Inf ;[h] > a,

(7.22)
the procedure Find-Hi-Inf efficiently finds a bichromatic edge for almost all variables
in H.

At a high level, the procedure F ind-Hi—-Inf (described in Figure 7.11) will exploit the
fact that if there is a hidden set I of variables with high influence, there will be sufficiently
many points in the hypercube which are sensitive along many variables from /1. As a result,
every time one such high sensitivity point is identified, we may use it to observe bichromatic

edges along multiple variables.

7.6.1 Revealing points

We start with the definition of revealing points. These are points that, once identified,
can be used to observe bichromatic edges along multiple variables. We then present
two subroutines that will be used in Find-Hi-Inf. Given a revealing point, the first
subroutine Get -Revealing—-Edges (see Figure 7.8) uses it to find bichromatic edges
along a large number of variables. While it is expensive to run, we present a second
subroutine Check—-Revealing (see Figure 7.9) that can check whether a given point is

revealing so we only run the first one when we are sure that the point is revealing.
Definition 64. Let § € (0,1] and T = {T}} ¢y be a collection of disjoint (but possibly
empty) subsets of [n| for some r > 1. Given a point x € {0, 1}", we consider the set:

REVEAL (z,T,§) = {j €lrl: Pr [f(x) # f(a™)] > 5},

RCT;

where R C T} is subset of T drawn uniformly at random (i.e., each element of T is
included in R with probability 1/2 independently). Moreover, for v € (0, 1], we say x is
(7, 9)-revealing for T' if

‘REVEAL (x,T, 5)( >y
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Subroutine Get -Revealing-Edges(f,z,T,0)

Input: Query access to f: {0,1}" — {0,1}, a point = € {0, 1}", a collection of
disjoint subsets 7' = {7} of [n] for some r > 1, and § € (0, 1].
Output: Two random sets B and Q, where B is a set of bichromatic edges of f and Q
is a subset of the union of 7}’s.
e Initialize B = Q = (). Repeat the following for each j € [r] for log” n/d
iterations each.

1. Sample R C T uniformly at random, and let 7v be an arbitrary ordering on
R.

2. Run BinarySearch(f,z, T, ). If it outputs nil, do nothing. If it outputs
a bichromatic edge e along variable ¢ € T. Set B <— B U {e} and

Q<+ Qu{i}.
e Output B and Q.

Figure 7.8: The subroutine Get-Reveal ing-Edges.

Next we present the first subroutine Get—Revealing—-Edges. Given z € {0,1}",
T = {T;}jep, and § € (0,1], Get-Revealing-Edges(f,z,T,) (see Figure 7.8)
makes O(r /) queries and outputs a set of bichromatic edges which contains one bichromatic

edge for each variable in REVEAL (z, T, §).

Lemma 7.6.1. Let x € {0,1}", 0 € (0,1] and T' = {1} }jcy) be a collection of r disjoint
subsets of [n] for some r > 1. Then, Get-Revealing-Edges (f,z,T,d) uses O(r/))
queries and always returns a set QQ of variables and a set B of bichromatic edges such that
Q is a subset of the union of T;’s and B contains a bichromatic edge along each variable in

Q. Furthermore, Q contains REVEAL (z, T, 0) with probability at least 1 — 1/poly(n).

Proof. For each index j € REVEAL(z, T, §), the probability that none of the log® 7/ many

random subsets R of T} satisfies f(z) # f(z®)) is at most

log2 n

(1-0)"7 < 1/poly(n),

When this happens BinarySearch (f, z, R, ) finds a bichromatic edge along a variable

in R which is also in 7;. The lemma then follows from a union bound over all j €
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Subroutine Check-Revealing(f,z,T,7,0)

Input: Query access to f: {0,1}" — {0,1}, a point = € {0, 1}", a collection of
disjoint subsets 7' = {7} ¢, of [n] for some r > 1, and v, 6 € (0, 1].
Output: Either “accept” or “reject.”

1. Initialize b = 0.
2. Repeat the following steps for log® n/ iterations:

e Sample an index j ~ [r] uniformly at random and initialize ¢ = 0.
e Repeat the following log” n/4 iterations:

— Sample a subset R C T uniformly and increment c if f(z®)) # f(x).

e If ¢ > 3log’n /4, increment b.
3. If b > 3log® n/4, output “accept;” otherwise, output “reject.”

Figure 7.9: The subroutine Check-Revealing.

REVEAL(z, T, 0). O

Next we describe the second subroutine Check-Revealing in Figure 7.9, which we

use to check whether a given point x is (v, §)-revealing with respect to 7.

Lemma 7.6.2. Let v, € (0,1], x € {0,1}" and T = {T}}jc[) be a collection of disjoint
subsets of [n] for some r > 1. Then, Check-Revealing(f,z,T,,d) makes O(1/(79))
many queries and satisfies the following two conditions: (1) If z is (v, 0)-revealing with
respect to T, then it outputs “accept” with probability at least 1 — 1/poly(n); (2) If x is

not (/2,9 /2)-revealing with respect to T, then it outputs “reject” with probability at least
1 — 1/poly(n).

Proof. Suppose that x is (v, §)-revealing. It follows from Chernoff bound that with prob-
ability at least 1 — 1/poly(n), the number of iterations in which the index j € [r] lies in
REVEAL(x, T, 0) is at least 3log” n/4. Moreover, for every such index j, the counter b is
incremented with probability at least 1 — 1/poly(n). By a union bound, the subroutine

accepts with probability 1 — poly(n).
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Suppose that z is not (y/2, §/2)-revealing. Then we have that [REVEAL(x, T, 6/2)| <
1 /2. The claim follows similarly by applying Chernoff bounds and then a union bound. [

We can combine Lemma 7.6.1 and 7.6.2 to conclude that when Check-Revealing(x,T,7,?)
returns “accept,” it is safe to run Get—Revealing-Edges (z,7,/2) and we should ex-
pect the latter to find at least yr/2 many bichromatic edges along different variables from

the union of 7}’s.

