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Abstract

In this paper, we study the approximability of Max CSP(P) where P is a Boolean pred-
icate. We prove that assuming Khot’s d-to-1 Conjecture, if the set of accepting inputs of P
strictly contains all inputs with even (or odd) parity, then it is NP-hard to approximate Max
CSP(P) better than the simple random assignment algorithm even on satisfiable instances.
This is a generalization of a work by O’Donnell and Wu [15] which proved that it is NP-hard
to approximate satisfiable instances of Max CSP(NTW) beyond % + ¢ for any € > 0 based on
Khot’s d-to-1 Conjecture, where NTW is the “Not Two” predicate of size 3.

1 Introduction

A k-bit Constraint Satisfaction Problem (k-CSP) consists of a set of boolean variables, along
with boolean constraints each of which involves at most k of these variables. Each boolean
constraint is given by some predicate of arity at most k. The Max k-CSP problem is to find a
boolean assignment to the variables that maximizes the number of satisfied constraints. A k-CSP
is called satisfiable if there exists an assignment that satisfies all the constraints simultaneously.
We can further restrict the type of predicates in Max k-CSP to some predicate set. Specifically,
for a predicate P : {0,1}* — {0,1}, the Max CSP(P) problem is the Max k-CSP problem in
which all constraints are of the form P(ly,--- ,l;), where each literal [; is either a variable or a
negated variable. For example, we have the following k-CSP problem on variables x1,-- -, x,:

e Max-NTW: constraints are of the form NTW (l;,[;,1i), where NTW is the 3-ary predicate
satisfied if and only if the number of true inputs is not two.

e Max-PARITY: the predicate PARITY(l;,,- - ,l;,) = —(69?21[2-].) that accepts inputs with
even parity.

Let P~1(1) be the set of satisfying assignments of P. In this paper, we are interested in predicates
P such that P~!(1) properly contains PARITY 1(1).

It is known that the Max k-CSP problem is NP-hard for any k > 2, and as a consequence, a
lot of research have been focused on studying approximability of such problems. We say that a
(randomized) algorithm has approximation ratio «, if for all instances, the algorithm is guaranteed
to find an assignment which (in expectation) satisfies at least a - Opt of the constraints, where
Opt is the maximum number of simultaneously satisfied constraints over any assignment.

There is an easy approximation algorithm for Max k-CSP problems: one simply picks a
random assignment to the variables. This algorithm has an approximation ratio of 1/2%. It
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was subsequently improved by [4]. As for a specific predicate P of arity k& with m satisfying
assignments, the above random assignment algorithm achieves a ratio of m /2¥.

Given the naiveness of the above algorithm, it may seem that one could do much better in
approximating Max k-CSP. Surprisingly, however, it turns out that for certain P, this is the best
possible algorithm. In a celebrated result, Hastad [8] showed that for PARITY, the Max CSP(P)
is NP-hard to approximate within 1/2+ ¢, while the random assignment algorithm achieves 1/2.
Predicates P for which it is hard to approximate the Max CSP(P) problem better than a random
assignment are called approximation resistant. A natural and important question is to understand
the structure of approximation resistance. For k& = 2 and k& = 3, this question is resolved —
predicates on 2 variables are never approximation resistant, and a predicate on 3 variables is
approximation resistant if and only if it is implied by an XOR of the three variables [8, 23].
For k = 4, Hast [7] managed to classify most of the predicates with respect to approximation
resistance.

However, for many other classical optimization problems, such as Max-Cut and Max-2SAT,
there is still a gap between the best known approximation algorithm and hardness result. To
address this, Khot [9] proposed the Unique Games Conjecture (UGC), which states that it is
NP-hard to distinguish whether certain Label Cover instance is almost satisfiable or far from
satisfiable. Assuming the UGC, many optimal approximation lower bound results were proved
[12, 10, 11, 14, 1]. Raghavendra proved a powerful result in [16] that assuming the Unique Games
Conjecture, if a certain natural SDP relaxation cannot approximate Max CSP(P) to within some
factor «, then no polynomial time algorithm can. Also based on the UGC, Austrin and Mossel
[2] proved that P is approximation resistant if the set of satsifying assignments P~!(1) contains
the support of a pairwise independent distribution.

The case with satisfiable instances seems to be more intriguing as some predicates may behave
differently when it comes to satisfiable instances. We call P approximation resistant on satisfiable
instances if the best possible algorithm is still the random assignment algorithm even with the
promise that it is satisfiable. If predicate P is approximation resistant on satisfiable instances,
then clearly it is also approximation resistant. However, the converse may not be true. In fact,
it is easy to see that if Max CSP(PARITY) is satisfiable, we could find a satisfiable assignment
to it, though PARITY is approximation resistant on near satisfiable instances. Several other
approximation algorithms for satisfiable instances were introduced [22], and in particular, it is
known that predicates with fewer than (k + 1) satisfying assignments are never approximation
resistant on satisfiable instances. On the other hand, it is proved in [7] that predicates with fewer
than 2[k/2] + 1 accepting inputs are not approximation resistant so there is still a small gap
between satisfiable and almost-satisfiable instances when k is odd.

Despite the abundance of results on approximation resistance of predicates, the understand-
ing on approximation resistance on satisfiable instances is still quite limited. This situation is
not particularly surprising, as there are quite a few differences between satisfiable instances and
almost satisfiable instances. One of the differences is that there are approximation resistant pred-
icates which are easy to satisfy on satisfiable instances, for example linear constraint predicates,
thus it is possible that the structure of approximation resistance on satisfiable instances is richer
than that of approximation resistance. Also, in terms of PCPs, working on satisfiable instances
requires perfect completeness in the proofs, making the design and analysis more challenging.
Most notably, the Unique Games Conjecture, which has been used to prove a number of optimal
results, might not be applicable to satisfiable cases simply because it is non-perfect. To address
this, Khot additionally proposed the “d-to-1 Conjectures” [9]. The conjecture states that it is
NP-hard to distinguish whether a “d-to-1 Label Cover Instance” is satisfiable or far from satis-



