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Abstract

We investigate the local-list decodability of codes whose codewords are group homo-
morphisms. The study of such codes was intiated by Goldreich and Levin with the
seminal work on decoding the Hadamard code. Many of the recent abstractions of
their initial algorithm focus on Locally Decodable Codes (LDC’s) over finite fields.
We derive our algorithmic approach from the list decoding of the Reed-Muller code
over finite fields proposed by Sudan, Trevisan and Vadhan.

Given an abelian group G and a fixed abelian group H, we give combinatorial bounds
on the number of homomorphisms that have agreement é with an oracle-access func-
tion f : G — H. Our bounds are polynomial in %, where the degree of the polynomial
depends on |H|. Also, § depends on the distance parameter of the code, namely we
consider § to be slightly greater than 1—minimum distance. Furthermore, we give a
local-list decoding algorithm for the homomorphisms that agree on a d fraction of the
domain with a function f, the running time of which is poly(%, log |G|).
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Chapter 1

Introduction

1.1 Problem statement

Let (G,+) and (H,*) be abelian groups, and let Hom(G,H) = {h : G — H |
h(z + y) = h(z) = h(y), Vz,y € G}, be the group of homomorphisms between G
and H. Informally, an error correcting code is a collection of codewords having the
property that any two codewords differ from each other in many places. Note that
Hom(G, H) forms an error correcting code. Indeed, no two homomorphisms can agree
in more than half of the domain.

Starting with the seminal work of Blum, Luby and Rubinfeld [5], there has been
a lot of interest ( [2, 15, 1, 20]) in testing whether a given function f : G — H
is close to some homomorphism in the code Hom(G, H). In this work we explore a
complementary question, that of finding the list of homomorphisms that are close to
a given f. More formally, for f,g : G — H, let agree(f,g) = Pryec[f(z) = g(z)],
and Ag .z = MaXy heHom(G,H) {88ree(g, h)}.
For a given query-access function f : G — H, and for 6 > 0, our goal is to output the
list £ = {h € Hom(G, H) | agree(f,h) > §}. The homomorphisms in £ are output
implicitly, as oracle algorithms that can be queried at any position x € G, as we
will describe later. This implicit representation is associated with the notion of ‘local
decoding’ and LDC’s.

The generic agreement parameter 6 that we focus on is slightly greater than Ag¢ #,
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since otherwise, the list £ might have exponential size, and thus we could not decode
efficiently.

The list-size is therefore an important parameter in the list decoding context. The
code Hom(G, H) is (6,1)-list decodable if for any function f : G — H, |£]| < 1. We
first aim to provide combinatorial upper bounds on |£|, which will be indicative of
the possibility of list decoding. Given abelian group G and fixed abelian group H,
we obtain that the number of homomorphisms that agree in a Ag g + € fraction of
the domain with any function f : G — H is poly(2). Using these bounds, we adapt
the general methodology of Goldreich and Levin [10] and Sudan et al. [18] to locally
decode algorithmically the code Hom(G, H) for the agreement Ag g + €, where € > 0.

With this work we attempt a more systematic study of the role of groups in the

context of LDC'’s.

1.2 Literature Survey

The literature in the area of LDC’s is extremely wide as well as focused. Most of
the results in this direction concentrate on list decoding of codes defined over finite
fields. In this respect, the questions that we approach are in some sense less explored,
however, with roots in many recent fundamental results on list decodability. In this
section we present some of the most directly related research to our problem.
Linearity testing in groups. The problem of correcting a function f up to a group
homomorphism is related to that of testing whether f is linear or whether it needs
to be changed in some € fraction of the inputs in order to become linear. The case of
linearity testing can be solved by picking random elements x and y from G and testing
if f(z}+ f(y) = f(z +y), for a number of times that guarantees a small probability
of error. This was the first test for linearity proposed by Blum et. al. [5] and which
opened the way of a now very rich area, that of property testing. Numerous variations
of this test, as well as improved analysis have made the object of intense research in
this direction {2, 15, 1, 20, 9].

Knowing that a function f is close to a linear function, a natural question to
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ask further is how can one correct it? For example, in the case when f differs from
some homomorphism A in < i— fraction, h(x) can be computed with high probability
by taking the most common value of f(z —r) + f(r), for random values of r € G.
However, when f is corrupted in a number of places greater than half of the minimum
distance of the code Hom(G, H), then there might be more than one homomorphism
that f is close to. In this case we want to know how many such codewords are there
that satisfy our agreement parameter, and we wish to output all of them. This will
be our goal throughout this work.

List Decoding of the Hadamard Code. The study of list decodability in the group
setting was initiated by Goldreich and Levin in [10]. There, they give a local list
decoding procedure that finds all the homomorphisms in Hom(Z3,Z,), which agree
with a given function f : Z% — Z; in a % + € fraction of the inputs.

More formally, the result in [10] is the following.

Theorem 1.2.1. Let Hom(Z%, Z,) be the Hadamard code, where a codeword is ho(z) =
a-z, a,z € ZY. There is an algorithm A s.t., given black-boz access to any function
[ 1 Z% — Zy, and some parameter € > 0, A outputs w.h.p a list of all a € Z} s.t f

and h, agree in > 3 + € fraction of the inputs. The procedure runs in time poly(n/e).

In cryptography, this result was then used to construct hardcore predicates for any
one-way function. Moreover, it provided a starting point for PAC learning, including
for example learning the Fourier coefficients of boolean functions, as in [16].

From the Goldreich-Levin formulation, we derive one of our motivating goals
throughout the thesis, that of obtaining list- decoding algorithms for general abelian
groups. Our parameters (agreement, and final running time) are comparable to the
corresponding parameters in the particular case of the Hadamard code. More pre-
cisely, the minimum distance of the Hadamard code is %, leading to an agreement
parameter of 1 —1/2+ ¢ = 1/2 + €. In the general case, the minimum distance of
Hom(G, H) is 1 — Ag n, and the agreement parameter that we consider is Ag i + €.
When |H| is constant, the running time of our decoding algorithm is poly($,log G),

which is comparable to the poly(n/e) running time of the GL algorithm.

11



Learning polynomials with queries: The highly noisy case. Goldreich, Rubinfeld, and
Sudan, [11], generalized the Goldreich-Levin question to that of multivariate polyno-
mial reconstruction over a finite field F. When the degree d of the polynomials is
small, f : F* — F and the agreement parameter § = € \/E/_lﬁ), they propose a
randomized algorithm that outputs all the polynomials that agree with f in a § frac-
tion, and runs in time (n/6)°®. Furthermore, for € > 0 and § = T;Tl + € they give an
algorithm that decodes all the linear n-variate polynomials with agreement § with f,
which runs in time poly(n/e). In particular, if F is a prime field, |F| = p, their results
apply to our settings, giving a randomized algorithm that list decodes Hom(Z3, Z,).
Multivariate polynomial reconstruction. An even further study of multivariate poly-
nomial reconstruction led Sudan, Trevisan and Vadhan [18] into proposing a new
abstraction to the Goldreich and Levin’s initial approach.