7.6.2 The Find-Revealing procedure

Recall that we are given an S C [n] and two parameters m and «, and we are interested in
the case when S contains a hidden set H C S that satisfies (7.22).

Assuming this is the case, we prove in Corollary 7.6.6 that there exist many points z such
that, with probability ©2(1) over the draw of a random partition T of .S, z is (£2(1), 2(1))-
revealing for T. We then present a procedure called Find-Revealing that takes advan-
tage of this property to find bichromatic edges along many different variables in .S. Note
that in establishing Corollary 7.6.6, we assume that there is a subset H of .S that satisfies
(7.22), and H is used in the analysis (and known to us in the proofs of these lemmas), even
though H is hidden from the procedure Find-Revealing.

We start by using the set H to define the following bipartite graph G, = (Uy, Vo, Ep)

consisting of bichromatic edges of f along variables in H:
e Uy C {0, 1}™is the set of left vertices that contain all z € {0, 1}" with f(z) = 0.
e V5 C {0, 1} is the set of right vertices that contain all x € {0, 1}" with f(z) = 1.
e Fj, is the set of bichromatic edges of f connecting vertices between Uy and V) along
variables in H. Given that Inf ¢[i] > «, we have |Ey| > (a|H|/2)-2" > (am/2) 2™

Recall the definition of left-d-good and right-d-good bipartite graphs. The next lemma,
similar to Lemma 6.5 of [87], shows the existence of an induced subgraph of (G that has

roughly the same number of edges as G but is either left-d-good or right-d-good.

Lemma 7.6.3. There exist a positive integer d < |H| that is a power of 2 as well as subsets

U C UyandV C Vy such that the subgraph G = (U, V, E) of Gy induced by vertices
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(U, V) satisfies:

o G is either left-d-good or right-d-good (letting o = |U|/2" or |V'|/2" accordingly),
and

e o0 and d satisfy od > am/(6logn).

Proof. Note that G has degree at most |H|. Consider the following procedure:

e Iterate through d = 2% 2%=1 . 1, where 2 is the largest power of 2 that is at most

|\H

, while maintaining a set of vertices D (as vertices deleted so far) which is

initially empty:

1. Consider the subgraph G’ of G induced by (U \ D, V; \ D) and let
U* = {x € Up\D : degg(z) > d} and V" ={yeVo\D:degs(y) > d}.

2. Terminate if either U™* or V* has size at least

am n

6d logn '

3. Otherwise, we update D <— DU U* U V™ (i.e., delete all vertices in U* and V'*).

By induction, we have that at the beginning of each round, every vertex in G’ has degree at
most 2d. As a result, if the procedure terminates during one of the iterations, we have that
the subgraph of GGy induced by either (U*, V; \ D) or (Uy \ D, V*) satisfies both properties
and we are done.

So it suffices to show that the procedure terminates. Assume for contradiction that it does
not terminate. Then the number of edges deleted (i.e., those adjacent to vertices in U* U V'*)
during each iteration is at most (am/(3logn)) - 2". Since there are no more than logn
iterations, the total number of edges deleted is at most (awm/3) - 2™. This contradicts with
the fact that all edges of H, will be deleted at the end if the procedure does not terminate,
and that |Ey| > (am/2) - 2™ O
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Consider such a subgraph G = (U, V, E) of G with parameters d and o, given by
Lemma 7.6.3. We assume without loss of generality G is left-d-good since the proof of
Corollary 7.6.6 is symmetric when G is right-d-good by considering f’ given by f'(z) =
f(z) @ 1. For each z € U UV, we define

N(z) = {Z € H:(z,29) e E}

Thus,

N(z)| = degy(z). Corollary 7.6.6 follows from two technical lemmas (Lemma 7.6.4

and Lemma 7.6.5). Before stating them we need the following definition.

Definition 65. Let vy = 09 = 1y = 0.1 be three constants and r = 100d. We say that a
point y € V is good for r-partitions of .S if with probability at least ng over a uniformly
random r-partition T = {T;};c of S\ N(y), y is (Yo, 6o)-revealing with respect to 'T.
(To be more formal, such a partition T is drawn by first sampling a map g from S \ N (y)
to [r] uniformly at random, i.e., each element is mapped to an index in [r] uniformly and
independently, and then setting T; = g~ (j).)

We use GOOD(S) to denote the set of points y € V' that are good for r-partitions of S.
We delay the proof of the following two technical lemmas.

Lemma 7.6.4. For each point y € GOOD(SS), with probability at least 1y/2 over the draw

of a random r-partition T of S, y is (70/2, 0p/2)-revealing for T.

Lemma 7.6.5. If |GooD(S)| < (0/100) - 2", there exist 02" /2 points x € U such
that with probability at least 1/3 over the draw of a random r-partition T of S, x is
(1/4000, (1 — 60)/2)-revealing for T.

Using constants 7, v, and d; defined in Figure 7.10, we get the following corollary:

Corollary 7.6.6. Assume that there is an H C S that satisfies (7.22). Then there are at
least Q(02"™) many points z € {0, 1}" such that, with probability at least 1, over the draw

of a random r-partition T of S, z is (71, d1)-revealing for T.
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Procedure Find-Revealing(f, S, m,«)

Input: Query access to f: {0,1}" — {0,1}, S C [n],m > 1and a € (0, 1].
Output: Either a set of bichromatic edges B and a subset QQ of S, or “fail.”
o Letn; = min (m0/2,1/3), 1 = min (70/2,1/4000) and
51 = min ((50/2, (1 — 50)/2)

e Repeat the following for all d* being a power of 2 less than |.S| from small to
large:

1. Let r* = 100d* and o* = am/(6d* logn). Skip this iteration if o* > 1.
2. Sample t = log” n/c* points x1, . .., 2, from {0, 1}" uniformly at random.
3. For each point x;, for log® n/mn, times, let T be an 7*-partition of S drawn
uniformly at random, and run Check-Revealing(f,z;, T, 1, 61).
— If it outputs “reject,” do nothing.

