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Abstract

The Unique Games conjecture (UGC) has emerged in recent years as the starting point for several
optimal inapproximability results. While for none of these results a reverse reduction to Unique Games is
known, the assumption of bijective projections in the Label Cover instance nevertheless seems critical in
these proofs. In this work we bypass the UGC assumption in inapproximability results for two geometric
problems, obtaining a tight NP-hardness result in each case.

The first problem, known as L, Subspace Approximation, is a generalization of the classic least
squares regression problem. Here, the input consists of a set of points S = {ay,...,a,} CR" and a
parameter k (possibly depending on n). The goal is to find a k-dimensional subspace H of R" that min-
imizes the £, norm of the Euclidean distances to the points in S. For p =2, k = n — 1, this reduces to
the least squares regression problem, while for p = oo, k = 0 it reduces to the problem of finding a ball of
minimum radius enclosing all the points. We show that for any fixed p (2 < p < o), and fork=n—1, it
is NP-hard to approximate this problem to within a factor of y, — € for constant € > 0, where 7, is the pth
norm of a standard Gaussian random variable. This matches the ¥, approximation algorithm obtained
by Deshpande, Tulsiani and Vishnoi [11] who also showed the same hardness result under the Unique
Games Conjecture.

The second problem we study is the related L, Quadratic Grothendieck Maximization Problem,
considered by Kindler, Naor and Schechtman [26]. Here, the input is a multilinear quadratic form
Y. j—yaijxixj and the goal is to maximize the quadratic form over the £, unit ball, namely all x with
YY" ,|xi|? = 1. The problem is polynomial time solvable for p = 2. We show that for any constant p
(2 < p < o), it is NP-hard to approximate the quadratic form to within a factor of y[% — ¢ for any € > 0.
The same hardness factor was shown under the UGC in [26]. We also obtain a y,%-approximation algo-

rithm for the problem using the convex relaxation of the problem defined by [26]. A y; approximation
algorithm has also been independently obtained by Naor and Schechtman [29].

These are the first approximation thresholds, proven under P # NP, that involve the Gaussian ran-
dom variable in a fundamental way. Note that the problem statements themselves have no mention of
Gaussians.
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1 Introduction

The Unique Games Conjecture of Khot [21] asserts that a certain binary constraint satisfaction problem is
hard to approximate over a large enough alphabet. The conjecture has been shown in recent years to imply
optimal hardness results for various important combinatorial optimization problems such as Maximum Cut
[22], Vertex Cover [23] and more generally, constraint satisfaction problems [32] and ordering problems
[17]. However, arguably there has been little progress towards proving the conjecture. On the contrary, re-
cent algorithmic results have disproved some stronger variants of the conjecture [3], and solved the Unique
Games problem on special classes of instances like expanders [5] and more generally graphs with few “bad"
eigenvalues [18, 8]. Moreover, while the Unique Games Conjecture is known to imply optimal inapproxima-
bility results for Maximum Cut, Vertex Cover and several other problems, the converse is unknown in each
case. (In other words, we only know Unique-Games hardness results, but no “Unique-Games completeness”
results.) This leaves the possibility open that while the implications of the conjecture are true, the conjecture
itself is false.

For all these reasons, it is a worthwhile endeavor to investigate if the optimal inapproximability results
obtained via the Unique Games Conjecture can be shown without appealing to the conjecture. In this work,
we consider two geometric problems for which optimal inapproximability results based on the Unique Games
Conjecture have been shown previously, and obtain the same hardness results unconditionally, i.e., without
appealing to the conjecture.

1.1 Our Main Results

L, Subspace Approximation Problem The first problem we consider is the L, Subspace Approximation
Problem for 2 < p < o —a natural generalization of the least squares regression problem, the low rank matrix
approximation problem and the problem of computing radii of point sets. Here the input consists of a set of
points S = {ay,...,an} CR", and an integer 1 < k < n. The goal is to find a k-dimensional subspace H of
R" that minimizes the £, norm of the Euclidean distances to the points in S. Formally, the goal is to compute:

m 1/p
Sub,(S,k) = min . <§I dist(H,ai)p> , (1)

HCR™":dim(H)=

where dist(, ) is the usual ¢, distance between a subspace and a point. Informally, it is the problem of deter-
mining how close a given set of points is from lying in a smaller subspace, where the measure of closeness
to a subspace is the £, norm of the tuple of Euclidean distances of the set of points from the subspace. Such
problems arise naturally in classification of large data sets for applications in machine learning and data min-
ing. As an algorithmic question, it is a generalization of various special cases for different values of p such
as Low rank matrix approximation (p = 2) or Computing the radii of point sets (p = o). Generally speaking,
optimizing loss functions with small p is more robust againist outlier points while optimizing with a large
p gives stronger theoretical guarantee. We refer the reader to [11] for a more comprehensive discussion of
these connections.

In this work we focus on the hardness of approximating the L, Subspace Approximation Problem for
the case when k = n — 1, i.e., the problem of finding a hyperplane that is closest to the set of points in the
measure defined above. Let ¥, denote the p’th norm of a normal random variable. Recently, Deshpande,
Tulsiani and Vishnoi [11] obtained a 7, approximation for the problem, and showed a matching hardness
assuming the Unique Games Conjecture. Bypassing the need for the UGC, we obtain a (1 — &)y, hardness
of approximation unconditionally. The following theorem is proved in Section 4.



Theorem 1.1. For any given p (2 < p < o) the L, Subspace Approximation Problem is NP-hard to approx-
imate within a factor of (1 — €)Y, for any € > 0.

L, Grothendieck Problem. The second problem we consider is that of maximizing a multilinear quadratic
form over the unit £, ball in R" for constant p, 2 < p < eo. Formally, the input to the problem is a symmetric
n x n matrix A = (a;;) with zero diagonal entries, the goal is to compute the following quantity,

Val,(A) ::max{ Y aijxix; | ) |l < 1}, )

ij=1 i

We refer to this problem as the L, Quadratic Grothendieck Maximization Problem. In the case where p = 2,
Val,(A) is nothing but the maximum eigenvalue of the matrix A and hence is computationally tractable.
The case p = o is commonly referred to as the Grothendieck problem and has been extensively studied
in mathematics and computer science for its applications to combinatorial optimization, graph theory and
correlation clustering [30, 2, 1, 10]. The case when 2 < p < o has applications towards studying spin glass
systems in physics (See [26]).

Kindler, Naor and Schechtman [26] obtained a (yg — €)-hardness for every € for the L,-Grothendieck
problem assuming the UGC, and also exhibited an almost matching g + 30log p-approximation algorithm.
Bypassing the Unique Games Conjecture, we obtain a yg hardness unconditionally for the problem. We also
obtain an approximation algorithm that exactly matches the hardness result for every p.

Theorem 1.2. For any constant p > 2, it is NP-hard to approximate Val,(A) to within yl% — & forany € >0,
where A is a symmetric matrix with all diagonal entries zero.

Theorem 1.3. There is a polynomial time algorithm to approximate Val,(A) to within }/ﬁ for any symmetric
matrix A with all diagonal entries equal to zero.

A yf, approximation for Val,(A) has also been independently obtained by Naor and Schechtman [29] as
part of a more general result. Theorems 1.2 and 1.3 are proved in Sections 5 and 6 respectively.

1.2 Discussion of OQur Results

The above mentioned NP-hardness results are noteworthy for the following reasons.

First, the inapproximability factors for both problems are irrational numbers arising from the Gaussian
distribution, although neither of the problems involve the Gaussian distribution directly. Inapproximability
factors arising from properties of the Gaussian distribution have previously been obtained for other problems
— such as Maximum Cut [22] — using the Unique Games Conjecture, reductions based on which naturally
involve the Gaussian distribution via analytic tools such as the Invariance Principle [28].

