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Abstract

Agreement tests are a generalization of low degree tests that capture a local-to-global phe-
nomenon, which forms the combinatorial backbone of most PCP constructions. In an agreement
test, a function is given by an ensemble of local restrictions. The agreement test checks that the
restrictions agree when they overlap, and the main question is whether average agreement of the
local pieces implies that there exists a global function that agrees with most local restrictions.

There are very few structures that support agreement tests, essentially either coming from al-
gebraic low degree tests or from direct product tests (and recently also from high dimensional ex-
panders). In this work, we prove a new agreement theorem which extends direct product tests to
higher dimensions, analogous to how low degree tests extend linearity testing. As a corollary of our
main theorem, we show that an ensemble of small graphs on overlapping sets of vertices can be glued
together to one global graph assuming they agree with each other on average.

Our agreement theorem is proven by induction on the dimension (with the dimension 1 case being
the direct product test, and dimension 2 being the graph case). A key technical step in our proof is
a new hypergraph pruning lemma which allows us to treat dependent events as if they are disjoint,
and may be of independent interest.

Beyond the motivation to understand fundamental local-to-global structures, our main theorem
is used in a completely new way in a recent paper by the authors [DFH17] for proving a structure
theorem for Boolean functions on the p-biased hypercube. The idea is to approximate restrictions
of the Boolean function on simpler sub-domains, and then use the agreement theorem to glue them
together to get a single global approximation.

*Weizmann Institute of Science, ISRAEL. email: irit.dinur@weizmann.ac.il.
TTechnion Israel Institute of Technology, ISRAEL. email: yuvalfi@cs.technion.ac.il
fTata Institute of Fundamental Research, INDIA. email: prahladh@tifr.res.in

ISSN 1433-8092



1 Introduction

Agreement tests are a type of PCP tests and capture a fundamental local-to-global phenomenon. In
this paper, we study an agreement testing question that is a new extension of direct product testing to
higher dimensions.

It is a basic fact of computation that any global computation can be broken down into a sequence
of local steps. The PCP theorem [AS98, ALM™98] says that moreover, this can be done in a robust
fashion, so that as long as most steps are correct, the entire computation checks out. At the heart of this
is a local-to-global argument that allows deducing a global property from local pieces that fit together
only approximately.

A key example is the line vs. line [GLR ™91, RS96] low degree test in the proof of the PCP theorem.
In the PCP construction, a function on a large vector space is replaced by an ensemble of (supposed)
restrictions to all possible affine lines. These restrictions are supplied by a prover and are not a priori
guaranteed to agree with any single global function. This is taken care of by the “low degree test”,
which checks that restrictions on intersecting lines agree with each other, i.e. they give the same value
to the point of intersection. The crux of the argument is the fact that the local agreement checks imply
agreement with a single global function. Thus, the low degree test captures a local-to-global phenomenon.

In what other scenarios does such a local-to-global theorem hold? This question was first asked by
Goldreich and Safra [GS00] who studied a combinatorial analog of the low degree test. Let us describe
the basic framework of agreement testing in which we will study this question. In agreement testing,
a global function is given by an ensemble of local functions. There are two key aspects of agreement
testing scenarios:

e Combinatorial structure: for a given ground set V of size n, the combinatorial structure is a
collection H of subsets S C V such that for each S € H we get a local function. For example, if V'
is the points of a vector space then H can be the collection of affine lines.

e Allowed functions: for each subset S € H, we can specify a space Fg of functions on S that are
allowed. The input to the agreement test is an ensemble of functions {fs} such that for every
S € H, fs € Fs. For example, in the line vs. line low degree test we only allow local functions on
each line that have low degree.

Given the ensemble { fs}, the intention is that fg is the restriction to S of a global function F': V' — .
Indeed, a local ensemble is called global if there is a global function F': V' — ¥ such that

VSEH, fS:F|S~

An agreement check for a pair of subsets Sy, Sy checks whether their local functions agree, denoted
fS1 ~ fSQ . Formally,

fSle5'2 <~ VxeSlﬁSQ, fS1(x):f52(‘r)'

A local ensemble which is global passes all agreement checks. The converse is also true: a local ensemble
that passes all agreement checks must be global.

An agreement test is specified by giving a distribution D over pairs (or triples, etc.) of subsets Sy, Ss.
We define the agreement of a local ensemble to be the probability of agreement:

agreep({fs}) = Pr [fs, ~ fs.].

An agreement theorem shows that if { fs}s is a local ensemble with agreep({fs}) > 1 —e then it is close
to being global.

Example: direct product tests Perhaps the simplest agreement test to describe is the direct product
test, in which H contains all possible k-element subsets of V. For each S, we let Fg be all possible
functions on S, that is Fg = {f: S — X}. The input to the test is an ensemble of local functions
{fs}, and a natural testing distribution is to choose S, S so that they intersect on ¢t = ©(k) elements.
Suppose that agree({fs}) > 1 —e. Is there a global function F': V — ¥ such that F|s = fg for most
subsets S7 This is the content of the direct product testing theorem of Dinur and Steurer [DS14]:



Theorem 1.1 (Agreement theorem, dimension 1). There exists constants C' > 1 such that for all
a, B € (0,1) satisfying o + B < 1, all positive integers n > k > t satisfying n > Ck and t > ok and
k —t > Bk, and all finite alphabets 2, the following holds: Let f = {fs: S — X | S € ([Z])} be an
ensemble of local functions satisfying agree,,, , (f) > 1—¢, that is,

Pr o [fslsins, = fsslsins,] > 1—¢,
S1,52~Vn k¢
where vy, i+ s the uniform distribution over pairs of k-sized subsets of [n] of intersection exactly t.
Then there exists a global function F: [n] — 3 satisfying PrSE([HJ)[fS =F|s] =1—04p(e).
k

The qualitatively strong aspect of this theorem is that in the conclusion, the global function agrees
perfectly with 1—O(e) of the local functions. Achieving a weaker result where perfect agreement fg = F|g
is replaced by approximate one fg &~ F'|g would be significantly easier but also less useful. Quantitatively,
this is manifested in that the fraction of local functions that end up disagreeing with the global function
F is at most O(e) and is independent of n and k. It would be significantly easier to prove a weaker
result where the closeness is O(ke) (via a union bound on the event that F'(i) = fg(i)). This theorem
is proven [DS14] by imitating the proof of the parallel repetition theorem [Raz98]. This theorem is also
used as a component in the recent work on agreement testing on high dimensional expanders [DK17].

Our Results

In order to motivate our extension of Theorem 1.1, let us describe it in a slightly different form. The
global function F can be viewed as specifying the coefficients of a linear form ) ., F(i)x; over variables
T1,...,Ty. For each S, the local function fg specifies the partial linear form only over the variables in
S. This fg is supposed to be equal to F' on the part of the domain where x; = 0 for all ¢ ¢ S. Given an
ensemble { fg} whose elements are promised to agree with each other on average, the agreement theorem
allows us to conclude the existence of a global linear function that agrees with most of the local pieces.

This description naturally leads to the question of extending this to higher degree polynomials. Now,
the global function is a degree d polynomial with coefficients in ¥, namely F' = >, F(T)zr, where we
sum over subsets T' C [n], |T| < d. The local functions fg will be polynomials of degree < d, supposedly
obtained by zeroing out all variables outside S. Two local functions fs,, fs, are said to agree, denoted
fs, ~ fs,, if every monomial that is induced by S1 N S2 has the same coefficient in both polynomials.
Our new agreement theorem says that in this setting as well, local agreement implies global agreement.

Theorem 1.2 (Main). For every positive integer d and alphabet 3, there exists a constant C > 1 such
that for all a, B € (0,1) satisfying o + 5 < 1 and all positive integers n > k >t satisfying n > Ck and
t > max{ak,2d} and k —t > max{Sk, d}, the following holds: Let f = {fs: (<Sd) —-X|Se ([Z])} be an
ensemble of local functions satisfying agree,, , ,(f) > 1 —¢, that is,

Pr [fS1|5'105'2 = f52|51ﬂ52] >1-e,
S1,82Vn Kt

where vy, i1 15 the uniform distribution over pairs of k-sized subsets of [n] of intersection exactly t.
Then there exists a global function G: (L"gl) — X satisfying PrSE([n])[fs =Gls] =1—0g,ap(e).
>~ k
Here, F|g refers to the restriction F|(<s )
d

Furthermore, we may assume that the global function G is the one given by “popular vote”, namely
for each A € ([<"L]i) set G(A) to be the most frequently occurring value among {fs(A) | S D A} (breaking

ties arbitrarily).

For d = 1, this theorem is precisely Theorem 1.1 (but for the “furthermore” clause). The additional
“furthermore” clause strengthens our theorem by naming the popular vote function as a candidate
global function that explains most of the local functions. This addendum strengthens also Theorem 1.1
and turns out important for an application [DFH17] of our theorem which we describe later in the
introduction.

Let us spell out how this theorem fits into the framework described above. The ground set is V' = ([<"C]l),
and the collection of subsets H is the collection of all induced hypergraphs on k elements. In particular,
if we focus on ¥ = {0,1}, we can view the local function of a subset S C [n], |S| = k, as specifying a



hypergraph on the vertices of S with hyperedges of size up to d. The theorem says that if these small
hypergraphs agree with each other most of the time, then there is a global hypergraph that they nearly
all agree with.

For the special case of d =2 and ¥ = {0, 1}, we get an interesting statement about combining small
pieces of a graph into a global one.

Corollary 1.3 (Agreement test for graphs). There exist a constant C' > 1 such that for all o, § € (0,1)
satisfying o + B < 1 and all for all positive integers n > k > t > 4 satisfying n > Ck, t > ak and
k —t > max{Bk,2} the following holds:

Let {Gs} be an ensemble of graphs, where S is a k element subset of [n] and Gg is a graph on vertex
set S. Suppose that

Pr [Gsl |Slﬂ32 = G52|31052] >1-e.
81,82€ ()
‘SlﬁSQIZt

Then there exists a single global graph G = ([n], E) satisfying Prse([:])[GS =Glg] =1-0(e).

