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Introduction

Computational Complexity Theory is the study of the complexity of computational prob-
lems, measured in terms of the amount of resources required for solving them.

A computational problem is a function, from the input to the output. Solving a com-
putational problem means devising a systematic method, i.e. an algorithm, that finds the
right output for every given input.

Optimization Problems

In an optimization problem, for each input there are many possible outputs, each assigned
some numeric value by an objective function. An algorithm is said to solve an optimiza-
tion problem if it finds, for any given input, an output of optimum value (minimum or
maximum). Consider, for example, the Minimum-Vertex-Cover problem.

e [nput: An undirected graph, G = (V, E).
o Qutput: A subset S C V touching all edges, that is, Ve € E, e N S # ¢.
e Objective: Minimize |S|.

The first question one asks, when faced with a computational problem, is whether or
not there can be an efficient algorithm for it, i.e. is it tractable. As it turns out, many
computational problems that arise naturally, including Vertex-Cover problem, are NP-hard.
Thus, unless P = N P, there is no efficient algorithm for any of these problems.

Approximation Problems

For NP-hard optimization problems, the next best thing to finding the optimal solution
would be to find an approzrimate solution that is, for example, at most twice the minimum
(in case of a minimization problem). We say that an algorithm approximates the optimum
to within a factor g, if it finds a solution that is provably no more than g times the optimum,
in case of a minimization problem, or, in a maximization problem, at least the optimum

divided by g¢.



For example, the following simple algorithm achieves a factor-2 approximation for the
Minimum-Vertex-Cover problem. The algorithm constructs the set of vertices greedily, by
adding at each step, both vertices of an edge that is not yet covered.

Great effort has been directed at finding approximation algorithms for problems that
are NP-hard in their exact version. Some problems turn out to be approximable, while
others are NP-hard even to approximate. Many times a problem yields itself to some loose
approximation, yet remains NP-hard to approximate to within tighter (closer to 1) factors.

Gap Problems

The infeasibility of approximating a given optimization problem, is usually established by
proving NP-hardness for the corresponding decision-like version of it, called the gap version.
A gap-problem is a promise problem, with two parameters g; < go, such that the inputs are
promised to be such that their optimal value is either greater than gs or smaller than g;. An
algorithm solving such a problem has to decide whether (assume a minimization problem)
the minimum is smaller than g; (hence the instance is a ’yes’ instance), or, whether the
optimum is greater even than g, (and the instance is a 'no’ instance). On instances whose
minimum falls within the gap (gs, g1), the algorithm is allowed to return an arbitrary result;
attributing the use of the term gap.

An algorithm approximating the optimum to within g—; could distinguish ’yes’ instances
from 'no’, according to whether or not its result exceeds g,. Clearly, if the optimum is
smaller than gy, then the approximation algorithm could not have replied with a value
larger than g,. Thus, NP-hardness for the gap-version of a given problem, rules out the
existence of an efficient approximation algorithm for it, unless P = N P.

PCP - Probabilistically Checkable Proofs

The complexity of many approximation problems is by now settled and a tight bound on
the approximation ratio that can be efficiently achieved for them has been obtained. That
is, it has been shown for these problems, that the approximation factor of the best known
polynomial-time algorithm cannot be even marginally improved, unless P=NP. Hardness
results for approximation problems, almost without exception, rely on the PCP character-
ization of NP as a starting point. The fundamental insight of the PCP characterization of
NP is that it is NP-hard to distinguish between SAT formulas that are completely satisfied,
and those that are extremely non-satisfiable, or, in other words, that gap-SAT is NP-hard.
A SAT instance is a set of variables, and a set of local-constraints over them, each depend-
ing on the value of only a constant number of variables. The aim is to assign values to the
variables that satisfy as many local-constraints as possible.

The PCP theorem was originally stated and proved in terms of proof systems. Imag-
ine a verifier trying to verify correctness of some very long written proof. Rather than
reading the entire proof, the verifier tosses some coins, and then probes the proof in a few



places. Based on the values read from the proof, the verifier accepts or rejects the proof.
The error probability of the verifier is the probability that the verifier accepts an incorrect
proof, or rejects a correct one. [FGLT91| discovered a connection between probabilistically
checkable proofs, and approximation problems (specifically, Max-Clique). The PCP theo-
rem [AS92, IALM™92], quite surprisingly, showed that the class NP has such proofs, where
the verifier reads only a constant number of bits and has constant error-probability. This
was a breakthrough in the study of approximation problems, which brought about a flood
of hardness of approximation results [ALM™92, [.Y94, BGLR93, BGS98|, [Has99, Has97], to
mention a few.

The formulation of the PCP theorem as the NP-hardness of gap-SAT is immediate, by
taking one variable for each bit of the proof, and translating every test performed by the
verifier to one local-constraint, imposed on variables corresponding to the verifier’s probes,
allowing only values that would make the verifier accept.

PCP characterizations of NP have served very well in resolving the complexity of ap-
proximation problems, leaving only a handful of classical optimization problems with the
complexity of their approximation unsettled.

In this work we study the hardness of two combinatorial optimization problems, Minimum-
Vertex-Cover and Closest-Vector, showing them NP-hard to approximate to within larger
factors than previously known.

The Minimum Vertex Cover Problem

The Minimum Vertex Cover can be easily approximated to within a factor of 2, as de-
scribed above. This can be only slightly improved, as the best known approximation algo-
rithm [Hal00, BYES5, [MS83] yields a factor only slightly smaller than 2. As to hardness
results, the scheme of [BGS98| [Has99, [Has97|, quite successful in achieving tight bounds
for problems such as Max-3-Sat, Max-Linear-Equations, Max-Clique, was able to show
Minimum-Vertex-Cover NP-hard to approximate to within a factor no larger than %, leav-
ing open the gap between % and 2.

The general scheme can be summarized as follows. Start with a gap-SAT instance, and
replace each of the variables, with a set of variables representing its encoding, and each
local-constraint with new constraints — whose form varies according to the problem at hand
— that both verify the consistency of the encoding, and that the variables’ encoded values
satisfy the original local-constraints.

The encoding utilized in that scheme, as proposed in [BGS9S], is the long-code, the
most extensive binary code, whose bits correspond to all possible Boolean functions over
the code’s domain.

The p-biased—long-code. We introduce a generalization of the long-code, which we refer
to as the p-biased—long-code, namely, a long-code on whose bits a probability distribution is



superimposed. Considering non-uniform distributions, opens the door to new techniques for
analyzing the long-code, clarifying some of its initially complicated structure. We describe
a new connection between analyzing the long-code and the study of influences of variables
on Boolean functions. This connection enables the use of known results from that field, in
particular a very useful theorem of Friedgut [Fri98], for decoding the p-biased-long-code,
extracting from it a few permissible values.

Composition. To utilize the p-biased—long-code, however, requires a redesign of the
manner by which the Composition technique is applied. This new composition scheme
starts with a phase in which the initial gap-SAT is preprocessed, coming up with a new set
of symmetric variables whose consistency constraints are more suited for our purpose. An
important feature of these variables, is that setting the value of one variable leaves at most
two possible values for certain 'neighboring’ variables. We then construct a graph, whose
vertices correspond to encodings with the p-biased—long-code, of the assignments to these
new variables.

Our proof must show that a small vertex-cover in this graph corresponds to a satisfying
assignment to the initial gap-SAT instance. A difficulty arises from the fact that highlight-
ing a small set of permissible values for our new variables, is not enough, and we must
be able to distinguish one value for a significant portion of the variables, such that these
distinguished values are consistent with each other.

This is achieved, with the aid of some lemmas from extremal set theory, that bound
the size of intersecting families. This translates to show that if the minimum-vertex-cover
in our graph is small enough, then it must distinguish one value for a significant portion of
the variables. Based on these distinguished values we can derive global consistency, noting
that as the initial consistency constraints between the new variables are rather loose, this
only works provided p < %5 ~ 0.382.

The Closest-Vector Problem

An n-dimensional lattice L = L(vy,..,v,), for linearly independent vectors vy, ..,v, € R*
is the additive group generated by the vectors, i.e. the set L = {> a;v; | a; € Z}. Given
L and an arbitrary vector y, the Closest Vector Problem (CVP) is to find a vector in L
closest to y in a certain norm.

The best known polynomial-time algorithm approximating CVP, is an extension of the
famous [IM.82] lattice-reduction due to [Sch83, Bab86], that approximates CVP to within
(1 + ¢€)", for any constant € > 0. As for hardness of approximation results, CVP is known
to be NP-hard to approximate to within any constant, and quasi-NP-hard to approximate
to within 218" "7 for any constant € > 0 [ABSS93]. Still, there is quite a large gap
between the smallest factor achievable by an algorithm and the largest factor for which
hardness is known. Moreover, a third type of results [LLS90, [GGI8| provide indication



that approximating these problems to within certain polynomial factors, is not NP-hard,
unless the polynomial-time hierarchy collapses.

The proof of [ABSS93] utilizes amplification techniques, in which the dimension of the
instance grows faster than the factor for which hardness of approximation is obtained. It is
therefore unlikely that using this technique, even if allowing a super-polynomial blow-up,
one can obtain hardness for factors larger than 2(°6™"™ for any constant e > 0.

We improve on [ABSS93] in two ways. First, we go beyond the factor of 20°8™" ™ for any
constant € > 0, which was the previous hardness-of-approximation factor known for CVP.

Instead, we achieve a factor of Qiioin — pl/loslogn, Furthermore, we show approximating
CVP is NP-hard for these large factors, compared to the previously known quasi NP-
hardness.

As the known PCP characterizations of NP seem inadequate for showing hardness of
approximating CVP to within large factors, we introduce a new NP-hard gap problem,
S-SAT. This problem is also a gap version of SAT, one with a different objective function.
The main part of our proof is to establish the NP-hardness of S-SAT, and is carried out
via similar techniques to the ones used for proving the PCP theorem. We apply a recursive

composition, employing two alternate types of algebraic extensions, to achieve a gap of
nc/ loglogn_

This work is divided into two parts. Part I, devoted to the study of Minimum-Vertex-
Cover, is based on [DS01]. Part II of this work, dealing with the Closest Vector Problem,
is based on [DKS98, [DKRS99].
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Chapter 1

Introduction

A combinatorial optimization problem, that maybe most captures the limitations of current
technique for proving hardness of approximation, is Minimum-Vertex-Cover: the problem of
finding a smallest set of vertices that cover (touch) all edges in a given graph. The comple-
ment of a vertex cover must be an independent set, a set of vertices with no edges between
them. Thus, finding the Minimum-Vertex-Cover is equivalent to finding the Maximum-
Independent-Set. Where approximation is concerned, however, since the minimum vertex-
cover may be much larger than the maximum independent set, a good approximation of
the former does not carry on to the later. In fact, it has been proven to be hard to ap-
proximate the maximum independent set to within |[V|'™°® [H&s99, [EH00, Kho01], yet
easy to approximate the minimum vertex cover to within a factor slightly smaller than
2 [Hal00, BYES5, MS83].

In what follows, we extend current technique, to show it is hard to approximate Minimum-
Vertex-Cover to within a factor larger than the previously known  [Has97]. More specifi-
cally, a corollary of our analysis is the following:

Corollary Gien a graph G, it is NP-hard to approximate the size of the smallest
Vertex-Cover to within a factor of 1.361. [ ]

Background. Let us now briefly describe the background related to PCP, hardness of
approximation, and reductions utilizing one to obtain the other.

Minimum Vertex Cover belongs to the class APX-complete, defined in [PY91], of prob-
lems whose hardness of approximation is interrelated. The PCP theorem [AS92 IALMT92]
implies that it is NP-hard to approximate, to within some constant factor, every problem
in this class. This, however, is far from providing a tight bound for these approximation
problems, as the constant factor of approximation whose hardness is thus obtained is usu-
ally quite far from the known upper-bound. For tight bounds one is required to work a
little harder, and sometimes devise ingenious reductions and elaborate analysis.

One of the most successful recipes for such reductions, is the scheme of [BGS98)|, [Has97,
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Has99|, whose rough sketch is as follows.

Given a gap-SAT instance W, first apply the parallel repetition lemma of [Raz98|. This,
for any parameter k, results in a new gap-SAT problem, which we refer to as Par [V, k], over
(non-binary) variables of two types X and Y, and in which each local-constraint depends
on one variable of X and one of Y. Par [V, k| has a satisfying assignment if ¥ has one, and,
otherwise, not even an arbitrarily small (exponentially small in k) fraction of the constrains
can be satisfied.

In the next step, one applies a version of the Composition technique of [AS92], as
proposed in [BGS98|, to this specific setting. The composition replaces each of the variables
of X and Y, with a set of variables representing its encoding, and each local-constraint
o(x,y) € Par [¥, k] with constraints that both verify the consistency of the encoding of x
and y, and that = and y’s encoded values satisfy o(z,y).

This new set of constraints may take different form according to the problem one intends
to show hard. The next step of the reduction, if necessary, translates those local-constraints
to an instance of the problem at hand, whose solution, even if only approximates the best
solution, implies a satisfying assignment for Par [V, k] and thereby for ¥ as well.

The encoding utilized in that scheme, as proposed in [BGS9S], is the long-code, the
most extensive binary code, whose bits correspond to all possible Boolean functions over
the code’s domain. Alternatively, the long-code can be represented as a sequence of subsets
of R, specifying, for each bit, which of the elements of R has 1 on that bit of their encoding.
The long-code is extremely inefficient in size, however, since the range of values variables
in X and Y can take is rather small, this poses no problem. Numerous tight bounds for
approximation problems, such as Max-3-Sat, Linear Equations, Max-Clique, have been thus
obtained. Some of these involve an extensive analysis of consistency tests over long-codes,
using Fourier analysis [Has99, [Has97], showing it suffices, for example, to probe the value
of only three bits of the long-codes of  and y to be assured, with high probability, of the
consistency within the encoding of  and y as well as the consistency between the two.

Vertex Cover. Nevertheless, where other open questions regarding the hardness of ap-
proximation problems rise and fall, Vertex-Cover has stood still, leaving its best hardness
result nowhere higher than the  factor of [Has97], which is still far from the best known
upper bound [Hal00, BYES5, IMS83] of a factor slightly smaller than 2.

Our analysis herein amends the [BGS98, [Has97] scheme in several ways, most notably
by introducing a generalization of the long-code, which we refer to as the biased-long-
code, namely, a long-code on whose bits a probability distribution is superimposed. The
probability attached to each Boolean function (that is, a bit of the code), is determined by
tossing a p-biased coin for each element in the domain, taking true with probability p, and
false with probability 1 — p.

Given an assignment A to the bits of a p-biased-long-code, the weight of A, namely, the
fractional size of the set of bits assigned 1 by A, is determined according to this probability
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distribution. The original long-code is a special case of this construct, in which p = % and
the distribution over the bits is uniform.

To utilize the p-biased—long-code, however, requires a redesign of the manner by which
the Composition technique is applied. This new scheme starts with a phase in which
Par [W, k| is preprocessed, coming up with a set of variables Z whose consistency constraints
are quite loose, nevertheless, whose structure can still be utilized by our analysis to deduce
global consistency assuming local-consistency, which, in this case, translates to a large
independent set.

Overview of the Proof. Starting with a gap-SAT instance ® = Par [V, k|, we first
preprocess it, coming up with a new set of blocks Z whose consistency constraints are more
suited for our purpose. We then construct a graph Gy, ,;(®), whose vertices correspond
to encodings with the p-biased-long-code, of the assignments to the blocks Z. We next
proceed to show that Gy, ,+(®) has an independent set whose weight is p—e if ® is satisfiable,

or otherwise, that the weight of the largest independent set in G, ,¢(®) is at most p* def

max(p?, 4p® — 3p?) + ¢ (provided p < %5 ~ 0.382). While the first (completeness) part
follows directly from the definition of the p-biased—long-code, the soundness part requires
deeper analysis of assignments to the p-biased—long-code, and relies heavily on an extensive
study of the influence of variables on Boolean functions. This study has been carried out for
quite a while, in an impressive sequence of papers [BOL89, [BOLS8S|, [KKLS88| BK97, [F'K96,
BKS99], culminating in the result — which we make a good use of herein — of Friedgut [ETi98]
(Theorem [2.3)). Friedgut’s lemma essentially asserts that Boolean functions of low average-
sensitivity (namely Boolean functions that infrequently change value when one of their
variables is flipped at random) are almost entirely determined by the values of only a small
set of variables.

We are able to apply Friedgut’s lemma and extract from the biased-long-code of each
variable in Z, a few permissible values. For this we must utilize additional properties of the
graph G, ,+1(®), to show that an independent set corresponds to an encoding with biased—
long-code, whose average-sensitivity is low. An independent set in Gy, ye)(®) identifies a few
permissible values in most blocks, even without being larger than p®* + . However, these
values yield insufficiently weak consistency between the blocks, such that can be attained
even when & is far from satisfiable. For true global consistency, we must venture into the
field of extremal set theory to show that if the independent set in G, ,o(®) is larger than
p* = max(p?, 4p®—3p*)+e¢, enough variables in Z each distinguish one value. Finally, based
on these distinguished values, we can derive consistency between variables in Z noting that,
as the initial consistency constraints between Z’s variables are rather loose, this only works
provided p < %5 ~ (0.382.

Outline. Our presentation of the hardness result for Minimum Vertex Cover stretches
across chapters 2[5] Chapter [2] is devoted to the various mathematical tools, used for
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analyzing the long-code, and for obtaining the necessary combinatorial upper bounds for
deriving global consistency from local-consistency. Chapter |3| presents the reduction from
PCP to Minimum Vertex Cover, namely, we show how to translate any gap-SAT instance
®, to a graph G, ,+1(®), such that approximating the Minimum Vertex Cover in Gy, ,+)(®)
yields an approximation of the maximum fraction of satisfiable tests in ®. Chapter [4] is
devoted to the proof of the correctness of the result: the completeness and (mainly) the
soundness of the reduction. We conclude this chapter showing that our analysis of G, pe)(P)
is tight, i.e. that an independent set of weight p® exists even if ® is not satisfiable.

We conclude with a short discussion of possible extensions of our technique, and applica-
tions to related open problems. In order to make the exposition of all these combinatorial



Chapter 2
The p-Biased Long Code

The long-code over a domain R encodes each element of R by the longest possible (without
repetition) sequence of binary bits, corresponding to all possible Boolean functions over R.

Each bit can be canonically identified with the subset of all elements of R whose encoding is

1 on that bit. Thus, the bits of the long-code become the power set of R, P (R) =) {F C R}.

Notation. As our analysis combines ideas from different fields, we denote, adopting no-
tation from extremal set theory, a family of subsets of R by F C P (R), and one subset in
it by F € F.

Let us formally define the long-code of R,

Definition 2.1 The long-code of R, denoted LCT, is the most extensive binary code,
namely the code consisting of all subsets of R,

et Y p(R).

A codeword E: P (R) — {0,1} of £C" assigning 0 or 1 to each bit of the code, deter-
mines a family of subsets of R, Fr = E~'(1) C P (R). We do not distinguish between the
codeword and the family determined by it. Thus we may say that the codeword encoding

an element e € R, is
F.={FeP(R) | Foe}.

Background. The long-code was introduced in [BGS98]|, and utilized for obtaining nu-
merous hardness results (some of which are tight) for approximation problems, such as Max-
Cut, Max-2-Sat, Vertex-Cover, Max-3-Sat, Max-Lin-Eq, Max-Clique, Chromatic-Number.
The scheme of [BGS98, [Has99, [Has97], is roughly as follows. Given a gap-SAT instance
U, first apply the parallel repetition lemma of [Raz98|. This, for any parameter k, results
in a new gap-SAT problem, which we refer to as Par [W, k]|, over (non-binary) variables of
two types X and Y, and in which each local-constraint depends on one variable of X and
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one of Y. Par [V, k| has a satisfying assignment if ¥ has one, and, otherwise, not even an
arbitrarily small (exponentially small in k) fraction of the constrains can be satisfied.

In the next step, one applies a version of the Composition technique of [AS92], as
proposed in [BGS9§|, to this specific setting, namely replaces each of the variables of
X and Y, with a set of variables representing its long-code, and each local-constraint
o(x,y) € Par[V, k] with constraints that verify (i) inner-consistency, namely that the
encoding of each variable is in some sense not far from a legal codeword (in fact, from
a small list of acceptable codewords), and (ii) outer-consistency, namely that x and y’s
encoded values satisfy ¢(x,y).

Consider, for example, Hastad’s linearity test. Given an encoding F C P (R), consider
the following random process. Choose two random subsets Fi, F5 € P (R), and a third
subset H € P (R) by taking each e € R to be in H independently with probability e. Now,
accept only if an even number (0 or 2) of the three subsets Fy, Fy, F{AF>AH are in F.
If F is the true long-code of an element e € R, this test accepts with probability 1 — e.
Moreover, one can prove, using extensive Fourier analysis, that if this test accepts with
probability % + ¢, then F must be close to a true long-code.

The distribution according to which the subsets F}, F5» were chosen is uniform, implicitly
implying that their size is roughly % -|R|, except for a negligible fraction. The third subset,
H, was chosen according to a distribution that highlights e-sized subsets. We generalize
these distributions, as follows.

The p-Biased Long-Code. Let us consider distributions that highlight subsets of size
roughly p- |R|. One such natural class of distributions, that highlight subsets whose size is
roughly p - |R|, is the p—product-distribution over P (R), denoted ,uf, where, independently
for each element e € R, e is in a set with probability p and out of it with probability 1 — p.
More precisely,

Definition 2.2 (Product-Distribution) Let 0 <p < 1. puf is a distribution over P (R)
according to which, every subset F' € P (R) occurs with the following probability:

def _
p(F) = plFl (1 — p)! =i

In some cases, when the set R is clear from the context, we may omit R and refer to s (F)
simply as t,(F).

For p = %, H, is simply the uniform distribution. For other values of p, this distribution
highlights sets whose cardinality is roughly p-|R|, and turns out to be useful especially for
p < % Let us now introduce the p-biased long-code,

Definition 2.3 (The p-Biased Long-Code) The p-biased long-code over R, denoted
ECf‘ = (P (R),plt), assigns the distribution p, to L£et
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Motivation and Overview. Let us give some brief motivation for the analysis that
follows. Aiming at proving hardness of approximating Minimum Vertex-Cover, we will
construct, in future chapters, a weighted graph, whose vertices are partitioned into blocks,
the vertices in each block corresponding to subsets F' € P (R) of the long-code of R. An
independent set in this graph would correspond, in each block, to a family F C P (R) obey-
ing some combinatorial properties, supposedly encoding an element e € R. In Section [2.1
we proceed to deduce, relying on some theorems from the field of influences of variables on
Boolean functions, that such a family F distinguishes a core, namely, a small set C' C R
of elements of R that are, in a sense, permissible decodings of it. In Section [2.2] we will
show, that if F is also of large weight according to #,, and if it is intersecting, it must then
distinguish, in a specific sense to be defined, one element in its core. This element will be
important for asserting outer-consistency, as it will consequently be shown to be consistent
with the distinguished elements of other encodings.

2.1 A Family’s Core

Let F C P (R) be a family of subsets of R. We would be interested in finding when this
family is, in a sense, close to an encoding of an element e € R. In fact, we would be satisfied
in finding a small set of permissible elements in R, henceforth referred to as a core, such
that F is roughly a combination of the codewords of these values.

A family of subsets F C P (R) is said to be determined by C' C R, if a subset ' € P (R)
is determined to be in or out of F only according to its intersection with C' (no matter
whether other elements are in or out of F'). Formally, F is determined by C' if,

{F|FNCeF}=F

Denote by F; LI F» the family consisting of the pairwise union of all subsets of F; with all

those of Fs,
def

f1|_|f2 = {F1UF2 |F1 Efl,FQEFQ} .
If C C R determines F, then there is a family Fo C P (C), such that F = FoU P (R\ C).
A given family F, may not be determined by any small set C'. However, there might
be another family F’, that is determined by some small set C, and that approximates F
quite accurately, up to some 9:

Definition 2.4 (Core) A set C' C R is said to be a (3, p)-core of the family F C P (R),
if there exists Fo C P (C') such that p,(F A (FeU P (R\ C))) <& (where AN denotes the
symmetric difference between two families).

As to the family of subsets that best approximates F on its core, it consists of the
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subsets ' € P (C') whose extension to R intersects more than half of F,

{FEP(C)

Pr [FUF’G]—"}>%}.

R\C
Frelt;

Consider the Core-Family, defined as the family of all subsets F € P (C), for which 2 of
their extension to R, i.e. 2 of {F} U P (R\ C), reside in F:

Definition 2.5 (Core-Family) For a set of elements C' C R, define,

P {Fe P (C)

Pr [FleF|FNC=F]>>
Frefl 4

By simple averaging, it turns out that if C' is a (d, p)-core for F, this family approximates
F almost as well as the best family C'.

Lemma 2.1 If C is a (3,p)-core of F, then pS ((F)e) > pl(F) — 36.
Proof: For each subset F' € P (C'), consider

o™ Pr [FeF|FnC=F.
Frelh,

A subset F'is in (F). iff xp > %. Let Fo C P (C) be the family that best approximates
F on C, namely the family of subsets F' € P (C) for which zp > 5. By the definition of a

(0, p)-core, it follows
W Fe UP(R\C) A F) <4,

and we will prove that
PE(F) e UP(R\C) A F)<36.