fiable. The conjectures are parameterized by an integer constant d > 2. The bigger d is, the
less restrictive are d-to-1 Label Cover instances; thus for each d, the d-to-1 Conjecture implies
the (d + 1)-to-1 Conjecture. There are several applications of the d-to-1 Conjectures prior to
this work. Dinur, Mossel and Regev [5] proved that the 2-to-1 Conjecture implies hardness of
coloring 4-colorable graphs by O(1) colors. O’Donnell and Wu proved a nice result in [15] that
Max-NTW is approximation resistant on satisfiable instances assuming the d-to-1 conjecture
for some d. Following their approach, Tang [21] studied the approximability of satisfiable Max-
3CSP, where q is a prime greater than 3 and gave a (1/q+1/¢*> —1/¢%) lower bound by showing
approximation lower bound for a special predicate which could be viewed as a generalization of
the NTW in [15]. In [20], Tamaki and Yoshida gave a non-adaptive (2¥ — 1)-query Long Code
test with perfect completeness and soundness (2¢ + 3)/2? where ¢ = 2% — 1 is the number of
queries. Their test was a noised version of Samorodnitsky-Trevisan’s Hyper Graph linearity test,
and used Invariance-Principle style analysis in the spirit of [15]. However, it is not known if it is
possible to combine their tester with d-to-1 Games.

1.1 Owur Contribution

In this paper, we prove the following theorem:

Theorem 1.1. Let P : {0,1}* — {0,1} be a Boolean predicate such that k > 4 and P~*(1)
properly contains PARITY 1(1). Suppose that Khot’s d-to-1 Conjecture holds for some finite
constant d. Then for any € > 0, given a satisfiable Maz-CSP(P) instance, it is NP-hard to
satisfy more than a |P~1(1)|/2% + ¢ fraction of the constraints.

Based on the classical connection between PCPs and hardness of approximation, the above
theorem is equivalent to saying that there is a nonadaptive PCP system for an NP-complete
language with perfect completeness and soundness |P~1(1)|/2*, decides to accept or reject based
on the predicate P. In the remaining part of this paper, we design such a PCP, and follow the
classical approach of showing approximation resistance by arithmetizing the accepting probability
and bounding each non-constant terms.

Our result is closely related to [15]. In fact, we can view the NTW predicate as accepting
input (0,0,0) in addition to the odd parity predicate. While the analysis of many terms for our
predicates are in fact almost identical to [15], there are several difficulties in generalizing their
result. First of all, we need to find a suitable distribution. More specifically, having a balanced
and “sufficiently” independent testing distribution would ease the analysis for most of the terms.
Another difficulty is the analysis of certain terms such as E[[[ ¢(y;)]. The similar term in [15] is
upperbounded by bounding the expectation under another distribution for which the resulting
expectation is no smaller than under the original distribution. To prove that the expectation
never decreases when passing to the new distribution, O’Donnell and Wu developed an approach
using matrix notation of distributions. This approach is not directly applicable, and we show
how to deal with it in our case.

2 Preliminaries

In this section, we recall some basic notions and results. We give definitions for Label Cover
problems and state Khot’s d-to-1 Conjectures. We also recall some basics in Fourier Analysis
of Boolean functions and the Efron-Stein decomposition, a concept closely related to Fourier
decompositions. We then define the noise operator and correlation of probability spaces as in



[13], and quote several results on the relation between these concepts. Finally, we describe the
overall framework of our PCP system, a generalization of the one in [15].

2.1 Khot’s d-to-1 Conjecture

To introduce Khot’s d-to-1 Conjecture, we first define the Label-Cover problem.

Definition 2.1. We define a Label-Cover instance L := (U,V, E, P, Ry, R,11). Here U and V
are the two vertex sets of a bipartite graph and E is the set of edges between U and V. P is an
explicitly given probability distribution on E. Ry and Ro are integers with 1 < Ry < Ro. Il is a
collection of “projections”, one for each edge: Il = {m. : [R2] — [Ri]le € E}. A labeling L is a
mapping L : U — [R1],V — [Ra]. We say that an edge e = (u,v) is “satisfied” by labeling L if
me(L(v)) = L(u). We define:

Opt(C) =mpx _ Pr  [ne(L(v) = Lu))

For Label-Cover problems, we have the following inapproximability theorem of Raz [17].

Theorem 2.2. For every constant n > 0, there is some constant k(n) < oo such that for Label-
Cover instance L with Ra > k(n), it is NP-hard to distinguish the case Opt(L) =1 from the case
Opt(L) > 7.

Now we define the d-to-1 Label-Cover.

Definition 2.3. A projection 7 : [Ra] — [R1] is said to be “d-to-1” if for each element i € [Ry],
we have |7~ 1(i)| < d. We say the projection is “exzactly d-to-1” if Re = dRy, and |7~ 1(i)| = d
for each i. The d-to-1 Label-Cover is the Label-Cover in which each projection is d-to-1.

In Theorem 2.2, one can take the Label-Cover instances to be exactly d-to-1, but d needs
to be at least poly(1/n). Khot’s d-to-1 Conjecture states that one can take d to be a constant
independent of 7.

Conjecture 2.4. For each integer d > 2, for every constant n > 0, there is some constant
k(d,n) < oo such that for d-to-1 Label-Cover instances L with Ry > k(d,n), it is NP-hard to
distinguish the case Opt(L) =1 from the case Opt(L) < 1.

2.2 Fourier Analysis and Influences

As is usual in Fourier analysis, from now on we represent “true” by -1 and “false” by 1, in-
stead of 1 and 0. For S C [n], define x, : {-1,1}" — R as xs(z1, -+ ,2n) = [[icq:-
The functions {xs}scjn form an orthonormal basis for the L*({—1,1}"), thus every function
f € L2({—1,1}") can be written as f(z) = >_SCin] F(S)xs(z), where f : P([n]) — R is defined
by f(5)=27" Zaze{—l,l}” f(@)xs().

We now define a notion of the influence of a set of coordinates on a function f as in [15].

Definition 2.5. For a function f:{—1,1}" — R and a set of coordinates S C [n], we define the
influence of S on f to be

Infs(f) =Y f(U)%

Uos

Next we recall the Bonami-Beckner operator T, on Boolean functions.
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Definition 2.6. Let 0 < p < 1. The Bonami-Beckner operator T, is a linear operator mapping
functions g : {—1,1}" — R into functions T,g : {—1,1}" — R as (T,9)(z) = E[g(y)], where y
is formed by setting y; = x; with probability p and setting y; to be a uniformly random bit with
probability 1 — p.