Here too we emphasize that the strength of the statement is in that the conclusion talks about ezact
agreement between the global graph and the local graphs, i.e. Gg = GJ|s and not Gg =~ G|g, for a
fraction of 1 — O(e) of the sets S. It is also important that there is no dependence in the O(-) on either
n or k. A similar agreement testing statement can be made for hypergraphs of any uniformity < d.

A technical component in our proof which we wish to highlight is a new hypergraph pruning lemma,
which may be of independent interest. The lemma can be interpreted by viewing a hypergraph as
specifying the minterms of a monotone DNF (of width at most d). The lemma allows to prune the DNF
so that the new sub-DNF still has similar density (the fraction of inputs on which it is 1), but also has
a structural property which we call bounded branching factor and which implies that for typical inputs,
only a single minterm is responsible for the function evaluating to 1.

Lemma 1.4 (hypergraph pruning lemma). Fiz constants € > 0 and d > 1. There exists pg > 0
(depending on d,e) such that for every n > k > 2d satisfying k/n < py and every d-uniform hypergraph
H on [n] there exists a subhypergraph H' obtained by removing hyperedges such that

1. Progey, [H'ls # 0] = Qi (Prsw, , [H|s # 0]).
2. For everye € H', Prgn,, [H'|s={e} | SDe]>1—c¢.
Here H'|g is the hypergraph induced on the vertices of S.

We illustrate an application of this lemma later on.

Context and Motivation

Agreement tests were first studied implicitly in the context of PCP theorems. In fact, every PCP
construction that has a composition step invariably relies on an agreement theorem. This is because
in a typical PCP construction, the proof is broken into small pieces that are further encoded e.g. by
composition or by a gadget. The soundness analysis decodes each gadget separately, thereby obtaining
a collection of local views. Then, essentially through an agreement theorem, these are stitched together
into one global NP witness. Similar to locally testable codes, agreement tests are a combinatorial
question that is related to PCPs. Interestingly, this relation has recently been made formal by Dinur et
al. [DKK™16], where it is proved that a certain agreement test (whose correctness is hypothesized there)
formally implies a certain rather strong unique games PCP theorem. Such a formal connection is not
known to exist between LLTCs and PCPs. For example, even if someone manages to construct the
“ultimate” locally testable codes with linear length and distance, and testable with a constant number
of queries, this is not known to have any implications for constructing linear size PCPs (although one
may hope that such codes will be useful toward that goal).

Beyond their role in PCPs, we believe that agreement tests capture a fundamental local-to-global
phenomenon, and merit study on their own. Exploring new structures that support agreement theorems
seems to be an important direction.



Application for structure theorems In a very recent work [DFH17], the authors have found a
totally different application for agreement tests (in particular, for Theorem 1.2) that is outside the PCP
domain. Theorem 1.2 is applied towards proving a certain structure theorem on Boolean functions in
the p-biased hypercube. Given a function on the p-biased hypercube, the key is to look at restrictions
of the global function to small sub-cubes that are identical to the uniform hypercube. On the uniform
hypercube, there are previously known structure theorems which give us a local approximation of our
function separately on each sub-cube. One ends up with an ensemble {fg} of simple functions (juntas,
actually) that locally approximate the function, and then Theorem 1.2 is used to stitch all of the local
junta approximations into one nice global function.

The interplay between the global structure of a function and how it behaves on (random) restrictions
is a powerful tool that is well studied for proving circuit complexity lower bounds. Although agreement
tests have not so far been useful in that arena, this seems like an interesting possibility.

Relation to Property Testing Agreement testing is similar to property testing in that we study
the relation between a global object and its local views. In property testing we have access to a single
global object, and we restrict ourselves to look only at random local views of it. In agreement tests,
we don’t get access to a global object but rather to an ensemble of local functions that are not apriori
guaranteed to come from a single global object. Another difference is that unlike in property testing,
in an agreement test the local views are pre-specified and are a part of the problem description, rather
than being part of the algorithmic solution.

Still, there is an interesting interplay between Corollary 1.3, which talks about combining an ensemble
of local graphs into one global graph, and graph property testing. Suppose we focus on some testable
graph property, and suppose further that the test proceeds by choosing a random set of vertices and
reading all of the edges in the induced subgraph, and checking that the property is satisfied there (many
graph properties are testable this way, for example bipartiteness [GGR98]). Suppose we only allow
ensembles {Gg} where for each subset S, the local graph Gg satisfies the property (e.g. it is bipartite).
This fits into our formalism by specifying the space of allowed functions Fg to consist only of accepting
local views. This is analogous to requiring, in the low degree test, that the local function on each line
has low degree as a univariate polynomial. By Corollary 1.3, we know that if these local graphs agree
with each other with probability 1 — e, there is a global graph G that agrees with 1 — O(e) of them. In
particular, this graph passes the property test, so must itself be close to having the property! At this
point it is absolutely crucial that the agreement theorem provides the stronger guarantee that G|s = Gg
(and not G|s = Gg) for 1 — O(¢) of the S’s. We can thus conclude that not only is there a global graph
G, but actually that this global G is close to having the property.

This should be compared to the low degree agreement test, where we only allow local functions with
low degree, and the conclusion is that there is a global function that itself has low degree.

Technical Contribution

Our proof of Theorem 1.2 proceeds by induction on the dimension d. For d = 1, this is the direct product
test theorem of Dinur and Steurer [DS14], which we reprove in a way that more readily generalizes to
higher dimension. Given an ensemble {fs}, it is easy to define the global function G, by popular vote
(“majority decoding”). The main difficulty is to prove that for a typical set S, fs agrees with G|s on
all elements ¢ € S (and later on all d-sets).

Our proof doesn’t proceed by defining G as majority vote right away. Instead, like in many previous
proofs [DGO08, IKW12, DS14], we condition on a certain event (focusing say on all subsets that contain a
certain set T', and such that fg|r = a for a certain value of «), and define a “restricted global” function,
for each T, by taking majority just among the sets in the conditioned event. This boosts the probability
of agreement inside this event. After this boost, we can afford to take a union bound and safely get
agreement with the restricted global function G7. The proof then needs to perform another agreement
step which stitches the restricted global functions {Gr}r into a completely global function. The resulting
global function does not necessarily equal the majority vote function GG, and a separate argument is then
carried out to show that the conclusion is correct also for G.

In higher dimensions d > 1, these two steps of agreement (first to restricted global and then to global)
become a longer sequence of steps, where at each step we are looking at restricted functions that are
defined over larger and larger parts of the domain.



The technical main difficulty is that a single event fs = F|g consists of (Z) little events, namely
fs(A) = F(A) for all A € (3), that each have some probability of failure. We thus need an even larger
boost, to bound the failure probability by about €/k? so that we can afford to take a union bound on the
(S) different sub-events. How do we get this large boost? Our strategy is to proceed by induction, where
at each stage, we condition on the global function from the previous stage, boosting the probability of
success further.

Hypergraph pruning lemma An important component that yields this boosting is the hypergraph
pruning lemma (Lemma 1.4) that was described earlier. The lemma allows approximating a given
hypergraph H by a subhypergraph H’ C H that has a bounded branching factor.

Definition 1.5 (branching factor). For any p > 1, a hypergraph H over a vertex set V is said to have
branching factor p if for all subsets A CV and integers r > 0, there are at most p” hyperedges in H of
cardinality |A| + r containing A.

Our proof of the hypergraph pruning lemma produces a sub-hypergraph with branching factor p =
O(n/k). The branching factor is responsible for the second item in the lemma, which guarantees that
usually if a set S contains a hyperedge from H, it contains a unique hyperedge from H'.

The importance of this is roughly for “inverting union bound arguments”. It essentially allows us to
estimate the probability of an event of the form “S contains some hyperedge of H'” as the sum, over all
hyperedges, of the probability that S contains a specific hyperedge.

The proof of the lemma is subtle and proceeds by induction on the dimension d. It essentially
describes an algorithm for obtaining H’ from H and the proof of correctness uses the FKG inequality.
We illustrate how Lemma 1.4 is used by its application to majority decoding.

Majority decoding The most natural choice for the global function F' in the conclusion of Theorem 1.2
is the majority decoding, where F'(A) is the most common value of fg(A) over all S containing A. This
is the content of the “furthermore” clause in the statement of the theorem. Neither the proof strategy
of [DS14] nor our generalization promises that the produced global function F is the majority decoding.
Our inductive strategy produces a global function which agrees with most local functions, but we cannot
guarantee immediately that this global function corresponds to majority decoding. What we are able
to show is that if there is a global function agreeing with most of the local functions then the function
obtained via majority decoding also agrees with most of the local functions. We outline the argument
below. Suppose that {fs} is an ensemble of local functions that mostly agree with each other, and
suppose that they also mostly agree with some global function F. Let G be the function obtained by
majority decoding: G(A) is the most common value of fs(A) over all S containing A. Our goal is to
show that G also mostly agrees with the local functions, and we do this by showing that F' and G mostly
agree.

Suppose that F(A) # G(A). We consider two cases. If the distribution of fs(A) is very skewed
toward G(A), then fg(A) # F(A) will happen very often. If the distribution of fg(A) is very spread out,
then fs, (A) # fs,(A) will happen very often. Since both events fg(A) # F(A) and fs,(A) # fs,(A)
are known to be rare, we would like to conclude that F(A) # G(A) happens for very few A’s.

Here we face a problem: the bad events (either fs(A) # F(A) or fs,(A) # fs,(A)) corresponding
to different A’s are not necessarily disjoint. A priori, there might be many different A’s such that
F(A) # G(A), but the bad events implied by them could all coincide.