Their main theorem is as follows.

Theorem 1.2.2. [18] There exists a randomized algorithm B and a constant c, s.t.
given black box access to a function f : F™ — F, and given € > c\/E/TFT and d € N,
B reconstructs a list of My, M, ... My oracle machines s.t. for any polynomial p of
degree d agreeing with f on an € fraction, there exists 1 < ¢ < L for which M; (with
access to f) computes p. Moreover, L = O(1/¢), and B, as well as M;, i € [L] run
in time poly(m, d,log |F|, 1/e).

The fundamental idea that they employ in the proof is the fact that the problem
can be reduced to the reconstruction of univariate polynomials over F. In our work
we will try and emulate a similar approach for the case of homomorphism reconstruc-
tion. We will consider a small (constant) dimension “subspace” S of the group G,
reconstruct the homomorphisms that we are looking for on that subspace, and then
uniquely extend these reconstructions to homomorphisms on the whole space.

Other related work. More recently, Dwork et al. [8], considering the list decodability
of the code Hom(Z%,Z%) in the cryptographic context of Zero-Knowledge Protocols,
show that for any function f : Z} — Z%, there are O(%O(n)) linear functions agreeing

with f on at least € fraction of the domain. Here € > 0 is small, independent of the
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parameters of the code. This combinatorial bound is quite strong, and it derives from
the somewhat surprising result that the code Hom(Z3, Z,) is (e, poly(2))-list decod-
able. Intuitively, it says that, even when a word f : Zj — Z is corrupted in most of
the places (1 — €), the number of codewords in Hom(Z3, Z,) that it could have come

from is still small, namely poly(2).

1.3 Our results and techniques

We provide algorithmic and combinatorial results concerning list decodability prop-
erties of codes of the type Hom(G, H), where G and H are abelian groups and H is
fixed. Our results derive from viewing G and H as a direct product of cyclic groups
of prime power, G = H:.“:l Zp:u, and H =[], fo" where p; and ¢; are primes for
all i. An abelian group G for which |G| = p*, for some prime p and positive integer
k is called a p-group. Starting from simple techniques for relating the combinato-
rial bounds, as well as the decoding algorithms for Hom(G1, H;) and Hom(Gs, H,)
to those of Hom(G; X Gq, H;) and Hom(Gy, H; x H,), we reduce our quest to the
simpler case of p-groups. As we will see further, p-groups play a central role in our
proofs.

We will focus on the agreement parameter Ag g+¢€, where 1—Ag g is the minimum
distance of the code Hom(G, H), and € > 0 can be as small as TéT Later, we will
deduce that Agpy = %, where p is the smallest prime dividing both |G| and |H]|.
One should notice that the Johnson bound, which is the usual method for proving
list decodability, does not apply in this regime, since it requires a higher agreement

parameter than the one we consider.

1.3.1 Combinatorial bounds

In the case when G and H are p-groups, the agreement parameter of interest is
AG,H = 1—1’ + €.
. . . e k ;
In this regime, we explore the list decodability of codes of the form Hom([[;_; Z;h,, Z,r),

in which case we obtain list sizes that are poly(%, "). This will constitute our main
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lemma, which is more formally stated below.

Lemma 1.3.1. Let p be a fixed prime and v > 0 be a fized integer. Then for any
abelian group G, Hom(G, Z,-) 1is (% + €, (2p)3rglg) list-decodable.

The technique we employ in the proof of the lemma is a Fourier analysis of the
large coeflicients of certain powers of the initial function that we are trying to correct.
The proof is inductive, using as a base case a corollary of the Johnson bound.

The main lemma generalizes easily to all abelian groups.

Theorem 1.3.2. Let H be a fized finite abelian group. Then for all finite abelian
groups G, Hom(G, H) is (Ag,u + €, poly(2)) list decodable.

These are our main results in terms of combinatorial bounds. Along the way, we

also show some ad-hoc bounds for other cases of p-groups.

1.3.2 Algorithms for local list decoding

In terms of algorithmic local list decoding, as before, the general case of abelian
groups G and H reduces to the p-group case. For this case, we give a decoding
algorithm that w.h.p. outputs all the functions that agree with a black-box access
function f : G — H in % + € fraction of inputs. Our approach is a generalization of
the Goldreich-Levin [10] work on the Hadamard code. It is also in the spirit of the
STV [18] algorithm for list decoding low-degree polynomials over finite fields.
Informally, a (9,T)- local list decoder for Hom(G, H) is a probabilistic algorithm
A that outputs a list of algorithms M, ..., My, each of which uniquely identifies
with a homomorphism h € Hom(G, H) that has the property that agree(h, f) > 6.
Moreover, A and M;, for all ¢ € [L] need to run in time 7.

Our main lemma treats the case of Hom(G, Z,-), where G is a p-group. The main
ingredient of the proof is the fact that a random coset of G of small size poly(2)
samples well. This implies that the restriction of a homomorphism h € Hom(G, Z,-)
to a coset has almost the same fractional agreement with the restriction of f to that

coset, as the fractional agreement of h and f on G. This observation suggests list
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decoding on the small coset first and then extending the homomorphisms to the whole
group G.

We next state our main algorithmic lemma.

Lemma 1.3.3. Let p be a fized prime and r > 0 be a fized integer. Then for any
abelian p-group G, Hom(G, Z,-) is (% + ¢, poly(log |G|, %)) locally list-decodable.

Again, the lemma easily generalizes to the case of abelian groups, as described

below.

Theorem 1.3.4. Let H be a fized finite abelian group. Then for all finite abelian
groups G there is a (Ag,z + €, poly(log |G|, 1))-local-list-decoder for Hom(G, H).

1.4 Organization

In Chapter 2 we introduce the notions of list-decodability, local list decoding and
we mention about our computational model. We also give a brief introduction to
Fourier analysis techniques. In Chapter 3 we present our main results in terms of
combinatorial bounds. In Chapter 4 we show our decoding algorithm for p-groups
and the main theorem that follows. Finally, we discuss some open problems in Chapter

5.
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Chapter 2

Preliminaries

2.1 The general list decoding model

A [N, K, D], error-correcting code is a collection of q" codewords, which are sequences
of length N and with elements in [g], such that two codewords disagree in at least D
places.

Let G, H be abelian groups, and let Hom(G, H) = {h : G — H | h is a homomorphism}.
Note that Hom(G, H) forms a code. Indeed, if f,g € Hom(G, H), then G’ = {z |
f(z) = g(z)} is a subgroup of G. Since the largest subgroup of G has size at most
]%l, it follows that f and g differ in at least % fraction of the domain.

