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Abstract We consider approximation schemes for the maximum constraint satis-
faction problems and the maximum assignment problems. Though they are NP-
Hard in general, if the instance is “dense” or “locally dense”, then they are known
to have approximation schemes that run in polynomial time or quasi-polynomial
time. In this paper, we give a unified method of showing these approximation
schemes based on the Sherali-Adams linear programming relaxation hierarchy. We
also use our linear programming-based framework to show new algorithmic results
on the optimization version of the hypergraph isomorphism problem.
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1 Introduction

In the maximum constraint satisfaction problem (Max-CSP), given a variable set
V over the domain D and a set of constraints C over the variables in V', we want to
find an assignment o : V' — D that maximizes the fraction of constraints satisfied
by a. Max-CSP includes many fundamental problems such as Max-Cut and Max-SAT.

In general, Max-CSP is NP-Hard, and it is even NP-Hard to approximate within a
constant factor [4]. However, de la Vega [19] showed that there is a polynomial-time
approximation scheme for Max-Cut if the input graph is dense, i.e., it has 2(n?)
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edges. Here, a polynomial-time approzimation scheme (PTAS) is an algorithm that,
given € > 0 as a parameter, gives a (1 —e€)-approximation to the optimal value, and
runs in polynomial time for any constant e. Max-k-CSP is a subproblem of Max-
CSP, in which each constraint involves at most k variables, where k is a constant.
Arora et al. [3] and Frieze and Kannan [9] showed PTASs for dense Max-k-CSP, i.e.,
the input instance has £2(n*) constraints. Now it is known that we can compute
(1 — €)-approximation to the optimal value in time that depends only on k and
e [1].

There are two directions to generalize PTASs for dense Max-k-CSP. The first
one is to generalize the notion of the density condition. We say that an instance of
Max-2-CSP is metric if the weights of the constraints form a metric. Max-Cut [21]
and Max-Bisection [18] admit PTASs if the instance is metric. The notion of local
density is introduced to generalize the notion of metric to constraints over more
than two variables. If the instance is locally dense, Max-k-CSP admits PTASs [20].

The second direction is to handle the maximum assignment problems (Max-AP).
In this problem, given a variable set V' and a set of constraints, we want to find a
permutation w of V' to maximize the fraction of satisfied constraints. Max-AP in-
cludes many fundamental problems such as Maximum Acyclic Subgraph, Betweenness,
Maximum Graph Isomorphism, Densest k-Subgraph, and Quadratic Assignment Problem.
Max-k-AP is a special case of Max-AP, in which each constraint involves at most
k variables (see Section 2 for the precise definition). We say that an instance of
Max-k-AP is dense if it has £2(n*) constraints. Arora et al. [2] showed a quasi-
polynomial-time approximation scheme for dense Max-k-AP and PTASs for many
special cases.

As we have seen, Max-CSP and Max-k-AP admit PTASs (or quasi-PTASs) in the
dense case and the locally dense case. However, the techniques to obtain them vary
a lot. For example, [3] is based on the idea of exhaustively trying all assignments for
a small number of variables and then solving the rest using the partial assignment.
On the other hand, [9] used a variant of Szemerédi’s regularity lemma [17]. To deal
with the metric case, [21] used the method of copying important variables, and
[20] considered a variant of singular value decomposition of tensors to deal with
the locally dense case.

1.1 Linear Programming (LP) relaxation and LP relaxation hierarchies

LP relaxations are a standard tool to design approximation algorithms. In this
well-known algorithmic framework, we typically model the given problem as an
integer program, solve an LP relaxation, and use the optimal fractional solution
to construct a feasible integral solution for the original problem (which is called a
rounding procedure). We usually analyze the algorithm by comparing the value of
the rounded solution to the value of the optimal fractional solution (which is an
upper bound on the value of the optimal integral solution). In this way, the best
approximation guarantee we can hope for, is the maximum gap (over all instance)
between the values of optimal integral solution and the optimal fractional solution,
which is usually referred to as the integrality gap of the relaxation.