The hypergraph pruning lemma enables us to overcome this difficulty. Let H = {A: F(A) # G(A)},
and apply the hypergraph pruning lemma to obtain a subhypergraph H’. The lemma states that with
constant probability, a random set S sees at most one disagreement between F' and (. This implies that
the bad events considered above can be associated, with constant probability, with a unique A. In this
way, we are able to obtain an upper bound on the probability that F,G disagree on an input from H'.
The hypergraph pruning lemma then guarantees that the probability that F, G disagree (on any input)
is also bounded.

Organization

The rest of this paper is organized as follows. We begin by reproving Theorem 1.1 of Dinur and
Steurer [DS14] in Section 2 a manner that generalizes to higher dimension. We then generalize the



proof of the d = 1 theorem to higher dimensions (Theorem 3.1) in Section 3. This almost proves The-
orem 1.2 but for the “furthermore” clause. In Section 4, we prove the hypergraph pruning lemma, a
crucial ingredient in the generalization to higher dimensions. Finally, in Section 5, we use the hypergraph
pruning lemma (again) to prove the “furthermore” clause of Theorem 1.2 thus completing the proof of
our main result. We also show how the agreement theorem can be extended to the ), biased setting in
Section 5.

2  One-dimensional agreement theorem

In this section, we prove the following direct product agreement testing theorem for dimension one in
the uniform setting. This theorem is a special case of the more general theorem (Theorem 3.1) proved
in the next section and also follows from the work of Dinur and Steurer [DS14]. However, we give the
proof for the dimension one case as it serves as a warmup to the general dimension case.

Theorem 1.1 (Restated) (Agreement theorem, dimension 1). There exists constants C > 1 such that
for all o, B € (0,1) satisfying o + B < 1, all positive integers n, k,t satisfying n > Ck and t > ak and
k —t > Bk, and dll finite alphabets X, the following holds: Let f = {fs: S — X | S € ([Z])} be an
ensemble of local functions satisfying agree,, , ,(f) > 1 —¢, that is,

Pr o [fs[sins, = fslsins.] 21— ¢,
S1,52~Vn k¢
where vy k¢ is the uniform distribution over pairs of k-sized subsets of [n] of intersection exactly t.
Then there exists a global function F: [n] — X satisfying Prse(["])[fs =F|s] =1—04p(e).
k

The distribution vy, j ¢ is the distribution induced on the pair of sets (S1, S2) € ([21)2 by first choosing
uniformly at random a set U C [n] of size ¢ and then two sets S; and Sy of size k of [n] uniformly at
random conditioned on S; N Se = U. We can think of picking these two sets as first choosing uniformly
at random a set T of size t — 1, then a random element ¢ € [n] \ T, setting U = T + i and then choosing
two sets S1 and Ss such that S; NSy = T + ¢. Clearly, the probability that the functions fg, and fg,
disagree is the sum of the probabilities of the following two events: (A) fs,|r # fs,|7, B) fs,|lr = fs,|r
but fs, (i) # fs,(¢). This motivates the following definitions for any T' € (t[f]l) and i € [n]\T.

= P
er(0) sl,szwru(k,t)[f&'T # fs,|7];
S1NS. DT

er(i)= P [fs, | = fs,|T and fs, (i) # fs,(3)].

= r
S1,S2~v(k,t)
S1NSe=T+1

It is easy to see that for a typical T, both er(0) and E;¢r[er(i)] is O(e). This suggests the following
strategy to prove Theorem 1.1. For each typical T, construct a “global” function gr: [n] — ¥ based
on the most popular value of fs among the fg’s that agree on T' (see Section 2.2 for details) and show
that most gr’s agree with each other. More precisely, we prove the theorem in 3 steps as follows: In the
first step (Section 2.1), we bound e (0) and e7(7) for typical T’s and 7. In the second step (Section 2.2),
we construct for a typical T, a “global” function gy that explains most “local” {fs}s>r. In the final
step (Section 2.3), we show that the global functions corresponding to most pairs of typical T’s agree
with each other, thus demonstrating the existence of a single global function F' (in particular a random
global function gr) that explains most of the “local” functions fs even corresponding to S’s which do
not contain 7.

2.1 Step 1: Bounding ¢7(0) and (i)
We begin by showing that for a typical T' of size t — 1, we can upper bound e7(0) and E;¢z[e7(7)].
Lemma 2.1. We have Erler(0)] < e and Epgpler(i)] < 5.

Proof. For a non-negative integer j, let €; be the probability that the functions fs, and fg, corresponding
to a pair of sets (S1,S2) picked according to the distribution v, (k,t) disagree on exactly j elements in



S1 N Sy. By assumption of Theorem 1.1, we have Z;Zl €; < €. Furthermore, it is easy to see that
Erler(0)] = (1 - §) e1+> ;51 €j and Epi[er(i)] = €1/t. The lemma follows from these observations. [

We will need the following auxiliary lemma in our analysis.

Lemma 2.2. Let ¢ € (0,1) and n > 4k/c. Consider the bipartite inclusion graph between [n] and ([Z])
(ie., (i,5) is an edge if i € S). Let B C [n] and T C ([Z]) be such that for each i € B, the set of
neighbours of i in T (denoted by T; :=={S € T'| S 3 i}) is of size at least C(Z:D Then either
ck c?
> — . Prfi — .
Swfler[S eT] > max{ 5 Pir[z € B], 16}

Proof. Let S be a random set of size k. To begin with, we can assume that |B| < n/2 since otherwise
Prg[S € T] > ¢/2 > ¢?/16 and we are done. Let i be any element in B. The probability that SN B = {i}
conditioned on the event that S contains ¢ is given as follows:

|B|-1

PrSNB={i}|ies]= [] (1—i:1)2<1_m)|321_$3|.

=1

Hence, for any i € B, Pr[S € T; and SN B = {i} | i € 5] > ¢ — 25 .| B|. It follows that

Pr[S € T] > Y Pr[S € T; and SNB = {i}] > SZPr[S €Ty and SNB = {i} | i € S] > S|B| <c— 2:|B|) :
i€B i€EB

If the above is true for B, it is also true for any B’ C B. Now, if |B| > c¢n/4k, then consider B’ C B of
size |cn/4k] > cn/8k. Then applying the above inequality for B’, we have Pr[S € T] > £-§ = %' Other
wise |B| < cn/4k, now again appealing to the above inequality, we have Pr[S € T] > < . Pr[i € B]. O

2.2 Step 2: Constructing global functions for typical T’s

We prove the following lemma in this section.

Lemma 2.3. For all « € (0,1) and positive integers n, k,t satisfying n > 8k and t > ak and alphabet ¥
the following holds: Let {fs: S — 3| S € ([Z])} be an ensemble of local functions satisfying

Pr [fsl |S1ﬂ52 e f5'2|51r752] <,
517526([:])
|S1ﬁS2‘:t

then there exists an ensemble {gr: [n] — X | T € (t[f]l)} of global functions such when a random

Te (t[f]l) and S € ([Z]) are chosen such that S O T, then Prlgr|s # fs] = Oa(e).

By Lemma 2.1, we know that a typical T of size ¢t — 1 satisfies e7()) = O(1). We prove the above
lemma, by constructing for each such typical T" a global function gr that explains most local functions
fs for S D T. For the rest of this section fix such a T

Given X = ([Z]),let Xr={SeX|SDO>T} Letn’ =n—(t—1)and ¥ =k—(t—1). Fori ¢ T,
let XT,i = XT+i = {S e Xr ‘ xS S}

We now define the “global” function gr : [n] — X as follows. We first define the value of gr (we will
drop the subscript 7" when T is clear from context) for ¢ € T' and then for each ¢ ¢ T. Define g|r: T —
to be the most popular restriction of the functions fg|r for S € Xr. In other words, g|r is the function
that maximizes Prsex,[glr = fs|r]. Let X := {S € X7 | fs|r = g|r} be the set of S’s that agree
with this most popular value. For each i ¢ T, let Xg?g := X N X7 ;. For each such i, define g(i) to be

the most popular value fs(i) among S € X:(Foz This completes the definition of the function g.



We now show that if er (@) is small, then the function gr agrees with most functions fg, S € Xr.

Pr [fs#glsl< Pr [fs|T # gl7] +Z Pr [i € S and fs|r = glr and fs(i) # g(i)]

SeXr 7.¢T
¢ sl #glal + 55 Pr [fsle = gl and fs(9) # 9(0)
T
T fslr # glr] + Z Pr SeXT°21 b [fs()#g( )l (1)

This motivates the definition of the following quantltles which we need to bound.

W0 = By Uslr # 19kl 9= Pr [fs@)# 90k pli) = By I8 € Xp)

We now bound () and ~(4) in terms e (0) and EigT[sT(i)} via the following (disagreement) prob-
abilities.

(D) == [fsilr # fsulr]; k(i) := [fs, (@) # fs,(i)]-

51,5'2€X 517826){(0)

Claim 2.4 (Bounding v(0)). ~(0) < x(0) < 2e7(0).

Proof. By definition, we have k() = Es,cx, [Prs,exy[fsrelT # fs,|7])] = v(0) since g|r is the most
popular value among fs|r for S € Xp. The only difference between x(f)) and er(() is the distribution
from which the pairs (S1,52) are drawn; for x(0), (S1, S2) is drawn uniformly from all pairs X7 x Xp
while for er(0), (S1,S52) is drawn from v, (k,t). To complete the argument, we choose Sy, 52,5 € Xr
in the following coupled fashion such that (S1,S2) ~ X% while (S1,9), (S2,S) ~ vn(k,t). First choose
51,52 € Xr at random, then choose i1 € S1\ T and is € S \ T at random, and choose S € Xr at
random such that S; NS =T 44y and SoNS =T +i3. We now have (51, .5), (S2,S) ~ v, (k,t). Clearly,
if fs,|T # fs,|r, then either fs,|r # fs|r or fs,|r # fs|r. Hence, k(D) < 2e7(0). O

Claim 2.5 (Bounding 7(i)). If 3k — 2t < n, then v(i) < x(i) < 2e7(i)/p(i)?