For two functions f,g : G — H, define

agree(f, g) = Przeclf(z) = g(z)],

and

Agy = .
G.H f,gefr;;ga(cam{agree(f, 9)}

In the case when Hom(G, H) contains only the trivial homomorphism we define
Ag =0.
The notions of (§,1)-decodability and (4, T')-local-list-decoder are standard in the

context of error correcting codes. They derive from the notion of list decoding which

17



was first introduced by Elias in [7] and Wozencraft in [22].

Next, we translate these notions in the setting of group homomorphisms.

Definition 2.1.1. /18] (List decodability) The code Hom(G, H) is (9, 1)-list decodable
if for every function f : G — H, there exist at most | homomorphisms h € Hom(G, H)
such that agree(f,h) > 6.

Definition 2.1.2. [21/(Local list-decoding) A probabilistic oracle algorithm A is a
(8, T) local list-decoder for Hom(G, H) if given oracle access to any function f : G —
H, (notation Af), the following hold:

1. A outputs a list of probabilistic oracle machines My, ..., My, s.t., for any homo-
morphism h € Hom(G, H) with agree(f,h) > &, with probability 3/4 over the

random choices of A,

3j € [L], Pr[M](z) = h(z)] >

>

)

where the probability is taken over the randomness of M].f ().
2. A runs in time T, and

3. Mjf runs in time T, for all j € [L].

The group computation model of our algorithms is the following. An abelian group
G is presented by its cyclic decomposition Lipr X ... % Zp:k (see Chapter 3), where
p; is prime, for all ¢ € [k]. An element of G is given by a vector e = (ey, ey, ..., ek),

with e; € Zp?‘i foralli e [k]

The most often used proof technique for our combinatorial bounds is Fourier

analysis. Next we give a brief introduction to the basic facts that we employ.

2.2 Fourier Basics

Let G be a finite abelian group. A character of G is a homomorphism x : G — C*,

where C* is the multiplicative group of non-zero complex numbers.
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Suppose G = Hle Zp:'i. Let w; be a primitive p;*th root of unity. For any a € G, we
get an explicitly defined character x, of G given by

k
Xa(T) = H w;

i=1

where z = (z1,...,7x) and @ = (o, ..., 0x) (written as elements of [J¥_, Zy:). In
fact, any character of G is of this form.

Some useful properties of characters are given below:
e xo(z)=1,forall z € G.
* Xa(T)Xs(T) = Xa+s(z), hence x4 (z) = Xia(x)-
® XolT) = X-alz).

0, ifa
* Eoxal(z)Xps(z) = #h . Thus, the set of characters {x, : @ € G}

1, otherwise
forms an orthonormal collection of vectors. Moreover, they span the whole

space C!¢!, forming an orthonormal basis for this vector space.

Given a function f : G — C, we therefore can write f as

f= Z f(a)xa-

a€G

For f,g : G — C, the inner product of f,g is (f, 9) = Ezeccf(z)g(z).
The Fourier coefficients of f are given by f: G — C, where

~

F@) = (£, Xa) = Eeec f(2)Xa(2)-

Parseval’s identity states

Y 1fe)’ =1.

aeG

Bessel’s inequality follows from Parseval’s identity and states that, for f : G — C,

19



and S a collection of elements of GG, we have

(£ 6 = 1 xa) -

a€esS
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Chapter 3

List decoding bounds

In this chapter we explore the list decodability property of the code Hom(G, H) for
the agreement parameter Ag py + €, where G and H are abelian groups. We start
by giving some standard properties of abelian groups and then discuss simple facts

about the maximum agreement Ag g of the code Hom(G, H).

Theorem 3.0.1 (Structure theorem for finite abelian groups). Every abelian group

G is of the form Hi-;l Z,:, where the p;’s are primes and the e;’s are positive integer.
A special role in our proofs is played by certain families of groups called p-groups.

Definition 3.0.2. A group G is called a p-group for some prime p, if the order of G
is a power of p. Equivalently, G is a p-group if and only if the order of every element
of G is a power of p.

By the structure theorem, every finite abelian group G can be written as G, x G/,
where G, is a p-group and p /[ |G'| (take Gp = [],,_,Z,). Both this decomposi-
tion and the complete decomposition given by the structure theorem will be crucial
to our results. We begin by studying the behavior of list decodability under these
decompositions.

First, we make some remarks about Ag y, describing it more explicitly in terms

of the sizes of G and H.

1. If ged( |G|, |H|) = 1 then Hom(G, H) contains only the trivial homomorphism,

and therefore, Ag z = 0.
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2. Otherwise, let p be the smallest prime s.t. p | ged(|G|, |H|). Then

1
AG,H = —.
p

Indeed, it is enough to bound agree(h,0), for any nontrivial homomorphism
h: G — H. Let d = |image (h)| and note that d | |[H|, since image(h) is a
subgroup of H. Since G/ker(h) = image(h), it follows that |ker(h)|/|G| =
1/d < 1/p, and thus Agy < %.

Finally, if G = Z,t x G, and H = Z, x H', then h(a,b) = (ap™™!,0) satisfies

agree(h,0) = 1, where a € Z,:, and b € G'. Hence, Ag g = 2.
p P ’ P

3. The above observations imply
AG; xGg,H = ma-X{AGhH’AGz,H}

and

AG,H] xHy = ma‘x{AG,Hl ’ AG,Hz}'

3.1 The Johnson bound

In coding theory, the standard technique used to bound the number of codewords
that are close to a given word is the Johnson bound, [14].

In [13] Guruswami and Sudan prove the following extension of the Johnson bound.

Theorem 3.1.1 ([13]). Let C be a g-ary code of blocklength N and minimum distance
d=(1- i—)(l —~68)N for some 0 < § < 1. Then, if v > /3, the number £ of codewords
at distance r = (1 — ;11-)(1 — )N from any word w € [g]V is

1-6
< mi —1),=-——2%1.
¢ <min{N(q - 1), oo 5}

Let us consider the codes C; = Hom(Zg,Z,), and C; = Hom(Z}n, Z,m) for inspec-

tion against the Johnson bound. Recall that in this case Ag y = 11; and we are trying
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to count the number of homomorphisms that agree with a given function f in a % +e€
fraction. In the above cases, the minimum distance of the codes is d = (1 — %) pmr,
and the radius of interest is 7 = (1 — % —¢) p™, with ¢ = p for Cy, and g = p™ for C,.
For C;, we obtain ¢ = 0 and -y > €, which implies ¢ < 3.

For C,, we obtain 6 = 1— "—;—11—),;’,—71—1 andy=1-— 1':;'—”6;?,,—":—1, and thus v > 4. Therefore,
the Johnson bound is too weak in this setting.

There are numerous standard proofs of the Johnson bound [14, 13, 12, 19], using
combinatoric, geometric or algebraic approaches. In what follows, for the sake of
completeness, we present a standard “real-embedding” proof of the Johnson bound,
as in [12], for a specific case of p-ary codes, which include C;. This proof will consti-

tute the base case of our induction used in the main lemma, which will be proved in

section 3.4. There we will treat the list- decodability of Cs.

