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Abstract

Over the past few decades property testing has became an active field of study in theoretical
computer science. The algorithmic task is to determine, given access to an unknown large object
(e.g., function, graph, probability distribution), whether it has some fixed property, or it is far
from any object having the property. The approximate nature of these algorithms allows in
many cases to achieve a significant saving in running time, and obtain sublinear running time.
Nevertheless, in various settings and applications, accepting only inputs that exactly have a
certain property is too restrictive, and it is more beneficial to distinguish between inputs that
are close to having the property, and those that are far from it. The framework of tolerant
testing tackles this exact problem. In this thesis, we will focus on one of the most fundamental
properties of Boolean functions: the property of being a k-junta (i.e., being dependent on at
most k variables).

The first chapter focuses on algorithms for tolerant junta testing. In particular, we show that
there exists a poly(k) query algorithm distinguishing functions close to k-juntas and functions
that are far from 2k-juntas. We also show how to obtain a trade-off between the “tolerance” of
the algorithm and its query complexity.

The second chapter focuses on establishing a query lower bound for tolerant junta testing.
In particular, we show that any non-adaptive tolerant junta tester, is required to make at least
Q(k?/polylog k) queries.

The third chapter considers tolerant testing in a more general context, and asks whether
tolerant testing is strictly harder than standard testing. In particular, we show that for any
constant ¢ € N, there exists a property Py such that Py can be tested in O(1) queries, but any
tolerant tester for Py is required to make at least Q(n/log® n) queries (where log!) denote the
¢ times iterated log function).

The final chapter focuses on applications. We show how to leverage the techniques developed
in previous chapters to obtain results on tolerant isomorphism testing, unateness testing, and
erasure resilient testing.
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Chapter 1

Introduction

The field of property testing is concerned with the analysis of the global structure of data.
Property testing algorithms are algorithms that perform a type of approximate decision. As
opposed to standard decision algorithms, which are required to determine whether a given
input has some specified property or not, property testing algorithms are required to determine
whether a given input has the property, or it is far from having the property. Informally, we say
that an input is far from a property if it needs to be significantly modified in order to obtain
the property (in particular, we will consider the Hamming distance). In the typical setting,
property testing algorithms are given a distance parameter ¢, should reject inputs that that are
e-far from having the property, and accept inputs having the property. However, if a given input
is close to having the property, the algorithm can either accept or reject .!

The approximate nature of these algorithms allows us, in many cases, to go below the gold-
standard linear time, and achieve a sublinear running time in the size of the input, and in some
cases the running time is even independent of the input size. The fact that property testing
algorithms may run in sublinear time suggests that the algorithm cannot even read the entire
input, and instead is given query access to the input. Property testing algorithms provide a
tradeoff between accuracy and efficiency. This tradeoff is beneficial in numerous scenarios such
as:

1. When the exact decision problem is NP-hard, property testing algorithms provide a type
of approximation which is necessary in such cases.

2. When reading the entire input is infeasible (for example, when the object is enormous).

3. When there is a need to quickly rule out far objects, and spend our resources only on
objects that are close to having the property.

This tradeoff also raises the following high level question:

Is it possible to leverage the structure of the property in order to achieve testers with
sublinear run time?

In general, property testing algorithms come in two flavors, mon-adaptive and adaptive.
Non-adaptive algorithms need to fix their queries in advance and are not allowed to depend
on answers to previous queries. Indeed, the fact that the algorithm is allowed to pick its
queries depending on its previous ones, generally provides more power to the algorithm (see
e.g., [GR11, STW15, CSTW, CG17] ). We say that a testing algorithm has a one-sided error
if it accepts every object that satisfies the property with probability 1, and otherwise, it has a

'For precise definitions, see Section 2.1



two-sided error. Similarly, allowing the algorithm to have a two-sided error generally decreases
its query complexity (see e.g.,[Lev15]).

1.1 Testing juntas

A significant portion of this thesis will focus on one of the most fundamental properties of
Boolean functions— the property of being a junta. A function f: {0,1}" — {0,1} is a k-junta
if it depends on at most k of its variables. Juntas are a central object of study in the analysis
of Boolean functions, in particular since they can be used as a good approximation for many
classes of (more complex) Boolean functions.

As an example, consider the class of s-term DNFs. That is, the class of all Boolean functions
of the form Ty V... V Ty, where each T; is of the form A, gz, for some S C [n]. It might be
surprising at first, but this very expressive class can be well approximated by juntas of size
independent of the dimension. Indeed, it is not hard to show that any s-term DNF is e-close (in
Hamming distance) to a slog(s/e)-junta, since any term with more than log(s/e) variables can
be removed contributing an error of at most €/s. More generally, Friedgut [Fri98] showed that
any boolean function f is close to a junta whose size depend on some “simplicity parameter”
of f (the average sensitivity of f).

In the context of learning, the study of juntas was introduced by Blum et al. [Blu94, BL97]
to model the problem of learning in the presence of irrelevant attributes. Blum asked whether
there exists a poly(n) time algorithm that learns O(log n)-juntas using samples from the uniform
distribution. The current state of the art algorithm for the above problem is due to Mossel
O’Donnell and Servedio. [MOS03] and has a running time of n* for some ¢ < 1. Nevertheless,
the question whether there exists a polynomial time algorithm remains open. Since then, juntas
have been extensively studied both in computational learning theory (e.g., [MOS03, Vall5]) and
in applied machine learning (e.g., [JL10]).

The problem of deciding whether a given function f : {0,1}"™ — {0, 1} is a k-junta requires
exponential running time. Indeed, this task may require going through all 2" input strings,
which is unfeasible especially when the dimension n is large. However, one might want to
consider a possible relaxation of the above task to the: Is it possible to efficiently distinguish
functions which are k-juntas from functions that are far from any k-junta? Namely, we consider
property testing of juntas.

The problem of testing k-juntas was first addressed by Fischer et. [FKRT04]. They designed
an algorithm that queries the function on a number of inputs polynomial in k, and independent
of n. A series of subsequent works essentially settled the optimal query complexity for this
problem, establishing that ©(k/c - log(k/e)) queries are both necessary and sufficient [Bla08,
Bla09, CG04, STW15, Sagl8|.

Nevertheless, the setting of property testing is arguably fragile, since the testing algorithm
is only guaranteed to accept all functions that exactly satisfy the property. In various settings
and applications, accepting only inputs that exactly have a certain property is too restrictive,
and it is more beneficial to distinguish between inputs that are close to having the property,
and those that are far from it. To address this question, Parnas, Ron and Rubinfeld introduced
in [PRRO6] a natural generalization of property testing, where the algorithm is required to be
tolerant.

1.2 Tolerant testing

A tolerant property testing algorithm is required to accept any function that is close to having
the property, and as in the standard model, to reject any function that is far from the property.



Ideally, a tolerant testing algorithm should work for any given tolerance parameter ¢’ < e (that
is, accept functions that are £’-close to having the property), and have complexity that depends
on ¢ — &’. However, in some cases the relation between ¢’ and ¢ may be more restricted (e.g.,
g/ = ¢/c for a constant ¢). A closely related notion considered in [PRRO6] is that of distance
approximation where the goal is to obtain an estimate of the distance that the object has to a
property.

As observed in [PRRO6], any standard testing algorithm whose queries are uniformly (but
not necessarily independently) distributed is inherently tolerant to some extent. More precisely,
any g-query testing algorithm will accept objects which are O(e/q)-close to the property. How-
ever, for many problems, strengthening the tolerance requires applying different methods and
devising new algorithms (see e.g., [GR05, PRR06, FN07, ACCLO07, KS09, MR09, FR10, CGR13,
BMR16]).

In context of juntas, the problem of tolerant testing was previously considered by Diakoniko-
las et al. [DLM'07]. They applied the aforementioned observation from [PRR06] and showed
that one of the junta testers from [FKR'04] actually accepts functions that are poly(e, 1/k)-
close to k-juntas. Chakraborty et al. [CFGM12| observed that the analysis of the (standard)
junta tester of Blais [Bla09] implicitly implies an exp(k/e)-query complexity tolerant tester
which accepts functions that are £/C-close to some k-junta (for some constant C' > 1) and
rejects functions that are e-far from every k-junta.

It is natural to ask whether in general tolerant testing is strictly harder than standard
testing. This question was explicitly studied by Fischer and Fortnow [FF06]. Using machinery
common in the field of probabilistically checkable proofs (PCP), they designed a property P C
{0, 1}" that admits a tester with constant query complexity, but such that every tolerant tester
for P has query complexity £(n¢) for some ¢ € (0,1). Using modern PCP tools [BSS08, Din07]
combined with the techniques of [FF06] it is possible to construct a property demonstrating a
better separation, of constant query complexity for standard testing versus Q(n/polylog n) for
tolerant testing.

1.3 Our contributions

In this thesis, we present progress on the question of tolerant junta testing, and on tolerant
testing in a more general context.

Chapter 3: Algorithms for tolerant junta testing

As observed in Section 1.2, it is not hard to obtain an algorithm that distinguishes functions
which are €/C-close to k-juntas and functions that are e-far from k-juntas (for some constant
C > 1), is relatively easy using exp(k)/e queries (we provide a self contained proof in Sec-
tion 3.1). Our goal in this chapter is to understand whether such a dependence can be avoided.

First, we wish to understand how the amount of tolerance of the algorithm effects its query
complexity. The observation of [DLM™07] that it is possible to distinguish functions which are
poly(e, 1/k)-close to k-juntas from those that are e-far from k-juntas using poly(k,1/e) queries
hints towards a trade off in terms of tolerance and query complexity. However, what about
other settings of the closeness parameter? Is it possible to obtain an algorithm that interpolates
the above two results in terms of the distance gap?

We answer this question affirmatively, and in Section 3.2 we show how to obtain a smooth
tradeoff between the amount of tolerance and the query complexity of the algorithm.

Theorem 1.3.1. There exists an algorithm that, given query access to a function f: {—1,1}" —
{=1,1} and parameters k > 1, € € (0,1) and p € (0,1), satisfies the following.

3



e If f is pe/16-close to some k-junta, then the algorithm accepts with high constant proba-
bility.

o If f is e-far from every k-junta, then the algorithm rejects with high constant probability.

The query complezity of the algorithm is O (5;:(110_g£k)'
Note that setting p = O(1/k) results in a poly(k, 1/¢) query algorithm and setting p = O(1)
results in a exp(k)/e query algorithm, exactly matching the two extreme cases mentioned above.

Our second angle considers the question of whether a moderate relaxation of the tolerant
testing model exhibits significant saving in query complexity. In Section 3.3, we show that if we
only require our algorithm to reject functions that are e-far from 2k juntas (while still accepting
any function £/C-close to a k-junta for some C' > 1), one can achieve a tester with poly(k,1/¢)
query complexity.

Theorem 1.3.2. There exists an algorithm that, given query access to a function f: {—=1,1}" —
{—1,1} and parameters k > 1 and € € (0,1), satisfies the following.

e If f ise/10-close to some k-junta, then the algorithm accepts with high constant probability.
o If f ise-far from every 2k-junta, then the algorithm rejects with high constant probability.
The query complezity of the algorithm is poly(k, %) )

We note that similar relaxations have been considered both in the standard testing model
(e.g., [PR0O2, KR98, KNOW14]) and in the tolerant testing model [PRR06]. Although one may
hope for a stronger statement (distinguishing functions close to k-junta from those far from k-
junta), for most practical purposes the relaxation above is more than sufficient. Among others,
this is supported by the following two examples: (i) In the setting we are concerned about, k
is to be thought of as very small (constant, or very slowly growing function of n), while n is
dauntingly large. Thus, reducing the dimension of the problem from n features to 2k is already
enough to break the curse of dimensionality, (ii) For learning algorithms, it is common to try
and identify the smallest class of functions the unknown target belongs to, in order to apply an
efficient learning algorithm tailored to it. In order to do so, one often uses a doubling search (or
variant thereof) over the set of parameters (here, k) to identify the “best candidate parameter”
while not spending too many resources in this preliminary phase. This implies that, inherently,
any such search approach already loses a constant factor in this relevant parameter.

Chapter 4: Hardness results for tolerant junta testing

As noted in [PRRO6], tolerant testing is not only a natural generalization of property testing,
but is also very often the desirable attribute of testing algorithms. This motivates the high
level question: how does the requirement of being tolerant affect the complexity of testing the
properties studied? From previous works, it was conceivable that the problem of tolerant junta
testing is not harder than standard junta testing. Our main result in this chapter shows that
non-adaptive tolerant testing of juntas is significantly harder than standard non-adaptive junta
testing. In particular, we prove the following theorem.

Theorem 1.3.3. For any o < 1, there exist constants 0 < g9 < €1 < 1 such that for any

k = k(n) < an, any non-adaptive algorithm that distinguish between functions f : {—1,1}" —
{—1,1} that are g9-close to k-junta and functions e1-far from any k-junta must make Q(k?/polylog k)
queries.



For the setting of a non-adaptive algorithms, Blais [Bla08] gave O(k%/2 - poly log k)-query
tester for (non-tolerant) testing of k-juntas, which was shown to be optimal for non-adaptive
algorithms by Chen, Servedio, Tan, Waingarten and Xie in [CST"17]. Combined with Theo-
rem 1.3.3, this shows a polynomial separation in the query complexity of non-adaptive tolerant
junta testing and non-adaptive junta testing.

Chapter 5: General separation between tolerant and intolerant testing

This chapter deals with the high level question described in the previous chapter. Namely, how
hard can tolerant testing be compared to standard testing? As mentioned previously, Fischer
and Fortnow [FF06] constructed a property of n-bits boolean strings which is testable with a
number of queries independent of n, but require at least n/logn many queries to tolerantly
test.

In this chapter, we provide an even stronger separation. We construct a family of properties,
such that each property in the family is testable using constant (independent of n) queries, but
require much more than n/logn in order to tolerantly test. Specifically, we show the following.

Theorem 1.3.4 (informal). For any constant integer £ € N, there exists a property Py such
that Py is testable with query complexity independent of n, but require Q(n/ log(z) n) to tolerantly
test (where log'® denote the iterated log function).

Chapter 6: Applications

Finally, we show how the techniques developed in previous chapters apply to other problems.

Tolerant isomorphism testing: In Section 6.1 we show how Theorem 1.3.1 can be applied
to the problem of isomorphism testing, which we recall next. Given query access to two unknown
Boolean functions f,g: {—1,1}" — {—1,1} and a parameter ¢ € (0,1), one has to distinguish
between (i) f is equal to g up to some relabeling of the input variables; and (ii) dist(f,gom) > &
for every such relabeling 7 (where g o m denote the natural function composition). The worst-
case complexity of this task is known, with @(2% / \/E) queries being necessary (up to the exact
dependence on ¢€) and sufficient [AB10, ABC*13]. However, is the exponential dependence on
n always necessary, or can we obtain better results for “simple” functions? Ideally, we would
like our testers to improve on this worst-case behavior, and instead have an instance-adaptive
query complexity, depending only on some intrinsic parameter of the functions f, g to be tested.
This is the direction we pursue here. Let k* = k*(f, g,7y) be the smallest k such that either f or
g is y-close to being a k-junta. We show that it is possible to achieve a query complexity only
depending on this (unknown) parameter, namely of the form O(2k*(f 19:0(€))/2 /E).2 Moreover,
our algorithm offers a much stronger guarantee: it allows tolerant isomorphism testing.

Theorem 1.3.5 (Tolerant isomorphism testing). There exists an algorithm that, given query
access to two functions f,g: {—1,1}" — {—1,1} and parametere € (0, 1), satisfies the following,
for some absolute constant C' > 1.

e If f and g are G-close to isomorphic, then the algorithm accepts with high constant prob-

ability.

Tt is worth noting that this parameter can be much lower than the actual number of relevant variables
for either functions; for instance, there exist functions depending on all n variables, yet that are o(1)-close to
O(1)-juntas.



o If f and g are e-far from isomorphic, then the algorithm rejects with high constant prob-
ability.

The query complexity of the algorithm is 0(2%/6) with high-probability (and 0(2%/6 ) in the
worst case), where k* = k*(f, g, &)

The above statement is rather technical, and requires careful parsing. In particular, the
parameter k* is crucially not provided as input to the algorithm: instead, it is discovered
adaptively by invoking the tolerant tester of Theorem 1.3.1. This explains the high-probability
bound on the query complexity: with some small probability, the algorithm may fail to retrieve
the right value of k* — in which case it may use instead a larger value, possibly up to n.

Lower bounds for tolerant unateness testing: In Section 6.2, we apply our techniques
from Chapter 4 to the problem of unateness testing. A function f: {0,1}" — {0,1} is unate
if f is either non-increasing or non-decreasing in every variable. Namely, there exists a string
r € {0,1}" such that the function f(x & r) is monotone with respect to the bit-wise partial
order on {0,1}".

The next two theorems concern tolerant testers for unateness.

Theorem 1.3.6. There exist constants 0 < g9 < €1 < 1 such that any (possibly adaptive)
algorithm that distinguishes between functions €g-close to unate and functions 1-far from unate,
must make Q(n/polylog n) queries.

Theorem 1.3.7. There exist constant 0 < g9 < €1 < 1 such that any non-adaptive algorithm
that distinguishes between functions eg-close to unate and functions e1-far from unate, must
make Q(n3/? /polylog n) queries.

A similar separation in tolerant and non-tolerant testing occurs for the property of unate-
ness as a consequence of Theorem 1.3.6 and Theorem 1.3.7. Recently, in [BCP*17], Baleshzar,
Chakrabarty, Pallavoor, Raskhodnikova, and Seshadhri gave a non-adaptive 5(n)—query tester
for (non-tolerant) unateness testing, and Chen, Waingarten and Xie [CWX17a| gave an (adap-
tive) 6(713/ 4)-query tester for (non-tolerant) unateness testing. We thus, conclude that by
Theorem 1.3.6 and Theorem 1.3.7, tolerant unateness testing is polynomially harder than (non-
tolerant) unateness testing, in both adaptive and non-adaptive settings.

Separating erasure resilient testing from property testing: In Section 6.3, we show
how the tools developed in Chapter 5 allow us to separate the standard testing model from
the erasure resilient model. This model was defined by Dixit et. al. [DRTV18] to address cases
where data cannot be accessed at some domain points due to privacy concerns, or when some
of the values were adversarially erased. More precisely, an a-erasure-resilient e-tester gets as
input parameters a, e € (0, 1), as well as oracle access to a function f, such that at most an «
fraction of its values have been erased. The tester has to accept with high probability if there
is a way to assign values to the erased points of f such that the resulting function satisfies the
desired property. The tester has to reject with high probability if for every assignment of values
to the erased points, the resulting function is still e-far from the desired property.

Similarly to the tolerant testing scenario, [DRTV18] show that there exists a property of
Boolean strings of length n that has a tester with query complexity independent of n, but for any
constant o > 0 every a-erasure-resilient tester is required to query at least (n¢) bits for some
¢ > 0, thereby establishing a separation between the models. We give a stronger separation
between the erasure resilient model and the standard testing model.
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Theorem 1.3.8 (informal restatement of Theorem 6.3.2). For any constant integer ¢ € N, there
exist a property of boolean strings P C {0,1}"™ and a constant e1 € (0, 1) such that P is e-testable
for any € > 0 with number of queries independent of n, but for any o = Q(l/log(z) n) and € €
(0,e1) such that e < 1—«, any a-erasure-resilient e-tester is required to query Q(n/polylog(z)n)
many bits.

Remark. Some of the results presented in this thesis have recently been extended or improved.
In a followup work, De et al. [DMN19] show a tolerant junta testing algorithm that for any
0 < &g < &1 < 1/2, distinguishes between functions eg-close to k-junta and functions e;-far
from any k-junta, with query complexity 2¥ - poly(k,1/(e; — o)), providing a wider range of
parameters. However, for some settings of ¢g and £1 (e.g., g = ¢/log k and 1 = ¢€) our algorithm
from Theorem 1.3.1 provides a better query complexity than 0(2’7C ). Our lower bound presented
in Theorem 1.3.3 has been improved recently by Pallavoor et al. [PRW19] to a super-polynomial
in k and 1/e.

1.4 Related work

1.4.1 Property Testing of functions

Property testing was first explicitly defined in the work of Rubinfeld and Sudan [RS96], who
considered testing whether a function is a low-degree (univariate) polynomial over a fixed finite
field F. The first time a question was phrased in terms of property testing was considered in
the work of Blum, Luby and Rubinfeld [BLR90], where the authors consider the task of testing
whether a function f : F* — F is linear? or e-far (in Hamming distance) from any linear function.
The focus of the above was on testing algebraic properties of functions, which had an important
role in the design of Probabilistically Checkable Proofs (PCP) systems [ALM™98, AS98, BFLI1,
BFLS91, GLR*91, FGL*91, FS95]. Since then, algebraic properties of functions continued to
be a central object in the study of property testing, partly because of their connection to the
area of error correcting codes. If we view functions as codeword, than the task is to distinguish
between codewords and words that are far from any codeword. Examples of such codes which
admit a sublinear time testers include Hadamard codes, Reed-Solomon codes and Reed-Muller
codes (see e.g., [AKKT05, KR06, JPRZ09]).

In general, property testing can be seen as a relaxation of learning. Instead of asking that
the algorithm output a good estimate of the function, which is assumed to belong to a particular
class of functions F, we require that the algorithm decide whether the function belongs to F
or is far from any function in F. With this view in mind, a natural motivation for property
testing is to serve as a preliminary step before learning (and in particular, agnostic learning
(e.g., [KSS94] where no assumption is made about the target function aside from it being a
member of F). We can first run the testing algorithm to decide whether to use a particular
class of functions as our hypothesis class.

Additional properties of boolean functions of interest include monotonicity and unateness
[GGLRY8, DGL1T99, FLNT02, EKK'T00, BCGSM12, CC16, CS13, CS14, CWX17a, CWX17b],
half-spaces [MORS10] and sparsity [GOST11].

1.4.2 Property testing of graphs

The study of property testing in a more combinatorial context was initiated by Goldreich,
Goldwasser and Ron [GGR98]. They gave several general results, among them results concerning
testing properties of graphs. In this model the algorithm may perform queries of the form: “Is

3A function f : F" — F is linear if and only if for every x,y € F", f(z) + f(y) = f(z + y).
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there an edge between vertices u and v in the graph?” That is, the algorithm may probe the
adjacency matrix representing the tested graph G = (V, E), which is equivalent to querying
the function fg : V x V — {0,1}, where fg(u,v) =1 if and only if (u,v) € E. We refer to
such queries as vertez-pair queries. In the dense-graphs model, a graph is considered e-far from
having property P if more than en? edges modifications should be performed on the graph so
that it obtains the property.

In their seminal result, [GGR98] showed various testing algorithms for “partition problems”
such as bipartiteness, k-Colorability and having a p-clique. All of which with query complexity
of poly(1/e).

Further research shows that testable graph properties® in this model can be precisely char-
acterized. A sequence of works [AFKS00, FN07, AS08] led to the work of Alon et al. [AFNS09]
which gave a full characterization for graph properties that are testable in a number of queries
independent of n, using variations of the Szemerédi regularity lemma. A different characteri-
zation, based on graph limits, was proved independently by Borgs et al. [BCLT06]. Recently,
it was shown that this result holds for a more general setting of ordered graphs.® In [ABEF17],
the authors show that any hereditary property of ordered graphs is testable with a number
of queries independent of the size of the graph. Similarly to the case of unordered graphs,
this result has recently been obtained using a generalization of graph limits theory for ordered
graphs [BEFLY18].

Other results in property testing in the dense graphs model include results for directed
graphs (e.g. [BR02]) and extensions to hypergraphs (e.g. [KNRO02]).

However, when dealing with sparse graphs, the above definition of distance makes little
sense. To handle this case [GR02] introduced the bounded-degree graph model. In this model,
the algorithm may perform queries of the form: “who is the i-th neighbor of a vertex v in the
graph?” That is, the algorithm may probe the incidence lists of the vertices in the graph, where
it is assumed that all vertices have degree at most d for some fixed degree-bound d. This is
equivalent to querying the function fg : V x [d] — V U L that is defined as follows: For each
v € V and i € [d], if the degree of v is at least i then fg(v,?) is the i-th neighbor of v (according
to some arbitrary but fixed ordering of the neighbors), and if v has degree smaller than 4, then
falv,i) = L.

In the bounded degree graph model, a graph is said to be e-far from having property P
if more than edn edge modifications should be performed on the graph so that it obtains the
property. In this case € measures the fraction of entries in the incidence lists representation
(which has size dn) that should be modified.

In [GRO2]|, Goldreich and Ron showed various testing algorithms for properties such as
connectivity, k-edge connectivity, cycle-freeness and being Eulerian. All of which have query
complexity of poly(1/e). In this paper, Goldreich and Ron formulated the question of testing
the expansion property, which resulted in a series of works [GR11, KS08, CS10, NS10]. In terms
of characterization, a sequence of works [CSS09, BSS10, HKNOO09, LR15| establish that every
minor closed property is two-sided testable in a constant time. Recently, it was shown that for
one-sided algorithms, the same task requires ©(y/n) queries [CGR™ 14, KSS18].

It is important to note that the number of queries required to test a property in the bounded-
degree model may differ significantly from that required in the dense-graph model. For exam-
ple, testing bipartiteness, that can be performed in the dense-graphs model with a number of
queries independent of n ([GGR98]), but requires 2(y/n) queries in the bounded-degree model
([GRO2]).

*i.e., using number of queries independent of the size of the graph
®an ordered graph is a graph with a total order on its vertex set.
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Chapter 2

Preliminaries and Tools

We start with some notations. We use boldfaced letters such as a, m to denote random variables.
Let [n] the set of integers {1,...,n}. Given a string z € {0,1}" and j € [n], we write ) to
denote the string obtained from x by flipping the j-th coordinate. An edge along the j-th
direction in {0,1}" is a pair (x,y) of strings with y = 2(). In addition, for o € {0,1} we use
the notation 20U~ to denote the string obtained from z by setting the jth coordinate to c.
Given z € {0,1}" and S C [n], we use z|s € {0,1}° to denote the projection of 2 on S. For
a distribution D we write d ~ D to denote an element d drawn according to the distribution.
In addition, given an event £ over some probability space, we use l(gy to denote the indicator
function for £.

We sometimes write a = b= ¢ to denote b — ¢ < a < b+ c. For a set A, we let 24 denote the
power-set of A. For two strings z,y € {0, 1}* we use z Uy to denote string concatenation.

For an integer k, a field F = GF(2¥) and a € F, we let () € {0,1}* denote the binary
representation of « in some canonical way. For two sets of strings A and B we use AU B to
denote the set {aUb | a € A, b € B}. For a collection of sets {A(d)}4ep we use | |;cp A(d) to
denote the set of all possible concatenations | |, aq, where ag € A(d) for every d € D.

2.1 Property testing and Juntas

Definition 2.1.1 (Property and Distance). A property P of Boolean functions is a subset of
all these functions, and we say that a function f has the property P if f € P. The distance

between two functions f,g: {—1,1}" — {—1,1} is defined as their (normalized) Hamming

distance dist(f, g) “pr, [f(x) # g(x)], where « is drawn uniformly at random.

Accordingly, for a function f and a property P we define the distance from f to P as

dist(f, P) def mingep dist(f, g). Given € > 0 and a property P, we will say that a function f is

e-far from P (resp. e-close to P) if dist(f, P) > e (resp. dist(f,P) < ¢).

We consider the following definition of tolerant testing of parameterized properties, restated
below.

Definition 2.1.2 (Tolerant Testing of Parameterized Properties). Let P = (P)sen be a non-
decreasing family of properties parameterized by s € N, i.e. such that Py, C P, whenever
s <t; and 0: N — N be a non-decreasing mapping satisfying o(s) > s for all s. A o-tolerant
testing algorithm for P is a probabilistic algorithm that gets three input parameters s € N and
1,2 € [0,1] such that e; < e2, as well as oracle access to a function f: {—1,1}" — {—1,1}.
The algorithm should output a binary verdict that satisfies the following two conditions.
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o If dist(f,Ps) < &1 then the algorithm accepts f with probability at least 2/3.
o If dist(f, Py(s5)) > €2, then the algorithm rejects f with probability at least 2/3.

In some cases the algorithm is only given one parameter, 9, setting €1 = r(g2) for some
prespecified function r: (0,1) — (0,1).

Note that when o is the identity function, the above definition corresponds to the tolerant
testing model, defined in [PRR06]. We sometimes use the “non-uniform” variant of the above
definition. Specifically, for parameters 0 < g < £1 < 1, an (g9, £1)-tolerant testing algorithm is
given an oracle access to the input, and is required to determine (with high probability) whether
a given input is gp-close to the property or whether it is e1-far from it.

The next lemma will be useful to prove that some properties are hard to test. The lemma
states that if we have two distributions whose restrictions to any set of queries of size at most
q are identical, then no (possibly adaptive) algorithm making at most ¢ queries can distinguish
between them.

Definition 2.1.3 (Restriction). Given a distribution D over functions f : D — {0,1} and a
subset @ C D, we define the restriction D]g of D to @ to be the distribution over functions
g:Q — {0,1}, that results from choosing a function f : D — {0, 1} according to D, and setting
g to be f|g, the restriction of f to Q.

Lemma 2.1.4 (e.g., [FNS04], special case). Let Dy and D3 be two distributions of functions over
some domain D. Suppose that for any set Q C D of size at most q, the restricted distributions
Di|g and Ds|q are identically distributed. Then, any (possibly adaptive) algorithm making at
most q queries cannot distinguish Dy from Dy with any positive probability.

The main focus of this work will be the property of being a junta, that is, a Boolean function
that only depends on a (small) subset of its variables:

Definition 2.1.5 (k-Junta). A Boolean function f: {—1,1}" — {—1,1} is a k-junta if there
exists a set T C [n] of size at most k, such that f(x) = f(y) for every two assignments
x,y € {—1,1}" that satisfy z; = y; for every i € T. We let Jj denote the set of all k-juntas
(over n variables).

2.2 Influence of variables

An important notion in this work is the influence of a set of variables of a Boolean function
f:{-1,1}" — {—1,1}, which generalizes the standard notion of influence of a variable:

Definition 2.2.1 (Set-influence). For a Boolean function f: {—1,1}" — {—1,1}, the set-
influence of a set S C [n] is defined as

Inf(S) < 2Pr[f(xUu) # f(zUv)),!
where @ ~ {1, 1} "\ 4, v ~ {—1,1}5.

The following properties of the influence function will be used extensively throughout this
thesis.

"Here, we define the influence of a set with an additional factor 2, so that the (set-)influence of a singleton
{i} coincides with the standard definition of the influence of the i-th variable (as the latter definition asks that
the i-th bit be flipped instead of re-randomized).
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Fact 2.2.2 (See Chapter 5.3 in [Goll7]). Let f : {—1,1}" — {—1,1} be a Boolean function.
1. (Monotonicity and subadditivity of influence) For any S,T C [n]

Inff(S) < Inff(S U T) < Inff(S) + Inff(T).

2. (Submodularity) For any T C S and i ¢ S, it holds that

Inf (T U {i}) — Inf;(T) > Inf (S U {i}) — Inf ;(S).

A direct implication of the definition of the influence function is an approximation algorithm
for the influence of a set S.

Lemma 2.2.3 (Influence estimation). Let f : {—1,1}" — {—1,1} be a Boolean function. There

exists an algorithm (Algorithm 1) receiving as an input oracle access to f, a set S C [n], and

v,0,e € (0,1), uses m =0 (M) queries to f and satisfies the following with probability at

£ry2
least 1 — 0 .

1. If Inf;(S) > ¢, then the algorithm outputs an estimate I/r\lf'f(S) such that

(1—7) - Inf;(S) < TInf(S) < (147) - Inf(S).

2. If Inf;(S) < e, then the algorithm outputs an estimate ﬁf(S) such that

Inf;(S) < (1+7) - Inf4(S).

Algorithm 1 Approximate Influence (g,~,4,.5)
Cn(2/9)
2

1: Set m = , where C' > 1 is an absolute constant. > C' > 3 is sufficient.
2: fori=1tomdo

3 Pick  ~ {—1,1}°, u,v ~ {—1,1}* uniformly at random and independently.

4: Set Vi < L f(zim)£f(@Lv)}- > is 1if f(xUwu) # f(xUwv), 0 otherwise.
5: end for

6

: Let fﬁf'f(S) + 2 3 9; be the estimate of the influence of S.
1€[m]

Proof: We start by proving the first item. Note that by definition of the influence and the fact
that Inf;(S) > e,

e < Inff(S) = QPI‘[f(:D (] u) #* f(sc L ’U)] =2 E []l{f(muu);éf(wuv)}] ,

x,u,v
where  ~ {1, 1}§, and u,v ~ {—1,1}°. Therefore, by a Chernoff bound

my? - Inff(5)>

< 9.
3

Pr Hﬂ‘?ﬂs) — Infy(8)| > 7+ Infy(8)] < 2exp <_

The proof for the case where Inf¢(S) < ¢, follows similarly. |
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2.3 Probabilistically checkable proofs of proximity (PCPP)

A PCPP verifier for a property P is given access to an input x and a proof 7, as well as a
detection radius € > 0 and soundness error § > 0. The verifier should make a constant number
of queries (depending only on ¢,4) to the input z and the proof 7, and satisfy the following.
If x € P, then there exists 7 for which the verifier should always accept x. If dist(z,P) > ¢,
the verifier should reject x with probability at least §, regardless of the contents of w. More
formally, we define the following.

Definition 2.3.1 (PCPP). For n € N, let P C {0,1}"™ be a property of n-bit Boolean strings,
and let ¢t € N. We say that P has a q(e, d)-query, length-t Probabilistically Checkable Proof of
Prozimity (PCPP) system if the following holds: There exists a verification algorithm V' that
takes as input €,0 > 0 and n € N, makes a total of ¢(e,0) queries on strings w € {0,1}" and
7 € {0,1}!, and satisfies the following:

1. (Completeness) If w € P, then there exists a proof 7 = Proofp(w) € {0,1}* such that
for every €,d > 0, the verifier V' accepts with probability 1.

2. (Soundness) If dist(w,P) > ¢, then for every alleged proof = € {0,1}!, the verifier V
rejects with probability greater than 4.

The following lemma, establishing the existence of a quasilinear PCPP for any property P
that is verifiable in quasilinear time, will be an important tool throughout this work.

Lemma 2.3.2 (Corollary 8.4 in [Din07], see also [GMO07]). Let P be a property of Boolean strings
which is verifiable by a size t Boolean circuit. Then, there exists a length-t' PCPP system for
P, that for every ,8 > 0 makes at most q(e,d) queries, where t' =t - polylog t.

We note that maximally hard properties cannot have a constant query PCPP proof systems
with a sublinear length proof string.