Replacing F¢ by (F). the symmetric difference from F is affected on those subsets F' for
which § < zp < 2, ic. subsets F € F¢ \ (F). Observe that the relative contribution of
each such subset to the symmetric difference from F increases from (1 — zr) to xp. Since

% <xp < %, the symmetric difference is tripled at most. |

Influence and Sensitivity

Understanding the conditions for family of subsets to have a small core, has been pursued,
from a different perspective, for some years. This has to do with the probability of every
element e € R to take subsets in or out of F when flipped, which is referred to as the
influence of that element. This notion, and its relations with various properties of F, have
been the subject of an extensive analysis [BOL89, [KKLS8S| [Fri98]. Let us now introduce
this notion and assert some theorems to be available for good use later.



2.1 A Family’s Core 17

Assume a family of subsets F C P (R). The influence of an element e € R,

influence; (F) “opy [ exactly one of FFU {e}, F'\ {e} is in F]

Feld,

The average sensitivity of F with respect to p,, denoted as,(F), is the sum of the influences
of all elements in R,
as,(F) =4 Z influence; (F)
eER

The name average-sensitivity is derived from the following. The sensitivity of a subset
F € F is the number of elements whose removal from or addition to F' takes F' in or out
of F:

[{e € R| exactly one of FFU{e}, F'\ {e} is in F}|

The average sensitivity of F with respect to p, is equal to (hence the name) the average,
according to 4, of the sensitivity of all subsets in P (R):

Proposition 2.2 Let F C P (R).

as,(F)=|R|- Pr [ exactly one of FU{e}, F\ {e} is in F]|

Fell, ecrR

Proof: These are just two different ways to sum up the same set of events. ]
A truly fundamental relation between the average sensitivity of a family F C P (R)
and the size of its (9, p)-core is the following theorem of Friedgut [Fri9g]:

Theorem 2.3 (Friedgut) Let 0 < p < 1 be some bias, and 6 > 0 be any approzimation
parameter. Consider any family F C P (R), and let k = as,(F). There exists a function
h(p,d,k) < (¢,)¥/?, where ¢, is a constan depending only on p, such that F has a (6, p)-core
C, with |C| < h(p, 0, k). u

Hence, the number of elements that are necessary in order to approximate F up to ¢
depends only on § and the average sensitivity of F. In particular, if a family F has low
(say, constant) average sensitivity, then it has a (, p)-core whose size is merely exponential
in 3, and is independent of |R|.

The next step would be to find sufficient conditions for a family to have low average sen-
sitivity. As it turns out, this is the case with monotone families (defined below), assuming
we allow some slight shifting of p.

Definition 2.6 (Monotone Family) A family of subsets F C P (R) is monotone if for
every '€ F, forall " D F, F' € F.

Tt follows directly from Friedgut’s proof that ¢, can be taken as a continuous function of p.
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Such a family is sometimes called in the literature an "upset’.
The monotone closure F of a family F is defined to be the family of all subsets containing
a subset from F, F {FUF'|F € F}.

Being monotone restricts a family in certain ways, forcing it, for example, to have
relatively more large subsets than it does small subsets. This can be formalized as follows,

Proposition 2.4 For a monotone family F C P (R), p,(F) is a monotone non-decreasing
function of p.

Proof: Assume R = [n]. For a subset F' € P ([n]) denote

Fa®rPnLi and F, Y Ffli+1n)

and consider, for 0 < ¢ < n, the hybrid distribution, where the first i elements are chosen
with bias p and the others are chosen with bias ¢ > p,

(1 p)IFs

d 3 . i .
/’Lp,i,q(F> éf p|F§Z . q|F>z| . (1 _ q)n 1 |F>z| )

Observe that
VO<i<n Hyio(F) 2> Hpiv1,e(F)
therefore 1y (F) = Hyp0,q(F) > Hpng = Hp(F). ]
Interestingly, for monotone families, the rate at which /, increases with p, is exactly
equal to the average-sensitivity:

Theorem 2.5 (Russo-Margulis Identity [Mar74, Rus82|) Let F C P (R) be a mono-

tone family. Then,
dit,(F)

dp = aSP(F)
Proof: For a subset F' € P (R) write
P e€F
wo(F) = T re(F), for HS(F) = (%)
e€R l—p e¢d F

Observe that

influence (F) = Z ( dMiZ()F) : H M;/(F)>

FeF e'#e

Differentiating (%) according to p, and summing over all F' € F, we get

dpe,(F) . e
2—]9 = Z 1nﬂuencep(.7:) = as,(F)

ecR
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|
The average sensitivity of a monotone family, depends only on the number of subsets
of every given size,

Proposition 2.6 Let F C P (R) be monotone, let F, ={F € F | |F| =k}, n=|R)|,

)k Lo L -
) = 0L (ke ek

Proof: For a pair of subsets F, F'\ {i} € P (R), if exactly one is in F then by the mono-
tonicity of F, F' € F and F'\ {i} ¢ F. By Proposition

as,(F) = > mp(E) +a(F\{i}).

i€FeF F\{i}¢F

By writing f,(F) + H,(F \ {i}) = 113 - 1, (F) and regrouping, this becomes,

=D D SEERT) BT ol VACIEED ST

FeF \ieF, F\{i}¢F FeF i€F, F\{i}eF

= Z“p |F|—— Yo H(F)

FeF 1EFEF, F\{i}eF

Note now that both sums are taken over subsets inside . Rename in the second sum
Fy = F\ {i}, and note that each subset Fy appears in the second sum exactly |R\ Fi|

times. By writing #,(F) = #,(F1) - 1%, the second sum equals . o7 Hp(F1) - @ and
together
!F | _[R\FI
=) my(F )
FeF
Summing subsets in F according to their size k, gives the claim. [ ]

This identity shows that ’slices’ of F, F, with k > p - n, yield a positive contribution
to the average sensitivity, while slices with £ < p - n contribute negatively. Hence, the
threshold family, whose positive slices are completely full, and whose negative slices are

completely empty,
def

{FeP(R)|[F|=p-|R[}
has maximal average sensitivity as,(F) = ©(y/|R[). One may note that this is still well
below the maximal average sensitivity of any general family (which is |R|, attained by the
parity family) .

An interesting thing to notice for the threshold family F-,, is that although its average
sensitivity is high, considering this family with a slightly shifted p, say p 4+ € or p — € for
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some small but constant € > 0, makes this family be approximately full #,.(F>,) = 1 or
approximately empty #,_.(F>,) ~ 0, and in both cases the average sensitivity according
to both t, . and H,_. is almost zero.

In fact, a similar argument holds for every monotone family. As we gradually increase
p, the average sensitivity as,(F) of a monotone family F, although possibly remaining
non-zero, cannot be very high for too long:

Proposition 2.7 Let F C P (R) be a monotone family, and let 0 <p < p—+e < 1. There
must be some q € (p,p + €) such that

1
asy(F) < .

Proof: With the above identity, and a standard application of Lagrange’s Mean-Value
Theorem, there exists some ¢ € (p,p + €),

asq(]-") _ d'uZZE]}—) _ Mp+6(F)€_ 'up(]:)

<

[

[

We have now reached the main point of this discussion. A monotone family F, suppos-
edly representing an encoding with the p-biased long code of an element in R, always has
low average sensitivity for some value of ¢ € (p,p + €). For this ¢ we can apply Friedgut’s
Lemma to deduce a small core C' C R, |C| = O(1), for F, on which it is well-approximated
according to #,. The elements in this core would serve as a set of permissible values, that
are the 'decoding’ of F, in the rest of the proof. That these decoded values indeed represent
F, and that consistency of families F; and F3 constitute some form of consistency of their
cores (7 and Cy, is the task we face in the next chapter.

Let us conclude this section with an easy proposition, to be used later on, showing that,
if T'C R is a set of elements of tiny influence in a monotone family F C P (R), one has to
remove only a small fraction of F to make it completely independent of 7"

Proposition 2.8 Let F C P (R) be monotone, and let T'C R be such that for alle € T,
influence;(F) <. Let
F'={FeF|F\TeF}

then,
o (FANF) <|T| - p7"
Proof: Let
F'={FeP(R\T) | FUT e Fbut F ¢ F}.
A set F € F” contributes at least fi) \T(F ) - plT! to the influence of at least one element

eeT,so ,uﬁ\T(}"”) <|T|-n-p~T!. The proof is complete noting that,

F\F C F'uP()
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2.2 Maximal Intersecting Families

We have seen in the previous section, that a monotone family distinguishes a small core of
elements, that almost determine it completely. In this section we will show that a monotone
family that is of large enough weight, and is also intersecting, must exhibit one distinguished
element in its core. This element is a stricter 'decoding’ of the family than is the core, and
will consequently serve for establishing outer-consistency, i.e. consistency between families
encoding distinct variables.

Consider the encoding of an element e € R, according to the p-biased long-code, namely
the family of all subsets containing e, 7. = {F € P(R) | F' 2 e}. This family is both
monotone, as defined above, and intersecting, defined next,

Definition 2.7 (t-Intersecting Family) A family F C P (R) is said to be t-intersecting,
fort>1, if
VFl,FQGJT, |F1ﬂF2|Zt.

If t =1 such a family is referred to simply as intersecting.

The following is a natural generalization for a pair of families,

Definition 2.8 (Cross-Intersecting) Two families F1, Fo C P (R) are cross-intersecting
if for every Fy € F1 and Fy € Fy, F1 N Fy # ¢.

Two families cannot be too large and still remain cross-intersecting,

Proposition 2.9 For any bias parameter p < %, two families of subsets Fy,Fo C P (R),
for which t,(Fy) + ty(Fo) > 1 are not cross-intersecting.

Proof: We can assume that F7, F, are monotone, as their monotone closures must also be
cross-intersecting. Since f,,, for a monotone family, is non-decreasing with respect to p, it
is enough to prove the claim for p = % If for all F' € P (R) contained in both families —
that is, so that F' € F; and F € F, — it were the case that its complement F¢ = R\ F
would be contained in none of the families — namely, F'© & F;, F© ¢ F5 — the sum of sizes
would be at most 1. There must therefore be one such pair, F' and F¢, contained one in
F1 and the other in F». ]

It is now easy to prove that if F is monotone and intersecting, then the same holds for
the core-family (F), that is (see Definition the threshold approximation of F on its
core C,

Proposition 2.10 Let F C P (R), and let C be a (9, p)-core of F.
o If F is monotone then (F). is monotone.

e If F is intersecting, and p < 3, then (F). is intersecting.
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Proof: The first assertion is immediate. For the second assertion, assume a pair of non-
intersecting subsets Fi, Fy € (F), and observe that the families

(FEP(R\C)|FUF, € F} and {FecP(R\C)|FUF¢eF

both have weight > %, and by Proposition , cannot be cross intersecting. [ ]

It can be proven that cross-intersecting families must have intersecting cores, unless the
families are of negligible size. This alone does not provide sufficient consistency for our
construction, as one family can appear to be consistent with other families, by exhibiting
a different element in its core for consistency with different families.

Note however that any family cross-intersecting ., must have e € R in its core. Sim-
plistically, we can imitate this property showing that a non-2-intersecting family F, must
have a distinguished element (an element that is the exact intersection of a pair of subsets
in F), and that this element must reside in the cores of families consistent with F.

Definition 2.9 (Distinguished Element) For a monotone and intersecting family F C
P (R), an element e € R is said to be distinguished if there exist F*, F* € F such that

FPNE = {e}

Clearly, an intersecting family has a distinguished element if and only if it is not 2-
intersecting. We next establish a weight criterion for an intersecting family to have a
distinguished element, summarized as follows:

For each p < 0.4, we define p® to be,

Definition 2.10
def

Vp < 0.4, p® = max(p?, 4p* — 3p*)
This maps each p to the size of the maximal 2-intersecting family, according to K, as
asserted by the following lemma,
Lemma If F C P(R) is monotone and 2-intersecting, then ,(F) < p*, provided
p < 0.4.

For a proof of the above we venture into the field of extremal set theory, where maximal
intersecting families have been studied for some time. This beautiful study began with
a paper of Erdds, Ko, and Rado [EKR61], that has seen various extensions and general-
izations. The lemma above is a generalization to #, of what is known as the Complete
Intersection Theorem for finite sets, that was proven by [AK97].

This section is broken into two subsections. In the first subsection we present the
theorem of Ahlswede and Khachatrian [AK97] (Theorem [2.11)), and prove Lemma[2.13] In
the second subsection, we review some known results pertaining to maximal intersecting
families, generalizing some of them for /,, leading up to a proof of the upper bound of p
for the weight of a monotone intersecting family.



2.2 Maximal Intersecting Families 23

2.2.1 2-Intersecting Families

For the following, assume R = [n]. In the field of extremal set theory, the focus is on
families of subsets of a given size k. Denote the k-th slice of P ([n]) by

()2 rerm im-n.

The Erdés-Ko-Rado Theorem [EKR61], states that given k, ¢ > 1, then for large enough
n, the maximal ¢-intersecting family F C ([Z]) is obtained by taking all subsets that contain
t fixed elements, thus |F| < (171).

As the measure f, is concentrated on subsets of size near k = p - n, bounds for t-

intersecting families F C ([Z}), would translate to bounds for the weight — £, (F) — of
monotone t-intersecting families. The Erdds-Ko-Rado Theorem does not suffice, because
as n increases, we need to maintain a constant proportion between n and k. Frankl [Fra7§],
investigated the full range of values for n and k, and conjectured that the maximal ¢-
intersecting family is always one of

A FeP(n)| FAQ,t+2i]>t+i}

Partial versions of this conjecture have been proven by [Fra78, [FF91, (Wil84], and the
complete intersection theorem for finite sets was finally proven by Ahlswede and Khacha-
trian [AK97],

Theorem 2.11 ([AK97]) Let F C ([Z]) be t-intersecting. Then,

|7l < max | A 0 ([Z])‘

0si<nzt

Our analysis requires the extension of this statement to families of subsets that are not

restricted to one size k. We restrict our attention to ¢ = 2, and denote A; aef Ao
Lemma 2.12 Let F C P (R) be monotone and 2-intersecting. For any p < %,

py(F) < max {1y(A0)}

As a direct corollary of this lemma, we obtain the lemma that was stated in the beginning
of this section.

Lemma 2.13 If F C P (R) is monotone and 2-intersecting, then ,(F) < p*, provided
p < 0.4.
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Let us first prove the lemma,
Proof: ~ Assume Fy C P ([ng]) contradicts the claim, denote p = max;(#,(A;)), and
let a = p,(Fo) — p > 0. Now consider F = Fy UP ([n] \ [no]) for n > ng large enough, to

be determined below. Clearly, for any n > ng, ul”(F) = il (F), and F is 2-intersecting.
Consider the ’slices’ near p - n, (let 6 <  —p)

SY keN||k—p-n|<0-n}

and for every k € S, denote by Fr, = FN ([Z]). We will show that since most of F’s weight is
derived from UcgFp, there must be at least one Fj, that contradicts Theorem Indeed,

pta=m(F)=> p(1—p)" " |Fl+o(1)
keS

Hence there exists & € S for which % >+ %a. We have left to see that p - (Z) is close
k

enough to max;(|.4;N ([Z]) |). This follows from usual tail bounds, and is sketched as follows.

Subsets in ([Z]) for large enough ¢ (depending only on % but not on k or n), have roughly
E.(2i + 2) elements in the set [1,2i + 2]. Moreover, the subsets in A; have at least i + 2
elements in [1, 2 + 2], thus are very few (compared to (7)), because 2’;22 >1i>p+60>E

. (Z) for all

In other words, there exists some constant C,g ,, for which ‘Ai N ([z})

i>C,, aslong as £ <p+6.
Additionally, for every ¢ < C,,, taking n to be large enough we have

s ()
Vk € S, T = fbe (A;) + 0o(1) = 1, (A;) + o(1) <+ o(1)
k
where the first equality follows from a straightforward computation. |

We next proceed to derive Lemma [2.13] from the above

Proof: Define a sequence pg < p; < ..., where p; el 571- We will show that these are
the points where the maximum switches from A; to A; ;. More accurately, we will show
for all 7 > 0,

Vp € (pi, piy1] max {1 (Aj) b = Hp(A;) (*)

This, together with Lemma [2.12] will complete our proof, as p < ppae < 0.4 = py implies
Hy(F) < max(ty(Ao), Hy(Ar)) = max(p?, dp® — 3p*) = p°.

So we proceed to prove (x). A subset F' € A; must intersect [1,2i + 2] on at most ¢ + 1
elements. If additionally F' € A;,; it must then contain 27 4+ 3,2i + 4. Thus,

2042

i\ ) =

Sl (] — )it L 2
ZJr1>p( p)"p
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Similarly,
21+ 2

Hyp(Ai \ Aigr) = <i+2> p (1 —p)' - (1-p)?

We write,

Hp(Air1) = Hp(Ai) = Hp(Air \ Ai) — Hp(Ai \ Aia)
— P21 = )t (Qi + 2) (p _a_pit 1)

1+ 1 1+ 2

The sign of this difference is determined by p— (1 — p)zi—l For a fixed ¢ > 0, this expression

2
goes from positive to negative passing through zero once at p = 21:3 = pix1. Thus, the
sequence {#,(A;)}; is maximized at i for p; < p < piy1. (It is increasing when i < %,

and decreasing thereafter). n

2.2.2 Intersecting Families

In this subsection we focus on bounding the maximal size of an intersecting family. This
bound can be derived directly from Lemma [2.12 above, however, we present here another
approach, that explains some of the structure of intersecting families. All the results in
this subsection are either well known, or are easily derived from well-known results.

An intersecting family F C P (R) never contains both F' and its complement F'*° et
R\ F. For a monotone family this is a necessary as well as sufficient condition. Thus, for
such F, u%(}") < 2. The same argument also implies |F N ([Z])| +|Fn (n[ﬁ]k)| < (), an

observation helpful for proving the following generalization for any p < %,
Lemma 2.14 Let F be monotone and intersecting, and let p < % Then
Hy(F) <p.

Thus, the legal encoding of e € R, F., is a monotone-intersecting family of maximum
weight. Note that for p > %, the majority family (the family of all subsets whose size is

more than % - R) has weight almost 1, much higher than p.
For a proof of the above let us define some notions.

Shadows and the Kruskal-Katona Theorem. Assume R = [n], and let F C P ([n]).
The (upper) shadow of F, is defined to be

OFY{FU{i} | FeF, i¢F).

If F C ([Z]), then 0F C (k[i]l) Clearly, the class of families containing their own shadow,

is exactly the class of monotone families; and the subsets in F \ OF are the minterms of F.
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The I-th shadow of F is defined inductively to be 9OF % 9(80¢-VF), and is simply
the family of subsets that contain some subset of F and any [ additional elements.

It is easy to see that a family F C ([Z}) is intersecting, if and only if its (n — 2k)-th
shadow does not contain any set that is complementary to a set in . Bounding the size of
maximal intersecting families gives rise to the following question: Given a family F C ([Z])
of certain cardinality, what is the minimal size of its shadow? This question is answered
by the Kruskal-Katona theorem, below.

An interesting and useful order when considering families of subsets (and in particular,
intersecting or monotone families), is the reverse lexicographic order on ([Z]); defined by
reversing the order that comes from interpreting the characteristic vector of each subset as
a binary representation of an integer:

n . —i i
VI, Fy € <[k]>, F<F, if Z 27 > Z )
i€Fy 1€l

According to this order, we define

Definition 2.11 Given F C ([z}), its alignment L(F) C ([Z]) is the family consisting of

the first | F| subsets in the lexicographic order. The alignment of F C P ([n]), is defined by

aligning each slice F N () separately, L(F) £ Us ZF N ()

It turns out that aligning a family ’compresses’ it, and can only reduce the size of its
shadow:

Theorem 2.15 ([Kru63, Kat68]) For any F C ([Z}), O(L(F)) € L(OF).

It follows in particular, since |0F| = |L(0F)|, that |0F| > |0L(F)| thus L(F) has minimal
sized shadow. For a proof of this theorem, and an instructive exposition to this whole topic,
see chapters 5,7,13 in [Bol86]. The following properties hold for L(F),

Proposition 2.16 Let F C P (R).
1. If F is monotone, then L(F) is monotone.
2. If F is monotone, then as,(F) = as,(L(F)).
3. Hp(F) = Hyp(L(F)).
Proof: F is monotone iff Fiy1 D 9(F;). Aligning these two families, and by theorem [2.15]
L(Fi1) 2 L(OFk) 2 OL(Fy)

Both the average sensitivity as,(F) in case F is monotone (see proposition [2.6), and the
weight f,(F), depend only on the cardinality of each slice of F, hence remain unchanged
= L@ N ()]

by aligning, because ’.7—" N ([Z]) [
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We must note that although for monotone families, as,(F) = as,(L(F)), and although
the average sensitivity is the sum of the influences of the elements, it is certainly not the
case that L(F) leaves the influences of distinct elements unchanged. Finally, we have

Proposition 2.17 If F is intersecting, then L(F) is intersecting.

Proof: If F is intersecting, then its monotone closure, JF, is also intersecting, and of course
L(F) D L(F). Hence, it suffices to prove the proposition for F both monotone and
intersecting.

In this case, L(F) is also monotone by Proposition above. For L(F) to be inter-
secting, it is enough to show that for every F', not both F' and F* = [n]| \ F are in L(F).
F is intersecting, so

L+ L] = 1R+ 17 < ()

The proof is complete once we observe that the first m subsets in the lexicographic order

on ([Z]), are the complements of the last m subsets in the lexicographic order on (n[ﬁ]k), SO

the above inequality prevents two complement sets from being in L(F). [ |
Let us remark that if F is t-intersecting for ¢ > 1, its alignment L(F) is not necessarily

t-intersecting, so these techniques do not carry over for bounding the size of general t-

intersecting families. We now return to prove

Lemma Let F be a monotone and intersecting family, and let p < % Then

/”Lp(}—) <p.

Proof: By propositions and L(F) is also monotone and intersecting, and
Hy(F) = Hp(L(F)). Thus we assume w.lo.g. that F = L(F). Define the following

monotone and intersecting family,
F'={FeP(n])|F>1}
and note that |F}| + |f7}b,k‘ = D)+("l)=0.
We rely on the easy fact that for any intersecting F, |Fi|+|Foi| < (}), as always only
one of F and F*© can be in F. Observe that if tt,(F) > p = t,(F*), and since p < 1, there
must be some k < n — k for which [F| > |Fl|. By F = L(F) we deduce that F 2 F}.
By the monotonicity of F, and by the Kruskal-Katona theorem (Theorem [2.15]), we deduce

that
Faok 20 70(Fy) 2 0" (F) = Foy

0 |F| + | Fuck| > |FH + |}"ﬁb,k‘ = (Z), a contradiction. =
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Chapter 3

Reducing PCP to Vertex Cover

The aim of this chapter is to construct a graph, for which it is NP-hard to approximate
the size of the smallest vertex cover. Our construction begins with a gap-SAT instance P,
and transforms it into a graph G 4(®) whose independent set is large a(Gj.(®)) > ¢, in
case ® is satisfiable (this is the completeness of the reduction), and small a(Gi. (®)) < s,
in case ¢ is far from satisfiable (this is the soundness of the reduction). The factor of
hardness thus obtained for vertex cover, is i—:i

Weighted-Graphs. Our analysis is more naturally presented over weighted graphs, where
the size of a set of vertices is the sum of their weights. Hardness results for these graphs
easily translate to hardness for graphs with equal weight, see Appendix [A]

A weighted-graph G = (V, E,A) is an undirected graph with vertices V' and edges F,
and a probability distribution A over the vertices V. In other words, G is a graph with
normalized weights. An independent set in G is a set Z C V such that G restricted to 7 is
the empty graph. Let us denote by «(G) the maximum, over all independent sets Z in G,
of A(Z). A vertez-cover of G is a set S C V whose complement V' \ S is an independent
set. Let us denote by @(G) the minimum, over all vertex-covers S, of A(S).

Our method for constructing Gy, p»1(®) is very roughly — following the composition frame-
work — to modify the gap-SAT instance ®, and then apply the p-biased long-code over this
modification. We will prove (in Chapter {4) that if ® is satisfiable, then a/(Gp, o1(®)) > p—e,
and if ® is far from satisfiable, then a(Gp, o (P)) < p* + €.

Outline. In Section [3.1] we formally describe how to obtain our starting point — namely
the gap-SAT problem — by applying the parallel repetition lemma of [Raz98| to the PCP
theorem of [AS92, IALMT92|. In Section we describe the FGLSS-graph which will be
used as a skeleton for our final construction. We discuss its limitations, and the obstacles
facing a naive attempt of composing this graph with the long-code. In Section[3.3|we employ
rather standard composition structure, and present a reduction from a gap-SAT instance
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® to a graph Q[i%] (®), showing NP-hardness for approximating Minimum-Vertex-Cover to

within % — ¢ for any constant €, the same factor whose hardness was already known [Has97],
although via a different construction. This construction exhibits the use of the p-biased
long-code, which we believe is more clearly analyzed, but is a sidetrack and is not relied
upon in the construction of the final graph Gy, ,+)(®). Finally, in Section , we present a
redesign of the manner by which the Composition technique [AS92] is applied. This new
scheme starts with a phase in which ® is preprocessed, coming up with a new set of variables
that have a more symmetric structure, and whose consistency constraints are quite loose,
nevertheless, one which can still be utilized by our analysis to deduce global consistency
assuming local-consistency, which, in this case, translates to a small vertex cover. We apply
the p-biased long-code over the new symmetric variables, to obtain Gy, ¢ (®).