Proof. The proof of this claim proceeds similar to the proof of the previous claim. By definition, we have
k(i) =Eg ex©) [Prs ex©) [fsr(3) # fs, (z)]} > ~(4) since g(7) is the most popular value among fg(7) for
S e X ) . We then observe that

PI"S SoEeX [51752 S X and fS ( ) 7é fS (’L)]
N P X(O) 1,02 T,i T, 1 2
K’(Z> Sl,SQEI‘XT7[fSI()7éfS2 ) |Sl’526 T,i ] P(Z)z
We now choose S7,5,5 in a coupled fashion as follows. Let B be the distribution of |S; N Se| when

S1, 82 are chosen at random from X7 ;. First choose S € Xq(«(?g at random. Then choose B ~ B, so
B > t. Choose disjoint sets I, I, I disjoint from S of sizes B — t,k — B,k — B respectively, and let
S; = IL;UTUUT{i} for j € {1,2}. Here, we have used the fact that 3k — B —¢ < n. The joint distribution
(S1,852,5) satisfy that (S1,52) ~ Xr; x Xp; and (S;,S5) ~ vy(k,t) conditioned on S; € Xr; and

S e X(O) Furthermore, if Sy, 52 € Xffpz (ie., fs,|r = fslr = glr) and fs, (i) # fs,(i) then one of the
followmg must hold:

L. fs|r = fs|r and fs, (i) # fs(i), or

2. fs,|r = fs|r and fs,(i) # fs(i).

(The first parts always hold, and the second parts cannot both not hold.) This shows that x(7) is bounded
above by

k(i) < pé)Q Sle:PXrT,i [fs,|lT = fs|T and fs, (¢) # fs(4)]
sex)
SinS={i}
= = Pr  [fs,|r = fslr and fs, (i) # fs(i)] = 2e7 (i) -

p(1)3 ' S1,5€ X,
SlﬂS:{Z}

p(i)*



Claim 2.6. If 8k <n and ep(l) < 135, then Prigr [p(i) < 3] < O(er(0)/K').

Proof. This follows from an application of Lemma 2.2 by setting ¢ = 1 and B :={i ¢ T | p(i) < 1}
Then, either v(@)) > 1/64 or Pr[i € B] < 4v(0)/k" < 87 (D) /K. O

We now return to bounding Pr[fs # g|sur] from (1) as follows:
Claim 2.7. Ifn > 8k and er(0) < 135, then Prsr. s57(fs # grls] = Oler(0 + k' - Eigr[er(i)]).
Proof.

Piifs # grls) < P Uslr £ glrl+ 5 > Pr [se X))
Dp N

fs(i) # g(i)]

(0) [
i

27(@)‘1'; Z 1+ Z p(i) - (i)
i¢T,p(1)<1/2 i T, p(i)>1/2

K 27 (i)

<2er(0) +8er (@) + — D FOL

1¢T,p(i)>1/2

=0 (er(0) + ¥ - Eigrler(i)]) - =

We now complete the proof of the main lemma of this section.

Proof of Lemma 2.3. By Lemma 2.1, we have Ep[er(0)] < e. Hence, Pryler(0) < 1351 =1 — O(e). We
call such a T typical. For non-typical T, we define gy arbitrarily (this happens with probability at most

O(g)). For every typical T, we have from the global function gr satisfies
Pr 1fs # grls] = O(er(@) + (k = (t = 1)) - Eigrler(3)])

If t > ko, the right hand side of the above inequality can be further bounded (using Lemma 2.1) a
O (e (@) (k= (t —=1))-Eigrler(i)]) = O(e +k-€/t) = Oa(e). This completes the proof of Lemma 2.3.
O

2.3 Step 3: Obtaining a single global function

In the final step, we show that the global function g7 corresponding to a random typical T" explains most
local functions fg corresponding to S’s not necessarily containing 7. We will first prove this under the
assumption that k — 2(¢t — 1) = Q(k). For concreteness, let us assume ¢t < k/3. We will then show to
extend it to any ¢ satisfying k —t > Bk.

Suppose we choose two (t — 1)-sets Ty, T> at random, and a k-set S containing 77 U T at random
(here we use 2(t — 1) < k). Then,

Prlgr,|s # 91.|s] = O(e).

This prompts defining

5T17T2 = SQ%IUTQ[QT1|S # gT2|S]7

so that E[ér, 7] = O(e).

If g1, , g1, disagree on Ty UTy then o1, 1, = 1, which happens with probability at most O(e). Assume
this is not the case. Denote by B the set of points of 77 UT» on which gr,,gr, disagree, and let
n=n—|ThUTs| =0O(n), ¥ = k—|Th UTs| = ©(k). Applying Lemma 2.2 (with ¢ = 1) shows that
unless 07, 7, > 1/8 (which happens with probability at most O(e)), we have |B|/n’ = O(dr, 1,/k'), and
so |B|/n = O(d7, 1,/k). This shows that if o7, 7, < 1/8 then

1£[r][gT1( ) 7é g1, (7') | 5T1,T2 < 1/8] < O((SThTz/k)'



Choose a random S € ([Z]) containing a random 75 (but not necessarily 77). Then

E P = P
|, Pr lonls # gT2|s]} B fonls # onls]

< PI‘[(STI)T2 > 1/8] + Pr[ﬂi,i €S and am, (Z) 75 ar, (Z) | 6T17T2 < 1/8]
(k - (t - 1)) O(E[éThTz | 5T1,T2 < 1/8])

:O(E)+n'(n—(t—1)). .

B Epnz )
=0 ( * Bl < 1/81) =0

Choose a set T; such that the above probability holds with respect to T, .5, and define F' = gp,. Then

Pr(fs # Fls] < Pr[fs # gr,|s] + Prlgr, |s # g91,|s] = O(e).

We have proved the following lemma.

Lemma 2.8. For all a € (0,1/3) if n > 4k and ak <t < k/3, there exists a function F: [n] — X such
that Prfs # F|s] = Ou(e).

Proof of Theorem 1.1. Consider the following coupling argument. Let Sy, Ss ~ v,(k,t'). Let S be a
random set of size k containing S; NSy as well as ¢ — ¢’ random elements from S7, Sy each and the rest
of the elements chosen from S; U Sy. This can be done as long as k > 2(t — ') + ¢ = 2t — /. Clearly,
(S,8;) ~vp(k,t) for j =1,2. Furthermore,

Pr[f51‘5'1052 7é sz|Slﬂ»92] < Pr[f51|51ﬂ5 7é fS|S1ﬂS] + Pr[f52|52ﬂ5 7é fS|S2ﬂS] < 2e.

This demonstrates that if the hypothesis for the agreement theorem is true for a particular choice of
n, k,t, then the hypothesis is also true for n, k, ¢’ by increasing ¢ to 2¢ provided k —t > (k —t')/2. Thus,
given the hypothesis is true for some ¢ satisfying k—t¢ > Sk, we can perform the above coupling argument
a constant number of times to to reduce ¢ to less than k/3 and then conclude using Lemma 2.8. O

3 Agreement theorem for high dimensions

Theorem 3.1 (Agreement theorem). There exists constants C' > 1 such that for all positive integers d
and a, 8 € (0,1) satisfying o+ < 1 and all positive integers n, k, t satisfyingn > Ck and t > max{ak,d}
and k—t > max{Bk,d} and alphabet % the following holds: Let {fs: (<Sd) —-X|Se ([Z])} be an ensemble
of functions satisfying

Pr [f51|slﬁs2 # f52|51052} < g,
511526([2])
\5’105’2|:t

n]

then there exists a function F': ([<d) — X satisfying Prse(["])[fs # F|s] = Oq.p,a(e). Here, F|s refers to
= k
the restriction F|( )

S
<d
As before, we let v, (k,t) denote the distribution induced on the pair of sets (51, S2) € ([Z])2 by first
choosing uniformly at random a set U C [n] of size ¢ and then two sets S; and Ss of size k of [n] uniformly
at random conditioned on S; NSy = U. The proof of this theorem proceeds similar to the dimension one
setting in three steps. In the first step (Section 3.1), we prove some preliminary lemmas which help in
bounding the error of a “typical” subset T of [n] of size ¢t —d. In the second step (Section 3.2), we define
for each T' C [n] of size t — d, a “global” function g7 : (@U]l) — ¥ such that when we pick a random pair
T C S where |T| =t —d and |S| = k, then Prr 5. rcs[gr|s = fs] = O(¢). In other words, for a random
T C S, the global function explains the local function. Finally, in step (Section 3.3), we argue that a
random “global” function gy explains most “local” functions fg corresponding to S (not necessarily ones
that contain T').
First for some notation. Let n' :=n — (¢t —d) and ¥’ := k — (¢t — d). For any set T' C [n] of size
t—d, welet T := [n]\T. Let Xp := {S € (") | S > T} For A CT,|A =i<d, we define
Xra=Xroa={Se ()| s>TUA}.
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For i = —1,0,...,d, Define T := {U ¢ ([n]) | |[U\T| < i}. Cleatly, =TV c (1)) =7 ¢
T® ¢ ... c Tl v C T<d> (["1). For A CT and [A] =i, define T = (U € () | U\T
A} = (TUA) Clearly, T = , ac(” ) . For S € X(4), let fs|7,4 denote the restriction fS|T<A)m( )
Similarly, fs|r; = fS|T(l)ﬁ(< ) Note that fg|r; refers to the restriction of fg to the set of all subsets

of size at most d which have at most i elements outside 7. Given two local functions fs, and fs,,
we say that they agree (denoted by fs, ~ fs,) if they agree on the intersection of their domains (ie.,
fs,(a) = fs,(a) for all a € (SIQC;%)). Similarly, we say that two restrictions fs,|7; and fg,|r,; agree

(denoted by fs, |7 ~ fs,|r.i) if fs,(a) = fs,(a) for all a € (5257) N T,

3.1 Step 1: some preliminary lemmas

Lemma 3.2. For all0<i<d,

Pr o fsilrion~ folrio1 and fs, # fs,] = Oua(k").
S1,S2~vp (kt)
TCS1NS2,|T|=t—d

Proof. We can rewrite the above probability as

[f51 % fs2] - By Symvn (k1) Pr [fs,

i1~ foy |l
fSl ’%’fSQ TQSIOSQ,lletfd

SlysQ"‘Vn(

The first factor is clearly at most €. Now consider any S7, Sy of size k intersecting at a set of size ¢ such
that fs, # fs,, say fs,(A) # fs,(A) for some A C S; NSy, Hence, if fg, and fs, agree on all sets in
TG-D N (SlgdS?), it must be the case that |A\ T| > i. Hence,

i—1 "~ —1] < Pr A\T| >
Tgsmsz‘:t_d[fSJT,z 1~ fs i1 R JANT] =],

Let U = 51 N S;. We can estimate the probability on the right by

javizis S e oo = (§) S e
BCA,|Bl=i = "7

TCU|T|td tt—1)---(t—i+1) '

wherein the last step we have used the fact t > ak. O
We deduce the following corollaries.