— If it outputs “accept,” run Get-Revealing-Edges (f,x;, T, 01/2)
to get B and Q. If |Q| < 717" /2, output “fail” and terminate;
otherwise, output (Q, B).

e When this line is reached (i.e. all calls to Check—Revealing return “fail”)
output “fail.”

Figure 7.10: The procedure F ind-Revealing.

Proof. We consider two cases: |GOOD(S)| > (¢/100) - 2" and |GOOD(S)| < (¢/100) - 2.
Then the statement follows from Lemma 7.6.4 and Lemma 7.6.5 for these two cases

respectively. L

The property stated in Corollary 7.6.6 inspires our next procedure Find-Revealing

described in Figure 7.10. We use Corollary 7.6.6 to prove the following lemma:

Lemma7.6.7. Let f : {0,1}" — {0,1}, S C [n], m > 1,and o € (0,1]. Find-Revealing(f,S,m,«)
outputs either “fail” or a pair (Q, B) such that Q C S is nonempty and B contains one

bichromatic edge for each variable in Q. The number of queries it uses can be bounded
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Jfrom above by

o(|Ql) + O~(|Q]/(am)) when it outputs a pair (B, Q); and

O(|S]) + O(|S|/am) when it outputs “fail.”

Furthermore, when S contains a subset H that satisfies (7.22), Find—-Revealing(f,S,m, «)

outputs a pair (B, Q) with probability at least 1 — 1/poly(n).

Proof. 1t follows from Lemma 7.6.1 that when Find-Revealing outputs a pair (Q, B),
Q is a subset of S and B contains one bichromatic edge for each variable in Q. We also
have that Q is nonempty since we compare |Q| with ;7% /2 > 0 before returning (B, Q).
The number of queries used when Find-Revealing outputs “fail” follows from its
description. Next we bound the number of queries used when it outputs a pair (Q, B).
Let d’ be the value of d* when Find-Revealing terminates. Then we have |Q| >
17’ /2, where ' = 100d’. The number of queries used by Check-Revealing in each

iteration is at most

6d* logn
am

log?n -
am

-Olog?n) - O(1) = O ( @ ) |

As a result, the total number of queries used by Check-Revealing is at most

O<1+2+"'+dl>:é<d/>zé<|m>,
am am am

On the other hand, we only make one call to Get—-Revealing-Edges during the last

iteration of d’. So the number of queries it uses is at most O(r') = O(|Q|). It then follows
that the total number of queries used can be bounded using the expression given in the
lemma.

It is left to show that Find-Revealing returns a pair (B, Q) with high probability.
Note that it returns “fail” for two cases. Either all calls to Check—Revealing return “fail”
or one of these calls returns “accept” but the next call to Get ~Revealing-Edges returns

“fail.” The first event happens with small probability because when d* = d, we have o > ¢*
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from Lemma 7.6.3 and therefore, with probability at least 1 — exp(— log®n) we get a point

a that satisfies Corollary 7.6.6 on line 2. For this = with probability 1 — exp(— log®n) we

get a T such that  is (71, d1)-revealing for T on line 3. When this happens, it follows from

Lemma 7.6.2 that the subroutine Check-Revealing outputs “accept” with probability

atleast 1 — 1/poly(n).

For the second event to happen, either one of the calls to Check—Revealing(f,x, T, v, 01)

returns “accept” while @ is not (v, /2, 6; /2)-revealing for T, or the only call to Get—-Revealing-Edges
(f,z,T,0,/2) fails to find enough bichromatic edges while x is indeed (7,/2,0,/2)-

revealing for T. It follows from Lemma 7.6.1 and 7.6.2 and a union bound that this

happens with low probability. 0

Next we prove Lemma 7.6.4 and Lemma 7.6.5. We start with Lemma 7.6.4.

Proof of Lemma 7.6.4. Consider the following procedure to draw an r-partition T =
{Tj }jE[T] Of SI
1. Sample g,: S\ N(y) — [r] uniformly at random; let T(") = {T(-O)} i with
Jje|r
0 — .
T = g5 (4)-
2. Sample g,: N(y) — [r] uniformly at random; let T = {T§-1)} . with T§~1) =
JE|lr
g1 (4)-
_ 7. : _ 7 (1)
3. Let T = {T] }je[r] be given by T; = T,” UT, .
We note that the above procedure samples a uniformly random r-partition T of S. Consider

the following set P C [r] defined using T®) and T":
P ={ic[r]:icREVEAL(y, T, 6) and | TV < 1}
We note that every 7 € P satisfies

Pr [f(v) # /™)) = Pr ROTY =0]- Pr [f(4) # /™) |[ROTY =0]

RCT; RCT;

>05- Pr|f(y) # fy™)] > do/2,

RCT(®
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where we used the fact that + € P implies ]Tgl)] < lsothat RN Tgl) = () with probability
at least 1/2, and the fact that i € REVEAL(y, T, d,).
Therefore, it suffices to show that with probability at least 1,/2 over the draw of T,
|P| > ~or/2. Towards this goal, we consider the event F which occurs when y is (7o, do)-
revealing with respect to T(?). Since y € GOOD(S), the event E occurs with probability at
least 7.
Fix an r-partition 7 of S\ N (y) such that E occurs, and let REVEAL = REVEAL(y, T &).