In order to make the integrality gap smaller, we can strengthen the LP re-
laxation by additional constraints. People have proposed systematic ways to add
additional constraints, such as Lovéasz-Schrijver LP relaxation hierarchy [11] and
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Sherali-Adams LP relaxation hierarchy [16]. These LP relaxation hierarchies con-
tain a sequence of LP relaxations, where each LP relaxation is obtained by strength-
ening the previous one in the sequence. The ¢-th LP relaxation in the sequence
is usually called the ¢-round relazation, and typically can be solved in n®® time
(where n is the number of variables in the original integer programming). The
relaxation usually becomes as strong as the integer programming when ¢ becomes
n; but it also takes exponential time to solve it.

It is known that o(n)-round Lovasz-Schrijver LP relaxation and n°*)-round
Sherali-Adams LP relaxation do not help to reduce the integrality gap for Max-Cut
[15,7]. For some other CSPs, the integrality gap remains even after strengthening
the linear-round LP relaxation hierarchies with the power of semidefinite con-
straints (a.k.a. the Lasserre hierarchy) [14]. On the other hand, it is known that
LP hierarchies do help for some CSPs when the instance is dense. [22] showed that
the integrality gap of the O¢(1)-round Sherali-Adams LP relaxation drops to an
arbitrarily small constant e for dense Max-Cut instances.

LP relaxation and its hierarchies have found many connections to other known
algorithmic frameworks, and to be a unified approach to solve several classes of
problems. A few examples are listed as follows. Assuming the Unique Games Con-
jecture, a canonical LP relaxation (also referred to as the Basic LP) is shown to
provide optimal approximation guarantee for CSPs with strict constraints [10]. It
is known to the authors that constant-round Sherali-Adams LP relaxation decides
the satisfiability of bounded-width CSPs; Atserias and Maneva [5] recently showed
that the Sherali-Adams LP relaxation hierarchy for graph isomorphism interleaves
with the levels of pebble-game equivalence with counting (i.e. higher-dimensional
Weisfeiler-Lehman color refinement algorithm).

1.2 Our results

In this paper, we present the Sherali-Adams LP relaxation hierarchy as a unified
approach to dense and locally dense problems — we show that a small number
of rounds of the Sherali-Adams LP relaxation gives an approximation scheme to
dense Max-k-CSP and all their variants studied in the previous works.

Our first main theorem deals with dense and locally dense Max-k-CSP.

Theorem 1 (Informal version of Theorem 5) For any e > 0, O(Z% )-round Sherali-
Adams LP relazation gives (1 — €)-approzimation to dense or locally dense Max-k-CSP.

Then, we turn to dense and locally dense Max-k-CSP with global cardinality
constraints. For explanatory purposes, we only consider bisection constraint, i.e., the
domain is {0, 1} and the number of variables that are assigned to 0 should be equal
to the number of variables that are assigned to 1. We show that

Theorem 2 (Informal version of Theorem 8) For any e > 0, O(Z% )-round Sherali-

Adams LP relazation gives (1 — €)-approzimation to dense or locally dense bisection
Max-k-CSP.

Finally, we consider the dense Max-k-AP problems, and show that

Theorem 3 (Informal version of Theorem 6) For any ¢ > 0, O(%)—mund
Sherali-Adams LP relazation gives (1 — €)-approzimation to dense or locally dense
Max-k-AP problems with n variables.
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In all the precise theorem statements, we actually show additive approxima-
tion guarantee (i.e. the value of the rounded solution being at least the fractional
optimal value minus a constant error) instead of multiplicative approximation
guarantee. However, since we define the problems in a way that the optimal solu-
tion is £2(1) (see Section 2 for the precise definition of the problems), an additive
approximation scheme implies a multiplicative approximation scheme.

1.2.1 New algorithmic guarantees

Let us define the problem Maximum k-Hypergraph Isomorphism as follows. Given
two weighted k-uniform hypergraph G = (V,w’') and H = (V,w"), where «’,w" :
vk [0,1] are the weight functions over all possible hyperedges. The goal is to
find a permutation 7 over V so that Y .y w'(e)w”(w(e)) is maximized (where
w(e) is the edge obtained by applying 7 on each incident vertex of e). It is easy
to see Theorem 3 implies that O(l‘l#)—round Sherali-Adams LP relaxation gives
(1 — €)-approximation to Maximum k-Hypergraph Isomorphism when both G and H
are dense.