Second, the inapproximability factors obtained in each case arise directly from a semidefinite program
for the problem. Again, the optimality of semidefinite programs has been a recurring theme in UGC hardness
results, while this result is among the few NP-hardness results that highlight this phenomenon. In addition,
almost all these few known tight NP-hardness of approximation results have ratios being “nice” numbers, such
as 2/3 for Majority function on three variables and 1/2 for Max 3CSPs [36]. In comparison, our thresholds
are irrational and involve the Gaussian Distribution in a fundamental way. These properties of the thresholds
suggest that it is unlikely an alternative simple combinatorial algorithm will achieve the same approximation
ratio; at least to analyze such an algorithm one would have to define Gaussian Distribution and (probably)
introduce the central limit theorem which is not common for combinatorial algorithms.
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Third, the reductions in this work are based on a dictatorship test which quantitatively utilizes the Cen-
tral Limit Theorem, i.e. the distribution of a sum of significant number of independent Bernoulli random
variables is close to a Gaussian distribution. This is precisely the reason for the appearance of the Gaussian
distribution. A key ingredient in our reductions is the smooth version of Label Cover which enables us to
devise a more sophisticated decoding procedure which can be combined with the dictatorship test. It is per-
tinent to note that a couple of the (few) previous results using smooth versions of Label Cover, on hardness
of learning intersection of halfspaces [25] and monomials [14], have also used analysis based on versions
of the Central Limit Theorem. Our results imply that for many geometric (and possibly other combinatorial
optimization) problems, using Unique Games Conjecture is not necessary and the smooth label cover (which
is NP-hard) suffices in its place. Technically speaking, compared with previous work such as [14] (which
use smoothness of the Label Cover to bound the fourth moments in the invariance analysis), we believe the
decoding technique based on smooth Label Cover in this work is conceptually simpler and maybe useful for
bypassing UGC from other problems.

2 Motivation and Related Work

2.1 L, Subspace Approximation Problem

Algorithmically various special cases of this problem have been well studied. For p = 2 it reduces to the
problem of determining a rank k approximation B to an n X m matrix A with respect to the Frobenius norm,
which can be computed in polynomial time by using Singular Value Decomposition of A [15]. Efficient
(14 €) approximations have been given various cases such as: for p = 1 and constant k by Feldman ez
al. [13]; p = o and constant k by Har-Peled and Varadarajan [19]; and for general p and constant k£ by
Shyamalkumar and Varadarajan [34] and Deshpande and Varadarajan [12]. On the other hand, the problem
can be approximated to within O(y/logm) for any value of k for p = oo as shown by Varadarajan et al. [35]
building on the work of Nemirovski et al. [30].

On the complexity front, Brieden, Gritzman and Klee [9] showed that the problem is NP-hard to solve
optimally for k = n — 1 and p = . Subsequently, the problem was shown to be NP-hard to approximate
within (logm)® for k < n—nf forany 0 < € < 1 and p = oo [35].

In more recent work, Deshpande,Tulsiani and Vishnoi [11] gave a ﬂyp approximation for this problem
for any k and any p > 2, and a 7, approximation factor when k = n — 1. Assuming the Unique Games
Conjecture they also prove that the problem is hard approximate within a factor of (1 —¢€)y, whenk=n—1.

2.2 L, Quadratic Grothendieck Maximization Problem

The special case of the problem when p = oo (maximizing over the hypercube), has been extensively studied.
The problem is known to admit an O(logn) approximation [31, 30, 27, 10]. On the other hand, it was shown
to be NP-hard to approximate within some constant factor in [2] and [10]. In [4], Arora ef al. gave the best
known inapproximability factor of (logn)¢ for some ¢ > 0 for this problem.

The L, Quadratic Grothendieck Maximization Problem for constant p such that 2 < p < oo has received
attention more recently in the work of Kindler, Naor and Schechtman [26]. They exhibit an algorithm to
approximate Val,(A) to within a factor of £ +301og p and also show a Unique Games Conjecture [21] based
inapproximability factor of }/[% — g forall € > 0. Here 7, denotes the pth norm of a standard Gaussian variable.
Note that while asymptotically (i.e. as p — o) the upper and lower bounds both tend to 2(1+o(1)), for a
fixed constant p (2 < p < o), there remained a gap between them.



2.3 Overview of the Techniques

In the next few paragraphs we give an informal description of the techniques used in proving the results of
the paper and the new ingredients employed to build upon the work of [26] and [11].

2.4 NP-Hardness Reductions

Both hardness of approximation results shown in this work are obtained via reductions from the Smooth
Label Cover problem which is a variant of the well-known Label Cover problem. The Label cover problem,
a CSP with constraints on pairs of variables, is the starting point of a majority of reductions showing hardness
of approximation. In a label cover instance, the variables take values over a finite domain [R] = {1...R}.
Every constraint & between two variables u,v is such that the value assigned to one of the variables (say u)
determines the value of the other (say v). The goal is to find an assignment satisfying the maximum number
of edges. Very strong hardness of approximation results are known for the label cover problem, and these in
turn are the starting point of almost all hardness of approximation results.

Unique Games is a special case of Label cover where every constraint is a bijection, i.e., the value of
either variable determines the other. While constraints being bijections is convenient for showing hardness
results, the difficulty of solving unique games is still conjectural.

Smooth label cover is a variant of label cover while while having properties similar to unique games, can
still be shown to be NP-hard to approximate. It was first introduced in [20] for proving hardness results in
hypergraph coloring and subsequently utilized for other applications in [24, 25, 14]. Roughly speaking, in a
smooth label cover instance, for every constraint u, v, while u determines the value of v, the value of v almost
always disambiguates the other. More precisely, for every vertex u, and given two or constantly many choices
of labels of u, and a random neighbour of v, the value assigned to v disambiguates between the choices. Note
that a unique games instance is always a smooth label cover instance.

Now we describe the reduction from Smooth Label Cover to L, Subspace Approximation Problem. Anal-
ogous to the construction of [11], we formulate the label cover instance as a system of linear equations. More
precisely, there is a coordinate for every label of every vertex of the Smooth Label Cover instance. The con-
straints between the labels of vertices are translated to linear equations between the corresponding variables.
Let V denote the vector space of solutions to this linear system. The L, Subspace Approximation instance we
construct will lie entirely in this subspace V. This method of enforcing constraints of label cover is known as
folding [16]. Not every vector in V corresponds to a labelling of the Smooth label cover instance. In partic-
ular, every vertex can be assigned at most one label — the vector corresponding to a labelling is necessarily
sparse. Hence, the goal of solving Smooth Label Cover reduces to the problem of finding a sparse vector in
this linear space V.

The instance will consist of a set of points S inside V, such that if (w,x) — 6 = 0 is a subspace close in
the appropriate norm (L, norm of the Euclidean distances) to S then w is a sparse vector in V. To this end,
for every vertex v in the label cover, we include 2¥ points in V as follows: set coordinates corresponding to
every other vertex to 0, set the coordinates corresponding to v randomly in {—1, 1}, and finally project the
resulting vector in to V. This construction follows closely the construction in [11], except for the folding step
where the vector is projected in to the linear space V. Folding could not be used in [11] since unique games
does not have perfect completeness (optimal solution need not satisfy all constraints) and hence cannot be
translated in to a system of linear equations.

The crucial property that is used in the analysis is the Berry-Essen theorem. For a real vector v € RX,
(v,x) over a random x € {—1,1}%, is distributed as a {—1,1} random variable if v corresponds to a valid
assignment. Hence, if v corresponds to a valid assignment, then the L, norm of (v,x) is at most 1. On the



other hand, by Berry-Essen theorem, if v is not sparse then the (v,x) is distributed like a Gaussian, thereby
having a L’ph norm of ¥,. This lies at the core of the y,-hardness result for L, subspace approximation. The
difficulty in the analysis is to show the converse that, every vector w, which is somewhat sparse ({w,x) not
distributed as a Gaussian) corresponds to a good labelling of the label cover instance. Smoothness of the
label cover instance plays a crucial role in showing this fact.

For the L, Quadratic Grothendieck Problem our overall approach is similar to that of [26]: use the
quadratic form to simulate a Long Code test on the vertices of the Smooth Label Cover (or Unique Games
in [26]). As before, the coordinates are the union of Long Codes for each vertex of Smooth Label Cover
instance. The quadratic form is given in terms of the Fourier coefficients of the various Long Codes. In our
case however, the quadratic form differs from that of [26] in order to avoid the usage of the Cauchy-Schwartz
inequality in the analysis which requires the uniqueness property of constraints afforded by an instance of
Unique Games. More specifically, the quadratic form in our construction simulates the dictatorship and con-
sistency tests on Long Codes. The dictatorship test yields a small set each of influential labels for a significant
fraction of vertices. This is combined with the consistency test to obtain a good labeling to the instance of
Smooth Label Cover. Our analysis crucially depends on the smoothness property of the constraints of the
instance which roughly stated is: for any vertex, given a small set of labels, most of the constraints involving
the vertex restricted to that set of labels appear structurally similar to constraints of an instance of Unique
Games. Formally, the projection constraints 7 : [M] — [N] incident on any given vertex v of a Smooth Label
Cover instance form a hash family: for any pair a # b € [N], one has ©(a) # m(b) with high probability for a
random 7 incident on v. This “local uniqueness" property of the Label Cover constraints enables us to design
a two step decoding procedure which extracts the aforementioned good labeling to the instance.