3.1 PCP Characterization of NP

PCP characterizations of NP in general state that given some SAT instance, namely a set of
Boolean-functions ® = {¢, ..., p,} over variables X it is NP-hard to distinguish between
the case where there is an assignment A to X that satisfies all ¢ € ®, and the case where
any assignment A satisfies at most a small fraction of ®. The characterization used herein
applies some specific requirements on the structure of ®, described next.

Let (@, X,Y) be a SAT instance over two types of variables, referred to as X and Y.
Variables x € X take values in the range Rx while variables y € Y take values in Ry.
® = {¢1,...,pn} is a set of constraints (that is, Boolean-functions) over the variables X
and Y, where each ¢ € ® is a constraint over one variable z € X and one variable y € Y,
¢: Rx x Ry — {T,F}.

We say that ® is two-determined, if for every ¢(z,y) € ® and each value a € Rx, there
is exactly one value b € Ry such that ¢ evaluates to True on x = a and y = b.

For such z,y, we say that x determines y. Consequently, from now on, we would write
p(z,y) as

Pr—y - RX — Ry

We say that ® is regular, if there exists an integer dy so that each x determines exactly
dx y’s, i.e. all x € X appear in exactly dx constraints ¢,_,, € ®:

Vee X, |[{psy € P} =dx.

An assignment is a function, assigning a value in Rx to each variable x € X, and a
value in Ry to each variable y € Y. We therefore use the notation A: (X — Rx,Y — Ry)
to denote such an assignment, where A(z) is the value assigned to a variable x € X while
A(y) is the value assigned to y.
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Definition 3.1 Let us denote by Y(®) the mazimum, over all assignments to ®’s variables
A: (X — Rx,Y — Ry), of the fraction of ¢ € ® satisfied by A, namely

T(®) = max Pr [p,.,(A(z)) = A(y)]

Pr—y

The PCP characterization we use herein is as follows:

Theorem 3.1 Let € > 0 be any arbitrary constant. Let ® be regular and two-determined.
It is NP-hard to distinguish between the following two cases:

o T(®) =1, i.e. ® issatisfiable.
o T(®) <, i.e. noassignment A satisfies a non-negligible fraction of ®.

Furthermore, this is true even when ® is so that |Ry|, |Rx| < e 00,

Proof: We prove this theorem by applying the parallel repetition lemma of [Raz98] to
the gap-SAT instance of [AS92, IALM™92]. The basic PCP theorem showing hardness for
gap-SAT states that,

Theorem 3.2 ([AS92, ALM™92]) There exists some constant 3 > 0 such that given a
set W = {4y, .., ¢} of 3-CNF clauses over Boolean variables W (each clause is the OR of

exactly 3 variables), it is NP-hard to distinguish between the two cases:
e T(V)=1

e T(U)<1—-p

Let us define the parallel repetition version of U,

Definition 3.2 (Par [V, k]) Let (¥, W) be a 3-CNF instance, with 3-CNF clauses VU over
variables W. For any integer k > 0, let

Par [U, k] < (@, X,Y)

be a SAT instance with Boolean functions ® over two types of variables: X “ gk and

vy ik

The range of each variable v € X, is Ry = [7]F, corresponding (by enumerating the
7 satisfying assignments of each 3-CNF clause 1p € W) to the concatenation of the satis-
fying assignments for U’s clauses in x. The range of each variable y € Y, is Ry = [2]*,
corresponding to all possible assignments to W ’s variables in y.
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For y = (wq, .., wy) and x = (1, .., 1), denote y C x if for all i € [k], w; is a variable
in ;. The Boolean-functions in ® are as follows:

C={ppy |yeW" 2V yCu}

where @, s T if the assignment to y is the restriction to y of the assignment to x.

Note that ® is regular, since every x = (¢1, .., 1;,) appears in dx = 3* Boolean functions,
one for each y C x. Moreover, as hinted by the notation ¢,_,,, a value for x determines
the one value for y C x that satisfies ¢,_., € ®.

Clearly, if T(V) = 1, then Y(®) = 1. Moreover,

Theorem 3.3 (Parallel Repetition, [Raz98]) For every 3 > 0 there exists some con-
stant ¢ > 0, such that the following holds. Let (¥, W) be a SAT-instance with T(V) < 1—4,
and for any k > 0 let (P, X,Y) = Par [V, k]. Then,

T(®) < T(U)*F < (1)
n
Taking k to be the first for which (1 — 3)°* < ¢ we indeed have |Ry| < |Rx| = ¢ 1. m

For our purposes, this characterization needs to be slightly enhanced. The enhancement
involves the notion of a multi-assignment - assigning a small set of values to ®’s variables

- and what it means for such an assignment to “semi-satisfy” ®’s Boolean functions.

For any finite set R, denote the family of all size-h subsets of R by (f) wf {FCR| |F|=

An h-assignment A assigns to each variable in X and in Y a subset of h plausible values

A (X — (R}f),y — (Rhy)).

We say ¢,_., is semi-satisfied by an h-assignment A if there exists a € A(z) such that
Pa—y(a) € Ay).

Let now Y}, denote the maximum, over all h-assignments A, of the fraction of p € ®
semi-satisfied by A:

Th(®) =max Pr_fp,.,(Ax)) 0 Aly) # 0]

The PCP characterization of NP above (Theorem [3.1) can be extended to read as
follows:

Corollary 3.4 For any constants h,e > 0, given a SAT instance ® that is reqular and
two-determined, it is NP-hard to distinguish between the following two cases:

o T(P)=1
° Th<q)) <€

h}.
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Furthermore, this is true even when ® is so that |[Rx|,|Ry| < (£)°0.

Proof: Let ® be as in corollary [3.1 so that it is NP-hard to distinguish between the
case where Y(®) = 1 and the case where T(®) < €- ;5. If T(®) = 1 then T,,(P) = 1.
Suppose T, (®) > € and let A be an h-assignment semi-satisfying € of ®. Consider the
assignments obtained by choosing randomly one, out of the h, value for each variable. The
expected fraction of local-constraints such a random assignment satisfies is 22 smaller than
the fraction A semi-satisfies, and since at least one assignment must meet the expectation,

T(D) > Th(®)- & >c- & »

3.2 The FGLSS Graph

In this section we present a first attempt to prove the hardness of approximating Minimum-
Vertex-Cover.

Let (@, X,Y) be a gap-SAT instance as in Corollary i.e. with Boolean constraints
¢ over variables X and Y whose ranges are Rx and Ry, such that either T(®) = 1 or
T (P) < e¢. Recall that Y(P) = 1 implies there is an assignment Ag: (X — Rx;Y — Ry)
satisfying all ¢,_.,, in ®.

Let us consider the natural attempt, which is a variation on the FGLSS reduction [FGLT91]
Kar72|, for constructing a graph whose independent set is either large or small depending
on which of the two cases ® is in: let G7[®] be the graph

G4[®] = (Z, E) where Z 2 (X x Ry)

that is, where Gz[®]’s vertices is the set of pairs consisting of a variable z in X and a value
a € Rx for x.

For the edge set Ez of Gz[®], let us consider all pairs of vertices whose values cannot
possibly correspond to the same satisfying assignment Ag. Let Z[Ag] C Z be the derivative
of Ag, defined to be

T[Ag] = { (2, Aa(2)) |z € X}

There are two types of inconsistency between vertices of Z to consider. Two distinct vertices
(x,a1) and (z,az), where x is common to both, cannot be both in Z[Ag| as Ag assigns a
single value to x. Furthermore, if for some y, both z; and x5 determine y, and assigning
a; to x; fixes y to a value different to what is determined by x5 assigned as; these two
vertices cannot both be in Z[Ag|. It turns out though, that the first inconsistency is a
special case of the second, as two distinct values to x imply two distinct values for at least
one y determined by z (assuming two values to x must differ on the value fixed to at least
one y):
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Definition 3.3 (Z-inconsistency) Two vertices in Z, zy = (x1,a1) and z3 = (2,az) are
Z-inconsistent, if there is some variable y € Y with pq, .y, Pzy—y € P such that ¢, (a1) #
Ouy—ylaz). Let

B, {{z1, 22} | 71, 20 are Z-inconsistent} .
Therefore, an independent set cannot correspond to an inconsistent assignment to ®.

Note however that the gap between the sizes of the independent set, in case ® is satisfi-
able and in case ® is extremely not satisfiable, would not be good enough for our purposes.

The size of the independent set in the first case would be |X| = ﬁ -|Z] compared to €g
times that in the second case, translating to a ratio of i:ﬂg}; |‘ for vertex-cover, which is

significantly smaller than our goal.

Here might be the place to note that Hastad’s obtained his hardness result for Minimum-
Vertex-Cover by taking the FGLSS graph over his Linear-Equations gap-SAT instance,
which is equivalent (ignoring the imperfect completeness that is irrelevant here) to |Rx| = 4
1 1.1

and € = 3, yielding a hardness factor of —2* = [

=5

A Naive Construction. Let us first consider a naive manner by which to apply the
long-code to the graph Gz[®]. Denote the set of vertices of Gz[®] that correspond to a
variable x € X by:
Zlz) Y {(z,a) € Z|a € Rx} = {z} x Ry

Since an independent set in Gz[®] has at most one representative in Z[z| for each x € X
and the maximal independent set contains exactly one representative in each Z[z|, we could
replace each set of vertices Z[x] with a set of vertices corresponding to the long-code of Z[x],
supposedly encoding Z[z|’s representative in G7|®]’s maximal independent set. Edges in
this graph connect two subsets that cannot possibly be consistent, namely, F} € P (Z[z])
is connected to Fy € P (Z[zy]) iff F} U F; form a clique in Gz[®], in other words, if

Va, € Fi1,ay € Fy, Jdy, Py —ys Prasy € P, S.L. 9011—>y<a1) # 9012—>y<a2)

This ensures that the maximal independent set in this graph would be of large size, in
case P is satisfiable. However, it might also be of large size in case ® is far from satisfiable
as well. To see this, consider for candidates in the independent set, for each x € X, only
subsets F' € P (Rx) for which ¢p,_.,(F) = Ry for every ¢,_,, € ®. Such subsets contain,
for every y determined by x and every value b € Ry for y, at least one element a € F' with
Yz—y(a) = b. On the one hand, any two such subsets, for two distinct x’s, are consistent.
On the other hand, almost all subsets satisfy this requirement. To see this, note that the
probability that a subset F' € P (Rx) misses all of gp;i)y(b) is exponentially small in the
number of a’s mapped to one b; which is negligible even if multiplying by the number of
y’s determined by z. Hence one can construct a large independent set corresponding to
an arbitrary assignment a, to each x, by taking only those subsets that contain a, and, in
addition, satisfy the above requirement.



3.3 A 7/6 Construction 35

3.3 A 7/6 Construction

The naive construction of taking the long-code of each variable in X, failed to enforce
consistency between the encodings of two such z’s. One possible way to go around this,
is by gluing together the encodings of both variables  and y for each ¢,_., € ®, in
an adaptive manner defined below. Consistency is then easily verified by inserting edges
between inconsistent encodings of each appearance of x or of y. This construction achieves
consistency between tests, yet loses in that the size of the independent in case ® is satisfiable

is }1 rather than %, compared to % in case ® is far from satisfiable. This achieves a hardness

_1

Li = % for vertex-cover. Before we continue, let us
4

note that Hastad [Has97] proved that vertex-cover is hard to approximate to within g, by

constructing the FGLSS graph over the Linear-Equations system. The construction we

present here is an alternative to that result.

Again, let (®, X,Y’) be regular and two-determined as in Corollary [3.4 and let ¢,_., €
®. An assignment to ¢,_., consists of a value in Ry and a value in Ry, hence the long
code of ¢,_., would be P (Rx) x P (Ry) = P (Ry U Rx). We enforce consistency between
x and y by allowing only those subsets ' € P (Ry U Rx) for which, denoting Fx = FNRx

and Fy = FﬂRy,

of approximation ratio of roughly

Soxﬂy<FX) g FY
We assign these sets the distribution obtained by first selecting a random subset Fy €,

P (Ry) and then selecting a random subset Fx €, P (¢, L, (Fy)).

Definition 3.4 The p-adaptive mutual long-code of .., 1s the family of subsets

£ AP e P(Rx URy) | Fy D ¢uy(Fx)}

endowed with the distribution

/’L;—}y(F> déf /-L]]?Y(FY) . lug;i»y(FY)(FX) .

Define the graph
de

Gy (@) (Vis.a By )

4°'8 4°8

~

with vertices
V= U ce
Pr—yEP
(we take LC*Y to be distinct for distinct tests ¢,—, € ®), whose weights are defined to
be, setting p = % — €,
def 1

VE € LCT, AF) ()
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A pair of subsets F' € £C*™Y and F' € £LC*Y are connected by an edge if FNF'NRy = ¢
(this applies also to the case where y = ¢/),

B Y {(F, F')y € LC*™Y x LC™™Y | FNF' N Ry = ¢} -

For distinct variables x1, 2, € X for which ¢, .., ¢z,—y € @, a pair of vertices F; €
LCTY Fy € LC™7Y are connected by an edge if ¢,y (Rx N F1) N @g—y(Rx N Fy) = ¢,

By ™ {(Fy, Fy) € LC™Y % LC™Y | g, y(Rx N FY) N gy (Rx N Fy) = ¢} .

Altogether,
def

E[i’%] - E1 U E2 .
Now, in case Ag: (X — Ryx;Y — Ry) is a satisfying assignment for ®, taking for each
©z—y the family of all subsets containing both A(x), A(y) comprises an independent set in
Q[%%}(@), of weight p* > 1 — 2e:

Lemma 3.5 (Completeness of Q&%}(Cb)) If Ag: (X — Rx;Y — Ry) is a satisfying
assignment for ®, then the following set is an independent set in g[i%](cb),

T[As) = |J {FeLe | As(x), Aoly) € F}

Pr—y€P

Note the inherent loss from the composed structure of LC*™Y, halving the size of the
independent set twice, once for x and once for y.

For the soundness of this construction, we show that if g[ié](@) has an independent

1

5> we can find an h-assignment semi-satisfying

set whose weight is even slightly more than
more than € of ®, thus ® is satisfiable:

Lemma 3.6 (Soundness of Q[i%](q))) For any SAT instance ®, ifa(g[%%](q))) > 1438,
then Ty (®) > € where h =h(3 —€,¢,2) = O(1).

Proof: Let 7 C 'V 1 be an independent set whose weight is A(Z) > % + 8¢e. The proof
proceeds in three steps:
In the first step, we observe that for every zg, 1o the families

,= |J {FnRg|FeZncc™ ¥} and I,= |J {FNRy|FeZncLc™ "}

Y Pzg—y €D T Pr—yy €P

are intersecting because of the edges in F; and F5 respectively. Moreover, assuming w.l.o0.g.
that Z is maximal, these families are also monotone.
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The second step would be to find a significant portion of the tests in ®, and for each
of their variables, a small set of permissible values. Let ®; C ® consist of all ¢,_,, € ® for
which #,(Z N LC*7Y) > £ + 6e, noting |Py] > 2e - |D].

Next, we find a subset ®. C @, of significant size, |®.| > € |P|, and some g € (p,p + €)
such that for every ¢, ., € @, as,(Z,) + as,(Z,) < 2. Such a set must exist since

1 d 1
o] Z as,(Z,) + as,(Z,) = a \ 13, Z Hp(Za) + Hp(Zy)

! Py €L Pr—yE€P1

and the right hand side, being the derivative of a function that is bounded between 0 and
2, must be smaller than % at some point ¢ € (p, p+¢€). At most half of the tests p,_., € ¢y
can have as,(Z,) +as,(Z,) > 2-2 which is twice the expectation, thus & > $-|®] > €||.

Denote by X, (resp. Y.) the X-variables (resp. Y-variables) appearing in the tests of
®.. For every variable z € X, UY,, we now apply the Friedgut-Lemma (Theorem to
find a constant sized (e, g)-core for I, C., |C.| < h = h(3 — €,¢,2) = O(1), and define

an h-assignment for ® by setting A(z) = C, for each z € X, UY, and for the remaining

variables, simply A(z ) = ¢

The third and final step is to prove that this h-assignment semi-satisfies ®. This is
done by showing that, for every y, x with ¢,_., € @, ¢, .,(A(z)) N A(y) # ¢. So assume
otherwise and recall from Definition [2.5(the core families of Z, and Z,,, denoted (Z,). and
(Z,) c, respectively, and define

CF,={Fx C Ry |FxnC, € (L), } and C’Fy:{FyCRy|FyﬂC e (T >Cy}

By Definition [3.4 and by Lemma [2.1]

-1
PN LCTY) = Yy gy (R A Ry) - pY (F 0 Ry)
FeInce*—vy
< 23+ 3 pee=y ) (Fy) - plty (Fy).

FeIncer—Y
Fx =FNRx € CF,
Fy =FNRy € CFy

For every fixed Fy € CF), consider the family
FIR) Y {Fx c 9.1 (Fy) | Fx € CF,, Fy UFx € TNLC™V},

and observe that it is intersecting, therefore /L%Hy(FY)(]: [Fy]) < p. Moreover, the above
sum is equal to

=6e+ Y HY(Fy) - D g (Ey) <6e+ Y Y (Fy)p

FyveCFy FxeF|Fy] Fy eCFy, F|Fyl#¢
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We complete the proof by showing that uv ({ Fy € CF, | F[Fy] # ¢}) < p* < ; con-
tradicting the fact that for any ¢, ., € @, 1,(Z N LEC"Y) > ¢ + 6e. Let @, (CF,) =
{@o—y(Fx) | Fx € CF,}, and observe that this family is monotone and intersecting and
is completely determined (see Section by ¢z—y(Cy). Finally, if F[Fy] # ¢ then
Fy € p,—y(CF,) because IFx € F[Fy| C CF, which means ¢, .,(Fx) C Fy and by
monotonicity. Thus, the above comes to

tp({ Fy € CF, | FFy] # ¢}) < Hy(po—y (CF) N CFy) = Hyp(pry (CFy)) - 1y (CFy) < P’

where the equality holds due to ¢, (C;) NCy = @,y (A(z)) N A(y) = ¢ and because H, is
a product measure; and the last inequality comes from each of C'F, and ¢,_.,(CF,) being
an intersecting family which limits their size to p.

We have reached a contradiction, proving that for every ¢,_.,, € ®., ¢, (A(x))NA(y) #
¢, and so T(P) > e. n

3.4 The Final Graph, G, ,«/(®)

The construction of G, 11 (®) is inherently limited by the fact that we glued the long-codes
of x and of y together, twice halving the size of the largest possible independent set, even in
case @ is satisfiable. It seems that achieving hardness for a factor of approximation larger
than %, and especially reaching 2 — ¢, requires encoding each variable separately.

Recall however, the naive attempt (described in Section , of separately taking the
long-code over the possible values Ry for each x € X, and then adding consistency edges
between distinct 2’s. This attempt could not enforce consistency between the long-codes of
distinct x’s due to the following. Consider a pair of variables x1, x5 that both determine y.
Vg, —y (and similarly ¢,,_.,) partitions the values a € Rx according to ¢,,_.,(a), such that
for every b € Ry, every value a; € gp;ll_)y(b) is consistent with every value ay € 90;21_>y(b).
The fake consistency stems from the fact that every value b € Ry has many possible origins
in Ry, each showing up in F' €, P (Rx) independently with probability p. Thus a typical
subset F' € ﬁCf’X , when projected to Ry, usually covers all possible values in Ry, i.e.

Pr [pumy(F) = Ry] > 1
Fecrc,X

Such subsets are consistent with each other.

Our next attempt, is to construct new variables Z, such that setting a value for one
variable leaves at most two possible values for related variables. Together with the specific
structure of Z, we would be able, taking p to be small enough p < 3’2\/5, to establish
consistency between p-biased long-codes of different variables.

The constructed graph G, ,+1(®) will be structured according to the FGLSS graph,
Gz|®| = (Z, Ez), as constructed in Section [3.2} and will implicitly depend on a parameter
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[ to be fixed later (see Definition so that [ > 8log 2 - |[Rx|. Consider the family Z of

all sets of size [ of Z: p
Z p—
()
def

Let us refer to each B € Z as a block. Recall we denoted by Z[Ag| = {(x, As(z))} the set
of vertices in Gz[®] corresponding to an assignment Ag for ®. The intersection of Z[Ag]
with any B € Z, T[Ag] N B, can take 2! distinct forms, namely all subsets of B. Consider
then an assignment Az to the set of blocks B € Z, in which each block B is assigned a
truth assignment

Az(B) e {f: B—{T,F}}

supposedly assigning T to exactly all vertices of B that are in the independent set Z[Ag],
that is, where f~1(T) = Z[Ag] N B. For a truth assignment for B, f: B — {T,F}, and
any B C B, let us denote by f|5: B — {T,F} the restriction of f to B, namely, where
Vz € B, f|4(z) = f(z). Given a pair of blocks By, B, that intersect on B = By N B, with
|B| = | — 1, every truth-assignment to By is consistent with exactly two truth-assignments
to BQ.

Now, with little more effort, we can ensure the truth-assignments assigned to the blocks
in Z correspond to a large independent set; this follows from the following observation
regarding the restriction of Z[Ag] to all B € Z. Since |Z[As]] = |X]| = %, the ex-
pected number of vertices assigned T in the restriction of Z[As] to a random B € Z, is
# Let t = 1| L be half of this expectation, and consider the probability that B has
fewer than t vertlces in Z[Aq]; by a straightforward application of the Chernoff bound (see
Proposition in the appendix), for any Z[Ag|

1l
Prz[]I[Aq,] N B| <t] <2e ®lkx|

It is therefore the case that, disallowing Az to assign blocks B € Z a truth-assignment over
B, if that assignment assigns T to fewer than ¢ vertices z € B, excludes only a tiny fraction
of the blocks from being assigned the truth-assignment that corresponds to Z[Ag| N B, and
allows Az to be consistent almost everywhere. Consequently, let, for each block B,

Ry {f: B—{T,F} | |FY(T)| >t}

and consider Az that assigns to each B € Z only values in R, Az(B) € Rp. As proved
below, this restriction ensures a sizeable set in Gz[®], and, if consistent, being an indepen-
dent set, must correspond to an assignment A satisfying sizeable fraction of ®. Let us refer,
from now on, to each member of Rg as a block assignment.

So the next attempt would be to apply the FGLSS reduction to the Rp’s, and con-
struct a graph Gz[®] whose vertices consist of all block-assignments to every block B € Z,
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and whose edges correspond to pairs of such block assignments that cannot possibly be
consistent with an independent-set in G[®]:

where the edge relation < is defined by stating when two block-assignments are considered
inconsistent:

Definition 3.5 (Inconsistent Block-assignments) Let By, Bs € Z and denote B =
B1 N By; a pair of block-assignments f; € Rp,,fs € Rp, are inconsistent, denoted f; >xfs, if
either f1| 5 # fa| 5, or, if there exist z; € By and 2z € By that are Z-inconsistent, and such

that fl(Zl) = fQ(Zz) =T.

The composition technique is now called upon to encode each block-assignment of every
B € Z, applying the biased—-long-code to each, and check their consistency. This is still
not an easy task, since the consistency between distinct B’s can be checked only for blocks
that differ only on one element of Z, but these hardships belong to a different section.

The Constructed Graph
It is now time to define our graph Gy, pe)(®).

Vertices and Weights: Gy, ,+(®) = (V, E,A) has a block of vertices V[B] for every
B € Z, where vertices in each block B correspond to the p-biased-long-code applied to Rp

V[B] =P (Rp)

that is, one vertex for each subset ' C Rp of B’s block-assignments. V' consists of one
such block of vertices for each B € Z

v=|JviB
BezZ

Note that we take the block-assignments to be distinct, hence, subsets of them are distinct,
and V is a disjoint union of V[B] over all B € Z.

Let A, for each block B € Z, be the distribution assigning each vertex F', a probability
according to H,, namely

Ap(F) = 1,2 (F)

The block of vertices V[B] superimposed with Ap therefore comprise a p-biased-long-code
over Rp (see Definition [2.3).

The probability distribution A assigns uniform probability to each block: For any F' €
V[B]

AF)E 217 Ap(F)
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Edges. Within a block B any two non-intersecting vertices are connected by an edge:

EB)Y {(F, ) e VIBP | LN F, = ¢}

A pair of vertices in distinct blocks, Fy € V[B,] and Fy € V[By], are connected by an

edge if all their block-assignments are pairwise inconsistent:

EBy, B Y {(FI,F) e V[Bi| x V[Bs] | Vi€ Fi,fh e Fy fioxify}

Altogether,
e JEB U |J EB,B)

Bez B1,By€Z

This completes the construction of the graph Gy, ,o(®).