Proposition 2.3.3. Let P C {0,1}" and € > 0 be such that any e-tester for P has to make
Q(n) many queries. Then, any constant query PCPP system for P (for e.g., where 6 = 1/3)
must have proof length of size Q(n).

Proof: Suppose that there exists a PCPP for P with O(1) queries and proof length ¢ = o(n).
Since the PCPP verifier has constant query complexity, we may assume that it is non adaptive
and uses ¢ = O(1) queries. By a standard amplification argument, we can construct an amplified
verifier that makes O(q - t) = o(n) queries, with soundness 27!/3. By the fact that the verifier
is non-adaptive, it has the same query distribution regardless of the proof string. Therefore,
we can run 2! amplified verifiers in parallel while reusing queries, one verifier for each of the
2! possible proof strings. If any of the 2! amplified verifiers accept, we accept the input. If
the input belongs to P, one of the above 2! verifiers will accept (the one that used the correct
proof). If the input was e-far from P, then by a union bound, the probability that there was any
accepting amplified verifier is at most 1/3. This yields an o(n) tester for P, which contradicts
our assumption. |

2.4 Probabilistic tools

Throughout this thesis, we use a generalization of Chernoff bounds for negatively correlated
random variables.
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Definition 2.4.1. Let x;,...,x, € {0,1} be random variables. We say that xi,...,x, are
negatively correlated if for all I C [n] the following hold:

PriViel : mi:O]SHPr[mi:O]

PriViel : x; =1] SHPr[mi: 1] .
Theorem 2.4.2 (Theorem 1.16 from [Doell]). Let x1,...,x, be negatively correlated binary
random variables. Let a1, ..., a, € [0,1] and X =" | a;jx;. Then, for é € [0,1],

Pr|
Pr|

(140) B [z]]
(1= 0)E[z]

p(—6°Elz]/2)

<ex
< exp(—8*El[z]/3) .

x>
x <

In addition, some of our proofs will use hyper-geometric random variables. Consider a
population of size N that consists of K objects of a special type. Suppose n objects are picked
without replacement. Let @ be a random variable that counts the number of special objects
picked in the sample. Then, we say that @ is a hyper-geometric random variable, and we denote

x ~ HG(N, K,n). These hyper-geometric random variables enjoy tight concentration inequities
(which are similar to Chernoff type bounds).

Theorem 2.4.3 ([Hoe63)). Let « ~ HG(N, K,n) and p = K/N. Then for anyt >0

T
=

exp(—2t2n)

x < <
x> (u+t)n] < exp(—2t2n) .

w

r

2.5 Collection of covers

In this section we introduce a combinatorial claim that will be useful later on in Section 3.2.

Definition 2.5.1. Let X be a set of j elements, and for any s € [j] consider the family ()8() of
all subsets of X that have size s. We shall say that C C (f) is a s-cover of X, if Jy .Y = X.
We shall say that Ci,...,Cp, is a legal collection of s-covers for X, if each C; is a cover of X,
and these covers are disjoint.

Claim 2.5.2. For any set X of j elements, there exists a legal collection of s-covers for X of
size at least

()

S

m >

(Moreover, this bound is tight.)

Proof: This claim follows from a result due to Baranyai [Bar75] on factorization of regular
hypergraphs. We state this result, and describe how to derive the claim from it, below (recall
that K denotes the h-regular hypergraph K" on n vertices):?

Theorem 2.5.3 (Baranyai’s Theorem [Bar75, Theorem 1]). Let n, h be integers satisfying 1 <
h <n, and ay,...,ap integers such that Zle a; = (Z) Then the edges of KZ{ can be partitioned
into hypergraphs Hi ..., Hy such that

2 An exposition of this result and the original proof as given by Baranyai can also be found in [Bral5, Theorem
4.1.1].
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(i) |H;i| = a; for alli € [¢];

(7i) each H,; is almost regular: the number of hyperedges any two vertices u,v € H; participate

in differs by at most one (and here, specifically, is either {%—‘ or [%J}

pl

) —>", a; > 0. By the theorem, we obtain a partition

(gj) and ¢ < m + 1, we let

IN

We apply Theorem 2.5.3 as follows: setting m o {
a; & M forall 1 <i <m,and ap & (I
of K7 into £ =m + 1 hypergraphs Hy ..., M, such that the first m satisfy:

(1) [Hil = H] for all i € [m];

(ii) for any i € [m], any vertex u € H; participates in either 1 or 2 hyperedges;

(and we cannot say much about the “remainder* hypergraph ;). Condition (ii) ensures that
each of the first m hypergraphs obtained indeed defines a cover of the set of j elements by
s-element subsets, while by definition of the partition of the hypergraph we are promised that

these m s-covers are disjoint. This proves the lemma, as H; ..., H,, then induce a legal cover
of X.
As for the optimality of the bound, it follows readily from observing that one must have

m < LJ(%ZWJ since for every cover C we must have |C| > [j/s], and - (J) u

s

(3)

2.6 Error correcting codes and polynomials over finite fields

The relative Hamming distance of two strings z,y € X" is defined as dist(z,y) = 2 - |[{i €
[n] | ©; # yi}|- For a string x € X" and a non-empty set S C X", we define dist(z,S) =
minyeg dist(z,y). The following plays a central role in many complexity-related works, including
ours.

Definition 2.6.1. A code is an injective function C' : ©¥ — ¥". If ¥ is a finite field and C'is a
linear function (over X), then we say that C' is a linear code. The rate of C' is defined as k/n,
whereas the minimum relative distance is defined as the minimum over all distinct z,y € £* of
dist(C(x), C(y)).

An e-distance code is a code whose minimum relative distance is at least €. When for a fixed
e > 0 we have a family of e-distance codes (for different values of k), we refer to its members
as error correcting codes.

In this work we use the fact that efficient codes with constant rate and constant relative
distance exist. Moreover, there exist such codes in which membership can be decided by a
quasi-linear size Boolean circuit.

Theorem 2.6.2 (see e.g., [Spi96]). There exists a linear code Spiel : {0, 1}* — {0, 1}100F with
constant relative distance, for which membership can be decided by a k - polylog k size Boolean
circuit.

Actually, the rate of the code in [Spi96] is significantly better, but since we do not try
to optimize constants, we use the constant 100 solely for readability. In addition, the code
described in [Spi96] is linear time decodeable, but we do not make use of this feature throughout
this work.

We slightly abuse notation, and for a finite field F of size 2¥, view the encoding given in
2.6.2 as Spiel : F — {0,1}'%% by associating {0,1}* with F in the natural way. Note that for
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f:F — T, it holds that (f(8)) € {0,1}* for every 3 € FF, and therefore Spiel(f(3)) € {0, 1}190%,
We slightly abuse notation, and for a function f : F — F we write Spiel(f) to denote the length
100k - 2F bit string Llger Spiel(f(B)) (where we use the canonical ordering over F).

s : ' IF|
Definition 2.6.3. Let Cr denote the set of polynomials g : F — F such that deg(g) < 5.

The following lemma of [Hor72], providing a fast univariate interpolation, will be an impor-
tant tool in this work.

Lemma 2.6.4 ([Hor72]). Given a set of pairs {(x1,y1), ..., (zr, yr)} with all z; distinct, we can
output the coefficients of p(x) € F[X] of degree at most r — 1 satisfying p(x;) = y; for alli € [r],
in O(r - log3(r)) additions and multiplications in F.

The next lemma states that a randomly chosen function A : F — F is far from any low degree
polynomial with very high probability.

Lemma 2.6.5. With probability at least 1 — o(1), a uniformly random function X : F — T is
1/3-far from Cp.

Proof: Consider the size of a ball of relative radius 1/3 around some function A : F — F in the
space of functions from F to itself. The number of points (i.e., functions from F — F) contained
in this ball is at most

<|1E|?I|F/‘3> - |F|IF/3 < (3e|F))FI/3,

By the fact that the size of Cp is |F|IFI/2*1 the size of the set of points that are at relative
distance at most 1/3 from any point in Cy is at most

FIF/241 (3| = of|F| ).

The lemma follows by observing that there are |F|IFl functions from F to itself. |

2.6.1 Dual distance of linear codes

We focus here specifically on a linear code C' : F¥ — F", and consider the linear subspace
of its image, Vo = {C(x) : z € FF} C F". We define the distance of a linear space as
dist(V') = min, ey gon} dist(v,0"), and note that in the case of V' being the image Vi of a code
C, this is identical to dist(C). For a linear code, it helps to investigate also dual distances.

Definition 2.6.6. Given two vectors u,v € [F", we define their scalar product as u -v =
Zie[n] u;v;, where multiplication and addition are calculated in the field F. Given a linear space
V C F", its dual space is the linear space V+ = {u: Vv € V,u-v=0}. In other words, it is the

space of vectors who are orthogonal to all members of V. The dual distance of the space V is
simply defined as dist(V ).

For a code C, we define its dual distance, distL(C), as the dual distance of its image V. We
call C' an n-dual-distance code if dist(C) > . The following well-known lemma is essential to
us, as it will relate to the “secret-sharing” property that we define later.

Lemma 2.6.7 (See e.g., [MS77, Chapter 1, Theorem 10]). Suppose that C : F¥ — F" is a linear
n-dual distance code, let QQ C [n] be any set of size less than n - n, and consider the following
random process for picking a function u : Q — F: Let w € F* be drawn uniformly at random,
and set u be the restriction of C(w) to the set Q. Then, the distribution of w is identical to the
uniform distribution over the set of all functions from Q to F.
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Chapter 3

Algorithms for Tolerant Junta
Testing

In this chapter our main focus is developing algorithms for tolerant k-junta testing, while aiming
for query complexities lower than exp(k). As discussed in Chapter 1, it is relatively easy to
obtain an algorithm which uses exp(k)/e many queries and distinguishes with high constant
probability between the case where the function is £/C-close to some k-junta (for some constant
C > 1), and the case where the function is e-far from any k-junta (as a warm-up toward a more
involved algorithm, we present a self contained proof for the above in section 3.1).

In contrast, [DLM*07] observed that distinguishing functions which are ¢/k-close to some
k-junta from functions which are e-far from any k-junta, can be done using poly(k, 1/¢) queries.
The above two extreme cases suggest a certain tradeoff between tolerance and query complexity.
Our first main result in this chapter is an algorithm which leverages this tradeoff, and allows in
some cases to avoid the exponential dependence in k£ in the query complexity.

Theorem 1.3.1. There exists an algorithm that, given query access to a function f: {—1,1}" —
{=1,1} and parameters k > 1, € € (0,1) and p € (0,1), satisfies the following.

o If f is pe/16-close to some k-junta, then the algorithm accepts with high constant proba-
bility.

o If f is e-far from every k-junta, then the algorithm rejects with high constant probability.

klogk )

The query complexity of the algorithm is O (sp(l—p)k

The above statement provides a smooth trade-off between the tolerance and the query
complexity and interpolates the above extreme cases.

Our second main result in this chapter, considers whether a slight relaxation of the tolerant
testing model exhibits significant savings in terms of query complexity. In Section 3.3 we show
that requiring the algorithm to reject functions which are e-far from 2k-juntas (as oppose to the
original definition where the algorithm rejects functions which are far from k-juntas), results in
an algorithm which uses poly(k,1/¢e) queries. Specifically,

Theorem 1.3.2. There exists an algorithm that, given query access to a function f: {—1,1}" —
{—1,1} and parameters k > 1 and € € (0,1), satisfies the following.

e If f ise/10-close to some k-junta, then the algorithm accepts with high constant probability.

o If f ise-far from every 2k-junta, then the algorithm rejects with high constant probability.
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The query complexity of the algorithm is poly(k, %) .

The proofs of Theorems 1.3.2 and 1.3.1 both rely on the notion of the influence of a set of
variables. Given a Boolean function f: {—1,1}" — {—1,1} and a set S C [n], the influence
of the set S (denoted Inf(S)) is the probability that f(x) # f(y) when = and y are selected
uniformly subject to the constraint that for any i € S, z; = ; (see Definition 2.2.1). In both of

the above results, we consider a fixed partition Z = {I1,..., I;} of [n] into £ = O(k?) parts and

for S C [¢] we let ¢z(S) e UiesLi-

3.1 Warm-up: An exp(klogk)/e algorithm using dimension re-
duction

In this section we present an exp(klogk)/e query algorithm for tolerant junta testing.

Lemma 3.1.1. There exists an algorithm that, given query access to a function f: {—1,1}" —
{=1,1} and parameters k > 1 and ¢ € (0, 1), satisfies the following.

e If f is e/3-close to k-junta, then the algorithm accepts with probability at least 2/3.

o If f is e-far from every k-junta, then the algorithm rejects with probability at least 2/3.
The query complexity of the algorithm is 2(1+0(1))klogk/<€.

The ideas behind our algorithm are similar to those in [FKR*04, Bla09]; We partition the
n variables into £ = O(k?) parts, which removes the dependence on n. It is not hard to verify
that if f is close to Jg, then there exist k parts for which the following holds. If we denote by
T C [n] the union of variables in these k parts, then the complement set T has small influence.

On the other hand, Blais [Bla09] showed that if a function is far from J, then a random
partition into a sufficiently large number of parts ensures the following with high constant
probability. For every union T of k parts, the complement set T will have large influence. The
above gives rise to a (20+((1)klogk /o) query complexity algorithm that distinguishes functions
that are %e—close to Ji from functions that are e-far from J. The algorithm considers all unions
T C [n] of k parts, estimates the influence of 7" using Lemma 2.2.3, and accepts if there exists
a set with sufficiently small estimated influence.

We start with a useful definition of k-part juntas, and two lemmas regarding their properties
with respect to random partitions of the domain. Recall that for a set .S, we denote by (f ) the
set of all subsets of S of size r. Given a partition Z = {I,...,I;} of [n] and a set J C [{], we
denote by ¢z(.J) the union J;. ; I;.

Definition 3.1.2 (Partition juntas [Blal2, Definition 5.3|, extended). Let Z be a partition of
[n] into ¢ parts, and k > 1. The function f: {—1,1}" — {—1,1} is a k-part junta with respect
to T if the relevant coordinates in f are all contained in at most k parts of Z. Moreover,

(i) f is said to e-approzimate being a k-part junta with respect to I if there exists a set
Je (é[f]k) satisfying Inf ;(¢z(J)) < 2e.

(ii) Conversely, f is said to e-violate being a k-part junta with respect to T if for every set
J€ (). Inf;(é1(7)) > 2¢.

Lemma 3.1.3 ([Blal2, Lemma 5.4]). For f: {~1,1}" — {~1,1} and k > 1, let o % dist(f, ).

Also, let T be a random partition of [n] with ¢ et ogp? parts obtained by uniformly and inde-

pendently assigning each coordinate to a part. With probability at least 5/6 over the choice of
the partition I, the function f 5-violates being a k-part junta with respect to I.
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Lemma 3.1.4. For f: {—1,1}" — {-=1,1} and k > 1, let « &f dist(f, Jx) and let T be any

partition of [n] into £ > k parts. Then f 2a-approximates being a k-part junta with respect to
7.

Proof: Let g € J; be such that dist(f,g) = dist(f, Jx) = «. Let I;,...,I; be the r < k
parts of 7 containing the relevant variables of g. Then, for any set J C [¢] of size {—k such
that {i1,...,i,} C J, we have that when drawing & ~ {—1,1}?7() and u,v ~ {-1,1}¢z())
the following holds.

Infs(¢z(J)) =2Pr[f(xUu) # f(xUv)] <2Pr[f(xUwu) # g(x Uu) or f(xUwv) # g(xUwv)]
< 2(Pr[f(x Uw) £ g(w Uu)] + Pr[f(zUv) £ gz Uv)) < 2(0+a) = da,

where the first inequality follows from observing that (as g does not depend on variables in
¢7(J)) one can only have f(x U u) # f(x Uwv) if f disagrees with g on at least one of the two
points; and the third inequality holds since both x Llu and « v are uniformly distributed. M

The above two lemmas suggest the following approach for distinguishing between functions
that are &’-close to some k-junta and functions that are e-far from every &’-junta. Suppose we
select a random partition of [n] into O(k?) parts. Then, with high probability over the choice
of the partition, it is sufficient to distinguish between functions that 2¢’-approximate being a
k-junta and functions that e/2-violate being a k’-part junta. Specifically, we get the proposition
below, which we apply throughout this work:

Proposition 3.1.5 (Reduction to part juntas). Let T be an algorithm that is given query
access to a function f: {—1,1}" — {—1,1}, a partition T = {I1,...,Is} of [n] into £ parts, and
parameters k € N and € € (0,1). Suppose that T performs q(k,e,l) queries to f and satisfies
the following guarantees, for a pair of functions r: (0,1) x N — (0,1) and r': N — N.

o If f &'-approximates being a k-part junta with respect to T and & < r(e, k), then T returns
accept with probability at least 5/6;

o If f e-violates being a K -part junta with respect to T and k' > r'(k), then T returns
reject with probability at least 5/6.

Then there exists an algorithm T', that given query access to f and parameters k € N and
e € (0,1), satisfies the following.

o Ifdist(f, Ji) < %/ and &' <r(e, k), then T' outputs accept with probability at least 2/3;
o Ifdist(f, Jp) > 2¢ and k' > 1'(k), then T’ outputs reject with probability at least 2/3.
Moreover, the algorithm T’ has query complexity q(k,e,?).

Proof of Proposition 3.1.5: The algorithm 7" first obtains a random partition Z of [n] into

¢ 24(K' )2 parts by uniformly and independently assigning each coordinate to a part. 7’ then

invokes 7 with parameters ¢, k, £ and the partition Z. By Lemma 3.1.3 and the choice of £, with
probability at least 5/6 the partition Z is good in the following sense. For a = dist(f, Jx/), it
holds that f §-violates being a k’-part junta with respect to Z. Conditioned on Z being good,
and by Lemma 3.1.4, we are guaranteed that the following holds.

(i) If dist(f, Jx) < %l, then f &’-approximates being a k-part junta with respect to Z;

(i) If dist(f, Jx') > 2e, then f e-violates being a k’-part junta with respect to Z.
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Therefore, 7 will answer as specified by the proposition with probability at least 5/6, making
q(e, k, ) queries. Overall, by a union bound, 7" is successful with probability at least 2/3. W

Proof of Lemma 3.1.1: Given a partition Z of [n] into ¢ parts, T considers all (gfk) sets of
variables that result from taking the union of k£ parts. For each such set T, it uses Lemma 2.2.3
to obtain an estimate Inf;(7") of the influence of 7', by performing O (@) queries to f . T

accepts if for at least one of the sets T, Inf #(T) is at most 3c. Performing O(“‘;—gg) queries

to the oracle for each set, ensures that the following holds with high constant probability. For
every set T such that Inf;(T) < e, Inf;(T) < 3¢ and for every set T such that Inf(T) > 2e,

Inf #H(T) > %5. Hence, the algorithm 7 fulfills the requirements stated in Proposition 3.1.5 (for
r(e, k) = 2¢ and 7/ (k) = k), and it follows that:

o If fis %E-CIOSG to some k-junta then 7' accepts with probability at least 2/3.
e If f is e-far from every k-junta then 7' rejects with probability at least 2/3.

Since £ = 24k?, the query complexity of the algorithm is (Efk) cO(Hesty = o(+o(W)klogk /o W

e

3.2 A tradeoff between tolerance and query complexity

In this section, we show how to obtain a smooth tradeoff between the amount of tolerance and
the query complexity. Formally, we prove Theorem 1.3.1, restated below.

Theorem 1.3.1. There exists an algorithm that, given query access to a function f: {—1,1}" —
{—1,1} and parameters k > 1, e € (0,1) and p € (0,1), satisfies the following.

o If f is pe/16-close to some k-junta, then the algorithm accepts with high constant proba-
bility.

o If f is e-far from every k-junta, then the algorithm rejects with high constant probability.

klogk )

The query complexity of the algorithm is O <ap(1—p)k

As discussed in the introduction, this in particular implies the two following results. Setting
p = Q(1), we obtain a tolerant tester that distinguishes between functions O(e)-close to Jj
and functions e-far from 7, with query complexity 20(klogk) /€, an improvement over the naive
tester from section 3.1. On the other hand, choosing p = O(1/k) yields a weakly tolerant tester
that distinguishes functions O(g/k)-close to Jj, from those e-far from Jj, with query complexity
O(kQ /€) — thus matching the guarantees provided in [FKR*04].

The key idea behind our approach is the following. The exhaustive search algorithm, pre-
sented in Section 3.1 estimates the influence of the set of variables ¢z (J) for every set of indices
J C [{] such that |J| = £ — k by performing pairs of queries specifically designed for J. Namely,
it queries the value of the function on pairs of points in {—1,1}" that agree on the set J. If it
were possible to use the same queries for estimating the influence of ¢7(J) for different choices
of J, then we could reduce the query complexity. We show that this can be done if we consider
the p-biased subset influence of a set J C [¢], defined next.

Given a partition Z = {I1,...,I;}, a parameter p € (0,1), and a set J C [{], a random p-
biased subset S ~, J is a subset of J resulting from taking every index in J to S with probability
p. The expected influence of a random p-biased subset of J, referred to as the p-subset influence
of J, is Eg,s [Inf;(¢z(S))]. We prove that for every set J C [{], its p-subset influence is in

[5Inf(¢z(J)), Inf f(6z(]))].
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A crucial element in our proof is a combinatorial result due to Baranyai [Bar75] on factor-
ization of regular hypergraphs (see Section 2.5) . With this fact in hand, we then present an
algorithm that allows to simultaneously estimate the p-subset influence of all sets J C [¢] of size

¢ — k. The query complexity of the algorithm is O<‘5 f(llo_gpk)k )

3.2.1 Useful bounds on the expected influence of a random p-subset of a set

In this subsection we formally define the p-subset influence of a set and prove that for every set
J C [{], its p-subset influence is at least § - Inf;(¢z(J)) and at most Inf;(¢z(J)). Then in the
next subsection we provide an algorithm that simultaneously estimates the p-subset influence

of all subsets J of [¢] of size £ — k. The query complexity of the algorithm is O( k(llog/f) ) We

start with a few definitions and notations.

Definition 3.2.1. For any p € (0,1) and any set R, we denote by S ~, R the random p-biased
subset of R, resulting from including independently each ¢ € R in S with probability p. We
refer to such a set S as a random p-subset of R.

Definition 3.2.2. For a partition Z = {I;,...,I;} and a set J C [¢] we refer to the expected
value of the influence of a random p-biased subset of J, Eg., s[Inf;(¢z(S))], as the p-subset
influence of J (with respect to 7).

The next lemma describes the connection between the influence of a set J and its p-subset
influence.

Lemma 3.2.3. Let Z = {I1,..., I} be a partition of [n]. Then, for any J C [£] and p > 0,
gInff(qﬁz(J)) < B [Inf;(62(8))] < Inf(¢(])).
~p

Proof: The upper bound is immediate by monotonicity of the influence, as Inf¢(¢z(5)) <
Inf(¢z(J)) for all S C J (see Fact 2.2.2, item 1). As for the lower bound, let j = |J| and
observe that

B [Inf(¢z(S Z S A1 Y Infp(ér(S)). (3.1)

s=1 SCJ:|S|=s

We will lower bound the sum }_gc ;. g/ Inf¢(¢z(5)) for each s separately. In order to do so
we use Definition 2.5.1 regarding legal collection of s-covers for a set J, denoted by €.
We are interested in showing that there exists a legal collection of s-covers for J whose size
= |%| is “as big as possible”. This is established in Claim 2.5.2 and gives

m >

This claim is obtained from a result due to Baranyai [Bar75] on factorization of regular
hypergraphs: for completeness, we state this result, and describe how to derive the claim from
it, in Section 2.5.

@)

Observe that if s divides j then h Iy

21| ) P | R 1 | S o
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Therefore, by using the monotomicity of the influence (see Fact 2.2.2, item 1)

Z Inf ¢ (¢z(S Z Inf;(¢z(S Z ZInff ¢z(S

SCJ:|S|=s ( ) Ce%y SeC

> (6] Inff(62(7)) > ;(ﬂ )Infwa( )

Plugging the above into Equation (3.1), we obtain that
J . 1/j—1
tnf(62(7)) = 3070 o (3 (17} Jnfs(or()
s=1

— LInf, (61 z]: (8 ) 11— gy

s=1
= glnff(QSz(J))(p +(1-p) = glnff(cﬁz(J)),

which concludes the proof. |

3.2.2 Approximation of the p-subset influences

We now describe and analyze an algorithm that given a partition Z = {I3,..., I}, allows to
simultaneously get good estimates of the p-subset influences of all subset J € (e[f]k)' This
algorithm is the main building block of the tolerant junta tester of Theorem 1.3.1.

Algorithm 2 Simultaneously Approximate p-subset Influence (p,e,~, k, ¢, 7)

1 %, where C' > 1 is an absolute constant. > C > 2561n2 is sufficient.
2: for i =1 to m do
3 Let S; ~p [E]

4 Pick ' € {—1,1}" uniformly at random

5: Let 2z obtained by flipping independently each coordinate of azfﬁz(si) w.p 1/2
6

7

8

9

. Set m =

Set y' < mgz(si) L 2.
Set Js, < L2y - > dg, is 1if f(x?) # f(y), 0 otherwise.
: end for
: Let & be the multiset of subsets Sq,...,S,,.
10: for every J € (Z[f]k) do
11: Let 8; C 8 denote the subset of sets S€ S such that S C J .

12: Let v/ + ﬁ >~ Us be the estimate of the p-subset influence of J.
Se

@

13: end for

Lemma 3.2.4. Let T = {I1,...,I;} be a partition of [n]. For every e € (0,1) and p € (0,1),
Algorithm 2 satisfies that, with probability at least 1 — o(1), the following holds simultaneously

forallsetsJE(H)

1. If Es~,s[Inf((¢z(S))] > &, then the estimate V', is within a multiplicative factor of
(1 £7) of the p-subset influence of J.

2. If Es,s[Inf(¢2(S))] < &, then the estimate V', does not exceed (1 + )5
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Proof: Let m' % s(1=p)F-m= %1;12(;%)2. We first claim that for any fixed set J C [¢] of size
¢ — k, with probability at least 1 — o(¢£=2¥), |S ;| > m/. To see why this is true, fix some .J C [(]
of size £ — k. For every i € [m], let 14g,c s} be an indicator variable which is equal to 1 if and

only if S; C J. Then, for every i € [m], Pr[lg,c;y = 1] = (1 - p)¥. By a Chernoff bound,

__C-klogt

1 S 1 m
Pr % Z]]-{Slg‘]} < 5 : (1 - p)k S e—g(l—p)k A 8Ep'y2 < 2—4k10g€ ,
=1

for a suitable choice of C' > 1. Therefore, by a union bound over all (ka) = (f;) = oklogl gotg

J e (Z[f]k)’ it holds that with probability 1 — o(1), for every such J, |S;| > m’. We hereafter
condition on this.

We now turn to prove the two items of the lemma. Let X = {z!,... 2™} and Z =

{z',...,2™}. For aset S, B, ,i[Js] = Inf;(¢7(S)). Hence, by the definition of 2/ in Step 12
of the algorithm,

1 1
Py — _ ‘
E[VJ] - S,E,Z |SJ| Z 195 ]‘%" |SJ| Z E ,[ﬁsz]

Ses, sics, T
=Y Pr[S € S]-Inff(¢r(5)) = SEJ [Inf ;(67(S))] . (3.2)

SCJ

Consider a set J with Eg.,s[Inf(¢7(S))] > &. By Equation (3.2), E[v] > & . Therefore, by

a Chernoff bound, and since for every J, |S;| > m' = C;fy 1208%) 3

|SJ|’YQ‘ESNPJ [Inff(éz(s))]
- 3

Pr |

Vi~ B i (62(8))] > B [nfy(or(8)]| < 2

< 9o ML < 9-Aklogt
again for a suitable choice of the constant C' > 1. By taking a union bound over all subsets J €
( e[f}k)’ we get that, with probability at least 1—o(1), for every J such that Eg~, s [Inf(¢7(S))] >
£, it holds that v’) € (1+7) - Es~, s [Inf;(¢7(S))].

Now consider a set J C [¢] such that |J| > £ — k and Eg., ;[Inf;(¢z(S))] < %&. By a
Chernoff bound:
ﬁ
3

e e 2pe 4
Pr I/f} > (1 —{—’y)pz <e" 1Syl < e—%m < 9—4klogl

The claim follows by taking a union bound over all subsets J € ( z[f]k) for which Es, j[Inf;(¢7(S))] <

pe/4. Overall, the conclusions above hold with probability at least 1 — o(1), as stated. |

3.2.3 Tradeoff between tolerance and query complexity

We now describe how the algorithm from the previous section lets us easily derive the tolerant
tester of Theorem 1.3.1.
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Algorithm 3 p-Tolerant Junta Tester (e, p, k)

1: Create a random partition Z of ¢ = 24k? parts by uniformly and independently assigning
each coordinate to a part.
Run Algorithm 2 with the partition Z, ¢ = 24k? and v = 1/8.
if there is a set J C [{] of size £ — k such that v, < 93% then
return accept .
end if
return reject .

Proof of Theorem 1.3.1: Given Proposition 3.1.5 it is sufficient to consider a partition Z
of size ¢ = 24k? and show that Algorithm 3 distinguishes with probability at least 5/6 between
the following two cases.

1. f %—approximates being a k-part junta with respect to Z;
2. f S-violates being a k-part junta with respect to Z

Suppose first that f %‘E-approximates being a k-part junta with respect to Z. Then by Def-

inition 3.1.2, there exists a set J € (z[f]k) such that Infy(¢(J)) < 4. By Lemma 3.2.3,
Es~,; [Inf;(¢7(S))] < &, and by Lemma 3.2.4, we have that with probability at least 1 —o(1),
the estimate 1/ is at most (14 1/8)5f < %. Therefore, Algorithm 3 will return accept when
considering J.

Consider now the case where f 5-violates being a k-part junta with respect to Z. Hence, by
Definition 3.1.2, every set J € (E[f}k) is such that Inf;(¢(J)) > ¢, and by Lemma 3.2.3, we have

that Eg., s [Inf(¢z(S))] > §Inf;(4(J)) > & . Therefore, by Lemma 3.2.4, with probability at
least 1 —o(1), for every J € (z[f]k)

7 9pe
A >—- E [Inf S —_—
v = § B Inf (02(8))] >
Thus, with probability at least 1 — o(1), Algorithm 3 will reject f. |

3.3 Polynomial bi-criteria algorithm via submodular minimiza-
tion

In this section, we show how a mild relaxation of the tolerant testing model, allows dramatic
savings in the query complexity. We restate our main theorem proved in this section.

Theorem 1.3.2. There exists an algorithm that, given query access to a function f: {—1,1}" —
{—1,1} and parameters k > 1 and € € (0, 1), satisfies the following.

o If f ise/10-close to some k-junta, then the algorithm accepts with high constant probability.
o If f ise-far from every 2k-junta, then the algorithm rejects with high constant probability.
The query complexity of the algorithm is poly(k, %) )

In order to describe the algorithm referred to in Theorem 1.3.2, it will be useful to introduce
the following function. For a Boolean function f and a partition Z= {Iy, ..., I;}, welet h: ol —

[0, 1] be defined as h(J) © Inf #(¢z(J)). The starting point of our approach is the observation
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that the exhaustive search algorithm described previously can be seen as performing a brute-
force minimization of h, under a cardinality constraint. Indeed, it effectively goes over all sets
J C [¢] of size ¢ — k, estimates h(J), and accepts if there exists a set J for which the estimated
value is sufficiently small. With this view, it is natural to ask whether this minimization can be
performed more efficiently, by exploiting the fact that by the diminishing marginal property of
the influence, h is submodular (see Fact 2.2.2 item 2). That is, for every two sets J; C Jo and
variable i ¢ J, it holds that h(J; U {i}) — h(J1) > h(J2 U {i}) — h(J2). While it is possible to
find the minimum value of a submodular function in polynomial time given query access to the
function, if a cardinality constraint is introduced, then even finding an approximate minimum
is hard [SF11]. In light of the hardness of the problem, we design an algorithm for the following
bi-criteria relazation. Given oracle access to a non-negative submodular function h: 2l — R
and input parameters € € (0,1) and k € N, the algorithm distinguishes between the following
two cases:

e There exists a set J such that |J| > ¢ —k and h(J) < ¢;
e For every set J such that |J| > ¢ — 2k, h(J) > 2e.

Moreover, the algorithm can be adapted to the case where it is only granted access to an
approximate oracle for h (for a precise statement, see Theorem 3.3.3). This is critical in our
setting, since h(J) = Inf;(¢z(J)), and we can only estimate the influence of sets of variables.

3.3.1 Approximate submodular minimization under a cardinality constraint

In this section we show how a certain bi-criteria approximate version of submodular minimiza-
tion with a cardinality constraint can be reduced to approximate submodular minimization with
no cardinality constraint. This reduction holds even when given approzimate oracle access to
the submodular function, and is meaningful when the cardinality constraint is sufficiently large.
Precise details follow.

Definition 3.3.1 (Approximate oracle). Let h: 2/ — R be a function. An approzimate oracle
for h, denoted (’),jf, is a randomized algorithm that, for any input J C [¢] and parameters
7,0 € (0,1), returns a value h(J) such that |h(J) — h(J)| < 7 with probability at least 1 — 0.

Definition 3.3.2 (Approximate submodular minimization algorithm). Let h: 2l 5 R be a
non-negative submodular function and let O}f denote an approximate oracle for h. An ap-
prozimate submodular function minimization algorithm (ASFM) is an algorithm that, when
given access to O}jf and called with input parameters £ and 4, returns a value v such that
|v — minjcq{h(J)}| < & with probability at least 1 — 4.

In Lemma 3.3.10 in Section 3.3.2 we establish the existence of such an ASFM algorithm
whose running time is polynomial in ¢, logarithmic in the maximal value of the function and
linear in the running time of the approximate oracle. We next present an algorithm for approx-
imate submodular minimization under a cardinality constraint.

Algorithm 4  Approximate Submodular  Minimization under a  Cardinality
Constraint((’),jf, £,0,&, k)

1: Let A/(J) = h(J) — £ |J] so that for every 7/, ¢’ O5(J,7,8") = Oif (J,7,8") — 211

2: Let v be the returned value from invoking an ASFM algorithm with access to O,;—L, and

parameters £ and 9.
3: Accept if and only if v < (2 — %) e+ &
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Theorem 3.3.3. For a non-negative submodular function h, Algorithm 4 satisfies the following
conditions:

1. If there exists a set J C [{] such that |J| > € —k and h(J) < e, then the algorithm accepts
with probability at least 1 — 4.