There is a simple relation between the Fourier decomposition of f and 7T),f.

Claim 2.7. )
T,f = Y o f(S)xs-

SC[n]

The following lemma says that for a noised Boolean function, the sum of influences of constant-
size sets is bounded.
Lemma 2.8. [15] For any function f : {—1,1}" — R with E[f?] < 1, and any parameters
0<6<1/2, meN
> Infs(Tiosf) < (m/25)™
SC[n],IS|<m

We also need the following Efron-Stein decomposition as is described in [13].

Definition 2.9. Let (Q1, 1), .. ,(Qn, pn) be discrete probability spaces (2, 1) = [y (, pi)-
The Efron-Stein decomposition of f : Q& — R is given by

fl@)=">" fs(xs),
SC[n]
where the functions fs satisfy:

e fg depends only on xg.

e Forall S € S’ and all g/ it holds that E[fs|Xg = xg] = 0. That is, as long as we have
not conditioned on all the variables that fg depends on, the conditional expectation is 0.

It is known that the Efron-Stein decomposition exists and that it is unique. In fact, when
Q; = {—1,1} for all 7, the Efron-Stein decomposition of f is the same as its Fourier decomposition.
For general €);’s, the Fourier decomposition depends on the choice of Fourier basis, while the
Efron-Stein decomposition is invariant under different choices. We use Efron-Stein decomposition
in the proof of Lemma B.4.

2.3 Correlation of Probability Spaces

We use an equivalent definition of correlation for probability spaces as defined in [13].

Definition 2.10. Let (2 x U, u) be a correlated probability space, p is a distribution on the finite
product set Qx WV and that the marginals of p on Q and ¥ have full support. Define the correlation
between 2 and ¥ to be

p(Q Wi ) = max {| Elfg]l | Elf] = 0,E[f’] < 1,E[g] = 0,E[g°] < 1},
g:V—R

where the expectation B[fg] is under p, and E[f], E[f?], Elg] and E[¢?] are under marginals of
W on corresponding variables.



The following lemma is useful for bounding correlation between probability spaces from 1.

Lemma 2.11. [13] Let (2 x ¥, 1) be two correlated spaces such that the probability of the smallest
atom in 2 X ¥ is at least « > 0. Define a bi-partite graph G = (Q,V, E) where (a,b) € Q x ¥
satisfies (a,b) € E if u(a,b) > 0. Then if G is connected then p(Q, ¥;pu) <1 — a2

Next we recall the definition of the conditional expectation operator.

Definition 2.12. Let (2 x U, i) be two correlated spaces. The conditional expectation operator
U associated with (Q, V) is the operator mapping f € LP(V,u) to Uf € LP(Q, 1) by (Uf)(z) =
E[f(Y)|X =z] forx € Q and (X,Y) € Q x ¥ is distributed according to (.

An important property we need in the analysis is that the Efron-Stein decomposition com-
mutes with the conditional expectation operator.

Proposition 2.13. [15] Let (2 x U, ) := ([] QU x[[ Vi, ®ui) be correlated space and let T := &T;
be the conditional expectation operator associated with Q and V. Suppose f € L*(¥) has Efron-
Stein decomposition f(x) = ng[n] fs(zs). Then the Efron-Stein decomposition of U f satisfies
(Uf)s =U(fs) for S C [n].

The following result shows that in the above setting, if the correlations between all 2 and ¥
are less than 1, then the L? norms of the high-degree terms of U f are small.

Proposition 2.14. [13] Assume the setting of Proposition 2.13 and that for all i, we have
p(Q, Vi i) < piv Then for all f, we have |U(fs)ll2 < ([Ties i) I f5ll2-
2.4 PCP System Framework

Consider a predicate P of arity (r + 1) > 4. Our PCP system is similar to O’Donnell and Wu’s
PCP for Max-NTW [15]. For a d-to-1 Label-Cover instance £ = (U,V, E, P, Ry, Ro,11), a proof
consists of a collection of truth tables of Boolean functions, one for each vertex. Let 7T, be the test
distribution defined on {—1, 1} x []'_,{—1, 1}7%2; Our verifier checks the proof as following:

e Pick an edge e = (u,v) from distribution P;
e Generate a tuple (z,y1,--- ,y,) from the test distribution 7e;

o Accept if P(fu(x),gu(y1), -+, gv(yr)).

As usual, we assume the functions f,, and g, are folded, and therefore we can assume that all the
functions h are odd, meaning that h(—z) = —h(z) for all inputs z.

3 The Test Distribution

In this section, we define the test distribution 7. for predicate P of arity r + 1. For a positive
integer r, let [r] := {1,--- ,r}. For an input « to predicate P, let its coordinates be ag, a1, - , .

For the picked edge e, we write d; = |m,!(i)| for i € [R1]. The verifier now views f, as
fu: XPx X2 x o x X o {11}, where each X' = {—1,1}(). The verifier also views g,



as a function over an R;-fold product set g, : y} X yf X oo X yfl — {—1,1}, where each
y;i ={-1,1}" ') for j € [r]. Te is a distribution over the following R;-fold product set

Ry r Ry r Ry
IT (11 = (1) < T (102
i=1 j=1 i=1 j=1 \i=1

In fact, for each i € [Ry], we define a distribution 7 on X% x ITj=: y; We let 7. be the product

distribution ®f:117'8i. The distribution 7 only depends on d;, and we could simply view it as a
distribution on {—1,1} x [[i_;{—1,1}%. Further, the distributions for different d;’s are actually
constructed in a uniform way, parameterized by d;. More specifically, we define distributions
on {—1,1} x [[/_;{-1,1}?, which we would write as X x [[;_; )i for simplicity. The final
distribution is a product of distributions corresponding to each i € [R;], substituting D with the
respective d;s.

The test distribution is a combination of several simple distributions. The first such distribu-
tion is the parity distribution which we denote by H in its simple form and H(D) in its product
form.