Proposition 3.7 The graph Gy, ,+(®) is polynomial-time constructible given input . m
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Reducing PCP to Vertex Cover




Chapter 4

Main Theorem

The graph G, pe)(®) constructed in the previous section, has an independent set of size
almost p, in case P is satisfiable, as will be proven in Lemma below. Furthermore, the

heart of this chapter is to show that if ® is far from being satisfiable, then a(Gy,p(®))

cannot be even slightly larger than p® = max(p?, 4p® — 3p?), provided that p < Pras =

35 ~0.382. Thus,

Theorem 4.1 Let p < Ppaz. For any constant € > 0, given a weighted graph G, it 1s NP-
hard to distinguish between the case where a(G) > p—e¢, and the case where o(G) < p*+¢.

Throughout the proof one may think of p < % in which case p* reads p?. In this

. . . 1-p2 . .
special case, the gap in our main theorem approaches 1—; = 1+ p, yielding a hardness-of-

approximation factor of % for Minimum-Vertex-Cover. Before we prove the main theorem,
let us state the corollary for Minimum-Vertex-Cover,

Corollary 4.2 (Minimum Vertex Cover) Given a graph G, it is NP-hard to approzi-
mate @(G) to within a factor of 1.361.

Proof: For p near ppae, p* = 4p> — 3p*, thus Theorem asserts that it is NP-hard to
distinguish between the case G has a vertex cover of size 1 — p 4+ € and the case G has a
vertex cover of size at least 1 — 4p3 + 3p* — € for any € > 0. Minimum Vertex-Cover is thus
shown hard to approximate to within a factor approaching

1- 4<pmax)3 + 3(pmaa:)4
11— Pmaz

=14 Pmas + (Pmaz)” — 3(Pmaz)” > 1.361

[

Proof: (of Theorem The proof proceeds by reduction from the NP-complete problem
gap-SAT, as in Corollary Given p,e > 0, we choose h,eg, and [ (see Definition
below) and then, given ®, construct the graph Gy, ,+1(®). The completeness of the reduction,
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asserting that if T(®) = 1 then a(Gy, ) (®)) > p—¢, is shown in Lemmaf4.3] The soundness
is established by Lemma showing that if T,(®) < eg then a(Gp,pe)(P)) <p*+e. =

We begin by setting the parameters. It is worthwhile to note here that the particular
values chosen for these parameters are not important. They are chosen to satisfy some
properties through the course of the proof, nevertheless, most importantly, aside from [,
they are unrelated to |Rx|. Given ¢ and p, we can select values for h and €4 that allow us
to translate a large enough independent set into an h-assignment semi-satisfying ¢ of ®.
The size of Ry is affected by this choice, as |[Rx| = (52)°®), therefore it is crucial that h
depend only on ¢ and p, and not on |Rx].

Definition 4.1 (Parameter Setting) Let us set the parameters as follows.
o Let 0 <y < Prmas — p be such that, (p+v)° —p® < 1e.

o We choose h to accommodate applications of Friedgut’s Lemma, a Sunflower Lemma
and a pigeon-hole principle. Recall that h(p, 8, k) < (c,)*/° denoted the bound on the
size of a (6, p)-core of a family whose average sensitivity is bounded by k. Let

hO = Ssup (h<Q7 %87 %))
q€[p,Pmax]

and letn = ﬁ-pgho, hy = {%W +ho, hy = 1+22ho. 20:0 (}2), and h = (hg)™ - (hy)! .

o Fizep = €.

L
32h

o Fiz 1™ max(8log 2 |Rx|, 2(h)?-|Rx]).

Pmax—P
because h(q, 1&,16e71) is a continuous function of ¢, see Theorem . The value of v is
well defined because the function f(p) = max(p?,4p® — 3p?) is a continuous function of p.
Also, since the parameters affecting [, including |Ryx/|, (see Corollary are constant and

unrelated to the size of the instance |®], we can assume that [ < 1 |X]|.

Remarks. The supremum sup,cp,,, | (h(q, 1e, —2 )) in the definition of hg is bounded,

4.1 Completeness
We now proceed to establish the (easier) completeness part of the reduction,
Lemma 4.3 (Completeness) If Y(®) = 1 then there exists an independent set T C V,

with
AZ)>p—c¢
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Proof: Let Ag: (X — Rx,Y — Ry) be a satisfying assignment for ®. Consider all
vertices of G[®] consistent with Ag

T[As]) = {(z, A(x)) € Z} .

Let 2’ be the set of blocks B € Z = (%) that intersect Z[Ag] on at least ¢ elements

|IBNZ[Ag)| > t. The probability that a block is not in Z’ is bounded, via a simple

i
Chernoff bound (see Proposition |B.2)), by 2e $IFxl < e. For a block B € Z’, let us define
the block-assignment fg € Rp, assigning T to values from Z[Ag| and F to the rest:

T As(z)=a
V(z,a) € B fp(x,a) =
F Ag(x) #a

Now take Z to be the set of all vertices containing fg:

I=|J{FeVIB|F>fs}

Bez/

To see that Z is an independent set, first note that for every block B € Z', TNV[B] > fp.
Furthermore, cons&der two blocks Bi, By € Z and a pair of vertices F} € V[Bl] NZ,F, e
V[B2]NZ and denote B= B1NBs. fp,, fp, must coincide on B as both are deﬁned according
to A. If By 3 (z1,a1) and By 3 (29, as) are Z-inconsistent (see definition , since Ag is
a satisfying assignment, not both Ag(z1) = a; and Ag(x2) = ag, thus by definition at least
one of fg, (r1,a1) and fg,(z2, as) is F, hence fp, , fp, are consistent and F, F» as well. ]

4.2 Soundness

We next proceed to the the heart, and most technical part, of the proof of correctness,
proving the construction is sound, that is, that in case ® is far from being satisfiable,
Gipp1(®) has only a small independent set.

Lemma 4.4 (Soundness) If a(Gppe(P)) > p* + € then Th(P) > €.

Proof Overview: Assuming an independent set Z C V' of weight A(Z) > p® + &, we consider
for each block B € Z, its supposed long-code: the family Z[B] =Z N V[B].

The first step (Lemma is to find, for a non-negligible fraction of the blocks Z, C Z,
a small core of permissible block-assignments, and in it, one distinguished block-assignment
to be used later to form an h-assignment satisfying e of ®. This is done by showing that
for every B € Z,, T|B] has both significant weight and low average-sensitivity. This, not
necessarily true for p, is asserted for some slightly shifted value ¢ € (p,p + 7). Utiliz-
ing Friedgut’s lemma, we deduce the existence of a small core for Z[B]. Then, utilizing
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an Erdds-Ko-Rado-type bound on the maximal size of a 2-intersecting family, we find a
distinguished block-assignment for each B € Z,.

The next step is to focus on a subset of the blocks in Z;, that would serve as good
representatives of Z = X x Ry, from which emerges an h-assignment that semi-satisfies at
least an e¢ fraction of ¢ € ®. This is done by taking a random sub-block Bez (=1 and
considering all blocks in Z that extend it. The distinguished block-assignment of each of
these blocks form a multi-assignment Az for ®.

The final, most delicate part of the proof is Lemmal4.10], asserting that the distinguished
block-assignments of the blocks extending B must be consistent. Indeed, since they all
share the same ({ — 1)-sub-block B, the consistency constraints these blocks impose on one
another will be sufficiently tight. More accurately, we show there cannot be even h blocks
extending B whose distinguished block-assignments are pairwise inconsistent, sufficing to
conclude the proof.

Proof: Let then Z C V' be an independent set of size A(Z) > p® + ¢, and denote, for each
Be Z,

I[B|Y 1nVv(B].
The fractional size of Z[B] within V[B], according to Ap, is Ag(Z[B]) = i,(Z[B]).
Assume w.l.o.g. that 7 is maximal, thus Z[B], for any B € Z, is monotone and

intersecting: It is intersecting, as Gy, »+)(®) has edges connecting vertices corresponding to
non-intersecting subsets, and it is monotone due to maximality:

Proposition 4.5 Let T be an independent set of Gy pe(®). If F € TNVI[B], and F' C
F' e V[B], then ZU{F"} is also an independent set. n

The first step in our proof is to find for a significant fraction of the blocks, a small core,
and in it one distinguished block-assignment. Recall from Definition that an element
f € C would be distinguished for a family (Z[B]),, if there are two subsets F”, F* € (Z[B]),
whose intersection is exactly F* N F* = {f}.

Friedgut’s Lemma asserts the existence of a small core only for families with low average-
sensitivity. We overcome this by slightly increasing p,

Lemma 4.6 There ezists some ¢ € (P, Pmaz), and a set of blocks Z, C Z whose size is
|Z,] > 1e-|Z], such that for all B € Z,,

1. I|B] has an ({e, q)-core, Core[B] C Rp, of size |Core[B]| < hy.
2. The core-family (Z[B]) corep) has a distinguished element f¢[B] € Core[B].

Proof: We will find a set of blocks Z, C Z such that for every B € Z,, Z[B] is of large
weight and low average sensitivity, according to #,. We will then proceed to show that this
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implies the above properties. First consider blocks whose intersection with Z has weight
not much lower than the expectation,

e 1
z {B €z ‘ Ap(Z[B]) > p* + 55}

By simple averaging, it follows that |Z’| > ie - |Z], as otherwise
1 1 L1 .
1)12] = 3" Ap(@[B)) < 12|21+ 3 Ap(ZB]) < e 21+ 3 0+ o) < (0 +2)-12]
Bez B¢z B¢z

Since 4, is non-decreasing with p (see Proposition , and since the value of v was chosen
so that for every ¢ € (p,p+7), p* + %16 > ¢°*, we have for every block B € Z/,

H(TIB)) > 1 (T1B) > b + 5= > 4"+ e ()

The family Z[B], being monotone, cannot have high average sensitivity for many values of
q, so by allowing an increase of at most v, the set

z,“ {B €z

2
as,(215]) < 2 }

must be large for some g € (p,p + 7):

Proposition 4.7 There exists ¢ € (p,p + ) so that |Z,| > %5 Z].
Proof: Consider the average, within Z’, of the size of Z[B] according to K,
def —1
w2 =2 Y (Z[B))
Bez’

and apply a version of Lagrange’s Mean-Value Theorem. The derivative of ,[Z'] as a
function of ¢ is

d:uq[z] — |Z/|—1 . Z %(I[ — ‘Z/ Z aSq

dgq
BeZ/ BeZ/

where the last equality follows from the Russo-Margulis identity (Lemma . Therefore,

d,U[Z]< 1
dq

there must be some g € (p,p+ ) for which The otherwise #4,[Z’] would increase

too rapidly and #,,[2’] would be larger than 1 which is impossible. It follows that at least
half of the blocks in Z’ have as,(Z[B]) < % n

Fix then ¢ € (p,p +7), to be as in the proposition above, so that |Z,| > e - |Z].

We next show that the properties claimed by the lemma, indeed hold for all blocks in Z,.
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The first property, namely that Z[B] has an (sz¢, ¢)-core, denoted Core[B] C Rp, of size
|Core[B]| < hy, is immediate from Friedgut’s Lemma (see Theorem [2.3), plugging in the
average sensitivity of Z[B], and by definition of hg = sup,cp,.,,...; M4, 15 &, 2),

Denote the core-family approximating Z[B] on Core[B], (see Definition , by CFp 4

(Z[B]) core(p)- By Proposition [2.10} since Z[B] is monotone and intersecting, so is CFp.
Moreover, Lemma (a corollary of Friedgut’s Lemma) asserts that

1, (CFp) > 1,(I[B]) — 3 - % > ¢

where the second inequality follows from inequality (*) above. We can now utilize the bound
on the maximal size of a 2-intersecting family (see Lemma[2.13)), to deduce that CFp is too
large to be 2-intersecting, and must contain a distinguished element {fo} € Core[B], and
two subsets F*, F” € CF p that intersect on exactly that block-assignment, F*NF” = {f®}.
This completes the proof of Lemma [4.0] (]

Let us now fix g as guaranteed by Lemma |4.6{ above. The following implicit definitions
appeared in the above proof, and will be used later as well,

Definition 4.2 (Core, Core-Family, Distinguished Block-Assignment) Let B € Z,.
e B’s core, denoted Core[B] C Rg, is an arbitrary smallest (1ze, q)-core of Z|B.

e B’s core-family, is the core-family on B’s core (see Definition [2.5), denoted CFp =
<I[B] > Core[B]*

e B’s distinguished block-assignment, s an arbitrary distinguished element of CF g,
denoted f°[B] € Core[B]; i.e. for which there exist F* F’ € CFp with F* N F* =

{f°1B]}.
Let us further define for each block B € Z,, the set of all block-assignments of B that

have non-negligible influence:

Definition 4.3 (Extended Core) For B € Z, let the extended core of B be

ECore|B| et Core[B] U {f € Ry | influence(Z[B]) > n}

q

The average-sensitivity of Z[B] is defined to be the sum of the elements’ influences, thus,
since for every B € Z,, it is bounded by as,(Z[B]) < %,

as,(Z[B]) _
[ECore[B]| < =0 4 o < 2]+ ho =

2
v

The next step in our proof, is to identify an (I — 1)-sub-block B € 70D whose ex-
tensions B U {z} represent Z = X x Rx, and whose distinguished block-assignments will
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be sufficiently consistent for defining an h-assignment for ®. Analyzing the consistency
between the distinguished block-assignments of distinct blocks, is complicated by the fact
that families encoding distinct blocks consist of subsets of distinct domains (Rp, # Rp, for
By # By). Considering only the blocks that extend a specific sub-block B e z0u-1), yields
a nice 2-to-2 correspondence between their block-assignments. The block-assignments of
blocks B = BU {z} are paired according to their restriction to B , such that all the pairs
whose restriction is mapped to the same sub-block-assignment naturally correspond to each
other.

It would be undesired to have both block-assignments in a given pair influential in Z[B]
for this would mean that the structure of Z[B] is not preserved when reduced to B. Thus,
besides requiring that many of the blocks BU {z} extending B reside in Z,, we need them
to be preserved by B:

Definition 4.4 (Preservation) Let B € Z, and let BCB,|B|= [—1. Let us denote by
f| 5 the restriction to B of a block-assignment f € Rp. We say that B preserves B, if there
is no pair of block-assignments f; # fy € Rp with f1| 5 = fa| 5, such that f1,f, € ECore[B].

It is almost always the case that B preserves B U {z}:

Proposition 4.8

h 2
VBeZ |{z€ B|B\{z} does not preserve B}| < %

Proof: Each pair of block-assignments f,f, € ECore[B] can cause at most one B to not

preserve B, and for any block B € Z,, |ECore[B]| < h;; consequently, the number of B not
(h1)?
5
The last step before identifying the required B is to note that a distinguished block-
assignment for a block B U {z} is useful for constructing an assignment for @, if it assigns

T to z = (x,a). Hence, for each B we consider the following set Zz C Z:

preserving B is at most (h;) < ]

Definition 4.5 Let Zz C Z be:

def
75

{z e Z\B ‘ B=BU{z}e€ Z, and B preserves B, and f°[B|(z) = T}
It follows from the definition of Zp, that if 2,20 € Z4 are Z-inconsistent (recall Defini-
tion , then the distinguished block-assignments of By = B U {z} and By = BU {z,}
are inconsistent, fO[B1]pafC[By), (see Definition [3.5). Finally, let us identify a sub-block
B, for which Zj is large:

Proposition 4.9 There ezists B € (Zi), with | Z 5| > 3%5% = e |X|.
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Proof: We write

1
4|Rx|

1 1
P €Zgl> e Pr [2€Zp\y |BEZ > (e
B,zeg\é[z B]_ZJL(€ B,Z£B [Z B\{}‘ q]_45

where the first inequality follows from Proposition asserting Z, > }15 |Z|. The second
inequality is a consequence of the fact that for any f € Ry, there are at least t = 5t

2|Rx|

elements z € B with f(z) = T; and at most @ (I — 1)-blocks B C B not preserving B;

hence, conditioned on B € Z,, the probability of z € Z3 is at least o }%xl — (hzll)z > I Flixl as
[ >2(hy)? |Rx|. R

There must therefore be at least one B for which Pr__,\ z [z € Zz] > m, hence,

1Z5) 2 sere - |2\ B 2 e - 1X ) as 1 < }1X]. .

The h-Assignment A7;. We are now ready to present, based on Zp, an h-assignment
Az semi-satisfying ®. Fix one such B for which |Z5| > 45¢ - |X|. For every # € X and
y ey, set

def

Ar(z) = {a€ Rx|(z,a) € Zg}
Arly) € | er(Arla)

Ideally, we would have liked to rule out the possibility of two z;’s in Z; being Z-
inconsistent, in which case for every z,y, |Az(z)|,|Az(y)| < 1. Instead, we show there
cannot be h values in Z; that are pairwise Z-inconsistent. Specifically, we prove,

Lemma 4.10 For every x € X, |Az(z)| < h, and for every y € Y, |Az(y)| < h.

This lemma implies that Y,(®) > €4, due to the following. By the definition of Az, for
every « with Az(z) # ¢ and for every ¢,_., € ®,

Ory(Az(z)) N Az(y) # &

Denote Xz = {z € X | Az(z) # ¢} and observe that, since ® is regular (see section [3.1]),
there is an equal number of ¢,_,, € ® for each variable x, therefore Az’s success probability

is:
[ Xpl _ 1125 o € |X]
%c_)yreb[@p y( I(mn I(y)#qs] ‘X| h ’X| = 39h ’X|
Proof: (of Lemma [4.10) Assume, by way of contradiction, that there exist 21,...,2, €
Zg, where B; = BU{z;}, and such that z; are pairwise Z-inconsistent; we would then show

that U;cpZ[B;] is not an independent set.

EP -



4.2 Soundness 51

This suffices so as to prove the lemma, as, a variable x € X, with |Az(z)| > h,ory € Y,
with |Az(y)| > h, implies h blocks B; = B U {2} with pairwise Z-inconsistent z’s.

Let us begin with a brief sketch of the proof that follows. Analyzing consistency between
blocks B U{z;} leads us to consider the common sub-block B, and the sub-block-assignments
that are restrictions of block-assignments in R, to B.

We begin by defining these restrictions, for the core, the distinguished block assignment,
and the extended core of each block. Next we find — applying some combinatorics (namely,
a pigeon-hole principle and a sunflower lemma) — a pair of blocks B; and Bs, out of the h,
whose encodings Z[B;], Z|Bs] are ’extremely-inconsistent’. We then proceed in a series of
steps (Propositions to identify a pair of subsets F} € Z[B,] and F, € I|Bs] with
an edge between them.

The (I — 1)-block-assignments of Be (li), are defined to be

def

Ry = {f: B@—>{T,F}}

A block-assignment f € Rp, has a natural restriction to B, denoted f| 5 € Rp, where
fla(2) = £(2).

For the remaining analysis, let us name the three important entities regarding each
block B;, for i € [h]: B;’s distinguished block-assignment, the core of B;, and the extended
core of B;,

oY 0B Y CorelB]  E: ™ ECore[B]

and their natural restrictions to B (where the natural restriction of a set is the set com-
prising the retrictions of its elements),

~o def A def & def
e, oo, BY B

Now, recall the core-family CF g,, which is the family of subsets, over the core of each B;,
cach of which extension is of 2 weight in Z[B;].  For each block B;, i € [h], f© being
distinguished implies a pair of subsets

F} F' € CFp, sothat F)NEf={f’}

Let their natural restriction to B be

A def b Sy def
PE Ry PG EF

and note that, as B preserves every B;, it follows that, for all i € [h],

Let us add some brief intuition for the first step of the proof. Our first goal is to identify
two blocks B;, and B;, that are extremely inconsistent. This task would be easy had we
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found two blocks whose restricted extended-cores E; are disjoint. Loosely speaking, this
follows since anything that is of any remote influence in the encoding of a block, takes place
within the extended-core. Resorting to the next best thing, to our aid comes a combinatorial
lemma, that identifies a subset of the blocks, whose F;’s are pairwise disjoint, except for a
common center. This is achieved by the Erdoés-Rado Sunflower lemma:

Lemma 4.11 ([ER60]) For any F C (¥), if |F| > d* - k!, there are d distinct sets
Fi,...,Fy; € F, such that, let A = Fin...NFy, the sets F; \ A are pairwise disjoint.

The sets Fi,.., Fy are called a Sunflower, or a A-system. This statement can easily be
extended to families in which each subset is of size at most k.

We apply this lemma for R = Ry, and F = {Ey, .., E,}. Recall (definition we have
fixed h = (hs)" - (hy)!, hence Lemma implies there exists some J C [h], |J| = hs, such

that
(615)

Out of these h, blocks, we will find, applying a pigeon-hole principle, a pair of incon-
sistent blocks. Inconsistent, in this context, means that the core-families of these blocks
contain two subsets, F; € CFp, and F, € CFp,, whose block-assignments are pairwise
inconsistent. As the blocks B; for i € J have pairwise disjoint E;s outside A, we need to
consider only block-assignments whose restrictions fall into A.

Consider, for each ¢ € J, the triplet <C’l NA, Z*;*’i NA, Fﬁi N A>, and note that,

are pairwise disjoint for A et ﬂ E; (4.2)

e
’ ieJ

since F b Ft; C O, the number of possible triplets is at most
~ ~ ~ ~ ho h
H<OmA,Fb NA,Ft mA> ‘ 0] < ho, F?, Ft C CH <y (k}) ol 9ho
k=0

< hs=|J]|

(recall we have set (definition hy = 14 22ho. Z(’:O (};{1)) Therefore, by the pigeon-hole
principle, there must be some 41,15 € J for which

<C}1 NA, F*, NA, Ft, N A> — <C‘i2 NA, F', NA, Fiy N A> (4.3)

Assume w.l.o.g. that i; = 1, i3 = 2. We will arrive at a contradiction by finding an edge
between the blocks By, Bs, specifically, by finding two extensions, one of F? in Z[B,], and
another of F} in Z[By], all of whose block-assignments are pairwise inconsistent.

As a first step, let us prove that the block-assignments in F? and Fzti are pairwise
inconsistent:

Proposition 4.12
fie F?.f,e Ff = fixf,
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Figure 4.1: Block Assignments of By, By and sub-block-assignments of B.

Rp, (resp. Rp,) is represented by the two upper (resp. two lower) horizontal lines labelled
by T and F to indicate the value assigned to vy (resp. v,) by block-assignments on that line.
Each circle represents a single block assignment. On the left a column (highlighted as a
light gray vertical line) consists of four block assignments and a sub-block assignment which
is their common restriction to B. All block assignments in the same column agree on their
restriction to B , depicted as a gray circle on the middle horizontal line that represents Rg.
Two block assignments are consistent only if they are in the same column and are not both
T. The blackened circles represent members of the core of By and the block-assignments in
F? and Flﬁ are labelled b and #. The distinguished block-assignment — marked by a white
dot — is labelled by both b and #, and assigns T to v;. The dashed vertical lines border the
intersection of C’l with ég, which is equal to C:H N ég = (:H NA = C’Q N A and is where the
restrictions of Flji , F? are equal to those of Fg , F5. This also implies (see Proposition
that (D;\ C1)NA C (D \ Cy)NE;, = ¢.
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Proof: For f; to be consistent with fy, it must be that f;|5 = f2| 5 € F ﬂFjj CENE,=
A. By and B, are chosen (see equatlon so that FbﬂA FbgﬂA and FﬁﬂA FﬁlﬂA

Consequently fi|5 = fa|5 € F N Fﬁl NA = F*’Q N Fti N A, however, equation (4.1)) asserts
that the only block-assignment in these two intersections is the dlstmgulshed one, hence
fO =f|5 = fa| 5 = f. Since B preserves both By and B, f; = 7 and f, = f{. However,
¥ pafS, as they assign T to both z; and z, that are Z-inconsistent. |

It may well be that F? & Z[B;] and F! & Z[By], thus the fact that they are inconsistent
(and so, connected by an edge) is only a first step towards a contradiction. Nevertheless,
we know that F} € CFp, = (Z[B1]) Core(p,) means that 2 of {F{} UP (Rp, \ Core[B,]) are
in Z[B,]; and likewise for F2ﬁ . In what follows, we utilize this large volume of % to find
extensions of these sets, that are in Z, yet are inconsistent.

Let us partition the set of (I — 1)-block assignments of Ry into the important ones,
which are restrictions of block-assignments in the cores of By or By, and the rest,

b:CHUCA'Q and éZRB\ﬁ

which immediately partitions the block-assignments of Rp, and Rp,, according to whether
their restriction falls within D:

D, = {fGRBl

f’BGD} and R12R31\D1
and similarly for Rp,,

Dy = {feR32

f|B€ﬁ} and RQZRBz\DQ

Proposition 4.13 |D;| < 4hg and |Ds| < 4hy.

Proof: Simply note that |D;|,|Ds| < 2|D| < 2(|Cy| 4 |Ca|) < 2(]C4| + |Cal) = 4he. n

So far we have established two subsets F? € CFp, and F} € CFp, in the core-families
of By and Bs, all of whose block-assignments are pairwise inconsistent. Furthermore,
F' € P(C)) C P(Dy) and F} € P(Cy) C P (Dy), hence it suffices to show two subsets
H, € P(Ry) and Hy € P (Ry) all of whose block-assignments are pairwise-inconsistent,
and so that F? U Hy € Z[By] and F} U H, € Z|By).

Let us prove this by showing first that the families of subsets extending F? and FQﬁ
within Z are large; and then proceed to show that there are two subsets, H; and Hy as
required.