Corollary 3.1.2 (to the Johnson bound). [12] Let G be an abelian group. Then
Hom(G, Z,) is (; + €, 3)-list decodable.

Proof. If p J |G| then Hom(G, Z,) is (% +e¢, 1)-list decodable. Otherwise, for any func-
tion h : G — Z,, associate a vector v, € R®~1IC! syuch that the following properties

hold:
e vy is unit length

o If f,g: G — p, then

(v7,04) = agree(f, ) ~ —— (1 - agee(/, )

where (-,-) denotes the usual vector inner product.

Next, we show an explicit construction of such an embedding. We will start by associ-

1 if i = j,
ating with each element i € Z,, a vector u; € RP~'s.t. (u;,u;) = I

p%ll, otherwise

To construct u;, let e; be the standard basis vectors in RPi € [p], and let ¢ =

11
plp’’’

p — 1 dimension hyperplane as their coordinates sum to 0, and have equal norm. Let

-,3) € R?. Then the vectors e; — ¢ € RP, i € [p] are in fact contained in a
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u; be their respective normalized versions. It is easy to check that these u;’s satisfy
the conditions imposed.
To complete the construction, for a function f : G — Z,, viewed as a vector in RICI,
its embedding v; € R®-VI6l is formed by replacing f(z) € Z, for each z € G by the
vector ug(;) € RP~!. Therefore, vy is the concatenation of uj(,), for all z € G. It is
easy to check that vy satisfies the two properties initially required.

Now, let g # h € Hom(G, Z,), and notice that since p is prime, we have agree(g, h) =
%. Therefore, the set of vectors {uv|h € Hom(G, Z,)} form an orthonormal collection
of vectors in RP~DIGI,

Thus, by Bessel’s inequality,

> (v’ < (vpvp) =1.
heHom(G,Zy)
Finally, notice that if agree(f, h) > ;1,+e then (vs,vp) > 1—,%1-6 > ¢, and therefore there
are at most }2 possible k € Hom(G, p,) satisfying the above inequality.

O

3.2 Some ad-hoc techniques for particular cases

In this section we build some more intuition into the combinatorial counting problem

by exhibiting list bounds on various p-groups.
Proposition 3.2.1. Hom(Zyn,Z,m) is (% + €, 1) list decodable.

Proof. Let f : Zyn — Zym and let S = {a € Zyn | p /Ja}. Then each element in
S is a generator for the cyclic group Z;», and the relative size of S is 1 — %. If the
homomorphism h is s.t. agree(f,h) > ; +¢, then at least  + ¢ — 1 = ¢ fraction
of these agreement points are in S. Since no two homomorphisms can agree on any
point in S, we conclude that there are at most % homomorphisms with agreement at

least % + € with f. a

We next focus on p-groups of the form G = Z; and H = Z, for which we derive
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bounds that are poly(%), for fixed p and m. We mention that our main combinatorial
theorem applies to these cases as well and gives roughly the same bounds. However,
we treat this case separately here since we apply different techniques than the ones in
the main theorem. For the sake of presentation simplicity, we prove the m = 2 case

in detail, and note that an analogous proof holds for the general case as well.

Proposition 3.2.2. Hom(Z3,Z}) is (; + €,p* %) list decodable.

Proof. First notice that if f,¢ : Z7 — Z2 and f(z) = ¢(z) for z € A, then fi(z) =
di(z) for z € A, i = 1,2, where f(z) = (fi(z), fa(z)) and ¢(z) = (¢1(x), d2(zx)) are
the respective coordinate-wise projections of f, and ¢ onto Z,, and ¢; € Hom(Z},Zy,).
Explicitly, a homomorphism between Z7 — Z2 is given by ¢,5(z) = ({a,z), (b, z)),
where a,b € Z7 and (a, z) indicates the inner product of the vectors a and z modulo
p. Call a pair (a,b) good if agree(f, ¢ap) > 3 + €.

Let Flag),(ap) = @(fi — ¢a) + B(f2 — &), for o, 8 € Z;, a,b € Z7, and consider
such functions represented as vectors in Z2". Let F(a,b) = {Fla,g),ap) | @ 8 € Z}},
and view F(a,b) as a table of vectors in Z&", with rows indexed by (e, 8) and the
columns indexed by = € Z7.

Claim 1 For any good pair (a,b), s.t f(z) = ¢.p(z) when z € A, there exists a pair
(a0, Bo), s-t. agree(Fag,g),(ab)> 0) > p_-?-T' Call such a pair (o, 8o) special for (a,b).
Proof: We count the total fraction of zero entries of the table F(a,b). Note that if
(a,b) is a good pair, then for each z € A F(o6)(ap)(2) = 0 and thus, agree(v,0) >
% +¢€, Vv € F(a,b). For each z € A and for each o € Z; there exists a unique 3 € Z;
8.t. Flap)(ap)(z) = 0. Since the total number of vectors in F(a,b) is p? — 1, it follows
that the total fraction of 0 entries of F(a,b) is at least 2 + (1 - 1)5=; > -2;, and
the claim follows.

Claim 2 For any pair («, 8), with a, 8 € Z3, the number of good pairs (a, ) s.t (a, 8)
is special for (a,b) is O(p*%).

Proof: We have Fia ) () = &(f1 — ¢a) + B(f2 — ¢o) = afr + Bf2 ~ baarspe- If (o, 8)
is special for some (a,b), then by Corollary 3.1.2 it follows that there are at most

O(p?) elements v = aa + Bb s.t agree(af + Bf2, ¢,) > I%. If (a,b) is good for
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f = (f1, f2) then a is good for fi, and again, by Corollary 3.1.2 there are O(z) such
a’s. Since p is prime, for each a € Z3, (o, §) € Z}? and vy € Z,, there is a unique b € Z,
s.t 7 = aa+Bb. Therefore, for fixed (o, 8), the number of good pairs (a,b) is O(p*%).

We can now conclude the proof of the proposition by noticing that there are at

most p? — 1 pairs (o, 8), and thus at most O(p*%) good pairs (a, b). O

An interesting open question is whether one could eliminate the dependency on
p, and obtain a bound of % for Hom(Zp,Z2), as in the case Hom(Z}, Zy).
The result in Proposition 3.2.2 can be generalized by using the same argument to

give a list bound for Hom(Z3, Z7}) as follows.

Theorem 3.2.3. Hom(Z?,Z™) is (% + e,pm"'z(;%)m‘l)—list decodable.

pp
We note that, as we will see in the next section, a straightforward calculation
shows that Hom(Z3,Z7') is also (% + ¢, (%)™)-list decodable. Therefore, for small ¢,
=)

(e=o(p~ ), the bound in Theorem 3.2.3 is slightly stronger.

3.3 The reduction to simpler groups

In this section we begin a more systematic approach to list decoding bounds on
abelian groups, by first showing simple techniques to reduce general abelian bounds

to bounds on the list size of p-groups.