Definition 3.1. Define distribution H generating (z,y1,--- ,yr) as follows: =, y1 ...yr—1 are
generated independently and uniformly random, then set y, to be x H:;l Y-

Define distribution H(D) on X x [[;_; Vi as follows: generate x, y; j for i € [D], j € [r — 1]
independent and uniformly random, then for each i € [D], yi, = x H;;l Yij-

Next we define the “noise” distributions for o € P~!(—1) \ PariTy !(—1). Note that a ¢
PARITY ! (—1), thus we have that [[}_,a; = —1, and therefore if we define @’ to be the same
as a except for the first bit where af, = —ag, then we have o’/ € PARITY !(—1). The noise
distributions looks very similar to H and H (D). In fact, we first generate the parity distribution
with some bias on the first bit. The difference now is that in the noise distribution, instead of
generating o € PARITY }(—1), we always generate a. We also assign different weights so that
the marginal of the first bit is uniform. We can view N, as a generalization of the distribution A/
in [15]. In particular, we distribute probability mass in N, over a larger set. One could actually
verify that when the size of the predicate is 3, and a = (1,1, 1), it is exactly the distribution in
which we pick (—1,—1,—1) and (1,1,1) with probability % each.

Definition 3.2. Define N, on {—1,1}"*1: generate y1,--- ,y,_1 independently and uniformly
random, and with probability 2"~2/(2"~t — 1), set x = —ag, and © = g otherwise. Then let
r—1 . .
Yr = xHi:l Yi, and ﬂZp €T Zf (‘r7y17 T )yT‘) - (_a()ualu T ’ar)’
Define Nj.o(D) on X x [[Vi: generate (z,yx 1, ,Ykr) ~ Na, then generate (yj1,--- ,Yjr)
for all j € [D]\ {k} according to parity distribution H and x. Let No(D) := (3", Nio(D))/D.

The distribution N, has the nice property that the marginal is uniform if we only condition
on yg where S C [r].

Lemma 3.3. Let S C [r] be a set of coordinates, and let ys be an assignment on the coordinates
in S. Then Pry, [ys = ys] = 27181, Moreover, the marginal distribution over X is also uniform.

Proof. If r ¢ S, then since {y; };cs are picked uniformly at random, the statement holds. If r € S,

the last step when generating from N, only flips z, and this does not change the probability we
r—1

are considering if we do not condition on x. Before this final flipping, we have y,. = « [[;—; v,



and we could change the role between y, and y; for some j ¢ S, and conclude that the marginal
is uniform.
For the marginal of X, note that in the first step, # = —aj with probability 27—2/(2"~1 —

1), and it would still be the case at the end unless (x,y1, - ,y,) = (—a1, 2, -+ ,ap+1) with
probability 2-("=1.27=2 /(27=1_1), thus the probability that 2 = —ay is (1—2~("—1).2r=2 /(2r—1
1) =1/2. O

It turns out that all AV, are suitable for our purpose, therefore we simply pick an arbitrary
o € P~1(—1)\ PARITY }(—1) and omit indicating the dependence on « in the rest of this paper.
We are now ready to define the test distribution 7.

Definition 3.4. For 0 < v < 1, define distribution H(D) = (1 — v)H(D) + yN(D) = (1 —
YVNH(D) + v Ni(D))/D. For each i € [R1], define the T} to be H~(d;). The test distribution
Te is the product of these distributions, T = ®f:117;i.

We have the following bound on p(X, [[;cq Vi; Hy (D)) for S C [r]. We need to apply Lemma
3.3 and the proof is similar to that of Lemma 5.3 in [15].

Lemma 3.5. For all S C [r], we have p(X,[];cg Vi: ", (D)) < 7.

Lemma 3.6. For any ro € [r], « € P~1(—1)\ ParitYy 1(—1), p(X x [Lisrg Yis Yros Hy(D)) <
1—3%/2, where B =~-(27"2=1)/((27* =1)-20-DD . D) is a lower bound of the least probability
of an atom under H. (D).

Proof. For notational simplicity, we only prove this for rg = r, since all coordinates are entirely
symmetric. To apply Lemma 2.11, we only need to show that the distribution is connected. Let
(w1,...,wp) be an arbitrary right vertex, and (wy,- -+ ,wp) be the right vertex that has w’ = w;
for j # k, and wj, = o,. We claim that for any k € [D], (w1,---,wp) and (w,--- ,wp) are
always connected. In fact, if we already have wi = «,., then we are done. Otherwise, we pick the
following left vertex (x,y11,91.2, "+ sY1,—1,Y2.1, - »YDr—1), such that it is connected to both
(w1, ,wp) and (wi,---,wp): = = a0, (Yj1,Y52 " Yjr—2,Yjr—1) = (L, 1,--, 1, apw;) for
J# k,and (Yk1,Yk2: s Ykr—2,Ykr—1) = (01,02, ,ap_1). It is not hard to see that for any
J#k (951, yir—1,wj) € H, and (T, 0k, Yke—1,Wk) € H, (T, Yk1s 0 s Ykr—1, Wy,) €
N,. Therefore, it is connected to the right vertex (wy,--- ,wp) due to H(D), and to (w}, - ,w)p)
due to Ng(D).

We conclude from the above claim that all right vertices are connected to the right vertex
(ap, -+ ,ap). It is also easy to see that all left vertices are at least connected with one right
vertex, therefore the bipartite graph is connected. O

Similar to [15], we need to pass to a new distribution Z, (D) with almost no correlation
between X and [ ;.

Definition 3.7. Define distribution Z(D) on X x[[;_; Vi as follows: first draw from H(D), then
uniformly rerandomize the bit . Define Z,(D) := (1 — v)Z(D) + vN (D).

We bound p(X,[[Vi;Z(D)) in the following lemma.
Lemma 3.8. p(X,[[;_, Vi;Z,(D)) < /7.

The proof of this lemma is almost identical to Lemma 5.4 of [15].
By Proposition 2.13 of [13], bounds in Lemma 3.5, 3.6 and 3.8 holds for products of correlated
spaces.