Let us first name these two families of subsets extending F? and F} within Z:

L,={FeP(R) | (FFUF)cI[B)} and T,= {F cP(R) | (FIUF) e I[Bg]}

and proceed to prove they are large:
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Proposition 4.14
1 1
Mq "(Zy) > ) and NRQ (Z2) > )
Proof: Let us prove the first case; the second one is proven by a symmetric, but otherwise

identical, argument. By definition of CFp, = (Z[B1]),, it is the case that

Pr [FEIB] |FNCi=F]>
Fely,

A~ w

Note that the only difference between this event and

pi (1) = Pr [FeI[B] |FnD;=F]

Felt,

is the conditioning on F' to not contain any block-assignment in D; \ Cj. Simplistically, if
the elements in D; \ C; have tiny influence, then removing them from a subset does not take
it out of Z|B;]. Hence, it suffices to prove that this family, of extensions of F? within Z[B],
is almost independent of the set of block-assignments D; \ Cy, that is, that one can extract
a small (< }l) fraction of Z; and make it completely independent of the block-assignments
outside R; U (.

Let us first observe that block-assignments in D; \ C} indeed have tiny influence,

Proposition 4.15
(Di\C)NE; =¢

Proof: There are two cases to consider for f € Dy \ C;: Either f|5 € C’l and in that case,
since B preserves By and since f ¢ Cy, f & Ey; or, flz € C’z \ él and since B; and By are
chosen (9) so that C;y N A = C, N A, we deduce f|; ¢ A. Now f|z € Cy C E», implies
fls & By, thus f ¢ E. m

By definition of the extended core E; (Definition[4.2)), it follows that for every f € D\,
influence’ (Z[B1]) <n. Since |Dy \ Cy| < 4hyg (Proposition we can deduce that Z|[B]
is almost mdependent of Dy \ Cy, utilizing a relatively simple, general property related to
influences. Namely, that, given any family of subsets of a domain R, and a set T' C R of
elements of tiny influence, one has to remove only a small fraction of the family to make it
completely independent of T. More accurately, Proposition asserts that if the influence
of elements in D; \ Cy is bounded by 7, then the weight of the subsets in Z[B,]', i.e. those
that have to be removed from Z[B;] to make it independent of D, \ (Y,

1B E(FeI[B] | (F\(D:\\ ) € I[Bi]},
is bounded by

R 1
pg "M(Z[B1]') < 4hg - q 0 < 4(1
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since n = 161,10 - pBho < ﬁ - ¢®" | see Definition .

Even if all Z[B,]" is concentrated on F?, since F?’s weight in P (D)) is at least ¢/l >
g, pPr (FY) > ¢*, it follows that (using Pr(A|B) < Pr(A)/Pr(B)),

1 1

Pr [FeIlB)||FND,=F]< Pr [FeIlB]]- <=

Fep,(lfl |: [ ] | 1 1] FquRl [ [ ] ] /,LqDl (Flb) 4
Proposition is thereby proven. ]

We complete the proof of the Soundness Lemma, by deducing from the large volume
of I, I, the existence of two subsets H; € I} and Hs € I, so that (Hy, Hy) € E, implying

<Flb UH, Fiu H2> € E, which is the desired contradiction.

Proposition 4.16 Let [ C P (Ry), I, C P (Ry). If (1—q)* > q and pl" (T1)+pl(Iy) > 1,
there exist Hy € Iy and Hy € Iy such that (Hy, Hy) € E.

Proof: This proposition is proven by modifying the proof for the case of cross-intersecting
families (Proposition . In that proof, we bounded the size of a pair of cross-intersecting
families by pairing each subset with its complement, noting that at p = % their weights are
equal.

In this case, we focus on the value ¢ = p,u0 = 3%@ for which (1 — ¢)? = ¢, noting that
since ¢ < Praz, the monotonicity of Iy, I (see Proposition yields ty, . (1) +Hyp,,.. (12) >
1. Here let us partition both P (R;) and P (Ry), and define an appropriate ’complement’
for each part, rather than for each subset.

Our partition is defined according to a 'representative mapping’ mapping each F' &€
P (R;) to a function II[F}] : R — {TF, TF,F} defined as follows:

ﬁ ./F(Zl<—T)’./F(21<—F) ¢ F]_

vie R mE)HYLTF o Nen, 6P gR

F f&-Pep

(symmetrically, we define II[F3] for each Fy, € P (Ry)). This mapping is natural when
considering the characteristic function of F; and asking, for every f € R, the value of that
function on the two extensions of f in Ry, f&1=T) and f&1=F).

Additionally, for a function IT = TI[Fy], 1T : R — {ﬁ, TF, F}, let its complement be

¢ : R — {TF, TF,F} defined as follows:

TF I(F) =F
- ~ c/oy def = - =
vie R 1YL TF 1) =TF
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Observe that II°“ = II, and that this is indeed a perfect matching of the possible
functions I : R — {ﬁ, TEF}, and most importantly that II[H;] = II°[H,] implies
(Hy,Hy) € E.

Next, observe that for a fixed Il : R— {ﬁ, TF, F},

Pr [I[FR] =] = -9 J] «-9- ][ ¢

R
F b s A 5 P s 5
1€ 1q f: I (f):TF f:TIg (f)ZTF f: 1o (f):F

Now if ¢ = praz, i-6. (1 —¢q)* = g, we have Prp [II[F] = IIy] = Prp [II[F] = II§]. Since
Ho(11) + Hg(I3) > 1, there must be a pair II, II° such that

(RePR) |OF]=INL#¢ and {FeP(R) | H[R] =Nk +¢

providing the necessary pair of Hy € I, Hy € I with (Hy, Hs) € E. m
Lemma [£.10] is thereby proved. ]
The Soundness of the construction (Lemma is proven as well. m

4.3 Tightness

In this section we show our analysis of G, pe1(®) is tight in two respects. First, we show
that for any value of p there is always an independent set Z in G, ,+(®) whose size is almost
p®, regardless of whether or not @ is satisfiable. Next, we show that if p > (1 — p)? (this
happens for p > %5), then a large independent set can be formed in Gy, (®), again,
regardless of the satisfiability of ®.

Here might be the place to note that our proof of soundness does not mention edges
between blocks By, By € Z for which |B; N By| <1 —1 at all. Thus, removing these edges
altogether from the graph, would not harm the soundness argument, and would clearly not
harm the completeness either.

This is not very surprising since in fact there exists a negligible subset of the vertices
Vo C V that covers all of these edged'] Thus, a set I C V that is independent in the graph
with these edges removed, can be translated to I \ V; which is of essentially the same size,
and is independent in our graph Gy, ,+(®).

In what follows, we ignore such edges, for simpler presentation. Of course, removing Vj
from the independent sets presented here eliminates these additional edges at once.

The 2-intersecting bound. We will exhibit an appropriate choice of maximal 2-intersecting
families for almost all of the blocks Z, that constitutes an independent set in Gy, pe)(P).

IThe set Vp is, in each block, the set of all subsets of R for which there is some sub-block B’ C B,
|B’| <1 — 2 on which this subset is ”under-represented”, in the sense that less than half of the sub-block-
assignments f : Rpr — {T,F} have a false extension that falls in the subset.
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The reason for the existence of this ”counter-example” is that there is a way to assign
almost all B € Z with a small special set of block-assignments such that for any two blocks
Bi, By such that |B; N By| =1 — 1, By’s assignments can be matched to By’s assignments,
so that all but at most one matched pair are consistent. Then, all we need to do is to take,
for each block, a 2-intersecting family over this special set of block-assignments. A subset
in ZNV[By], when viewed according to the matching as a subset of the special assignments
of By, must intersect each subset in Z N V[Bs] on at least two special block-assignments,
and by the special choice above, at least one of these pairs must be a consistent one.

We exhibit this phenomenon concretely by assigning each block 4 block-assignments,
and constructing the 73 out of 4”7 2-intersecting family which is maximal for p = %g

Let Zreqd U Zgreen U Zpiue U Zyeniow be a partition of Z into roughly equal sizes. For every
block B € Z, define four special block-assignments, £, f2. ... f.c: fil 110, defined as being
true on their color, and false elsewhere, e.g.

T ze€ Zred
Vee B, f5,2)%

red
F  otherwise

Of course, not all four are defined for every block, as a block-assignment f € Rp must
contain at least ¢ T’s, and there is a negligible fraction of the blocks Z’ C Z that intersect
at least one of Z,eq U Zgreen U Zbiue U Zyeliow With less than t values. Neglecting these, we
take for each block, the following set of vertices

IB]={FeV[B] | |Fn{fi, foties foiiow | = 3}

fB
green) yellow

and let T < Uy, 5 Z1B).

Let B € ZU=V and let B, = B U {z1}, and By = B U {z2}. Assume 21 € Z,q
(symmetrically for any other color), and observe the following,

Bi B1 B1 : : : B B> B>
Lo At Totues feiion are respectively consistent with f2 0 5, .

2. For any Fy € I[By), |[Fin{fh £}

green’ 'blue’
therefore, these vertices are consistent.

f?felllow}‘ > 2, and similarly for F, € Z[By],

Thus, Z is an independent set.

The bound p < (1 —p)?. Assume p > %5 We construct an independent set by

selecting an arbitrary block assignment for each block, and taking all subsets containing it.
By removing a negligible fraction of the vertices (subsets) in each block, we eliminate all
edges between blocks.

Consider two blocks By, By € Z, such that B; = BU {1}, Bs = BU {z2}. Denote by R
the set of sub-block assignments for B that are restrictions of Rp, and of Rp,, and assume
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for simplicity that every sub-block assignment in R has two extensions (to F and to T) in
both ftﬂB1 and RBQ.

A random subset F' €, P (Rp,), has expectedly p- |RBl| block-assignments. Moreover,
there are expectedly (1—p)*- | R| sub-block-assignments in R for which f-1=F) f=1=T) ¢ p,
and expectedly p - |R| sub-block-assignments for which f1<F) ¢ F.

For two vertices Fy € V[By] and Fy € V[By] to be inconsistent, one of them must
deviate from the expectation, due to the following. Every f € R for which f&=F) ¢ F
must have both fz2<F) f(2<T) ¢ I, If both Fl, F5 are near their expectation, there are
roughly (1 —p)? - |R| sub- block-assignments in R for which f>=F) f(=<T) ¢ [, and since
(1—p)? < p, this is not enough to meet the expected p- |R| sub- block—as&gnments for which
f2=F) ¢ F.

Standard Chernoff bounds imply that we need to remove only a tiny fraction of the
vertices of each block, so as to eliminate all subsets that deviate from the expectation
according to at least one sub-block B.
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Chapter 5

Discussion

Our hardness result for vertex cover relies, in essence, on a new combination of an underlying
PCP test-system together with the biased long-code. This PCP system has been custom
made for use with the biased long-code, a combination that works due to optimal bounds
on the maximal weight of 2-intersecting families.

The Biased Long-Code. The generalization of the long-code, allowing a non-uniform
distribution over its bits, opens up new possibilities of utilizing it for obtaining hardness-
of-approximation results.

The connection between the study of influences of variables on Boolean functions, and
analyzing the long-code, has clarified some of the structure of the long-code, a structure that
initially seemed quite complicated. The ideas in this field, and specifically the Friedgut-
Lemma, proved to be quite powerful for analyzing the long-code. In particular, the ’de-
coding’ of a p-biased long-code by allowing a slight increase in the value of p in return
for low average sensitivity, is actually a reverse view of the well-studied sharp-threshold
phenomenon of monotone families.

Standard PCP Terminology and Context. The parallel repetition theorem of [Raz98],
in standard PCP terminology says that any NP language L has a 2-prover 1-round inter-
active proof with certain parameters. Namely, there is a polynomial-time verifier machine
V', that upon input I tosses a logarithmic number of coins r» and based on that computes
queries ¢;(I,7) and g2(I,r) and sends them to provers P; and P, respectively. The verifier
accepts (i.e. declares that I € L) if the provers’ answers are consistent. The completeness
and soundness of the proof system are defined as the respective probabilities of accepting
aninput / € Land I &€ L.

There is a direct translation from this terminology to that of a SAT instance (®, X, Y)
where the random coin toss 7 selects a test ¢,_,, € ®, upon which the verifier queries the
value of = from prover P, and the value of y from prover P, and accepts iff p,_.,(z,y) =
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true.

For the maximum independent set problem, the main parameter of interest, is the free-
bit complezity, as defined by [FK94, [BGS98]. This parameter is equal to the average, over
the coin-tosses 7, of the logarithms, of the number of possible answers that would cause the
verifier to accept. In our terminology, the free bit complexity of our initial SAT instance ®
is simply log |Rx| because there are |Rx| possible assignments for the X variable and this
equals the total number of acceptable answers, since each assignment for the X variable
determines exactly one assignment for the Y variable that satisfies ¢,_.,,.

comment: Any proof system that has this structure of one prover determining the
second prover, can be made into a symmetric proof system by asking both provers the
questions of the first prover. This might be interesting later.

A Zero Free-Bit Protocol. [t is known that any hardness result for vertex cover can
be immediately translated into a PCP protocol with zero free bits as follows. Given input
a graph G, the verifier selects a random vertex and accepts if that vertex is outside the
vertex-cover and all of its neighbors are inside. This protocol has zero free bits since there is
only one acceptable answer. Our graph G, ,»1(®) yields such a protocol with completeness
¢ ~ p and soundness s =~ p°®. In general, any zero-free-bit protocol with completeness ¢ and
soundness s gives a hardness of approximation factor for Vertex-Cover to within E

The Bias Parameter. Currently, the only method for achieving a protocol with few free
bits, is via composition: One constructs a PCP protocol e.g. the Raz-verifier or extensions
of it, on which one applies a version of the long-code. The trick is to get the right interplay
between these two parts so as to achieve the best parameters for the resulting composed
protocol.

The failure of the 'maive’ construction, namely that of applying the long-code directly
onto the FGLSS graph, can be attributed to the fact that in the underlying PCP (parallel
repetition) an assignment to the first variable allows for many possible assignments to the
second variable. When we apply the p-biased long-code over such a construction, unless p
is extremely small, we lose essentially all structure of consistency between variables.

This leads us to define the graph of consistency between answers of the two provers.
Let Hy, 4, = (R1, R, E) be a bipartite graph with parts Ry and Ry denoting the possible
answers of provers 1 and 2 to the respective questions ¢, g2 (in this paper’s terminology:
Ry = Ry, and Ry = Ry). Connect a; € R; and ay € Ry by an edge if (a1, as) will
cause the verifier to reject. Note that H,, 4, is the subgraph consisting of two layers in
the FGLSS graph. Applying the long-code over H,, ,, simply means to take the bipartite
graph LC(Hy, 4,) = (P (R1),P (R2), Erc) whose parts are P (R;) and P (R») and put an
edge between I} € P (Ry) and Fy, € P (Ry) if F} x F, C E.

Intuitively, the sparser we can make H,, ,,, the larger we can take p in the p-biased-
long-code to be (our ultimate goal being p = 3).
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Call a vertex set nearly(p)-independent in LC(H,, 4 ), if one can remove from it a set
whose size according to 4, is exponentially small in |R;|, |Ry| to make it an independent
set in LC(H,, 4,). Define the p-threshold-family F=F(R) = {F C R| |F| > p-|R|}, and
let

bias(Hy, 4,) = sup (F7P(R;) U F7P(Ry) is not nearly(p)-independent in £C(Hy, ,4,)) -
P

Finally, we define the bias parameter of the proof system to be the maximum, over all
pairs qi, g2, of bias(H,, 4,). Notice that if the average co-degree of H,, ,, is large, we have
no hope of getting a large bias parameter. In fact, it would have been nice, but appears
non-trivial, to be able to formulate a connection between the average or the minimum
co-degree of H and an upper bound on the bias of H (the expansion of the graph with
respect to sets of relative size p can be used to lower-bound the bias parameter, but this
connection is not tight).

Let us now inspect our construction in view of this new parameter. Indeed, our graph
Gz[®] can be viewed as a 1-round 2-prover proof-system with bias parameter p = %5 as
follows. Let the question to the first prover be a block B € Z, and a possible answer a
block-assignment in Rp. Let the question to the second prover be symmetrically another
block B’, intersecting with the previous one on an [ — 1-sub-block BN B’ = B, and again an
answer would be a block-assignment in Rp/. The verifier will accept if the answers agree on
the common [ — 1 sub-block. Obviously the graph Hg g/ is the subgraph of Gz[®] induced
by two blocks.

Interestingly, although this construction has almost perfect completeness (i.e. a good
input is accepted with probability 1 — €) we cannot prove that the soundness probability is
low. However, for establishing a lower-bound for the vertex cover problem, a weaker gap
suffices. Indeed, we prove that it is NP hard to distinguish between the following:

e There is a prover-strategy causing the verifier to accept with probability 1 — e.

e For any prover strategy, any e fraction of queries (i.e. blocks) contain at least one
inconsistent pair.

The 2-Intersecting Limitation. When we apply the biased long-code to the above
PCP protocol, the composition limits our bias to p < %5 A further limitation of our
technique results in a gap not between 1 —p and 1 — € but rather between 1 —p and 1 — p°®.
The reason for this is that the underlying PCP system (corresponding to Gz[®]) does not
allow for "multi-assignments”. Regardless of the original input, we can exhibit a choice
of two answers per query, such that for any pair of blocks there is always a selection of
one from each that make an acceptable answer. Had this not been the case, a stronger
vertex-cover result would follow. Let us state a conjecture that would imply hardness of
approximating vertex cover to within 2 — e:
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Conjecture 5.1 For every e, h > 0 there exists an R > 1, such that if ® is a SAT instance
with variables X whose range is R, such that each test ¢ € ® depends on two variables and
the bias parameter is %, then it is NP-hard to distinguish between

o There is an assignment A : X — R satisfying 1 — € of ®.

R

h) there is a pair of variables whose multi-

o [For every multi-assignment A : X — (
assignments are pairwise inconsistent.

Moreover, as explained above, such a conjecture would also immediately imply the

existence of a PCP with 0 free-bits, soundness € and completeness % — €.

Other problems. Analyzing existing results for other approximation problems with
tools such as the Friedgut Lemma, may be fruitful. Two obvious candidates for this
are the Maximum-Clique, and the problem of approximating the Chromatic Number of
a 3-colorable graph.

The best known algorithm for coloring such a graph, uses n®™ colors [KMS9§|. On
the other hand, it is known to be NP-hard to color such a graph with 5 colors [KLS00].
Narrowing this gap is one of the most interesting remaining open questions in this field.

Such a hardness result can be obtained, for example, if one exhibits a graph G for which
it is NP-hard to distinguish between the case GG is 3-colorable and the case where the largest
independent-set of G is small.

One of the obstacles preventing the adaptation of our construction to this setting, is
the fact that our construction has imperfect completeness. Even in case of a satisfiable
instance, almost but not all of Z participates in the independent set. This prevents our
graph from being 3-colorable, in case we start with a satisfying assignment.
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The Closest Vector Problem






Chapter 6

Introduction

An n-dimensional lattice L = L(vy, .., v,), for linearly independent vectors vy, ..,v, € R is
the additive group generated by the vectors, i.e. the set L = {> a;v; | a; € Z}. Given L
and an arbitrary vector y, the Closest Vector Problem (CVP) is to find a vector in L closest
to y in a certain norm. The Shortest Vector Problem (SVP) is a homogeneous analog of
CVP, and is defined to be the problem of finding the shortest non-zero vector in L.

These lattice problems have been introduced in the 19th century, and have been studied
since. Minkowsky and Dirichlet tried, with little success, to come up with approximation
algorithms for these problems. It was much later that the lattice reduction algorithm was
presented by Lenstra, Lenstra and Lovasz [IHL82] | achieving a polynomial-time algorithm
approximating the Shortest Lattice Vector to within the exponential factor 2/, where n is
the dimension of the lattice. Babai [Bab86] applied IM.’s methods to present an algorithm
that approximates CVP to within a similar factor. Schnorr [Sch85] improved on IH.’s
technique, reducing the factor of approximation to (1 + €)™, for both CVP and SVP, where
the polynomial running time depends on % in the exponent. These positive approximation
results are quite weak, achieving only extremely large (exponential) factors. The question
naturally arises: What are the factors of approximation to within which these problems
can be approximated in polynomial time?

Interest in lattice problems has been renewed due to a result of Ajtai [Ajt96], showing
a reduction, from a version of SVP, to the average-case of the same problem.

CVP was shown to be NP-hard for any /, norm in [vEB8I], where it was also conjectured
that SVP is NP-hard. Arora et al. [ABSS93] utilized the PCP characterization of NP to
show that CVP is NP-hard to approximate to within any constant, and quasi-NP-hard to
approximate to within 208 "' for any constant € > 0 (i.e. an approximation algorithm
for such factors would imply NP C DTIME(2retvtosn),

As for SVP, it is NP-hard to approximate to within [Ajt98] Mic98| some constant fac-
tor (see also [CN98]). The proof in [Mic98| relies on the PCP characterization of NP
and is carried out via a reduction from gap-CVP (shown NP-hard for any constant gap
in [ABSS93]). Using gap-CVP allows, in addition to the significant improvement in the
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hardness-of-approximation factor, a major simplification of the main technical lemma from
[Ajt98]. Better hardness results for gap-CVP may result in improved approximation hard-
ness results for SVP.

So far there is still a huge gap between the positive results, showing approximations
for these problems with exponential factors, and the above hardness results. Nevertheless,
some other results provide a discouraging indication for improving the hardness result
beyond a certain factor. [LLS90] showed that approximating CVP to within n' is in co-
NP, and later [GGI8] showed that approximating both SVP and CVP to within y/n is in
NPN co-AM. Hence it is unlikely for any of these problems to be NP-hard.

The strongest NP-hardness result likely to be true for these problems, hence, is that
they are NP-hard to approximate to within a constant power of the dimension.

Our Results. We improve on [ABSS93| in two ways. First, we go beyond the factor of
ollogm)=¢ {5 any constant € > 0, which was the previous hardness-of-approximation factor
known for CVP. Instead, we achieve a factor of Qitoin — plaglogn Furthermore, we show
approximating CVP is NP-hard for these large factors, compared to the previously known
quast NP-hardness.

The known PCP characterizations of NP seem inadequate in order to show hardness of
approximating CVP to within large factors. The proof of [ABSS93| utilizes amplification
techniques, in which the dimension of the instance grows faster than the factor for which
approximation hardness is obtained. It is therefore unlikely that using this technique,
even if allowing a super-polynomial blow-up, one can obtain such strong results. It seems
that with this method it will always be the case that the factor for which hardness of
approximation is proven never reaches beyond the barrier of ollogn)1 = £ any constant
e > 0.

We introduce a new NP-hard gap-problem, Super-SAT (S-SAT for short), that we
use to prove our result. The S-SAT problem is a gap version of SAT, minimizing a new,
appropriately defined, objective function. Although the S-SAT characterization differs from
the PCP characterizations, its proof relies on similar techniques.

Let SAT[F] be the following problem: An instance of SAT[F] is a set of local-constraints
(Boolean functions) called tests, on variables from a common set, each variable ranging
over a finite set F'. Each test is represented by a list of assignments for its variables, which
are said to satisfy the test. The goal is to attach to each test one of the assignments
that satisfies it, such that consistency is maintained among the assignments, that is, each
variable is given the same value by the assignments of all tests that depend on it. If this is
possible, the instance is accepted, and otherwise it is rejected.

Our gap version of this problem, S-SAT) is as follows: S-SAT is the same as SAT[F]
except not all non-satisfiable instances must be rejected. We generalize the notion of
assignment to that of super-assignment — formal linear combinations of assignments with
integer coefficients — and modify the acceptance condition accordingly: Previously accepted
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instances must still be accepted. An instance must be rejected only if there is no super-
assignment to the tests, whose norm (see Definition is smaller than g, and which is
"everywhere consistent” (in a sense similar to that described above). If the instance is
somewhere in-between (i.e. minimizing the norm of its consistent super-assignments gives
a value greater than 1 but less than g), then that instance is not necessarily rejected (any
outcome is ok).

We show (Theorem that solving this problem is NP-hard for g = n!/l8lsn (p
denotes, as usual, the size of the instance). We then reduce this problem to CVP, preserving
the approximation factor. Improving the hardness of approximation factor of S-SAT to a
constant power of n, namely where g = n° for some constant ¢ (Conjecture , would
directly imply CVP to be hard to approximate to within a constant power of the dimension.

For simplicity, our proof works with /; norm, however it can be extended to [, norm for
any 1 < p < oo as shown in Section [11.3]

Outline. We begin, in Chapter [7], by presenting the new NP-hard gap-problem, S-SAT.
We first formally define S-SAT and then state Theorem asserting it is NP-hard to
approximate to within large factors of approximation (nl/ loglogn) = Chapter |8] gives some
definitions and techniques which are the basis of the construction. The NP-hardness of
S-SAT, that is the most technical part of this work, is established in two parts. In Chapter 9]
we describe the reduction from a low error-probability PCP characterization of NP, to
S-SAT. We proceed to prove the correctness of the reduction (Theorem in Chapter .
In Finally, in Chapter [L1] we show a simple reduction from S-SAT to CVP.
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Chapter 7
Super-SAT - S-SAT

In this chapter we introduce a new NP-hard problem, S-SAT. Let us begin by defining
SAT[F], which is actually SAT over non-Boolean variables, presented from a different point
of view. An instance of SAT[F]

I = <\I/ = {¢1, ..,@/Jn},v = {’Ul, "7Um}7{7—‘)’1/)17 -'>an}>

is a set U of tests (Boolean functions) over a common set V' of variables that take values
in a field F. In what follows |F|, m, and |R,,| will always be bounded by a polynomial in
n = |¥|. Each test ¢» € ¥ has associated with it a list R, of assignments to its variables,
called the satisfying assignments or the range of the test ¢. Having both ¢ and Ry is
convenient yet somewhat redundant since the list R, actually specifies all there is to know
about the test 1.