Then for each j € REVEAL the probability of \Tgl)\ > 2 is at most (using = 100d)

2d\ 1 1
<
2 ) r?2 = 5000
So the number of j € REVEAL with ]Tg-l)] > 2 being more than |[REVEAL|/2 can only
happen with probability at most 1/2500, and when this does not happen, the size of P is at

least [REVEAL|/2 > ~or/2. Overall, this happens with probability at least (1 —1/2500) >

Finally we prove Lemma 7.6.5. We start with some notation. Given a point z € U, we
let
Y(e)={z" eV:ie N}

denote the set of neighbors of z in G, where |Y (z)| = deg,(z) € [d : 2d]. Given a
y € Y(z) and an r-partition T = {T}} of S, let 7% = {T°*)} denote the r-partition of
S\ N(y) with

T = T;\ N(y).

Proof of Lemma 7.6.5. Let U' = {x € U : |Y (z) NGooD(S)| > (3/4) - |Y' (x)|}. We note
that:

U'|-d < ) degg(z) < |Goop(S)| - 2d.

zeU’

Using |GOoD(S)| < (¢/100) - 2™ and |U| > 02", at least 02" /2 many points x € U satisfy
Y (z) N GooD(S)| < (3/4) - |Y (z)|. We prove in the rest of the proof that every such
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x € Uis (1/4000, (1 — dg)/2)-revealing for T with probability at least 1/3 over the draw

of a random r-partition T of S.
Given a partition ' = {7}}"_, of S we consider the following subset A(T") of Y'(z) \

GooD(S):

(i) Tp N (N(z) UN(y)) = {1}
(i) k ¢ REVEAL(y, TO¥) &)

2 =y € Y(z)\ Goon(S) : for the k € [r] with i € T},

For each 21V = y € A(T), let k € [r] be the index with i € Tj. Then we have

Pr [f(z) # f(@™)] = Pr [ieR] Pr [f(x) # f=™)]i € R]

RCT; RCT}
=05 Pr [f(z)# f(a®D)] (7.23)
rR/CT "V
=05- Pr [f(y) =f™)] > (1-d)/2 124
R/CT, Y

Here (7.23) follows from the fact i € R with probability 1/2; In that case, letting R’ =
R\ {i} gives z®) = y(®) and because T, N N (y) = {i} we have that R C T}, conditioning
on ¢ € R is distributed as R’ U {i} with R’ C T,io’y). Additionally, (7.24) follows
from the fact that f(x) # f(y) since (z,y) is a bichromatic edge of f, and the fact that
k ¢ REVEAL(y, TOY) &).

Since T}, N N(x) = {i} the number of k € [r| for which (7.24) holds is at least | A(7T')|.
As aresult, z is (|A(T)|/r, (1 — dp)/2)-revealing for T'. Therefore, in order to show the
lemma it suffices to show that |A(T)| > d/40 with probability at least 1/3 over the draw of

a random r-partition T of S.

For this purpose, we consider a fixed 2 = y € Y(z) \ GooD(S) and show that
y € A(T) with probability at least 1/2. Similarly to the proof of Lemma 7.6.4, we can
equivalently draw a uniformly random r-partition T = {T;} ¢,y of S by first drawing two
uniformly random r-partitions

TO9) _ {T(’()’y)}jem and T@Y) — {T(}l,y)}jem

J J
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of S\ N(y) and N(y), respectively, and then setting T; = T\**) U T\ for each j € [r].

Then we have

Pry ¢ A(T)]
<Pr [the k € [r] with i € T satisfies Ty N (N (z) U N(y)) # {i}]
+ Err [y is (70, dp)-revealing for T(O’y)}
+ Err [y is not (7o, dy)-revealing for T and T}, > i has k ¢ REVEAL(y, T(¥), 50)}

< (Mu N1

r

4d
)+770+(1—770)70§T+770+70<1/2,

using 7 = 100d. Therefore, the expected size of A(T) is at least |Y (x) \ GooD(S5)|/2.
Writing
Y () \ Goop(S5)|

10 ’

5=y |lam) >

we have 1/2 < 5+ (1 — 3)/10 and thus, 8 > (1/2) — (1/10) > 1/3. So with probability
at least 1/3,

Ay > Y@\ Goon()| 1 ¥l d
10 10 4 40
since |Y'(z) N GooD(S)| < (3/4) - |Y (x)|. This finishes the proof of the lemma. O

7.6.3 The Find-Hi-Inf procedure

Finally we describe the procedure Find-Hi-Inf in Figure 7.11 and prove the following

lemma.

Lemma 7.6.8. Let S C [n|, m > 1 and o € (0,1]. Then Find-Hi-Inf(f,S,m,«)

~ S
0] <|S\ + H)
am

queries to f. When S contains a subset H that satisfies (7.22), with probability at least

makes at most

1 —1/poly(n) Find-Hi-Inf (f, S, m,a) outputs (Q, B) such that

QN H|>|H|—m
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Subroutine Find-Hi-Inf (f, S, m,a)

Input: Query access to f: {0,1}" — {0,1}, S C [n],m > 1and a € (0, 1].
Output: A set of bichromatic edges B of f whose variables form a subset Q C S.

1. Initialize Q = B = (), and S* = S.
2. Repeatedly run Find-Revealing(f,S*, m,«a):

o If it outputs “fail,” terminate and output Q and B.
e Otherwise, if Find-Revealing outputs (B’, Q’), update the sets as

Q«+~QuQ, B+« BUB and S"«+ S*\Q"

Figure 7.11: The procedure Find-Hi-Inf.

and B contains one bichromatic edge for each variable in Q.

Proof. First note that the procedure terminates once Find-Revealing outputs “fail.”
On the other hand, whenever Find-Revealing outputs a pair (B’, Q’), |S*| decreases
by |Q’|. It then follows from Lemma 7.6.7 that the total number of queries used by calls to
Find-Revealing except the last one that outputs “fail” is O(|S|) + O(|S|/(am)) since
the total size of Q'’s they output is at most |S|. By Lemma 7.6.7, the number of queries
used by the last call can be bounded by the same expression.