2. If for every set J C [£] such that |J| > £ —2(1 + g)k, we have h(J) > 2e + 2€, then the
algorithm rejects with probability at least 1 — 9.

Moreover, the second item can be strengthened so that it holds for functions h that satisfy the
following: (i) for every set J C [{] such that |J| > ¢ —k, h(J) > 2¢ + 2§ and (ii) for every set
J C [0] such that |J| > € —2(1+ $)k, h(J) > e + 2€.

Proof: First of all, note that the function h’ defined in Step 1 is indeed submodular, as it is
the sum of the submodular function h and a modular function (scalar multiple of the cardinality
function). By Definition 3.3.2, with probability at least 1 — ¢ the value v defined in Step 2 of

the algorithm thus satisfies
— min{h/(J)}| < €. 3.3
lv ?%1[%{ (<€ (3.3)

We start with proving the first item in Theorem 3.3.3. If there exists a set J* C [¢] such that
|J*¥| > £ — k and h(J*) < e, then

. / - € _ 14
min (7)) < W) <= (0= b) = (2—k)-a,

and therefore, by Equation (3.3), with probability at least 1 — 4§,

v < min{h/(J)} +¢£ < <2— i) e+,

JC]

and the algorithm accepts.
We divide the analysis of the second item in the theorem into two cases depending on |J|.

e For sets J such that |J| > ¢ —2(1 + g)k,

h’(J)>2e+2g—%e: <2—£>5+2§,

where in the first inequality we used the fact that for all sets J, |J| < 4.

e For sets J such that |J| < ¢—2(1+ g)k, it holds that

H(J)>0—2-<€—2<1+§>k> - (2—£>-s+2§,

where in the first inequality we used the fact that for all sets J, h(J) > 0.

Hence,
) , l
ngl[ng]{h ()} > (2 " €+ 2¢,

and by Equation (3.3), with probability at least 1 — 4, it holds that

v > min{h/(J)} —€> (2— 5) e+,

JC[ k

and the algorithm rejects. |
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3.3.2 Approximate submodular function minimization

In this section we use results from [LSW15] to obtain an approximate submodular minimization
algorithm, as defined in Definition 3.3.2.! This is done in three steps: (1) We use the known fact
that the problem of finding the minimum of a submodular function g can be reduced to finding
the minimum of the Lovész extension for that function, denoted L£;. (2) We then extend the
results of [LSW15] (and specifically of Theorem 61) and provide a noisy separation oracle for £,
when only given approximate oracle access to the function g. (3) Finally, we apply Theorem 42
from [LSW15], which provides an algorithm that, when given access to a separation oracle for a
function, returns an approximation to that function’s minimum value. Note that in this section,
we analyze the time complexity of our algorithms for submodular function minimization; we
will later, in the following sections, switch back to query complexity when applying them to our
testing problem, using running time as an upper bound for query complexity.

We start with the following definition of the Lovéasz extension of a submodular function.

Definition 3.3.4 (Lovasz Extension). Given a submodular function g: 2/ — R, the Lovdsz
extension of g is a function L,: [0, 1] — R which is defined for all z € [0, 1]* by

Ly@) = B [l wizt})

where t ~ [0, 1] denotes that ¢ is drawn uniformly at random from [0, 1].

The following theorem is standard in combinatorial optimization (see e.g. [Bac13] and [GLS12,
Sch02]) and provides useful properties of the Lovasz extension.

Theorem 3.3.5. The Lovdsz extension Ly of a submodular function g: 2l 5 R satisfies the
following properties.

1. Ly is conver and mingcp 1e{Ly(2)} = mingcg{g(S)}-

2. If x1 > ... > x4 , then
y4

Ly(x) = (g([i)) = g([i — 1)) -

=1

By the first item of Theorem 3.3.5, in order to approximate the minimum value of a submod-
ular function g, it suffices to approximate the minimum of its Lovész extension. As discussed
at the start of the section, this is done by providing a separation oracle for L,.

Definition 3.3.6 (Separation Oracle). Let h be a convex function over R® and let 2 be a convex
set in RY. A separation oracle for h with respect to § is an algorithm that for an input z € Q
and parameters 7,y > 0 satisfies the follows. It either asserts that h(z) < minyeq{h(y)} +n or

it outputs a halfspace H o {z:a’z < a'z + ¢} such that
{yeQ: hly) <h(z)} CH,

where a € [0,1]¢, a # 0, and ¢ < 7||al|2.

'We remark that more efficient algorithms, such as the convex optimization algorithm (given noisy access)
of [BLNRI15] applied to the Lovasz extension, might also apply. Such algorithms would yield a better polynomial
for the query complexity of our problem; however, they typically require stronger requirements on the noise (e.g.,
subgaussian distribution for [BLNR15]), where our implementation is robust to adversarial noise. This explicit
robustness to noise is the reason why we rely on the results of [LSW15], which — to the best of our knowledge —
is the first algorithm to provide the robustness guarantees we need.

27



In Theorem 61 in [LSW15] it is shown how to define a separation oracle for a function g
when given exact query access to g; we adapt the proof to the case where one is only granted
access to an approximate oracle for g, and the resulting procedure has small failure probability.

Algorithm 5 Separation Oracle ((’);t, Z,1n,7,0)

1: Assume without loss of generality that 71 > Zo > ... > Zy (otherwise re-index the coordi-
nates).

2: Let 7 = min{n/4¢,~/2(}.

3: For each i € [f], let g([i]) be the returned value from invoking OF on the set [i] with
parameters é and %.

4: Define @ € R by a; o g([i]) — g([i — 1]) for each i € [¢].

5: Let Ly(7) & a’z.

6: if for every i € [/, |a;| < 7 then

7 return z (which satisfies “L4(Z) < minycp1e{Ly(y)} +77).

8: else

9 return the halfspace H = {z: a’z < L,(z) + 27¢||al|,} .

10: end if

Lemma 3.3.7. Let g: 21 — R be a convex function, and let ®,(-,-) denote the running time of
the approrimate oracle Ogi for g. For every x € [0,1], n,7,0 € (0,1), with probability at least
1 -6, Algorithm 5 satisfies the guarantees of a separation oracle for L, (with respect to |0, 1]%).
The algorithm makes £ queries to (9;E with parameters 72 /2 and § /¢, where T = min{n/4¢,~/2(},

and its running time is £ - (Qg(g, 5/0) + log E).
In order to prove the above lemma we will use the following theorem from [LSW15].

Theorem 3.3.8 ([LSW15, Theorem 61], restated). Let g: 210 — R be a submodular function.
For every z € [0,1]%,

l
(9([i]) — g([i = 1]))zi < Ly(x) -
=1

(2

Proof of Lemma 3.3.7: For every i € [{], let a; o g([i]) — g([¢ —1]), and note that by a union
bound over all i € [¢], we have that max;ey {|g([i]) — g([i])|} < 7%/2, with probability at least
1 — 0. We henceforth condition on this, and observe that this implies that, for any y € [0, 1]z ,

2
laTy —aly| < 2¢- % = (7. (3.4)
We next consider two cases. Assume first that there exists an index ¢ € [¢] such that |a;| > 7.

That is, assume that the condition in Step 6 of the algorithm does not hold. Then we prove
that for every y € [0, 1]° such that £,(y) < L,(%) it holds that y € H, where H is the halfspace
defined in Step 9 of the algorithm.
By Theorem 3.3.8, we have that Ele a; - y; < Ly(y) for every y € [0, 1]¢. Since Ly(y) <
Ly(z), we get that
a'y <aly+er2 < Ly(y) + 42 < Ly(z) + 072 (3.5)

By Theorem 3.3.5, together with the assumption that the coordinates of T are sorted,
l ¢ _
Lo@) = a; 3 <Y @i+ r° = Ly(T) + 077, (3.6)
i=1 i=1
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Combining Equation (3.5) and Equation (3.6), and since there exists an ¢ such that |a;| > 7,
a’y < L,(7) + 20 < L,(z) + 207l -

This implies that y is in H and that for ¢ = 27/||a||, and v < 27¢, H fulfills the requirements
stated in Definition 3.3.6.

Now consider the case that |a;| < 7 for all i € [{]. It follows that for any y € [0,1),
—07 < a'y < ¢r. In particular, we have that —¢7 < zg(f) < ¢7, which implies that for every
y € [0,1],

L,(z)—20r < —fr < a'y.

Therefore, for every y € [0, 1]¢ we get

L,(z)—30r < a'y—tr < aly < Ly(y),

where the second inequality follows from Equation (3.4), and the last inequality follows from The-
orem 3.3.8. Hence, if we let 2* = argmin,{Ly(x)}, we have that

L,(7) < Ly(x*)+30r .
By Equation (3.6) we have that £,(Z) < L£,(z) + ¢7%. Hence,
Ly(T) < Ly(x*) + 301 + 72 < Ly(x*) + M7,
and since by the setting of 7 in Step 2 of the algorithm, 7 < n/4¢, we get that = satisfies

Ly(r) < min {Ly(y)} +1-
yE[O,l]e
Therefore, with probability at least 1 — § the algorithm satisfies the conditions of a separation
oracle with parameters 1 and ~.

The algorithm performs ¢ queries to the approximate oracle for g with parameters 72/2 and
d/¢, where 7 = min{n/4¢,~/2¢}. Hence, the running time of the algorithm is E-q)g(g, %)—I—E log ¢,
as it also sorts the coordinates of Z (in order to re-index the coordinates). |

We can now use the separation oracle for £, and apply the following theorem to get an
approximate minimum of £, which is also an approximate minimum of g.

Theorem 3.3.9 ([LSW15, Theorem 42|, restated). Let h be a convex function on Rt and let

Q be a convex set with constant min-width? that contains a minimizer of h. Suppose we have

a separation oracle for h and that Q) is contained inside Boo(R) ey {z: ||z <R}, where

R > 0 is a constant. Then there is an algorithm, which for any 0 < o < 1 and n> 0 outputs
z € RY such that

be) -~ mig ()} < 1+ (maetht) - min{h) )

In expectation, the algorithm performs O (é -log (g)) calls to Algorithm 5, and has expected

running time of
O (z -S0(n,7) log (‘g) + 3 10g%M) <£>> ,
«@ «@

i) and SO(n,~y) denotes the running time of the separation oracle when invoked

03/2
with parameters n and .

where vy = © (

*For a compact set K C R, the min-width is defined as min,cpe, lalla=1 MaXz yek (@, —y). [LSWIS5,
Definition 41]. In particular, it is not hard to see that the set K = [0,1]° C Boo(1) has unit min-width.
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Lemma 3.3.10. Let g 2l 5 R be a submodular function. There exists an algorithm that,
when given access to (’) , and for input parameters £,0 € (0, 1), returns with probability at least
9/10 — 2§ a value v € R such that v < mingcg{g(S)} +¢.

The algorithm performs O (62 log (%)) calls to O;t with parameters

£ . and i
12805 M2 2 log(%) 4

where M ' max {2 maxsqg]{]g(S)\},ﬁ/Q} and C > 0 is an absolute constant. The running
time of the algorithm is

2 ) ‘M (M
2. % £ oo M 1 g3y 0m
O<£ g<128£5M2,C€210g£24 og ¢ + ¢° log ¢ )

where ®4 is the running time of (’);t.

Proof: We refer to the algorithm from Theorem 3.3.9 as the minimization algorithm and apply
it to L4, with Algorithm 5 as a separation oracle. Once the minimization algorithm returns a
point z € [0,1]¢, we return the value v = Ofg (z,£/4,9).

Let M' © 2maxgciq{|g(S)|}, and recall that Lo(z) = By [g({i: @; >t})]. Hence,
max, e 1)¢{Lg()} — mingep 1e{Ly(z)} < M'. Setting o = {/(2M) and n = §/4 ensures that
0 < o <1 and that

n+a~<max{£()} min {E()}>§n+aM/§3f/4. (3.7)
z€[0,1]¢ z€[0,1]¢

The minimization algorithm invokes the separation oracle Cy - £log(¢/a) = C - £1log(¢ M /€)
times in expectation, for some constant C;. We convert this to a worst-case bound as follows.
If at some point the number of calls to the separation oracle exceeds 20C - £log(¢M/§), then
we halt and return fail . Similarly, the algorithm runs in expected time

T%0,. (E -SO(n, ) log <i> + 3 10g"? <i>)

for some absolute constants Cs,(C3 > 0. If at some point the running time exceeds 207,
then we also halt and return fail. By Markov’s inequality, both events each happen with
probability at most 1/20, and therefore by a union bound our algorithm halts and outputs
fail with probability at most 1/10. Hence, every time the minimization algorithm calls the
separation oracle with parameters n and v we invoke Algorithm 5 with parameters 7,y and

_ ) . .
— W. Therefore, by Lemma 3.3.7, with probability at least 1 — 1/10 — ¢ all the

calls to Algorithm 5 satisfy the guarantee of a separation oracle for £, with parameters n and
7. By Theorem 3.3.9 and Equation (3.7), with probability at least 9/10 — § the minimization
algorithm returns a point x such that

Ly(x) — min {E()}<n+a-<max{£()}— min {E()}><3§,

y€(0,1]¢ €[o,1]¢ y€[0,1]¢
and with probability at least 9/10 — 20 the value v satisfies

v < min {£,(y)}+€.
y€[0,1]¢
as desired.
By the above settings and by Lemma 3.3.7 we get that 7 = 5 50/52 37 SO the running time of
each invocation of the separation oracle (recall that each such invocation involves ¢ calls to (’)i)
is
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Since the evaluation of v in the final step is negligible in the running time of the minimization
algorithm, we get that the overall time complexity is

£2 ) M, M oy (M
) WARK') , log — + ¢%log ¢ - log — + £31og®® — | |

< 9 (1281251\42 10C11og BT | ¢ 8508 S
which gives the stated bound, recalling that ¢2log ¢-log ETM = O(£%log? %) =03 log@™) ary
|

Lemma 3.3.11. There exists an algorithm that, when given query access to a function f: {—1,1}" —

{—=1,1} and a partition T = {I,...,1;} of [n] into £ parts, as well as input parameters
k € Nye, & € (0,1), satisfies the following. It has query complexity 0 (max (%2, %)), and

distinguishes with probability at least 5/6 between the following two cases:

1. There exists a set S C [{] such that |S| > ¢ —k and h(S) < e.
2. For every set S such that |S| > ¢ —2(1 + g)k, h(S) > 2e + 2¢,

where h: 219 — R is defined as h(S) dof Inf¢(¢z(9)).

Moreover, the second item can be strengthened so that it holds for functions f that satisfy the
following: (i) for every set S such that |S| > € —k, h(S) > 242§ and (ii) for every set S such
that |S| > € —2(1 + S)k, h(S) > & + 2¢.

Proof: We apply Lemma 3.3.10 to ': 2/ — R, defined as in Algorithm 4 by h/(S) def

h(S) — £1S|, with &, M Ao nax (2max(2, 5f),f/Q) = 4max(1, %), and § & %. In order to

do so, we need to simulate an approximate oracle for h’ (as defined in Definition 3.3.1). Since
h(S) = Inf¢(¢z(S)), in order to estimate A/(S) within an additive approximation of 7/ with
probability at least 1 — ¢', it is sufficient to estimate Inf¢(¢7(S)) € [0, 1] within an additive
approximation of 7/ with probability at least 1 — ¢’ (indeed, the additional term  [S| can be
computed exactly). By Chernoff bounds, this can be done with ®,(7,¢") = O(% log #7) queries
to f.

This yields an approximate oracle O;, and therefore (925 which can be provided to the
algorithm of Theorem 3.3.3 (resulting in a success probability at least 9/10 — 2§ = 5/6). The
resulting query complexity is

& 1 M 31.,0(1) M
o) WARK:: , log —+£2log £ + £310g®™M) =——
( h<€5M2 10C,P1og 2T | 7 8 S

which, given the above expression for ®5, can be bounded as follows.

o If e < %, so that M = 4, this simplifies as

12 V4
o Grieet¢).

o If e > %, which implies that M = 2%(, this becomes

61664 9 Y
oz ioe' )
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Observing that the function A is indeed a non-negative submodular function (and that A’ is also
submodular since it is the sum of a submodular function and a modular function) allows us to
conclude by Theorem 3.3.3. |
In particular, setting & = ¢/(4k) we get the following:

Lemma 3.3.12. There exists an algorithm that, given query access to a function f: {—1,1}" —
{—1,1}, a fized partition T of [n] into £ = O(k?) parts, and parameters k > 1 and ¢ € (0,1),
satisfies the following. The query complexity of the algorithm is O (k§ + k‘32> = poly(k,1/e),
and:

1. if f §5-approzimates being a k-part junta with respect to I, then the algorithm accepts with

probability at least 2;

2. if f ge—violates being a 2k-part junta with respect to I, then the algorithm rejects with
probability at least %.

Moreover, the second item can be strengthened to “simultaneously (1 + ﬁ) e-violates being a
k-part junta and (1 + i)%—violates being a 2k-part junta.”

Proof: By applying Lemma 3.3.11 with { = ¢/(4k), we get an algorithm that distinguishes
between (1) there exists a set S C [¢] such that |S| > ¢ — k and h(S) < &; and (2) either
(i) for every set S such that [S| > £ —k, h(S) > 2(1+ ;)¢ or (ii) for every set S such
that [S| > € — (2k + ), h(S) > (1 + ). Since |S] is always an integer, the condition
|S| > £ — (2k + 3) is equivalent to |S| > ¢ — 2k in (2)(ii). This implies the guarantees of the
lemma, by the correspondence with partition juntas (Definition 3.1.2) and using for simplicity
that 1+ ﬁ < % as k > 1. (The claimed query complexity is immediate from Lemma 3.3.11.)
[ |

Proof of Theorem 1.3.2: The proof follows immediately from Lemma 3.3.12, together

with Proposition 3.1.5. With probability at least 5/6, a random partition of the variables into

0% 19242 parts will have the right guarantees, reducing the problem to distinguishing between
S-approximating being a k-part junta vs. gs—violating being a 2k-part junta (with regard to this

random partition). Overall, by a union bound, the result is therefore correct with probability
at least 2/3. [ ]
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Chapter 4

Hardness Results for Tolerant Junta
Testing

In this chapter we consider the question of whether the tolerance requirement of a junta testing
algorithm affects the query complexity. Prior to our work, it was reasonable to believe that
the additional tolerance requirement does not result in a significant increase in the algorithm’s
query complexity. We show that it is not the case for non-adaptive algorithms. We restate the
main result proved in this chapter.

Theorem 1.3.3. For any o < 1, there exist constants 0 < g9 < €1 < 1 such that for any

k = k(n) < an, any non-adaptive algorithm that distinguish between functions f : {—1,1}" —
{—1,1} that are gg-close to k-junta and functions e1-far from any k-junta must make Q(k?/polylog k)
queries.

Our lower bound combined with the fact that (standard) k-junta testing requires ©(k3/2)
(see [Bla08, CST*17]) provides a polynomial separation in the query complexity of non-adaptive
tolerant testing and non-adaptive (standard) junta testing.

In order to prove our lower bound we will describe a new model of graph property testing,
which we call the rejection sampling model. For n € N and a subset P of graphs on the vertex
set [n], we say a graph G on vertex set [n] has property P if G € P and say G is e-far from
having property P if all graphs H € P differ on at least en? edges'. The problem of e-testing
P with rejection sampling queries is the following task:

Given some £ > 0 and access to an unknown graph G = ([n], E), output “accept”
with probability at least % if G has property P, and output “reject” with probability
at least % if G is e-far from having property P. The access to G is given by the
following oracle queries: given a query set L C [n], the oracle samples an edge
(4,7) ~ E uniformly at random and returns {z,7} N L.

We measure the complexity of algorithms with rejection sampling queries by considering the
sizes of the queries. The complexity of an algorithm making queries L1, ..., Ly C [n]is S¢_, |Li.

The rejection sampling model allows us to study testers which rely on random sampling of
edges, while providing the flexibility of making lower-cost queries. This type of query access
strikes a delicate balance between simplicity and generality: queries are constrained enough for
us to show high lower bounds, and at the same time, the flexibility of making queries allows us
to reduce the rejection sampling model to Boolean function testing problems. Specifically, we
reduce to tolerant junta testing (and tolerant unateness testing; see Chapter 6.2).

!The distance definition can be modified accordingly when one considers bounded degree or sparse graphs.
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Our main result in the rejection sampling model is regarding non-adaptive algorithms. These
algorithms need to fix their queries in advance and are not allowed to depend on answers to
previous queries (in the latter case we say that the algorithm is adaptive). We show a lower
bound on the complexity of testing whether an unknown graph G is bipartite using non-adaptive
queries.

Theorem 4.0.1. There exists a constant € > 0 such that any non-adaptive e-tester for bipar-
titeness in the rejection sampling model has cost Q(n?).

More specifically, Theorem 4.0.1 follows from applying Yao’s principle to the following
lemma.

Lemma 4.0.2. Let Gy be the uniform distribution over the union of two disjoint cliques of size
n/2, and let Gy be the uniform distribution over complete bipartite graphs with each part of size
n/2. Any deterministic non-adaptive algorithm that can distinguish between Gy and Ga with
constant probability using rejection sampling queries must have complexity Q(n?).

In the next section we formally define the model and the distributions over graphs which
will be used throughout this chapter (and Chapter 6.2).

4.1 The Rejection Sampling Model

We describe a new model of graph property testing, which we call the rejection sampling model.
The rejection sampling model allows us to study testers which rely on random sampling of
edges, while providing the flexibility of making lower-cost queries. This type of query access
strikes a delicate balance between simplicity and generality: queries are constrained enough for
us to show high lower bounds, and at the same time, the flexibility of making queries allows us
to reduce the rejection sampling model to Boolean function testing problems. Specifically, we
reduce to tolerant junta testing and tolerant unateness testing (see Chapter 6.2).

Definition 4.1.1. Consider two distributions, G; and Gy supported on graphs with vertex set
[n]. The problem of distinguishing G; and G with a rejection sampling oracle aims to distinguish
between the following two cases with a specific kind of query:

e Cases: We have an unknown graph G ~ G; or G ~ Gs.

e Rejection Sampling Oracle: Each query is a subset L C [n]; an oracle samples an edge
(41,72) from G uniformly at random, and the oracle returns v = {j,75} N L. The
complexity of a query L is given by |L|.

We say a non-adaptive algorithm Alg for this problem is a sequence of query sets L1, ..., L, C
[n], as well as a function Alg: ([n]U ([n] x [n]) U{0})? — {“G1”, “G2”}. The algorithm sends
each query to the oracle, and for each query L;, the oracle responds v; € [n]U ([n] x [n]) U {0},
which is either a single element of [n], an edge in G, or (). The algorithm succeeds if:

1

Pr [Alg(vy,...,vy) outputs “G,”] — Pr [Alg(vy,...,vq) outputs “G;”] > -.

G~G, G~Ga, 3
V1,.,0g V1,0

The complexity of Alg is measured by the sum of the complexity of the queries, so we let
cost(Alg) = S0, ||
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Definition 4.1.2 (The distributions G; and Gs). Let G; and Gy be two distributions supported
on graphs with vertex set [n] defined as follows. Let A C [n] be a uniform random subset of
size 7.

2

G = {KA U K4 : A C [n] random subset size g}
Go = {K AA ¢ A C[n] random subset size g} )

where for a subset A, K4 is the complete graph on vertices in A and K , 7 is the complete
bipartite graph whose sides are A and A.

4.2 Reducing Tolerant Junta Testing From Rejection Sampling

In this section, we will prove that distinguishing the two distributions G; and G» using a rejection
sampling oracle reduces to distinguishing two distributions Dys and Dy, over Boolean functions,
where Dy is supported on functions that are close to k-juntas and Dy, is supported on functions
that are far from any k-junta with high probability.

4.2.1 High Level Overview

We start by providing some intuition. We define two distributions supported on Boolean func-
tions, Dyes and Dy, so that functions in Dyes are go-close to being k-juntas and functions in Dy,
are e1-far from being k-juntas (where ¢ and e; are appropriately defined constants and k = %T”)
We note that the proof for general k follows by a simple padding argument (see Lemma A.2.3).

As mentioned in the introduction, our distributions are based on the indexing function
used in [CSTT17]. We draw a uniform random subset M C [n] of size n/2 and our function
T = I'n: {0,1}" — [2/2] projects the points onto the variables in M. Thus, it remains to
define the sequence of functions H = (h;: {0,1}" — {0,1} : i € [27/?)).

We will sample a graph G ~ G (in the case of Dy,s), and a graph G ~ Gy (in the case of
Dyo) supported on vertices in M. Each function h;: {0,1}" — {0, 1} is given by first sampling
an edge (j;,J2) ~ G and letting h; be a parity (or a negated parity) of the variables x; and
xj,. Thus, a function f from Dyes or Dy, will have all variables being relevant, however, we
will see that functions in Dyes have a group of % variables which can be eliminated efficiently?.

We think of the sub-functions h; defined with respect to edges from G as implementing a
sort of gadget: the gadget defined with respect to an edge (j1,j2) will have the property that if f
eliminates the variable j1, it will be “encouraged” to eliminate variable jo as well. In fact, each
time an edge (j;,J2) ~ G is used to define a sub-function h;, any k-junta g: {0,1}" — {0,1}
where variable j; or j, is irrelevant will have to change half of the corresponding part indexed
by I'. Intuitively, a function f ~ Dyes or Dy, (which originally depends on all n variables)
wants to eliminate its dependence of n — k variables in order to become a k-junta. When f
picks a variable j € M to eliminate (since variables in M are too expensive), it must change
points in parts where the edge sampled is incident on j. The key observation is that when f
needs to eliminate multiple variables, if f picks the variables j; and js to eliminate, whenever
a part samples the edge (j1,j2), the function changes the points in one part and eliminates two
variables. Thus, f eliminates two variables by changing the same number of points when there
are edges between j; and jo.

At a high level, the gadgets encourage the function f to remove the dependence of variables
within a group of edges, i.e., the closest k-junta will correspond to a function g which eliminates

%We say that a variable is eliminated if we change the function to remove the dependence of the variable.
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groups of variables with edges within each other and few outgoing edges. More specifically, if
we wants to eliminate 7 variables from f, we must find a bisection of the graph G whose cut
value is small; in the case of Gy, one of the cliques will have cut value 0, whereas any bisection
of a graph from Gy will have a high cut value, which makes functions in Dy closer to %T”—juntas
than functions in Dy,.

The reduction from rejection sampling is straight-foward. We consider all queries which are
indexed to the same part, and if two queries indexed to the same part differ on a variable j,
then we the algorithm “explores” direction j. Each part i € [27/2] where some query falls in
has a corresponding rejection sampling query L;, which queries the variables explored by the

Boolean function testing algorithm.

4.2.2 The Distributions Dyes and Dy,

The goal of this subsection is to define the two distributions Dyes and Dy, supported over
Boolean functions with n variables. Functions f € Dy will be close to being a k-junta (for
k= %) with high probability, and functions f ~ Dy, will be far from any k-junta with high
probability.

Distribution Dyes A function f from Dye is generated from a tuple of three random variables,
(M, A,H), and we set f = fm,a,m. The tuple is drawn according to the following randomized
procedure:

n

1. Sample a uniformly random subset M C [n] of size m dof 5. Let N = 2™ and I'y :

{0,1}™ — [N] be the function that maps = € {0,1}" to a number encoded by z|n € [N].

2. Sample Ai C M of size 7 uniformly at random, and consider the graph G defined on
vertices [M] with G = K U K5, i.e., G is a uniformly random graph drawn according

to Gy.

3. Define a sequence of N functions H = {h;: {0,1}" — {0,1} : ¢ € [N]} drawn from a
distribution £(G). For each i € {1,...,N/2}, we let hi(z) = @ pcpp To-

For each i € {N/2+1,..., N}, we will generate h; independently by sampling an edge
(1,J2) ~ G uniformly at random, as well as a uniform random bit r ~ {0,1}. We let

hi(x) =xj, ®xj, ®r.
4. Using M, A and H, define fpm a1 = hry,(2)(2) for each z € {0,1}".

Distribution Dy, A function f drawn from D, is also generated by first drawing the tuple
(M, A,H) and setting f = fma,m. Both M and A are drawn using the same procedure;
the only difference is that the graph G = K, g, i.e., G is a uniformly random graph drawn
according to Ga. Then H ~ £(G) is sampled from the modified graph G.

We let
def 310 def 1 def 3

k p— —_— —_— .
073 16

4
Consider a fixed subset M C [n] which satisfies [M| = §, and a fixed subset A C M which

satisfies |A| = 2. Let G be a graph defined over vertices in M, and for any subsets Sy, Sy C M,
let

Eq(S51,52) = {(J1,72) € G : j1 € S1,72 € Sa2}],
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be the number of edges between sets S7 and S;. Additionally, we let

Ec(S,S) + Eq(S,S)
Eg(M, M)

X(G):min{ :SCM,|S’]ZZ} (4.1)
be the minimum fraction of edges adjacent to a set S of size at least . The following lemma
relates the distance of a function f = fy; a4 m where H ~ £(G) to being a k-junta to x(G). We
then apply this lemma to the graph in Dyes and Dy, to show that functions in Dyes are go-close
to being k-juntas, and functions in Dy, are e1-far from being k-juntas.

Lemma 4.2.1. Let G be any graph defined over vertices in A. If f = fay am, where H ~ £(G),
then for k = 3n/4

% ‘x(G) —o(1) < dist(f, k-Junta) <

with probability at least 1 — o(1).

-X(G) +o(1)

| =

Proof: We first show that dist(f, k-Junta) < I - x(G) + o(1). Let S C M with S| > 2 be
the subset achieving the minimum in (4.1), and consider the indicator random variables X; for
i€ {N/2+1,...,N} defined as:

Y

1 hi(x) =z, ®zj, ®rwithjyeSorjpes
X; = )
0 otherwise

and note that the variables X; are independent and equal 1 with probability x(G). Consider
the function g: {0,1}" — {0, 1} is defined as:

_J hry@(@) Xpy@ =0
g(z) = { 0 otherwise

Note that the function g is a k-junta, since g only depends on variables in [n] \ S, and |S| > 7.
In addition, we have that:

1 &L g 1 al
dist(f, k-Junta) < dist(f,g) = on Z 5 X, = > om Z X,
i=N/241 Y i=N/241

and by a Chernoff bound, we obtain the desired upper bound.

For the lower bound, let T' C [n] of size §. We divide the proof into two cases: 1) MNT # 0,
and 2) M NT = (.

We handle the first case first, and let j € M NT.

e Suppose j is the highest order bit of M, so that T'y; (209 € {1,..., N/2} and T'5; (20 =1)
{N/2+1,...,N}. For y € {0,1}*\U} and a € {0,1}, let X, 0 = {z € {0,1}" : zpp (53 =
y, x5 =a}, Xy = X, 0UXy 1. For every x € X,

sy ={ B, 020

zj, ®xj, ®r z;=1

for some j;,75 € M and » € {0,1}. Thus, for at least half of all points in z € X,
f(x) # f(z\9)). Therefore, for any function g: {0,1}" — {0, 1} which does not depend on
4, for each = € X, o where f(x) # f(z\), either f(z) # g(x), or f(z\9)) # g(x()), thus,

: 1 1
dist(f, g) = on > 3" | Xyl =
ye{0,1}M\

1
1
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Dyes

A A A A

Figure 4.1: Example of graphs G from Dyes and Dy,. On the left, the graph G is the union
of two cliques of size %, corresponding to Dyes. We note that x(G) = %, since if we let S = A
(pictured as the blue set), we see that S contains half of the edges. On the right, the graph G is
the complete bipartite graph with side sizes %, corresponding to Dy,. We note that x(G) = 431:
consider any set S C M of size at least § pictured in the blue region, and let o = [S N A| and

B =[S N4l where a+ 8 > 2, so B(S,S) + E(S,5) > (3)2 —af > ()2(1 - 1).

e Suppose j is not the highest order bit of M. Then, if T'y/(z) € {1,...,N/2}, then
T(z9)) € {1,...,N/2}. We note that for each y € {0,1}M\U} and = € X, with
Tap(z) € {1,...,27 1), f(z) # f(z@). Thus again, for any g: {0,1}" — {0,1} which
does not depend on j, dist(f,g) > zlu since half of all points z € {0,1}" satisfy I'p/(z) €
{1,...,N/2}.

Therefore, we may assume that 7 C M. Again, consider the indicator random variables X
fori e {N/2+1,...,N} given by

0 otherwise ’

X, = { 1 if hi(x) =o;, ®aj, @rwithjy €T or joeT
and by the definition of x(G), we have that X; = 1 with probability at least x(G). Suppose
z € {0,1}" with I'yy(x) = 7 and X; = 1 with hi(z) = z;, ® xj, & r with j; € T, then
f(z) # f(z)), which means that any function g: {0,1}" — {0, 1} which does not depend on
variables in T, either g(z) # f(z) or g(xU1)) # f(2UV), thus, for all such functions g,

1 al 1 1
dlSt(ﬁg)Zm. Z XiZz‘X(G)_E
i=N/2+1

with probability 1 — exp (—Q(%)) by a Chernoff bound. Thus, we union bound over at most
2"/2 possible subsets T' C M with |T'| > 2 to conclude that dist(f, k-Junta) > § - x(G) — 2 with
probability 1 — o(1). |

Corollary 4.2.2. We have that f ~ Dyes has dist(f, k-Junta) < g9 + o(1) with probability
1 —o0(1), and that f ~ Dy, has dist(f, k-Junta) > €1 — o(1) with probability 1 — o(1).

Proof: For the upper bound in Dyes, when G = K4 U K+, we have x(G) < % For the lower
bound in Dy, when G = K, 3, x(G) = 3 (see Figure 4.2.2). |
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4.2.3 Reducing from Rejection Sampling

In this subsection, we will prove that distinguishing the two distributions G; and G, using
rejection sampling oracle reduces to distinguishing the two distributions Dyes and Di,.

Lemma 4.2.3. Suppose there exists a deterministic non-adaptive algorithm Alg making q¢ =
o(nY) queries to Boolean functions f: {0,1}?>" — {0,1}. Then, there exists a deterministic
non-adaptive algorithm Alg’ making rejection sampling queries to an n-vertex graph such that:

Pr [Alg(f) “accepts”] = Pr [Alg'(G) outputs “G17], and
f’\‘ yes GNgl

Pr [Al “ ts”l = Pr [Alg'(G tputs “Gy7).
Pr (Alg(f) “accepts’) = Pr [AI8(G) outputs G1

and has cost(Alg’) = O(qlogn) with probability 1 — o(1) over the randomness in Alg'.

Proof: Consider an algorithm Alg making q queries to a Boolean function f = fpam: {0,1}2" —
{0,1} (sampled from either Dyes or Dy,). First, note that M and A is distributed in the same
way in Dyes and Dy,. Therefore, a rejection sampling algorithm may generate M and A and
utilize its randomness from the rejection sampling oracle to simulate H.