Lemma 3.9.
p (T2 A7 TI2 (Thies 7 ) s QP Ha(di)) <
p (112, (22 xnmoaﬂ) [I Vi @y Ho(di)) < 1 82/2;
(1, 29, T (T, 97) ®f"%z< D) < VA

where B =~ - (272 —1)/((2""! —1)-20—Dd . g),

p

4 Analysis of the Verifier

In this section we give details of the analysis of our verifier.
The completeness analysis is standard.

Theorem 4.1. The verifier has completeness 1.

Proof. Let L be a given d-to-1 Label Cover instance, and L : U — [R;],V — [R2] a perfect
labeling. For each u € U, the prover takes f,, to be the L(u)-th dictator function x{r)}, and for
each v € V, take g, to be the L(v)-th dictator function X{L(v)}- Now for any edge, we have that
me(L(v)) = L(u). It follows from the definition of 7. that the tuple (1), Yr(w),15" " s YL(w)sr)
generated is in the support of P. Hence the verifier has perfect completeness.

Next we show soundness.

Theorem 4.2. For a d-to-1 Label Cover instance L, if the wverifier accepts with probability
|P=Y(=1)|/2"* + ¢, then there is a randomized labeling strategy for L achieving expected value
at least n, a positive constant depending only on d and €.

Proof. To analyze the soundness of the verifier, we first arithmetize the probability a given proof
passes

Pr[veriﬁer accepts] = 1:17”3 Pr[ (fu(m)agv(yl)a e ,gv(yr))]

= E Z p(S)XS(fu(m)’gv(yl)"" vgv(yr))

67—673 SC{0,+ 7}
Note that P(0) = |P~1(1)|/2"t!. By Lemma 3.3 and the fact that f, and g, are odd functions, we

conclude that EewP,(z,{yi})NTe [XS(fu(x)7gv(yl)7 T 7gv(yr))] = 0 for either S - [T] or § = {O}
Also, by Lemma 3.9, the absolute value of the terms with S C [r] and 0 € S are upperbounded

by . Therefore

PO, @ -1

Pr[verifier accepts] < o1 o7

+E Hgv yz +P([ U{O} fu Hgv yz . (1)

=1

We bound the remaining two terms in the following two theorems:



Theorem 4.3. For any e = (u,v), and odd function g, : {_1’1}1{2 N {_1’1}, we have
E7.([Ti=1 9(y:)] <.

To show the above bound, we apply the matrix approach in [15] to the distribution conditioned
on y, = y; for i € [r — 2] for any {y;};cr—2)- We use the matrix approach to bound the absolute
value of the expectation in the conditional distribution. Details are given in Appendix A.

Theorem 4.4. There exists constants 0',7 > 0 depending only on d, r and 7, such that the
following holds: if for every i € [R1] and every odd-cardinality set S C 7, '(i) we have that

min{]nfi(Tl_(;//qu), InfS(TI—6’/2gv)} <7, then |[E7,[fu(z) H§:1 go(y)]l < (r+ 3)\ﬁ

Proof of Theorem 4.4 is almost the same as [15] and we include it in Appendix B.

Now let us see how Theorem 4.2 follows from Theorem 4.3 and Theorem 4.4. We’ve proved
that under the hypothesis of Theorem 4.4, (1) is upperbounded by

-1 r—1 —1
T N R ]
Equivalently, suppose that the functions f, and g, cause the verifier to accept with probability
exceeding [P~1(1)|/2"+! +e = [P~1(1)|/27! + 2y +2(r + 3)/7, then [E7 [fu(@) [T 90(¥:)]| >
2(r 4+ 3),/7. By an averaging argument, this implies that for at least an (r + 3),/y fraction of
edges under distribution P over the edges, we have [E7,[fu(x) [[i—; 90(¥;)]| > (7 + 3)/7. We

call such edges “good”.

By Theorem 4.4, we know for evey good edge e, there must exist some i, € [R;] and odd
cardinality set Se C m, ! (ie) such that min{Inf;(Ty_s /o fu), Infs(T}_g /29v)} > 7. For each u € U,
we define L, = {i € [R1] : Infy(Ty_5/2fu) > 7}, for each v € V, we define L, = {j € [Ro] :
J € S, Infs(T1_5/290) > 7,1S| < d,|S| is odd}. By Lemma 2.8, we know that for g,, we have
>1s1<a Infs(Th-5/290) < (d/8")%. Therefore, at most (d/§')?/7 sets S can contribute in the

definition of L,, and thus for each v € V, we have |L,| < d- (d/§')?/7. Similarly, we have that
for each w € U |L,| < 1/d'T.

Whenever e = (u,v) is a good edge, i, € L, and S, contributes to L,. Since S, is odd, it
is nonempty, and thus there exists j. € L, and i, € L,, such that m.(j.) = i.. Therefore, for a
good edge, a randomized labeling has at least a 1/(|Ly||Ly|) > 72(6’/d)?*! chance for choosing
ic and j. and thus satisfying e. Since at least an (r +3),/7 fraction (with respect to distribution
P) of edges are good, the expected fraction of edge weight satisfied by a randomized labeling
exceeds (r+3),/772(8'/d)?*!, a positive constant depending only on d, r and ¢, as desired. This
completes the proof of Theorem 4.2. O

5 Conclusion

In this work, we generalized O’Donnell and Wu’s work [15] on the inapproximability of Max-NTW
and showed that for any boolean predicate P of size greater than 3, if its set of accepting input
strictly contains all inputs of even (or odd) parity, then assuming the d-to-1 Conjecture for some d,
it is NP-hard to approximate Max-CSP(P) better than the random assignment algorithm. While
the overall analysis is in a similar flavor to [15], we generalized the design of the test distribution
in a new way, and strengthened some part of the analysis so that it worked in general settings.