2.5 Approximating the L, Quadratic Grothendieck Maximization Problem

Our algorithm is essentially a simplification of the techniques in [26]. We define the following convex relax-
ation for Val,(A):

Vec,(A) :max{ Y aij(viovy) c {vi, v} S Lo, Y villh < 1}. 3)
i=1

ij=1

As observed in [26] the above convex program can be solved in polynomial time to arbitrary small precision.
We directly show that Vec,(A) is a }/I% approximation to Val,(A). This can be easily derived from the fol-
lowing fact: there exist mean zero Gaussian random variables h; for i = 1,...,n such that E[h;h;] = (v;,v;).
Writing Vec,,(A) as E [} j=1ijhih j] and normalizing each variable by (¥Y}_, \hk|p)1/ P yields the desired
approximation. The details appear in the full version included as an appendix. This differs from the proof of
[26] which obtains a slightly weaker approximation via a truncation based rounding algorithm. A generaliza-
tion of our approximation for convex bodies has been obtained independently by Naor and Schechtman [29]
and for the unit £, (p > 2) ball it essentially gives the same result as ours. Our proof also yields a polynomial
time rounding algorithm to compute a solution {x;}? , which approximates Val,(A) to within a factor of
¥5(1+4 &) for arbitrarily small § > 0.

3 Preliminaries

We begin this section by first formally defining the two problems that we study.



Definition 3.1. The L, Subspace Approximation Problem, which we denote by Subspace(k, p) where k is a

parameter (possibly depending on n) is: given a set of points S = {ay,...,an} CR", to compute the following
quantity,
m 1/p
Sub,(S,k) = min dist(H,a;)” , 4
p(S:K) HCR":dim(H)=k <l§ (H,a:) > “)

where the minimum is taken over all k-dimensional subspaces of R" and dist(H ,a) is the minimum Euclidean
distance between a and any point in H.

Definition 3.2. The L, Quadratic Grothendieck Maximization Problem which we denote as QM(p) for 1 <
p < oois: given a symmetric matrix A € R"" with diagonal entries all zero, to compute the following quantity,

Val,(A) := max{ Y, aijxixj | ) |xil? < 1}. 5)
i=1

i,j=1

We will denote by ¥, the pth norm of a standard Gaussian random variable. Formally, for any p > 0,
¥, := (E[|g|P])!/?, where g is a Gaussian random variable with mean 0 and variance 1. The analysis of the
dictatorship tests in our reductions, requires lower bounds on the norms of sums of independent Bernoulli
variables. The following lemma, proved in [26] (as Lemma 2.5) gives us the required bound.

Lemma 3.3. Let X,,...,X, be independent Bernoulli random variables such that E[X;] =0 forall 1 <i<n
and ¥;_, E[X]Z} = 1. Assume that for some T € (0,e™4), we have Yo E[|X;]%] < ©. Then for every p > 1,

n

(E[ ng\”})” "> 4 (1-42(l0g(1/2)7).

3.1 Smooth Label Cover

Our reductions require a special variant of the usual Label Cover problem, which is formally defined as
follows.

Definition 3.4. An instance of Smooth Label Cover .Z(G(V,E),N,M,{n"|e € E,v € e}) consists of a
regular connected (undirected) graph G(V,E) with vertex set V and edge set E. Every edge e = (v,v7)
is associated with projection functions {n¢"i}2_| where n®" : [M] — [N]. A vertex labeling is a mapping
defined on L:V — [M]. A labeling L satisfies edge e = (vi,va) if 7" (L(v1)) = n®"2(L(v2)). The goal is to
find a labeling which satisfies the maximum number of edges.

The following theorem states the hardness of approximation for the Smooth Label Cover problem and
also describes the various structural properties, including smoothness, that are satisfied by the hard instances.
A proof of the theorem is included in Appendix A.

Theorem 3.5. There exists a constant co > 0 such that for any constant integer parameters J,R > 1, it is
NP-hard to distinguish between the following two cases for a Smooth Label Cover instance
ZL(G(V,E),N,M,{n*"|e €E,v € e}) with M = TV+VR gnd N = 2R7/R.

o (YES Case). There is a labeling that satisfies every edge.

e (NO Case). Every labeling satisfies less than a fraction 2~R of the edges.

In addition, the instance £ satisfies the following properties:
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(Smoothness) For any vertex w € V, Vi, j € [M],i # j, Pro., [n"(i) = n®"(j)] < 1/J, where the
probability is over a randomly chosen edge incident on w.

The degree of the (regular) graph G, which we denote by d is a constant depending only on R and J.
e For any vertex v, edge e incident on v, and any element i € [N], we have |(n¢")~1(i)| <t := 4K, i,
there are at most t = 4R elements in [M| that are mapped to the same element in [N).

(Weak Expansion)For any 8 >0, let V' CV and |[V'| =8|V
vertices in |V'| is at least (8% /2)|E]|.

, then the number of edges among the

Note on notation. In the following sections, the parameter n need not denote the size of the instances and its
definition will be made clear at the beginning of each section.

4 Hardness reduction for Subspace(dim — 1, p)

In this section, we describe the NP-hardness reduction from Smooth Label Cover to the L, Subspace Ap-
proximation Problem for a fixed p > 2. Specifically, we will show the following.

Theorem 4.1. For any fixed p > 2 and € > 0, there is polynomial time reduction from an instance £ of
Smooth Label Cover with appropriately chosen parameters J and R to a set of points S C R" as an instance
of Subspace(n — 1, p) such that,

o (Completeness) If Z is a YES instance, then Sub,(n—1,5) = 1.
e (Soundness) If £ is a NO instance, then Sub,(n—1,5) > 7,(1 —¢€).

The above implies that it is NP-hard to approximate Subspace(n — 1, p) within a factor of (1 — €)Y, for all
€>0.

Let the Smooth Label Cover instance be .Z(G(V,E),N,M,{n*"|e € E,v € e}). We choose the parame-
ters J and R as part of the analysis in Section 4.4. For convenience let  := |V |. Note that n does not correspond
to the dimension of the point set constructed in the reduction. We do not explicitly calculate the dimension,
but use the notation dim to denote it. The set of points constructed is an instance of Subspace(dim — 1, p).
The Euclidean distance of a point from a dimension (dim — 1) subspace, i.e., a hyperplane through the origin,
is the same as the magnitude of the dot product of (the vector defining) that point with the unit normal vector
to the subspace. Therefore the problem Subspace(dim — 1, p) is the same as computing a unit vector which
minimizes the sum of the pth powers of the dot products of the given points with the vector. Our reduction
will follow this latter formulation, with the goal being to compute such a unit normal vector. The reduction
proceeds in two steps: the first step yields a preliminary instance consisting of a set of points and the second
step applies a folding operation to generate the final instance.

For notational convenience, in this section we will represent vectors with boldface characters.

4.1 Step 1: Preliminary Instance .7,

We begin by constructing the set of coordinates over which the instance is defined. For any vertex v € V, let
2, be the set of coordinates {(v,i) | i€ [M]}, and & = U,ey &,. In other words, & contains a coordinate
for every label of every vertex. The instance 7,,,; will be over the space R consisting of points constructed
as follows.



For every vertex v € V, let the set X be the set of all points in R? which are zero in the coordinates not
corresponding to v i.e. 7\ 2, and take the values {—1,1} in the M coordinates .22, corresponding to v.
More formally,

X' :={xe RZ | Vie [M], x(v’,i) e{—1,1}if v =vand 0 otherwise}.

The instance .27, consists of the point set X := U,y X".
Consider a vector b € R?. For any vertex v € V, define b,, to be the vector which is same as b in the M
coordinates %2, and zero in rest of the coordinates. It is easy to see that for any v € V,

M
IE:xe{—l.,l}%' [(bV,X>2] = ||bv||% = Z b(v7j)2' (6)

Jj=1

Using the above definition, given %7, as an instance, the problem of Subspace(dim — 1,k) is equivalent to
computing a a unit normal vector b that minimizes E,cy [EXG =1 [[(by,x)[” ]} . More formally, <7,,.; as

an instance of Subspace(dim — 1,k) is equivalent to the following optimization problem:

. 1/p
min (Byey [Eye 1y |0 x) 7] )
subject to, Eyev [HbVH%] =1
In the next step, we use folding to implicitly induce additional constraints on the structure of the vector b,

which incorporates the projection constraints of the edges and enables a good solution b to be decoded into
a good labeling of the Smooth Label Cover instance .Z.