An assignment for an instance maps to each test, a satisfying assignment from its range.
An instance is accepted iff there is an assignment to the tests that is everywhere consistent,
that is, each variable is given the same value by the assignments to all tests that depend
on it. It is easy to see that SAT[F] is NP-complete.

S-SAT is a gap variant of this problem, obtained by setting a new measure on the non-
satisfiability of an instance. While in PCP we measured the fraction of tests, satisfiable
by a single assignment, in S-SAT we will define a measure of a different nature - we will
introduce a notion of super-assignments to the tests, that is, formal linear combinations of
assignments. We will then measure the ’length’ of a super-assignment, and ask how short’
it may get while maintaining ’'consistency’.

Definition 7.1 (Super-Assignment to Tests) A super-assignment is a function S map-
ping to each ¥ € U a value from Z™*. S(xp) is a vector of integer coefficients, one for each
value r € Ry. Denote by S(v)[r] the r'" coordinate of S(¢)).

If S(¢)[r] # 0, we say that the value r appears in S(¢). A natural super-assignment
assigns each 1) € ¥ a unit vector e; € Z** with a 1 in a single coordinate ¢ corresponding to
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an assignment for that test in the usual sense (i.e. an assignment which maps r € Ry to ¢
corresponds to the natural super-assignment S(¢) such that S(¢)[r] =1 and S(¢)[r'] =0
for all 7 # r). We use the average over the 4 norms of the vectors S(v), ||S(¥)||, to
measure the closeness of S to a natural super-assignment,

Definition 7.2 (Norm of a Super-Assignment) The norm of a super-assignment S is
the average norm of its individual assignments ||S|| = ﬁZu@lf I1S(¥)]|, where ||S(¥)]|

denotes the Iy norm of the vector S(1).

The norm of a natural super-assignment is 1. The gap of S-SAT will be formulated in
terms of the norm of the minimal super-assignment that maintains consistency. A natural
assignment r € R, to a test ¢ induces an assignment to each variable x, denoted r|,.
In the SAT[F] problem an assignment is called consistent if for every pair of tests with
a common variable, the assignments to the tests, restricted to the variable, are equal.
We extend this notion of consistency to super-assignments by defining the projection of a
super-assignment S(¢)) onto each of v’s variables. Consistency between tests will amount
to equality of projections on common variables.

Definition 7.3 (Projection) Let S : ¥ — (J, Z® be a super-assignment to the tests.
We define the projection of S(1) on a variable x of ¥, 7,(S()) € Z”, as follows:

VaeF:  m(Sw)dE S S

TERy, Tlz=a

Namely, we partition the assignments in ‘R, according to their value a € F on the variable
x (we associate with a € F all assignments r € R, for which r|, = a). For each value
a € F, we then add the coefficients S(1)[r] of the assignments associated with it, and this
is the value of the coefficient 7, (S())[a).

We shall now proceed to define the notion of consistency between tests. If the projections
of two tests on each common variable z are equal (in other words, they both give x the
same super-assignment), we say that the super-assignments of the tests are consistent.

Definition 7.4 (Consistency) Let S be a super-assignment to the tests in W. S is con-
sistent if for every pair of tests v; and 1; with a common variable x,

e (S(1hi)) = m2(S(¢5))

S is said to be non-trivial if every variable z € V there is at least one test ¥ € U that
isn’t cancelled’ on z: m,(S(¢))) # 0. For a variable 2 we think of all the values a € F
receiving non-zero coefficients in m,(S(¢)) (i.e. values for which m,(S(¥))[a] # 0)) as
being simultaneously ’assigned’ to x by 1. The non-triviality requirement means that each
variable must be assigned at least one value.

We can now define the S-SAT problem.
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Definition 7.5 (¢g-S-SAT) An instance of S-SAT with parameter g

I= <\I] = {¢1, --,wn},V = {’01, ..,Um}, {,R”ﬁl? ..,an}>

consists of a set W of tests over a common set V of variables that take values in a field
F. The parameters m and |F| and |Ry| are always bounded by some polynomial in n.
Fach test ¢ € ¥ has associated with it a list Ry of assignments to its variables, called the
satisfying assignments or the range of the test 1». The problem is to distinguish between the
following two cases,

Yes: There is a consistent natural super-assignment for W.

No: Every non-trivial consistent super-assignment for ¥ has norm > g.

Theorem 7.1 (S-SAT Theorem) There is some constant ¢ > 0, such that S-SAT is NP-
hard for g = n¢/loglen,

The S-SAT theorem (Theorem [7.1)) can be viewed as an extension of Cook’s theorem
[CooT1l, [Lev73] in the following way. An algorithm solving S-SAT is required to accept if
the test system is satisfiable. However, the algorithm is allowed to accept non-satisfiable
instances that have a consistent super-assignment of norm < g. It must only reject when
every consistent super-assignment for ¥ has norm > g. We are, in fact, adding slackness
between the acceptance and rejection cases.

We suggest a stronger conjecture which, if true, would imply that CVP is NP-hard to
approximate to within a constant power of the lattice-dimension.

Conjecture 7.2 S-SAT is NP-hard for g = n® for some constant ¢ > 0.

It is unlikely that the conjecture remain true for ¢ > £ due to the result of [GGI8] showing
that approximating CVP to within y/n is in NPN co-AM. Our reduction from S-SAT to
CVP is linear, and hence it follows that approximating S-SAT to within /n is in NPN
co-AM as well.
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Chapter 8

Tools and Definitions

8.1 Preliminaries
Let F denote a finite field F = Z, for some prime number p > 1.

Definition 8.1 (Low Degree Function) A function f : F* — F is said to have degree
r if its values are the point evaluation of a polynomial on F¢ with degree < r in each
variable. In this case we say that f is an [r,d|-LDF, or f € LDF, 4.

Sometimes we omit the parameters and refer simply to an LDF. The total degree of a
function is the total degree of the corresponding polynomial, i.e. the maximum over its
monomials, of the sum of degrees of each variable in the monomial. Every [r,d]-LDF has
total degree at most rd.

For an LDF P : F¢ — F, we define its restriction and re-parameterization P|c :
FP — F to the D dimensional cube (affine subspace) C = Ty + span(Zy,..,Zp) (where
Tg,..,Zp € F%), in the natural way. Namely,

Y(t1,..tp) € F?,  Pe(ti,...tp) = P(Zo+ Y _ t:7:)

Observe that the total degree of P|¢ is at most that of P, namely < rd.

Definition 8.2 gLow Degree Extension) Letm,d > 0 be natural numbers, and let H C
F such that |H|" = m. A wvector (ag,..,am-1) € F™ can be naturally identified with a
function A:HE — F by looking at points in H® as representing numbers in base |H]|.

Let A: F— F be defined by

Aler, oz = Y H 11 % H Eij:z; A(hy, .. ha)

(h1,. thHd i€H i€ i€
i# hy i# ho i# hy
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A is a (|H| — 1,d)-LDF called the |H| — 1 degree extension of A in F.

Let V' = {wo,..,vm-1} be a set of variables, and identify every assignment A : V. — F
with the vector (ag,..,a,—1) € F™ where a; = A(v;). One can extend A to a larger set
of variables V' O V via the low-degree-extension of (ag, .., am—1). Namely, we identify the
variables V with the points in H?, and add new variables for the rest of the points in
F?. The new set of variables V correspond each to a point in F4. A is thus viewed as an
assignment to V O V that (1) extends A, and (2) is a point-evaluation of an [|H|—1, d]-LDF.

Similar to the definition of super-assignments, we define a super-LDF G : LDF — Z to
be a formal integer linear combination of LDFs, and denote by G[P], the integer coefficient
assigned to the LDF P. We say that the LDF P appears in G iff G[P] # 0. This definition
arises naturally from the fact that the tests in our final construction will range over LDFs.
We further define the norm of a super-LDF to be the norm of the corresponding coefficient
vector (same as with super-assignments). We say that a super-LDF has total degree r if
every LDF appearing in it has total degree < r.

Given a super-[r, d]-LDF G, we define its restriction 7¢(G) to a D-dimensional cube C,
(which is a super-LDF of dimension D and degree rd) in the natural way. Namely,

WP eLDF.qp m@PIE Y GQ)

QELDF, 4, Qle=P

We say that a point x is ambiguous for a super-LDF G if there are two LDF's appearing in
G, that agree on x. The following (simple) property of super-LDF's will be very important.

Proposition 8.1 (Low Ambiguity) Let G be an [r,d]-super-LDF of norm < g. The
fraction of ambiguous points for G is < amb(r,d, g) = el ( )\fl

Proof: Two distinct [r, d]-LDFs agree on at most |]_.‘ of their points. At most g LDFs

appear in any super-LDF of norm < ¢, and so there are no more than (‘27) pairs. [ ]

Two LDFs can coincide on only a small fraction of cubes,

Proposition 8.2 Let P,Q be two [r,d]-LDFs. The fraction of cubes C (affine subspaces of

dimension D < d) on which Plc = Q|c is < ‘T—;ll.

This follows from the fact that two distinct [r,d]-LDFs agree on at most ""—]f.ll of their

domain, and by the fact that selecting a random point in a random cube gives a uniform
distribution on the entire domain, which implies that the restriction of an LDF to a random

cube, is even less likely to avoid all points for which P(x) # Q(x).
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8.2 Embedding Extension

An important technique utilized herein is adapted from [DFKT99], and shows how to
represent an LDF over a low-dimensional domain C = F* by a lower-degree LDF over a
domain of higher dimension D = F**. The points in the domain C are embedded in the
domain D by taking each ’axis’ in F* and replacing it by k& new ones (thus the extended
domain F* has dimension k) so that an LDF of degree r (in each variable) on the original
domain F* is transformed to an LDF of degree /1 (in each variable) on the extended domain
FH.

Definition 8.3 (embedding extension) Letb > 2, k > 1 and t be natural numbers. We
define the embedding extension mapping FEj : F* — F'* as follows. E, maps any point

€T = (517 "7§t) € Ft to Yy € ft.k; Yy = Eb(]}') - (7717 "777t~k) by

ooy &y (ft)ba (gt)b2> ) (&)b]ﬁl)

bkfl

By, &)Y <51, )b (&)Y, -, (&1)

Hence Ey(F') C F* is a manifold (multi-dimensional curve) in F*. Each of F*’s axes
corresponds to some preset power of an axis of F*, and Ej,(F") consists of exactly the points
in which those axes indeed match.

The following proposition shows that any LDF on F! can be represented by an LDF on
FtF with significantly lower degree:

Proposition 8.3 Let f : F' — F be a [V — 1,t]-LDF, for integers t > 0,b > 1,k > 1.
There is a [b—1,t - k|-LDF fop : F'* — F such that

Ve e F': f(x) = fou(Ep(z))
Proof: We rewrite f as an LDF f.,; : F'* — F by replacing each power (&) of &,

0<i<t 0<p<?tF (&P — (o)™ - (7i1)" -+ (i)

where (Gofi...0k—1) is the base b representation of p, and we ’re-index’ 7; ; = Ni—1)k4j+1-
The degree in each variable of f..; is b — 1, and the dimension is tlog, b* = t - k. The
restriction of feg to the manifold E,(F*), will give f, as seen from substituting the manifold
equations 7;; = (1;0)? into each of the monomials). u

Note that an arbitrary [r,tk]-LDF f on the larger domain F** can be viewed, when
restricted to the manifold, as a [, ¢]-LDF f with 7 = r- (14+b+024...+b*1) < r- (b —1).
This LDF is the re-parameterization of the LDF obtained by substituting in the manifold
equations. Note that if the total degree of f is s, then the total degree of f is < s- b1,
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Chapter 9
Reducing PCP to S-SAT

In this chapter, we present a reduction from a low error-probability PCP characterization
of NP, to S-SAT. Starting with a PCP instance, we show how to construct an instance of
S-SAT. The correctness of the reduction is proven in the next chapter.

Let & = {¢1, .., ¢, } be asystem of tests over Boolean variables Vg = {v1, .., v, }, (assume
m = n® for some constant ¢ > 0) such that each test depends on D = O(1) variables. The
following theorem is a direct corollary of [AS92, IALM™92]:

Theorem 9.1 It is NP-hard to distinguish between the following two cases:
Yes: There is an assignment to Vg such that all @1, ..., @, are satisfied.
No: No assignment can satisfy more than 1/2 of the tests in ®.

Starting from ®, we will construct an S-SAT test-system W over variables Vg D Vg. Our
new variables Vg will range over a larger, non-Boolean, range, namely a field F. An
assignment to Vg can be interpreted as an assignment to Vg by identifying the value 0 € F
with the Boolean value true and every non-zero value a € F with the Boolean value false.

9.1 Constructing the CR-Forest

We construct ¥ from & by replacing each ¢ € ® with a set of new tests ¢. These tests
essentially test that o is satisfied, and that some set of variables (that encode ¢’s variables)
are an LDF. The construction relies on strong ’error-correcting’ properties of LDFs (in a
similar manner to proofs of PCP theorems) to eventually ’decode’ any consistent low-norm
super-assignment for ¥ into a satisfying assignment for the original test-system ®. The
idea is to embed ®’s variables into a geometric domain and then recursively encode this
domain by multiple new domains, adding new variables along the way.

We describe the construction via an underlying tree structure, one tree per test ¢ € ®.
Each node in the tree is associated with a set of variables such that the variables of all of
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the offspring of a node encode that node’s variables. For each leaf of the tree, ¥ will have
one test that depends on the variables associated with that leaf.

The key to the construction lies in understanding how the variables associated with
different nodes relate to each other This is described in Section [0.2l The variables of
the root node contain ¢’s variables, plus some additional ones that together represent the
points of a domain F%. In fact, every node in the tree will associated with a domain F¢,
and each offspring of that node will be associated with a cube C C F¢ in that domain.
This is roughly how the points of the parent domain are distributed among its offspring.
The variables of each offspring will consist of some of the parent’s variables but also some
new ”extension” variables, together corresponding to points in a new domain F¢ where the
parent ”"cube” variables are mapped via the embedding extension mapping into the new
domain.

The idea is that a consistent super-assignment to the tests of W, essentially assigning a
super-LDF to each leaf node, can be inductively decoded into super-LDFs on domains of
nodes residing higher up in the tree, reaching all the way up to the root. For this decoding
to work, certain points in a domain, containing more 'information’ than others, need to
have a larger proportion of offspring representing them. This is established (in Section
by defining for each domain a set of ’distinguished points’. Then, a mechanism of labels
serves to obtain the correct proportion of offspring encoding the distinguished and the
non-distinguished points.

Let us begin by defining the composition-recursion forest (CR-forest), which holds the
underlying structure of .

Let F be a field of size |F| = [Vg|OW/108l08m — per/loglogn fo1 some constant ¢; > ¢
(recall we denoted |Vg| = n¢). Let dy = [loglogn], recall that D denotes the number of
variables each test in ® depends on, and set d = 4D + 8. Let L = [cyloglogn], (the
constant co > 0 will be specified later).

Let B(F? t1,t;) denote the number of different affine-subspaces of dimension ¢, (in a
domain F d) that contain a certain affine subspace of dimension 0 < t, < ¢;. It is easy to
sce that B(F?, ty,t) < |F|7" 7).

Definition 9.1 (F,,(®)) The composition-recursion forest (CR-forest) F,,(®) = {T, | ¢ € O}
is a set containing one depth-L tree T, for every test p € ®. The root node (level-0) of
T, has B(F®,D+2,D —1) = n?W offspring, and all nodes in levels i = 1,...,L — 1
have 2 |F|PT2. B(FP+8 D +2,0) = |F|°Y offspring. Note that although the forest F,,(®)
depends on many parameters (L, D,dy) which can all be derived from ®, we single out the
parameter n according to which the size of the generated instance is measured.

The forest F,,(®) will be the base upon which U’s variables and tests will be defined
as follows. With each node v € T, (¢ € ®), we associate a distinct geometric domain,

denoted dom,. For the root root, of every tree, dom, oy, e Fdo_ while for non-root nodes
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v, dom, “J' Fd. For a node v, we associate with each point in dom, a distinct variable
from Vy, by defining an injection var, : dom, — Vy. Points from domains of distinct
nodes may be mapped to the same variable. In particular, the variables that ¢ depends on
will belong to var,(dom,) for many of the leaves in the tree T,.

We can already at this point define the tests of W,

Definition 9.2 (tests) W will have one test 1, for each leaf v in the forest. 1, will depend
on the variables in var,(dom, ). An assignment A for i), ’s variables is considered satisfying
if and only if the following two conditions hold:

1. A is an [rp,d]-LDF on var,(dom,) (where r;, < 2(D + 2) = O(1) will be defined
below).

2. If v e T, for p € ® and all of ¢’s variables appear in var,(dom,), then A must
satisfy .

The instance of S-SAT that we construct, must have a list of satisfying assignments for
each test. Note that the size of this list is bounded by the number of [ry, d]-LDFs which is
|F |O(1), i.e. polynomial in n. Having defined the tests in ¥ and the satisfying assignments
for each test, it now only remains to specify the variables that each test accesses, i.e. define
for each node v, the mapping var, : dom, — Vy.

9.2 Variables

We begin by defining the variable mappings for the root nodes of the trees in the forest.
Recall that for the root node root, of each tree Ty, we set dom,g, = F do et Vq> O Vs
be the variables representing the low-degree-extension (Definition , with parameters
m = |Vs|, do = [loglogn]|, and H C F such tha |H|™ = |Va|) of Vg, ie. Vg is a set of
|F |d0 variables each representing a distinct point in F%. We define the mapping var,,.,
as follows,

Definition 9.3 (var,,;,) The bijection Var,,,, : domy,,, — Va maps the points of
dom,,,, = F® to Vo in the following manner. Take H = {0,..,h — 1} C F such that
[H|% = hdo = V| (ie. [H| = |Vq>|% = po/do = pe/loglogn qnq since |F| = nei/loslosn ye
have |H|*¢ = | F|). We define Var,.o, to be a bijection independent of o, taking the points
of He% C F to Vg, and the remaining points FP \ H% to Va \ Vs.

Note that for every ¢ € ® the points of dom, ., were mapped to the same variables, hence
each of the |F|® variables in Vg has |®| pre-images (so far).

f %/m is not an integer, we add dummy variables to V.
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For simplicity we assume that for each ¢ € ®, the points mapped to ¢’s variables are in
general position (i.e. they span a (D — 1)-dimensional affine-subspace of F%), otherwise,
we choose an arbitrary (D — 1)-dimensional affine subspace containing these points.

Before we continue to define the mappings var, for non-root nodes, let us examine the
purpose of these mappings. Picture a super-assignment to the tests of WU, as a labeling
of each leaf in the forest by a super-LDF. We will prove (see Lemma that such an
assignment, if consistent and of low-norm, 'induces’ a low-norm super-LDF for the domain
of each internal node, and in particular — a low-norm super-LDF G for the 'root-domain’,
Fd . We now use the fact that the variables representing this root-domain are common to
the roots of all T,’s, to interpret G as a global assignment for the variables in V. Namely,
we will show that any LDF that appears in G with a non-zero coefficient assigns Vg values
that satisfy most of the tests in ®.

The idea behind the CR-forest is that the domain dom, of a node u is 'represented’
by its offspring’ domains. u’s domain’s points are distributed among the domains of each
of u’s offspring. The aforementioned Lemma will show how to join the LDF's of u’s
offspring into one LDF for u. The advantage we gain by representing one LDF over u’s
domain by many LDFs over u’s offspring” domains is that we can enforce the degree of the
LDFs in the leaves to be very low, compared to the degree of the LDF on the root that
they represent (the dimension of the LDF's is maintained low as well). Therefore the list of
satisfying assignments for the tests in ¥ (corresponding to LDF's on the leaves’ domains)
is not too long. We can afford to list all LDFs (i.e. satisfying assignments) only when the
degree (and dimension) of the LDF's is small enough, because for a higher degree the length
of the list would not be polynomial in n.

The key to understanding the construction is to see how a node w is 'represented’ by
its offspring. Pictorially, u’s domain’s points are distributed among the domains of u’s
offspring, each offspring v receives a slice of ©’s domain. Some of v’s points correspond to
v’s slice of u’s variables. The rest of v’s points are some (low-degree) encoding or extension
of these points.

Consider a non-root node v, and denote its parent by u. Assuming var, is already
defined, we now specify the mapping var, : dom, — V. Some (exactly |F|”?) of the
points in dom, ’represent’ points from dom,, and will thus be mapped to u’s variables
(var,(dom,)). The rest of the points in dom, will be mapped to fresh new variables
V, ¢ Vo (Vi] = |F|* = |F|”*?) associated with the node v. Only points in domains
of nodes in v’s sub-tree may be mapped to V,. For uniformity of notation, we define

Voot = Vq,, for every root root,, again stressing the fact that the roots of all of the trees
share the same variables. Altogether

veE v =JW.

vETp
ped
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u’s variables are distributed among its offspring by letting each offspring v of u 'repre-
sent’ an affine sub-space C, C dom,, of dimension D+2 (a (D+2)-cube). More formally, we
label (as specified later in Section [9.3]) each offspring v of u by a (D + 2)-cube C, C dom,,.
We represent a cube C, by D + 3 points xy, .., zp42 such that C, = zo + span(xy, .., 2p42)
(this yields a natural way of viewing C, as FP*2).

We embed all points of the cube C, C dom,, into the domain dom, by the embedding
extension mapping, defined above in Section , Ey, : C, — dom, (the parameter b;
depends on the level ¢ > 1 of the node v, and is specified shortly below). Via this mapping,
we can transform LDFs on the cube C, to lower-degree LDFs on the domain dom,. This
will allow us to represent a satisfying assignment to ® by [r;, d]-LDFs on the domains dom,
of level-i nodes (the degree r; will be defined below). The construction is aimed to lower

the degree r; of the LDF's, from rg et |H| ~ nt/loglgn o = O(1).
We think of the point y = Ep,(z) € dom, as 'representing’ the point = € C, C dom,,
and define var, : dom, — V4 as follows,

Definition 9.4 (var,, for a non-root node v) Let v be a non-root node, let u be v’s
parent, and let C,, C dom,, be the label attached to v (the label of a node is defined below,
Definitions . For each point y € E,(C,) C dom, define var,(y) e/ var,(E, " (y)),
i.e. points that ’originated’ from C, are mapped to the previous-level variables, that their
pre-images in C, were mapped to. For each ‘new’ point y € dom, \ E (C,) we define
var,(y) to be a distinct variable from V,,.

The parameters used for the embedding extension mappings Ej, are t = D + 2, k = d/t.
We set o = |H| = |F|7" and riyy and by (i > 0) are defined by the following recursive
formulas:

bi+1 = ’7 Yy T‘Z(D + 2) —f— 1—‘
rigr = biy1—1

(we will show in Section that b;, r; decrease until for some L < loglogn, r;, < 2(D+2) =
O(1)).

In order to complete the description of the test-system, we now only need to describe the
cube-labeling of all of the offspring of each node. This will describe how the representation
of a node u is distributed among its offspring.

9.3 Labeling Nodes

We define the offspring-labels of a node u, thereby completing the description of the con-
struction. As described above, each offspring of the node u 'represents’ an affine subspace in
the domain dom,,, i.e. the variables of u’s offspring represent an encoding of u’s variables.
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This representation has some error. To control this error, we proportion the offspring so
that more important variables are represented by more offspring. Roughly speaking, the
‘importance’ of a variable x € V' is determined by how high up (towards the root) in the
tree this variable appears. The closer the variable is to the root, the more information it
represents about ®’s original variables, V.

Let us begin by defining the labels of the offspring of a root node root,. The tests at
the leaves of the tree T, represent the test ¢ € ®. Therefore, the variables that ¢ depends
on are 'very important’ to represent. We define the offspring-labels of root, so that every
offspring represents these variables,

Definition 9.5 (offspring-labels for a root node) Let

dst(root,) = {x € dom,,, | @ depends on var g, (x)}

be a set of distinguished points for root, (recall our assumption that dst(root,) is a set of
exactly D points in general position). We label each offspring of root, by a distinct cube
from the following set:

labels(root,,) = {C is a (D +2)-cube in F% |C D dst(root,) }

The number of labels [labels(root,)| = B(F%, D + 2, D — 1) is the number of (D+2)-cubes
containing the (D — 1)-cube spanned by the points mapped to ¢’s variables (assuming, as
mentioned above, that these points are in general position).