We are able to apply our analysis framework for the Sherali-Adams LP re-
laxation to another special case of Maximum k-Hypergraph Isomorphism, getting the
following new algorithmic guarantee.

Theorem 4 (Informal version of Theorem 7) For any ¢ > 0, O(li%")—round
Sherali-Adams LP relazation gives (1—e€) approzimation to the Maximum k-Hypergraph
Isomorphism problem when one of the two graphs is locally dense and the other graph
is dense, where n is the number of vertices in the hypergraphs. Therefore, this special

1
(=5)

case of the problem admits a (1 — €)-approzimation algorithm in time n

1.3 Proof overview

The first step of our algorithms is to condition on a set of random variables in
a solution to the Sherali-Adams LP relaxation. In the ¢-round Sherali-Adams LP
relazation (or the SA relaxation for short), for each set of variables S of size at
most ¢, we have a probability distribution pg over assignments on S. First we
solve (k + £)-round SA relaxation, where ¢ is a parameter depending on the error
parameter e. Then, we randomly sample a set of variables u,...,uy and assign
values to them by sampling values from gy, },. .., Byy,}, respectively. By this
conditioning, we obtain a solution to k-round Sherali-Adams relaxation g’ with
the same LP value in expectation. An important fact here is that variables become
almost independent in the sense that, if we sample a k-tuple (v1,...,v;) according
to a dense (or locally dense) distribution (this distribution corresponds to the
weights of the constraints in k-CSP and k-AP instances), the distribution Ky,
and the product distribution g,y x -+ x py,, y are close in expectation.

The second step of our algorithms is to round the solution to the SA relaxation
where the variables are almost independent. For dense (or locally dense) k-CSP
and bisection k-CSP, the rounding algorithm just samples a value from Hiv} and
assigning it to v for each variable v. It is relatively easy to show that the expected
value of the sampled solution is close to the LP value, and therefore gives a (1 —¢)-
approximation.

..,Uk}
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For k-AP problems, however, such independent sampling method does not work
— there might be more than one variables assigned to the same value and we do not
get a permutation when this happens. Instead, we view the marginal probability
distributions on single variables, p1(,3(w), as a doubly stochastic matrix. We view
this doubly stochastic matrix as a probability distribution of permutations. We
iteratively choose two permutations in the support of the distribution and merge
them into a new permutation, until there is only one permutation left in the
support — which is the output of our rounding algorithm. The operation of merging
two permutations is interestingly similar to the merging operation used in [2],
although the purposes are different. See Section 4.2 for more details.

1.4 Comparison to previous works

We first compare the running time of our SA relaxation-based algorithms with
the previously known counterparts. For Max-k-CSP, the running time nO1/e) of
our method matches the one of the method by [3]. For Max-k-AP the running time
n©00en/<) of our method matches the one of the method by [2]. [2] improved the
running time to nP1/) for various problems by reducing them to CSPs. We can
use the same techniques to obtain the same running time for these problems.

The number of rounds (O(Z)) in Theorem 1 improves the corresponding theo-
rem in [22] which showed that O()-round SA relaxation gives (1—e)-approximation
to dense Max-Cut.

The idea of conditioning variables of a solution to LP/SDP hierarchies is used
in [13,6] to solve variants of Max-2-CSP. Let G = (V, E) be the underlying graph of
an instance of Max-2-CSP. Barak et al. [6] showed that (i) the covariance between u
and v over V2 gets close to zero by conditioning, and (ii) the covariance between u
and v over E gets close to the covariance between u and v over V2 by conditioning
if G is expander-like. Combining these two results, they show a PTAS for Max-2-
CSP when G is expander-like. This method can be also applied to dense graphs,
but it is not clear how to generalize it to metric graphs and k-CSP.

Raghavendra and Tan [13] used mutual information instead of covariance to
measure correlation between two variables and simplified the proof. They noticed
that conditioning is useful to deal with global constraints such as cardinality con-
straints since after conditioning we can sample variables independently and the
resulting solution will not break global constraints much. With this idea, they
gave a 0.85-approximation algorithm for Max-Bisection. Though our method and
analysis are similar to theirs, we use the independence for obtaining PTASs for
the dense and locally dense case as well as supporting global constraints. Also,
to handle constraints of larger arities, we use total correlation instead of mutual
information to measure correlation among variables.