Corollary 3.3. Let |T| =t —d and |A| =i < d be disjoint sets. Define

_1 and fSl|TA 76 f52|TA]

5 = Pr
rai= g P t)[fslsz 1~ fs,
S1NS2DTUA

Then Er aler,a] = O(k™'e) where the expectation it taken over T and A such that |T| =t —d,|A| =i
and TNA=10.

Proof. This follows from the simple observation that

Er aler,a]l = Er 4 Pr [fs, fsolriz1 and fs,|r.a # fs,lT,A]

S1,S2~v(k,t)
LS1NS2DTUA

<E ~ and

<Braj Szw(kt)[fsl\m 1~ fsylTica s, % fs,]
LS1NS2DTUA

= Pr 1~

Sy,Samovm (kt) Usilri-1~ fs, % fs.]
TCS1NS,|T|=t—d
= O(k™%). -

11

= 04(t™") = Og.a(k™),



Corollary 3.4. Let |[T| =k —d and let 0 < i < d. Define ep; := ]EACT,|A|:1[5T,A]' Then Erler ;] =
O(k~%).

We also need the following lemma (which in some sense is the generalization of Lemma 2.2 to general
d). However the proof of this lemma is far more elaborate and requires the hypergraph pruning lemma
(Lemma 1.4 proved in Section 4).

Lemma 3.5. Fizd > 1 and ¢ > 0. There exists pg > 0 (depending on c,d) such that the following holds
for every n > k > 2d satisfying k/n < po.

Let F be a d-uniform hypergraph, and for each A € F, let Y4 C X4 = {S € ([Z]) | S D A} have
density at least ¢ in X 4. Then

Proof. Let € = ¢/2, and apply the uniform hypergraph pruning lemma (Lemma 1.4) setting H := F to
get a subhypergraph F’ of F. For every A € F’,

= P Y,
Oc.d (S: \Sr\:k lS < U A

AeF

Pr S e Xa
S 1SI=k l ALeJF

g = >c— ! >c—e=c¢/2.
S:Eﬁ:k[SGYA andF\S {A}‘SGXA] > cC S:FSI\‘:IC[F |S75{A}|S€XA] > Cc—¢ 6/2

Summing over all A € F'| we get

> Z Pr [SeY,and F'|g = {A}] >

Pr S e Y4
5:18|=k [ U i s:1sI=k

AeF

g > S!Eﬁ:k[s € Xal> " Pr [F'ls # 0] = Qe (S:Fsﬁ—k[F'S 4 @]) .

AcF’

This completes the proof since the right-hand side is exactly the left-hand side of the statement of the
lemma. O

3.2 Step 2: Constructing a global function for a typical T

We prove the following lemma in this section.

Lemma 3.6. For all a, 8 € (0,1) and positive integers d, there exists a constant p € (0,1) such that for
all positive integers n,k,t satisfying k < pn, t > max{ak,d}, k —t > max{Bk,d} and alphabet X the
following holds: Let {fs: (<Sd) —-X|Se ([Z])} be an ensemble of local functions satisfying

Pr  [fs/|sins, # fsulsins.] <&,
S1,82€(1)
|SlﬂSQ‘:t

then there exists an ensemble {gr: ([<n(]1) =X |Te€e (t[f]d)} of global functions such when a random
T e (t[f]d) and S € ([Z]) are chosen such that S O T, then Prlgr|s # fs] = Oa,p,4(¢).

We now define the “global” function g : ([<"C]l) — Y. We will drop the subscript T for ease of notation.
We will define g incrementally by first defining g|p—1) (the empty function) and then inductively extend-

ing the definition of g from the domain 70~ to T() (recall that -1 ¢ T ¢ ... ¢ 7@ = (Inh)). To
begin with set X(-1) := X7 and 6_; := 1 — |)|()<{*T1‘>\ = 0. Let g: T-Y — X be the empty function. For

i:=0...d do, we inductively extend the definition of g from T0~1 to T as follows. If §;_; > %, set
g := L and exit. For each A € T, |A| =i, let

X((i;)l) ={Se X"V |55 A},
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and g4 be the most popular fs|r 4 among S € X((f;)l) (breaking ties arbitrarily). Let y(A) denote the

probability that a random value in X ((;7)1) is not the popular value, more precisely

1A) = Pr [fslra # gal,
Sex (b
(4)

= XG0
and p(A) := Kool - . ‘
domain where it has been defined so far). We now extend g from TG to T as follows: for each
B ¢ TW\ 761 let A be the unique subset in (f) such that B = B’ U A for some B’ € T. Set
g(B) :=ga(B). Set

Note that g4: (Tgf) — ¥ and g4 agrees with ¢ on the domain TG~ (ie., the

X0 = {5 € X0 |VAC S\ T, Al =i, fslr.a = gl s, | -

S
<d
(%) .
and J; :=1— % before proceeding to the next i. Thus, X refers to the set of S’s where the global

function g: T(Y) — ¥ agrees with local functions fg and §; is the density of those S’s that disagree with
the global function.

We would like to bound the probability that the global function g defined above agrees with local
functions, namely Prg. s51 [gr]s # fs]- Note that this probability is upper bounded by the probability
d4. We now inductively bound d;,7 = 0,...,d. First we need the following claims on y(A) and p(A).

Claim 3.7 (Estimating v(A)). Ift +d < k and 3k < n, then v(A) < 2er.a/p(A)3.

Proof. By definition, we have v(A) = ming Prg_ o [fs|r,4 # o]. Hence, we have
(4

1 (i—1)
A) < Pr < . Pr 51,52 € X and } .
Y(4) < 515X [fs,|T.4 # fs,]7.a] < p(A2 spsaexca 072 (A) fsilr.a # fsylT,a

Let M be the distribution of |S1N.S3| when S7, S are chosen at random from X(a)- Choose S € X((j;)l)

at random, and draw m ~ M (so m >t — d + i). Choose two disjoint subsets Ry, Rz of S\ (T U A) of
size d — i, two disjoint subsets I, I of S of size k —m — d + 4, and a subset I disjoint from I, I5, S of
size m — i — t + d; this is possible since t +d < k and 3k < n. Let §; = AUR; UI; UIUT (which
have size it + (d— i)+ (k—m —d+i)+(m—i—t+d)+ (t —d) =k, so that S NSy = AUTUT has
sizei+(m—i—t+d)+(t—d)=mand S;NS =AUR; UT have size i + (d — i) + (t —d) = t. The
joint distribution (S1, 2, 5) satisfy that (Si,S2) ~ X(a) x X4y and (S5}, S) ~ vn(k,t) conditioned on

Sj€ Xyand S € X((f;)l). Furthermore, if fs, |7 4 7% fs,|r,4 and S1, 52 € X((i;)l) (i.e., for all A; € S1\T
of size i, fs,|7,4, = 9‘T<A1>m(<5d) and for all Ay € So\ T of size i, fs,|r,4 = g‘T<A)ﬂ(<Sd))7 then one of the
following must hold: - -

L. fsy|ri~ fs|ri and fs, |14 # fs|Ta, or
2. fs,lri ~ fslri and fs,|r.a % fs|ra.
Hence,
()<~ Pr [fslri ~ fslri and fs,|r.a # fslr.al <
’ I ey i an <
T = p(A)? siexX(a) ST, SIT, SilT,.A 7% Js|T,A
sex(iyY
[S1NS|=t
2 P [f fl dfl 7(‘f| ]<25T,A O
’ r i i an < )
p(A)3 51,864 S11T, SIT, S1T,A S|T,A p(A)

|SlﬁS\:t

Claim 3.8 (Estimating p(A)). Ifk > t+d and k < pon, then Prscx, [3A CT,|A| =i,5 D A,p(A) < 3] =
O(6;-1).
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Proof. Let F = {|A| =i | p(A) < 1/2}. Define Y(4) = {S € X(a) | § ¢ XjV}. 1f A € F then
[Y(a)l/1X(a)l =1 —p(A) > 1/2. Then applying Lemma 3.5 (setting d = d,c =1/2,n =n — (t —d),k =
k — (t — d), we have

Pr [S D A for some A € F| = O(_Pr [S € Y4 for some A € F]).
SeXr SeXr

The conditions for Lemma 3.5 require k — (t —d) > 2d and k — (t —d) < po(n — (t — d)) which are satisfied
if k>t+dand k < pon. If S €Yy for any A then S ¢ X1 and so the probability on the right is
at most Prgex, [S ¢ X(~D] =8, ;. Therefore

Pr A) < 1/2 for some A € S\_T =0(6;_1).
o) <1/ (*17)] = o

SeXr 7

Claim 3.9. Ifk—t> Bk and 6;_1 < %, then §; = Og(8;—1 + k'er;).