Suppose that at some moment of the execution, we have |Q N H| < |H| — m. Then
S* = S\ Q satisfies |[S* N H| > m. This implies that, for |[Q N H| < |H| — m to
happen at the end, a necessary condition is that one of the calls to Find-Revealing has
|S* N H| > m in input but outputs “fail.” It follows from Lemma 7.6.7 and a union bound
on at most |.S| < n many calls to Find-Revealing that this happens with probability at
most 1/poly(n). O

7.7 The Algorithm for Case 2

Below, we study Case 2 of the algorithm as described in Section 7.4. Let s >t € [A], h €
[3A], and ¢ € [|logn]]. We assume in Case 2 that the input function f: {0,1}" — {0,1}
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Procedure AlgorithmCase2(f)

Input: Query access to a Boolean function f: {0,1}" — {0,1}
Output: Either “unate,” or two edges constituting an edge violation of f to unateness.

1. Repeat the following O(1) times:

2. Draw S C [n] of size n?/* uniformly at random, and let k = [ /7 ;)'gn}.
3. Let (Q,B) «+ Find-Hi-Inf (f,S,k, «a).
4. Repeat O (y/nA /e?) times:
5. Sample T C S uniformly at random of size [‘Q/ﬂ
6. Sample € {0, 1}" uniformly at random and run
AE-SEARCH(f,z,T)
7. Let A, be the set of 7 € [n] such that a monotone edge along variable i is
found
Repeat O (y/nA/e?) times:
9. Sample T' C S uniformly at random of size [%W
10. Sample an « € {0, 1}" uniformly at random and run
AE-SEARCH(f,z,T)
11. Let A _ be the set of ¢ € [n] such that an anti-monotone edge along variable
¢ 1s found
12. Output an edge violation of f to unateness if one is found in B, A, and A _.

13. Output “unate.”

Figure 7.12: Algorithm for Case 2

satisfies Lemma 7.3.6 with parameters s,t, h, ¢ on a set Z C [n] of size |Z| = 2°. Every

variable ¢ € 7 satisfies

T 2
SCORE], > 257" SCORE;, > 27", and |2,J = (;) . (7.25)
We assume
1 1 2/3
|I|'§Z |I|‘§Z7’L ; (7.26)
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and that for al least half of the variables 7 € Z,

£2.pl/3
Inf;(i) > o := G (7.27)

Similarly to case 1 in Section 7.5, we consider the subset Z* C 7 of size at least [%'}
satisfying (7.27) for all © € Z*.

This algorithm AlgorithmCase?2, show in Figure 7.12, finds an edge violation with
high probability. At a high level, the algorithm first samples a uniformly random set S of
siz e n?/3 and uses Find-Hi-Inf to find bichromatic edges along almost all variables
in S N Z*. Suppose first, that most of the bichromatic edges from S N Z* found during
Find-Hi-Inf are anti-monotone edges. Then via a similar analysis to [52], after running
AE-SEARCH(f, 2, S) on a uniform random sets T C S of size [1/n/2°]| and a uniform
point & ~ {0, 1}" for O(y/n/c?) many iterations, we expect to find a monotone edge along
some direction in S N Z*. Since the algorithm had already found an anti-monotone edge
along many variables in S N Z*, the algorithm will very likely find a violation to unateness.
Similarly, if most of the bichromatic edges along variables in SNZ* during Find-Hi-Inf

are monotone, then AE-SEARCH( f, x, T') will likely find an edge violation when T is a

random set of S of size [\/n/2"] after O(y/n/e?) iterations.

Lemma 7.7.1 (Query complexity of AlgorithmCase?2). AlgorithmCase2(f) makes
O (n2/3 / 82)

queries to f.

Proof. The query complexity of AlgorithmCase2(f) follows from the description in
Figure 7.12. In particular, we lines 4-12 make a total of O(y/n/c?), so it remains to
upper-bound the query complexity of line 3 invoking Find-Hi-Inf. By Lemma 7.6.8,
Find-Hi-Inf(f,S,k, «), where

A

_ 2/3 _
IS| =n and k= [nl/i’)logn

1,
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makes

«

~ S| A (2/37.2
O<|S\+ p =0 (%)),
using the assumptions of Case 2 in (7.25), (7.26), and (7.27). ]

We start the analysis of AlgorithmCase?2 by defining the notion of informative sets for
case 2. Recall that, in Section 7.5, Definition 61 gave a different definition of informative
sets for case 1. Since these definitions serve very similar purposes in the analysis of the

algorithm, we use the same name. Furthermore, for 7' C [n] of size [*2/5}, PE/(T) is

the set of s-strong monotone edges along variable ¢ which are 7T'-persistent. Similarly, for
T C [n]\{i} of size [%1, PE; (7)) is the set of ¢-strong anti-monotone edges along variable
1 that are T'-persistent. Note that the definitions of these sets are slightly different than in

Subsection 7.5.1.

Definition 66. We say that a set S C [n)]\ {i} of size (n*® — 1) is i-informative if the
following two conditions hold:

i. with probability at least 1/10 over the draw of T C S of size [\/n/2°], |PE; (T)| >

25—h n
o 2"

ii. with probability at least 1/10 over the draw of T C S of size [/n/2'],

2t—h n
o 2"

PE; (T) >

Lemma 7.7.2. For every i € I*, when sampling S C [n] uniformly of size n*/3, we have

sfc)[l;z] [i € Sand S\ {i} is i-informative] > CISVER

Proof. Recall that for m € N, P, ,,, is the uniform distribution over subsets of [n] \ {i} of

size m — 1. For m = n?/3, we define the quantity:

T=g I;Dr [S does not satisfy (i) in Definition 66] .