Specifically, given the queries z1,...,2, € {0, 1}27 of Alg, we will partition them into sets
Q1,...,Qq, such that for all 2,2’ € Q;, we have that z|pg = 2'|m. Given the above partition,
we define our queries to the rejection sampling oracle Ly, ..., L; C M such that for every i € [t]
we let

LY {jeM: 32,7 €Q(2); # ()} -

Since [M| = n, we may associate each element of M with an integer in [n] and view the graphs
in G; and Gy as having vertex set M. In short, we let L; is the set of indices with two queries
in Q; disagreeing in that index. Next, we claim that the cost of Alg’ is at most O(qlogn) with
probability 1 — o(1).

Consider the bad event which occurs if there exist two queries z,z’ € {0,1}?" such that
zlm = 2/|m and ||z —2'||1 > 1001og(2n). Note that for any two queries z, 2’ such that ||z—2'||; >
1001log(2n), the probability that z|n = 2’|n over the choice of M is at most 2~ 100108(2n) « q%,
and thus we may use a union bound over all pairs of queries to get that the bad event occurs
with probability o(1). Therefore, we get that for any i € [t] and two queries z, 2’ € Q; we have
that ||z — 2’|[|1 < 100log(2n) with probability 1 — o(1), which implies that the cost of Alg’ is
O(qlogn) with probability 1 — o(1).

Now, given the responses to the queries Li,...,L; C [M], as well as the values of M, A,
we will be able to simulate all the randomness in the construction of the two distributions Dy
and D,,. More formally, Alg’ works in the following way.

1. Alg’ makes set queries Ly, ..., L;.

2. Once Alg’ receives the responses vi,...,v; € M U (M X M) U {0} from the oracle,

it will generate a Boolean string (r1,...,74) € {0,1}¢ which is distributed exactly as
(fM,A,H(Zl)y--~;fM,A,H(Zq))7 where fM,A,H ~ Dyes if G ~ g1 and fM,A,H ~ Dno if
G ~ Ga.

3. Then if Alg(rq,...,7,) outputs “accept”, then Alg’ should output “G”, if Alg(rq,...,7,)
outputs “reject”, then Alg’ should output “Gs”.

Next, we will describe how to generate (r1,...,r,) € {0,1}9. We start with setting some
notations. For i € [t], we denote Q; = {z},..., z‘ZQi|} and 7i,. .. ,TTQ”.
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We aim to show that the random variables (fy,a H( 1) € [|Qil],i € [t]) when faram ~
Dyes is distributed exactly the same as (7} : £ € [|Q]],4 € [{]) when G ~ G; and vy,...,v; are
sampled by the oracle (the complement case where fay A m ~ DPno and G ~ Gy is similar).

We will proceed in ¢ stages, each in stage i € [t], we will set the values of 7}, ... ,TTQ” which
will correspond to fn A m(2}),. .- ,fMVA’H(z‘ZQ”).

If Q; contains strings z such that I'nvi(2) € {1,...,2"71} then we let 74, ... ,T’TQZ_‘ be given
by 7l = @geM(Ze) for £ € [|Q;|]. Otherwise I'nv(2) € {2771 +1,...,2"}, the algorithm will
use the response v; to generate the values ri, cee TTQ¢|: Alg’ samples a random bit ¢ ~ {0,1}
uniformly and generates r{,... ’TTQJ according to three cases, corresponding to the three cases
v; can be in:

o Ifv; =0, thenri:...:rliQi‘ — i
o 1w, = j} € ML for cach £ € [Qull v = if (2); = 0. and r = 1 — ' if (5]); = 1.

o If v; = {j1,J2} C M, for each £ € [|Q;]], v = vt if (2{);, @ (2})j, =0, and v} = 1 — ¢ if
(Zé)h ® (z@h =1

We conclude with the following claim which is immediate from the definition of Dyes, Do,
G1 and Go, and the corresponding proof simply unravels the definitions of these distributions.

Claim 4.2.4. If G ~ Gy, then (r1,...,7q) is distributed exactly as (fmam(21),- -, fmaH(Zg))
when fa, A H ~ Dyes, and if G ~ Go, then (1,...,1q) is distributed exactly as (fm,am(21), -, fmaH(Zg))
when fM,A,H ~ Dno'

Proof: We give the formal proof for Dyes and Gi, as the case with Dy, and Gp is the same
argument. Recall from the definition of Dyes, that M and A are uniform random sets of size
n and § respectively. Conditioned on M and A, each sub-function h; is picked independently.
Thus, we have

Pr  [Vie[t],Y0 e [|Qil], v am(z) = yi]

fM,A,HNDyes

:<2:>1(n72)1 > Zf[g;[weUQALhZ-(zz):yzz|M=M,A:A]-

McC[2n] AcM =1

We now turn to the graph problem. Recall from the definition of G ~ Gy, that conditioned on M
and A, the responses of the oracle, v1,...,v; are independent, and r!,...,r! are independent.

Thus, we may write:

. . on\ 1 -1 t , :
e pessea-a- () () TRl a0

7’17...,"' =1
Therefore, it suffices to show that for any M C [2n] of size n, A C M of size % and any i € [t],
the random variable (h;(z ) 0 € [|Qi]]) with h; from Dyes with sets M and A is distributed as
(re,... Tlo; |) with oracle response v; and bit r
Let (31,32) be a uniform random edge from KA U K+, and we let h;: {0,1}?" — {0,1} be
given by:
ha(z) = { xj, D xj, W%th probab}l}ty
—xj, @i, with probability

DO =D =
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Assume that v; = L;N{j,Jo} = 0. Then h;(2}) =--- = hi(Z\ZQz‘I) is given by a uniform random
bit. Similarly, given these values of v; =0, ri = ... = erA is also given by a uniform random
bit.

Now, assume that L; N {j,72} = {4}. Then, for any two queries z,z’ € @Q; such that
(2); # (2'); we must have that h;(z) # hi(z’), but after this condition is set, the value of any
particular h;(z) is a uniform random bit. Likewise, these constraints are set by the procedure
generating rli, . ’TTQH’ and each ré is a uniform random bit.

Finally, assume that L; N {j;,72} = {j1,72}- Then, for any two queries z, 2’ € @Q; such that
(2), ® ()5, # (¢');, ® (¢);, we have that h;(z) # h;(z'), and each value of h;(z) is a uniform
random bit. Finally, these constraints are also set forth in the definition of rzi, . ,erd. |

Therefore, we conclude with the following corollary.

Corollary 4.2.5. Suppose Alg is a deterministic non-adaptive algorithm which distinguishes
Dyes and Dy, supported on Boolean functions of 2n variables with query complexity q, then there
exists a non-adaptive algorithm Alg’ for distinguishing between Gi and Ga supported on graphs
with n vertices such that with probability 1 — o(1) over the randomness of Alg' it holds that
cost(Alg’) = O(qlogn).

Proof: We have:

Pr [Alg'(G) outputs “G1”] — Pr [Alg/(G) outputs “G,”
Pr [Al/(G) outputs “Gi”] — Pr [Alg/(G) outputs “G,”

= Pr  [Alg(f) “accepts”| —  Pr  [Alg(f) “accepts”] >

Sfm, A, H~Dyes fm, A, H~Dho

—o(1).

Wl =

We also have that with probability at least 1 —o(1), for each i € [t], if Q; = {2%,... ’ZIiQiI}’ then

ILi] < 21901121 — 221 < Qil - 1001og(2n). Therefore, cost(Alg') = 3¢, |L;| = O(qlogn) with

probability at least 1 — o(1). [ |

4.3 A lower bound for distinguishing G; and G, with rejection
samples
In this section, we derive a lower bound for distinguishing G; and Go with rejection samples.

n2
log® n’

Lemma 4.3.1. Any deterministic non-adaptive algorithm Alg with cost(Alg) < has:

Pr [Alg outputs “G1”] < (1+0(1)) P

r [Alg outputs “G1”] + o(1).
or GN%[ g outputs “G1 "] + o(1)

TL2
logfn*
queries Ly, ..., Ly C [n] and the oracle returns vy, . .., vy, some of which are edges, some are lone
vertices, and some are (). Let G, C G be the graph observed by the algorithm by considering

all edges in v1,...,v;. We let |G,| be the number of edges.

We assume Alg is a deterministic non-adaptive algorithm with cost(Alg) < Alg makes

Before going on to prove the lower bound, we use the following simplification. First, we
assume that any algorithm Alg has all its queries Ly, ..., L; satisfying that either |L;| < -2

logn?

or L; = [n]. Thus, it suffices to show for this restricted class of algorithms, the cost must be at
least 1"; .
og’n
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4.3.1 High Level Overview

In this subsection, we will give a high level overview of the proof of Lemma 4.3.1.

The idea is that we will argue outcome-by-outcome; i.e., we consider the possible ways the
algorithm can act, which depends on the responses to the queries the algorithm gets. Consider
some responses vy, ..., v € [n]U([n] x [n]) U{0}, where each v; may be either a lone vertex, an
edge, or (). Suppose that upon observing this outcome, the algorithm outputs “G;”. There will
be two cases:

e The first case is when the probability of observing this outcome from Go is not too much
lower than the probability of observing this outcome from G;. In these outcomes, we will
not get too much advantage in distinguishing G; and Go.

e The other case is when the probability of observing this outcome from Gs is substantially
lower than the probability of observing this outcome from G;. These cases do help us
distinguish between G; and Gs; thus, we will want to show that collectively, the probability
that we observe these outcomes from G is o(1).

We will be able to characterize the outcomes which fall into the first case and the second
case by considering a sequence of events. In particular we define five events which depend on

v1,...,0, as well as the random choice of A. Consider the outcome v, ...,v; which together
form components C1, ..., C,. The events are the following?:
1. &r (Observe small trees): this is the event where the values of v, ..., v; form components
Ci,...,C4 which are all trees of size at most logn.
2. &p (Observe few non-empty responses): this is the event where the values of vy,..., v

have at most bg%n non-{) responses. This event implies that the total number of vertices

in the responses v1,...,v; is at most bg%n

3. €Cyes and E¢ yo (Consistency condition of the components observed): these are the events
where A C [n] partitions the components C1,...,C, in a manner consistent with G; in
EcCyes OF Go in Ecpo. See Definition 4.3.5 for a formal definition of this event. These
events are random variables that depend only on A. It will become clear that in order
to observe the outcome v1,...,v; in G1, event € yes must be triggered, and in Go, event
€ no must be triggered. See Figure 4.2 for an illustration.

4. €o (Observe specific responses) : this event is over the randomness in A, as well as the
randomness in the responses of the oracle vy,...,v;. The event is triggered when the
responses of the oracle are exactly those dictated by v1,...,v; i.e., for all i € [t], v; = v;.

5. €p (Balanced lone vertices condition) : this event is over the randomness in A, as well
as the responses vy,...,v;. The event occurs when a particular quantity which depends
on A and vq,...,v; is bounded by some predetermined value. See Definition 4.3.15 for a
formal definition.

Having defined these events, the lower bound follows by the following three lemmas. The
first lemma says that for any outcomes satisfying &r and £, the probability over A of being
consistent in G; cannot be much higher than in G. The second lemma says that the outcomes
satisfying the events described above do not help in distinguishing G; and Gs. The third lemma
says that good outcomes occur with high probability over Gj.

3We note that the first two event are not random and depends on the values v1,...,v;, and the rest are
random variables depending on the partition A and the oracle responses v1,...,v;.
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Figure 4.2: A consistently partition of the components C1, Cs, C3 and Cy according to Gy (on
the left) and Ga (on the right).

Lemma 4.3.2 (Consistency Lemma). Consider a fized vy, ..., v € [n]U([n] x [n])U{0} forming
components Cq,...,C, where events Er and Ep are satisfied. Then, we have:

< .
G]:Ig‘l [Ecyyes] < (1+0(1)) GEIQ'Q (€l
V1,...,Ut V1,...,Ut
Lemma 4.3.3 (Good Outcomes Lemma). Consider a fized vy,...,v: € [n] U ([n] x [n]) U {0}
forming components C1,...,C, where events Ep and Ep are satisfied. Then, we have:
Pr [EoNER| Ecyes] < (1+0(1)) GPI_C'; €0 | Ecno)-
~Y2

G~G1
V1,..-,U¢ V1;...,U¢

Lemma 4.3.4 (Bad Outcomes Lemma). We have that:

Pr €7V -ErV-Ep|l=o0(1).
Fr [—ET F B] = o(1)
V1,..n,Vt

Assuming the above three lemmas, we may prove Lemma 4.3.1.
Proof: Let A be the set of outcomes of the algorithm which output “G;.” Each outcome is a
collection of responses v1,...,v:;. We let

Ag ={¢ € A : responses vy,...,v; satisfy Ep A Ep},

and £p be the event that responses v1,...,v; result in outcome £. We have:

Pr [Al tputs “G17| < Pr [/is ob d by Alg | € | Pr [E S Pr [—E7V €&
GNIC‘H [ g outputs gl ] > Z GNIC‘Il [ 1s observe Y g’ C,yeb] GNIC‘H [ C,yeb] + Gwlg‘l [ T F]

V1,een, Ut leAg vy,... 0t V1,een, Ut V1,...,V¢
< Pr [Eo/NEB|E Pr [E Pr [-&pV-EpV-E
< Z ngl (€06 NEB | Ecyes] GNIg‘l[ C.yes] + GNIg‘l[ T F 5]
leAg vy,... ;0 V1.,V V1,e..,Vt
<(1+0(1) Y Pr [EorlEcmo] Pr [Ecmo]+o(1)
G~Go G~Ga
lehg vy,... 0t V1,0,V
< (1+o0(1)) GPrg' [Alg outputs “G1”] + o(1),
~Ga
vV1,...,U¢t

where we used Lemma 4.3.2, Lemma 4.3.3, and Lemma 4.3.4 from the second to third line. W
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4.3.1.1 Proof of the Consistency Lemma: Lemma 4.3.2

We now turn to proving Lemma 4.3.2. We first give the formal definitions of events & ¢ yes
and Ec 0. Next, we set up some definitions necessary for the proof and give two claims which
imply the lemma. For the remainder of the section, we consider fixing the responses v1,...,v; €
[n] U ([n] x [n]) U{0}. We assume the responses form the components C1, ..., C, which satisfy
events & and Ep. For each i € [a], let u; be the minimum vertex in C; with respect to the
natural ordering of [n], and consider rooting the trees C; at w;, forming a layered tree with at
most logn layers. Namely, u; will be in the first layer, all its neighbors in C; will be in the
second layer, and so on. We let C;(even) be the set of vertices in even layers, and C;(odd) be
the set of vertices in odd layers.

Definition 4.3.5. We let £¢ yes be the event that A C [n] is consistent with the observations
v1,...,v when G = Ka U K4, and Ecpo be the event that A C [n] is consistent with the
observations vy, ...,v; when G = K, . In other words,

e In £ yes: for all i € [a], either C; C A or C; C A.

e In Ecyo: for all i € [a], either Cj(odd) C A and Cj(even) C A, or Cj(odd) C A and
Ci(even) C A.
For each i € [a], let Y; be the indicator random variable for u; € A. Let:

«

Wages =D Yi|Cil  Wane=> (Yi-[Ci(odd)| + (1= Y;) - [Ci(even)]) V= |Cil.
i=1 i=1 i=1
Definition 4.3.6. We let £y be the event where:

% —VViegn < W4 no < % +vVVlogn.

Lemma 4.3.2 follows from the next two claims.

Claim 4.3.7. For vy, ...,v; satisfying events Ep and Er, we have:

< .
Pr (£ N Ew < (1+0(1) Pr [Ec.d

V1, Ut v1,...,0¢

Claim 4.3.8. For vy, ...,v; satisfying events Ep and Er, we have:

Pr -&w | E = o(1).
Pr 28w | Ecyed = of)
v1,...,0¢
Given Claim 4.3.7 and Claim 4.3.8, we proceed to proving Lemma 4.3.2.
Proof of Lemma 4.3.2: We simply compute the respective probabilities.

GEIg'l [gC,yes] — G]ZI(_';'l [gC,yes A £W] + G]::Ig.l [_'8W | gC,yes] GIZIC‘A [SC,yes]

V1.Vt V1.Vt V1,...,V¢ V1,...,V¢

< (1+0(1)) Pr [Eonl +o(1) Pr [Ecyel, (4.2)

V1, Ut V1,V

Where we applied both Claim 4.3.7 and Claim 4.3.8 in Line (4.2). Finally, this implies:

(1=o0(1) Pr [Ecyel < (1+0(1) Pr [Ecu:

v1,.., Ut V1,...,V¢
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which finishes the proof. |

We now proceed to proving Claim 4.3.7, followed by the proof of Claim 4.3.8.
Proof of Claim 4.3.7: Note that V < bgﬁn since event & is satisfied. Let y € {0,1}* be
an assignment of uy, ..., uq to A; more formally, for a fixed y € {0,1}*, we let £, be the event
that for each i € [a], u; € A if y; = 1, and u; € A if y; = 0. Additionally, let

Yo ={y € {0,1}*: if A satisfies £,, then Ey is satisfied}.

Then,
Pr [EoyenEwl= Y Pr [Ecyu &)

v1,..., V¢ YyeYG v1,...,0¢

It suffices to show that for y € Yg:

< .
Pr £y NE) < (14+0(1) Pr [EcaohE)]

V1,..-,U¢ V1,..-,U¢

Note that if A satisfies £, and E¢ yes is satisfied, there is precisely one choice for assigning each
vertex in C1,...,C, to A or A. Likewise, if A satisfied &, and Ec o, there is precisely one
choice for assigning each vertex in C1,...,C, to A or A. The remaining vertices may be placed
in A or A so the resulting set A contains half of all vertices, therefore, we have:

(nf‘\//) ( Vn—V )
n_V n_V_ 1
Pr [Ecyes AEy| < 22 Pr [EcnoAE,) > 2z YVleEn)
S~ay () S (/o)
Taking the ratio, we have:
Vv JV 1
Pri€cye A€y _ (3-%) (o) (3 — 5 +VVlog n) -
Pr[gc’no A gy] - (nn2) (%_ i?/%logn) a % - % - \/‘710gn

AN
7N
=
_|_

Q
7 N\
B
o
o3
N
N———
N————

3
~
<3
(<5}
3

Il

[u—

+

20

=

|
Proof of Claim 4.3.8: We let:
©) Ny e B) _N“1_v). |
WA,HO - ZYZ |CZ(0dd)| and WA,no - Z(l YZ) ’CZ(GVQH)’.
i=1 i=1

where ng o T ngo = Wi speiiﬁes the number of vertices in U;e[C; assigned to A.
Conditioning on event €¢ yes, A and A can be interchanged, so

1
Pr [Yi=1|Ecye]= Pr [Yi=0]|Ecye) = -
Fr | | Eoyes] = Pr [Yi=0]Ecye] =35
V1,...,Ut vV1,...,Ut
So,
1 1
B Wh | Ecvel = £ Y IC0dd)]  and B (W, | Ecpl = 5 3 (Cifeven)],
V1,0,V i€la] V1., V¢ i€(a]
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Additionally, for any set of indices I C [a],

. 1 , 1
Glzrgl [VZ S IaYi =1 | gC,yes] < ﬁ and G];:Ig‘l [V’L € I,Yi =0 | EC’,no] < ﬁ,
V1,...,U¢ V1,...,Ut
which implies that the variables Y;, as well as the variables in 1 —Y; are negatively correlated.
We may apply Chernoff bounds (for negatively correlated variables) to obtain deviation bounds

for W,(40,1)10 and W(E)

Ao Then, a union bound gives the desired result for W 4 ;. [ |

4.3.1.2 Proof of the Bad Outcomes Lemma: Lemma 4.3.4

In this section, we give a proof of Lemma 4.3.4, which says that the probability over G ~ G;
and vy,...,v; of not satisfying events €7, Ep, as well as Ep is 0o(1). In order to prove this,
we will show that individually, the probability of not satisfying each event is o(1) and conclude
with a union bound.

4.3.1.3 &7: components observed are small trees

The goal of this section is to show that with high probability, the algorithm only sees edges
which form various components of small trees.

Definition 4.3.9. We let £ be the event that observed responses v, ..., v; generate compo-
nents Cy, ..., C, which are all trees of size less than logn.

Lemma 4.3.10. We have that:

>1-o(1).
Fr [Er]21-o(1)

V1,ee.,Vt
We prove the above lemma by showing the following two claims.

Claim 4.3.11. With probability 1 — o(1) over the draw of G ~ G1 and the draw of vy,..., vy,
G, has no cycles.

Proof: Recall that Ly,...,L; are the set queries made, and let £, be the event that G, has
a cycle of length ¢. We have:

GI:El (o] < Z Gfr’vrg'l [Viy,...,v;, form cycle]
V1,...,V¢ SC[t] V1,...,V¢

S:{ilz“'vie}

< Z Z GPI' Vi €[], vi; = (uj,uj41)], (4.3)

~Y1

Sclt] UC[n] V1,...,V¢
S={i1,...;i¢} U={u1,...,ue}
quLiijijJrl

where we think j +1 =1 when j = £. The above restriction of u; € L;; N L;; , is necessary
if edges v;; and v;; , will be the edges of the cycle incident on node u;. Additionally, we may
upper bound (4.3) by disregarding the effect of the partition A and A; in fact, the presence
of A and A make it harder to achieve a cycle, since if u; € A and Ujy1 € A, the probability
of v;; = (uj,ujy1) is 0. For any S = {i1,...,i¢}, once we fix a set U = {u1,...,us} where
uj € Li; O Ljj41,

¢
. 1
GI:Iél V5 € [t],vi; = (uj,uj41)] < (2(%2)> :

V1,een,Vt
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Thus, we have:

) V4
1
G]-::Ig'l [go,ﬁ] < Z H ’Lij N Lij+1| (2)>

V1,...,V¢ SC[t] Jj=1 (g
S={i1,....ie}
1 20 ¢
“(om) X 1wl
Sclt] =1
S={i1,.,i¢}

IA

() (550 () ()= (o ()

where we used the fact that > ¢ H§:1 |L;;| is the elementary symmetric polynomial of degree
2

¢, and S°_, |L;| < -%—. Thus, we obtain:

n
log®n”

t )4
1
: < _ ‘
GP:EI [G, contains a cycle] < g <O < = >> o(1)

V1,0t =1

Claim 4.3.12. With probability 1 — o(1) over the draw of G ~ Gy and the draw of vy,..., vy,
we have G, has all components of size at most logn.

Proof: This proof is very similar to the one above. Let €7, be the event there exists a tree
of ¢ edges. We note that there are at most exp(O(¥¢)) rooted trees of ¢ edges and £ + 1 vertices.
We consider first picking a rooted tree, and we pick an arbitrary vertex to be the root of the
tree. We then pick the ¢ edges of the tree to some responses, v;,,...,v;,. We select the vertex
on query of the edge going away from the root; this leaves the root, which we choose arbitrarily
from [n].

So we have:

¢ 1\
GPIg' [gT,E] < eXp(O(f)) Z n H |L’ij | (2(71/2) )

V1,...,Vt Sclt] j=1
S={i1,...,i¢}

< (0(oga)) - (0

when ¢ > logn. Thus, we sum over all £ > log to get that there exists a tree of size logn or
greater with probability o(1). [ |

4.3.1.4 Ep: few vertices are observed

The goal of this section is to show that the algorithm does not observe too many vertices from
the responses v1,...v; with high probability.

Definition 4.3.13. We let £ be the event that the responses v, ..., v; contain at most log#n
values which are not 0.
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Lemma 4.3.14. We have:

Pr [Er]>1—-0(1 d Pr [Er] >1—-0(1).
Pr(Er=1-0() and  Pr [£x]>1-o()
Vi1,...,V¢ Vil,...,U¢t

n2

In other words, any rejection sampling algorithm with cost less than Toe® n will observe at most

n

oe™ non-) responses in both G1 and Go with high probability.

Proof: Simply note that for a query L;, and any G € Gi, the probability of observing a

Li -5 . L;|-2
‘2(2/2)2 = O(|Li|/n) (in the case of G, and ‘HQ‘/Z
2

of G3). Therefore, the expected number of responses which are not (} is at most O(n/log® n),
and via a Markov bound, we have the desired result. |

in the case

response which is not () is at most

4.3.1.5 Ep: vertices observed do not prefer any side too much

We now formally define the event £p, and prove the event occurs with high probability over
the draw of G ~ G; and vy, ..., vs.

Definition 4.3.15. Let V|, C [t] be the random variable corresponding to the set of indices of
responses vi, ..., v which correspond to observing lone vertices, and for ¢ € V,, we let y; be
the indicator random variable for v; € A. Let £ be the event where:

B= Y (-1)% (IL;inA|—|L;NA] :0( - )

logn
i€V &

We start by giving some intuition. Fix some query L; such that |L;| < logn.

Chernoff bound we have that ||L; N A| — |L; N A|| = O(y/|Li|log n) with high probability. Now
assume that every query we make is skewed toward A. This bad event will create a gap in the
probabilities to see a lone vertex between the two distributions, and the algorithm might use it
in order to distinguish G; and Gs. Hence, we would like to claim that collectively the probability
of observing such bad events is extremely small. More precise details follows.

By using

Definition 4.3.16. Let £g be the event that all queries L1, ..., L; satisfy:

ILinA| - |L;NAl| =0 (\/]Li\logn) .

Claim 4.3.17. We have:

Pr [Eg] > 1—o0(1).
Pr (£ = 1-o()

Proof: This simply follows from a union bound over 2t applications of the Chernoff bound for
negatively correlated random variables. In particular, for all & € [n], let Y be the indicator
random variable for k € A. Then we note that for each i € [t],

ILinAl=)_Yy and [LiNA]=) (1-Yy),
keL; kel;

In a similar way to the proof of Claim 4.3.8, we note that all Y are negatively correlated, and

all (1 —Y;) are negatively correlated, thus, we have that with probability at least 1 —n =10,
| L] w1 - |Lil
|Li N A| < 5 + O(V/|Li| logn) and |ILi N A| < 5 + O(V/|Li| logn).
Thus, we may union bound over all 2¢ events, for the desired result. |
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Lemma 4.3.18. We have that:
Pr [ﬁgB AN SF] = 0(1).

G~Gy
V1,..-,V¢
Proof: We first note that because of Claim 4.3.17, we have:
Pr € NEFp| = Pr [A=A] Pr [-€gNEp|A=A 1).
Fr [E€sNEx] > Fr I Pr ["€sNEr| ] +o(1)
V1,...,V¢ AC[n] V1,...,V¢ V1,...,V¢
Eq satisfied

So consider a fixed set A C [n] which satisfies event £g. Additionally, we have:

Pr [-E€NEp | A=A = Pr VL=V, |A=A] Pr [ |A=AV; =YV
Fr [E€sNEr| ] > Fr Ve=V| I Fr €5 , Vi =Vi]
v1,..., V¢ ViClt]  wi,...,v¢ V1,..., V¢

WLKF;WL

Thus, it suffices to prove that for all A C [n] which satisfy £g and V, C [t] of size at most log%n,
Pr[-€p | A = A,V = V] = o(1). In fact, once we condition on A = A and V = V[, we
have:
B= S (—1)¥ (LN Al - |Li N Al
1€V,

which is a sum of independent random variables. Additionally, since y; is the indicator random
variable for v; € A conditioned on v; being a lone vertex, we have each y; is independent and
is 1 with probability p;, where:

L,NA(2—-|L;,NnA
| (5 — | ) 1 iO(logn>'

PULl g LN AR - |Lin AR 2 Vi

Thus, we have:

'U?Ng'llit log mn

Additionally, each variable can contribute O(y/|L;|logn) to the sum, so via a standard Chernoff

bound, noting the fact that >,y [Lil log?n < bgin, we have that €p is satisfied with high

probability. |

4.3.1.6 Proof of the Good Outcomes Lemma: Lemma 4.3.3

We may divide vy,...,v; into three sets: 1) Vg contain the indices i € [t] whose responses v;
which are edges, 2) V7, contain the indices ¢ € [t] whose responses v; are vertices, and 3) Vp
contain the indices i € [t] whose responses v; are (). We let:

Glng. [80 A EB ‘ gC,yes] =Y G]-ZE [80 ’ gC,no] = N
'01,...,'11115 Vlyeeny '(2)t

We note that for a fixed A the values of v; are independent. Therefore, we may write:

yZE[yE'yL'yT'gB|5C,yes] N:E[NE‘NL‘NT|£C,no]

Ve =[] Privi=vi | Y(A)] Ng =[] Prlvi = v | N(A)]
ieve ieve

Yo =[] Prlvi =vi | Y(A)] N = ][ Prlvi = v; | N(A)]
%3 vi %3 vi

Vr = H lir[vi =0|Y(A)] Nr = H li,r[vi =0 | N(A)]
ieVp ievp
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where we slightly abused notation to let Pr,,[v; = v; | Y(A)] denote the probability that the
sampled response wv; is v; conditioned on the graph G being from G; with partition A; i.e.,
G = Ka U Kx. Likewise, Pry,[v; = v; | N(A)] denotes the probability that the sampled
response v; is v; conditioned on the graph G being from Go with partition A;ie., G = K, z.
We now simply go through the three products in to show each is at most 1 + o(1). We shall
prove the following claims:

Claim 4.3.19. For any A for which € yes occurs, we have Yg < (1 + o(1))NE.

Proof: Note that for any choice of A for which € yes occurs, since the v;’s are specific edges:

1
PI‘[’Ui = V; | Y(A)] = w72
v 2(")
and for any choice of A for which €¢ o occurs,
Prlv; = v; | N(A)] = 1
vy L - (n/2)?
Thus,
Pr,, (v, = v | Y(A4)] _an 4 140 1
Pry,[vi=v | N(A)] 4 n2-2n n)’
. n Y
and since [Vp| < =7, we get that =— =1+ o(1). |
og*n NE

Claim 4.3.20. For any A for which € yes occurs, we have Yr < Nr.

Proof: Here, we have that for any set A which satisfies £¢ yes, we have

2(")%) — |Li| 2 2|L;
Priv,— 0| v(4)) - 2C2) —LlE 22)(n/2) oy A
2

and similarly, for any set A which satisfies € o, we have

(n/2)* = |Lil5 + |AN Li| AN Lj] 2|Li|
) >1-— .
Izir[vZ 0] N(A) (n/2)? 1 "

Which finishes the proof. |
Thus, by Claims 4.3.19 and 4.3.20 we have:

EA Ve -V -Yr-EB | ECyes

EA[yL . 8B ‘ 5C,yes}

<(1+4+o0(1
EA Ng - Nz - Np | Ec o) ( L) EANL | Ecnol
Therefore, it suffices to prove the following:

EA[yL ' ‘gB ‘ gC’,yes] <1+ 0(1)

EA[NL | €cpnol
Suppose A C [n] satisfies €¢ yes, then if v; is a vertex response at query L;. We have:

Prio; = | V()] = 2 (1= v

n—2

2 |Li|
= 1—-— ) (14+%;),
n2< n)(+ )
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where:

n

LinA|—-|L;NA
ZiZCz’(—l)Yi<| A= kN >7

where ¢; = < 1+ 0(1), since |Li| < g5, and Y; is the indicator random variable

1
1 —|Li|/n
for v; € A. Thus, we may simplify:

2 VLl L] VL
B €l Eovel = (25)  (1-2) B len [J0+2) £y

n—2 n .
%
Similarly, suppose A C [n] satisfies £c o, then if v; is a vertex response at query L;, we have:

prioi =i | M) = 2 (1- B esy,

where we let S; be the random variable:

LmAI—ILmA|>

n

S; = ¢i(—1)Y (

Therefore, we have:

9\ Vel |Li| VLl
BV [ €anl = (2) (1= 20 T p | TT0+50 | €0

n 2%
We note that since |V | < log#n’ we finish off the proof with the following two claims.
Claim 4.3.21.

E € l_vl (1 + Zi) ’ “:C,yes <1+ 0(1).
VL

Claim 4.3.22.

B|[T0+8)]Ecm| =1-01)
%

Proof of Claim 4.3.21:

E‘ 88 H (1 + Zz) ‘ 8C,yes < E [gB : eZiEVL Zi | 8C,yes
%3

1
< elen =1+ 0(1).

Where the last inequality follows from the fact that £p occurs. |
Proof of Claim 4.3.22: Recall that

‘LZHK| — |L1ﬂA|>

n

Si =ci(—1)Y (

o1



therefore, by Chernoff bound (for negative correlations) we have that with probability at least

1-— %, ISi| < O (l‘zgfn) We let S be the random variable which is equal to S; when |S;| <

O(l‘z/gf) and —2n otherwise. Via a very similar analysis to Claim A.1 from [CWX17al, we have:

. > —
E T[T @+80) 1 Ecmo| = (1o 1+ZE | €¢Cino

% %

We now evaluate each EA[S) | £cyo| for ¢ € V7, individually. We have:

logn
! > . _ — .
BIS] | 0] > BIS: | £cno] + (~20 — i) P [rsz>0( ﬁ) \sano]

1
>E[S; | & -0l —=|.
_A[ i | C’,no] <n9>
Assume that v; is in component Cj}, and note that since A and A are inter-changeable,

— 1
I;I‘[Ui cA ‘ 8(]7110] = I;I'[Ui €A ‘ 80,110] = 5

Now we have that,

ci Yi(_1)¥ logn
E[Si"‘:A,no]ZE Z E‘ 1) k|£C’,no]_O< n )
k€L \C;
=4 % <2Pr Y, =1]Y;=1; ano]—1> —0<1°g”>,
A n
keLz\C]

where we used the fact that |C; | < logn, as well as the fact that A and A are interchangeable.
Since |V | < = and |L;| < {2, for each i € VL, (otherwise, we would have observed an edge),

it suffices to prove that PrA[Yk =1|Y;i=1Ecn] > % — logn " This is indeed true, since

S 1G] < oary and |Ci| <logn (see Lemma A.1.1). [
Putting everything together, we have:

EalVr-€p-Eq| Eoyesl _ ( n >VL| 1+o(1) _ 1+ 0(1)

EANL | Ecnol n—2 1—o0(1)
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Chapter 5

General Separation between
Tolerant Testing and Intolerant
Testing

The question of whether tolerant testing is strictly harder than standard testing was explicitly
studied in the work of Fischer and Fortnow [FF06]. They showed that there exists a property
P C {0,1}" that admits a tester with constant query complexity (independent of n), but every
tolerant tester for P has to query Q(n/logn) many bits. In this chapter we provide a stronger
separation. We construct a family of properties testable using number of queries independent
of n, but require much more than Q(n/logn) in order to tolerantly test. Specifically, the main
result in this chapter is the following:

Theorem 5.0.1 (informal restatement of Theorem 5.5.1). For any constant integer ¢ € N,
there exist a property of boolean strings P C {0,1}"™ and a constant €1 € (0,1) such that P 1is
go-testable for any ey > 0 with a number of queries independent of n, but for any ey € (0,e1),
every (€9, €1)-tolerant tester for P requires Q(n/polylog(@n) many queries.