4.2 Step 2: Folding and Final Instance .27;,,

For any edge e = (u,v) and element j € [N], define the vector hf as follows,

1 ifw=uandic€ (yrev”)—l(j)
h?(W,i): —1 ifw=vandié& (n-e,v)—l(j)

0  otherwise.

The above implies that for any vector b € R,

Ve=(uv)€E, je[N], bLhis Y  bui= Y bW @)
i€ (ze)=1(j) ie(me)1())

We now define the subspace H of R? as: H := span({h; | e € E, j € [N]}). Let R? = F @H where
F 1 H is a subspace of R?. The point set X constructed in Step 1 is folded over H, i.e. each point in X is
replaced (with multiplicity) with its orthogonal projection on F. Let the resultant set of points be X, which
constitutes the final instance .7};,4;. The point set as well as the expected solution, say b, are written in some
orthonormal basis for F. Let X € X be the orthogonal projection of a point x € X onto the subspace F, and let
b € F be the expected solution. Clearly we have (b,X) = (b,x). Also, since b L H, we have from Equation

10



(1,
Ve = (u,v) €E, j € [N], Y buwi)= )  bHi). )
ie(m)~1(j) e(mer)1(j)
We note that the objective value, which can be written as Excx[| (b, x)|?], is unchanged under transformation
of orthonormal basis since it is a function of inner product of vectors. The folding operation only ensures that
the constraints given by Equation (8) are satisfied. Therefore, the instance .7finq of Subspace(dim — 1, p) is
equivalent to the following optimization problem over solutions b € R?:

min (Evey [Eceiyap 10017)]) ©

subject to ,
Evev [Ibyf3] =1 and, (10)
Yic(reay1(jy D, 1) = Lye(eny-1 (bW 1'),  Ye=(u,v) €E, j€[N]. (11)

Note that the last condition is equivalent tob | H.

4.3 Completeness

If the instance .Z of Smooth Label Cover is a YES instance then there is a labeling L of the vertices of .
that satisfies all the edges. Using this we construct a solution b* to the instance %7y, as follows: for any
vertex v € V and element i € M, b*(v,i) is 1 if L(v) =i and O otherwise.

Since L satisfies all edges, 7" (L(u)) = n*"(L(v)) for all edges e = (u,v). Therefore it is easy to see that
b 1 H. Moreover, since there is exactly one nonzero coordinate corresponding to each vertex on which b*
is 1, we have ||b}||> = 1, for all v € V. Therefore, b* is a valid solution for .27, With objective value 1.

4.4 Soundness

We assume, towards contradiction, that b € R? is a solution to the instance % finar such that,
Evev [Exeroiy [0nx)171] <901 =n), (12)

where 11 > 0 is a positive constant. We begin with a lemma upper bounding the E% mass of blocks of coordi-
nates in b corresponding to small sets of vertices. This critically depends on the fact that p > 2.

Lemma 4.2. Let S CV be a set of size 0|V| = 0n for some 0 < 0 < 1. Then, ¥,cs||by||3 < y§91*2/”n.

Proof. We need to upper bound 3 where,
Y. byl = Bn.

veS

Note that the above implies that,
(13)

|

Eyes [HbVH%] =

11



We know from our assumption that E,cy {EXE 132 [y, x)” ]} < 75. This implies,

¥ > B H(EXE{_H}% [|<bv,x>|"])”’ﬂ

1/27°P .
> Eyev H(EX6 i [100xP]) ] ] (Since p > 2)
= Eyey [||bv”§} (By Equation (6))
> OF,es [|[by]%] (by averaging)
> 6 (Eves [|1bv13]) 2 (by Jensen’s Inequality)
)4
= 0 (%) ’ (by Equation (13)).

Therefore, B < YI%G 1=2/P which completes the proof of the lemma. O

We next introduce the notion, of an irregular vertex : v is said to be irregular if there is a coordinate (v, 1)
for some i € [M] such that the value |b(v,i)| is large as compared to ||b,||2. Formally we have the following
definition.

Definition 4.3. (T-irregular vertex) A vertex v € V is said to be T-irregular if there exists i € [M] such that
[b(v,i)| > t||by||2. If not, the vertex is referred to as t-regular.

The following lemma follows from Lemma 2.5 of [26] in an analogous manner to Lemma 5.3. We
therefore omit the proof.

Lemma 4.4. For an appropriately small choice of T > 0 depending on p the following holds. If veV
T-regular then,

Exer 1y [0 x)[P] = 9lby5 (1-+/7). (14)

The next lemma shows that for small enough 7, there is a significant fraction of vertices that are 7-
irregular.

Lemma 4.5. Let S, be the set of vertices that are T-irregular and let |S;,,| = On. Then for a small enough
choice of T =1t(n,p) > 0 (in terms of N and p), 6 = 6(n, p) > 0 is a constant depending only on N and p.

Proof. By Lemma 4.2 we have,

Y b < 76 7n

VGSirr

s ¥ I3 = a(1-pe ) (15)

VEV\S,‘rr

12



Also, from our initial assumption on the objective value of b given by Equation (12) we have,

Y(l—mn = Y Eyerorayo [1{by,x))7]
veV
> Z Exe{fl,l}yv [[{by,x)|"]
VGV\S,‘W
1

> 1 (1-+v1)n(1-96) <(1_9)n Y Hbv”g) (by Lemma 4.4)
VEV\S,'"

> V(- OB, bS]

> Yo (1=v7)n(1-6) (Evev\smevH%)g (by Jensen’s Inequality)

3
> ¥2(1—/T)n(1—6) (1—;92,91*2/1’)2 (by Equation (15)) (16)

From the above, choosing 0 < 7 < 1%, we obtain that & > 0 is a constant depending only on 1 and p.
Therefore, at least @ > 0 fraction of the vertices are T-irregular where 0 < T < 1®and 8 = 6(n, p). U

We choose an appropriately small value of T = 7(n, p) > 0 given by the above lemma. To complete the
analysis of the soundness, in the rest of this section we show that the vector b can be decoded into a labeling
for .Z that satisfies a significant fraction of the its edges, thereby contradicting the soundness property of
Theorem 3.5.

Constructing a good labeling for ¥

We now describe how to decode the vector b into a labeling for the set of t-irregular vertices S;,.. Observe
that since |S;,»| > 6n, by the Weak Expansion property of Theorem 3.5,

E(Sin)| > (6°/2)|E|, (17)
where E(S;,,) is the set of edges induced by S;,,. For every vertex v € S, define,
. . T . . T
Lo():={ie M) | b= Zlbullaf D1 = {i€M] | b(ui)| > 7o [Bil12

where t = 4R is the parameter from Theorem 3.5. Clearly, for every vertex v € S;,.:

10072

4
0#To(r) CTI(),  To(v)| < =5, and Di(v)| < =

(18)
Let v be any vertex in S;,. Call an edge e incident on v to be “good” for v if 7% maps the set I'; (v) injectively
(one to one) into [N]. Using the smoothness property of Theorem 3.5 yields the following bound on the
probability that a random edge incident on v is “good’:

() 1000074
Pr,s,[eis “good” forv] > 1—‘ 1(JV)\ > 11— = =1-. (19)

Since the graph of % is regular, this implies that the total number of edges induced by S;,, that are not
“good” for at least one of the end points in S, is at most 2§ |E|. Let E' C E(S;,») be the set of edges
induced by S;,, that are “good” for both endpoints. The above bounds combined with Equation (17) imply that

13



|E'| > (%2 -2 ) |E|. The following lemma shows that the folding constraints enforce a structural property

on the sets I'g(v) with respect to the edges in E’.
Lemma 4.6. Let ¢ = (u,v) be any edge in E'. Then n¢*(To(u)) Nz®" (To(v)) # 0.

Proof. Clearly, u and v are T-irregular. Without loss of generality assume that ||b,||2 > |[by|[2. Since u is

T-irregular, there is a coordinate (u,i,) (i, € [M]) such that |b(u,i,)| > t|/b,||2. By construction i, € I'g(u).