For a general non-root node v € T,, we use a mechanism of 'distinguished-points’
to promote the importance of certain points more than others. For each offspring v of
u we define, hand in hand with v’s label, a set of distinguished points dst(v). v will
‘represent’ these points in the sense that the descendants of v will represent dst(v) with
special care. For a general non-root node v € T, we consider two levels of 'important’
variables: (1) variables that belong to some ancestor (direct and indirect) of v (there are
| F |D+2 such variables, all mapped from v’s parent) and (2) variables mapped from the
distinguished points of v (there will always be exactly one or D such variables). The node
v will correspondingly have two equal-weight sets of offspring,

Definition 9.6 (offspring-labels for non-root nodes) Let v be a non-root node. We
define two multi-sets of offspring-labels for v. For each variable x € var,(dom,) \ V,, i.e.
X that belongs to some ancestor of v, we define

labels,(v) =) {C Cdom, is a (D + 2)-cube | x € var,(C)}

we then take labels; (v) to be the multi-set

labels; (v) e/ U labels, (v)

xevar, (dom,)\V,
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For every offspring w of v, labelled by a cube from labels,(v), we define dst(w) to be

the singleton set consisting of the point in dom,, that is mapped to x, i.e. dst(w) el

{var,~'(x)} C dom,,.
The second multi-set (actually set) of offspring-labels is devoted to representing the
distinguished points of v. We simply take

labels,(v) et {C C dom, is a (D + 2)-cube |C D dst(v)}

For each offspring w of v labelled by a cube from labelss(v), we set dst(w) «f Ey, (dst(v))
(where i is w’s level in the tree), i.e. w distinguishes the same set of variables as v.

The final multi-set labels(v) is the union of labels;(v) and | M| copies of labelsy(v),
where the number M = |F|""* B(F, D +2,0)/B(F*, D+ 2,|dst(v)| — 1) is chosen so
that at least half of the labels are from labels,, and at least a third of the labels are from
labels,.

9.4 Construction Size

Recall that we defined dy < [loglogn| and d I AD +8. We also set 1o = |H| = |F|/ =

ne/leglogn “and defined b, = {4 (D +2)r; + 1} and r;,1 = b;y1 — 1 for every i > 0.

We claim that indeed r;, = O(1) for some L < loglogn. For this purpose we prove by
simple induction that r; < max( {ré/ Qi—‘ ,2(D +2)). For ry this indeed holds, and assuming
it true for r; we have that if r; > 2(D + 2) and b;;1 > 2, then

Fip1 < bip1 = [ (D +2)r; + 1] < [ 27«2-(1)+2)] < [(r)"] < [V < {(ro)l/fﬂ .

We set L to be the first index for which r, < 2(D + 2) = O(1). Obviously, until that
point 7;, b; decrease monotonically, and since ry = 2¢l°e7/loglogn [, < |1og(clogn/loglogn)|+
1 < loglogn. This also implies that b; > 2 for all 0 < ¢ < L, and completes the induction.

The Range of the Tests. The tests of the test-system range over [rp,d]-LDFs. The
number of monomials of degree r;, < 2(D +2) = O(1), and dimension d =4D + 8 = O(1)
is bounded by (r;41)4 = O(1). The number of [ry, d]-LDFs is hence bounded by |F|°") <
O(n) and therefore the range of the tests is polynomial in n.

The Number of Tests and Variables. [t is only left to verify that the size of the forest
is polynomial. We have |®| = n trees, so let’s verify that the number of nodes in each tree
is polynomially-bounded.
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Consider a tree T = T, € F,(®). root, has B(F%,D+2,D —1) < |F|*® = n°0
offspring and each node in level i (0 < i < L) has 2|F|°*?. B(F?, D +2,0) = |F|°Y
offspring. Altogether the number of nodes in T is bounded by

L
nO(l) . H ’f|0(1) _ nO(l) . |f|O(L) _ nO(l) . (210gn/loglogn)O(loglogn) _ nO(l)
=1

Hence the number of tests in ¥ is polynomial, and the number of variables is < |F|*-|¥| =
o(1)
nW.



Chapter 10

Correctness of the Reduction

In this chapter we prove the completeness and soundness of the reduction presented in the
previous chapter.

10.1 Completeness

Lemma 10.1 (Completeness) If there is an assignment A : Vo — {true, false} satis-
fying all of the tests in ®, then there is a natural assignment Ay : Vo — F satisfying all
of the tests in W.

Of course, this assignment Ay is equivalent to a consistent natural super-assignment. We
extend A following the rationale of the construction, by taking its low-degree-extension to
the variables Vq,, and then repeatedly taking the embedding extension of the previous-level
variables, until we’ve assigned all of the variables in the system. More formally,

Proof: We construct an assignment Ay : Vi — F. We first set (for every ¢ € @) Proot,
to be the low degree extension (see Definition of A (we think of A as assigning each
variable a value in {0,1} C F rather than {true,false}, see discussion in the beginning
of Chapter @ We proceed to inductively obtain [r;, d]-LDFs P, : dom, — F for every
level-i (i > 0) node v of every tree in the CR-forest, as follows. Assume we’ve defined an
[r,d-LDF (an [r;, do]-LDF in case i = 0) P, consistently for all level-i nodes, and let v
be an offspring of w, labelled by C,. The restriction f = P,|¢, of P, to the cube C, is a
[ri(D+2), D+2)-LDF. f can be written as a [[ Yr(D+2) + 1] 1, 4D +§]-LDF f.,, over
the larger domain F¢, as promised by Proposition taking k = 4. We define P, = fex¢ to
be that [ri1,d-LDF (recall that d = 4D +8 and 7,41 = bipy — 1 = [ (D +2) + 1] —1).
Finally, for a variable x € var,, x = var,(z), we set Ay(x) «f P,(z). The construction
implies that there are no collisions, i.e. x' = var,(z') = var,(z) = x implies P,(x) =
P, v’ (ZL’/) |
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10.2 Soundness

In this section we show that a 'no’ instance of PCP is always mapped to a 'no’ instance of
S-SAT. We assume that the constructed S-SAT instance has a consistent super-assignment
of norm < g, and show that ® — the PCP test system we started with — is satisfiable.

Lemma 10.2 (Soundness) Let g w | F|° where ¢, > 0 is some small enough constant,
say ¢, = 1/1000. If there exists a non-trivial consistent super-assignment of norm < g for
W, then ® is satisfiable.

Let us first sketch a brief outline of the proof. The proof follows the structure of the
trees underlying the construction. Since the tree structure is different for the first level
nodes and for all other levels, we divide the proof accordingly.

We begin with a few definitions preparing for the proof itself. We then state Lemma [10.4
that encapsulates the inductive part, handling all internal nodes in levels > 1 of the tree,
and proving that a non-trivial consistent super-assignment at the leaves can be decoded into
"consistent” super-LDFs on "most” internal nodes. Relying on this lemma, we proceed to
prove the soundness lemma (Lemma . The heart of the proof is a consistency lemma
(Lemma that allows us to combine ”consistent” super-LDFs on domains of offspring
of a node into one super-LDF on the domain of that node. We use this lemma to combine
the super-LDF's on the root’s offspring (i.e. level-1 nodes) into one global super-LDF on
the common domain F%, and from it deduce an assignment satisfying the original PCP
test-system ®.

We then return to the inductive proof of Lemma [10.4] again relying on the same consis-
tency lemma (Lemma, for the inductive step.

The proof of the consistency lemma (Lemma itself follows in Section [10.3]

Proof: Let SA be a non-trivial consistent super-assignment for ¥, of norm [|SAJ < g.
It induces (by projection) a super-assignment to the variables

m:Vy — yAd

i.e. for every variable x € Vy, m assigns a vector m,(S.A(¢))) of integer coefficients, one
per value in F where v is some test depending on x. Since SA is consistent, m is well
defined (independent of the choice of test ¢). Alternatively, we view m as a labeling of the
points Uvan(q)) dom, by a ’super-value’ — a formal linear combination of values from F.
The label of the point = € dom, for some v € F,,(®), is simply m(var,(z)), and with a
slight abuse of notation, is sometimes denoted m(x). m is used as the “underlying point
super-assignment” for the rest of the proof, and will serve as an anchor by which we test
consistency. Since SA is non-trivial, m(z) # 0 for every .

For a node u, we denote by Avg(u) the average of ||S.A(1,)| over the leaves v in u’s
sub-tree. We will show that whenever Avg(u) is not too high for a node u, then u’s subtree
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is, in a sense, consistent. We thus define a 'good’ node as one having a low average norm
on its subtree’s leaves:

Definition 10.1 (Good Nodes) Fiz C' > 0 large enough, e.g. C = 301. A node u in
level © in the CR-forest is said to be good if

Avg(u) < g def g-C™

We denote by nodes; the set of good nodes in level i.

For any node v, denote by ofsp(v) the set of v’s direct offspring. It is easy to see that
most offspring of a good node are themselves good:

Proposition 10.3 If u € nodes;, then

Pr (vé&nodes; )>1-1/C
veofsp(u)

Proof: u is good, thus by definition Avg(u) < g;. Had v more than 1/C bad offspring, then
the total average of SA(1,) on its sub-tree would be > g;11 - & = gi. [

The central task of our proof is to show that a consistent low-norm super-assignment to
the tests at the leaves induces a low-norm super-LDF on the root domain. The key step in
this proof is the inductive step showing that if, for a node v, almost all of its offspring have
a low-norm super-LDF that is consistent with m, then we can deduce such a super-LDF
G, over dom,.

It turns out that for a general node u we cannot always deduce a super-LDF agreeing
with m on every point in dom,, (a counter-example can be constructed). Instead, for good
nodes u we show that there exists a super-LDF G, over dom,, that agrees with almost all of
the super-LDFs on u’s offspring. By ’agrees’ we mean that (suppose v is an offspring of u
labelled by C,) the parent super-LDF G, projected on the points of C, equals G, projected
on the manifold points Ej, (C,).

The consistency with m will then follow inductively from the fact that the offspring’
super-LDFs were consistent with m. The importance of consistency with m is not the
same for all points. For certain points (e.g. those mapped to variables from V) we cannot
allow any inconsistency, while for others we can allow some small error. For every node
v we consider, as mentioned before in the construction, two types of special points: The
distinguished points dst(v), and the manifold points,

Definition 10.2 (Manifold Points) For a non-root node v labelled by C,, we define the

manifold points manf(v) L Ey,(Cy), where i is v’s level in the tree.
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These are the points that originate from all of v’s ancestors.

We rely on the manner in which the offspring were proportioned to deduce a high
level of consistency for these special points. We can now state the key inductive lemma
(Lemma showing how consistency follows from having a low-norm super-assignment.
This lemma relies heavily on the precise structure of the forest, and shows that for every
good node u, there is a super-LDF on u’s domain that is ’almost’ consistent with ”the
anchor” m. The lemma is proved inductively, constructing u’s super-LDF from the super-
LDF's of u’s good offspring. We will later want to construct from these super-LDFs an
assignment that satisfies more than half of the tests in ®. For this purpose, we need the
super-LDFs along the way to be legal,

Definition 10.3 (Legal) An LDF P is called legal for a node v € T, (for some ¢ € @),
iof it satisfies @ in the sense that if p’s variables have pre-images x1,..,xp € dom,, then
P(x1), .., P(xp) satisfy ¢. A super-LDF G s called legal for v € T, if for every LDF P
appearing in G, P is legal for v € T,.

Lemma 10.4 Let u € nodes; for some i > 1, and set a« = 3/C and A =4-(D +2)3 =

O(1). There exists a legal super-LDF G, of degree at most T; w©opr-i. (ri +1) and of
norm < 257 Avg(u) that agrees with m on dst(u) and on 1 — « fraction of the points in
manf(u), i.e.

Vo € dst(u) m,.(G,) =m(x)

and
Pr  (m(G,) =m(x)) > 1—«
z€manf (u)

This lemma is the key to our construction. Its proof shows how consistent LDF's on offspring
nodes induce an LDF on the parent. Before we prove this lemma, which is somewhat
technical, let us first use it to complete the proof of Lemma [10.2

Applying Lemma for level-1 nodes, we deduce that SA induces a legal super-LDF
G, of degree 7, and with ||G,|| < 227 'Avg(v), for every node v in nodes;. We now join
these super-LDFs into one legal super-LDF over the root domain F%, and then deduce
a satisfying assignment to the tests in ® from this super-LDF. Let v € nodes] be an
offspring of root,, for some ¢ € @, and let C, C domy, ., be the cube labeling v. We would
like to view G, as a super-LDF over C,, by restricting the LDFs in G, to the manifold
manf(v) C dom, that represents C,. For every [f1,d-LDF P : dom, — F, define P as
the [dr; - (b1)%, D + 2]-LDF which is defined as P’s restriction to the manifold manf(v):

Vo € C, C dom,oy, :  P(x) «f P(Ey, (x))

(Note that since P’s total degree is < 74 - d, the total degree of P is < 7 -d - (b;)® because
the degree of Ey, is (b1)*! = (b;)?). For every LDF P : dom, — F, G, assigns an integer
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value G,[P]. We define the super-LDF G, to be the same formal linear combination as G,,
replacing each LDF P with P:

P, P=Q

In other words, the super-LDF G, is simply the restriction (and re-parameterization) of G,
to the manifold manf(v), as discussed in Section . The total degree of G, is 71d - (by)3.

Let root, be a good root node. Since the average norm of all the tests is < g, and a
good root node is by definition one with Avg(root,) < g - C, there are at least 1 —1/C =
1 — /3 such nodes. For every good offspring v of root,, Lemma guarantees that

Precc, <7Tz(§’;v) = m(m)) > 1 — a, and that for every z € dst(v), 7,(G,) = m(x). Given

this assignment of super-LDF C;U per label C, C dom, o, = F b we would like to use the
fact that these super-LDFs are consistent with m to deduce the existence of some global
super-LDF on F% (that is also consistent with m). The following consistency lemma, when
applied for u = root,, will imply just that.

Lemma 10.5 (Consistency Lemma) Let u € nodes; for some 0 < i < L. Define S* to

be the multi-set of cubes that label good offspring of u, S* = {CU € labels(u) |v € nodesfﬂ}.
If for every good offspring v of w there is a super-LDF G, over Cy, of total degree < r =
7:/(D + 2) and norm ||G,|| < 28771 - Avg(v), such that

Pr (r,(G,) = m() > 1 -

rECy

then there is a super-LDF G, over dom,, of total degree 7; = r(D + 2) and norm ||G,|| <
2L~ Avg(u) that obeys

Pr (m(gu) _ gv) >1—af6

CyeS*

We defer the proof of this lemma to the next section, and continue with the proof of
Lemma [10.2l As previously mentioned, the super-LDFs G, obtained for the C,s were of
total degree 7 - d(b1)?, hence the degree is:

Frodb)? = AF(ry+1)-d(b)} =AMt d- (b)) =
= AN 4D +2) (ro(D+2) + 1)
< ARV 4D +2)%(rg+1) = AX(ro + 1) /(D + 2) = 7y /(D + 2)

using the definitions A = 4(D +2)3, 7 = AL7H(r; + 1), bipy = /(D +2)+ 1 and riy; =
bi+1 — 1. Hence we obtain from the consistency lemma a global super-LDF G, of degree 7
over F% that agrees with G, for 1 — a/6 of the good offspring v of u = root.,.

We next show that G, = G, for every ¢ # ¢’ whose corresponding nodes root,, and
root, are both good. Choose a random cube C, € labels(root,) and a random point
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z € C, C F@ We claim that Pr,¢, (7,(G,) = m(z)) > 1 — 2a. By Proposition m the
probability that C, is not good is < a/3. If C, is good, the above Lemma tells us
that with probability at most /6, mc,(G,) # G, (altogether we have that with probabilit
> 1—a/3—a/6 > 1—a over the cubes in labels(p), 7, (G,) = G,). Now, by Lernma
for any good C,, Pruec, (1:(G,) # m(z)) < a. For all otherwise chosen points, we have
72(G,) = m(z), and the claim is proven.

These points constitute roughl a 1 — 2« fraction of F%. Hence G, and G, agree with
m on the same > 1 — 4o > 1/2 fraction of the points. Thus, the super-LDF G, — G,
(subtraction is defined as subtraction of the coefficient vectors) is zero when projected on
more than half of the points.

Now, utilizing the fact that |G, — G| < |Gyl + [|Gx] < 25Tg, and by the low-
ambiguity property (see Proposition the fraction of ambiguous points (the only candi-
dates on which the projection can be zero) is bounded by

ny )
amb (7, do, 2" g) < 22“*”92—7}? < DALy |FPOTO T < 12

Thus, we deduce that G, = G,. In addition, G, must be non-trivial since m(z) # 0 for
every .

We choose an arbitrary LDF P that appears in G = Gy # 0 for some good root s, and
define an assignment Ap : Vo — {true,false} for the variables of ® as follows. For each

v € Vg, we define Ap(v) “ true iff P(x) = 0 on the corresponding point & = var,., ' (v)

(see Definition , and Ap(v) “J talse otherwise.

The fraction of tests ¢ € ® for which root,, is good is at least 1 —1/C > 1/2 (because
the total average of Avg(root,) over all ¢ € ® is g, and a good root node root,, is defined
as a node with Avg(root,) < C - g).

We will show that Ap satisfies ¢ for every good node root,, and thus ® is totally
satisfiable. Let ¢ € ® be such that root, is a good node. By the above consistency lemma,
we know that for 1 — a/6 of the good offspring v of root,, 7¢,(G) = G,, and unless P is
cancelled on C,, P|c, appears in G,. P will be cancelled on C, only if there is another LDF
() appearing in G whose restriction to C, equals P’s restriction. For each () the probability

for this is bounded by (see Proposition flojf.l‘o Since there are no more than 2% g possible

LDFs @ that appear in G, P is cancelled with probability < % 2K < 1)2.

Thus there exists at least one good offspring v of root,, for which ¢, (G) = G, and P|c,
appears in G,. Recall that the distinguished points of each offspring v of a root node root,,
dst(v), are mapped to ¢’s variables. In addition, since v is good, Lemma ensures that
G, is legal, i.e. for every Q appearing in G,, Q’s restriction to ¢’s variables satisfies ¢. It
follows that ¢ is satisfied by Ap. [

IThis procedure is almost equivalent to choosing a point uniformly at random, however there is a small
(negligible) bias in favor of points in the span of dst(root,,)
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This completes the proof of soundness, Lemma [10.2]

We now fill in the proof of Lemma [10.4]

Proof: (of Lemma[10.4) We prove this statement by induction on L—i. We ascend from
the leaves to the top level, obtaining a super-LDF for each good node from the super-LDF's
of its good offspring.

For obtaining the base of the induction (i = L), recall that for every leaf u € nodesj, the
test 1, is assigned a super-LDF S A(¢,). The definition of nodes; implies ||SA(¢,)|| < gr.
Since SA is a consistent super-assignment, S.A(v,) agrees with m on all of dom, (in
particular with all of manf(u) and dst(u)), and thus the base of the induction is established.

To see the inductive step (1 < ¢ < L), let u € nodes; be a good level-i node. By the
inductive hypothesis for L — ¢ — 1, every good offspring v of u has a legal super-LDF G,
(of degree 7;41) with norm < 2L771. Avg(v) such that G, agrees with m on dst(v) and on
1 — « of the points in manf(v).

Let v be a good offspring of u. We define G, as in the proof of Lemma [10.2] to be the
same linear combination as G,, taking LDFs P instead of P, where P : C, — F is defined
by Yz € C, P(x) = P(Ey,, (x)). It follows from definition and from the inductive
hypothesis that G, is a super-LDF of total degree driv1 - (biy1)? as before. As before, this
is bounded by < 7;/(D + 2).

For any good label C,, let € C,, and let y = Ej,,,(z) € manf(v) C dom,. Re-
call that we abbreviated m(z) to mean m(var,(z)). Furthermore, we defined var,(y) =
var,(Ey,,, (x)) = var,(z), thus m(y) = m(z). Note also that by definition of Gy, m(Gy) =
7y (Go)-

By the inductive hypothesis, and since F;,,, bijects C, to manf(v), we have that the
following equality holds both (1) for 1 — « of the points = € C,, and (2) for every point
x € C, such that y = B, (z) € dst(v) :

Wr(gv> = Wy(gv> = m(y) = m(:L’)

By (1), and applying the consistency lemma (Lemma |10.5), we deduce a global super-
LDF G, over dom, of norm ||G,|| < 257%. Avg(u) and of degree 7; such that for 1 — a/6 of
the cubes in 8%,

7, (Gu) = G (*)

This constitutes at least 1 — /6 —1/C' =1 — /2 of all the cubes in labels(u) (there are
no more than 1/C no-good cubes, see Proposition . Now recall from the construction
of the offspring-labels (see Definition that at least one half of the offspring v of u are
labelled by cubes in labels;(u). We deduce that 1 —2-«a/2 =1 — « of these cubes obey
(%). Similarly, labels,(u) make up at least one third of the total number of labels, thus (x)
holds for ~ 1 — 2« of them (and in particular for at least one cube in labelsy(u), which is
all we’ll need).
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Recall from the construction of the offspring-labels that the cubes C, € labelsy(u)
have dst(v) = E,,,(dst(u)). By Definition 9.4 these points are mapped to the exact
same variables: var,(dst(u)) = var,(dst(v)). As long as there exists one good cube
C, € labels,(v), we'll have for every x € dst(u), y = Ep,,,(x) € dst(v), and by (2),
72(Gy) = m(x). We have shown,

Vo € dst(u) m.(G.) =m(z).
We have left to show that

Pr  (m:(G,) =m(x)) >1—«

z€manf (u)

Consider the second half of u’s offspring, labelled by a label from

labels; (u) = U labels, (u)

x€vary (domy, )\ Vy

These offspring are actually divided into |manf(u)| parts, one per each point = € manf(u)

(with the correspondence var,(z) = x). By definition, the offspring v in x’s sub-part have
def

dst(v) = {Eu,,(z)}. We have shown (recall (2) from before) that 72(Gy) = m(x) holds
for any x such that y = E, ., (x) € dst(v). Hence for every € manf(u), if there is a good
label C, € labelsar, ()(1), then 7,(G,) = m(x).

As shown above, 1 —a of the cubes in labels; (1) are both good, and obey ¢, (G,) = Go.
Hence for 1 —a of the points + € manf(u) there must be a good cube C, € labelsyar, (2)(u)
for which m¢,(G,) = G,. In this case,

T2(Gu) = ma(7e, (Gu)) = m2(Gy) = m(z)
This establishes,

Pr  (7m.(G,) =m(x)) >1—«

z€manf (u)

10.3 The Consistency Lemma

In this section we prove the consistency lemma, that allows us to deduce one global super-
LDF for any good node, assuming ”consistent” LDFs on its good offspring.
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Lemma (Consistency Lemma) Let u € nodes; for some0 < i < L. Define S* to

be the multi-set of cubes that label good offspring of u, S* = {CU € labels(u) |v € nodes;ﬁrl}.
If for every good offspring v of w there is a super-LDF G, over C,, of total degree < r =
7i/(D +2) and norm ||G,|| < 2¥771 . Avg(v), such that

Pr (7,(G,) = m(z)) > 1 — «

xGCv
then there is a super-LDF G, over dom, of total degree 7; = r(D + 2) and norm ||G,| <
2L~ Avg(u) that obeys

Pr (ncv(gu) = QU) >1—a/6

CyES*

Proof: Throughout the following proof, we make no effort to minimize the constants,
but rather to shorten the mathematical expressions in which they appear.

Unless otherwise mentioned, C, will denote the cube labeling the node v.

For simplicity, assume dom,, = F¢ (F% in case i = 0).

An [r,d-LDF P : F? — F is called permissible with coefficient cp if cp # 0 and for at
least 2/3 of the cubes C, € §*, G,[Plc,] = ¢p. We define the global super-LDF G, by

. cp P is permissible with cp
VP € LDF,,: G.[P|™
0 P isn’t permissible

We claim that G, is the desired global super-LDF. We first claim that |G, || < 2-2L7"*Avg(u).

Proposition 10.6 The norm of G, is bounded by 2 - 22~ Avg(u) = 2L Avg(u).
Proof: Denote by P, .., P, the permissible LDFs (if a = 0 we’re done), and denote c; =
Gu|P;]. Let us consider the average A of the norms ||G, ||,

e 1 5 1 i i
A def 5 Z 1G] < & Z 9L—i 1Avg(v) < oL-i 1Avg(u)
C,eS* CyeS*

< 2L—i—1gi — 2L—i—1 g Ci—i—l < |f’cg . CL < ’F‘

where the second inequality in the first line is true since averaging the norm over all of the
offspring is at least as large as the average of the good offspring.

We will lower bound A as follows. P; appears with ¢; in > 2/3 of the good cubes, which
means A > 2/3 - |cy|. P, appears with ¢y in > 2/3 of the good cubes, however some of its
appearances can coincide with those of P;. Denote by v the maximal fraction of cubes on



96 Correctness of the Reduction

which possibly Pi|c = Pa|c (by Proposition, v < ). Hence A > 2/3-|c1|+(2/3—7)-|cal.
2/3 —

7
Continuing in this manner, P; adds at least 27) - |e3| and we obtain

J
9
Vi<j<a A2§ (5—@‘—1)7)-!01-!
=1

Ifa>g > (L,f!l, we get A > 21/67 (% - %7) el = & 51> /| F|, a contradiction.

Thus a < 1/6+, and

“ (2 Iy 1
i=1 =1

and indeed ||G,| < 2A <2271 Avg(u) = 287 Avg(u). ) ]
We have left to show that for almost all of the cubes C, € §*, 7¢,(G.) = Go.