The question of approximability on satisfiable instances is still widely open. It would be nice
to study if there are any similar results as in [2, 16]. An interesting next step would be to try to
understand the situation where the predicates imply some general linear constraints, such as the
Samorodnitsky-Trevisan predicates in [18, 19].
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Appendix

A Analyzing E7[[]_; 9.(v:)]

In this section, we prove Theorem 4.3. We use the same approach as in [15]. However, the
approach in [15] is defined on two variables, while in our case we have r of them. In order to
use the matrix notation, we study the conditional distribution where y,--- ,y,_o is given. Let
H(D,{zi}icr—2)) be the distribution H(D) conditioned on y; = z; fori = 1,--- ,r —2. Similarly,
we define N (D, {zi}icpr—9)), Ni(D,{2i}icpr—2) and Ho (D, {zi}icr—a)-

Let M(P) be the 2P x 2P matrix associated with distribution P defined on {—1,1}" x
{~1,1}P, defined as

M(P)sr= E [xs(@)xr(y)
(w,y)~P

For a function ¢ : {—1,1}” — R, we also identify it with a column vector of length 2°, with
entries indexed by S C [D] in the same order as in the matrix notation. The S-th entry of g is
g(S). Then we have

Elg(x)g(y)] = 9" M(P)g.

Thus to bound Ey (p)[[Ti=1 9(y;)]; all we need is to upperbound the absolute value of

g" (9 MDY, }jer-2)) ) 9

The following proposition is easy to check.
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Proposition A.1. For any {y;}icjr—2), M(H(D,{Y;}icjr—2)))sr is nonzero iff S =T and |S|
and |T| are even, in which case it is equal to 1.

Define the distribution £(D) on X x [[;_; V; which generates pairs (y,_;,y,) by choosing
y,_; uniformly at random and setting y, = y,_;, regardless of the values of  and other y,’s.
M(E(D,{y;}je[r—2)) is then the identity matrix. Further introduce &, (D) = (1 — y)H(D) +
vE(D).

The proof is divided into two steps. First, we show that the absolute value of the expectation
under H (D, {y;}jejr—g) is upper bounded by the expectation under &, (D,{y,};e[r—2). Then
we derive a bound for the latter. The overall proof is the same as in [15], but we have to make sure
that everything still works when conditioning on any value of {y;};c[,—g. In fact, conditioning
does not change H (D) at all, while the affect of /(D) is limited.

To finish the first step, we need the following lemma in matrix algebra.

Lemma A.2 ([15]). Let A; and B; be m; X m; matrices, i = 1..n, and suppose that A; — B; and
A; + B; are positive semidefinite. Then @i Ai — @i Bi and @ A + @i, B; are positive
semidefinite.

Lemma A.3. For any fized values of {y,}cr—2), the matrices

R1 Rl
® M(Ey(dis{Y;}jepr—2)) ® M(H~(dis {y;}jepr—2)
i—1 =1

are positive semidefinitive.

Proof. By Lemma A.2, we only need to show that for each D > 1, the matrices

M(gv(Da {yz‘}ie[r—Q})) + M(Hv(Da {yi}ie[r—Z]))

are positive semidefinite. For notational simplicity, we henceforth omit showing the dependence

on D and {y; }iefr—2)-
For the conditional distributions, we still have

Ho (D {Y;ticpr—g) = (1 = VHD, Y, icp—2) + N (D, {Y; iep—2)
and

Ey(D{Y;}iep—2) = (1= V)H(D,{Y; }iepr—2) + YE(D, Y Ficpr—2))
therefore M(Ey) — M(H,) = v(M(E) — M(N)). Hence, to show M(E,) — M(H) is positive
semidefinite, we only need to show it for M(E) — M(N). For any h: {—1,1}” — R, we have

MR = B [ b)

< E h(y,_1)? E h(y,)?
\/(y'rlvyr)NN[ ( 1) ]\/(yrlvyr)NN[ ( ) ]

by Cauchy-Schwarz. Note that the marginals of N are uniform by Lemma 3.3 (actually marginals
of (Y1, ++,Y,—1) and (Y1, -+ ,Y,_9,y,) since we are already conditioning on {y; };cr—g). The
marginals are also uniform for £, therefore

E  [h(y,—1)? E [h(y,)?
\/(yr—lvyr)NN[ ( 1) ]\/(yr—lryr)NN[ ( ) ]

= El’]= E  [Ay,_1)h(y,)] =h" M(E)h,

(y'r— 1 7yr)N8
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so we've shown that hT M(N)h < hTM(E)h for all h, and hence M(E) — M(N) is positive
semidefinite as needed.

As for the matrix M (&) + M (H,), it equals 2(1 — v)M(H) + y(M(E) + M(N)). M(H) is
diagonal with only nonnegative numbers on the diagonal, hence it is positive semidefinite.

It remains to show that M(E) + M(N) also is. The proof is essentially the same: we start
with hT (=M (N)h = E¢y 4 )~n[—h(y,_1)h(y,)] and the minus sign disappears with the ap-
plication of Cauchy-Schwarz. O

Lemma A.4.

<.

R1

g" (@ M(&(tb))) g
i=1

Proof. M(H(D)) is a diagonal matrix with (S,5) equal to 0 if |S| is odd and 1 if |S] is even,

M (E(D)) is the identity matrix. Thus M (&, (D)) is a diagonal matrix whose (5, .5) entry is equal
to 1 if |S] is even and equal to v if |S| is odd. According to definitions, it follows that

Ry
g" <® M(t‘%(%))) g
=1

_ Z Q(S)2 . ,y#{iE[Rl}:|Sﬂ7r’1(i)|is odd}. (2)
SC[R2]

But g is an odd function, and therefore §(S)? is nonzero only if |S| is odd, which implies that
|S N 7~1(4)] is odd for at least one 7, and hence (2) is upper-bounded by

> a8y ==El -y =1.
SC[Ry]

O

Theorem A.5. For any e = (u,v), go : {—1,1}2 — {—1,1} is odd implies that for any
{yi}iE[T—Q]

E  [9(—1)9(y)]| <7
ﬂ({yi}z‘e[r—z])
Proof. Using the matrix notation, we have
E  [9y 109w = 9" M(T({yi}ier—2))9
Tc({yi}ie[r—m)
Ry
=g (@ M(H,(d;, {yi}ie[r—Q]))> 9- (3)
i=1

We bound (3) by Lemma A.3
R1 Rl
g" <®M(5’Y(dl)) - ® M(H(d;, {yi}ie[r—Q]))> g =0,
i=1 i=1

R1 Rl
g" (@M(Sv(di)) + ® M (M (d;, {yi}ie[r—2]))> 920,
i=1

i=1
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which implies that

Ry
_aT <® M(g’y(dl))> <®M d’“{yz}ZET 2] ) 9= = g <®M )
i=1
By Lemma A.4

[9(y,-1)9(y,)]] <. (4)

E
Te({yi}icir—2))

B Analyzing E[f.(z) []i—; 90(y;)]

In this section, we prove Theorem 4.4. The analysis of this term is almost an exact copy of
O’Donnell and Wu’s approach. We include the full analysis here for reader’s convenience.
Let Hy := ®H,(d;), and Z := ®Z,(d;). The overall idea of the proof is to show that

2) [ [9(wi)] = Elfu() [ ] 90(:)].
=1 v =1

and then we bound the right hand side. More precisely, the argument is divided into three steps.
First, we apply the Bonami-Beckner operator to the functions. The following theorem bounds
the error introduced in this step.