3.3.1 The decompositions G — H; x Hy and G; x G, — H

We will now make some observations regarding the combinatorial and algorithmic list
decoding bounds for functions from G — H. Of particular importance are elementary
decompositions of the form G — H; x Hy and G; X G; — H, which we consider next.
Proposition 3.3.1. Let G, Hy, H, be abelian groups. Let a; = Ag u,. Suppose for all
€ > 0, Hom(G, H;) 1s (a; +¢, £;(€))-list decodable, with (a;+¢,T;(¢€)) local list decoders,
fori=1,2. Then Hom(G, Hy x Hy) is (max{ay,as} +¢€,£1(€)f2(c)) list decodable and
has a (max{a;,az} + €, O ((T1(€)T2(€))) local list decoder, for all € > 0.
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Proof. Take an f = (f1,f2) : G — H; x Hy. Consider the list of high-agreement

homomorphisms
L = {h = (h1,h2) € Hom(G, H; x H,) : agree(f,h) > max{ai,as} + €}
Also consider the corresponding lists for the two components:
L; = {h; € Hom(G, H;) : agree(f;, h;) > max{a;,as} + €}

By assumption, |£;| < £;(€). Now, since agree(f, h) < min{agree(f1, h1), agree(fs, ha)},
we have

LC Ly x L, (3.1)

and so |L£]| < £;(e)€y(€), which proves the list decodability. The local list decoding al-
gorithm, which follows immediately from Equation (3.1), simply runs the appropriate

local list decoders for f; and f, and takes the product of the lists. O

Proposition 3.3.2. Let Gy, G,, H be abelian groups. Let a; = Ag, u. Suppose for all
€ > 0, Hom(G;, H) is (a;+¢, £;(€))-list decodable, with a (a;+e€, T;(€)) local list decoder,
for i =1,2. Then Hom(G1 x Ga, H) is (max{a1,as} + €,0( 5 £1(€)la(e) |H|?)) list
decodable, and has a (max{a1, a2} +€, O(% li(€)la(e) |H|?)) local list decoder, for all

e>0.

Proof. We shall give the local list decoder, the existence of which implies the claimed
bound on the list decodability of Hom(G, H). Let A; be the (a; + €, Ti(€))-local list
decoders for Hom(G;, H).

Note that any h € Hom(G; x Gz, H) can be written as h(z,y) = h((z,0)) +
h((0,y)) = hi(z) + ha(y), Yz € G1,Vy € G, where hi(z) = h(z,0) € Hom(G,, H),
ha(y) = h(0,y) € Hom(G>, H).

The local list decoder B(z, y) for Hom(G; X G,, H) that we propose next, basically

finds good candidates for h; and h,;. The oracle machines output will be of the form

Mgl,gz(x7y) = 92(1'10) + 91(0, y);
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where g; € Hom(G,, H), and g, € Hom(Gh, H).
The local list decoder B(z,y) :

Repeat O(z) times:

Step 1: Pick zy € G; uniformly at random.

Step 2: For each o € H, apply procedure A; to the function f(zo,-) — a,
and obtain the homomorphisms lists £§

Step 3: Pick yy € G uniformly at random.

Step 4: For each § € H, apply procedure 4; to the function f(-,y) — 8,
and obtain the lists Eg .

Step 5: If for some pair (g, ) € H? there exist homomorphisms g; € £$°
and g, € £ s.t. ap = go(z0,0) and By = ¢1(0, %), then output My, 4,

Analysis: Fix a homomorphism h € Hom(G; XG5) with u = agree(f, h) > max(a;, a)+
2e. Call zo € G; good for h if Pryce,[f(zo,y) = h(Zo,y)] > p — €. Similarly, call
Yo € Gz good for h if Pryeg,[f(z,y0) = h(z,y0)] > p — €.

Claim 3.3.3.

Pryyec, [%o is good | >

[ NS e

Proof. Let D(xo) = Pry|f(zo0,y) # h(Zo,y)]. We have that E,,[D(zo)] = 1— . Using
Markov’s inequality, it follows that

1—
Pry,[zo is not good] = Pry[D(zo) > 1 — u+ €] = Pry[D(zo) > (1 - u)—l—lj—:—e]
1—p € €
<—F =l <1
l—p+e 1—p+e 2

O

Claim 3.3.4. (Correctness) If h € Hom(G1 X Go, H) is s.t. agree(f,h) > u then with
probability > % in any one iteration, one of the oracle machines M that is output is

h.

Proof. o € G1 and yo € G, are both good for A with probability > % In this case,

for ag = h(o,0) and Gy = h(0,yo), we will find h(0,-) € LS° and h(-,0) € £X. This

ensures that My ) n(.0) Will be output in Step 5 Algorithm with probability > 5:—.
d
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To complete the proof, we note that over all iterations, any such A will appear in

the output list with constant probability.

3.4 Main Lemma and Theorem

The results of the previous section suggest viewing the abelian groups G and H in the
form given by the structural theorem. Using that representation, we can then reduce
our quest for combinatorial list bounds, as well as for the decoding algorithms, to
the easier case of codes between the p-groups appearing in the decomposition. This
is in fact the main approach we will pursue further. In this section we will show the
combinatorial bounds, while in the next chapter we present an algorithm for decoding

the homomorphisms we are interested in.

First, we will show our main lemma, which basically deals with the case of
Hom(G,Z,), where G is a group. Our proof is inductive on r and relies on Fourier

analysis techniques.

We start with some notation and a simple useful lemma. For x, a character of G
and ¢ € Z, define
&

T] = {xp : (x8)" = Xal}-

Notice that if x5 € [%2] then i3 = a, where i € Z and o, 8 € G.

For S a set of characters of G and i € Z, define

[-S-] = U [%] = txs: o) € 5.

Xa€S

For i,d € Z and p a prime, we say p'| d, if p* | d and p'*! fd.
Let ppr be the multiplicative group of the p”th roots of unity. Note that the groups

Z,r and p,r are isomorphic, and henceforth we restrict our attention to Hom(G, p,r).
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By definition, any element of Hom(G, u,r) is a character of G and hence
Hom(G, pipr) C {Xa : @ € G}

This already indicates the relevance of Fourier analysis to our problem. In particular,
for a function f, the problem of counting the characters that have high agreement
with f reduces to counting the number of large Fourier coefficients of functions of the
form f, for some integers i.

We express the agreement between a function and a homomorphism in terms of

Fourier coefficients using the following formula.

Lemma 3.4.1. Let G be a group. For f : G — ppr and xo € Hom(G, pyr)
a'gree(f’ Xa) = E05j<p’ﬁ(ja)
Proof. We have that

agree(f, Xa) = EzecEogjcpr (f(2)Xa(z))’
= ]EOSJ'<p']Ezerj (T)Xja()

= Eosj<pr f1(ja).

We are now ready to present the main technical lemma.