Proof.

=B, (5 X0] = By [5 X0V by [5€ X0 ana 5 x0)
=61+ Pr [aA €T,|Al=i,S> Aand S € XU and fs|r.a # g|T(A)m(§sd)}
=0+ Pr {HA €T, A =i,5 5 A, p(A) < H

- . 1 i
+ P {HA €T,|A|=i,85 A,p(4) > 5,8 € XUV and fs|r.a # g|T<Am(<sd)]

=0 (1) + > Pr [S DA S e X0 and fg|ra # 9lren( )] [By Claim 3.8]

S
= SeXr <d
A: Ae(T),p(A)> 3

— , } (-]
=001+ Z sg)l;T [5€ X SGP))(r(m {S € X } se)lfj((%l) [fS|T’A 7 g|T(A)m(§Sd):|

B\ 2eT, 4 .
<O (6i—1)+ i Z [By Claim 3.7]

K\ :
<O (6i—1)+38 (n’) Z era = 0g (61 + k'er;) [Since k' =k — (t — d) = O(k)]
A: ae(T)
= 05 (51'—1 + kié‘T,i) [By Corollary 34] L]

We are now ready to complete the proof of Lemma 3.6

Proof of Lemma 3.6. Given T', we have shown above how to construct a function gr, given that §; < ¢4
for all 7. If the latter condition fails, define g arbitrarily.

We have defined above a sequence d_; = 0,dg,...,d;. We have defined §; only given §; 1 <
G > %, we define §; = 1. Note that Pr[fs # gr|s] < da.

We have shown above that if §;_7 < % then §; = O(6;—1 + k'er;). It is always the case that
i = O(0i—1 + k'eri) + 15,_,~ 1. We now prove by induction on i that Er[6;] = O(e). This clearly holds
when i = —1. Assuming that it holds for ¢ — 1, for i we get

1
1o

E[éz] = O(]E[(Sz_ﬂ + kiE[6T7i]) + PI‘[(Si_l > %} = O(E)

We conclude that Prr s[gr|S # fs] < E[dq] = O(e). O
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3.3 Step 3: Obtaining a single global function

Given the set of local functions {fs} e(im): we constructed a set of global functions {gr}, (") such
k

(n]
t—d
that for most pairs S D T, the global function gr agrees with the local function fg (Lemma 3.6). In this
step, we conclude that a random global function g agrees with most local functions fg (not necessarily
S’s that contain T').

We will first prove this under the assumption that k& — 2(t — 1) = Q(k). For concreteness, let us
assume ¢t < k/3. We will then show to extend it to any ¢ satisfying k —t¢ > k. To begin with, we observe
that Lemma 3.6 immediately implies the following claim.

Claim 3.10. For Ty, T, of size t — d, define o1, 1, := Proomun,gn|s # 91,|s]. Then Eq, 1, [0, 1] =
O(e).

We now move to more general S in the following sense: S contains 7% but not necessarily 7.
Claim 3.11. For all Tl,TQ, Pr|s|:k,5:_>T2 [ng |S 7& 9T2|S] = O(5T1,T2)~

Proof. We will prove this be choosing L = O4(1) collection of k-sets (S, S1,...,Sr) in a coupled fashion
such that each S is a random k-set containing 77 and for each j > 1, S; is a random k-set containing
Ty U T2 with the additional property that (2)) C (J i1 ( 2 ). Given such a distribution, the lemma
follows by a union bound.

The coupled distribution is obtained in the following fashion. Let k — [T} U Ty| > k/3. We proceed
to find a collection of O(1) subsets R; C [k] of size at most k/3 such that ([5}) =, (IZ) The idea is
to split [k] into O(d) parts of size at most k/(3d), and to take as R; the union of any d of these. Given
a random k-set S € ([Z]) containing T, choose a random permutation mapping [k] to S, apply it to
the R;, remove from the resulting sets any elements of T} U Ts, and complete them to sets R; of size
k —|Ty UT5| randomly and set S; = ]:Bj UTy UT;. Clearly, if S is a random k-set containing 75, the sets
S; are individually random sets of size k containing 77 U T5. O

We can now complete the proof of Theorem 3.1

Proof of Theorem 3.1. As in the dimension one setting, we first prove Theorem 3.1 if ak <t < k/3 and
then extend it to any t satisfying k — ¢ > fk. From Claim 3.10 and Claim 3.11, we have that

Er,

1

|:T2,Sl:3.IS;DT2 [ng ‘S # gT2|S]:| = O(5T17T2) = O(E)

Choose a T3 such that the inner probability is O(e) and set F' = g7, . We now have,

PST [fs # F|s] = S7T2.P§DT2 [fs # Fls]

<Er, [S:ggn[ﬂs # QTZS]} +Er, [S:I;gn[fs # g1,1s]| = O(e).

This completes the proof for ¢ < k/3 (in particular to any ¢ satisfying k& — 2t = Q(k).

To extend the proof to all t satisfying k —t = Q(k), we employ the following coupling argument as in
the dimension one setting. Let Sy, Sa ~ v, (k,t'). Let S be a random set of size k containing S7 N Sy as
well as t — ¢/ random elements from S7, 5> each and the rest of the elements chosen from S; U S, This
can be done as long as k > 2(t —t') +t' = 2t — t'. Clearly, (S, S;) ~ vn(k,t) for j =1,2. Furthermore,

Pr(fs,|s,ns, # fszls:n8.] < Prfs,|sins # fslsins] + Prlfs,|s.ns # fs|s.ns] < 2e.

This demonstrates that if the hypothesis for the agreement theorem is true for a particular choice of
n, k, t, then the hypothesis is also true for n, k, t' by increasing € to 2¢ provided k —t¢ > (k —t')/2. Thus,
given the hypothesis is true for some ¢ satisfying k—t¢ > Sk, we can perform the above coupling argument
a constant number of times to to reduce ¢ to less than k/3 and then conclude using the above argument
for t < k/3. O
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4 Hypergraph Pruning Lemma

We begin with a a few definitions. The number of hyperedges in a hypergraph H is denoted |H|. For a
vertex set V', u, refers to the biased distribution over subsets S of V' defined by choosing each v € V' to
be in S independently with probability p while v, ; refers to the uniform distribution over subsets S of
V of size k. For a hypergraph H and a subset S of the vertices, H|g is the subhypergraph induced by
the vertices in S while H|g—gy is obtained by removing all vertices in S from all hyperedges of H. For a
hypergraph H, v,(H) := Prg~,,[H|s # 0]. And finally, we recall the definition of branching factor from
the introduction. For any p > 1, a hypergraph H over a vertex set V is said to have branching factor p
if for all subsets A C V and integers k > 0, there are at most p* hyperedges in H of cardinality |A| + &
containing A.

The main goal of this section is to prove the following two hypergraph pruning lemmas; one under
the biased p, distribution and the other under the uniform v, ; distribution, which was stated in the
introduction. These pruning lemma show that any hypergraph H has a subgraph H’ with bounded
branching factor with almost the same ¢, (H).

Lemma 4.1 (hypergraph pruning lemma (biased setting)). Fiz constants ¢ > 0 and d > 0. There exists
po > 0 (depending on c¢,d) such that for every p € (0,po) and every d-uniform hypergraph H there exists
a subhypergraph H' obtained by removing hyperedges such that

1. H' has branching factor c/p.
2. 1y (H') = Qualy(H)).

Lemma 1.4 (Restated) (hypergraph pruning lemma (uniform setting)) Fiz constants e > 0 and d > 1.
There exists pg > 0 (depending on d,e) such that for every n > k > 2d satisfying k/n < py and every
d-uniform hypergraph H on [n] there exists a subhypergraph H' obtained by removing hyperedges such
that

1. Proey, [H'ls # 0] = Qac(Prsm, .[H|s # 0]).
2. For everye € H', Prg.,, [H'|s ={e} | SDe]>1—¢.

Here H'|g is the hypergraph induced on the vertices of S.

4.1 Proof in the p, biased setting

The hypergraph pruning lemma (Lemma 4.1) is proved by induction on d. The proof is divided into
several steps, expressed in the following lemmata. We begin with an easy claim.

Claim 4.2. If H has branching factor p then H| —g has branching factor 214l p.

Proof. It’s enough to prove the theorem when A = {i}. Let B, k be given. We will show that the number
of hyperedges in H|;_y extending B by k elements is at most (2p)*. If k& = 0 then this is clear. Otherwise,
for each such hyperedge e, either e or e 4+ i belongs in H. The former case includes all hyperedges of H
extending B by k elements, and the latter all hyperedges of H extending B + ¢ by k elements. Since H
has branching factor p, we can upper bound the number of hyperedges by 2p* < (2p)*. O

The first lemma identifies a “critical depth” for H.

Lemma 4.3. For every integer d, ¢ > 0 and p € (0,1) the following holds. Let H be a d-uniform hyper-
graph. Then, either H has a subhypergraph H' with branching factor ¢/p such that v,(H') > v,(H)/(d+1),
or for some there 1 < r < d, there exists a (d — r)-uniform hypergraph I, and a subhypergraph H' of H
such that

1. Each hyperedge in I has at least (¢/p)" extensions in H'.
2. For every e € I and every A # 0 disjoint from e, e U A has at most (¢/p)" Al extensions in H'.
8. 1p(1) > 1y (H)/(d + 1),
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Proof. We define a sequence of graphs H,., B, for 0 < r < d as follows:
e Hy= H and By is the empty d-uniform hypergraph.
e B, contains all sets |A| = d — r which have at least (¢/p)" extensions in H,_;.
e H, contains all hyperedges in H,_; which are not extensions of a set in B,.