Let jo := 7%(i,). Since e € E’, (")~ (jio) NT'1 (u) = {i,, }. This implies that for all i € (x*)~"(jy) and

i # iy, [b(u,i)| < 15 ||bul|2. Moreover, from Theorem 3.5 |(7¢*)~!(jjo)| < #. Combining these observations
Z b(u,i)

yields,
T 9t
2 - — bu = R bu . 20
i€(m*)~1(jo)

We next show that (7¢")~!(jo) NTo(v) # 0, which would imply that jo € 7 (To(u)) N (To(v)) thus
completing the proof of the lemma.

For a contrapositive assume that (7¢") ! (o) NIy (v) = 0. Moreover, since e € E', (")~ (jio) NI (v) <
1. This yields the following bound,

T T
< (4i(= - 0. .
< (3+1(55)) Il = 0.67b,]l 1)

Z b(v,i’)

re(m) (o)

However, the folding constraints (Equation (8)) imply that,

Z b(u,i) = Z b(v,i'),

i€(n)~" (jo) 7e(mev) 1 (jo)

which is a contradiction to Equations (20) and (21) combined with ||b,||2 = ||b,||2 > 0 (by the definition of
Sirr). This completes the proof of the lemma. O

Let L* be a labeling to the vertices in S;,- constructed by independently and uniformly at random choosing
a label from the set I'y(v) for every vertex v € S;,,. By Lemma 4.6, every edge e = (u,v) € E' is satisfied with

probability at least m > % (by Equation (18)). Therefore, in expectation the total fraction A of edges
satisfied is bounded by, A > (%) (%2 —2¢ ) . Choosing J > (4%)> and R > 1 large enough (depending on

1) so that { < 0 one can ensure that A > 2~ thereby yielding a contradiction to the soundness of Theorem
3.5.

5 Hardness Reduction for QM(p)

In this section we shall describe the NP-hardness reduction from Smooth Label Cover to the L, Quadratic
Grothendieck Maximization Problem QM(p). Specifically we will show the following:

Theorem 5.1. For any fixed p > 2 and constant € > 0, there is a polynomial time reduction from an instance
Z of Smooth Label Cover with appropriately chosen parameters J and R to an instance A of QM(p) such
that,

o (Completeness) If £ is a YES instance, then Val,(A) = 1.
e (Soundness) If £ is a NO instance, then Val,(A) < y,%(1+¢).

14



The above implies that it is NP-hard to approximate QM(p) within a factor of (1 — E)y;for all € > 0.

The instance of QM(p) in our reduction is not explicitly given as a matrix. Instead we construct a set of
coordinates and a quadratic form over any mapping from the set of coordinates to real numbers. A solution
to this instance of QM(p) would be a mapping that maximizes the value of the quadratic form subject to the
appropriate bound on the pth norm of the mapping. While the initial construction would not ensure that the
diagonal terms of the quadratic form are all 0, our analysis shall prove that setting them to zero would not
change the optimum of the instance significantly.

We start with an instance of Smooth Label Cover £ (G(V,E),N,M,{n®"|e € E,v € e}) as given in The-
orem 3.5. The parameters J and R shall be chosen appropriately for the soundness analysis of the reduction
in Section 5.2. Let n := |V|. Define the parameters B and D as follows:

D:=d-n" |E?-2™.M and B:=n""-|E]*-2, (22)

where d is the degree of the (regular) graph G of the instance .Z as given in Theorem 3.5. The first step of
our construction is to define the coordinates.

Coordinates. For each vertex v € V there are D sets of coordinates C{; for j=1,...,D. Each set C{ consists
of 2M coordinates indexed by all elements of {—1,1}¥, and we denote the coordinate corresponding to

xe{—1,1}" by C/(x). Let, |
c=UJU U &y

veV jeDxe{—1,1}1

denote the set of all coordinates.

Let F : ¥ — R be a mapping from the set of coordinates to real numbers. The quadratic form we construct
shall be defined over F. Before we do so, we need to define some additional quantities. Given F we define
Lo f i {=1,13M — R forall v €V and j € [D] by setting,

fl(x) =F(Cl(x)) and, (23)

v

Fo(x) =Ejep [l (x)] Vxe{-1,1}". (24)

In other words, f, is a point-wise average of fvj over all j € [D]. The L, norm of F for ¢ > 1 is given by:
1Fllg := (EvevEjer [1412]) (25)

where || £/]l, = (Exe{flJ}M 1A (x) ]") l/q. Now, since || f]|4 is a convex function for ¢ > 1, we have by Jensen’s
inequality,

1Flly > (EerllA119). (26)
We note that the functions f, (v € V) can be written in their Fourier expansion with the basis functions xs
(S C [M]) with Fourier coefficients f,(S). Note that the Fourier coefficients are linear forms on the values of
the function f,. In our construction the quadratic form for F shall be defined as a quadratic form over the

Fourier coefficients. For convenience, we shall abuse notation to denote the Fourier coefficients correspond-
ing to singleton sets {i} (i € [M]) by f,(i).

The Quadratic Form. We define quadratic forms on F : Acons(F),Adic:(F) and A, (F) in terms of the
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Fourier coefficients of the functions f, (v € V) as follows.

2
Acons(F) = _BEe:(u,w) Z < Z fu(l)_ Z fw(l/>)
ie(

JEN] L) re(m) ()

By | ¥ 797 27)
SC[M]
IS]#1
Agict(F) = Eyev [ DIRAGHE (28)
ic[M]
and,
Aprel(F) :Ac'ons(F)+Adict<F)' (29)

In our reduction F denotes a solution to our instance of QM(p) over which the quadratic form is defined.
Therefore, F satisfies the bound on its p-norm: ||F|[, = 1.

We shall prove the completeness and soundness claims for the quadratic form A,.;(F). However, we
note that the A ;(F) may have non-zero diagonal terms. We address this issue in Section 5.3 wherein we
show the existence of another quadratic form A s;, (F) such that |A s, (F) — Apre;(F)| < 1/n for all F such that
|[F||, < 1, which then suffices to prove Theorem 5.1.

Before we proceed, we state the instance of QM(p) as an optimization problem. The objective is to
compute:

Aot (F
PR P ((F) (30)
st. |F|,=1. 31)

5.1 Completeness

Suppose the Smooth Label Cover instance .# has a labeling ¢ : V +— [M] that satisfies all edges. Then
construct the vector F by defining £, for all v € V, j € [D], as follows:

fl(x) =x(c(v)), vxe{-1,1}M.

The above also implies that f,(x) = x(o(v)) forallx € {—1,1}™,i.e. f, is the ‘dictator’ function given by the
o (v)-th coordinate. Therefore, we obtain f,(c(v)) = 1 and f,(S) = 0 for all S # {c(v)}. Clearly, |F|l,=1
since F is either 1 or —1 at any coordinate.

To analyze the value of A ,.;(F) we observe that 7, , (0 (u)) = ,,(c(w)) for all edges e = (u, w), which
along with the fact that f,,(x) =x(o(«)) and f,,(x) = x(co(w)) implies that Ay, (F) = 0. Also, Agie(F) =1,
which gives us that A, (F) = 1.

5.2 Soundness

For a contradiction we assume that there is a vector F such that A, (F) > v, 2(1+4n) for some constant
n > 0. We shall show that this implies the existence of a labeling to .# that satisfies a significant fraction of
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edges depending only on 7.
The following is a straightforward upper bound on A ., (F):

Adict(F) = IEveV

Y, i)
i€[M]

Evev [|1£,113]
(]EVEV [vaHg] )2/‘0 (By Jensen’s Inequality)

(Boev [IA12))77 (since |11, = [I£]l2)
IFIIp < 1. (32)

INCININ N

~ —~ 1/2
For every v € V define: a} := Y5215 | /o(S)| and a} := (z,s#l’sgm | fV(S)|2> . Clearly, @ < 2M/2a3,
Moreover, since A ,.;(F) > 0, Equations (27), (29) and (32) along with the Cauchy-Schwarz inequality yield
the following:

EVEV [( > )2]
(Evev [a3])?