Theorem B.1. There are positive constants 6 > &' > 0 depending only on v and d such that

m)Hg(yi)] - T1 o f HTI s9(ya)]| < (r+ v
i=1

Next, we move from distribution H., to Z,.

Theorem B.2. There exists constants T > 0 depending only on d, v and &', such that the
following holds. If for every i € [Ry] and every odd-cardinality set S C 7, 1(i), we have

min{Infi(T\_s fu), Infs(T1_s5gv)} < T,

then

H E[T1-sf HTI 59(Ys)] T1 o f HTl s9(Y)l| < V-

And finally, we bound the expectation under Z,.
Theorem B.3.

T1 o f HTl 59l < V-

This follows directly from Lemma 3.9.
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B.1 Proof of Theorem B.1

We first prove Theorem B.1. The idea is to apply T}, to the functions one by one. Intuitively,
the Bonami-Beckner operator does not change the low-degree parts of functions too much. For
the high-order parts, it follows from Proposition 2.14 that their norms are small and would not
affect much.

Lemma B.4. By taking § > 0 small enough as a function of §, d and 7y, we ensure that for any
ke r]

k k—1 r
?13 [f(x H H T1-59(y;)] E [f () Hg(yi) : HTlfég(yi)] <V
v =1 i=1 i=k

i=k+1

Proof. Let U be the conditional expectation operator for the correlated probability space

r—1
(({_17 l}Rl X H{_17 1}R2) X ({_17 1}R2)7H’Y)7
i=1
mapping function h on the latter space to the former space by

(UR) (@, {Y; Ficpr)\(x)) = E (MYl (2, {y; iepp i)

We have
k r
Hg ) I Timso(w)l Hg () HT1 59(Y,)]
i= i=k+1
k_
= |E[f(z)|] 9y H Ty -59(y;) - (id — T1_5)g(yy)]
Hy i=1 i= k+1
= E 9(y; T -59(y;)
(wv{yi}ie[r]\{k})NH’Y H ' Zlg_l '

(U (id — Tyi—5)g) (=, {yi}ie[r]\{k})} ‘ (5)

Consider the function inside the expectation to be a product of two functions on X’ x Hf_ll Vi X
i1 Vi, F = sz LTl ki1 T1-6g and G = U(id — Ty _5)g. Take the Efron-Stein decom-

position of these two functions w.r.t. H, on X x Hlel Vi x Ii—j41 Yi- By orthogonality of the
Efron-Stein decomposition and Cauchy—Schwarz,

6) = E [Fs(m’{yi}iem\{k})'Gs(ma{yi}ie[r]\{k})]‘ (6)
< 2 IEsIE S IGsiEs [ D G, (7)

SC[R1] SC[R1] SC[Ri1]

where the |- ||z are with respect to H,’s marginal on X X J[;cq\x Vi- The conditional expectation
operator U commutes with taking Efron-Stein decomposition, Gs = UG, where G' = (id —
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Ti_5)g. Here the Efron-Stein decomposition is with respect to #,’s marginal distribution on Y,
namely, the uniform distribution, and it satisfies

gs = > iU
UC[Rz]:m(U)=S

Applying noise operator also commutes with taking Efron-Stein decomposition, hence Gg =
UGy = U(id — T1—5)gs. Substituting this into (7) yields

() = | > UG~ Ti-s)gs]3- (8)
SC[R1]
Let po = 1 — 3?/2 be the bound in Lemma 3.9. Then
S|y
® <[> pltid=Tis)as]3, ()
SC[R1]
lGa-TiagslE = > (1= =92 gOpw) (10)
UC[R):m(U)=S
< Y (1-a-e¥w) o) (1)
UC[R2):m(U)=S
= (1= (= 0151) Jigs i, (12)
therefore
Do po (1= (1= 6)281) flgs]]3. (13)
SC[R]
We bound
o™ (1= (1= 8)™15) < exp (—1518°) - (24I]9). (14)
Choose 0 > 0 small enough so that (14) is upper-bounded by ~, and (5) < /7. O

It remains to prove the following lemma.

Lemma B.5. By taking ¢’ > 0 small enough as a function of 6, d, v and 0, we ensure

w)HTlfSQ(yi)] Tl o f HTI s9(Y)l| < V7
i=1

Proof. Define the noised version of M., H by first generating (x,{y;}icy]) ~ H,, and then
rerandomize each bit in y, with probability §. Define H3 (D) on {-1 JHR ) @ {1, 1}

similarly. Then H7 can also be written as a product distribution H? = ®f:117-[f/(dz).
The structure of the proof is similar to Lemma B.4. We need the following correlation lemma
whose proof is similar to Lemma 3.9.

Lemma B.6. p({—1,1},T[/_;{—1,1}7; H:(D)) < 1 — 3%/2 where

- (27“72 )5rD
9(2r— 1)DD(2T 1 1)

is a lowerbound of the least probability of an atom in Hi(D)

5_
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B.2 Proof of Theorem B.2

By definition, we have H, = ®H,(d;) and Z, = ®Z,(d;). The overall plan is to change the
distributions in the product one by one from H-(d;) to Z,(d;). To this end, we prove the following
theorem.