The main tool used toward proving their result was designing short probabilistically checkable
proof of prozimity (PCPP). We refer the reader to Chapter 2.3 for formal definitions.

5.1 Overview and Techniques

PCPPs were introduced independently by Ben-Sasson et al. [BGHT06] and Dinur and Rein-
gold [DRO6]. In the PCPP setting, a verifier is given oracle access to both an input z and a
proof . It should make a few (e.g., constant) number of queries to both oracles to ascertain
whether x € L. Since the verifier can only read a few of the input bits, we only require that it
rejects inputs that are far (in Hamming distance) from £, no matter what proof 7 is provided.
PCPPs are highly instrumental in the construction of standard PCPs. Indeed, using modern
terminology, both the original algebraic construction of PCPs [ALM™98] (see also [BGH106])
as well as Dinur’s [Din07] combinatorial proof utilize PCPPs.

By combining the seminal works of Ben-Sasson and Sudan [BSS08] and Dinur [Din07],
one can obtain PCPs and PCPPs with only poly-logarithmic (multiplicative) overhead. More
specifically, the usual benchmark for PCPPs is with respect to the CircuitEval problem, in
which the verifier is given explicit access to a circuit C' and oracle access to both an input x
and a proof 7, and needs to verify that x is close to the set {2’ : C(2') = 1}. The works of
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[BSS08, Din07] yield a PCPP whose length is quasilinear in the size |C| of the circuit C.}

Our main technical result is designing a property P C {0, 1}" such that any testing algorithm
for P requires €2(n) queries, while P admits a constant query PCPP with almost linear proof
length. This construction will be used to derive our improved separation (Theorem 5.0.1).

Theorem 5.1.1 (informal restatement of Theorem 5.4.2). For every constant integer £ € N,
there exists a property P C {0,1}" such that any testing algorithm for P requires Q(n) many
queries, while P admits a (constant query) PCPP system with proof length O(n - log'9 (n)).

We remark that all such maximally hard properties cannot have constant-query PCPP proof-
systems with a sub-linear length proof string (see Proposition 2.3.3), leaving only a small gap
of log®¥) (n) on the proof length in 5.1.1.

We remark that Theorem 5.1.1 might be of interest in its own merit. Given the important
connections both to constructions of efficient proof-systems, and to hardness of approximation,
a central question in the area is whether this result can be improved: Do PCPPs with only a
constant overhead exist? In a recent work, Ben Sasson et al. [BKK'16] construct PCPs with
constant overhead, albeit with very large query complexity (as well as a non-uniform verification
procedure).? To verify that C(x) = 1 the verifier needs to make |C|® queries, where § > 0 can
be any fixed constant.

Given the lack of success (despite the significant interest) in constructing constant-query
PCPPs with constant overhead, it may be the case that there exist languages that do not have
such efficient PCPPs. A natural class of candidate languages for which such PCPPs may not
exist are languages for which it is mazimally hard to test whether x € £ or is far from such,
without a PCPP proof. In other words, languages (or rather properties) that do not admit
sub-linear query testers. Thus, one might investigate the following question:

Supposing that L requires Q(n) queries for every (property) tester, must any constant-
query PCPP for £ have proof length n - (logn)?() 2

Theorem 5.1.1 answers the above question negatively, by constructing a property that is
maximally hard for testing, while admitting a very short PCPP.

5.1.1 Techniques

Central to our construction are (univariate) polynomials over a finite field F. A basic fact is
that a random polynomial p : F — F of degree (say) |F|/2, evaluated at any set of at most
|F|/2 points, looks exactly the same as a totally random function f : F — F. This is despite
the fact that a random function is very far (in Hamming distance) from the set of low degree
polynomials. Indeed, this is the basic fact utilized by Shamir’s secret sharing scheme [Sha79].

Thus, the property of being a low degree polynomial is a hard problem to decide for any
tester, in the sense that such a tester must make Q(|F|) queries to the truth table of the function
in order to decide. Given that, it seems natural to start with this property in order to prove
5.1.1. Here we run into two difficulties. First, the property of being a low degree polynomial
is defined over a large alphabet, whereas we seek a property over boolean strings. Second, the
best known PCPPs for this property have quasi-linear length [BSS08], which falls short of our
goal.

'Note that a PCPP for CircuitEval can be easily used to construct a PCP for CircuitSAT with similar
overhead (see [BGH™ 06, Proposition 2.4]).

% Although it is not stated in [BKK'16], we believe that their techniques can also yield PCPPs with similar
parameters.
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To cope with these difficulties, our approach is to use composition, or more accurately, an
iterated construction. The main technical contribution of this paper lies in the mechanism
enabling this iteration. More specifically, rather than having the property contain the explicit
truth table of the low degree polynomial p, we would like to use a more redundant representation
for encoding each value p(«). This encoding should have several properties:

e It must be the case that one needs to read (almost) the entire encoding to be able to
decode p(«). This feature of the encoding, which we view as a secret-sharing type of
property, lets us obtain a hard to test property over boolean strings.

e The encoding need not be efficient, and in fact it will be made long enough to eventually
subsume the typical length of a PCPP proof-string for the low degree property, when
calculated with respect to an unencoded input string.

e Last but not least, we need the value to be decodable using very few queries, when given
access to an auxiliary PCP-like proof string. This would allow us to “propagate” the PCPP
verification of the property across iterations.

In more detail, we would like to devise a (randomized) encoding of strings in {0,1}* by
strings in {0, 1}"™. The third requirement listed above can be interpreted as saying that given
oracle access to v € {0,1}™ and explicit access to a value w € {0, 1}’7‘37 it will be possible verify
that v indeed encodes w using a PCPP-like scheme, i.e. by providing a proof that can be verified
with a constant number of queries. We refer to this property as a probabilistically checkable
unveiling (PCU)3. Note that in our setting a single value w may (and usually will) have more
than one valid encoding.

Going back to the first requirement of the encoding, we demand that without a proof, one
must query at least ©(m) bits of v to obtain any information about the encoded w, or even
discern that v is indeed a valid encoding of some value. Given this combination of requirements,
we refer to the verification procedure as a Probabilistically Checkable Unveiling of a Shared Secret
(PCUSS).

Low degree polynomials can be used to obtain a PCUSS based on Shamir’s secret sharing
scheme. More specifically, to encode a k bit string w, we take a random polynomial whose
values on a subset H C [ are exactly equal to the bits of w. However, we provide the values of
this polynomial only over the sub domain F\ H. Then, the encoded value is represented by the
(interpolated) values of g over H, which admit a PCU scheme. On the other hand, the “large
independence” feature of polynomials makes the encoded value indiscernible without a supplied
proof string, unless too many of the values of g over F\ H are read, thus allowing for a PCUSS.

This construction can now be improved via iteration. Rather than explicitly providing the
values of the polynomial, they will be provided by a PCUSS scheme. Note that the PCUSS
scheme that we now need is for strings of a (roughly) exponentially smaller size. The high level
idea is to iterate this construction ¢ times to obtain the ¢ iterated log function in our theorems.

At the end of the recursion, i.e., for the smallest blocks at the bottom, we utilize a linear-
code featuring both high distance and high dual distance, for a polynomial size PCUSS of the
encoded value. This is the only “non-constructive” part in our construction, but since the
relevant block size will eventually be less than loglog(n), the constructed property will still be
uniform with polynomial calculation time (the exponential time in poly(loglog(n)), needed to
construct the linear-code matrix, becomes negligible).

Our PCUSS in particular provides a property that is hard to test (due to its shared secret fea-
ture), and yet has a near-linear PCPP through its unveiling, thereby establishing Theorem 5.1.1.

3In fact, we will use a stronger variant where the access to w is also restricted.
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We utilize this property for separation results in a similar manner to [FF06] and [DRTV18], by
considering a weighted version of a “PCPP with proof” property, where the proof part holds
only a small portion of the total weight. The PCPP proof part enables a constant query test,
whereas if the PCPP proof is deleted.

5.2 Code Ensembles

It will be necessary for us to think of a generalized definition of an encoding, in which each
encoded value has multiple legal encodings.

Definition 5.2.1 (Code ensemble). A code ensemble is a function £ : ¥ — 2%, Namely,
every x € YF has a set of its valid encodings from ¥™. We define the distance of the code
ensemble as

min min dist(v, u).
a#a' {01}k (vu)e€(w)xE(a')

It is useful to think of a code ensemble & : ¥ — 2*™ as a randomized mapping, that given
x € ¥¥ outputs a uniformly random element from the set of encodings £(z). Using the above
we can define a shared secret property. In particular, we use a strong information theoretic
definition of a shared secret, in which o(m) bits do not give any information at all about the
encoded value. Later on, we construct code ensembles with a shared secret property.

Definition 5.2.2 (Shared Secret). For m,k € N and a constant { > 0, we say that a code
ensemble C : {0,1}* — 2({01}™) has a (-shared secret property it satisfies the following. For
any Q C [m] of size |Q| < ¢m, any w,w’ € {0,1}* such that w # ', and any t € {0,1}?l it
holds that
Pr [vlp=t] = Pr [V]|p=t].

vNC(w)[ lo =1 'U’NC(w’)[ o =t
Namely, for any w # w’ and any @ C [m] of size at most (m, the distribution obtained by
choosing a uniformly random member of C(w) and considering its restriction to @, is identical
to the distribution obtained by choosing a uniformly random member of C(w’) and considering
its restriction to Q.

5.2.1 A construction of a hard code ensemble

We describe a construction of a code ensemble for which a linear number of queries is necessary
to verify membership or to decode the encoded value. This code will be our base code in the
iterative construction. The existence of such a code ensemble is proved probabilistically, relying
on the following simple lemma.

Lemma 5.2.3. Fiz constant o, 3 > 0 where $log(e/5) < a. Let s,t € N so that s < (1 — «)t.
Then, with probability 1 — o(1), a sequence of s uniformly random wvectors {vy,...,vs} from
{0, 1}t is linearly independent, and corresponds to a B-distance linear code.

Proof: The proof follows from a straightforward counting argument. If we draw s uniformly
random vectors vy, ..., vs € {0, 1}, then each non-trivial linear combination of them is in itself
a uniformly random vector from {0,1}!, and hence has weight less than 8 with probability at

most st
—t t ey —t oBlog(e/B)t (y=1)t
. < o — ) g _ 9oy
2 < " 2 : 2 2 2 R

where we set v = Slog(e/f) < a.
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By a union bound over all 25 < 2(1=®t pogsible combinations, the probability that there
exists a linear combination with weight less than § is at most 20~%¢ = o(1). If this is not

the case, then vy,...,vs are linearly independent, and moreover, {vy,...,vs} corresponds to a
B-distance linear code (where we use the fact that the distance of a linear code is equal to the
minimal Hamming weight of a non-zero codeword). |

Our construction makes use of a sequence of vectors that correspond to a high-distance and
high-dual distance code, as described below.

Definition 5.2.4 (Hard code ensemble Hy). Let k € N and let {v1,...,v3x} be a sequence of
vectors in {0, 1}*¥ such that Span{vy, ..., vs;} is a 1/30-distance code, and that Span{vg1, ..., vsx}
is a 1/30-dual distance code. Let

A= v -+ v
| |
We define the code ensemble Hy, : {0,1}F — 2(0.13% g
Hi(w) = {Au : u € {0,1}*F where ul(1,.. Ky = W},
where all operations are over GF(2).

The next lemma states that a collection of random vectors {v1, ..., v3;} in {0, 1}** satisfies
the basic requirements of a code ensemble Hj, with high probability (that is, with probability
tending to one as k — 00), and hence such a code ensemble exists.

Lemma 5.2.5. A set {v1,...,vs} of random vectors in {0,1}** satisfies with high probability
the following two conditions: Span{vi, ..., vsx} is a 1/30-distance code, and Span{vi1,...,vsx}
is a 1/10-dual distance code. In particular, for all k large enough the code ensemble Hy, exists.

Proof: We apply Lemma 5.2.3 multiple times. First, picking ¢t = 4k, s = 3k, « = 1/4, and
B = 1/30, we conclude that vy,...,vs; with high probability correspond to a 1/30-distance
code.

To show that with high probability the code spanned by the last 2k vectors has high dual
distance, we compare the following two processes, whose output is a linear subspace of (GF(2))**,
that we view as a code: (i) Choose 2k vectors and return their span. (ii) Choose 4k — 2k =
2k vectors and return the dual of their span. Conditioning on the chosen 2k vectors being
linearly independent, the output distributions of these two processes are identical. Indeed, by
a symmetry argument it is not hard to see that under the conditioning, the linear subspace
generated by Process (i) is uniformly distributed among all rank-2k subspaces V of (GF(2))*.
Now, since we can uniquely couple each such V' with its dual V- (also a rank-2k subspace) and
since V' = (V1+)*, this means that the output distribution of Process (ii) is uniform as well.

However, it follows again from Lemma 5.2.3 (with ¢ = 4k, s = 2k, a = 1/2, and any § > 0
satisfying the conditions of the lemma) that the chosen 2k vectors are independent with high
probability. This means that (without the conditioning) the output distributions of Process
(i) and Process (ii) are o(1)-close in variation distance. Applying Lemma 5.2.3 with ¢ = 4k,
s =2k, a=1/2, and = 1/10 we get that the distance of the code generated by Process (i) is
at least = 1/10 with high probability. However, the latter distance equals by definition to the
dual distance of the code generated by Process (ii). By the closeness of the distributions, we
conclude that the dual distance of Process (i) is also at least 1/10 with high probability. [

We next state a simple but important observation regarding membership verification.

Observation 5.2.6. Once a matriz A with the desired properties is constructed (which may
take exp(k?) time if we use brute force), given w € {0,1}*, the membership of v in Hj(w) can
be verified in poly(k) time (by solving a system of linear equations over GF(2)).
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5.3 PCUs and PCUSSs

Next, we define the notion of Probabilistically Checkable Unveiling (PCU). This notion is similar
to PCPP, but here instead of requiring our input to satisfy a given property, we require our
input to encode a value w € {0,1}* (typically using a large distance code ensemble). We then
require that given the encoded value w, it will be possible to prove in a PCPP-like fashion that
the input is indeed a valid encoding of w.

Definition 5.3.1 (PCU). Fix m,t,k € N, and let C : {0,1}* — 2{%1}"™ be a code ensemble. We
say that C has a ¢(e,0)-query, length-t PCU if the following holds. There exists a verification
algorithm V' that takes as inputs £,6 > 0, m € N, and w € {0, l}k, makes at most ¢(e, §) queries
to the strings v € {0,1}™ and 7 € {0, 1}, and satisfies the following:

1. If v € C(w), then there exists a proof 7 = Proof¢(v) € {0, 1} such that for every ¢, > 0,
the verifier V' accepts with probability 1.

2. If dist(v,C(w)) > &, then for every alleged proof © € {0,1}!, the verifier V rejects v with
probability greater than ¢.

In order to facilitate the proof of the main theorem, we utilize a more stringent variant of the
above PCU definition. Recall that Spiel is a constant rate and relative distance code, in which
membership can be decided using quasi-linear size circuit; See Chapter 2.6 and Theorem 2.6.2
therein.

Instead of supplying w € {0, 1}’“ to the algorithm, we supply oracle access to a a string
7 € {0,1}10% that is supposed to represent Spiel(w), along with the proof 7, and the algorithm
only makes ¢(e,d) queries to the proof string 7, the original encoding v and the string 7. For
cases where v € C(w), we use Value(v) to denote Spiel(w).

Definition 5.3.2 (Spiel-PCU). Fix m,t,k € N, and let C : {0, 1}* — 2{%1}™ be a code ensemble.
We say that C has a ¢(e,0)-query, length-t Spiel-PCU if the following holds. There exists a
verification algorithm V' that takes as inputs €,0 > 0, m € N, makes at most ¢(&,d) queries to
the strings v € {0,1}™, 7 € {0,1}'% and 7 € {0, 1}, and satisfies the following:

1. If there exists w € {0,1}* for which v € C(w) and 7 = Value(v) = Spiel(w), then there
exists a proof m = Proof¢(v) € {0,1}! such that for every ,5 > 0, the verifier V accepts
with probability 1.

2. If for every w € {0,1}* either dist(r, Spiel(w)) > ¢ or dist(v,C(w)) > &, then for every
alleged proof 7 € {0, 1}!, the verifier V rejects v with probability greater than ¢.

Note that a code ensemble admitting a Spiel-PCU automatically admits a PCU. Indeed,
given the string w, an oracle for Spiel(w) can be simulated.

The following lemma states the existence of Spiel-PCU for efficiently computable code en-
sembles, and will be used throughout this work. The proof follows from Lemma 2.3.2 together
with a simple concatenation argument.

Lemma 5.3.3. Let k,m,t € N be such that t > m, and let C : {0,1}F — 201" pe ¢ code
ensemble. If given w € {0,1}F and v € {0,1}™, it is possible to verify membership of v in
C(w) wusing a circuit of size t, then there is a q(e,d)-query, length-t' Spiel-PCU for C where
t' =t - polylog t.
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Proof: Assume without the loss of generality that m > |Spiel(0F)|. Let & = LWJ (note
that £ > 1), and define

def

Ceg = {U LI (Spiel(w))® ’ Jw € {0,1}* for which v € C(w)} ,

where (Spiel(w))¢ denotes the ¢-times concatenation of Spiel(w).

For any string w it is possible to check, using a quasilinear size circuit (see [Spi96]), that
the substring that corresponds to the domain of (Spiel(w))¢ is a &-times repetition of Spiel(w)
for some w. After doing so, we decode w using a quasilinear size circuit (as in [Spi96]), and
then, by the premise of the lemma, we can verify membership in C(w) using a circuit of size t.
Therefore, membership in Ce, can be decided using a O(t) size boolean circuit, and therefore
by Lemma 2.3.2 admits a PCPP system whose proof length is quasilinear in .

Given an input v to Spiel-PCU, let v’ = vLI(Spiel(w))¢ and use the PCPP system for Ceq, With
detection radius £/3 and soundness d, where each query to v’ is emulated by a corresponding
query to v or Spiel(w). Note that if v € C(w), then v" € Ceq, so the PCPP system for Ce, will
accept with probability 1.

Next, suppose that dist(v,C(w)) > €, and observe that this implies that v is at least £/3-
far from C.y. Thus, by the soundness property of the PCPP for C.q, the verifier rejects with
probability at least §, regardless of the contents of the alleged proof 7 it is supplied with. H

Next we define Probabilistically Checkable Unveiling of a Shared Secret (PCUSS).

Definition 5.3.4. For m, k,t € N, we say that a function C: {0,1}* — 2({0.1}3") has a q(g,0)-
query, length-t PCUSS, if C has a shared secret property, as well as C has a ¢(e, d)-query,
length-t PCU. Similarly, when C has a shared secret property (for constant (), as well as C has
a q(e, d)-query, length-t Spiel-PCU, we say that C has a q(e, §)-query, length-t Spiel-PCUSS.

Note that C admitting a Spiel-PCUSS directly implies that it admits a PCUSS with similar
parameters.

The following lemma establishes the existence of a Spiel-PCUSS for Hy, where Hy is the
code ensemble from Definition 5.2.4.

Lemma 5.3.5. For any k € N, Hy, has a q(e, §)-query, length-t' Spiel-PCUSS where t' = poly(k).

Proof: By Observation 5.2.6, given w, membership in H(w) can be checked in poly(k) time,
which means that there exists a polynomial size circuit that decides membership in Hy(w).
Combining the above with Lemma 5.3.3 implies a ¢(e, §)-query, length-t’ Spiel-PCU where ' =
poly(k). By Lemma 2.6.7, the large dual distance property of Hj implies its shared secret
property for some constant ¢, which concludes the proof of the lemma. |

5.4 PCUSS construction

In this section we give a construction of code ensembles that admit a PCUSS. First we show
that our code ensemble has a PCU with a short proof. Specifically,

Lemma 5.4.1. For any fized { € N and any k € N, there exists no(¢, k) and a code ensemble
EW - {0,1}F — 200" " such that for alln > no(L, k), the code ensemble E©) has a q(e, §)-query
length-t PCU, for t = O(n - polylog“n).

Later, we prove that our code ensemble has a shared secret property, which implies that it
has a PCUSS (which implies Theorem 5.1.1, as we shall show).
Theorem 5.4.2. For any fized { € N and any k € N, there exists no({, k) and a code ensemble
EW - 40,1}k — 2008 " such that for all n > no(¢, k), the code ensemble O has a q(e,d)-query
length-t PCUSS, fort = O(n - polylog(@n).
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5.4.1 The iterated construction

Our iterative construction uses polynomials over a binary finite field GF(2!). In our proof we
will need to be able to implement arithmetic operations over this field efficiently (i.e., in poly(t)
time). This can be easily done given a suitable representation of the field: namely, a degree ¢
irreducible polynomial over GF(2). It is unclear in general whether such a polynomial can be
found in poly(¢) time. Fortunately though, for ¢ = 2 - 3" where r € N, it is known that the
polynomial zt 4+ z!/2 4+ 1 is irreducible over GF(2) (see, e.g., [Gol08, Appendix G]). We will
therefore restrict our attention to fields of this form. At first glance this seems to give us a
property that is defined only on a sparse set of input lengths. However, towards the end of this
section, we briefly describe how to bypass this restriction.

We next formally define our iterated construction, starting with the “level-0” construction
as a base case. The constants c,d in the definition will be explicitly given in the proof of
Lemma 5.4.8. Additionally, for any ¢ € N, we shall pick a large enough constant ¢, that satisfies
several requirements for the “level-£” iteration of the construction.

Definition 5.4.3 (Iterated coding ensemble). For & € N and w € {0,1}*, we define the base
code ensemble of w (i.e., level-¢ code ensemble of w for ¢ = 0) as

SIgO) (w) = Hi(w).

Let ¢,d € N be large enough global constants, fix £ > 0, let ¢, be large enough, and let F be a
finite field for which |F| > max{cy, c- k}.

We define the level-f code ensemble of w € {0,1}* over F as follows. Let r € N be the
smallest integer such that (log|F|)? < 223" set F/ = GF (2%%") and k¥’ = log|F|. Note that
these satisfy the recursive requirements of a level-(¢ — 1) code ensemble provided that ¢, is large
enough (specifically we require (log |F|)?~! > ¢, so that |[F'| > ck’). Finally, let H C F be such
that |H| = k, and define

ghwy = | & Wodm.

g€Cr: glp=w BEF\H

(Note that for £ = 1 we just use 5%}1,2(711) = Ugeer: gln=w User\ 5,&9)(<<g(ﬁ)))))

That is, v € E]g,)c(w) if there exists a polynomial g € Cp such that v = | |gep g vg, where

vg € 5]1&{2,1)(«9(5)») for every 8 € F\ H and g|y = w (where we identify the 0 and 1 elements of
F with 0 and 1 bits respectively). When the context is clear, we sometimes omit the subscripts.

Our choice of the constants ¢, d, ¢y needs to satisfy the following conditions. The constant
¢ is chosen such that H will not be an overly large portion of F (this requirement is used in
Lemma 5.4.14). The constant d is needed to subsume the length of PCPP proof string which
is part of the construction (this requirement is used in Lemma 5.4.8). Finally, the constant ¢y
needs to be large enough to enable iteration (as explained in Definition 5.4.3 itself).

Let ¢ > 0 be some fixed iteration. The following simple observation follows by a simple
inductive argument using the definition of the level-¢ coding ensemble, and in particular that
[F'| = polylog [F|.

Observation 5.4.4. For £ >0, let n = |[F| and w € {0,1}*. If v € EO(w), then mI(FZ) e
n-poly(logn)-poly(loglogn) - - - poly(log(é) n), where log'¥ n is the log function iterated ¢ times.

o] =

60



(0)

When the field F is clear from context, we shall usually write m® as a shorthand for my’.
The following lemma, proved in the next subsection, establishes the existence of short length
Spiel-PCUs for our code ensembles.

Lemma 5.4.5. For any £ > 0, the code ensemble Sgl)c admits a q(e, 6)-query, length-t Spiel-PCU

fort =0(m® . polylog(g)m(e))

5.4.2 Proof of Lemma 5.4.5

We start by defining the PCU proof string for a given v € 5&1(11;) for some w € {0, 1}*.

Definition 5.4.6 (The PCU Proof String). For ¢ = 0, let v € Elgo)(w) and Value® (v) =
Spiel(w). We define the proof string for v, Proof(®) (v), as the one guaranteed by Lemma 5.3.5
(note that the length of Proof(®(v) is poly(k)).

For £ > 0, let g € Cr and w € {0, 1}* be such that v € Uger o EED((g(B))), Value® (v) =

Spiel(w) and g|g = w. In addition, set S def uﬁeF\HValue(efl)(vg) = Uger u Spiel(g(B))-

The proof string for v € EE(Q is defined as follows.

Proof) (v) = S, L |_| Proof(gfl)(vg) U Proof . (Sy)
BEF\H

where the code ensemble £ : {0, 1}% — 2{0. W E) s Jefined as follows. Given w € {0, 1}*,
S € L(w) if and only if there exists a polynomial g € Cr such that the following conditions are
satisfied.

L gly =w.
2. 5 = Uger\u Spiel(g(8))-
The following lemma establishes the existence of a Spiel-PCU for L.
Lemma 5.4.7. £ has a q(e,d)-query length-t Spiel-PCU for t = O(|F| - polylog |F|).

Proof: By Theorem 2.6.2, there exists a quasilinear size circuit that decodes Spiel(«). Using
such a circuit, we can decode g(f) from S for every f € F. Then, using all the values g(53)
and w (where the i-th bit of w correspond to the value of the i-th element in H according to
the ordering), we use Theorem 2.6.4 to interpolate the values and achieve a representation of
a polynomial g : F — F. If ¢ € Cp we accept S and otherwise we reject. Since deciding if
S € L(w) has a quasilinear size circuit, by Lemma 5.3.3, there is a quasilinear length Spiel-PCU
for L. |

Having defined Proof (), we first provide an upper bound on the bit length of the prescribed
proof string. For £ > 0, let zgi denote the bit length of the proof for membership in £@ as

defined in Definition 5.4.6, where for £ = 0 we replace the (nonexistent) field F with [w].

The following lemma, establishing the proof string’s length, relies on our choice of the
constant d in Definition 5.4.3. In particular, d needs to be large enough to subsume the size of
Proof,(-)

Lemma 5.4.8. For any ¢ > 0, we have that ZI%‘EL = O(m(f) -polylog(@m(@).
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Proof: The proof follows by induction on ¢. The base case (¢ = 0) follows directly from the
definition of P(©) by our convention that log® |w| = |w|.

Consider ¢ > 0, and note that since the size of S, is O(|F|log |F|), the size of Proof(S,) is
O(|F| - polylog |F|). By combining the above with the definition of the proof string we have

l /—1
ZF}C < |F| - polylog |F| + |F| - z]%,’k,).

Now, assume that zg_k}) = O(mY - polylog“"V|F'|). Note that since the global constant d

was chosen so that |F|- |F'| > |Proof.(S,)|, we have that |F]| 'ZI(Ff;}) > |F|- |F'| > |Proof.(Sy)|.

Therefore,
m) = O(|F| - m“~D) = Q(|F| - [F'|) = Q(|F| - polylog [F|),

so that |F| - polylog |F| = O(m®), and
4 -1
2} = O(IF| - 245 7").
In addition, by the fact that m, = ©(|F| - m(ffl)) and the induction hypothesis we obtain

|F| - zﬂ(f,_k}) = O(|F| - m“V - polylog V[F'|) = O(m'® - polylog® |F|) = O(m® - polylog“©my).

So overall, we get that ZIEQC = O(mY ~polylog(£)m(£)) as required.
[ |

Next, for an alleged proof © = Proof®(v), we use the notation T|pom(x) to denote the
restriction of 7 to the bits that correspond to X in 7 as defined in Definition 5.4.6. For
example, W‘Dom(value([—l)(vﬁ)) refers to the bits that represent Value(g_l)(vg).

(0)

We introduce the verifier procedure for SFek (see Figure 5.1), and prove its completeness and
soundness.

Lemma 5.4.9. If there exist w € {0,1}* for which v € 5&1(10), then Verifier-Procedure ¢

accepts v with probability 1 when supplied with oracle access to the corresponding Proof® (v)
and T = Value'¥ (v) = Spiel(w).

Proof: The proof follows by induction on £. The base case follows directly from Lemma 5.3.5.
Hence, the verifier for £©) supplied with Proof®) (v) as the proof oracle and Value!” (v) as the
value oracle, will accept v with probability 1.

Assume that Verifier-Procedure 1) accepts with probability 1 any valid encoding v’
when supplied with the corresponding oracles for Value!*Y(v/) and Proof“"Y(v/). Let v €
EW and write v = Llger 1 U3, Where there exist w € {0,1}* and g € Cp such that for all
BeF\H, vg e ECD(g(B)), where glg = w and 7 = Value!” (v) = Spiel(w). Then, by
the definition of the language £ and the first two components of Proof®(v), Step (2a) of
Verifier-Procedure o) will always accept. In addition, for every 5 € F\ H, we have that
vg € E=1 and therefore by the induction hypothesis, Step (2b) of Verifier-Procedure g
will accept the corresponding unveiling for any picked g € F \ H. |

Lemma 5.4.10. If for every w € {0,1}* either dist(r, Spiel(w)) > € or dist(v, £©) (w)) > ¢ (or
both), then with probability greater than §, Verifier-Procedure ¢« will reject v regardless of
the contents of the supplied proof string.

(£)
Proof: Let 7 € {0,1}'9 be an alleged value for v, and m € {0,1}*F* be an alleged proof
string for v. We proceed by induction on £. For £ = 0 we use the PCU verifier for £© with error
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Verifier-Procedure g

Input: Parameters ¢,6 € (0,1), an input v € {0, 1}7"“), an alleged value 7 € {0, 1}100% of
(€)
v, and an alleged proof 7 € {0,1}*F* for v.

1. If £ =0, use the PCU for £(©) with parameters ¢ and 4.

2. If £>0:

(a) Use the PCU verifier for £ with error /300 and soundness J, to verify the
unveiling of 7|pom(s,), using 7 as the value oracle and 7|pom(Proot.(s,)) s the
proof oracle.

(b) For 6/¢ many times:

i. Pick B8 € F\ H uniformly at random.

ii. Use the PCU verifier procedure for £¢~1) with parameters £/3 and 24, to
verify the unveiling of vg, using 7|, om(Value=1 (v3)) 8 the value oracle and

W‘Dom(Proof“*l)(vﬂ)) as the proof oracle.

If any of the stages rejected then Reject, and otherwise Accept.

Figure 5.1: Description of Verifier-Procedure ¢().

¢ and soundness § to check that v is a member of the code ensemble £© and 7 is its value. If
the PCU verifier for £©) rejects with probability at most J, then there exist w € {0, 1}’7C such
that dist(v, £©(w)) < e and dist(r, Spiel(w)) < €, and the base case is complete.

Next assume that the lemma holds for ¢ — 1. If the PCU verifier for £ in Step (2a) rejects
with probability at most &, then there exist a function g € Cp and w € {0, 1}* for which gz = w
so that

dist(7|pom(s,), Spiel(glm #)) < €/300 and dist(r, Spiel(w)) < £/300.

In particular, the leftmost inequality means that for at most §|F\ H| of the elements 8 € F\ H,
it holds that

diSt(7T|Dom(Value(£—l)(Uﬁ)), Spiel(g(B)) > 1/100.

We refer to elements 5 € F\ H satisfying the above inequality as bad elements, and to the rest
as good elements. Let G denote the set of good elements.

Next, we show that if the loop that uses the PCU verifier for £¢~1) in Step (2b) rejects with
probability at most J, then for at most an £/3 fraction of the good 5 € F\ H, it holds that

dist (05, £ ((9(8)) ) > &/3.

Assume that there are more than |G| good elements such that dist (vg, g1 ((g(B)))) > ¢e/3.
Then, by our induction hypothesis, each of them will be rejected by the PCU verifier for £¢—1)
with probability more than 26. In addition, with probability at least 1/2 we sample at least one
such good 3, and then during this iteration the verifier in Step (2b(ii)) rejects with conditional

probability more than 2§, and hence the verifier will reject with overall probability more than
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0. Summing everything up, when the input is rejected with probability at most d,

dist (v, || €XVa(B))) | <e/3+(1—e/3)-c/3+ (1—¢/3)* /3 <e,
BEF\H

where the three summands are respectively the contribution to the distance of the bad elements,
the good elements with vz being far from any level £ — 1 encoding of (g(/5))), and all the other
elements. ]

The proof of Lemma 5.4.5 follows directly by combining Lemma 5.4.8, Lemma 5.4.9 and
Lemma 5.4.10.

The following corollary follows directly from Lemma 5.4.5 and the definition of Spiel-PCU (Def-
inition 5.3.2), and implies Lemma 5.4.1.

Corollary 5.4.11. Let F be a finite field and k € N which satisfy the requirements in Def-

m (0
inition 5.4.8. Then, for every £ > 0 the coding ensemble Sg,l :{0,1}F — 2<{0’1} ) has a
q(g,0)-query, length-t Spiel-PCU for t = O(m(e)polylog(e)mw)).

5.4.3 The Lower Bound

We turn to prove the linear query lower bound for the testability of our property. We start by
defining distributions over strings of length m().

Distribution D§,Qs(w): Given w € {0,1}*, we define the distribution D}(,ﬁ)s(w) to be the uni-
form distribution over elements in £© (w).

Distribution D,(Q: An element v from DI(Q is drawn by the following process. For £ = 0,

v is a uniformly random string in {0,1}**. For £ > 0, we pick a uniformly random function
A:F\ H —F, and let v be a uniformly random element of | |5cm g EEDUNBY)

Lemma 5.4.12. For any £ > 0, every w € {0,1}* and ¢ = o(m'9 /10°), any algorithm making
at most q queries cannot distinguish (with constant probability) between v ~ Dy@)s(w) and u
which is drawn according to any of the following distributions:

1. Dé@s(w’) for any w' # w.

2. DY,

Note that Item (1) in the above follows immediately from Item (2). Additionally, the first
item implies the shared secret property of the code ensemble £ . Furthermore, we remark
that that above lemma implies a more stringent version of PCUSS. In addition to the shared
secret property, Item (2) implies that the ensemble &£ @ ig indistinguishable from strings that
(£)

).

are mostly far from any encoding (i.e., drawn from Dy,

The proof of Lemma 5.4.12 follows by induction over £. Before we continue, we introduce
some useful lemmas that will be used in the proof.