WV
)
N

1
B

WV

2M 1/2
= <B> > Eevlai]
22M 1/2
= <nB > > glea‘;(cﬂ = dmax (33)

For the remainder of the analysis our focus shall be on the degree one Fourier spectrum of the functions f,.
Define, for every vertex v: f; ! := Yic[m] fv(z) X{i}» 1.e. the function obtained by taking only the degree one
Fourier spectrum of f,. Clearly, we have |f,(x) — £, (x)| < amax for all x € {—1,1}* and v € V. By the
triangle inequality for Ly, L;, norms (for g,q’ > 1) this implies,

Allg =15 Mlg] < amax W EV (34)
and, (e [150]) " = (B [171])

By our setting of B, amay is at most 1/n*. Since p > 2 is a fixed constant, setting ¢ = ¢’ = p in Equation (35)
implies (for large enough n),

< dmax- (35)

E,cv [Hfjlug] < (|F|,+1/n")" <141/n*. (By Equations (26), (31)) (36)

Using Jensen’s inequality we also obtain that,

Boey [[1£7112] < oo [1£7112))77 < (IF [, +1/n%) < 14 1/0. 37)

Using the above we obtain the following upper bound on the sum of the values ||f;!||3 for small sets of
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vertices.

Lemma 5.2. Let S C V be a set of size 0|V | = On for some 0 < 0 < 1. Then,

YA 3 <0 (1 +1/n%). (38)

ves

Proof. We need to upper bound 3 where,

Y 1Az = Bn.
ves
Note that the above implies that,
Eves [[I713] = {3. (39)

Equation (36) yields E,cy [||/;7![|5] < 14 1/n°. This implies,

L+1/n’ = Ewev [IIF7'15] (since [If], > [1£1]2)
> OEws|[IIfi '] (by averaging)
> 0 (Ewes|[I5713]) : (by Jensen’s Inequality)
P
_ 6 (g) : (by Equation (39)).

Therefore, B < 0'~2/7(1 4 1/n%)?/P < 6'-2/P(1 4+ 1/n?), (since p > 2) which completes the proof of the
lemma. O

Before proceeding we choose a parameter 7 > 0 which we shall later fix appropriately to depend only
on 1 and p. We now define the following set V' C V of vertices which have significantly large “mass” as
follows.

Vi={veVv | 173> 1/n} (40)
Further, define a subset S;,- C V’ as:
Siwi={veV' | JieM]st |f710)] > |lf7 L) 41)

We shall refer to S;, as the set of t-irregular vertices. Reusing notation for convenience, we assume that
|Sirr| = On. Our goal is to show that 6 is a significantly large constant depending on 1 and p (for an appro-
priate choice of 7, again depending on 1) and p). Lemma 5.2 applied to S;,, directly gives the following:

YA < 0 (14 1/n). (42)

VESirr
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We also note that since Acons(F) < 0 by definition, Ao/ (F) < Agict(F) = Eyey [|| 1! H%] . Therefore,

v 2+mn < Y I3

veV

= Y B X AT Y AT
VEV/\S,'”~ VESirr VEV\V/

SO VI Vo R At IO B VA R Y
VGV/\S,'rr

where we used Equation (42) along with the bound Y,cy\y || M5 < n-(1/n%) = 1/n%. Rearranging the
above we obtain,
Y Az mn— 0 (14 1/0%) — 1/, (43)
veEV/\Sipr
To show that 6 is large, we need to upper bound the LHS of the above equation. For this we use the following
lemma which follows from Lemma 3.3.

Lemma 5.3. For an appropriately small choice of T > 0 depending on p the following holds. For all vertices
Ve V, \Sirr»
A5 = A3 (1= V7). (44)

Proof. We consider probability space given by the uniform distribution over x € {—1,1}". Defining X; :=

Xi (H;“":(fﬂJ we observe X; are Bernoulli variables with E[X;] =0 for all 1 <i < n and Z;?:lIE[XjZ] =1

Moreover, since v € V' \ Sy, Y7 E[|X i1 < t. Applying Lemma 3.3 and observing that for small enough
7 > 0 depending on p, (1 —4t(log(1/7))?/?)> > (1 — /1), we obtain the desired bound. O

The above analysis yields the following sequence of inequalities which gives us a lower bound on 6
depending on 1.

(1+1/mn = Y 5 (By Equation (37))

veV
> Y A
VEV/\Sirr
> n(1-v7) Y If"5 (ByLemma5.3)
veV/\Siy,
> (R (1-v0) (521 +mn— 0" ra(1+1/n%) ~1/n)

— (1 —7) (1 +1 720" 2P (14 1/n%) — yg/n)

Choosing 0 < T < 11° in the above inequality, and using the fact that p > 2 is a fixed constant, for large enough
n, we obtain that 8 > 0 is (at least) a positive constant depending on 1) and p. Therefore, S;,- contains at
least a constant fraction of vertices in V. To complete the soundness analysis we shall use this to obtain a
substantially good labeling to the instance .7
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Recovering a good labeling to ¥

F shall be decoded into a labeling for the set of t-irregular vertices S;,,. Observe that since |S;,| = 6n, by
the Weak Expansion property of Theorem 3.5,

E(Sin)l = (6%/2)IE], (45)

where E(S;,) is the set of edges induced by ;. For every vertex v € S, define,

Lo(v)i={i e M) | 1£70)] > 211612}

and,
T

A

where ¢ = 4R is the parameter from Theorem 3.5. Clearly, for every vertex v € Sj,,:

Ti(v)i={ie M | 1f76)]>

1002
2

4
0#To(v) CIi(v), [To(v)| < p and |I'1(v)| < (46)

Let v be any vertex in S;,-. Call an edge e incident on v to be “good” for v if 7%” maps the set I';(v)
injectively (one to one) into [N]. Using the smoothness property of Theorem 3.5 yields the following bound
on the probability that a random edge incident on v is “good”:

N0 _— 10000¢*

Tz =1 47)

Pr,s,[eis “good” forv] > 1

Since the graph of . is regular, this implies that the total number of edges induced by S, that are not “good”
for at least one of the end points in S;,, is at most 2{|E|. Let E'CE (Sirr) be the set of edges induced by S,
that are “good” for both endpoints. The above bounds combined with Equation (45) imply,

92
51> (5 -2¢) i @)

The following lemma shows that the constraints given by Equation (27) enforce a structural property on the
sets ['p(v) with respect to the edges in E’.

Lemma 5.4. Let e = (u,v) be any edge in E'. Then n°*(To(u)) N 7" (To(v)) # 0.

Proof. Clearly, u and v are in S;,,. Without loss of generality assume that || ;|2 > || £l > 1/n° where
the lower bound is because S;,, is a subset of V'. Since u is T-irregular, there is exists i, € [M] such that

|]/‘u:\1(1u)| > 1||£"||2. By construction i, € T'o(u).
Let jo := w%(i,). Since e € E’, (")~ (jio) NT'1 () = {i,, }. This implies that for all i € (x**)~"(jy) and
i# iy, |f7' ()| < 1611/ |2 Moreover, from Theorem 3.5 |(m¢*) ! (jjo)| < . Combining these observations
Y £

yields,
T —1 9t 1
> (t-1(— _ ' A
ie(m*)~(jo)

We shall now show that (7¢") =1 (jo) N[ (v) # 0, which would imply that jo € 7¢*(To(u)) N7 (T (v)) thus
completing the proof of the lemma.
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For a contrapositive assume that (7¢") ! (o) NIy (v) = 0. Moreover, since e € E', (") "1 (jio) N1 (v) <
1. This yields the following bound,

Y A

re(mr) o)

: = 0!
< (5 (55)) 167 = sl o <0s6elf o (50)

Noting that for any vertex w € V and i € [M], ]TWZ\I( /) = fu (i), the constraints given by Equation (27) imply,

El _ 1

Y ' - )Y ﬁ%)\@ e

i€ (@) (jo) e (o)

by our setting of B. Since 7 > 0 is a constant, this is a contradiction to Equations (49) and (50) combined
with || f,||2 = 1/n3, for large enough n. This completes the proof of the lemma. O

Let L* be a labeling to the vertices in S;, constructed by independently and uniformly at random choosing
a label from the set I'y(v) for every vertex v € S;,,. By Lemma 5.4, every edge ¢ = (u,v) € E’ is satisfied

with probability at least m = % (by Equation (46)). Therefore, in expectation the total fraction A of

edges satisfied is lower bounded by,
92
Az —=||—=—
(i) (5-2)

Choosing J > (4%) and u > 1 large enough (depending on 1) so that { < 6 one can ensure that A >
2~R thereby yielding a contradiction to the soundness of Theorem 3.5. This completes the analysis of the
soundness case.