NG
25

For m; = [ W < m, consider the quantity

Pr [e € PE/(T)],

e, T

298



where e is an s-strong monotone edge sampled uniformly at random, and T ~ P, ,,,,. By
the definition of s-strong monotone edges, we have the above probability is at least 1 — o(1).
On the other hand, we may use the definition of 7y to upper bound the above probability by
Y(35 + 15 - 75) + (1 — ), which implies v = o(1). Analogously, letting m, = [g} we

define the quantity:

g = _Pr [S does not satisfy (ii) in Definition 66 .

S~Pi,my

Similarly as above, we considering Pr[e € PE; (T)|, for T ~ P, ,,, and e a uniformly
random ¢-strong anti-monotone edge, to conclude 5 = o(1). Therefore, the probability

over S ~ P, ,, that S is i-informative is at least 1 — v — 5 > 1 — o(1). Finally,

Slé’[l;] [i € Sand S\ {7} is i-informative| > slz[l;m] [i € S]- S/Ppl;m [S” is i-informative] > S

]

When sampling a set S C [n] of size n*? in line 2 of AlgorithmCase2(f), we may

define the set
J={i€Z":ie€Sand S\ {i} is i-informative} . (7.28)

By Lemma 7.7.2, we immediately obtain

. h .2
[|.7|]>i|z| =Q<2 ° ) (7.29)

SC[n] - 2n1/3 nl/3 . All

where the second inequality follows from (7.25). We consider the event £, defined over the

randomness of sampling S in line 2, which occurs when |S N Z*| < i‘ﬁ' and | J| > m'i—*l‘/g.

Lemma 7.7.3. In every iteration of line 2 of AlgorithmCase2(f), event € occurs with

probability at least Q(1).

Proof. By (7.26) and the fact that o= < 1, Eg[|[SNZ*|] > |Z*|/n'/? > n'/3. Thus, by
Lemma 7.11.1, |8 N Z*| < 4|T*|/n!/* with probability at least 1 — exp (—Q(n'/?)). Let
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/3 be the probability over S C [n] that | J| > |Z*|/(10n'/3). We may then upper bound
E[|J|] using the definition of /5 by
41Z*|

exp(—Q(n'/?)) - n** 4 8- i +(1-5)

T
10nt/3’

which, combined with the lower bound in (7.29), implies 5 > €(1). Thus, the probability £
occurs is at least 3 — exp(—Q(n'/?)) = Q(1). O

Thus, consider some iteration of AlgorithmCase2(f) where event £ occurs, and by
Lemma 7.7.3 there exists such an iteration with high constant probability. The rest of this
section is devoted to showing that the iteration of AlgorithmCase2(f) where € occurs will

find a violation to unateness with high probability.

Lemma 7.7.4. Suppose that a particular iteration of AlgorithmCase2(f), event £ occurs.

At that iteration, AlgorithmCase2(f) finds a violation with high probability.

Proof. Fix the particular iteration where event £ occurs. We apply Lemma 7.6.8 with the
hidden set H = J to conclude that at line 3 of AlgorithmCase2, the set of variables Q for
which bichromatic edges are observed during Find-Hi-Inf satisfies

|Z"]

(7.30)

with probability at least 1 — 1/poly(n), where in the last inequality, we used the fact that
k < |J|/2, as well as the fact that | J| > |Z*|/(10n'/3) when &€ occurs. Assume that for
most of the variables in Q N J, B contains anti-monotone edges in these variables, and let
C C QN J be the set of these variables, which by assumption,

7]

Cl= 40n1/3°

(7.31)

The case when most variables in Q N J contain monotone edges will follow by a symmetric
argument. We will now show that during the execution of lines 4-7 of AlgorithmCase2(f),

A, will contain a monotone edge along some variable in C with high probability.
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Towards this goal, consider a particular execution of line 5 which samples a set T C S

NG
25

W uniformly at random, and let

y CPES(T\ {ip)] _ 227"
D—{@ECHT. on > 10}.

of size m; = [

We note that since C C J, every 7 € C satisfies

PrlieD|=Pr[ieT|- Pr
TcS TcS

T'~Pimy

PE; (T")| _ 2"
2n — 10
ma i 1

>
—n?3 10 ~ 10-25-nl/6

which implies that the parameter

1 . T
1025 - nl/6 = 400 2% - \/n

p= EDIl = [C] (7.32)

by (7.31), and similarly, note that E[|C N T|] = ©(f).

Suppose first that 3 < log®n, so that E[|C N T|] = O(log®n). Then, by Lemma 7.11.1,
ID| < O(log® n) with probability at least 1 — exp (—Q(log2 n)) This implies that during

the execution of line 5 and 6,

2s—h 6 23—h
. . , B
Pr [3ieDandz € PE/(T\ {i})] > Pr[D|>1]- _Q< )

— -

Gy 10 log®n 10
(7.33)

1 |Z*| 2s=h
>0 . . 7.34
- <1og2n 400 - 25 - \/n 10) (7.54)
1| e’
>0 >0 .
- <2h -/n-logn) ~ ABy/n

(7.35)
We note (7.33) follows from the fact that i € D implies PE; (T \ {i}) > 2" - 281;]1 and the

fact that Pr[|D| > 1] = Q(logign); (7.34) follows from (7.32); and, (7.35) follows from
(7.25). Thus, at least one iteration of the O(‘/Zié\u) iterations of lines 5 and 6 will output a

monotone edge in some variable in C with high probability.
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Suppose that 3 > log? n. In this case, with probability at least 1 — exp (—Q(log2 n)),
B

D|> -

| | — 47

and when this occurs,

=~
o

. + . >
wwﬁ),rl}” [Elz € Dandx € PE/ (T \ {z})} >

s—h 52
—Qf——
10 Ay/n
by (7.32) and (7.25). Thus, in this case again, we may conclude that at least one iteration of

lines 5 and 6 will output a monotone edge from C with high probability. [

7.8 The Algorithm for Case 3

Below, we prove correctness of AlgorithmCase3(f), which covers Case 3 of the al-
gorithm. We let s > t € [A], h € [3A], and [ € [[logn]] be parameters, so that
f:4{0,1}" — {0, 1} is e-far from unate and satisfies Lemma 7.3.6 with s,¢, h, ¢, for a
hidden set Z C [n] of size |Z| = 2°. Similarly to case 1 and case 2, we assume the

parameters s, t, h, {, and the set Z satisfy that every i € Z,

T 2
SCORE], > 2°7" SCORE;, > 2" and |2h| =0 <;11) . (7.36)
Lastly, we assume that Z is not too large, i.e.,
]I\-ES\ILESTL . (7.37)