It’s not hard to check that ¢y (H,) < tp(Hry1) + tp(Bry1), and so
wp(H) < p(Br) + -+ 1p(Ba) + 1 (Ha)-

Hence one of the values on the right-hand side is at least ¢,(H)/(d + 1).

The construction guarantees that for every r, every set A of size at least d —r has at most (¢/p)
extensions in H,. In particular, H; has branching factor ¢/p. This completes the proof when ¢,(Hg) >
tp(H)/(d+1). If 1p(By) > 1p(H)/(d+ 1) for some r > 1 then we take I = B, and H' = H,_;. The
first property in the statement of the lemma follows directly from the construction of B,., and the second
follows from the guarantee stated earlier for H,_; applied to e U A, which has size d — r + | A| which is
at least d — (r — 1). O

d—|A]

The strategy now is to apply induction on I to reduce its branching factor, and then to “complete”
it to a d-uniform hypergraph. The completion is accomplished in two steps. The first step adds all
hyperedges which can be associated with more than one hyperedge of the pruned I.

Lemma 4.4. For every integer d, ¢ > 0 and p € (0,1) the following holds. Let H be a d-uniform
hypergraph and I a (d — r)-uniform hypergraph for some 1 < r < d such that

1. For every e € I and every A # O disjoint from e, e U A has at most (c¢/p)"~ |4l extensions in H.
2. I has branching factor c¢/p.

Then the subhypergraph K of H consisting of all hyperedges of H which extend at least two hyperedges
of I has branching factor Og4(c/p).

Proof. Fix a set B of size d — s, where s > 1. We have to bound the number of extensions of B in K.
Each of these extensions belongs to one of the following types:

e Type 1: Extends e; # ez € I, where B ¢ e;.
e Type 2: Extends e # ey € I, where B C e Nes.

We consider each of these types separately.

Type 1. Let B’ = BNe;. There are at most 2/81 < 2¢ choices for B’. Since I has branching factor
¢/pand e; D B, given B’ C B there are at most (¢/p)4~ "5’ choices for e;. By assumption, A := B\e;
is non-empty, and moreover |A| = |B|—|BNei| = d—s— |B’|. Hence the first property of I implies that
e1 UB = ey U A has at most (¢/p)" 14 = (¢/p)"+5-9+1B' extensions in H. In total, we have counted at
most 2% - (¢/p)d=T=1BI" . (¢/p)ts=d+IB'l = 2d(¢/p)* extensions.

Type 2. Since e; O B and I has branching factor ¢/p, there are at most (c/p)@="=(@=) = (¢/p)*~"
choices for e;. Let en = e; Neo, and note that given ey, there are at most 2lerl < 94 choices for en. Given
en, since I has branching factor ¢/p, there are at most (¢/p)*~"~lnl choices for e;. By assumption,
A = ez \ €1 is non-empty, and moreover |A| = |es| — |en| = d — r — |en|. Hence the first property of I
implies that e; Ues = e; U A has at most (¢/p)" 14l = (¢/p)? ~¢+lenl extensions in H. In total, we have
counted at most (c/p)*~" - 24 (¢/p)d="~lenl . (¢/p)?r—dFlenl = 24(¢/p)* extensions.

Summing over both types, there are at most 29+1(c/p)* < (291¢c/p)* extensions, completing the
proof. O

The second completion step guarantees that the completion contains enough hyperedges.

Lemma 4.5. For every integer d, ¢ > 0, there exists po = po(c,d) € (0,1) such that the following
holds for all p € (0,po). Let H be a d-uniform hypergraph and I a (d — r)-uniform hypergraph for some
1 <r <d such that
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1. Each hyperedge in I has at least (¢/p)" extensions in H.
2. For every e € I and every A # ) disjoint from e, e U A has at most (c/p)" 14 extensions in H.
3. I has branching factor ¢/p.
Then there exists a subhypergraph K of H such that
1. K contains Qq(|I|(c/p)") hyperedges.
2. K has branching factor Og4(c/p).

Proof. We choose pg so that |(c¢/p)"| > (c¢/p)" /2.t

Let K’ be the subhypergraph constructured in Lemma 4.4. Every hyperedge in H \ K’ extends at
most one hyperedge of I. For every hyperedge e € I, let n. be the number of extensions of e in K, let
me = max([(c/p)"| —ne,0), and let H, be a set of m. extensions of e in H\K'. Welet K = K'U{J, ; He.

By construction, every e € I has at least (¢/p)”/2 extensions in K. A given hyperedge can extend at
most 2¢ many hyperedges of I, so K contains at least |I|(c/p)"/2%+! hyperedges.

It remains to bound the branching factor of K. Fix a set B of size d — s, where s > 1. We will bound
the number of extensions of B in K \ K.

Let B’ = BNe. There are at most 2/ < 2¢ choices for B’. Since I has branching factor ¢/p, given B’
there are at most (¢/p)?~"~1B'l choices for e. Let A := B\ e, so that |A] = |B|— |BNe| =d—s—|B'|. If
A # () then the second property of I implies that eUB = eU A has at most (¢/p)" 14l = (¢/p)r+s—d+IB
extensions in H and so in K \ K'. If A = () then we get the same conclusion by construction since
eUB = e. In total, we have counted at most 29 - (¢/p)4="=IB'l . (¢/p)rTs—d+IB'l = 2d(¢/p)s < (29¢/p)*
extensions, completing the proof. O

We will argue about the completion using the following fundamental lemma, which is also important
for applications.

Lemma 4.6. For every integer d, ¢ > 0 and ¢ € (0,1), there exists f(c,d,e) € (0,1) satisfying
lim.—0 f(c,d,e) = 1 for every d,e such that the following holds. Let H be a d-uniform hypergraph,
and let p € (0,1 —¢€). If H has branching factor c/p then for every hyperedge e € H, Prg., [H|s =
{e}] = f(e,d.e)p”.

Before proceeding to the proof of the lemma, we first recall the statement of FKG inequality.

Lemma 4.7 (FKG inequality). Let A and B be two monotonically increasing (or decreasing) family of
subsets. Then

tp(ANB) = pip(A) - pp(B).

Proof of Lemma 4.6. Let K := H|._¢\0 = (H—¢)|.—¢. Note that Prg.,, [H|s = {€}] = p? Prs.,, [K|s =
(]. Claim 4.2 shows that H|.—g has branching factor Og4(c/p). In particular, for every s it has at most
Oy(c/p)® hyperedges of cardinality s. For every hyperedge ¢’ € K, let E. denote the event ¢’ ¢ K|g
(ie., S 2 ¢€), where S ~ p,. Note that
log(1 — p®
Pr[E.] =1—p° =exp <0g( P )ps> .
pS
Now log(1—x)/x = —1—x/2—- - is decreasing (its derivative is —1/2—2x/3—---), andsop® <p < 1—¢
implies that log(1 — p®)/p* > loge/(1 — ¢). In other words, Pr[E./] > e~ 9=®"),
Since the events E., are monotone decreasing, the FKG lemma shows that they positively correlate,
hence

d d
Pr [K|q = 0] > 1 — p%)Oale/P)® > e~ Oae(c®) . e, d,e).
JPr [l =01 = TT0 ) = 1T e )
The lemma follows since clearly lim._q f(c,d,e) = 1. O

We can now complete the inductive proof of Lemma 4.1.

L Another possibility, which slightly affects the proof, is to choose pg so that [(c/p)"] < 2(c/p)".
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Proof of Lemma 4.1. The proof is by induction on d. When d = 0 we can take H' = H, so we can
assume that d > 1. Let v = ¢/My, where My > 1 will be chosen later. We apply Lemma 4.3 to H with
¢ :=+. If H has a subhypergraph H’ with branching factor v/p such that ¢,(H') > ¢,(H)/(d + 1) then
we are done, so suppose that there exists some d — r uniform hypergraph I and a subhypergraph H’
satisfying the properties of the lemma. Apply the induction hypothesis to construct a subhypergraph
I' of I that has branching factor 7v/p and satisfies ¢p,(I') = Qy q(tp(I)) = Qy,a(tp(H)) (this requires
p < py(7y,d)). Next, apply Lemma 4.5 with ¢ :=+, H := H’, and I := I’ (this requires p < pj(v,d)) to
obtain a subhypergraph K of H' (and so of H) satisfying

e K contains Q4(|I'|(v/p)") hyperedges.
e K has branching factor Og4(v/p).

We choose My so that K has branching factor ¢/p, and let pg = min(p{ (7, d), p{ (7, d)), which depends
only on ¢, d.

We will take H' := K, so it remains to show that ¢,(K) = Q¢ q(tp(H)). Since p < pg, Lemma 4.6
shows that for every hyperedge e € K, Prg.,, [K|s = {e}] = Q. q(p?). For different hyperedges these
events are disjoint, hence 1,(K) = Q. qa(|K[p?) = Qe a(|I'[p?~"). On the other hand, the union bound
shows that v,(I') < |I'|p?~", and so t,(K) = Qc.a(tp(I')) = Qe.a(tp(H)), completing the proof. O

As a corollary, we obtain the following useful result.

Corollary 4.8. Fiz constants € > 0 and d > 0. There exists po > 0 (depending on d,e) such that for
every p € (0,po) and every d-uniform hypergraph H there exists a subhypergraph H' obtained by removing
hyperedges such that

1. 1p(H') = Qg c(1p(H)).

2. For every e € H', Prg., [H'|s = {e}] > (1 —e)p’.
Proof. Let ¢ > 0 be a constant to be chosen later, and define py < 1/2 so that the theorem applies. The
theorem gives us a subhypergraph satisfying the first property. Moreover, for every e € H', Lemma 4.6

(applied with € := 1/2) shows that Prg.,,[H|s = {e}] > f(c,d)p?, where lim._,o f(c,d) = 1. Take c so
that f(c,d) > 1 — € to complete the proof. O

4.2 Proof in the uniform setting

We now use Corollary 4.8 to transfer the hypergraph pruning lemma to the uniform setting (Lemma 1.4).
Recall that distribution v, j refers to the uniform distribution over ([Z]).