3.4.1 Main Combinatorial Lemma

Lemma 3.4.2. Let p be a fixed prime and v > 0 be a fized integer. Then for any
abelian group G, Hom(G, ppr) s (% + €, (2p)3'€i2) list-decodable.

Proof. Our proof is by induction on r. The base case » = 1 was proved in Corollary

3.1.2. Assume the lemma holds for Hom(G, p,r), fork =1,...,7—1. Let f : G — ppr,
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€ >0, and let

1
£= (e € Hom(G, ) agreetf, o) 2 - )

Our goal is to show that |£| < (2p)* 5.

By Lemma 3.4.1, for any x, € L,

~ ol (1 1 ) 1 1
Eoc;epr Fi(ja) > LI [ D
0<J<Pf(]) pr_l P pr P -

This implies that for all x, € £, 37, 0 < j < p" such that lfj(ja)l > % - z% + ¢, and

leads us to consider the set
a 1 1
S; = {xp € Hom(G, ,r) : | fi(B)] > = + €}

The above discussion implies that
p"—1
Si
LcC ,L=J1 [T] .

We should remark that bounding |£| by )", I[%l]l is too loose for our purposes.
Indeed, if G = Zym X ... X Zym and, say p =i, and xo € S;, there are [[5_, p™ !
possible @’s s.t. i =0.

Instead we perform the following manipulation:

Lc ,,g ([%] n c) = IU U ([%]ne) (3.2)

i=1 xa€S;

We will next show the following bounds, which will be enough to complete the

inductive proof.
1. Foreach 1 <i < p", |S;| < 4p? and

2. If p!||é, then for any a € G, |[X2]NL| < (2p)* 5.
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1. By Parseval’s identity, we have that

Yo IfB)r=

BeG

and so \
1

1> Y 176 |2>ISI(———+e) ,
Xﬁest p

which shows |S;| < 4p? (recall that r > 1).

2. We will first prove the statement for &« = 0, and then show how the general
case for a reduces to this case. Let o = 0 and we wish to bound |[%2]NL|. For
Xs € [3;‘1] and any z € G, we have that x5(z)' = xis(z) = xo(z) = 1. Since,

x5(z) € ppr and p'||i, we conclude that xg(z) € py, and therefore xg € Hom(G, py).
Consider the function g : G — p,,

f(z), if f(z) € py

g(z) =
1, otherwise
Since for any xg € [%2] N L we have that agree(g, xs) > agree(f, xs) > 1 — L +¢, it
follows that |[ X2 ]NL| is at most as large as |{xp € p, : agree(g, x) > 1146},

which is < (2p)*% by the induction hypothesis.

If a #0, let xg, € [¥¢] and let S = {xp-4, : xg € [¥2] N L}. Then |S| = |[X2] N L],
and if x5_g, € S then (8 — Bo)i = 0. Moreover, agree(f, xz) < agree(fXa,, X5Xz) =
agree( fXz,, Xg-4,)- Therefore, |S| < | [2] N {x, : agree(fXz,Xy) = i+ €}|, which

is at most < (2p)*% by the argument for the case a = 0 above.

Now, together with Equation 3.2, the two facts above enable us to bound [£]| as
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follows:

0=y N4

% xaES,-

<3 Y Isierts

1=0 0<i<p"
pHli
r—1
1

< T - (20) S5

2
€
=0

1 T
< ;2‘(227)3

which proves the induction.

3.4.2 Proof of Main Theorem

Theorem 3.4.3. Let H be a fized finite abelian group. Then for all finite abelian
groups G, Hom(G, H) 1is (AG,H + e,poly(%)) list decodable.

Proof. 1f |G|, |H| are relatively prime then there are no homomorphisms in Hom(G, H)
other than the trivial one. Otherwise, let p(= Zﬁ) be the smallest prime s.t. p |
ged(IG|, |H]).

Let H =[]t Zpi-

Let 1 € {1,...,k}. If p; /|G|, then Hom(G, pri) is (¢, 1) list decodable. Oth-
erwise, by Lemma 3.4.2, we have that Hom(G,Z.) is (5 + € O(5(2p:)%%)-list de-
codable, and hence it is also (3 + €, %(2p;)*%))-list decodable, since p < p;, for all
i € [k]. By Proposition 3.3.1, we obtain that Hom(G, H) is (% + &g 5 (2p:)%).
This gives us a O(%mongllH |®) bound on the list size, and concludes the proof.

O

Observation: We believe that, for any abelian groups G and H, the list bounds
above should not dependent on |H| either, and even more, to be a small degree

polynomial in % However, we could not circumvent the obstacle of viewing H as
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a composition of cyclic groups, and splitting the function f on the coordinates. It
remains an open problem to show better bounds, or prove some notion of tightness

on the ones we give.
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Chapter 4

The local list decoding algorithm

So far, we have been concerned with the combinatorial question of whether it is
possible to efficiently list decode the code Hom(G, H), where G and H are abelian
groups. The polynomial bound in %, that we obtain for the case when H is fixed,
suggests the further quest for possibly finding the homomorphisms close to a given
function f. This will be our main goal in this chapter.

First, we try and clarify the notion of local-list decoding as opposed to list-
decoding only. The generic list decoding formulation states that, given a received
word w € X", possibly corrupted in a large fraction of the entries, we want to output
a list of codewords cy,...,c; which agree with w in at least a places. Moreover, we
would like to do this task in time poly(n). One of the main features of an error
correcting code is that in order to be able to recover the codewords from a corrupted
version, the encoding must be redundant to begin with. Informally, this implies that
only a small fraction of the entries of a codeword contains most of the ‘information’
transmitted, which brings up the notion of list decoding in sub-linear time and of
locally decodable codes (LDCs). In the case of LDCs, the input and the output are
represented implicitly by oracles. The input oracle can be queried for any entry wj
of w. The output is a list of oracle algorithms, that may or not be randomized and
which have access to the input oracle w, such that each oracle uniquely identifies with
one of the codewords that agree with w in a places.

Locally decodable codes are well studied in theoretical computer science, in many
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different contexts, such as private information retrieval [6], constructions of PRGs
using the reduction between worst-case to average-case hardness [4], as well as PCPs
[3].

In our case, the input is a function f : G — H to which we have access through
queries at points £ € G. The representation of a homomorphism h that has the
necessary agreement a with f is given by a machine, M}, which may or may not be
probabilistic, and which, on input z € G, will output consistently h(z) with high
probability.

Our algorithm is a generalization of the Goldreich-Levin algorithm for list decoding
of the Hadamard code. It is also similar to the STV algorithm [18] for list decoding
of low degree polynomials over a finite field.

To get an intuition about our approach, for two abelian groups G and H, as be-
fore, we consider their structural decomposition into products of cyclic groups. Then,
we use the algorithmic results of Propositions 3.3.2 and 3.3.1 in order to reduce the
problem to the case when G is an abelian p-group and H is of the form Z,r.