Coja-Oghlan et al. [8] showed that, even if the instance is sparse, if it satisfies
a certain pseudo-random condition, then Max-k-CSP admits PTASs. If k£ = 2, this
results can be seen as a special case of [13] because the pseudo-random condition
would imply that the underlying graph is expander-like. Their result is incompa-
rable to ours because it is not clear how the pseudo-random condition and the
locally dense condition.
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1.5 Organization

In Section 2, we introduce definitions and notions used in this paper. In Section 3,
we show an algorithm that obtains an almost independent solution to the Sherali-
Adams LP relaxation. Section 4 is devoted to show how to round the obtained
solution to the Sherali-Adams LP relaxation. We combine the two steps together
in Section 5. Sections 6 and 7 are devoted to prove auxiliary lemmas. We consider
CSPs with global cardinality constraints in Section 8.

2 Preliminaries

For an integer a > 1, [a] denotes the set {1,...,a}. For a set Y and 0 < k < |Y]|,
(1,2) denotes the family of sets X C Y with | X| = k. We usually use V' to denote the
set of variables in a problem, and use n = |V| to denote the number of variables.
For an event A, 1[A] denotes the corresponding indicator function.

Probability theoretic notions: We recall several notions from probability theory. For
a probability distribution g on §2, supp(p) denotes the support of p, i.e., supp(p) =
{i € 2| p(i) > 0}. For a set S, i ~ S means that we sample ¢ uniformly at random
from S.

Let pu; and py, be two probability distributions on a finite set 2. Then, the
Ly distance between them is defined as |[uy — polli = Y0 i1 () — pa(i)]|
. The Kullback-Leibler divergence between them is defined as dgr(pq|ps) =

Y ico (i) log 5;8; . and the Kullback-Leibler divergence dgr, (11 ]|po) are defined

as follows. We provide the following fact without proof.

Lemma 1 Let pq, and po be two probability distributions on a finite set {2. Then,

ey — pall < V 2dg (1] 122)-

Information theoretic notions: We now recall some definitions from information
theory. For a random variable @, pu,, denotes the corresponding probability distri-
bution. That is, for any i, we have p, (i) = Pr[z = i|.

Let & be a random variable on a finite set 2. The entropy of x is defined as
H(z) = =3, Prlz = i]log Prlx = i].

Let « and y be jointly distributed variables on a finite set 2. The entropy
of « conditioned on y is defined as H(z | y) = E [H(z | y = 4)]. The mutual

Iy,

information of x and y is defined as I(x;y) = di 1 (1 (z,y) |2 X Hy)-

Let x1,...,x, (k > 2) be jointly distributed variables on a finite set 2. The

mutual information of x1,...,xy is defined as I(x1;...;2) = I(1;...;Tp_1) —
I(z1;...;2p_q | ©1), where I(x1;...;25_1 | TE) = Eivp,, [I(z1;...;2p_1 | T =

i)]. The total correlation of 1, ...,z is defined as C(z1, ..., xk) = dx L(B(ay,....0p) | Bay X
X by,

We give two well-known facts in information theory below.

Lemma 2 Let x and y be two jointly distributed variables on a finite set §2. Then

I(z;y) = H(z) — H(z | y).
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Let @1, ...,x be jointly distributed variables on a finite set 2. Then

I(xy;...52y) = Z (- " H (g, x,).

(i1,ensi) C[R] 21

Lemma 3 Let x1,...,x; be jointly distributed variables on a finite set (2. Then

C(z1,...,x) = Z Iz, .. 2i,)-

(315---5%¢) C[K],2 22

Constraint satisfaction problems: Let D be a nonempty finite domain and k > 2 be
an integer. An instance T = (V,w, P) of k-CSP consists of a set V' of variables, a scope
distribution w over V¥ and a set of payoff functions P = {Pg : D¥ — [0,1] | S € V*}.
An assignment for an instance Z = (V,w, P) is a mapping o : V — D. The value of
the assignment, denoted val(Z,«) € [0, 1], is defined as val(Z,a) = sPNrw[PS(a|S)L

where «|g is the projection of a to S. We define the optimum value of the instance
T to be opt(Z) = maxa{val(Z,a)}.