Instantiating the algorithm of [52] with the additional assumptions corresponding to
Case 3 from Section 7.4 would give the desired upper bound on the query complexity.
Specifically, one may derive from (7.37), that Egc [, [|S N Z|] < n'/5, which corresponds

to the parameter « in [52]. As a result of Fact 5.4 and Fact 5.12, the query complexity of the
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Procedure AlgorithmCase3(f)

Input: Query access to a Boolean function f: {0,1}" — {0,1}
Output: Either “unate,” or two edges constituting an edge violation of f to unateness.

1. Repeat the following O ([MD times:

Iz
2. Draw T C [n] of size [%} uniformly at random.
3. Repeat O (%—}; log® n) times:
4, Sample « € {0, 1}" uniformly at random and run
AE-SEARCH(f,z,T)
5. Let A be the set of 7 € [n] such that an anti-monotone edge along variable ¢
is found.
6. Repeat O (2°/2") times:
7. Draw S C T of size [‘Q/ﬁ uniformly at random.
8. Repeat O @—Z log? n) times:
9. Sample an y € {0, 1}" uniformly at random and run
AE-SEARCH(f,y,S)
10. Let B be the set of i € [n] such that a monotone edge along variable i is
found
11. Output an edge violation of f to unateness if one is found in B.

12. Output “unate.”

Figure 7.13: Algorithm for Case 3

algorithm in [52] is

O(van/e?) <O(n™?/e*)  and  O(vn/e?),

which are O(n?/3/?). However, there is a (minor) technical caveat in the different defini-
tions for strong edges and SCORE in Definition 59 and the analogous definitions in [52]. For
the sake of completeness, we include a simple algorithm achieving an O(nz/ 3 /e?)-query

upper bound in Figure 7.13.

Lemma 7.8.1 (Query complexity of AlgorithmCase3). AlgorithmCase3(f) makes
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at most

o5 0 (5) o) () o

queries to f

Proof. The query complexity upper bound is divided into two cases. If 2¢/nlog® = Q(|Z]),
then the query complexity is O (y/n/c?). Otherwise, the query complexity is O(g—}:) =
O(|Z|/2%) and the bound follows from (7.37). O

We will use the definition of i-informative for monotone and anti-monotone edges given
in Definition 61. The following lemma simply follows from applying Lemma 7.5.3 and

Lemma 7.5.4, and taking a union bound.

Claim 7.8.2. With probability 1 —o(1) over the draw of T and S in lines 2 and 3 conditioned
oni €S CT, S\ {i} is i-informative for monotone edges and T \ {i} is i-informative for

anti-monotone edges.

Furthermore, assuming that i € S C T is sampled in line 2 and 3, where T \ {i} is
i-informative for anti-monotone edges, and S \ {7} is i-informative for monotone edges,
it follows that there exists two sets of points X; and Y; of size 9(22—;) -2" and Q(%) - 27,
respectively, such that if  ~ X, and y ~ Y; are sampled in lines 5 and 8, an edge violation
is found with probability at least €2(1). Since lines 5 and 8 are repeated sufficiently many
times, such points & and y will be sampled from X; and Y, respectively. Therefore, since
S is sampled at least O(max{2°/2¢,2°\/n/|Z|}) times, it suffices to prove the following

claim.

Claim 7.8.3. With probability Q)(max{1, 25\/%%}) over the draw of T and S in lines 2
and 3, SNT # (.

Proof. Let +y be the probability over S C [n] that S N Z # (), which we will lower bound in

the remainder of the proof. Consider the quantity

E [ISnZ]],
Scin]
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Subroutine AE-SEARCH (f, z, S)

Input: Query access to f: {0,1}" — {0,1}, z € {0,1}", and a nonempty set S C [n].
Output: Either a variable i € S with f(z®) # f(z), or “fail.”
1. Query f(x) and setb « f(x).
2. Draw L = [4logn] subsets Ty,..., T, C Sofsizet = [(|S] —1)/2] +1
uniformly.
3. Query f(2(T?)) and set the output to be b, for each ¢ € [L]. Let C C S where

C= () T¢ (C=0bydefaultifb, = b for all {).
0E[L]: beb

4. If C = {i} for some 4, query f(x®) and return 7 if f(z¥) # b; otherwise return
“fail.”

Figure 7.14: Description of the adaptive edge search subroutine.

and note that since S is a uniform random subset of [n] of size [/n/2°], the above expec-
tation is at least |Z|/(2°\/n). By Lemma 7.11.1, |S N Z| < 4max{log®n,|Z|/(2°\/n)}
with probability at least 1 — exp (—Q(log2 n)) As a result, we may upper bound the above

expectation using the definition of y by
nexp (—Q(log2 n)) + v - 4max{log® n, |Z|/(2°v/n)}

which gives the desired lower bound on 7. ]

7.9 Adaptive Edge Search

For completeness we present the adaptive edge search algorithm, AE-SEARCH in Fig-

ure 7.14, which first appeared in [52]. We recall the lemma and include its proof below.

Lemma 7.9.1. Given a point x € {0,1}" and a set S C [n + 1], AE-SEARCH(f, z, S)
makes O(logn) queries to f, and returns either an i € S such that (x, ") is a bichromatic

edge, or “fail.”
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Let (z,29) be a bichromatic edge of f along i. Ifi € S and (x,2%) is (S \ {i})-
persistent, then both AE-SEARCH (f, z, S) and AE-SEARCH (f, %, S) output i with prob-
ability at least 2/3.