In this case, we will need to list decode on a small dimension ( O(log, 1)) “hyper-
plane” (coset) of G. This will be only relevant when the fractional agreement of f
and h on G, where agree(f,h) > }J + €, is close to the fractional agreement of their
restrictions to that coset. This will be in fact our main technical difficulty, which we

overcome using the second moment method.

4.1 Cosets of subgroups generated by enough ele-

ments sample well

Let f : G — H and h € Hom(G, H) with f(z) = h(z) for x € A C G. For the
purpose of list decoding, we will need a way of obtaining sets G’ C G that have the

following properties:

e They sample well, namely, w.h.p JA—lg,—fl;—ll is in within a small additive constant
1Al
from G-
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e We can list decode on G’ in order to obtain the restriction of h on G'.

In [17], Moshkovitz and Raz consider a similar question but for functions f : F* —
F, where F is a finite field, and they show that linear subspaces of F™ of a certain
type sample well. We note that their solution does not directly apply to our group

settings, but using a similar approach, we prove that random cosets of G sample well.

Definition 4.1.1. Let G be an abelian group, and let zi,...,zx € G. Define S, .,
to be the subgroup of G generated by z1, ..., 2.

Proposition 4.1.2. Let G be an abelian p-group, let z1,...,zx € G and let T = p?
be the largest order of any element in G. Then for any z € S,, .., there are ezactly

elements of S, .. ., have the same number of such representations.

Proof. Since G is a p group, T is a power of p and the order of any element divides

T'. The result now follows from the structure theorem for abelian groups. O

Next we show the main result of this section, namely, for uniformly random
Z,21,...,2k € G, the coset G’ = z + S,,.. ., intersects a set A € G in an almost
%ll fraction of |G’|. The result follows from the “almost pairwise independence” of

the points in the coset G’, together with Chebyshev’s inequality.

Lemma 4.1.3. Let G be an abelian p-group, let A C G, with p = {%Il and let

x,21,...2 € G be picked uniformly at random. Then

IA ﬂ (.’E + Szl Zk)l 1
P T —pl>e < —.
T.?:,Zl,..-,Zk [ ,Szl,...,zkl p’ €l = Eka

Proof. We shall use the second moment method. The key is to find the right under-
lying random variables to study. Note that this could potentially be tricky since the
size of S, .. ., can vary drastically. Proposition 4.1.2 will play a crucial role in dealing
with this.

Let T be the largest order of any element of G. For & = (o1,...,0) € [T}F,

consider the random variable Y; = Z + Zi;l a;z. 1t is clear that for any & € [TF,
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Y5 is uniformly distributed on G. In what follows we give a sufficient condition for
two random variables Y5 and Yj to be pairwise independent.

Claim: Let &,8 € [T} such that 3i € [k] s.t. p fai — B;. Then Yz and Yj are
pairwise independent.

Proof. Let a,b € G. W.lo.g. suppose p fa; — (1. Recall that this implies that for

any 2z’ € G, there is exactly one z” € G such that (a; — £;)2"” = 2’. Now,

k
Prx,zl ..... 2k [Y& =aA YB = b] = Pr:z:,zl,...,zk [(Z(az - ﬂi)zi =b— a') A (YB = b)

i=1

k
= Pruz (2, zk)[((al —Bi)z=(b—a) - Z(ai - Bi)z)

=2

ANz=b—>_ i)

i=1
1
G

where the last step follows from the independence of z and z; and the above men-

tioned fact.

Returning to the proof of the lemma, define random variable I = 1if Y; € A

and I; = 0 otherwise. Note that E[I;] = u. Let

X=)>Y I
ae(T)*

By Proposition 4.1.2, we have that

IA n (.’E + Szl,...,Zk)I —_ £
1502 T

(4.1)
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Let us estimate the variance of X.
E(X?] =E[)_ 1)} =E))_ I.lj
a a,B

&8 a8
3i,plbi—0B; Vi,plai—B;

= Y ELE[+ ) Ellj]
a8 a.p
3i,plbi—B; Vi,plai—PB;

1 1
S 1—— T2k 2 + —T2k.
( pk) Wt

The last step follows from Claim 4.1 and the fact that for each fixed @ € G there are
exactly I—JI;C-T k B'ss.t. p|(o; — B) for all i € [k]. Therefore,

1 1
Var[X] =E[X? -E[X]?< (1 - ;);)T”m? + =T% — 1 27%*

1 {
— ET2kz(1 _ u2) < ET%'

By Chebyshev’s inequality, Pr,3[|X — pT*| > €T*] < ;kle—z, and thus by Equation
(4.1), the Lemma follows. O

Lemma 4.1.3 was the main technical difficulty of our algorithmic result.

4.2 The algorithm for p-groups

In this section we will show our main algorithmic lemma.

Lemma 4.2.1 (Lemma 1.3.3). Let p be a fized prime and r > 0 be a fized integer.
Then for any abelian p-group G, Hom(G,Zy) is (1—1) + ¢, poly(log |G|, -i-)) locally list-
decodable.

Recall that, given black-box access to a function f : G — H, where G is an abelian

p-group and H = Z,r is fixed, our goal is to produce a list of oracles M, (z), ..., My (z),
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s.t. for any homomorphism h : G — H, with agree(f, h) > :; + ¢, w.h.p there exists
1<i< Ls.t., for all z € G we have h(z) = M;(z) w.h.p..

Due to the existence of the following simple self correctors for homomorphisms,
it is enough to compute oracles that agree with the respective homomorphisms on a

3/4 fraction of the inputs, as described next.

Theorem 4.2.2 (Self-corrector). Given oracle access to a function g : G — H that
agree in a % fraction of the domain with some homomorphism h : G — H, there ezists
a randomized procedure Corr? that computes h on every x € G with probability 1 — 6,

in time O(log 3).

Proof. The theorem follows by standard arguments, by considering
Corrf(z) = Plurality, {g(z +r) — g(z)}.

a

Our homomorphism reconstruction technique is a generalization of the Goldreich-
Levin algorithm [10].
Let h be a homomorphism that agrees with f on a % + € fraction of G. To compute
the value at point x € G, we pick k = O(log, 1) random points z, ..., zx € G which

are elements of a coset that passes through z, 2, ..., 2.

Suppose that we have a way of obtaining a; = h(z1),...,ar = h(zk). To get the
value of h(z), our oracle machine that computes h, say Mj, simply tries each value
b € H. For b = h(z) we have h(z; — z) = h(z;) — h(z) = a; — b, for all z; € H,
and thus the restriction of A on the subgroup S,, ;.. .,—» and further, on the coset

T + Sz -z,..2—2 18 fully specified. By Lemma 4.1.3, hyys, _, agrees with f on

..... zp—x

at least a ,1—, + ¢/2 fraction of the points, with high probability. We test whether a
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function is the correct restriction of A on the coset £ + S,, ;... ., by checking if its

relative agreement with f is at least ;} +€/2.
The oracle M, a1, COmputes the homomorphism h at z € G if h(z;) = a;
for all 7 € [k]. In order to “guess” the correct a;’s for h, the reconstruction algorithm

tries all the values of H.