Proof of Lemma 1.4. Let p = k/n. Notice that

n

Pr [H|s # 0] > ZPr[Bin(n,p) ={ Pr [H|g # 0] > Pr[Bin(n,p) > k] Pr [H|s #0].

Sevpp =" Sevvn e Se~vn

It is well-known that the median? of Bin(n,p) is one of |np], [np]. Since np = k, we deduce that
the median is k and Pr[Bin(n,p) > k] > 1/2. Therefore ¢,(H) > Prg~,, ,[H|s # 0]/2. Applying
Corollary 4.8 with € := min(e/2,1/2), we thus get a subhypergraph H’ such that

p(H') =Qac( Pr [H|s #0]),

Seovn i
which implies that
B = Qqo(Pr [Hls #0)/p")
~Vn Kk

Let now e € H' be an arbitrary hyperedge. We are given that Prg.,, [H'|s = {e} |[e€ S| > 1—¢/2.
For K = H'|.—g \ {0}, the left-hand side is Prg~,,[K|s = 0]. As before, we have

Pr [K‘S#Q)]SQSEZ, [Kls #0] <e,

SNVTL,)C

2The median of a distribution X on the integers is the integer m such that Pr[X > m],Pr[X < m] > 1/2.
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and so we get the second property. For the first property, we have
kd

! > !/ — > _ ! -

P H s #0023 Pr (Hls = {e}] > (1= o) H'| 5

ok ecH’ "
By assumption k%/nd > (p/2)¢, and so
GPr [H|s #01> (1—¢€) Qac( Pr [Hls #0)/p") - (p/2)" = Qae( Pr [H|s #10]). O
~Vn K ~Unk ~VUn k

5 Agreement theorem via majority decoding

A nice application of the hypergraph pruning lemma is to show that majority decoding always works for
agreement testing. In particular, if the agreement theorem (Theorem 3.1) holds, then one might without
loss of generality assume that the global function is the one obtained by majority/plurality decoding.

Lemma 5.1. For every positive integer d and alphabet 35, there exists a p € (0,1) such that for a € (0,1)
and all positive integers n, k,t satisfying n > k >t > max{2d, ak} and k < pn the following holds.

Suppose an ensemble of local functions {fs: (5) —-X|Se ([Z])} and a global function F': ([Z]) - X
satisfy

o gET [fsilsinss # fsslsins,] =€, ST [fs # F|s] = 4.
1,02~Vn Kkt ~Vn .k
Then, the global function G: ([Z]) — X defined by plurality decoding (ie., G(T') is the most popular value
of fs(T) over all S containing T, breaking ties arbitrarily) satisfies
Pt [fs # Gls] = Ouale +9).

k

Proof. All probabilities below, unless specified otherwise, are over S ~ v, .

Since PI‘[fS 7& G|S] < Pr[fs 7é F|S} + PI‘[F|S 7é G|S] =40+ PI‘[F|S 7£ G‘S], it suffices to bound
Pr[F|s # G|s]. Let H := {T : G(T) # F(T)}, so that Pr[F|s # G|s] = Pr[H|s # 0]. Note that F
and G are functions, while H is a hypergraph. Apply Lemma 1.4 on the hypergraph H, for a constant
e=n:=1/(2|X|) > 0, to get a subhypergraph H' (p = po(d, ¢) is chosen such that k < pn).

For any edge T € H' and o € X, define the following quantities

P(T,0) = Pr{H'|s = {T} and fs(T) = 0| § 2 7), P(T) = maxp(T )
q(T,0) :=Pr[fs(T)=0|S2T], q(T) := mdaxq(T, o)

Note that G(T') by definition satisfies ¢(T') = ¢(T, G(T)). Since by the hypergraph pruning lemma, we
have Pr[H'|s = {T}|S D T] > 1 —n, we have ¢(T,0) > (1 —n) - p(T, o) for all . Hence, ¢(T,G(T)) =
q(T) > (1 —n) - p(T). On the other hand for any o, p(T,0) > q(T,0) —n. In particular, p(T, G(T")) >
qT,G(T)) —n > q(T,G(T))/2 (since ¢(T,G(T)) > 1/|Z| and n < 1/(2]%2])). Combining these, we have
that for all T € H’,
p(T,G(T)) = (L —n)-p(T)/2. (2)

We now relate the probabilities p(T") and p(T,G(T)) to 6 and ¢ in the lemma statement.

By the hypergraph pruning lemma, we have Pr[H'|s = {T}|S D T] > 1 — n or equivalently
> o p(T,0) > 1—n. For each hyperedge T' € H’', we have

[f5:(T) # fso(T) and H'|s, = H'|s, = {T} [ S1N1 82 2T] = Y p(T,01)p(T’02)

01702

> p(T,01)(1=n—p(T,01)) =Y p(T,01)(1 =1 —p(T)) > (1—n)(1—n—p(T)).

o1 o1

S1,52~vn 1

Consider now the following coupling. Choose Sy, S2 ~ v, containing 7', and choose a set S inter-
secting each of S7,Ss in exactly ¢ elements including T (this is possible since k/n is small enough). If

fs:(T) # fs,(T) then either fs,(T) # fs(T) or fs,(T) # fs(T), and so
A=mA-n-pT)<2  Pr [fs(D)#fs(T) and H'ls, ={T}[ 505 2T].

n,k,t
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Summing over all edges in H’, we deduce that

(1 =n) =n—p(T)) (1 =n)( =n—pT))
> 2 = D)
e> Y 5 ssbr, 8182 21] > 5 Qu (Pr[S 2 1Y),
TeH! TeH'
3)
since t > ok.
We now relate § to p(T, H(T)). We clearly have

Pr (fs(T) £ F(T) and H'ls ={T} | S2T] > Pr [fs(T) = G(T) and H'ls = (T} | $ 2 T) = p(T,G(T).

Sevvn, i

Summing over all edges in H’, we deduce that

§> > p(T,G(T))-Pr[S 2 T). (4)

TeF’

Either p(T') < 1/3 in which case (1—n)(1—n—p(T))/2 = Q(1) or p(T) > 1/3 and hence p(T,G(T)) >
1/6 = (1) (from (2)). Thus, in either case, adding (4) and (3), we have

462 3 Qu(P[S 2 T)) = Qu(Pr{H'|s # 0]) = Qua(Pr{H]s # ).
TeH'

We conclude that Pr[H|g # 0] = Og.o (¢ + ), completing the proof. O

We can now combine the above lemma with the agreement theorem (Theorem 3.1) proved earlier
to obtain the agreement theorem (Theorem 1.2) as stated in the introduction, with the “furthermore”
clause.

Proof of Theorem 1.2. By Theorem 3.1, we have a global function F': (L"i) — ¥ (not necessarily G)
satisfying B
Pr [fs # Fls] = O(e).
se()
For each i € {0,1,...,d}, let f()|g := fg\(s),F(i) = F‘([’}J) and GO := G|(m). Clearly, we have for

each 1,

Pr [f§) # FOls] = 0(e).

[fgl)‘slms2 7 fgg)|slﬁsz] =5 sk

S1,52~Vn k¢t

Hence, by Lemma 5.1, we have

Pr (1) #GY|s] = O(e).

S""Vn,k'
This implies Prg~,, ,[fs # G|s] = d - O(e) = Oq(e). O

The entire discussion in this paper so far has been with respect to the distribution v, x, the uniform
distribution over k-sized subsets of [n]. We can extend these results to the biased setting p, using a
trick. In this setting, the distribution v, ¢ is replaced by the distribution u, 4, which is a distribution
over pairs S1, Sy of subsets of [n] defined as follows. For each element x independently, we put z only
in S or only in Sy with probability p(1 — ¢) (each), and we put x in both with probability pg. This is
possible if p(2 — ¢) < 1 (we assume below p < 1/2 and hence p(2 — ¢) < 1). Note that if sets S1, 52 are
picked according to the distribution f, 4 then the marginal distribution of each of S; and Sy is .

Theorem 5.2 (Agreement theorem via majority decoding in the biased setting). For every positive
integer d and alphabet , there exists constants pg € (0,1/2) such that for all p € (0,po) and g € (0,1)
and sufficiently large n the following holds: Let {fs: (<Sd) — X ]S €{0,1}"} be an ensemble of functions
satisfying B

S SPr [fSl|SlﬁSQ 7é f52|51ﬂ52] S g,
1,°2~Mp,.q
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then the global function G : ([<"(]i) — ¥ defined by plurality decoding (ie., G(T') is the most popular value of
fs(T) over all S containing T, chosen according to the distribution p,([n]) ie., Prs.,, [fs(T) = G(T)] =
max, Prg.,[fs(T) = 0]?) satisfies

[fs # Gls] = Oq4(e).

Pr
S~vpp

}i’mof, Let N be a large integer and define K = [pN|, T = |lpgN|. For every S € ([%]), define
fs = fsnn)- In other words, forall A C S € ([%]), |A] < d. let fs(A) = fsam(AN[n]). I S1, S0 ~ vn k1
then the distribution of S; N [n], Sz N [n] is close to up,4, and so for large enough N we have

Pr [fsl ‘51ﬂ52 7é f5'2|51052] < <C:/2'

S1,582~VUN K, T

Hence, the ensemble of functions {fs} se() satisfies the hypothesis of the ageement theorem (The-
K

orem 1.2) with ¢ replaced by 3¢/2. Hence, by Theorem 1.2, if we define G: ([<Nd]) — Y by plurality

decoding then Prg., [fs # G|s] = Oa(e). Since fs depends only on S N [n], there exists a function
G: ([Z]) — % such that G(T) = G(T N [n]). Moreover, for large enough N the distribution of S N [n]
approaches fip,, and so G = G.* This completes the proof. O
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