Lemma 5.4.13. For any £ > 0 and w,w' € {0,1}* for which w # w' it holds that

i dist(v,v") = © (1/41
(v,v/)ef(ZI)I(l;r)lxg(Z)(w’) ' (U U) ( / )
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Proof: The proof follows by induction over £. The base case for ¢ = 0 follows directly by the fact
that the code from Definition 5.2.4 has high distance, and in particular dist(£©) (w), £© (w')) >
1/10. Assume that the lemma holds for £ — 1. Namely, for w,w’ € {0,1}*" for which w # w’ it
holds that
min dist(v,v) = © (1/4£> :
(v,0")€EE=D) (w) x EE=D) (w’)

Let @, € {0,1}* be such that @’ # . Then we can write (9,7') € £© () x £ (@) as

o= | @) and  T= | ] DB,

BEF\H BEF\H

for some g, ¢' € Cp such that g|g = @ and ¢'|g = @'. By the fact that g and ¢’ are degree |F|/2
polynomials (which are not identical), we have that g and ¢’ disagree on at least |F\ H|/4 of the
elements § € F\ H. By applying the induction hypothesis on the minimum distance between

£O((g(8))) and EO({(g'(8)), for all 3 such that g(8) # ¢'(8), we have that

1 1
i dist(9,7') > = -0 (= | =6 (1/41).
(a,ﬁf)eswr)r(lg)lxg(f)(w') ist(, 7) > 4 <4Z) ( / )

|
Lemma 5.4.14. For any ¢ > 0, with probability at least 1 — o(1), a string v drawn from Dgo)
satisfies dist(v, £ (w)) = © (1/4Y) for all w € {0, 1}~

Proof: The proof follows by induction over £. For £ = 0, fix some w € {0,1}*. Consider the
size of a ball of relative radius 1/40 around some v € £()(w) in the space of all strings {0, 1}**.
The number of strings contained in this ball is at most

4k
< (4 k/10 _ 2k/10~10g(406).
(1720) = 400

Thus, the size of the set of strings which are at relative distance 1/40 from any legal encoding
of some word w € {0, 1}* is at most

23k . 2k/10-log(406) — 0(24k)'

This implies that with probability at least 1 — o(1), a random string from {0, 1}** is 1/40-far
from £©)(w) for any w € {0, 1}*.
For any ¢ > 0, consider v' sampled according to DY, Then, v’ can be written as

o = L] @,

BEF\H

where A : F\ H — F is a uniformly random function. On the other hand, each member ¥ of

PO can be written as
i= || £ (ed).
BEF\H

for some g € Cp such that g|y = w for some w € {0,1}*. Note that by Lemma 5.4.13,
whenever A(8) # g(8), we have that the minimum distance between any o € =D ((g(8))
and v € EED((X(B))) is at least ©(1/4Y). In addition, by Lemma 2.6.5, we have that that
with probability at least 1 — o(1), a uniformly random function A : F — F is 1/3-far from any
g € Cp. By the restrictions on k in Definition 5.4.3, which implies that |H| < |F|/c, we can
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ensure (by the choice of ¢) that with probability at least 1 — o(1), that a uniformly random
A:F\H — Fis at least 1/4-far from the restriction g|p . This implies that for at least
|F\ H|/4 of the elements 8 € F\ H, we have that X(8) # g(8). Therefore, we have that
dist(v/, O (w)) = 1 - © (4—1@) = © (1/4“1) for all w € {0,1}*, and the proof is complete. |

Lemma 5.4.15. Fiz any ¢ > 0, and suppose that for any w' € {0, 1}]’“,, and for any set Q' of
(¢

at most qﬂ,,_k}) queries (where F' and k' are picked according to the recursive definition of the

level £-encoding, and for ¢ we substitute k' for the nonexistent F’) the restricted distributions

Déﬁgl)(w’)\ , and DY ]Q/ are identical. Then, for any w € {0, l}k and any set Q) of at most
[F\H] = (¢ )

10 " Qg g queries, the restricted distributions Dyes( g and DY, |Q are identical.

Proof: Let Q C [m(@] be the set of queries, and fix a canonical ordering over the elements in

(0)

F\ H. Let v be an element drawn according to distribution Dyes(w), and let v’ be an element
drawn according to distribution Dl(f)). The sampling process from D%)s(w) can be thought of as
first drawing a uniformly random function g € Cr such that g|g = w, and for every g € F\ H,
letting v be a uniformly random element in ¢~ ((g(3))).

For each 8 € F\ H we set Qg = @ N Dom(vg), and define the set of big clusters

:{BGIF\H L 1Q4| >qm,>}.

Note that since |Q| < |F\ H| - q]F, w /10 we have that |I| < |F\ H|/10.

By the fact that g is a uniformly random polynomial of degree |F|/2 > |I|, we have that g|;
is distributed exactly as A|; (both are a sequence of || independent uniformly random values),
which implies that v’UjeIQj is distributed exactly as v’ |Uje] Q;

Next let IF\ (IUH) = {i,.. i‘F\( rum)|} be a subset ordered according to the canonical

,,,,,

The base case (t =0) corresponds to the restriction over (J;.; @;, which was already proven
above. For the induction step, let T = {i1,...,9—1} C F\ (/ U H) be an ordered subset that
agrees with the canonical ordering on F, and let iy € F\ (H UT U I) be the successor of i;_1

according to the ordering. We now prove that for each = € {0, l}m“) for which v has

Q .
JEIUT %7
a positive probability of being equal to x’UjeIUT @, conditioned on the above event taking place

(and its respective event for v'), vlg, is distributed exactly as v'|g, .

Observe that conditioned on the above event, ”|Qit is distributed exactly as a uniformly
random element in £~ (p) for some p € {0,1}* (which follows some arbitrary distribution,
possibly depending on x’UjEIUT q,), while v'|g,, is distributed exactly as a uniformly random

element in £~ (y) for a uniformly random y € {0,1}*. By the fact that |Q;,| < q]g;})/lo,
we can apply the induction hypothesis and conclude that ’U|Qit is distributed exactly as v ‘Qit’
because by our hypothesis both are distributed identically to the corresponding restriction of
Dfﬁfl), regardless of the values picked for p and y. This completes the induction step for ¢.
The lemma follows by setting ¢t = |F \ H U I|. |

Lemma 5.4.16. For any { > 0, w € {0, 1}’“ and any set of queries Q@ C [mY] such that

Q| =0 (T;L((]i)) the restricted distributions Dyes( ) and Dno|Q are identically distributed.

Proof: By induction on £. For £ = 0 and any w € {0,1}*, by the fact that our base encoding
EO)(w) is a high dual distance code, we can select (say) ¢(©) = k/c (for some constant ¢ > 0),
making the assertion of the lemma trivial.
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Assume that for any w’ € {0,1}* | and any set of queries Q' of size at most O(m(—1) /10¢-1)
the conditional distributions D%;l)(w’ )|gr and Dr(f)_l)\Q/ are identically distributed. Then, by

Lemma 5.4.15, we have that for any w € {0,1}* and any set of queries @ of size at most

F\NH| )
0 ( or ™ ,

the restricted distributions DB(,?S(wNQ and Dr(ﬁ,)|Q are identically distributed. Note that by
definition of the level f-encoding, m() = |F\ H|-m{1, which implies the conclusion of the
lemma. |

Proof of Lemma 5.4.12: Lemma 5.4.12 follows directly by combining Lemma 2.1.4, and
Lemma 5.4.16. |

Combining Lemma 5.4.12 with the definition of Spiel-PCU (Definition 5.3.2) establishes that
we have constructed a Spiel-PCUSS, which implies Theorem 5.4.2.

Corollary 5.4.17. Let F be a finite field and k € N which satisfy the requirements in Def-

m(0)
inition 5.4.3. Then, for every £ > 0, the coding ensemble 8&,1 - {0,1}F — 2<{0’1} ) has
q(g,0)-query length-t Spiel-PCUSS for t = O(m“)polylog(z)m(@).

5.4.4 Handling arbitrary input lengths

As mentioned in the beginning of this section, our construction of code ensembles relies on
the fact that operations over a finite field GF(2!) can be computed efficiently. In order to
do so we need to have an irreducible polynomial of degree t over GF(2), so that we have a
representation GF(2?). Given such a polynomial, operations over the field can be implemented
in polylogarithmic time in the size of the field. By [Gol08] (Appendix G), we know that for
t =2-3" where r € N, we do have such a representation. However, the setting of ¢ restricts the
sizes of the fields that we can work with, which will limit our input size length.

We show here how to extend our construction to a set of sizes that is “log-dense”. For a global
constant ¢/, our set of possible input sizes includes a member of [m’, ¢/'m/] for every m’. Moving
from this set to the set of all possible input sizes now becomes a matter of straightforward
padding.

For any n € N, let 7 be the smallest integer such that n < 223" and let F = GF(223"). We
make our change only at the level-£ construction. First, we use 4d instead of d in the calculation
of the size of F’. Then, instead of using F \ H as the domain for our input, we use E \ H, for
any arbitrary set E C F of size n > max{4k, |[F|'/%,¢,} that contains H. Then, for the level-/,
instead of considering polynomials of degree |F|/2, we consider polynomials of degree |E|/2.
The rest of the construction follows the same lines as the one defined above. This way, all of
our operations can be implemented in polylogarithmic time in |E|.

5.5 Separation of testing models

In this section we use Theorem 5.4.2 to prove a separation between the standard testing model,
and the tolerant testing model (in Chapter 6.3 we will show a similar separation between the
standard testing model and the erasure resilient model). Specifically, we prove the following.

Theorem 5.5.1 (Restatement of Theorem 5.0.1). For every constant ¢ € N, there exist a
property Q) and e; = 1(£) € (0,1) such that the following hold.
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1. For everye € (0,1), the property QW can be e-tested using a number of queries depending
only on g (and £).

2. For every 9 € (0,e1), any (o,e1)-tolerant tester for Q) needs to make Q(N/10° -
polylog(Z)N) many queries on inputs of length N.

)

In order to prove the separation we use the code ensemble Egk where k is set to 0. Namely,
we consider &po(0). Note that in this case, the code ensemble becomes a property (i.e. a subset
of the set of all possible strings).

Next, we define the property that exhibits the separation between the standard testing
model and the tolerant testing model

Definition 5.5.2. Fix a finite field F and a constant integer £ € N and let £(¢) = ©(1/4%). Let

n m(é), g < n-polylo (©)py denote the length of the proof for the PCUSS from Theorem 5.4.2,
F > “F,0 ylog g

and let N = (log® n +1)- ZI&‘?)' Let Q) C {0,1}" be defined as follows. A string = € {0,1}V

satisfies QU if the following hold.

zﬂgf&log(e> n (0)

1. The first z]ffz] -log® n bits of 2 consist of s = copies of y € €F€

b-
(£)
2. The remaining zgz) bits of x consist of a proof string = € {0,1}"%0, for which the
Verifier-Procedure .( in Figure 5.1 accepts y given oracle access to y and 7.
F,0
We first show that Q) can be tested using a constant number of queries in the standard
testing model.

Testing Algorithm for Q()

Input: Parameter ¢ € (0,1), an oracle access to = € {0,1}.

(¢

def Z]F’g-log(a n

1. Set s =

n

2. Repeat 4/¢ times:
(a) Sample j € [n] and ¢ € [s] \ {1} uniformly at random.
(b) If 2 # (;_1).n4j, then Reject.

3. Let v = (21,...,2y,), 7 = (‘ng(),log(f) SIRTRRERE ) and 7 be the empty

string.

log(® n+ 1)25())

4. Run the PCU verifier for é’g()) with parameters €/3 and 6 = 2/3 on v, using 7 as the
alleged proof for v, and 7 as the alleged value for v.

5. If the PCU verifier rejects, then Reject; otherwise Accept.

Figure 5.2: Description of Testing Algorithm for Q) .

Lemma 5.5.3. The property Q) has a tester with query complexity depending only on e.

Proof: We show that the algorithm described in Figure 5.2 is a testing algorithm for Q). We
assume that n is large enough so that log(e) n>6/c.

68



Assume that z € Q). Then, there exists a string y € 5@%, such that xq,... 1T (0 1060y =
) F,0

S S 3 3 J—
(y)*® (where (y)® denotes the concatenation of s copies of y), and 0 10g® ne1r > L log® 41028 =

(£)
m € {0,1}°70, where 7 is a proof that makes the PCU verifier for Eg()) accept when given oracle
access to y and 7. Therefore, the algorithm in Figure 5.2 accepts z.

Next, assume that z is e-far from Q)| and let v/ = z1, ..., x,. Note that if 21, . . ., le(;%_log(b n

is /2-far from being (2')®, then the loop in Step 2 rejects & with probability at least 2/3, and
. ¢

we are done. If x1,..., ng())-log(e)n is £/2-close to (3')%, then ' must be &/3-far from Slgv()). To

see this, assume toward a contradiction that ¢’ is €/3-close to Sgg. Then, by modifying at most

(l> 0)
log n . . . .
f bits, we can make x1,..., (z) log equal to (y')®. Since, by our assumption y' is

e/3-close to Eg()), we can further modify the string (y)* to ()%, where § € 5]§ ()], by changing at

e zﬂ(f()) log(z) n

most —5—— bits. Finally, by changing at most z( ) bits from 7, we can get a proof string

7 which will make the PCPP verifier accept §. By our assumption that 6/e < log(ﬁ) n, the total
number of changes to the input string x is at most

£ - zéf% Jog¥n e zI(F?) log¥ n

{4 4
5 3 + zE(-,[)) <e-(logn+1)- 21%72) =eN,

()

which is a contradiction to the fact that x is e-far from &g 0-

Finally, having proved that y' is ¢/3-far from £, the PCU verifier for £%) (when called
with parameters £/3 and ¢ = 2/3) rejects with probability at least 2/3. |

Lemma 5.5.4. For every constant ¢ € N, there exists €1 dof O(1/4%) such that for every ey < €1,

N

W) many queries.

any (g0, €1)-tolerant tester for QO needs to make at least (

Proof: Fix some constant ¢ € N. The proof follows by a reduction from 2e;-testing of EH(,E()].

Given oracle access to a string y € {0,1}" which we would like to 2e;-test for EE(‘E()), we construct

an input string € {0, 1} where N = (log®@ n +1) - zI(F% as follows.

4
Qe

r () L),

That is, we concatenate z( ) log(@ n/n copies of y, and set the last z](Fz] bits to 0. Note that a
single query to the new 1nput string x can be simulated using at most one query to the string

Ifye Egg), then for large enough n we have that z is eo-close to Q). since the last z]g% bits
that are set to 0 are less than an eg-fraction of the input length.
On the other hand, if dist(z, SIE(‘Z())) > 2e1, since each copy of y in z is 2e;-far from Eg()), then

(©) (0
%#—far from Q) (note that 1'”57" > 1/2). Therefore, an (g¢,€1)-tolerant tester

for Q¥ would imply an 2e;-tester for 51&% Wlth the same query complexity. By Lemma 5.4.12,

since for some £1 = O(1/4%), every 2e;-tester for 5]12% requires (n/10°) queries on inputs of

N
10¢-polylog©) N

T is

length n, any (o, £1)-tolerant tester for Q) requires to make (
|

Proof of Theorem 5.5.1: The proof follows by combining Lemma 5.5.3 and Lemma 5.5.4.
|

) many queries.
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Chapter 6

Applications

In this chapter we will use the techniques developed throughout this thesis to obtain additional
applications. We consider the following problems.

Tolerant isomorphism testing. In the problem on isomorphism testing, we are given access
to two unknown Boolean functions f,g : {—1,1}" — {—1,1} and a parameter ¢ € (0,1), and
wish to distinguish between the case that f is equal to ¢ up to some permutation of the input
variables, or the distance between f and g is at least ¢ for every relabeling of the variables
in g. We show how to obtain a tolerant testing algorithm for the above problem whose query
complexity is parameterized by k* = k(f, g,v) — the smallest k such that either f or g is y-close
to a k-junta.

Theorem 1.3.5 (Tolerant isomorphism testing). There ezists an algorithm that, given query
access to two functions f,g: {—1,1}" — {—1,1} and parametere € (0, 1), satisfies the following,
for some absolute constant C' > 1.

e If f and g are &-close to isomorphic, then the algorithm accepts with high constant prob-
ability.

e If f and g are e-far from isomorphic, then the algorithm rejects with high constant prob-
ability.

The query complezity of the algorithm is 0(2%/5) with high-probability (and 0(2%/5 ) in the
worst case), where k* = k*(f, g, &)

Lower bounds for tolerant unateness testing. Recall that a function f : {—-1,1}" —
{—1, 1} is unate if it is either non-increasing or non-decreasing in every variable. Namely, there
exists a string r € {0,1}" such that the function f(z @ r) is monotone with respect to the
bit-wise partial order on {0,1}". We will show that the lower bound for testing bipartiteness
using rejection sampling oracle (Theorem 4.0.1) implies lower bounds for tolerant unateness
testing for both the adaptive and non-adaptive settings. Specifically,

Theorem 1.3.6. There exist constants 0 < g9 < €1 < 1 such that any (possibly adaptive)
algorithm that distinguishes between functions eg-close to unate and functions €1 -far from unate,
must make Q(n/polylog n) queries.

Theorem 1.3.7. There exist constant 0 < g9 < €1 < 1 such that any non-adaptive algorithm
that distinguishes between functions gg-close to unate and functions e1-far from unate, must
make Q(n?/polylog n) queries.
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Separating property testing from erasure-resilient testing. Finally, we will use the
short PCPP developed in Chapter 5 (Theorem 5.1.1) to obtain a sharper separation between
the erasure-resilient testing model and the standard testing model.

Theorem 1.3.8 (informal restatement of Theorem 6.3.2). For any constant integer ¢ € N, there
exist a property of boolean strings P C {0,1}" and a constant e1 € (0, 1) such that P is e-testable
for any € > 0 with number of queries independent of n, but for any o = Q(1/ log¥) n) and € €
(0,e1) such that e < 1—«, any a-erasure-resilient e-tester is required to query Q(n/polylog(z)n)
many bits.

6.1 “Instance-adaptive” tolerant isomorphism testing

In this section, we show how the machinery developed in section 3.2, and more precisely the al-
gorithm from Theorem 1.3.1, can be leveraged to obtain instance-adaptive tolerant isomorphism
testing between two unknown Boolean functions f.

The structure of our tolerant isomorphism testing algorithm is quite intuitive, and consists
of two phases. In the first phase, we run a linear search on k, repeatedly invoking our tolerant
junta tester to discover the smallest value k satisfying min(dist(f, Jx), dist(g, Jx)) < ¢/C. We
note that a similar approach using a tester whose tolerance is only poly(e/k) might return a
much larger value of k, since as k increases, the allowed tolerance decreases. In the second
phase, we use this value of k to tolerantly test isomorphism between f and g. This phase,
however, is not as straightforward as it seems: indeed, to achieve the desired query complexity,
we would like to test isomorphism — for which we have known algorithms — between f; and gy,
that is, the k-juntas closest to f and g respectively.

Yet here we face two issues: (i) we do not have query access to fi and gx; (ii) even in
the completeness case fr and g need not actually be isomorphic. Indeed, f and g are only
promised to be close to k-juntas, and close to isomorphic. Hence, the corresponding juntas are
only guaranteed to be close to isomorphic.

Addressing item (ii) relies on adapting the algorithm of [ABC*13], along with a careful and
technical analysis of the distribution of the points it queries. (This analysis is also the key to
providing the tolerance guarantees of our isomorphism tester.) We address item (i) as follows.
Our algorithm builds on the ideas of Chakraborty et al. [CGM11], namely on their notion of a
“noisy sampler”. A noisy sampler is given query access to a function that is promised to be close
to some k-junta and provides (almost) uniformly distributed samples labeled (approximately)
according to this k-junta. While the [CGM11] noisy sampler works for functions that are
poly(e/k)-close to Ji, we need a noisy sampler that works for functions that are only &-close
to Ji. To this end, we replace the weakly tolerant testing algorithm of [Bla09] used in the
noisy sampler of [CGM11] with our tolerant testing algorithm. The query complexity of the
resulting noisy sampler is indeed much higher than that of [CGM11]. However, this does not
increase the overall query complexity of our tolerant isomorphism testing algorithm, as stated
in Theorem 1.3.5.

We begin with some notation: Let S, denote the set of permutations of [n]. For f,g: {—1,1}" —
{=1,1}, we denote by distiso(f,g) the distance between f and the closest isomorphism of

g, that is distiso(f, g) def minyes, dist(f,gom). Given oracle access Of, Oy to two unknown
Boolean functions f,g: {—1,1}" — {—1,1} and a parameter ¢ € (0, 1), isomorphism testing
then amounts to distinguishing between (i) distiso(f, g) = 0; and (ii) distiso(f, g) > .1

Our result will be parameterized in terms of the junta degree of the unknown functions f and
g, formally defined below:

!Phrased differently, this is testing the property P = { (f,fom): fe 22[n]77r S } - 921" 5 92"
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Definition 6.1.1 (Junta degree). Let f: {—1,1}" — {—1,1} be a Boolean function, and
v € [0,1] a parameter. We define the y-junta degree of f as the smallest integer k such that f
is y-close to being a k-junta, that is

K*(f,7) < min { k € [n] ¢ dist(f, ) <7 }.
Finally, we extend this definition to two functions f, g by setting k*(f, g,v) = min(k*(f, ), k*(g,7)).
With this terminology in hand, we can restate Theorem 1.3.5:

Theorem 6.1.2 (Theorem 1.3.5, rephrased). There exist absolute constants ¢ € (0,1), g9 €
(0,1) and a tolerant testing algorithm for isomorphism of two unknown functions f and g
with the following guarantees. On inputs € € (0,g¢], 0 € (0,1], and query access to functions
fag: {717 1}n - {71? 1}

e if distiso(f, g) < ce, then it outputs accept with probability at least 1 — §;

e if distiso(f,g) > ¢, then it outputs reject with probability at least 1 — §.

The query complexity of the algorithm satisfies the following, where k* = k*(f,g, pl—cg) s the

pce

16 ~Junta degree of [ and g:

o it is 0(2%% log %) with probability at least 1 — §;

o 5 (o2 1 1
e it is always at most 0(22 < log 3).

Moreover, one can take c = ﬁ, and € o %(5 —2v/6) ~ 0.108.

6.1.1 Proof of Theorem 6.1.2

As described in the opening of this section, our algorithm first performs a linear search on
k, invoking at each step the tolerant tester of section 3.2 with parameter €', to obtain (with
high probability) a value k* such that k*(f,g,&") < k* < k*(f, g, ’%). In the second stage, it
calls a “noisy sampler” to obtain uniformly random labeled samples from the “cores” of the
k*-juntas closest to f and g (both notions are defined formally in subsubsection 6.1.1.2), and
robustly tests isomorphism between them. We accordingly divide this section in two, proving
respectively these two statements:

Lemma 6.1.3. There exists an algorithm (Algorithm 6) with the following guarantees. On
inputs €', € (0,1) and query access to f,g: {—1,1}" — {—1,1}, it returns a value 0 < k < n,
such that:

o with probability at least 1 — &, we have that:

(i) k*(f,9.€') <k <k*(f,9,55);
(ii) the algorithm performs O(2§+O(k> . %log %) queries;

e the algorithm performs at most O(Q%Jro(“) . %log %) queries.

Proposition 6.1.4. There exists an algorithm (Algorithm 7) with query complexity O(%
for testing of isomorphism of two unknown functions f and g, under the premise that f is close
to Ji. More precisely, there exist absolute constants ¢ > 0 and g9 € (0,1] such that, on inputs
keN, e € (0,20] and query access to functions f,g: {—1,1}" — {—1,1}, the algorithm has the
following guarantees. Conditioned on dist(f, Jx) < ce, it holds that:

73



e if distiso(f, g) < ce, then it outputs accept with probability at least 8/15;
e if distiso(f, g) > ¢, then it outputs reject with probability at least 8/15.

Moreover, one can take c = ﬁ, and € o %(5 —2v/6) ~ 0.108.

Theorem 6.1.2 follows by the combination of Lemma 6.1.3 and Proposition 6.1.4.

Proof of Theorem 6.1.2: Let p def %, and ¢ = ce. The algorithm proceeds as

follows: it first invokes Algorithm 6 with inputs f, g,&’,/2, and gets by Lemma 6.1.3, a value
1 < k* < n such that k*(f,g,¢') < k* < k*(f, g, %) with probability at least 1 — %. In
particular, conditioning on this we are guaranteed that either f or g is €’-close to some k*-junta
(i.e., by our choice of ¢, one of the functions is ce-close to J+). It then calls Algorithm 7 with
inputs f, g, k*, ¢ independently O(log %) times (for probability amplification from 8/15 to 1 — g),
and accepts if and only if the majority of these executions returned accept. The correctness
of the algorithm follows from Proposition 6.1.4 and the bound on the query complexity follows
from the bounds in Lemma 6.1.3 and Proposition 6.1.4. |

6.1.1.1 Linear search: finding k*.

Let T denote the algorithm of Theorem 1.3.1, with probability of success amplified by standard
techniques to 1 — 6 for any ¢ € (0,1] (at the price of a factor O(log %) in its query complexity);

and write ¢ (k,e,p,0) = O(Epk(llo—g;f;k log %) for its query complexity. Algorithm 6, given next,

performs the linear search for k*: we then analyze its correctness and query complexity.

Algorithm 6 Junta Degree Finder(Oy, Oy, €', p, 9)

1: Set p—1— % and let T be the algorithm of Theorem 1.3.1.
2: for k=0ton do

3 Call Ton f with parameters k, €', p, and 35/(2w%(k + 1)?).
4 Call Ton g with parameters k, ¢/, p, and 36/(27%(k + 1)?).
5: if either call to Treturned accept then return k.

6 end if

7: end for

8: return n

Proof of Lemma 6.1.3: By a union bound, all executions of 7 will be correct with probability
at least 1—2 Z‘;‘;l 27?25].2 =1- g. Conditioning on this, the tester will accept for some k between
k*(f,g,€") and k*(f,g,pe’/16). This is true since as long as we invoke T with values k such
that f and g are ¢/-far from 7, both invocations of 7 will reject. Therefore, once we accept, we
have that either f or g is at least ¢’-close to Ji. Hence, k > k*(f, g,€’). Also, T is guaranteed
to accept on some k' whenever invoked on a function that is pe’/16-close to Jjs. By definition,
k*(f,g,pe' /16) is such a k' for either f or g; hence, k < k*(f, g, pe'/16).

In the case that all the executions of T returned correctly, the query complexity is

!
k*(f.9.5%)

30
a(e, f,9) = Z QQT<]€,€,,P’27T2(]§_’_1)2>-

k=0

By the expression of ¢, we get that ¢(e, f, g) is upper bounded by

k* k
o(1) klogklogs _ O(1) o log L 1
q(e, f,g9) < < k* log k*)22¥" 108 75 Jog
)< = T < T ) :
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where k* kE*(f, g, q—%’). In particular, from the choice of p, we get q(e, f,g9) < O (2%”(”)% log %)

(If not all the executions of the tester are successful, in the worst case the algorithm considers
all possible values of k, before finally returning n. In this case, the query complexity is similarly

bounded by O (2%‘“’(")% log %) )
|

6.1.1.2 Noisy samplers and core juntas.

For a Boolean function f: {—1,1}" — {—1,1} we denote by fi : {—1,1}" — {—1, 1} the k-junta
closest to f. That is, the function h € Jj such that dist(f, h) = dist(f, Jx) (if this function
is not unique, then we define fj to be the first according to lexicographic order). Moreover,
following Chakraborty et al. [CGM11], for a k-junta h € J (where we assume without loss of
generality that h depends on exactly k variables) we define the core of h, as follows. The core
of h, denoted corey,: {—1,1}* — {—1,1}, is the restriction of h to its relevant variables (where
these variables are numbered according to the natural order); so that for some i; < --- < € [n]
we have
h(x) = corep (i, ..., x4,)

for every x € {—1,1}".

Definition 6.1.5 ([CGM11, Definition 1]). Let g: {—1,1}* — {—1,1} be a function and let
N, € [0,1). An (n, n)-noisy sampler for g is a probabilistic algorithm that on each execution
outputs a pair (z,a) € {—1,1}* x {—1,1} such that

(i) For all y € {~1,1}*, Prlw = y] € |12, 12#);

(ii) Prla =g(z)] > 1 —n;
(iii) the pairs output on different executions are mutually independent.

An n-noisy sampler is an (1, 0)-noisy sampler, i.e., one that on each execution selects a uniformly
random x € {—1,1}*.

Chakraborty et al. [CGM11] show how to build an efficient O(e)-noisy sampler for corey, ,
which is guaranteed to apply as long as dist(f, Ji) = 0(56 / kzlo). In more detail, they first run a
modified version of the junta tester from [Bla09], which, whenever it accepts, also returns some
preprocessing information that enables one to build such a noisy sampler. Moreover, they show
that this tester will indeed accept any function that is 0(66 / klo)—close to Ji (in addition to
rejecting those e-far from it), giving the above guarantee. Using instead (a small modification
of) our tolerant tester from section 3.2, we are able to extend their techniques to obtain the
following — less efficient, but more robust — noisy sampler.

Proposition 6.1.6 (Noisy sampler for close-to-junta functions). There are algorithms Ap, Ag
(respectively preprocessor and sampler), which both require oracle access to a function f: {—1,1}" —
{—1,1}, and satisfy the following properties.

&
e The preprocessor Ap takes € € (0,1], p € (0,1), k € N as inputs, makes O(m)

queries to f, and either returns fail or a state o € {0, 1}pOIY("). The sampler Ag takes
as input such a state o € {0, l}pOIY("), makes a single query to f, and outputs a pair
(x,a) € {—1,1}F x {~1,1}. We say that a state o is y-good if for some permutation
7 € S, As(o) is a y-noisy sampler for corey, om.
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e Ap(e',p, k) fulfills the following conditions:

(i) If dist(f, Jr) < {%¢€', then with probability at least 4/5, Ap returns a state o that is
3¢’ -good.

(i1) If dist(f, Jx) > €', then with probability at least 4/5, Ap returns fail .

(111) If dist(f, Ji) < €', then with probability at least 4/5, A, either returns fail or returns
a state o that is 3¢’'-good.

The proof of Proposition 6.1.6 is deferred to Appendix 6.1.2; indeed, it is almost identical
to the proof of Proposition 4.16 in [CGM11], with small adaptations required to comply with
the use of the tolerant tester from section 3.2 instead of the tester from [Bla09].

We note that the main difference between the guarantees of our noisy sampler and those of
the noisy sampler in [CGM11, Lemma 2] lies in the set of functions for which the noisy sampler
is required to return a good state. In our case, this set consists of functions that are somewhat
close to k-juntas. In comparison, the construction from [CGM11] is more query-efficient (only
O(k/e) queries to f in the preprocessing stage), but only guarantees the output of a noisy
sampler for functions f that are 0(56 / klo)—close to Ji.

With these primitives in hand, we are almost ready to prove the main proposition of this sub-
section, Proposition 6.1.4. To state the algorithm (Algorithm 7) and proceed with its analysis,
we will require the following definition:

Definition 6.1.7 (Number of violating pairs V). Given two sets Q1,Q2 C {—1,1}* x {—1,1}
and a permutation m € S we say that pairs (z,a1) € Q1 and (y,a2) € Q2 are violating with
respect to m, if y = w(x) and a; # az. We denote the number of violating pairs with respect to
m by V.

Algorithm 7 Tolerant isomorphism testing to an unknown f such that distfJ; < ce
(Of7 Ogv &, k)
1: Let Ap, Ag be as in Proposition 6.1.6, p < 1 —

Lo 15, @ ¢ dee.

2
2 S C’%vkln k,t <+ (3a+ 95’)3—; > C > 1 is an absolute constant.
3: Run the preprocessor Ap on f and g with parameters €', p, k.
4: if either invocation of Ap returned fail then
5: return reject .
6: end if
7. Using the 3¢’-noisy sampler Ag (called with the states returned on Step 3), construct “core”
sets Qf, Qg C {—1, 1}* x {—1,1} each of size s + C%\/klnk.
8: if there exist m € Sy such that V; <t¢ then
9: return accept .
10: end if

11: return reject .

Proof of Proposition 6.1.4: The query complexity is the sum of the query complexities
from Steps 3 and 7, i.e.,

klog k k/2 k/2 k/2
9] _voss +25-1=0 27l<:logﬁ+27\/m =0 LklOgE :
)k £ IS £ 9 £

ep(l—p
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Completeness. Assume that g is ce-close to isomorphic to f, which itself is ce-close to being
a k-junta. Therefore, by the triangle inequality and by our choice of ¢ < 5%, dist(g, Ji) <
2ce < pe’ /16 as well, so that with probability at least 3/5 the algorithm does not output reject

on Step 5 (we thereafter analyze this case). Moreover, by the triangle inequality there exists

a permutation m € S, such that dist(fx,gx om) < 2ce + 2ce = 4ee e . In particular, this

implies that there exists a permutation 7* € S, such that dist(corey, ,corey, on*) < a. Let
T* C {—1,1}* be the disagreement set between corey, and corey, or*: by the above |T*| < a2F.
Let Q}, Qg {—1,1}* denote the sets resulting from taking the first element in each pair

in Qy and Qg respectively. The size of the intersection Z def ‘Q; NT*| is distributed as a

Binomial random variable, namely Z ~ Bin(s, %), and conditioned on Z we have Z*

QNQyNT”

~ Bin(s, 2%) In particular, we get

sz
27.

T*
E[Z] = S‘Qk ’, E(Z'|Z] = E[|Q: nQ;nT*| | |QsnT*|] =

Let Ag denote the noisy sampler algorithm when invoked for f, and for every = € Qj} let
Aé(x) denote the label given to x by Ag. Since Aé is a 3¢’-noisy sampler for corey, , Pr[A];(zc) #+
corey, (x)] < 3¢’. An analogous statement holds for g. We let N e ‘{x €Q;NQy: Aé(ac) # corey, () or A (a
be the number of common samples incorrectly labelled by either noisy sampler, and observe
that N is dominated by a Binomial random variable N ~ Bin(‘Q}i NQy , 6¢’ )
With this in hand, we can bound Pr[V« > t] as follows (recall that ¢t = 3« 4 9¢’):

82

2 2

Pr [VW* > (3a+9e’)2k] <Pr [\Q;mqng*\ > 304;] +Pr [N > 95’;]
s < , 52

<Pr [‘Q;ﬂQ;ﬁT*‘ >3a2k] + Pr [N>9€2k].