The oracle M, . .. a;...0.(T):

For each b € H, do the following:

Step 1: Brute-force list-decode to find all homomorphisms g1,...,9z1 : Sz ~2,...5p~z — H,
such that agree(gi(-) +b,f%, . () > 7 +e/2

Step 2: If there is a unique ¢ s.t. gi(z; — ) + b= a;, Vj € [k] then output b.

The reconstruction algorithm:

Repeat O(log 2) times:
Step 1: Pick 2y,...,2; € G uniformly and independently at random, where k = c; log, %
Step 2: For each (ay,...,ax) € H*, output CorrMz1.zxe1ox,

Machine M., ., a,...a, believes that ay, ..., ax are the correct guesses for h(21), ..., h(z).
It then focuses on the coset = + S, ... .., where by brute-force it finds all the affine

shifts of homomorphisms that have a large agreement with fgq_: _,- More specifi-
cally, each such homomorphism is fully specified at the points z; — z, for ¢ € [k], where
our algorithm tries all possible |H|¥ = (p*)” < (1)©" guesses. To check the agreement
of each such affine homomorphism we now might be inclined to check the agreement
of f with h pointwise on z + S;, ;. »,—z. However, notice that |S,,_; ., —| might
be as large as linear in |G|, which makes such an evaluation unfeasible. Instead, we
by random

estimate the fractional agreement of f§ __  __ with b+ hls, .

..... zp—x

.....

sampling. For O(log|Gl|%) k-tuples & € [T]* we check the agreement of f§, _
with each affine shift found, at the point ELI o;z; —x. By our combinatorial bounds
of the last chapter, the number of affine shifts b+ g; that will pass the agreement test
is at most O(p"(2p) %). If there is a unique g;, j € [L] for which g;(z; —z) +b=a;
then we output h(z) = g;(z —z) +b="b.
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Observation: We remark that the brute force decoding above is not really neces-
sary, since we are only interested in the homomorphism g : S,,_, . .,—. — H with
9(z; — z) = a; — b, for which we need to check the agreement. However, we presented
the algorithm in the given form since in this way it unifies our combinatorial bounds

of the previous chapter with the algorithmic perspective of Sudan et. al. in [18].

4.2.1 Analysis of the reconstruction

We will closely follow the proof in [18].

Lemma 4.2.3. If h is a homomorphism s.t. agree(h, f) > 11_:+ € then

Prz[le,...,zk,h(zl),...,h(zk)(x) = h(x)] > 15/16,

with probability % over the choice of z1,...,2zx € G.

Proof. There are two bad events that can prevent h to appear in the final list, namely
h and f have small agreement on the coset © + S;,_; .z, OF the values of h at the
random points z;, ¢ = 1, k, do not uniquely specify h. Both these cases are treated in

the following claims.

Claim 4.2.4. For k > log, 36576 we have

Proof. Lemma 4.1.3 implies that the probability that the random coset z + S,, . . 2 —=

does not contain at least %+e /2 of the points where f and h agree is at most e_;li:"' < 61—4

for k > log, 2?59. O

Claim 4.2.5. For some constant c; and k > ¢ logp% we have

Prz,z1,...,zk[3j € [Lla b s.t. g,7+b 7é hlw+szl—:

.....
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Proof. For fixed t, Prycgl[h(a) = gi(a)] < Il), since two homomorphisms cannot agree

on a larger than 711; fraction. Thus,

1
PTzl ..... 2k [h(za) - gt(za) Va E [k]] S ﬁ’
and therefore, by the union bound

L

Pr,,.. 2137 € [L] s.t. h(za) = gj(2a) Vo € [k]] < ot

Using the Lemma 3.4.2, we have that L < O(p"(2p)* %). Therefore, there exists a

constant ¢y s.t. for k£ > ¢ logp(-i-) we have l—f;; < 31;1-.

O

By the above claims, we conclude that with probability g—; the restriction, say g;

of h to Sz ,,.. 2 appears in the final list. Thus,

Pra:,zl,...,zk [le,...,zk,h(zl),...,h(zk)(x) = h(x)] Z 31/32
Using Markov’s inequality, we conclude that

P”'zl,...,zk[ Prm[Mz1,...,zk,h(zl),...,h(zk)(x) = h(:L')] > 15/16] >

N =

Proof of Lemma 1.3.3
Let A be a homomorphism that agrees with f on a % + €. Consider the oracle

M where the a; are “consistent” with h. By Lemma 4.2.3, M,, .. a(z),...h(z)(x) 18

computes h on the whole domain with high probability. Since by the Lemma 3.4.2
there are (2p) log % possible % + ¢- agreement homomorphisms &, and since p and 7
are fixed, it follows that each of these homomorphisms will appear w.h.p in the final

list if the execution of the algorithm is repeated O(log %) times. Again, we remove
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the homomorphisms with less than %-{— €/2 fractional agreement with f, by sampling.

This completes the proof of the lemma.

4.3 Proof of the theorem

We only need to put everything we have done so far together, and complete the case
when G, H are general abelian groups, not only p-groups. We will show the following

result.

Theorem 4.3.1. Let H be a fized finite abelian group. Then for all finite abelian
groups G there is a (Ag .z + €, poly(log |G|, 1))-local-list-decoder for Hom(G, H).

Proof. As in the proof of our main combinatorial result, we view G and H as products
of cyclic groups, G = [[; Z, and H = [T, Zq:a,;, with p;,q; primes. For f =
(f1,---, fm), with f; € qu,- for all i € [m], we decode each coordinate f; separately,
and then apply Proposition 3.3.1 to obtain a local decoder for f. As before, for each
g, © € [m] for which ¢; | |G|, let G = G,, x G', where Gy, is a g;-group and ¢; f|G’|.
Using the local list decoder of Lemma 4.2.1 we can decode for the homomorphisms
€ Hom(qu,qu,-) and then use the decoder given in Proposition 3.3.2 to decode
Hom(Gy, x G, qu,.) and finish the local list decoding of f;. This completes the proof
of the theorem.

O
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Chapter 5

Open Problems

As mentioned along the way, we believe that there is a lot of room for improvements
in terms of the combinatorial bounds that we obtain. In particular, we conjecture
that Hom(Zg,Z3) is (3 + €, )-list decodable. Recall that the best result so far
regarding Hom(Z%, Z7) is due to Dwork et. al. [8] and states that Hom(Z%, Z7) is
(¢, oty )-list decodable, for small € > 0. In general, we believe that Hom(G, H) is
(AG, " +E, poly(%))- list decodable, for any abelian groups G and H, thus independent
of the size of H. Our results only refer to the case when H is fixed, and the degree
of the polynomial we obtain depends on |H|.

Further, we have not explored at all the case when G and H are not abelian
groups. This brings up questions regarding the behavior of other group operations,

such as semidirect product, in terms of list sizes.
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