5.3 Removing the Diagonal Terms

In this section we show that there is a quadratic form A;,(F) with no diagonal entries, such |A s, (F) —
Aprei(F)| < 1/n for F such that ||[F|[, = 1. Our reduction would output a slightly scaled version of A s;,(F)
as the quadratic form to ensure that in the completeness case of Theorem 5.1 the optimum is at least 1. Since
the scaling is by at most a factor of (1+ 1/n) the error induced in the soundness case can be absorbed in the
constant € > 0 of Theorem 5.1, thus completing its proof. The rest of this section is devoted to computing
Ayin(F). We first note that there are two sources of the diagonal terms in A . (F):

(i) expressions of the form f,(S)? for some v € V and S C [M] and,

(ii) expressions of the form (Zse o) fv( )) for some v €V, e~vandre [N].

We shall analyze each of the above separately as follows.
For any vertex v € V and set S C [M] we have,

Fs? = (B [ﬁw)})z

— iz Z le sz
J1,2€[D
1 1 -~
=Aﬁ-2.ﬁ®ﬁm+7- 7(S)*. (51)
Jts J;E (D] Jj€D]
J17]2
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Note that the diagonal terms are a consequence of only the second term in the expression in Equation (51).
Therefore, the quadratic form f,(S)? — 7,(S) has no diagonal terms where,

—- ) £i(s)2, (52)

Jj€[D]

forve V and S C [M]. Note that 7,,(S) > 0. In addition we have,

Lo B

T 5| - ma

vEV
SCM]
= VGV D2 Z Z fj ]
j€D]SC[M]
1 ~,
= B (Eveije[D} [ Z \/J(S)zl)
SC[M]
1 .
= B (EveVEje[D] [vaJH%])
1 2 1 ) 1
= —|Flz < =|Fl; = —=. 53
SIFIR < SIFIE = & (53
2
Now consider an expression of the form (Zse o) fv( )) . We have,

<2)

2 2
< )y fv(s)> = (Ejew] (S)D
s€(me) = (r) se(mev)~1(r)
1 -~ —
= ;L [( fv“(s)>< Y v”(s))]
J1,2€[D] L \se(me)~1(r) se(mev)=1(r)

J1#j2

2
v X ( z ﬂ()) (54)

JjelD] mev)~H(r)

Clearly, the contribution to the diagonal entries comes from the last term in the above sum. Therefore, the

quadratic form
2
( Z fv( )) e wroos
se€(mev)=1(r)

does not have any diagonal entries where,

2
Re,v,r = é : Z ( Z J(S)) (55)
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By Cauchy-Schwartz inequality we have that,

1 o
Re.,v,r < ﬁ ' Z |(7T ' ) l(r)‘ Z fV](S)Z
JelD] se(me)=H(r)

1 ~
< LXLM Y e (56)

JelD]  se(@er)~'(r)

Since the graph of . is regular, we have that,

1 -~
Ee:(u,w)eE Z (Re,u,r +Re,w,r) = 2ME,cy [Dz \Z(S)z]
r€[N] Je[D]se[M]
2M
<2 (57)

where the last inequality follows from Equation (53).
Again observing that the graph of .% is regular, it can be seen that A.,,s(F) can be written as,

2 2
Acons(F) - _B'Ee:(u,w)eE Z < Z J/Cl\l(s)> + ( Z J/C;V(S/)>
se( —1(r) s'e(

re[N] e o)1 (r)

~B-Eev| Y £(5)?
SCM]
|S|£1

+Acr0ss (F)

where A o5 (F) is a quadratic form involving terms of the type f, (i) f,.(j) where u,w € V, u# wand i, j € [M],
and therefore does not contribute any diagonal terms. Defining A*, (F) as,

cons

Azons(F) = ACOHS(F)+BEe:(Lt,w)EE Z (Re,u,r +Re,w,r)

re[N]
+BE,cy Z Tv(S)] (58
SC[M|
|S]#1
we see that A%, (F) does not contain any diagonal terms. Similarly, defining A}, .(F) as,
Alier(F) = Agiet(F) —Eyey | Y, T(S") (59
§'C[M]
15'=1

: *
it can be seen that A, |

(F) does not contain any diagonal terms. Let Ay, (F) = A%, (F) + A%, (F). Using

cons dict
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Equations (53), (57), (58) and (59) it is easy to see that,

« 2BM + B N 1
’Acons(F) _ACOHS(F)‘ < T and ’Adict(F) — Adict (F)‘ < 5

Therefore, we obtain the desired bound,

2BM +B+1

[Afin(F) = Apra (F)| € =

< 1/n, (60)

by our setting of B and D.

6 Approximation for QM(p)

In this section we shall prove the following theorem.

Theorem 6.1. For any fixed p > 2, Vec,(A) < }/I% - Val,(A) for any instance A of QM(p). This implies a
polynomial time )/I% approximation for QM(p).

Furthermore, for all constants € > 0, there is a polynomial time (randomized) rounding procedure that
rounds the solution to Vec,(A) to obtain a (1+ 8))/1% approximate solution to Val,(A).

Let A = (a;;)} j=1 be an n X n symmetric matrix with diagonal entries all zero, given as an instance of
QM(p) for a fixed p > 2. We have,

n

n
Val,(A) :max{ Y aijxix; : {x,x}CR,Y 6P < 1}. (61)
i=1

ij=1
As shown in Kindler ef al. [26] the above can be relaxed to the following convex program,
n n
Vec,(A) =max< Y aij(uius) « {ur,...oun} CLy, Y fluif5 <15 (62)
ij=1 i=1

Letvy,...,v, denote an optimal solution to the above convex program. Let 4y, ..., h, be mean zero Gaussian
random variables obtained by defining 4; := (G,v;) (1 < i < n), where G is a random Gaussian vector in the
space spanned by vy, ...,v,. Itis easy to see that the following properties are satisfied.

n
Z Clijhl'hj

ij=1

Y (ER)"*<1 and E
i=1

= Vec,(A). (63)
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Now we simply note that,

Vec,(A) = E Zauhh]

< i) ()
1 (X VP) P )\ (e Lgl) P

(By Definition of Val,(A))

VA

=
/—\
I M:

=

=
v

é

Valp( ) (By Jensens Inequality and since p > 2)

N
TR
2=
=
=
L
v

2/p
n
= Z y p / 2) Val,(A) (By Definition of ¥, and since A is Gaussian)

< 7 Valp(A) (By Equation (63))

which is the upper bound we wanted. Note that the upper bound is obtained directly without rounding the
vectors. To complete the proof of Theorem 6.1 we need to demonstrate a polynomial time rounding algorithm
that extracts a 7[% (1+0) approximate solution xj, ..., xj, to Val,(A) from the vectors vy, ..., v, for any constant
0 > 0. This shall be our goal in the remainder of the section.

Before we do so we can first assume without the loss of generality that

laiz] =1= max |ajj|, (64)
1<i,j<n

by appropriately relabeling the entries of the matrix A and scaling them. Setting x; = 1/2 and x; = a2 /|aj>|
and x3,...,x, = 0 we obtain that
Vec,(A) > Val,(A) > 1/4. (65)

The following is the rounding algorithm that we shall analyze.

Algorithm Round(A, {vy,...,v,}):

1. Let T :=n*. Sample 7 random Gaussian vectors Gy, ..., Gy in the span of vy,...,v,.
2. Define random variables zl(t) (Gy,vi) forall 1 <7< T and 1 <i< n. Inaddition define
t
o

9

H <ZZ’:1 ‘Zy)‘p) 1/

and,
n
— (1) (1)
A= Z aijx; ' Xx;’.
i.j=1
3. Lett* € {1,...,T} be such that A,- = max;<,<7 A;. Output x7,...,x] as the solution where x} = xl([ )
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forl <i<n.

Let [E, denote the expectation over the uniformly at random choice of ¢ from 1,...,7. We begin with the
following lemma.