Theorem B.7. For each k € [Ry]

E [T1—s f HTI 59(Ys)]
®§;11 I’Y (dz)®®1:1k H’Y(d )
— ER Tl 5’ HTl 59 yz < Aka (15)
Q1 Ty (di) DR, Yy 4 1 Ho(ds)
where
Ap =7 PO 2 Inf (Ty_g o f) + > Infs(T1—5 129)

SCr—1(k),|S| is odd

Proof of Theorem B.2. If we sum over all k € [R;], by triangle inequality, we have

H E[Ti—sf HTl 59(Y;)] T1 o f HT1 59(ys)]

Ry
< AP0 20 S g (T g f) + > Infs (115 /29)
k=1 SCr~1(k)
for some k€[R1]
< 6//2(r+1 (2d(1/5/) (d/(s’)d)
< 77 22(d/8)".

We now choose 7 small enough so that the RHS is bounded by /7, and this completes the

proof. ]
Proof of Theorem B.7. We show the theorem for case k = 1. We write 2/ for strings (xo, -+ , 2R, ),
y; for strings (Yid,+1, - ,Yi,r,). We break up the Fourier expansion of f according to its depen-

dence on x7:

fz) = Fy(a’) + 21 F1(2).
Similarly, we break up the Fourier expansion of g according to its dependence on the bits
Y, 5 Ydyt

g = Z XS(ylv'" aydl)GS(y/)v

SCld1]

where for any S C [d;], we have

Gs(y) = G(Q)xo\s).
QC[R2],QN[d1]=5

Since §(Q) = Ey[9(y)xq(y)], we have

GS(?//): E ,[g(ylayzv"' aydlvy,)XS(ylay2)"' 7yd1)]7
Y1,Y2, 7yd1 Y
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and therefore Gg is bounded in [—1,1]. Similarly, so are Fy and F;. We also have the Fourier
expansions

T1_5/f(x) = Tl_(;/F@(HL'/) + (1 — (5’)1’1T1_5/F1 (.73/), (16)
Tisg(y) = > (1=0) Ixs(yr, - ya)Ti-sGs(y). (17)
Sg[dﬂ

Lemma B.8. For any functions F : X - R, G; : V; = R,

HG HG > F({1}) E[ (18)

SC[D],|S| is odd

Proof.

Las = 32 Fw)[16m) (%ED)[xww)ngi(y»]—IFD)[xm:c)L[lxvi(yi)]). (19)

Ucy] 7
V;C[D]

Since " (D) = (1—=~)H(D)+yN (D), Z,(D) = (1—~)Z(D)+~yN (D), by linearity of expectation,
we have

x) wa(.%)] -, E bl HXV ()] (20)

Hy(D , -

= (1-9) <HE) HXV (:)] — E [xu(z HXV () ) (21)

(D =1

Note that H(D) and Z(D) have the same marginal distribution on [[;_; );. Therefore, for (21)
to be nonzero, U must be nonempty, or U = {1}. Now we have that

z) l;[1 xvi (y;)] = Ig))[w] Ig)[il;[l xv; (:)]

It is easy to see that Ey(p)lxv(x) [[i—1 xv;(y;)] is zero unless for all i € [r], V; = V for some
V. Moreover, |V| must be odd, in which case the expectation is 1. Thus (21) is equal to the
RHS. 0

We now rewrite the LHS of (15) as

E [Ti_s Ty s Ty T s ‘ 29
‘H%[Hw(d 1o f H 1-59(Y;)] ’y(dl 1-0'f H 1-69(Y3)] (22)

By Lemma B.8, the above is equal to

y > (1—9)(1—=8)1 =06 E [Ty_s Fy(x HT1 sGs(y (23)

SCld1],|S] is odd Hy

< Yoo a=d)a—g) E (| Ty Fi (2 HT1 sGs(y (24)
SCld1],|S] is odd

< Yo a=d)- 5)T|S|||Tl—6’F1Hr+1||T1—5GS”7T~+1v (25)

SCld1],|S] is odd
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where the last step uses Holder’s Inequality, and the norms || - ||,+1 are with respect to the
corresponding marginals of 7-[’7, which are uniform.

Lemma B.9. For any function f:{-1,1}"" = [-1,1] and 0 <n < 1,
171 fllran < (712 f 157700,
Proof. We first prove that for f’: {-1,1}" — [-1,1],
1T flsn < NG,

Observe that

|1 f Nl = BTy f17 YO
< E[|T1_n/f\2+277] /1) = |1y |y f||§2++23;7 )/(r+1)

Since 2 + 21’ < (1 —7')% + 1, by Hypercontractive Inequality of Bonami [3] and Gross [6], the

(2+2n")/(

above is upper-bounded by || f||5 R 1 prove the lemma, observe that

(2 1
173 nf”r—',—l < |ITh- 71/2T1 77/2f”r+1 <||Ty- n/gf” +n)/(r+ ).

O
As Fy and Gg are bounded in [—1, 1], we can upper-bound
175 Pl i sGislln < ITag P IS DT G530 0D,
We express Gg’s and Fi’s Fourier coefficients with ¢’s and f’s original Fourier coefficients
IT1—5/2G 5= > (1—6/2)%@2515(Q)? (26)
QC[R2],QN[d1]=8
< Y (1=4/2)7978g(Q) (27)
SQQQ[R2]
<(1—6/2)7 - Infs(Ty s 29). (28)
(29)
where we used § > ¢’ in the last step.
ITi—5 2 Fal3 < (1—68"/2)% - Infi(T1_y o f)-
Plugging these two bounds back, we upper-bound the LHS as following
Z Inf; (Tlfaf/zf)(ﬂa)/z(rﬂ) : Infs(T175'/29)T(2+5)/2(T+1)7 (30)

SCld1],S is odd

where we also used 0 > ¢’. By the hypothesis that min{Infy (7} _g5 o.f), Infs(T1_529)} < 7, either
Infl(Tl,(;,/zf)‘s/Q(TH) < 70/2041D) op Infg(Tl,(;//Qg)”‘;/Q(”“l) < 770/20+1) for each S in the sum.
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In either case, we can bound the above by

£8/2(r+1) | Z Infl(Tl_(S//Qf)l/(T+1) .InfS(Tl_é,/Qg)r/(r-i-l) (31)
SCld1],S is odd

<P PPN (Wfy (Ti—g o f) + Infs(Ti_g /29)) (32)
SCld1],S is odd

<P M (D) - YD Infs(Tioge9)). (33)

SCld1],S is odd
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