Let us define, for every good node v, the remainder super-LDF: R, = Gy — e, (Gu)
(the definition of G, implies that every LDF P appearing in it has degree < r; subtraction
is defined as usual subtraction of two vectors in ZXPF »D+2) - Agsume, for contradiction,
that for at least an «//6 fraction of the good nodes, R, # 0. We will derive a contradiction
by finding an LDF P that appears with the same coefficient cp # 0 in R, in at least
2/3 4+ 7||G.|| fraction of the good nodes v. This LDF P can agree with another LDF in

G, on at most 7v||G,|| fraction of the good cubes. Hence on at least 2/3 of the good cubes,

p = U[P|cv] = cp + G,[P], which implies that P is permissible with ¢, so by definition

Gu|P| = ¢p, hence cp = 0, a contradiction.
For every = € F¢, define mg(z) . m(z) — 7,(G,). Obviously mg(z) = 7,(R,) if and
only if m(z) = 7,(G,). (This happens for at least 1 — a of the points z € C, for every

C, € 8*, by the conditions of the lemma).
Proposition 10.7 Let R, ©re, - 7e,(Gu) be as before. There exists an [r, D + 2|-LDF P
and a coefficient cp # 0 such that

o (RuPle] = cp) > 0

where § = Q ((2)?) and s ©f 9l=iAvg(u).
Proof: Consider the following random procedure:

1. For every cube C, € labels(u) choose a random LDF from the set
{Q € LDF, pis | R,[Q] # 0}. If C, ¢ S* or this set is empty, choose nothing.

2. For every point x € dom,, choose a random value from the set {a € F |mg(x)[a] # 0}.
If this set is empty, choose nothing.
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3. Choose a random cube C, € labels(u) and a random point z € C,. If no value is
chosen for either the point or the cube, the procedure fails.

We are interested in pairs of good cube and point on it, on which the procedure doesn’t
fail, and that have relatively few possible values to choose from, and that are consistent.
We eliminate ’bad’ pairs as follows.

For a cube C, € labels(u) define E;(C,) to be the predicate that evaluates to true iff
C, € §* and the set {Q € LDF, pio | R,[Q] # 0} is non-empty. Pre, crabetsu)(£1(Cy)) >
(1-1/C)-a/6 because 1 — 1/C of the cubes are in §* (since u is good), and we assumed
for contradiction that for /6 of these cubes R, is non-trivial.

For a cube C, € labels(u) define E5(C,) to be the predicate that evaluates to true iff

E1(C,) is true and also [|G,|| < 2 - ﬁ where s = 2L7"Avg(u) bounds the average of

|G, || taken over nodes v € S*. We note that the average norm ||G,|| taken over cubes for

which FE; is true does not exceed ﬁ. The standard Markov argument shows

1
> . > (1— .
cveligls(u)(EQ(Cv)) — 2 Cvelaﬁ))lc;ls(u)(El(Cv)) 2 (1-1/0) - a/12

By the triangle inequality, |Ro|| = [|Gs — 7e, (Gu)|| < 11Gull + [|Gull < [|Gsl + s hence the
cubes C, for which Fy(C,) = true have |R,| < 12s/a(1 —1/C) + s < 13s/a.

For a cube C, € labels(u), and a point = € C,, define E3(C,,x) to be the predicate that
evaluates to true iff Ey(C,) = true and also x € C, and x obeys mg(z) = 7,.(R,) and
R, is not ambiguous on x. We say, in this case, that the point x and the cube C, agree
non-ambiguously. Since for every good cube C, no more than « fraction of its points have
mg(z) # 7:(R,), and no more than amb(r, D + 2, ||R,||) are ambiguous, it follows that

Pr  (E5(Cy,z)) > E’r(Eg(CU)) (1 —a—amb(r,D+2,||R,|]))
Cy Elabels(u) v
xECv

> (1-1/0)-a/12-(1—a— |F]7?)
> /100

(the second inequality follows from amb(r, D + 2, [|R,||) < % IR I1? < \.7:]_%).
The pairs of point z and cube C, for which E3(C,,x) = true are pairs that agree non-
ambiguously, and for which ||R,|| < 13s/a.

For a cube C, € labels(u), a point z € C,, an [r,D + 2]-LDF @ (viewed as an
LDF over C,) and a value a € F, define E4(C,,x,Q,a) to be the predicate that evalu-
ates to true iff F3(C,,z) = true and also Q(z) = a. We will lower bound the proba-
bility Pre, ».0.a(E4(Cy, x,Q,a)) where C, € labels(u), z € C,, and @ and a are chosen
according to the random procedure described in the beginning of the proof (i.e. @ is
chosen uniformly from the set {Q € LDF, pia | R,[Q] # 0}, and a uniformly from the set
{a € F|mg(z)[a] # 0}. Note that when Ej is true, there are no more than £¢ LDFs that
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appear in R,. Since F4(C,,x,Q,a) = true implies by definition F3(C,,x) = true we know
that mp(z) = 7:(R,), hence any value a randomly chosen for z has a “matching value”
in the set {Q € LDF, pi2 | Ry[@] # 0}. This value is the chosen one with probability at

least {3.. Thus,
o

Pr(Ei(C.r2,Q.0)) = Pr(Es(Cr)) - 13-

Finally, note that if E4(C,,z,Q,a) = true, then R,[Q] = mg(z)[a] because the cube
and point agree non-ambiguously. Also, since in this case ||R,|| < 13s/a, the coefficient

R,[@] can be any value from the set B o {#£1,...,£13s/a}, 26s/a values in all. Denote
by E.(C,,z,Q,a) the predicate that is the same as F, except that it evaluates to true only
if in addition, R,[Q] = mg(x)[a] = ¢. There must be at least one value ¢y € B for which

2

Pr(Es(Cp, 1)) > . &

==
~ 33852 100 (3)

Pr(E,, (Co, 7, Q,a)) > Qi&s-Pr(E4(Cv,x,Q,a))

a a
> .. =
— 26s 13s S
We now apply the following corollary of [RS97],

Lemma 10.8 Let p = (52)° for some constant ¢ > 0, and let S = labels(u) for labels(u)
as above. Let A : S — LDF, pio be an assignment of [r, D + 2]-LDF per cube, and let
Aoy : F&— F be an assignment of value per point. If

Pr_ (AlCl(z) = Aolz]) = p

CerS,xerC

then there is an [r,d]-LDF P for which Prces(Plc = A[C]) > p?.

We omit the proof of this lemma, and note that a very similar cube vs. point version
appears in [DFKT99]. We apply this lemma as follows. We take S = labels(u). For every
cube C, whose selected value @ has R,[Q] = ¢y, assign A[C,] = @, otherwise let A[C,] be a
totally random value. For each point z € F¢, we define Ay[z] to be the value selected for
it in the random procedure. Again, if no value was selected, we assign a totally random
value. We have

Pr_ (A[C](z) = Ao[z]) = Pr(E,(C, z, A[C], Ao[z]))
ceS,zec
The probability on the right hand side is taken over a random choice of cube C € § and
point = € C, and over the random choices made when defining A[C] and Ag[z]. Tt follows
easily that this probability is at least > Pr(E,,). Thus we obtain an LDF P that agrees
with > (Pr(E,,))® > Q ((2)?) fraction of the cubes and their chosen values. P expectedly
appears in less than 1/|F| of the cubes that were randomly assigned. Thus at least half

of the cubes in which P appears also obey R,[Pl¢,] = ¢o. These cubes make up at least
6 =1 (Pr(Ey))* =Q((2)°) of the good cubes. ]
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We have found a polynomial P that appears (with the same coefficient ¢y # 0) in a
non-negligible fraction of the cubes (i.e. R,[Plc,] = co for a non-negligible > ¢ fraction of
the good offspring v of u). We now show that P, in fact, appears in most of the points
with coefficient ¢y,

Proposition 10.9 For most points x € dom,,, mg(x)[P(x)] = co.

Proof: Let N = {x € dom,, |mg(x)[P(x)] # ¢} be the set of points where P does not

appear with coefficient c¢q. We shall prove that u el | dLNm‘ < . We now state a hitting

lemma that shows that if N is not too small, then almost all of the cubes must hit a
non-negligible fraction of the points in V.

Lemma 10.10 (Hitting Lemma) Let 0 < 3 < 1 and let D = F¢. Let N C D be a set
of points, |N| > (|D|. Most (1 — %) cubes in labels(u) (for u as above) have at least g
of their points in N.

The proof of this lemma is easily obtained using the pairwise independence of points in
a random cube, and is omitted (special care should be given to the fact that the points
in these cubes are distributed only almost uniformly: certain points — e.g. span(dst(u)) —
appear more often than others).

We now know that 1 — % of the cubes in labels(u) (1 — Ifl
|S*| > 3 [labels(u)|) have & of their points from N. Consider only cubes C, whose norm
isn’t too large — | R, || < 2s/(6/2) (the average of | R,|| over all nodes v € §* is < s+s = 2s,
hence we are ignoring a /2 fraction). If § > o 4+ amb(r, D + 2,2s/(6/2)) then every such
cube must agree non-ambiguously with at least one point from N. This implies that P
does not appear in these cubes (that constitute at least 1 — o fl — §/2 fraction of §*) with

coeflicient ¢y, and hence, § < | F| + §/2. Altogether we have that

fraction of S&*, since

32 1
p < max | 2(amb(r, D +2,25/(6/2)) + ), —= | < =
J|F| 2
[ |
Having P appearing in most points, we now show that P appears in most cubes with
coefficient ¢y.

Proposition 10.11 For at least 3/4 of the cubes C, € §*, R,[Ple,] =

Proof: Let N = {x € dom,, | mg(x)[P(z)] = ¢o}. N has, by Proposition [10.9] most of the
points in F¢. According to the hitting lemma, all except 7 fl of the cubes in labels( ) (%
of 8*), have ; of their points from N.

By the Markov inequality, at most 1/10 of the cubes in §* have norm ||R,|| < 10 2s =

20s, and thus no more than 20s LDFs appearing in them. Therefore 1 — 1/10 — Ifl > 3/4



100 Correctness of the Reduction

of the cubes in §* have }l of their points from N, and are assigned no more than 20s LDF's.
Denote these cubes S*(P). We will show that for every cube C, € §*(P), R,[Plc,] = co.

Let C, be a cube in §*(P). The fraction of points of C, on which mp agrees with R,
1

non-ambiguously and the point belongs to NV is at least % —a —amb(r, D + 2,20s) >

(recall @ < 1/100). For each such point = € C,, there is an LDF @, Q(x) = P(x) with
R.,[Q] = ¢o. For every such point there are no more than 20s candidates, hence there is at

least one LDF @) with R,[Q] = ¢o that is equal to P on at least

1 - r(D +2)
20s ||

o]

of C,’s points. This LDF is therefore equal to P|c, (two distinct [r, D + 2]-LDFs can agree

on at most “2E2 fraction of their domain).

7]
We have shown that R,[P|c,] = ¢y for all cubes C, € §*(P), which make up at least

3/4 of the cubes in S*. u

We unveiled an LDF P that appears with the same coefficient ¢y # 0 in R, for at least
3/4 > 2/3 + 7||G.]|| of the good nodes v. Hence P appears with the same (¢ = ¢y + G,[P])
coefficient in G, for at least 2 /3 of the good nodes v. Thus, P is permissible with coefficient
¢, and by our definition of G,, G,[P] = ¢. Thus ¢y = 0, a contradiction. [ |
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g-CVP is NP-hard

We begin by defining the Closest Vector Problem (CVP), and its gap version g-CVP. We
then define an intermediate problem called Shortest Integer Solution (SIS), and show a
reduction from g-SIS to g-CVP. We then show the simple reduction from g-S-SAT to ¢-SIS
and therefore to g-CVP. We restrict ourselves to [; norm, although the results can be easily
translated to any [, norm, 1 < p < oo.

A lattice L = L(v1, .., v,), for linearly independent vectors vy, .., v, € RF is the set of all
integral linear combinations of vy, ..,v,, L ={>_ a;v; |a; € Z}.

The closest-vector problem is defined as follows:

CVP. Given (L,y) where L = L(vy,..,v,) is a lattice and y € RF, find a lattice vector
closest to y (i.e. a lattice vector v € L that minimizes ||[v — y|.

Approximating CVP to within factor g = g(n) means finding a lattice vector v whose
distance from y, |[v — y||, is no more than g times the minimal distance. The gap version
of CVP is a decision problem as follows,

g-CVP. Given (L,y,d) for a lattice L, a vector y € R*, and a number d, distinguish
between the following two cases:

Yes: There exists a lattice vector v € L for which ||v —y|| < d.
No: For every lattice vector v € L, ||[v —y|| > g - d.

Proving that g-CVP is NP-hard means that having an approximation algorithm to within
factor g were to imply P = NP.
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11.1 Shortest Integer Solution - SIS

Definition of SIS and ¢-SIS

We define a variant of CVP named Shortest Integer Solution (SIS) and its gap version,
g-SIS. We then show a simple reduction from ¢-SIS to g-CVP.

SIS: Given (B,t) for an integer matrix B with columns by, ..,b, and a target vector
t € L(by,...,b,), find integer coefficients a; such that > a;b; = ¢t (we assume such a; exist),
and such that the length ) |a;| of the solution is minimal. In other words, find the shortest
integer solution for the linear system B -z = t.

The gap version of SIS is as follows,

g-SIS: Given (B, t,d) with B and t as before, and a number d, distinguish between the
following two cases:

Yes: The shortest integer solution is of length d or less.

No: The shortest integer solution is of length > g - d.

Reducing ¢-SIS to ¢-CVP

Given an instance of ¢-SIS, (B, t,d), we efficiently construct a lattice L and a target vector
y such that ’yes’ instances of ¢-SIS are translated into ’yes’ instances of g-CVP and 'no’
instances are translated into 'no’ instances. The lattice L is constructed by multiplying the
matrix B by a very large number w, and adding a distinct 1-coordinate to each column.
The vector y (that we are to approximate from within the lattice) will be ¢ multiplied by
w with zeros in the n additional coordinates:

wB wt
L="11 ol Y= |o
0 1 0

To see that 'yes’ instances map into yes’ instances just note that any solution a, B-a = t,
gives a lattice vector L - a such that ||L-a — y|| = ||a||. Let w be such that the entries in
the upper half of the matrix are all integer multiples of g-d+ 1. The next lemma will show
that 'no’ instances of g-SIS (where the shortest solution is of length > ¢ - d) map into 'no’
instances of g-CVP.

Lemma 11.1 If there is a lattice vector, L-a, such that r e/ |L-a—yl| < g-d, then there
is an integer solution to (B,t) of length r.
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Proof: v < gd means that L - a = y in all but the lower n coordinates, otherwise the
distance » would be at least g-d+ 1. In other words, a is a solution to the ¢g-SIS instance.
The lower n coordinates of L - a are exactly equal to a, and therefore ||a|| = r. u

11.2 From S-SAT to ¢g-SIS

We shall prove that g-SIS is NP hard for g = n®/!°81%6" (for some constant ¢ > 0) by
reducing g-S-SAT to it.

We begin with a g-S-SAT test system I = (U = {¢1, .., ¥}, V = {v1, ., 0 }, {Ryys s Ry })
where W is a set of tests over variables V', and for each ¢ € ¥, Ry, is the set of satisfying
assignments for ). We (efficiently) construct from it an instance of ¢-SIS, (B,t,d). We
then show that the 'yes’ instances of g-S-SAT are mapped to 'yes’ instanceof ¢-SIS and 'no’
instances to 'no’ instances.

We show that a consistent natural super-assignment to W translates to a short (i.e. of [
norm |¥|) solution for (B,t). On the other hand we show that any solution that is shorter
than g - |¥|, translates to a consistent super-assignment of norm < g for .

The General Construction. The matrix B will have a column for every pair of test
1 € U and a satisfying assignment r € R, for it. The upper rows of B will take care of
consistency, and the lower rows will take care of non-triviality.

Non-Triviality Rows. There will be a row designated to each test. In the row of v all
of the columns associated with ¢ will have a 1, and all other columns will have zero.

Consistency Rows. We shall have |F| rows for each pair of tests ¢; and 1; and common
variable = (there will be a - |F| rows if ¢; and 1; share a variables). These rows serve as
a consistency-ensuring gadget and only the columns associated with v; and 1; will have
non-zero values in these rows. The gadget will ensure that the super-assignments to ¢; and
©; are consistent on their common variable .

The target vector ¢ will be an all-1 vector. We set d </ U]
We now turn to describe the structure of the gadget itself. This will complete the description
of the ¢g-SIS instance.

The Gadget. Let’s concentrate on the gadget for the pair of tests v; and ; with common
variable z. This is a pair of matrices G of dimension (|F| x |Ry,|) and G5 of dimension
(IF| x |Ry,]). The matrices G; and G have |F| rows, each corresponding to a possible
assignment for the variable . The r-th column in G, is the ’characteristic function’ of 7|,
i.e. zeros everywhere except for a 1 in the r|,-th coordinate. Similarly, the column in G
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Gy i ’l/}j Gy
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A row for
each value 0 0 0 1 1 1
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Figure 11.1: The SIS matrix B

corresponding to r’ is the negation of the characteristic function of r'|,, i.e. 1 everywhere
except for one 0 in the 7’|,-th coordinate (see Figure [11.1]).

Proving Correctness. Let us now show that 'yes’ instances of the S-SAT map to ’yes’
instances of the g-SIS.

Lemma 11.2 If there is a consistent natural super-assignment to the S-SAT test system
U, then there is a solution of Iy norm |V| to the above g-SIS instance.

Proof: We take the consistent natural super-assignment S and construct from it a
solution to the ¢-SIS. We will concatenate the vectors S(11)S(t)s)... (turning n |Ry,
coordinate vectors into one long vector with ). |Ry,| coordinates) to obtain our alleged
solution to ¢g-SIS. The target vector is reached in the non-triviality rows because S is natural
i.e. it assigns a +1 coefficient to exactly one column of every test.

To show that the target vector is reached in the consistency rows, consider the set
of |F| rows belonging to an arbitrary pair of tests ¢; and ¢; with common variable x.
Suppose S(¢;)[r1], S(1;)[r2] are the single 1’s in S(v;), S(¢;) respectively (S is natural). S
is consistent so r1|, = 72|,. By the construction of B we see that

71 T
1/0 1/1 1
o 1 1

| 1 | + 7moz] O | = 1
| o |1 .

|71\ 0 |71\ 1 1
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and the target vector is reached in these rows.
The length of the solution is the sum of the lengths of the S(x)’s, and since [|S]| = 1, it
is exactly |V|. n

We will now show that 'no’” instances of the S-SAT map to 'no’ instances of the g-SIS
by showing that if we ended up with an instance that isn’t a 'no’ instance, then we must
have started with a non-'no’ instance.

Lemma 11.3 Let s be a solution to the above g-SIS instance, ||s| < g|V|. There exists a
non-trivial consistent super-assignment S of norm < g for the S-SAT instance.

Proof: We show how to construct S from s: we 'break’ s into |¥| pieces of length |R/,
one for each test ) € . We obtain a super-assignment S whose norm is ﬁ”s”

For any arbitrary ¢ € W, the target vector is reached in the 1)-th row of the non-triviality
rows. This implies that

> s =1 (11.1)

TERw

and in particular S is non-trivial (the sum of the coordinates in S(¢)) remains the same
under projection to any single variable).

Let 1;,7¢; € W be arbitrary tests with a common variable x. We shall show that
7 (S(¢;)) = m,(S(¢;)). Consider the |F| rows that correspond to 1;,v;,z. In each of
these rows the sum of the vectors is 1, in other words, for any f € F,

> S@l+ Y Syl =1 (11.2)
v rlet rirlats
Subtracting for ¢; from gives,
> S@l= Y Syl

rir|e=f rirle=f

which, by definition of the projection means m,(S(¢;)) = m,(S(¢;)). We hence have a
consistent super-assignment of norm \F1|||3|| <g.

The two above lemmas complete the reduction of S-SAT to g-SIS.

11.3 Other [, norms

Our result actually holds for CVP with any [, norm for 1 < p < oo, as seen by the following
reduction.
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Let us begin by observing that in our reduction from S-SAT to CVP via g-SIS, a ’yes’
instance (a test-system with a consistent natural super-assignment), was transformed to a
g-SIS instance having a solution of length |¥|, which was transformed to a CVP instance
(L,y,dist = |¥|) such that there is a lattice vector v € L with ||v — y||; = |V|, and such
that the vector v — y is a zero-one vector, thus [[v —y|, = ¢/[[v — y[l; = ¢/]¥].

Now take the same lattice L and target vector y as a CVP, instance with distance
parameter €/\_| ., (L,y,dist, = W) The above observation simply says that a ’yes’
instance has a solution whose distance is (/m .

On the other hand, if (L,y,|¥|) is a 'no’ CVP; instance, then every lattice vector
v e L, has |lv—y|li > g-|¥|. Since |lz|l, > {/||z||: for any integer-vector =, we have
v =yll, > /g 19 = ¢/g- ¢/1¥].

This establishes that it is NP-hard to approximate CVP, to within a factor of /g =
ner/leglosn for some constant ¢, > 0.



Chapter 12

Discussion

Our result for the Closest Vector Problem was obtained via S-SAT using recursive compo-
sition, that alternates between two types of algebraic encodings: the embedding extension,
and the low-degree extension. This technique was adapted from the proof of a low error-
probability PCP characterization of NP [DFK'99], and proved to be useful in this setting
as well.

Two interesting open problems remain. The first is the Shortest Vector Problem, the
homogeneous counterpart of CVP. This problem is easier to approximate than CVP, as
an approximation algorithm for CVP yields an approximation for SVP [GMSS99], yet
currently the best approximation algorithms for it give no better factors than those for
CVP. However, where hardness results go, the SVP lags behind, with known hardness of
approximation for a factor no larger than some constant.

The hardness of approximating SVP is of special interest in cryptography, where the
hardness of this problem serves as the basic assumption of a crypto-system of Ajtai and
Dwork, see [AD97].

The second open problem is to achieve hardness of approximation factors for CVP that
are polynomial in n, say n¢ for some € > 0. Our technique seems incapable of doing this,
as the recursive structure requires super-constant depth, limiting the blow-up allowable at
each level.
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Appendix A

Weighted vs Unweighted

We show a simple reduction from Vertex-Cover on weighted graphs to the non-weighted
case.

Lemma A.1 Let o > 0 be an arbitrary precision parameter. Given a weighted graph

G = (V,E,\), one can construct, in polynomial time in |G| ,% an unweighted graph G, =

(V,, E,) such that

a(Go)
Vel

Proof: Let m = |V|- %. We replace each v € V' with m, = [m - A(v)] copies ([z]
denotes the integer nearest x), and set

—@(G)‘ <o

vg Y i) | veV, 1<i<m,}

o {{{vr,i1), (uay i)} | {1, 02} € B, iy € [my,], 12 € [my,] }

If C C V is a vertex cover for G, then C, = | J,c {v} x [m,] is a vertex cover for G,. More-

over, every minimal vertex cover C, C V, is of this form. Thus we show ’ |G9) _(G)‘ <o

by the following proposition,

Proposition A.2 Let C CV, and let C, = J,cc {v} X [m]. Then

Proof: For every C,C, as above, |C,| = >
Y wec(Im-A(w)] —m - A(v)). For any 2, [[z] — 2| < %, and so

|l 1[0 _ o

—= —AO) < =— <=

G a0 <51 < 8 ()
To complete our proof we need to replace —* 1Cel by ‘|€9|‘ (%). Indeed, taking C' =V in (x),
yields ’% — 1’ , and multiplying by i 9‘ < 1, we obtain "if' — % <s. | |
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Appendix B
A Chernoff Bound

In this appendix we make use of the following Chernoff bound [MRI7, p. 70],

Theorem B.1 (A Chernoff Bound) Let Xi,.., X, be independent Bernoulli variables,
s.t. Vi, Pr[X; =1 =p. Then for X =3"'_ X;, p= E[X] =p-1 and for any 0 < < 1,
Pr[X < (1 —0)u] < exp(—ud?/2)

This bound directly implies the following proposition,

Proposition B.2 Let A: Z — {T,F} be such that Pr,ez [A(z) = T] = @, then,

Pr [|A7N(T) N B| < #] < 2¢ sl
BeZz

Proof: Consider the indicator variables I, taking a 1 when A(z) =T, Pr, [, = 1] = Rxl R -

Note that for B € Z = (7), |[ATHT)NB| = 3, 5 L., and the expectatlon of this sum is
[/ |Rx]|. The above Chernoff bound directly (taking p = @, f= 10 = 1) gives

lez<t—— 1/ |Rxl| < e T

ZZEZ
1€(l]

We are almost done, except that the above probability was taken with repetitions, while
in our case, for zy,..., 2 to constitute a block B € Z, they must be [ distinct values. In
fact, this happens Wlth overwhelming probability and in particular > 3 1 thus we write,

Prz L L2IEZ [Z ]z < t}
L <t| {z,...,z2}=1l] < Ly 21E idz
Zle [Z ‘{ 1 l}‘ ] Przl """" 2€Z [|{Z17 7Zl}| = l]

.....

__t
= 26 8|RX|

IN
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