Lemma 6.2. Given the random variables constructed in the procedure Round(A, {v,...,v,}), with proba-
bility at least 1 — 1/n® over the choice of G, ...,Gr the following inequality holds,
Y 0,0
Y aijEilzz] = (1-8/n%)Vec,(A). (66)
ij=1

Proof. We begin by ignoring the terms corresponding to pairs i, j (1 < i, j < n) such that (v;,v;) is very
small. Formally, Let R := {(i, j) € [n] x [n] | (vi,v;)| = 1/n*}. We have,

Y aij(vi,v) — i aij(vi,vp)| <Y aii(vivy)|

(i,j)ER i,j=1 (i,/)¢R
1
< Y ayjl <n4>
(i,J)¢R
1
< n? <4> =1 /nz. (By Equation (64)) (67)
n

Now consider any (i, j) € R. As before, we have Gaussian random variables /; and /4 such that E[h;h;] =
(vi,v;). Moreover, since (i, j) € R, |E[h;;]| > 1/n*. We also need a bound on the variance of /;h;. Clearly,
Var|h;h;] < E[hlzhf] Also, from Equation (63) we have that E[hlz],E[hﬂ < 1. Therefore, E[hlzhf] is upper
bounded by E[g*] = 3 where g is a standard Gaussian variable with variance 1. We note that over the choice
(1) (1)

of Gi,...,Gr, the random variables z;'z;" are identically distributed as h;h; for all 1 <t < T. Moreover,
since Gy,...,Gr are independent Gaussian vectors, the random variables zl@zy) are also independent for
1 <t <T. Therefore,
Var [h;h;] 1
Var [B:['2))]] < =278 < o, (68)
by our choice of 7" and where the variance is over the choice of Gy,...,Gr. Moreover, since E [E, [sz Zy)]] =
E[h;h;], we have the following bound using Chebyshev’s inequality.
Pr [ E/ 22"~ E[hih j]‘ >1 /nS} <1/n'°. (69)

Since the above analysis holds for all pairs (i, j) € R, using a union bound over all pairs the above implies
that with probability at least 1 — 1 /1%, the following holds,

< (1/n°) Z aijgl/n3, (70)
(i.))€R

Z aijEz[Zgl)Zy)]— Z a;jElhih;]

(i,j)eR (i,j)ER

where the final inequality is obtained using Equation (64). Combining the above with Equation (67) implies
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that the following holds with probability at least 1 —1/n8,
n [) [) n
Z aijE,[zE zs- | — Z aij{vi,vj)| < 1/n?+1/n® <2/n?
ij=1 ij=1
This implies that with probability at least 1 — 1 /n8,
n
Y aiE 2 2] > Ve, (A) —2/n* = (1 —8/n?)Vec, (),
ij=1
where the last inequality follows from Equation (65). This completes the proof of the lemma. O
The next lemma also proves a similar bound for the pth moments of the variables Gaussian variables 5;.

Lemma 6.3. With probability at least 1 — 1/n® over the choice of G1,...,Gr the following holds for every
i=1,...,n

E, (|2 17) = B[|hi|?)| < 1/n*. (1)

Proof. Letus fix i € {1,...,n} for the moment. As noted before, over the choice of Gy, ...,Gr the random
variables Zl@, 1 <t < T, are independent random variables distributed identically to /;. Now we have,

Var[|u|”] <E[|h|"] < v (B[IA71])*” < 93,

where the second last inequality is by the definition of 7y, and the last inequality uses Equation (63). Since
(1)

z;~ are independent for 1 <7 < T, this implies,

Var[[m|’] _y _ 1
var [E [z 7] < < E < (72)

for large enough n. Therefore, by Chebyshev’s inequality we obtain,

Pr[

Bl 7]~ Ellnil")| > 1/n°] < 1/n". (73)
Taking a union bound over all i = 1,...,n and rearranging Equation (73) proves the lemma. O

We are now ready to prove the desired bounds on the performance of the rounding algorithm
Round(A, {v1,...,v,}). For this we need to prove a upper bound on Vec,(A) in terms of A*. This is shown
through the following series of inequalities implied by the two previous lemmas whose conditions hold with
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probability at least 1 —2/n®.

(1—-8/n*)Vec,(A) < E, ) aijzgt)zs-t)] (By Lemma 6.2)
.7‘].71 N

< E Py2/p (t) Zy)
C Z 0 Z <<zk 11&! |P>1/P> ((22_1 zi”\p)l/p)]
< E|( Z ] \p N (By the definition of A*)
n 2/p
< (/;1 E, |zk ) A*  (By Jensen’s inequality since p > 2)

n 2/p
< (Z [y |P] +1/n}> A*  (By Lemma 6.3)

< 2O+1/n )2/” (By Equation (63))

Since the parameter 7 is large enough the above analysis proves the approximation achieved by the rounding
algorithm. This completes the proof of Theorem 6.1 and concludes this section.
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A Construction of Smooth Label Cover and Proof of Theorem 3.5

An instance ¢ of Max-3-SAT(5) is a 3-CNF formula in which each variable occurs in exactly 5 clauses. The
PCP Theorem [7, 6] states that it is NP-hard to decide whether ¢ is satisfiable (YES instance), or at most
1 — g fraction of its clauses can be satisfied by any assignment, for some universal constant & > 0 (NO
instance).

Consider the following reduction from Max-3-SAT(5) to a 2-Prover 1-Round Game. Given an instance ¢
of Max-3-SAT(5), the verifier chooses a subset ¢ of (J+ 1)R clauses at random, and a subset " of R clauses
from €. Independently for each clause in ¢”, the verifier chooses a variable uniformly at random from those
in the clause. Let the collection of these variables be 2. The verifier sends the set % of clauses to the first
prover, and the sets ¢\ ¢ of clauses and 2~ of variables to the second prover. The verifier expects back
from each prover an assignment to all the variables received by it, and accepts if the answers of the provers
are consistent on the common variables and satisfy all the clauses in €.
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The above construction is due to Khot [20], and is equivalent to a bipartite Label Cover instance % on
vertex sets U and V, with projections 1, : [M] — [N] for edges between u € U and v € V, where M = 7+ 1R
and N = 2R7/R_ The graph is bi-regular with the degree of vertices in U being 5%, and of vertices in V being
((]J}I)R) 3R For each i € [N] and edge (u,v), |, (i)| <t :=4F. The size of the construction is n%UR)  where
n is the number of clauses in ¢. A pair of labelings oy : U +— [N] and oy : V — [M] satisfy an edge (u,v) if
oy (u) = m,(oy(v)).

Consider an R-round parallel repetition of the standard clause-variable 2-Prover 1-Round game derived
from ¢. It is shown formally by Khot [20] that this game can be embedded into .. Therefore, the PCP

Theorem and the Parallel Repetition Theorem [33] yield a universal constant ¢y > 0 such that,

e (YES Case) If ¢ is a YES instance then there is a labeling to U and V that satisfies all the edges of .

e (NO Case) If ¢ is a NO instance then every labeling to U and V satisfies less than a fraction 2~
fraction of edges of A.

Furthermore, as Khot [20] shows, the instance £ satisfies the following smoothness property: for any vertex
weVandi,je [M]s.t i# ],
Pruww [nwu(l) - n'wu(])] < 1/J>

where the probability is taken over a random neighbor u of w. This is because i and j correspond to distinct
assignments to a fixed set of clauses € (received by first prover) differing on at least one clause, say C € €.
The LHS of the above equation is upper bounded by the probability (over the choice of ¢”) that C € ¢,
which is at most 1/J.

The above instance is converted into an instance .Z of Smooth Label Cover with vertex set V and label
sets [M] and [N] as follows: for every vertex u € U and its neighbors v and w, add an edge e = {v,w} in .Z with
projections 7¢" = m,, and ©¢" = m,,,. The bi-regularity and smoothness of Z along with this construction
directly imply that .Z is regular with degree depending only on R and J, and satisfies the smoothness property
in Theorem 3.5.

Given labelings oy and oy that satisfy all edges in %, oy satisfies all edges in .. Thus, a YES instance
A is transformed into a YES instance .. On the other hand, assume that there is a labeling oy to V that
satisfies { fraction of edges of .#. Consider the following randomized labeling oy to U: independently
for each u € U, choose a neighbor v € V u.a.r, and assign u the label 7¢"(oy(v)). It is easy to see that the
expected fraction edges of # satisfied by oy and oy is the probability over a uniformly random u € U, and
two of its neighbors v and w chosen independently and u.a.r, that m,,(oy (v)) = m,,(0v (w)). This is exactly
the probability over the choice of a random edge e = {v,w} of .&Z, that n°"(oy (v)) = n°"(oy(w)). By our
assumption this is at least {. Therefore, if % is a NO instance, then .# is also a NO instance.

Finally, to see the weak expansion property, let V' C V s.t. |V'| = 8|V|. For each u € U, let p, be the
fraction of the neighbors of u which are in V'. Thus, E,[p,] = &, and the fraction of edges ! in . induced
by V' is Eu[py] = Eu[pu)* = 8%

'We are also counting the (negligible) fraction self-loops produced in .Z. These are satisfied by any labeling, and are ignored in
the hardness reductions.

31

ECCC ISSN 1433-8092

http://eccc.hpi-web.de