Recall that Z* = )Q; NQ:NT*|. Since Pr [ Q:nQ;NT*

is maximal, we assume without loss of generality that |T*| = a2*. We will handle each term

2] . o
> 304;?} is maximized when |7

separately.
.. 3 s . 38%|T%
PI‘|:Z >2062k:|:PI‘|:Z >222k’:|
. 3s%|T% 5s|T% 5s|T*
. 382|T* 5s|T% 5 |T*
55 |T% 382 |T*| 5 |T%

We again bound the two terms separately. By the assumption that |T*| = a2* and by the
choice of s,

55 |T*| 5 1 (1\? s|T7 1
Pr|Z > - =Pr|Z>-E|Z —— =] - —.
r[ > 1ok } r[ > [ ]] <exp( 3 <4> o | <30
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As for the second term, since E[Z*] = ‘;—% and by the assumption on 7™ and the setting of s,

352|T*| 55\T* . 3821 5s|T%
Pz > S SPr\Z> o |25
6 5s|T%

—Pr|Z° > E[Z]|Z="
r{ > 5 BlZ] 1 o }

_ 1 /1\? s s|T¥ 1
e —_—— e — PR
LT3 \5) ok ok 30

for a sufficiently large constant C' in the definition of s.
we have,

As for the last term of the initial expression, since E[N] = 6¢’

SmQ;

2

Pr{N>9€';k} SPr[N>9€

‘—42k:| Pr[‘Qme ‘—42k:|

5
+Pr[}QfﬂQ }>4;]

98
§Pr[N>95 \—42k}+Pr[|Qme|>42k]

<Pr[N> E[N '}Qmeg\—“k}+Pr[[Qmeg]>42k]

- 1LY 16755 L1\ s 1
L7376 4.9k Pl 73°\1) k) =75

(Actually o(1).)

The algorithm will therefore reject with probability at most 2 =+ 15 + 15 = 15

Soundness. Assume that dist(f, Jx) < ce, and that g is e-far from being isomorphic to f.
Then one of the following must hold:

1. dist(g, Jx) > €'
2. for all m € Sk, dist(corey, , corey, om) > e — (¢/ +ce) > e — 2.

If the first case holds, then the function will be rejected in Step 3 with probability at least %
and so the algorithm will reject as desired. We can therefore focus on the second case.

If the second case holds, either the tester rejects in Step 5 (and we are done) or it outputs a
state which will be used to get the 3¢’-noisy sampler. Fix any 7 € Sj. Since distcorey, corey, om >
(e — 2¢), there are m e m(r) > (e — 2¢')2% inputs € {—1,1}* such that corey, (z) #
corey, om(x). Let T = T(w) C {—1,1}* denote the set of all such inputs (so that |T| = m).

We can make a similar argument as for the completeness case: we have that ‘Q; OT‘

is a random variable with Binomial distribution (of parameters s, and glk‘) Conditioned on

Q‘} Q‘} nQ;N T’ ~ Bin <S, ‘QZST’) so that
B[[QjnQ;nT[|=E[E[|Q;nQ;nT||[Q;nT|]]

s‘Q?ﬂT‘ 2| 2 2

o = 82;: s (- 25’);7 = 145’;7,.
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(Recall that our threshold was set to ¢ = (3a + 98,);% < 12¢ ;—i) Moreover, each element
z € Q3 NQyNT will contribute to Vx with probability at least (1 — 3¢')? > % (since this is
a lower bound on the probability that both .Af( ) = corefk (z) and AZ(z) = corey, (), and as
e’ < £%). As before, we can therefore write, letting 7 < ’Qf NnQg , and taking |T'| to be

minimal so that |T'| = (e — 2¢')2F,

Pr[V,>t]> Pr[Vﬂ >t

2> pr|z> 1
12 12
2(1_6—%(%)2 5 132t)Pr Zzgt = (1—ef2ot00>Pr Z> Et
12 12
(Chernoff bound)

so that it is sufficient to lower bound Pr [ 7 > %t] To do so, we will bound the probability of
the two following events:

def

El:' Y = < 100 2*

Qf A T‘ 99 s|T|

E2: ‘QS nQ; QT‘ < 100 o 100 2F

Q} ﬂT‘ conditioning on ’Qf QT‘ > 99 s|T|

This will be sufficient for us to conclude, as by our choice of ¢ = (3a 4 9¢’ )s—k the setting
IT| = (¢ — 2¢')2F = 22", and since a < &/, we have

13,18 8 18299\ ST
12 "= 12 7 Tk T 16 C 2k = \100) 22k
Therefore, by a Chernoff bound
13 [ 99 \? s |T|
Pr|Z < —t| <Pr|Z<(—
r[ 1 } sHras <100) 92k
99 s|T) 99 | 99 5T
<Pr|Y<— Pr Z<——Y > — Pr|Y>—
=5 S 100 o ]Jr [ 100 2 ‘ =700 28 | 7|7 =100 2F
[ 99 s|T| 99 S v 99 s|T|
<Pr|Y < 2 p Y >
R TR ]“L r[ 100 2 ‘ =100 2F
- 1/ 1\? s|T| |z P9 99 s|T)|
ex _ . _ . - _
P72 \100) "2 100 2F 100 2F

_ 1/ 1\? s(e—2¢) 2" N 1/ 2\ s%e—2¢) 2
=P 75\ 100 oF P75 100 92k

< exp(—7C%kInk),

by the choice s = C%\/kln k, and for some constant 7 € (0,1). Hence setting C' to a suffi-

ciently large constant, the foregoing analysis implies that Pr[V, <t] < e~ 30w + e~ TCkInk

_12¢43/4_ 2 1ok B . .
e~ 2000 5 /2" | g~ mC?kInk g 15kk A union bound over all k! < k¥ permutations = € S, finally

yields Pr[3r, V. <t] < £ as claimed. [

6.1.2 Construction of a noisy sampler

In this subsection we provide the proof of Proposition 6.1.6, restated below:
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Proposition 6.1.8 (Noisy sampler for close-to-junta functions). There are algorithms Ap, Ag
(respectively preprocessor and sampler), which both require oracle access to a function f: {—1,1}" —
{—1,1}, and satisfy the following properties.

klog £
e The preprocessor Ap takes € € (0,1], p € (0,1), k € N as inputs, makes O((E,p(?g_;»k)

queries to f, and either returns fail or a state o € {0, 1}p01y<n). The sampler Ag takes
as input such a state o € {0, l}pOIY("), makes a single query to f, and outputs a pair
(x,a) € {~1,1}* x {~1,1}. We say that a state o is y-good if for some permutation
7 € S, As(o) is a y-noisy sampler for corey, om.

o Ap(e',p, k) fulfills the following conditions:

(i) If dist(f, Jr) < {5€’, then with probability at least 4/5, Ap returns a state o that is
3¢’ -good.

(i) If dist(f, Jx) > €', then with probability at least 4/5, Ap returns fail .

(tii) If dist(f, Ji) < €, then with probability at least 4/5, A, either returns fail or returns
a state o that is 3¢’'-good.

We will very closely follow the argument from the full version of [CGM11] (Proposition
4.16),2 adapting the corresponding parts in order to obtain our result. For completeness, we
tried to make this appendix below self-contained, reproducing almost verbatim several parts of
the proof from [CGM11].3

Proof of Proposition 6.1.6: In order to use our result from section 3.2 in lieu of the junta
tester from [Bla09], we first need to make a small modification to our algorithm. Specifically,
in its first step our tester will now pick a random partition Z of [n] in ¢ o %162 parts instead
of 24k? (for some (small) absolute constant C' > 1). It is easy to check that both Lemma 3.1.3
and Lemma 3.1.4 still hold (e.g., from the proof of [Blal2, Lemma 5.4]), now with probability

at least 19/20. Moreover, our modified tolerant tester offers the same soundness and complete-

ness guarantees as Theorem 1.3.1, at the price of a query complexity O(%&%ﬁ) (instead of

O<a/f(11°_gf)k ) ). Moreover, in Step 4 of Algorithm 3, i.e. when the algorithm found a suitable set

J C 4] (of size £ — k) as a witness for accepting, we make the algorithm return Z and the set

g {I;};cs along with the verdict accept .

We will also require the definitions of the distribution induced by a partition Z and a subset
J C Z, and of such a couple (Z, J) being good for a function:

Definition 6.1.9 ([CGM11, Definition 4.6]). For any partition Z = {Iy,...,I;} of [n], and
subset of parts J C Z, we define a pair of distributions:

The distribution D7 on {—1,1}". An element y ~ Dz is sampled by
1. picking z € {—1,1}* uniformly at random among all (52) strings of weight %;
2. setting y;, = z; for all j € [¢] and i € ;.

The distribution D7 on {—1,1}V|. An element 2 ~ D is sampled by

1. picking y ~ Dg;

2The full version can be found at http://www.cs.technion.ac.il/~ariem/eseja.pdf.
3The reader may notice that Chakraborty et al. rely on a definition of set-influence that differs from ours by
a factor 2; we propagated the changes through the argument.
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2. outputting extract(z 7)(y), where & = extract(z 7)(y) is defined as follows. For all
J € [¢] such that I; € J:
o if I; #10), set ¢; = y; (where i € I;);
o if [; =), set x; to be a uniformly random bit.

Lemma 6.1.10 ([CGM11, Lemma 4.7]). Dz and Dy as above satisfy the following.

e Forallac {—1,1}", Prz y.p; [y=al]= 2%

o Assume £ > 4 IJ\Q. For every T and J C Z, the total variation distance between Dy and
the uniform distribution on {—1,1} is bounded by 2|J|* /0. Moreover, the ls, distance
between the two distributions is at most 4|7 /(€271).

Definition 6.1.11 ([CGM11, Definition 4.8]). Given (Z,J) as above and oracle access to
f+{=1,1}" — {—1,1}, we define a probabilistic algorithm sampler 7 7)(f) that on each execu-
tion produces a pair (z,a) € {—1,1}M! x {<1,1} as follows: first it picks a random y ~ D,
then it queries f on y, computes x = extract(z 7)(y) and outputs the pair (z, f(y)).

Definition 6.1.12 ([CGM11, Definition 4.9]). Given o > 0, a function f: {—1,1}" — {—1,1},
a partition Z = {Iy,...,I;} of [n] and a subset J C Z of k parts, we call the pair (Z,J) a-
good (with respect to f) if there exists a k-junta h € Ji such that the following conditions are
satisfied:

1. Conditions on h:

(a) Every relevant variable of h is also a relevant variable of f;
(b) dist(h, fi) < o

2. Conditions on Z:

(a) For all j € [¢], I; contains at most one variable of corey, ;

(b) Pry~p, [f(y) # fu(y)] <10 - dist(f, fx)-

3. Condition on J: the set S def U Ies I contains all relevant variables of h.

Lemma 6.1.13 ([CGM11, Lemma 4.10]). Let o, f,Z,J be as in the preceding definition. If

the pair (Z,J) is a-good (with respect to f), then sampler(z 7)(f) (as per Definition 6.1.11) is

an (n, p)-noisy sampler for some permutation of corey, , with n < 20+ # + 10 - dist(f, fx) and
4k2

w< =

The last piece we shall need is the ability to convert an (7, u)-noisy sampler to a (n’, 0)-noisy
sampler — that is, one whose samples are exactly uniformly distributed.

Lemma 6.1.14 ([CGM11, Lemma 4.4)). Let § be an (n, p)-noisy sampler for g: {—1,1}* —
{—=1,1}, that on each execution picks x according to some fixed (and fully known) distribution
D. Then g can be turned into an (n+ p)-noisy sampler Gunie for g.

With this in hand, we are ready to prove the main lemma:

Lemma 6.1.15 (Analogue of [CGM11, Proposition 4.16]). The tester from Theorem 1.5.1,

modified as above, has the following guarantees. It has query complexity O(’Z;‘E%S%?) and

outputs, in case of acceptance, a partition T of [n] in ¢ def O(k2/5) parts along with a subset
J C T of k parts such that for any f the following conditions hold:
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o if dist(f, Ji) < {ze, the algorithm accepts with probability at least 9/10;
o if dist(f, Jx) > €, the algorithm rejects with probability at least 9/10;

e for any f, with probability at least 4/5 either the algorithm rejects, or it outputs J such
that the pair (Z,J) is 3(1+ 2p)e-good (as per Definition 6.1.12).

In particular, if dist(f, Jx) < f5¢, then with probability at least 4/5 the algorithm outputs a set
J such that (Z,J) is 3(1 4 2p)e-good.

Proof of Lemma 6.1.15: The first two items follow from the analysis of the tester (Theo-
rem 1.3.1) and the foregoing discussion; we thus turn to establishing the third item.

Called with parameters k, p, £, our algorithm, with probability at least 19/20, either rejects
or outputs a partition Z of [n] into £ = O(k?) parts and set J C T satisfying Inf;(¢(J)) < e.
Let R C [n] (with |R| < k) denote the set of relevant variables of fi, and V' 2O R (with |V| = k)
the set of relevant variables of cores, . Assume that dist(f, J) < 25.* We then have:

e by the above, with probability at least 19/20 the algorithm outputs a set J C Z which
satisfies

Inf;(¢(J)) <&

e since £ > k2, with probability at least 19/20 all elements of V fall in different parts of the
partition Z;

e by Lemma 6.1.10 and by Markov’s inequality, with probability at least 9/10 the partition
T satisfies Prywp, [ f(y) # fi(y)] < 10- dist(f, fi).

So by a union bound, with probability at least 4/5 all three of these events occur. Now we

show that conditioned on them, the pair (Z,J) is (1 + 3p)e-good. Let U RN (Ures 1)
(informally, U is the subset of the relevant variables of fj, that were successfully “discovered” by

the tester). Since dist(f, Jx) < 45, we have Inf (V') < 4dist(f, Jx) < &7 By the sub-additivity

and monotonicity of influence we get

It () < Tnf (V) + Tnf;(V\U) < Inf (V) + Inf (6(7)) < 7+

where the second inequality follows from V' \ U C ¢(7). This means (see e.g. [Blal2, Lemma
2.21]) that there is a k-junta h on U such that dist(f,h) < (4 +¢), and by the triangle
inequality dist(fy,h) < 2(25 +¢)+ 2 = 1(1+ 2p)e. Based on this h, we can verify that the
pair (Z,J) is 3(1+ %p)e—good by going over the conditions in Definition 6.1.12. [ |

Concluding the proof of Proposition 6.1.6. We conclude as in Section 4.6 of [CGM11],
and start by describing how Ap and Ag operate. The preprocessor Ap starts by calling the
tester 7 of Lemma 6.1.15. Then, in case T accepted, Ap encodes in the state o the partition Z
and the subset J C Z output by 7 (see Lemma 6.1.15), along with the values of k and €. The
sampler Ag, given o, obtains a pair (z,a) € {—1,1}* x {~1,1} by executing sampler(z 7)(f)
(from Definition 6.1.11) once. Now we show how Proposition 6.1.6 follows from Lemma 6.1.15.
The first two items are immediate. As for the third item, notice that we only have to analyze
the case where dist(f, fr) < {5 and T accepted; all other cases are taken care of by the first
two items. By the third item in Lemma 6.1.15, with probability at least 4/5 the pair (Z,J) is

4For other f’s, the third item follows from the second item.
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%(1 + %p)e—good. If so, by Lemma 6.1.13, sampler(z () is an (1, u)-noisy sampler for some

permutation of corey, , where

1 3 4k2 3 10 4k2 4k2
‘*(1+§P)E+ — 10 dist(f, Jk) < (1+§p)5+%+ — = (A +pet

<9
" i

- 2
and p < %. This in turn implies by Lemma 6.1.14 an r’-noisy sampler, for

8k?
W=n+p<(l+p)et = <(2+p)e<3e

as claimed. (Where we used that % < ¢ by our choice of /.) [

6.2 Lower bound for non-adaptive tolerant unateness testing

In this section, we show an additional application to our lower bound techniques from Chapter
4. In particular, we show how to reduce distinguishing distributions G; and Gz (as defined in
Section 4.2.2) to distinguishing between Boolean functions which are close to unate and Boolean
functions which are far from unate. We start with a high level overview of the constructions
and reduction, and then proceed to give formal definitions and the reductions for adaptive and
non-adaptive tolerant testing.

6.2.1 High Level Overview

Similarly to Section 4.2, we define two distributions Dyes and Dy, supported on Boolean func-
tions, so that functions in Dy are gp-close to being unate, and functions in D, are e1-far from
being unate (where g9 and £; are appropriately defined constants).

We will use a randomized indexing function I': {0,1}" — [IV] based on the Talagrand-style
constructions from [BB16, CWX17a] to partition {0,1}" in a unate fashion. Again, we will
then use a graph G ~ G; or Gy to define the sequence of sub-function H = (h;: {0,1}" —
{0,1} : i € [N]). The sub-functions h; will be given by a parity (or negated parity) of three
variables: two variables will correspond to the end points of an edge sampled (j;,75) ~ G, the
third variable will be one of two pre-specified variables, which we call my and ms. Consider for
simplicity the case when h;(z) = 2, @z, ® T, , and assume that we require that variable m;
is non-decreasing.

Similarly to Section 4.2, the functions h; are thought of as gadgets. We will have that if
h; is defined with respect to an edge (j1,j2) and my, then the function f will be “encouraged”
to make variables j; and jo have opposite directions, i.e., either j; is non-increasing and jo is
non-decreasing, or j; is non-decreasing and jo is non-increasing. In order to see why the three
variable parity implements this gadget, we turn our attention to Figure 6.2.1 and Figure 6.2.1.

Intuitively, the function f needs to change some of its inputs to be unate, and it must
choose whether the variables j; and jy will be monotone (non-decreasing) or anti-monotone
(non-increasing). Suppose f decides that the variable j; should be monotone and j, be anti-
monotone, and m; will always be monotone (since it will be too expensive to make it anti-
monotone). Then, when h;(x) = xj, ® xj, ® Tm,, h; will have some violating edges, i.e., edges
in direction j; which are decreasing, or edges in direction jo which are increasing, or edges in
direction m; which are decreasing (see Figure 6.2.1, where these violating edges are marked in
red). In this case, there exists a way that f may change %—th fraction of the points and remove
all violating edges (again, this procedure is shown in Figure 6.2.1).
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m1 m1
P 7 — b _
J1 J2 JT J2

Figure 6.1: Example of a function h;: {0,1}" — {0, 1} with h;(z) = xj, ®xj, By, with variable
j1 (which ought to be monotone), jo (which ought to be anti-monotone), and m; (which is always
monotone). The image on the left-hand side represents h;, and the red edges correspond to
violating edges for variables ji,jo and mj. In other words, the red edges correspond to anti-
monotone edges in variables j;, monotone edges in variables jo, and anti-monotone edges in
direction mj. On the right-hand side, we show how such a function can being “fixed” into a
function hj: {0,1}" — {0,1} by changing $-fraction of the points.

In contrast, suppose that f decides that the variables j; and j» both should be monotone.
Then, when h;(z) = zj, ® xj, ® =y, the violating edges (shown in Figure 6.2.1) form vertex-
disjoint cycles of length 6 in {0,1}™, thus, the function f will have to change %-th fraction of
the points in order to remove all violating edges. In other words, when there is an edge (j1, jo2)
sampled in h;, the function f is “encouraged” to make j; and jo have opposite directions, and
“discouraged” to make j; and jo have the same direction. The other cases are presented in
Figures 6.2.2, 6.2.2, and 6.2.2.

In order for f to become unate, it must first choose whether each variable will be monotone
or anti-monotone. f will choose all variables in M to be monotone, the variable m; to be
monotone, and msy to be anti-monotone, but will have to make a choice for each variable in M,
corresponding to each vertex of the graph G. As discussed above, for each edge (j1,j2) in the
graph, f is encouraged to make these orientations opposite from each other, so f will want to
look for the maximum cut on the graph, whose value will be different in G; and G».

Similarly to the case in Section 4.2, the reduction will follow by defining the rejection
sampling queries L; corresponding to variables explored in sub-function h;. The unate indexing
functions I' are not as strong as the indexing functions from the Section 4.2, so for each query
in the Boolean function testing algorithm, our reduction will lose some cost in the rejection
sampling algorithm. In particular, the adaptive reduction loses n cost for each Boolean function
query, since adaptive algorithms can efficiently explore variables with a binary search; this
gives the Q(n) lower bound for tolerant unateness testing. The non-adaptive reduction loses
O(y/nlogn) cost for each Boolean function query since queries falling in the same part may
be Q(y/n) away from each other (the same scenario occurs in the non-adaptive monotonicity
lower bound of [CWX17a]). The non-adaptive reduction is more complicated than the adaptive
reduction since it is not exactly a black-box reduction (we require a lemma from Section 4.3).
This gives the ﬁ(n3/ 2) lower bound for non-adaptive tolerant unateness testing.

84



mi my
+ -+ -+ -+
J1 J2 J1 J2

Figure 6.2: Example of a function h;: {0,1}" — {0, 1} with h;(z) = 2, &z, Bxy,, with variables
j1 and j2 (which ought to be monotone), and m; (which ought to be monotone). On the left
side, we indicate the violating edges with red arrows, and note that the functions in the left
and right differ by 2-fraction of the points. We also note that any function hj: {0,1}" — {0,1}
which has ji, jo and m; monotone must differ from h; on at least %—fraetion of the points
because the violating edges of h; form a cycle of length 6.

6.2.2 The Distributions Dyes and Dy,

We now turn to describing a pair of distributions Dyes and Dy, supported on Boolean functions
f:{0,1}" — {0,1}. These distributions will have the property that for some constants £y and
g1 with 0 < go < e,

Pr [dist(f, Unate) <eg] =1 —o(1) and Pr [dist(f,Unate) > 1] =1 —o(1).

yes ~L/no
We first define a function f ~ Dy, where we fix the parameter:
N =2v",
n

1. Sample some set M C [n] of size [M| = & uniformly at random and let m;, ma ~ M be
two distinct indices.

2. We let T ~ E(M \ {m1,mz}) (which we describe next). T is a sequence of terms
(T; : i € [N]) which is used to defined a multiplexer map I'p: {0,1}" — [N] U {0*, 1*}.

3. We sample A C M of size |A| = 5 and define a graph as:
G =KaU KK‘

4. We now define the distribution over sub-functions H = (h; : i € [N]) ~ H(m1, m2, G).
For each function h;: {0,1}" — {0, 1}, we generate h; independently:

e When i < 3N/4, we sample j ~ {m;, ma} and we let:

r; J=my
hi(x) = 7
e Otherwise, if i > 3N /4, we sample an edge (j,,72) ~ G and an index g3 ~ {m, ma}
we let: '
“xj, ©Tj, ©Tj; Jg3= M2
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The function f: {0,1}" — {0,1} is given by f(z) = fr a m(z) where:

0 lpm| < —v/n
fT7A7H(.CC) = 1 FT(x) =1 . (61)
0 FT(I‘) =0*

hrp@)(7) otherwise

We now turn to define the distribution £(M) supported on terms T, as well as the multiplexer
map I'r: {0,1}" — [N]. As mentioned above, T ~ &(M) will be a sequence of N terms
(T; : i € [N]), where each T; is given by a DNF term:

x) = /\ xj,

jeT;

where the set T; C M is a uniformly random y/n-element subset. Given the sequence of terms
T, we let:

0* Vie[N],Ti(z)=0

FT(.CL‘) = 1% i 75 19 € [N],T“ (:E) = le(l') =1

i Ti(z) =1 for a unique i € [N]
It remains to define the distribution Dyes supported on Boolean functions. The function f ~
Dyes will be defined almost exactly the same. We still have f = fr A g as defined above,
however, the graph G will be different. In particular, we will let:

G=FK, %

Fix any set M C [n] of size § and let mi,ma € M be two distinct indices and M’ =
M\ {m1,mg}. For any T ~ E(M’'), let X C {0,1}" be the subset of points indexed to some
subfunction h;:

def

{ € {0,1}" : |o)py| € [n/4 — Vn,n/4++/n] and T'p(z) € [N]},

and define v € (0,1) be the parameter:

Claim 6.2.1. With probability at least 1 — exp (—Q(N/n?)) over the draw T ~ E(M) the set
X has size |X| = 2"y(1 £ 1), where v = Q(1).

Proof: Note that:
X P X] .
X)) = ) JPr X
ze{0,1}m:
n/d—v/n<|zp|<n/d+y/n

Fix z € {0, 1}" such that n/4 —/n < |25/ < n/4+/n. We can view the probability on the
right hand side as a sequence of N disjoint events. Every event j € [N] correspond to the case
where z satisfies the unique term T;. The probability of each such event is:

T~ 5(M

Pr [I'r(z)=1]>

N-1
. ’le’ ve
=4 > 1z
Tt TV T (n/2 — fH (opas) = =2) ( (n/2—2>

N <”/4n—/22\/ﬁ>ﬁ (1 _ <W) ﬁ) T Q(1/N).
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Therefore, the probability that z € X is at least 2(1). Summing up all the z with |5/ =~ §+/n
gives Er.gan [ X]] = ©2(2"), so v = Q(1). In order to show that the random variable |X] is
concentrated around the mean, let Q be the space of all possible /n-sized terms with variables in
M\ {m1,ma}, and let c: Q¥ — ZZ0 be the function on the independent terms which computes
the size of X:

c(Ty,...,Ty) =|X].

For every j € [N] and T,...,Tn, T} € Q)

277,
pmywﬂwwmyﬁmywnwwmﬂgﬁ,
so by McDiarmid’s inequality:

Q(22n/n2)

Pr X|=~2" >2"/n] <exp | ———F——
1] —~2"] > 2"/n] < p( SN

T~E(M)

> = exp (—Q(N/n2)) .

|

In addition, let X; C X be the subset of points z € X with I'p(x) = 4, and note that
the subsets X1,..., Xy partition X, where each |X;| < 2"V With a similar argument as
Claim 6.2.1, we conclude that with probability 1 — o(1) over the draw of T ~ (M), we have:

3N/4

3y 1 al ~ 1
§:|XA:2"-4<1in> and | > |Xﬂ:2"-4<1in>. (6.2)
i=1 i=3N/4+1
Thus, we only consider functions f ~ Dyes (or ~ Dyo) where the sets M, and T satisfy (6.2).

We consider any set A C M of size §. Now, consider any graph G defined over vertices in
M, and we let:

Eq(S,S)+ Eq(S,S

EG(Ma M)

In other words, we note that x(G) is one minus the fractional value of the maximum cut, and
the value of x(G) is minimized for the set S achieving the maximum cut of G. The following
lemma relates the distance to unateness of a function f = frau with H ~ H(my, mo, G),
where G is an underlying graph defined on vertices in M.

:SCM}.

Lemma 6.2.2. Let G be any graph defined over vertices in M. If f = fram where H ~
H(mi, ma, G), then

A <1 + ! -x(G)) —o(1) < dist(f, Unate) < e <1 + ! -x(G)> + o(1).

16 2 16 2
with probability 1 — o(1).

Proof: We first show that dist(f, Unate) < - (1+ 3 - x(G)) + o(1) with high probability.

Consider the set S C M which achieves the minimum of x(G), i.e.,
E(S,S)+E(S,S
(6= B B

E(M, M)
and let g: {0,1}" — {0,1} be the unate function which makes variables in M monotone, m;
monotone, mgy anti-monotone, S monotone, and M \ S anti-monotone. We defined g as follows:

)

1 |l > 5+ v/
0 lzp| < 3 —V/n
g(x) = 1 Ip(z) =17,
0 FT<3?) = 0*
Rrp () (@) otherwise
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where we define h}: {0,1}" — {0,1} as a Boolean function which depends on h;. In particular,
if i <3N/4, we let h, = h;. Otherwise, suppose h; is defined with respect to (j1, j2,j3). There
are two cases:
e (Directions of j; and jo disagree) If j; € S and jo ¢ S, or j1 ¢ S and j, € S, then we let
h); be the function on variables x;,,x;, and zj, with dist(h;, h}) = % (see Figure 6.2.1 for
an example with j3 = my which needs to be monotone, j; € S and js € S; Figure 6.2.2
and Figure 6.2.2 give the symmetric constructions when j; and jo are flipped, and when
variable mg is used instead of m;, respectively).

e (Directions of j; and jo agree) If j; € S and jo € S, or j; ¢ S and j2 ¢ S, then we let h;
be the function on variables z;,,z;, and x;, with dist(h;, h]) = 2 (see Figure 6.2.1 for an
example with j3 = m; which needs to be monotone, j; € S and jo € S; Figure 6.2.2 gives
the violating edges of the symmetric examples when variable mo is used, and either both

j1 and js are monotone, or both anti-monotone).

Therefore, we define the indicator random variable C; for each i € {3N/4+1,...,N} by

)

1 (J1,J2) from h; is not cut by S
C, = .
0 otherwise

and we note that all C; are independent and Prg[C;] = x(G). By the two cases displayed
above, we have that:

N

. 1 1 1 1

dist(f,g) = o g | X | <4 +GC; - 8) < % <1 + 3 'X(G)> +o(1/n),
i=3N/4+1

with probability at least 1 — exp (—€Q(N/n?)) over the draw of all C;.
For the lower bound, consider any function g: {0,1}" — {0,1} which is unate. Suppose
variable x,,, is anti-monotone in g, then let C; for i € [3N/4] be the indicator random variable

1 hi(z) =y
Ci= { 0 hi(z) =z,

We note that if C; = 1, then f and g differ on at least |X;|/2 from X;. Thus, we have
dist(f,g) > 3% (1 — %) — o(1) with high probability over the draw of C;. Likewise, we may say
that if x,,, is monotone, then dist(f,g) > 3% (1 —1) —o(1). Thus, we may consider functions
g:{0,1}" — {0,1} with x,,, being monotone and x,,, being anti-monotone. In this case,
consider a set S C M, then if g is any unate function with variables in S being monotone and
variables in M \ S being anti-monotone, then we note that for each i € {3N/4+1,..., N},
if h; sampled an edge (j1,72) which is cut by S, then X; must differ on %th of the points in
X; (see Figure 6.2.1 for an example of the violating edges if j; and js are oriented in opposite
directions). On the other hand, if (ji,j2) is not cut by S, then X; must differ on 3ths of the
points in X; (see Figure 6.2.1 to see how the violating edges require %ths of the points being
different). Thus, if we let the indicator random variable C; be

)

1 (J1,J2) from h; is not cut by S
C, = .
0 otherwise

we may write:

N
. 1 1 1 0% 1
> 1+ =-.C ) > L Z.
dist(f,9) = 55 > Ix <4 +3 Cz) > 16 (1 +5 X(G)> +O0(1/n),
i=3N/4+1
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Figure 6.3: Similarly to Figure 6.2.1, this is an example of a function h;: {0,1}" — {0,1} with
hi(z) = zj, @® xj, ® xy,, variables j; (which ought to be anti-monotone), jo (which ought to
be monotone), and m; (which is always monotone) being “fixed” into a function hj: {0,1}" —
{0,1} defined on the right-hand side.

—
mo ma
= -+ = -+
JT J2 J1 J2

Figure 6.4: Similarly to Figure 6.2.1, this is an example of a function h;: {0,1}" — {0,1}
with h;(z) = -z, ® zj, ® xp, variables j; (which ought to be anti-monotone), jo (which
ought to be monotone), and mqy (which is always anti-monotone) being “fixed” into a function
h;: {0,1}" — {0,1} defined on the right-hand side.
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Figure 6.5: Examples of functions h;: {0,1}" — {0,1} with orientations on the variables and
violating edges. On the left-hand side, h;(z) = —z;, ® xj, ® xm, with variables j; and jo
(which ought to be monotone), and my (which is always anti-monotone). On the right-hand
side, hj(x) = —xj, ® xj, ® Ty, with variables j; and jo (which ought to be anti-monotone), and
my (which is always anti-monotone). We note that the violating edges form a cycle of length 6,
so any unate function whose orientations on j; and jo are as indicated (both monotone on the
left-hand side, and both anti-monotone on the right-hand side) must disagree on a 2-fraction

8
of the points.

with probability 1 — exp (—Q(N/n?)) over the draw of C;, since Pr[C; = 1] > x(G). Thus, we

may union bound over all 2/2 subsets S C M to conclude the claim. |
We consider the constants

g

o = E and €1

_
64

Corollary 6.2.3. We have that f ~ Dyes has dist(f, Unate) < g9 + o(1) with high probability,
and f ~ Dy, has dist(f, Unate) > g1 — o(1) with high probability.

Proof: We simply note that when G = K, & (as is the case in Dys), we have x(G) = 0, and
when G = KA U Kz, we have y(G) — 3 as n — oo. |

6.2.3 Reducing from Rejection Sampling

The goal of this section is to prove the following two lemmas.

Lemma 6.2.4. Suppose there exists a deterministic algorithm Alg making q queries to Boolean
functions f: {0,1}>® — {0,1}. Then, there exists a deterministic non-adaptive algorithm Alg’
making rejection sampling queries to an n-vertex graph with cost(Alg") = qn such that:

Lemma 6.2.5. Suppose there exists a deterministic non-adaptive algorithm Alg making q

queries to Boolean functions f: {0,1}?" — {0,1} where q < ggézn Then, there exists a de-

terministic non-adaptive algorithm Alg’ making rejection sampling queries to an n-vertex graph
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such that:

Pr [Alg(f) “accepts”] ~ Pr [Alg'(G) outputs “Go”] + o(1), and
fNDyes G~Ga

Pr [Alg(f) “accepts”] ~ Pr [Alg(G) outputs “Gy”] £ o(1).
f~Dno G~G1

and has cost(Alg") < gy/nlogn with probability 1 — o(1) over the randomness in Alg’.

Combining Lemma 6.2.4 with Theorem 4.0.1, we conclude Theorem 1.3.6, and combining
Lemma 6.2.5 with Theorem 4.0.1, we conclude Theorem 1.3.7.

6.2.4 Proof of Lemma 6.2.4

Consider an algorithm Alg making ¢ queries to a Boolean function which receives access to a
Boolean function f = fr a m: {0, 1}2" — {0,1} (sampled from either Dyes or Diy).

Since the values of M, m1,m2 and T are distributed in the same way in Dyes and Dy, a
rejection sampling algorithm may generate M, m1, ms and T, and utilize the randomness from
rejection sampling to output values of H. In particular, for each query in Alg, we will query
the set [n] in the rejection sampling algorithm. Then, given the edges sampled, as well as the
values of M, m, mo and T, we will be able to simulate all the randomness in the construction
of Dyes and Dy,. We give a formal description of a rejection sampling algorithm Alg’ which
assumes access to an algorithm Alg testing Boolean functions.

1. We first sample M C [2n] of size n, and let m, ma ~ M be two distinct indices. Sample
T ~ EM\ {m1,m2}). We may now view the hidden graph G (from rejection sampling)
as a graph on vertex set M.