The first part of the lemma follows directly from the description of AE-SEARCH. For the
second part, we prove it for AE-SEARCH ( f, z, S) since the proof for AE-SEARCH( f, ("), S)
is symmetric. The proof proceeds by exactly the same as Claim 6.6 and 6.7 of [52], except
for some minor notational differences. We present a proof of the claims but adapted to the

notation of this chapter.

Claim 7.9.2. Let (x,2%) be a bichromatic edge and i € S C [n + 1]. If (z,29) is
(S'\ {i})-persistent, then, in line 3 of AE-SEARCH (f,x,S), i € C with probability at least
1 —o(1).

Proof. LetTy,..., T C S be subsets sampled in line 2 of AE-SEARCH. The parameter ¢

t = ’5‘7_1 +1>@
2 -2

We note that there are two events where ¢ ¢ C: (1) either all T satisfy f (x(T’f)) = b, or (2)
there is an ¢ € [L] withi ¢ T, and f(z(T9)) 5 b. We show that the probability of either

satisfies

event occurring is at most o(1), so the claim follows by a union bound.
For the first event, a single sample of a random set T C S of size ¢ satisfies
Pr [f(z™) #b > Pr [ieT| - Pr [f(z"")#£b] > LA C TN P o(1)
— TCS — |9 — 2 ’

TCS C T'CS\{i} log2 n
|T|=t |T|=t T/ |=t—1

where we used the fact that f(2(V) # b since (x, (")) is bichromatic, and the assumption
that 2@ is (S \ {i})-persistent. Thus the probability that all T, satisfy f(z(T¢) = b is
(0.5 + o(1))F = o(1).

For the second event, using the assumption that x is (S \ {¢})-persistent, we have that

PP, [BE L F@™) £ bandi ¢ 1] < L Pr [f™) £0]i € T] < o = o)
|T]=t
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This finishes the proof of the claim. O

Claim 7.9.3. Let (x,2%) be a bichromatic edge and i € S C [n + 1). If (x,29) is
(S'\ {i})-persistent, then in line 3 of AE-SEARCH (f, z,.5), C does not contain any j # i
with probability at least 1 — o(1).

Proof. Fixa j € Sbutj # i. Note that in order for j € C, every £ € [L] with f(2(T9)) #£ b

satisfies j € T,. However, since 2 is (S \ {i})-persistent we have

: (T) : . T (T'Ufi))
Pr j ¢ Tand f(«'™) #b] > Pr ieT) oL j ¢ T and f(x ) # 0]
|T|=t |T|=t T |=t—1

t t—1 1 1
> (1= _ >~ —o(1).
2 135] ( ST=1 1og2n>—4 o)

Therefore, j € C with probability (3/4 +o(1))* = o(1/n). The claim follows from a union
bound. [

It follows by combining these two claims that C = {} in line 4 with probability at least

1 — o(1). This finishes the proof of the lemma.

7.10 Analysis of the Preprocessing Procedure

We start with the following property of CheckPersistence:

Claim 7.10.1. Given a nonempty set S C [n + 1], an ordering © of S and § € (0,1),
CheckPersistence (f, S, &) makes O(log” n/&) many queries to f. Furthermore, if
the fraction of points that are not S-persistent is at least {, CheckPersistence (f, S, 7, ¢)

returns a variable i € S with probability at least 1 — exp(—Q(log® n)).

Proof. The first part of the claim follows from the description of CheckPersistence. For
the second part we note that if the fraction of points that are not S-persistent is at least &,
then the probability of & and T with f(x) # f(x(™) is Q(¢/log® n). It then follows from

the number of times we repeat in CheckPersistence. 0

We recall the lemma we need for Preprocess:
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Lemma 7.10.2. Given a Boolean function f: {0,1}" — {0, 1}, a nonempty Sy C [n + 1],
an ordering T of Sy and a parameter £ € (0, 1), Preprocess (f, Sy, 7, §) makes at most
O(|So|log’ n/€) queries to f and with probability at least 1 — exp (—Q(log2 n)) it returns

a subset S C Sy such that at least (1 — &)-fraction of points in {0, 1}" are S-persistent.

Proof. The query complexity follows from the fact that Preprocess makes at most |Sy|
many calls to CheckPersistence. In addition, for each call, it follows from Claim 7.10.1
that the probability of CheckPersistence returning nil while S is actually persistent over
less than (1 — ¢)-fraction of points is at most exp(—(log® n)). The lemma follows from a

union bound over |Sy| < n calls. O

7.11 Overlap of Two Random Sets of Certain Sizes

Let k,¢ € [n] be two positive integers with « = k{/n. We are interested in the size of
|S N'T| where S is a random k-sized subset of [n] and T is a random /¢-sized subset of [n],

both drawn uniformly.
Lemma 7.11.1. For any t > 4a, the probability of |S N'T| > t is at most exp(—$Q(t)).

Proof. We assume without loss of generality that & > ¢. If ¢ > n/2, the claim is trivial as
a>n/dandt > 4o > n. We assume ¢ < n/2 below.

We consider the following process. We draw S first. Then we add random (and distinct)
indices of [n] to T round by round for ¢ rounds. In each round we pick an index uniformly
at random from those that have not been added to T yet. Clearly this process generates the
same distribution of S and T that we are interested in.

For each i € [(], we let X; be the random variable that is set to 1 if the index in the ith
round belongs to S and is 0 otherwise. Although X;’s are not independent, the probability of
X;=1lisatmost k/(n —{) < 2k/n using ¢ < n/2, for any fixed values of Xy, ..., X, ;.
Thus, the expectation of 3-;c1, X; is at most 2k¢/n = 2a. The lemma follows directly from

the Chernoff bound (together with a standard coupling argument). [
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