2. For each t € [g], perform the query L; = M, which returns (jgt), jét)) € G, we sample

j:(;) ~ {mi,my} and j® ~ {m;, mso}. Intuitively, the values of (jy),jét),jgt)) will
generate the t-th accessed subfunction h; with I'r(z) > 3N/4, and j () will generate the

t-th accessed subfunction h; with I'p(z) < 3N/4.

3. We simulate Alg by maintaining two g¢-tuples pi,p2 € ({0} U [N])?, which is initially
p1 = p2 = (0,0,...0) which will record the indices of the subfunctions accessed. We
proceed as follows, where we assume that Alg makes the query z € {0, 1}%":

e Suppose |zm| > 5 + V21, [2m| < 5 — V2n, I'p(2) = 17, or I'r(2) = 0%, report to
Alg the appropriate value of f(x).
e Otherwise, consider I'p(2) =i € [N].
— Suppose i < 3 and (p1); = i (if (p1); # i for all ¢, then find the first ¢ € [q]
with (p1): = 0 and write (p1); = 4). In this case, report z;q if 3% = m; and
_‘Zj(t) if ](t) = mMy.
— If i > 3 and (p2); = i (again, if (p2); # i for all ¢, then find the first ¢ € [q]
with (p2); = 0 and write (p2): = 7). In this case, we report —z0 @ 0 @ 0 if
1 2 3
(t) (t)

(¢ o (2
Js  =mqand 2z D 2. D2, if 737 = ma.
N Jo J3

4. If Alg outputs “accept”, then Alg’ outputs “Gy”, if Alg outputs “reject”, then Alg’ outputs
“gl 2 .
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Clearly, cost(Alg’) = gn. In addition, we may view Alg’(G) as generating the necessary
randomness for answering queries f(z) on the go, where G will determine whether f ~ Dy or
f ~ Dno. When G = K, x (in the case G ~ Go, the resulting function f is distributed as a
function drawn from Dyes;’when G = KA U K5 (in the case G ~ Gy), the resulting function f
is distributed as a function drawn from D;,. Therefore, by the principle of deferred decisions,
we have that Alg'(G) perfectly simulates queries to a Boolean function f ~ Dyes (if G ~ Ga)
or f ~ Dy, (if G ~ G1). We conclude that

Pr [Alg'(G) outputs “Gy”] = Pr [Alg(f) “accepts”], and
G~G1 fNDyes

Pr [Alg (G tputs “Go”] = Pr [Al « ts”].

GNIQ'Q[ g'(G) outputs “Gy”] ng‘no[ g(f) “accepts”]

Remark. A close inspection of the proof of Lemma 6.2.4 reveals that the rejection sampling
algorithm distinguishing G; and G always makes queries L; = [n]. This makes the lower bound
simpler, as we can focus on proving lower bounds against algorithms which receive random edge
samples.

6.2.5 Proof of Lemma 6.2.5

Similarly to the proof of Lemma 6.2.4, we will proceed by generating the necessary randomness
to generate the functions f from Dy.s or from D,,. However, unlike Lemma 6.2.4, this will not
be a black box reduction, since we will not be able to simulate f exactly.

Consider a deterministic non-adaptive algorithm Alg which makes queries to a Boolean
function f: {0,1}?" — {0,1} sampled from Dyes or Dy, and outputs “accept” if Alg believes f
was sampled from Dy, and outputs “reject” if Alg believes f was sampled from D,,,. Since Alg
is non-adaptive and deterministic, all queries are determined, so consider the queries z1,...,24 €
{0,1}?" and let Alg: {0,1}7 — {“accept”, “reject” } be a function.

We will now define a non-adaptive algorithm Alg’ which makes rejection sampling queries to
an unknown graph G on n vertices sampled from G; or from Gy. The algorithm Alg’ proceeds
as follows:

1. Using some randomness and answers from rejection sampling queries to an unknown graph
G, we generate a sequence of r bits (r1,...,7,) satisfying the following two conditions
(we give the procedure to generate these random bits after)®:

e If G ~ Gy, then (71,...,7ry) will be roughly distributed as (f(z1),..., f(24)) where

f is a Boolean function f ~ D,.

o If G ~ Gy, then (71,...,7r,) will be roughly distributed as a (f(21),..., f(2q)) where
f is a Boolean function f ~ Dyes.

2. Finally, if Alg(ry,...,7,) outputs “accept”, then Alg’ outputs “Gy”, and if Alg(r,...,7r,)
outputs “reject”, then Alg’ outputs “G;”.

In order to formalize the notion of “roughly distributed as” from above, let Vyes and Vy, be
the distributions supported on {0, 1}? given by:

7 ~ Vyes where Vi € [q],ri = f(2i), and f ~ Dyes.
7 ~ Vo where Vi € [q],7i = f(zi), and f ~ Dyo.

SWith a slight abuse of notation, we let Alg’(G) correspond to to the output (1,...,r,) that Alg’ produces
with rejection sampling access to graph G.
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Now, given the algorithm Alg’, we let Uyes, Uno be the distributions supported in {0,1}7 given
by:

7~ Uyes where Alg'(G) outputs (r1,...,7,) when G ~ Gy
r~Uy  where  Alg'(G) outputs (r1,...,74) when G ~ G;

The following lemma is a simple consequence will allow us to conclude Lemma 6.2.5.
Lemma 6.2.6. Suppose Vyes, Vo, Uyes and Uy, satisfy:
drv (Vyes, Uyes) = 0(1) and A7y (Vno,Uno) = 0o(1).
Then, we have that:
Pr [Alg'(G) outputs “G1”| = Pr [Alg(f) “rejects”] £ o(1).

GNgl fNDno
Pr [Alg'(G) outputs “Go”) ~ Pr [Alg(f) “accepts”] & o(1).
G~Go f~Dyes

Proof: We show the first inequality in the conclusion, as the argument is the same for the
second inequality. Consider the set R = {r € {0,1}7: Alg(r) = “reject” }. Then, we have:
Pr [Alg(f) “rejects”| = Pr [r € R]

~L’no 7~Vno

~ Pr [re R]£o(1)

r~Uno
~ GPE; [Alg'(G) outputs “accept”] & o(1).
~Y1
|
Given Lemma 6.2.6, it remains to describe the randomized procedure Alg’ which given
rejection sampling access to an unknown n-vertex graph G from G; or Go outputs a bit-string
of length ¢ such that:

dTV(Vy657uyes) = 0(1) and dTV(Vnmuno) = 0(1)
The procedure will work as follows:

1. First, sample a random subset M C [2n] of size n, and let m;, ma ~ M be two distinct
random indices, and let T ~ &M \ {m1,m2}). This defines an indexing function®
[r: {0,1}?" — [N]. We may view the unknown graph G as being defined over vertices

in M 7.

2. We now consider partitioning the queries z1,...,z, € {0, 1}2" into at most t + 4 sets
(where we will have t < q) Q&J,I), Qf\z), Qgﬁo), Q. (1) and Qy,, - . ., Qg, non-empty sets where
li,..., 4 C [N]

Ql, = {zi (z)mal < 5 — \/ﬁ}
o =Lz ol > 5 + v},
0 _ {zi To(z) =0 Az ¢ QY U Qf\?} :
QW = {5 Tr(z) = 1" As ¢ QUG ]
Q= {z:Te) = trz¢ QP uQH

5Note that now, N = 2V2" gince we are considering Boolean functions with 2n variables.
"We may assume this by picking an arbitrary mapping of the indices in M to [n].

o3I S
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3. If z; € Qg\z), we let r;, =0, if z; € QS\;), welet r; =1. If 2; € Q,(ko), we let r; = 0, and if

z; € Qgﬁl), we let r; = 1. We may thus only consider the queries in Qy,, ..., Qy,, and for
simplicity in the notation, we re-index the queries to let:

Q, = {Z%Z), Z§Z)7 R Z|(32i|}
for each ¢ € [t], and the corresponding bits rgi),rg), ... ,r|(8£_|.

4. We thus consider each i € [t] and independently set the values of ng‘), el T\(gz-l as follows:

(a) If ¢; < 3N/4, sample some j ~ {m, ma}, and for every a € [|Qy,]], let:

rm:{ (2533;- 7=m

7 .
ﬂ(za j J ng

(b) Otherwise, if ¢; > 3N /4, consider the following sets
L = {k: e M :3a, B € [|Qul], (20 # (Zg))k}7
and,
LV = {keM\Li:ze Q=0 L={keM\L:z€Qyzu=1}.

We make the query L; if |L;| < % and M otherwise to the rejection sampling oracle

and obtain a response v € (M x M)UMU {(}. In addition, sample j3 ~ {mq,ms}.
We now consider three cases:

i. If v = (j1,J,) € M x M is an edge, then for each o € [|Qy,|], we let:

(20”4, ® (20 )j, ® (2a)j, J3 =12

=
e
I
—N—
—
N
Q3
S
SN—r

ii. If v = j, € M is a lone vertex, then let w = —|(z§i))j2 and pv(fgw)) == we

sample b ~ Ber(pv(fgw))) and for each a € [|Qy,|], we let:

0) ,
(i) (). Gy _ ) bd(x)j, dz=m
T S5 o @ o - i .
( ).72 ( ).73 { -b oy (Z§ )>j2 J3 = ma

—=—(0),,7(1
2TV T

iii. Lastly, if v = 0 is the empty set, then let py(L;) = THE and sample

b ~ Ber(p(L;)) and for each « € [|Qy,|], we let:

@) (), ) b Jz=mm
LY S¥ (Za )]3 { -b j3 = 1my
Remark. The procedure described above does not exactly simulate queries to a f ~ Dyeg or
Dyo (in the case of G ~ Gy or G ~ Gy, respectively) as in the reductions of Lemma 6.2.4
and Lemma 4.2.3). Let us briefly explain why this happens by giving an illuminating example.
Consider a one-query algorithm which makes query z € {0,1}" and suppose |z2m| =~ § & V2n
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and I'p(2) = i > 3N with 2,,, = 0 and 2,,, = 1. Then, the value f(z) = h;(z) will be 0 if
zj, = %j,, and 1if z; # z;,, where (j;,72) ~ G is the edge sampled for subfunction h;.

We note that this probability is slightly different for G ~ G; and G ~ Go and depends
on how A partitions the 0-variables and 1-variables of z. Despite this difference, Alg’ always
observes ) from the rejection sampling oracle, so the output bit » € {0,1} which Alg’ produces
will not simulate f(z) exactly. The bulk of the argument shows that Alg’ can sample a random
bit whose distribution is close to f(z) in total variation distance, so that Alg cannot exploit the

fact that the simulation is not exact.

We first note the following lemma.

Lemma 6.2.7. With probability 1 — o(1) over the draw of M C [n], mi,my and T ~ E(M \
{m1,ms}), we have that for all i € [t],

ILi| < Qe - 907/ log .

Proof: We will prove this by showing that for any two z,2" € Qq,, ||z — Z/||1 < 90y/nlogn
with probability 1 — ﬁ, so that we may union bound over all possible pairs. More specifically,
consider two queries z, 2’ € {0, 1}?" which differ by more than 90y/nlog n indices. Note that the
distribution of the random variable ||(z—z )|M|]1 ~ HG(2n,|z—Z'|,n). Then using Theorem 2.4.3
we have that with probability at least 1 — -z over the draw of M, l2;m — Z‘MH1 > 30+/n logn.

Next, if |zpv| =~ § £ v2n and ]z|M] 5 £ v2n (if either of these conditions do not hold,
then we know the strings are not in Qg, for any i), then there exists a set P C M with
|P| = 15y/nlogn such that for all k € P, z;, = 1 and z;, = 0. Thus, we have that:

15logn vn » 1
\/,ﬁ nlo’
So we may union bound over all pairs of queries to conclude that if z, 2’ € Qg,, then ||z —2'||; <

90+/nlogn with high probability, which gives the desired claim. |
Thus, given Lemma 6.2.7 as well as the fact that we query [n] when |L;| > -5, we conclude

l?rr[ﬂi €t],z,2 € Qql < l;r[z' €Ql2€Qq] < ,ll?r[T&- NP =0] < <1 —
4

log
that if Alg makes ¢ queries, then Alg’ has complexity at most g - O(y/n log? n) in the rejection
sampling model.

Lemma 6.2.8. I[fg < 2 e , then with probability 1 — o(1) over the draw of M C [n], m1, ma,

= 1 8
T, and A C M, we have that for every i € [t] where |L;| < fogn: the sets |f§0)|, |f§1)| satisfy
the following
=(0 (1
T 1T = Q).
[ cof o B
)AﬂL ‘N + /nlogn and ‘AﬂLi ‘zii\/ﬁlogn.

Proof: We first claim that with probability 1 — o(1) over the choice of M, all the queries
z € {0,1}?" that are mapped to some Q, are such that |z| ~ n + 50v/2nlogn. Assume
z € {0,1}?" is such that |z| > n + 50v/2nlogn, and consider the random variable |z|n|.
Note that the distribution of |z|ng| is hyper-geometric with parameters (2n,|z|,n). By using
Theorem 2.4.3 on the tail bounds for hyper-geometric random variable, we get that for any

t>0
’Z| —2t%n
— = < .
1:1\’/[1' [|Z|M| < <2n byn|=e
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By choosing ¢t = — Y= and considering the complement event, we have that

|z|  50y/nlogn 1

Combining this with the fact that |z| > n + 50v/2nlogn, we get that the probability that
|z|m| > n/2 +/2n is at least 1 — 1/n0.

Similarly, we get that when |z| < n —50v/2nlogn , we have that with probability 1 —1/n5°
over the choice of M, |z|m| < n/2 — v/2n. By using a union bound on the number of queries
we get that with probability 1 — o(1) over the choice of M, all the queries z € {0, 1}?" that are
mapped to some Qy, are such that |[z| = n =+ 50v/2n log n.

We henceforth condition on such M = M. Consider any T' ~ £(M) and all the indices
i € [t] such that [Li| < 2. By definition, if z € {0,1}?" is mapped to some Qy,, then

|z|a| & n/2 & v/2n, which implies that |z|57| & n/2 £ 49v/2nlogn. Therefore, by the fact that
all queries in @y, must agree on all of the coordinates in L;, we can conclude that |f§0)| and
\fgl)\ are Q(n).

Next, consider the random variable |A N f§1

geometric with parameters (n, ]fgl)],n/ 2). By using tail bounds for hyper-geometric random
variable, we get that with probability at least 1 — o(1) over the choice of A

)], and note that its distribution is hyper-

1Y)
2

\Aﬁfgl)|% +v/nlogn .

Using the same argument, we also get that with probability 1 — o(1) over the choice of A we
have that ©
_ L
ANTY| ~ |2| +/nlogn .

By applying a union bound over all indices i € [t] the lemma follows. |

Lemma 6.2.9. If cost(Alg") < log—ﬁn which occurs with high probability over M, with probability
1 — o(1) over the draw of v in Step 4(b), there are at most

n

' responses v € M which are
log®n

lone vertices of case (ii).

As discussed earlier, the proof of the above lemma is given in the lower bound for distin-
guishing G; and G in Section 4.3 (Lemma 4.3.14). We assume its correctness for the rest of
this section.

We note that since M, m1,m2 and T are distributed in the same way in f ~ Dyes and in
Step 1 of Alg, we may consider the distribution Vyes(M,m1,m2,T) denoting Vyes conditioned
on M = M,m; = m;,my = my and T = T, and we analogously define Uyes(M,m1, m2,T),
Vao(M,my,mo, T) and Upo(M, m1, me,T). In addition, we may denote the event £ 4 to denote
the event that the hidden subset A sampled in f or in the graph G satisfies the conditions
of Lemma 6.2.8, and the event £y to be the event that there are at most log?ﬁn responses
which are lone vertices from Lemma 6.2.9. We thus consider a fixed set M, mq,mg, and T
satisfying the following conditions of Lemma 6.2.7 and consider the distribution V}’,es to be the
distribution given by sampling r ~ Vyes(M, m1, m2,T) conditioned on events £4 and Ey. We
analogously define V), Uy, and Uy,. We note it suffices to show dry (Vyes,Uses) = o(1) and
dTV(VI/m?ur/m) = 0(1)

We now note that conditioned on M, m, ms and T, the sets QSIF), Qﬁ), kal) and kao), as

well as all Qg,,...,Q, are no longer random. Furthermore, when z € Q&J/E) U Qg\z) U QS}) U
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QSFO) the values of fr a 1(2) from Dyes (and from Dy, ) are fixed to their corresponding values
according to (6.1), which match their settings in U, and U,,. Likewise, when z € Qy, with
l; < %, fr.am(z) is determined by a dictator or anti-dictator in {m1, ma}; by the principle of
deferred decisions, the values of fr A g(2) can be simulated exactly. Therefore, it remains to
consider the values of 7\ corresponding to fr, A7H(z((f)) for each i € [t], where ¢; > %, so for
simplicity, assume that every ¢; > 3N .

Consider a function v: [t] — {“edge” “lone vertex”, “empty set”} which indicates whether
the response of the ith rejection sampling query sampled in Step 4(b) falls into case (i) (when
v; is an edge), or case (ii) (when v; is a lone vertex), or case (iii) (when v; is (}). In other words,

VPR3

“edge” v, EMxM
v(i) = ¢ “lone vertex” v, €M
“empty set” v, =10
We thus consider one fixed function v: [t] — {“edge”, “lone vertex”, “empty set” } and con-

dition on the fact that v specifies the three cases of Step 4(b) (in the case of Uyes and Un,) and
whether the edge sampled (j;,J,) ~ G in the fourth step of generating Dycs and Dy, for hy,
either intersects L; fully (in the case of an edge), or partially (in the case of a lone vertex), or
it does not intersect at all (in the case of the empty set). Thus, again, we may consider the
distributions conditioned on the edges sampled are specified correctly by v.

The following three lemmas give the distribution of rg) ~ Vyes and rgl) ~ V!, in the cases
when v; is an edge, or a lone vertex, or the empty set. We note that the three lemmas indicate

how to generate the bits rg) in Step 4(b) of Alg’.

Lemma 6.2.10. For every i € [t] with v(i) = “edge”, we have that every o € [|Qy,|] has i)

generated from Alg’ is distributed ezactly as f(z((;))

Proof: This simply follows from the principle of deferred decisions, since Alg’ generates all
the necessary randomness to simulate a query to a function f ~ Dy or f ~ Dy, which indexes
to the sub-function hy,. |

Lemma 6.2.11. For every i € [t] with v(i) = “empty set”, there exists |Yyes|, | Tno| = O(@)
such that for r ~ V' _ satisfies

yes
z z Ber

l+ 7yes) Js=m
Ber(1 - py(L)

— Yyes) Jz = ma

and r ~ V!, satisfies

g (20, 3N{ Ber (py(L

l‘|‘ 7no) j3 =m1
Ber (1 — py(L;) —

no) Jg = mz

Proof: We recall that hy, is determined by (3,,75) ~ G and j3 ~ {m1, ma} in the fourth step
of generating f ~ Dyes or Dy,. Consider the case when j3 = my, and the case when (zgi))m1 =0
(since the case (z%i))m1 = 1 is symmetric, except we flip the answer).

Recall that we condition on the fact that the edge (31,7,) ~ G satisfies L; N {j;,72} = 0,

as well as the conclusions from Lemma 6.2.8, so we may write:

Pr ['rgi) =1]v(i) = “empty set”]

r~Vyes

- Pr [(j1 e AN g,y e Kmfﬁl)) v (jl ceANT Aj, € Kﬂf§°)> | v(i) = “empty set”] ,
GNDno
(j17j2)
1

T JANL] [ANL

(0) =(0)
-(\AﬂL - ANTY )+ |ANTY) AN \) (6.3)
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since the value of f (zii)) in the case of j3 = m; will be a parity of the end points, so this parity
will be 1 when the values of the variables 7, and j, under ZY) disagree. In order to see this, we
recall that G is the complete bipartite graph (in the case when r ~ Vi) with sides A and A,
so the edge (41,72) € A x A must have (ZY))J& # (z%i))jw and j;,J, € L;.

Since v(i) = “empty set”, we note that |Li| < 2, so [L;| = Q(n). In addition, by
Lemma 6.2.8, let:

o, _ & £, _ L 1)\
|JANL, | =—"—+¢& and |JANL;"| = + &1, (6.4)
where [&g], [€1] < v/nlogn, which in turn, implies:
70 A
AnL®) = Ll : _¢  and  [ANEM =B : ¢ (6.5)

Therefore, combining (6.3) with (6.4) and (6.5),

Pr [rgi) =1]wv(i) = “empty set”]

'r'\’vycs

(2 (55
- = - g ) (Bl g} s (Bdyg) (Bl
(Bi'+§o+§1)('%"—§o—&)<<2 PAVEEERY AR EVANE

_ R T -ses 2T T
Tif? — 485 — 48] — 8ofa TP

+ Vyes 9

2 : = +(0), =(1
where [yyes| < O(21)  since [T, [T\, L] = Q(n).
The case when r ~ V,, is analogous, except that now the underlying graph is the union of
two cliques at A and A, so:

Pr {r&i) =1|v(i) = “empty set”}

r~Vno

= GrPlr [(jl € Aﬂfgo) ANjg €A ﬁfﬁ”) \Y% <j1 € Kﬂfl(-o) NJy € Xﬂfgl)) | v(i) = “empty set”} )
~ 1
(31.d2)
1

(A + (RE)

T 7 +(0) —(1)
L; L; L L
R 1 L, L. ’+§0 | ‘+£ u—fo @_&
( - +§0+£1) i ( = ,250751) 2 2 2 B

2| L)

<\AmL0)] IANTY|+[ANTY). \ADL(l)\)

were again, |yno| < O(m). [ |

n

Lemma 6.2.12. For every i € [t] with v(i) = “lone vertex”, let jo € M be the lone vertex

observed and let w = —|(z§l))j2. There exists |Vyesls [Ynol < O(lo%) such that for v ~ Vi
satisfies

)

P @ (:0), ~ Ber(po(Li") + %) ds=m
P Ber( - po(@) — ) ds = mo
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and r ~ V), satisfies

P (0. Ber(po(Ty") +740) Gy =1
P Ber( - po(@) ~4hy) g = ma

Proof: We follow a similar strategy to Lemma 6.2.11, where we know that we sample an edge

(41,72) ~ G whose value of j, € L;, and j; ¢ L;. Consider for simplicity the case when G is a
complete bipartite graph with sides A and A, and j; = m; and (zy))m1 =0.

Similarly to (6.3), we have that in order for 'rgl) = 1, we must have (zgi))jl # (z%i))jQ.

Suppose that j, € A and w = ﬁ(zy)) j,» then in order for ng) =1, j, must have been sampled

from A N fgw). Using Lemma 6.2.8, we have that there exists [l |&1] < v/nlogn so:

A AT® T (w) T (w)
) . L; L; 2 —&u Li ogn
Pr [rg) =1|wv(i) = “lone vertex”] = | L | = l i 1/2-¢ ~ | ui | :tO(l\/gﬁ )
7~ Vies ANL]  [Lil/2-&—-& Ll
where we used the fact that L], ]ng)] = Q(n). If j, € A, then
—(w) —(w) 3 (w)
i , ANL; L, '|/2+ & L, oo
Pr [rg):l\v(z):“lonevertex”]: A0 L | ll /2+¢ ~ | - |:|:O(1\gf).
eV o |ANL| |Li|/2 + &0+ & |L;| n

In both cases, we have that rgi) ~ Ber(p, (fgw)) + O(l(z/gan)), and when we have (zgi))m1 =1, we
simply flip the answer. Likewise, when j; = mg, we flip the answer once more.
In the case of G being the union of two cliques at A and A, when j; = m; and (zy))m1 =0,

we have that when j, € A,

—(w) —(w) T (w)
. ANL: L; 2 L,
Pr ['r-gz) = 1] v(i) = “lone vertex”] = | L. | = l i /24 & ~ | = | + O(leen),
mVio [ANL] |Lil/2+&+& [Li
and when j, € A,
A AT W T (W) T (@)
; NnL; L, ’|/2 - L,
Pr [rgz) = 1] v(i) = “lone vertex”] = | — | = l i 12 =% ~ | - | iO(h\)%L),
Vi [ANLl  |Lil/2=&%—-&  [Li
so we obtain the analogous conclusion. |
We note that after defining ng) in the cases with v(7) = “empty set”, we have that all values
) are determined by flipping the answer when (zéf ))j3 # (zgz)) jy- Likewise, after defining ng)
in the cases with v(i) = “lone vertex”, we have that all values rg) are determined by flipping
the answer when (z((;))j3 # (zy))j3 and when (z(()f))j2 # (zgl))jQ.
Finally, consider the indices i € [t] of responses r&) with v(i) = “empty set”, and call these

E. We have that for all i € F, U, and Uy, outputs bits which equal 1 with probability 7;
where 7; = Q(1), and Vj. and V}, outputs bits which equal 1 with probability 7; + O(%).
Since these groups are independent and there at at most ¢ < n'® groups, we have that the bits

(rgi))ieE ~ L{}’Ies (and also U] ) satisfy:

(ri)ier ~ [ Ber(r),

i€E
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and for each i € E, there exists 7iyes and Yino With [viyes|, [Vino| = O(%) such that
(TEZ))iGE ~ Vi satisfies
(rice ~ ] Ber(ri + Yiyes).
i€l
and if (rgi))ieE ~ V! satisfies
(rice ~ [] Ber(ri + Yino)-
i€l

Thus, by [Roo01], we have that the distance in total variation between these two distributions
is at most o(1).

Similarly, we consider the indices i € [t] with v(i) = “lone vertex”, and call these V. By
Lemma 6.2.9, we have that |[V| < 1ogL4n with probability 1 — o(1) if the cost of the rejection
’l’l2

sampling algorithm is less than So similarly to the case with the groups in F, these can

logbn”
only incur at most o(1) in distance in total variation.

6.3 Separating Erasure-Resilient testing from property testing

Similarly to the tolerant testing scenario, PCPPs were also used in [DRTV18] to show that
there exists a property of boolean strings of length n that has a tester with query complexity
independent of n, but for any constant o > 0, every a-erasure-resilient tester is required to query
Q(n°) many bits for some ¢ > 0, thereby establishing a separation between the models. Later,
in [RRV19] PCPP constructions were used to provide a separation between the erasure-resilient
testing model and the tolerant testing model.

We start with some terminology. A string = € {0,1, L}" is a-erased if z; is equal to L on
at most an coordinates. A string z’ € {0, 1}" that differs from x only on coordinates i € [n] for
which z; = L is called a completion of x. The (pseudo-)distance dist(x,P) of an a-erased string
x from a property P is the minimum, over every completion z’ of z, of the relative Hamming
distance of 2’ from P. Note that for a string with no erasures, this is simply the Hamming
distance of z from P. As before, x is e-far from P if dist(x, P) > €, and e-close otherwise.

Definition 6.3.1 (Erasure-resilient tester). Let o € [0,1) and ¢ € (0,1) be parameters satis-
fying a + & < 1. An g-query a-erasure-resilient e-tester T for P is a probabilistic algorithm
making ¢ queries to an a-erased string x € {0, 1, L}", that outputs a binary verdict satisfying
the following two conditions.

1. If dist(xz,P) = 0 (i.e., if there exists a completion z’ of z, such that 2/ € P), then T
accepts = with probability at least 2/3.

2. If dist(x, P) > ¢ (i.e., if every completion of 2’ of x is e-far from P), then T rejects x with
probability at least 2/3.

Our main result in this section is the following.

Theorem 6.3.2. For every constant { € N, there exist a property Q) and e1 = 1(¢) € (0,1)
such that the following hold.

1. For everye € (0,1), the property QW can be e-tested using a number of queries depending
only on € (and £).
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2. For every € € (0,e1) and any o = Q(l/log(@ N) satisfying € + a < 1, any a-erasure
resilient e-tester for QW needs to make Q(N/10°- polylog(e)N) many queries on imputs of
length N.

Proof of Theorem 6.3.2: The proof of Theorem 6.3.2 is almost identical to the proof of
Theorem 5.5.1. The only difference is that we replace Lemma 5.5.4 with a counterpart for

(© ¢
erasure resilient testing, where instead of setting the last z]%% bits of z to (0)*0, we use (L)*o,
noting that the relative size of this part of the input is 1/(s + 1) = ©(1/log® (N)). |
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Appendix A

A.1 A Useful Claim

Consider any set of trees C1,...,Cy C [n] with roots uy,...,u, satisfying the following condi-
tions:

e Each |C;| <logn for i € [a],
e We have ) 7 | |C;| < bgL‘ln'

Recall that £c o is the event that the components C1,...,C, is consistent with the partition
A C [n]. More formally, for each i € [a], we consider layering the tree C; with root u;. We
let |C;(odd)| be the odd layers and |C;(even)| be the even layers. Then, we have event £c no
is satisfied if for each i € [a], either C;(odd) C A and Cj(even) C A or Cj(even) C A and
CZ' (Odd) C A.

The following lemma is the last necessary step of Claim 4.3.22.

Lemma A.1.1. Then, for any two indices j, k, which do not lie in the same component, we

have:
4

) 1 log™n
]ir[kEA’JEAagC,no]Zi_ n
Proof: The proof is very straight-forward, we simply count the number of possible partitions
A for which j € A and are consistent with C,...,C, and divide by the total number of such
partitions. For simplicity, assume that j lies in C(odd) and k lies in Cy(odd); the other cases,
when j € Ci(even) or k € Cy(even) follow from very similar arguments.

We let X be the number of partitions A C [n] of size 5 which trigger event €¢ o and have
C1(odd) C A and Cs(odd) C A. In order to count these, we first choose which roots us, ..., uq
will be included in A, and then we pick from the remaining vertices to include in A. For a
subset S C {3,...,a}, we define the quantities:

e Q=) i .|C;| is the total vertices assigned from components.

o Sa =72 es|Ci(odd)[+ 3 /a5 |Ci(even)]| is the total vertices assigned from components
to A if we included the roots of components in S in A.

¢ S5 =Q— 54

Note that for all subsets S C {3,...,a}, we have S4 < —%

log*n "’

Then we have:

a—2
n—Q —|[C1| —|Cyf >
X = .
;; SCZB:;&] <g 54— |Ch(odd)| — |Ca(odd)]
1S]=¢
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Let Y be the number of partitions A C [n] of size § which trigger event £c . and have

C1(odd) C A and Cs(even) C A. Similarly, we have:
a—2
n—Q—|Cif—[Cy )
Y = .
Z Z (72‘ — S84 — |C1(odd)| — |Ca(even)|

For a particular fixed S C [3; a] of size ¢, we consider the ratio of the summand in X and in Y:

( n—Q—I|Ci—|Cy] )

5 —Sa—|Ci(odd)| — [Ca(odd)]) (5 —Sa —|Ci(odd)| — |Co(even)|)!

( n—Q—|[Ci| —|Ch| > (5 —Sa—[Ci(odd)| —[Cz(odd)|)!
5 — Sa —|C1(odd)| — [C2(even)|

(2 — S5 — |Ci(even)| — |Ca(odd)|)!
(% - — |Cq(even)| — |C'2(even)|)!

A
logn logn
(o (52)) " (e (50))
n n
n

0
2
1iO<lOg>,

n

X

where we used the fact that [Ca(even)|, [C2(odd)| < logn, and § — Sa — [C1(odd)| = Q(n) and

5 — 54— |C1(odd)| = Q(n). Thus, we have:

and since:

X
X+Y’

I;r[k' EA|jeA ol =

we get the desired claim. [ |

A.2 Reducing to the case k = cn for constant ¢ < 1

Claim A.2.1. Fore < 3, let f: {0,1}" — {0,1} have dist(f,Jx) = < 5. Then, g: {0,1}" x
{0,1} = {0,1} given by g(z,y) = f(x) @y has dist(g, Tp+1) = €.

Proof: For the upper bound, suppose h: {0,1}" — {0,1} had dist(f,h) = . Then, we have
that h': {0,1}" x {0,1} — {0,1} given by h'(z,y) = h(x) ®y has dist(h’, g) = €. Thus, we have
dist(g, Jk+1) < dist(f, T)-

For the lower bound, suppose for the sake of contradiction that A': {0,1}" x {0,1} — {0,1}
is a (k + 1)-junta with dist(g, h') = dist(g, Jpt+1) < dist(f, Jx). We note that since ¢ < 3, the
last variable must be influential in A’. Then, consider the functions hg, h;: {0,1}" — {0,1}
given by ho(xz) = h'(z,0) and hy(z) = h(z,1). Since y is influential in A', hy and hy are both
k-juntas, and therefore

_ dist(ho, f) + dist(h1, ~f)

dist(h/

> dlSt(f) \.7](3)7

which is a contradiction. [ |
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Claim A.2.2. Let f:{0,1}" — {0,1} have dist(f, Jx) =e. Then g: {0,1}" x {0,1} — {0,1}
given by g(xz,y) = f(x) has dist(g, Jx) = €.

Proof: For the upper bound, we have that if h: {0,1}" — {0,1} has dist(f,h) = €, then if
R':{0,1}" x {0,1} — {0,1} is given by h(z,y) = h(z), then dist(h’,g) = . Thus, we have
dist(g, Jk+1) < dist(f, Jx)-

For the lower bound, suppose for the sake of contradiction that A’': {0,1}" x {0,1} — {0,1}
is a k-junta with dist(g, h’) = dist(g, Ji) < dist(f, Jx). Then, similarly to above, the functions
ho,h1: {0,1}™ — {0,1} given by ho(z) = h'(x,0) and hq(z) = h'(z,1) are k-juntas with

_ dist(f, ho) + dist(f, h1)

dist(g, Jx) = dist(g, ') = 5 > e,

which is a contradiction. |

Lemma A.2.3. Fiz a constant ¢ < 1. For 0 <eg < e1 < %, let B be a (g9, e1)-tolerant k-junta
tester for n(k) variable functions making q(k) queries, where k < an(k). Then, there exists a
(e0,€1)-tolerant cn-junta tester making q(O(n)) queries.

Proof: We give an algorithm which on input f: {0,1}"™ — {0, 1}, determines whether f is e¢-
close from being a cn-junta or is e1-far from being a cn-junta. The algorithm works as follows:
on input f: {0,1}" — {0,1}, we let g: {0,1}" x {0,1}* — {0,1} be given by:

g9(x,y) = f(x) & Py,
j=1

where n = max{w, 0}. Note that if we let m = n + n’ (the number of variables in g),

by Claim A.2.1, if f is eg-close from being a cn-junta, then g is g¢-close to being an am-junta,
and if f is e;-far from being a cn-junta, then g is e1-far from being an am-junta. Finally, we
run the tester B with £ = am on f, where we add m — n(k) dummy variables.

The query complexity is given by ¢(O(n)), since k = O(n) when o < 1 is a constant. W
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