Let Z = (V,w, P) be an instance of CSP. A solution to the f-round Sherali-
Adams relaxation consists of a probability distribution pg over D% for each set
S CV of size at most ¢. The objective function is the probability that « is in Pg,
where S is sampled from w and « is sampled from pg. Strictly speaking, we sample
a tuple (v1,...,v;) from w, but we regard it as the set {v1,...,v} when we use it
as a subscript of p. In other words, pg and pg are the same distribution for two
tuples S and T if they are the same as sets. Also, for every pair of sets S and T
with |SUT| < ¢, the corresponding probability distributions pg and pp must be
consistent on S N T. Formally, the ¢-round Sherali-Adams relaxation for a k-CSP
instance Z = (V,w, P) (¢ > k) is written as follows.

maximize E E [Ps(a)]

Sevw a~prg

subject to Pr [algnr =B8] = Pr [alsnr =B8] VS, T CV,|SUT| < ¢ 8¢ DT,
an~pg an~ iy

It is not hard to see that the relaxation above can be written as a linear program-
ming (see, e.g., [12] for details). We define «, as the random variable sampled from
the distribution py,,. We use valpp(Z, p) to denote the objective value of the LP
solution p. The same definition applies to the following subsections.

Assignment problems: The assignment problem differs from CSP in that we want
to maximize the objective function over the set of permutations. Similarly to CSP,
for an integer k > 2, an instance of the degree-k assignment problem is given as
7 = (V,w), where V is the set of variables, w is a distribution over V* x V*. The
scope distribution of Z is the marginal distribution of w on the first k¥ elements. An
assignment for an instance Z = (V,w) is a permutation 7 of V. The value of the
assignment , denoted val(Z, ), is defined as

val(Z, ) = n” (U7£€Nw Vi € [k] : m(u;) = w;],

where U = (u1,u2,...,u;) and W = (w1, ws,...,wg). We define the optimum value
of Z to be opt(Z) = maxr{val(Z,r)}.



8 Yuichi Yoshida, Yuan Zhou

Though the definition of val(Z,7) may look non-standard, it is just the objec-
tive function used in [2] with a normalization factor that is multiplied to make the
optimum (1) when w is dense.

The ¢-round Sherali-Adams relaxation of an k-AP instance Z = (V,w) (£ > k)
is as follows.
maximize E Pr [Vie€ [k] : a(u;) = w;]

(UW)~w O~y
subject to Pr [Blsnr =a] = Pr [Blsnr = ] VS, TCV,|SUT| < t,a VST
Brpg B~pp

S Y psuplaUfu—wl) = > pgla) YweV,SCV, IS <L
aeVS ueV\S a€eVs

The difference from the Sherali-Adams relaxation for CSP is that we have extra
constraints in the last line whose intended meaning is that each value i can be
taken by at most one variable.

Density condition: We now introduce the notion of dense and locally dense distri-
butions.
Let w be a probability distribution over a finite set 2. For A € (0,1], we say w

is A-dense if for every a € £2, it holds that A - w(a) < ﬁ

Let w be a probability distribution over V¥. Let d;(v) = SPr [S; = v;] be the
~w

probability that the i-th coordinate is v under w. For A € (0,1], we say w is
A-locally dense if for every (v1,...,v;) € V¥, it holds that

1
A-w(vi,...,vg) < W Z d;(v;).
1<i<k

Since d;(v) = > w(S9), the RHS of the locally dense condition is equal
SeVEk:S;=v
to >, E [w(S)|S;=wv]. Thus the locally dense condition says that no tuple
1<i<k S~VE
(v1,...,vg) is “wild” in that w(vi,...,v;) is at most constant times the sum over
i of the average probability mass of S with S; = v;.

The notion of local density is introduced in [20] to generalize the metric con-
dition. To see this, suppose w : V2 — R is a metric. Then, w is 1-locally dense
since, for any u,v € V, we have Z(di(u) + d2(v)) = 1 3 (w(u,w) + w(w,v)) >
Iy w(u,v) > w(u,v).

It is immediate to verify the following lemma.

Lemma 4 Let w be a probability distribution over 21 X 22. If w is A-dense (resp.,
A-locally dense), then the marginal distribution w1 of w on 21 is also A-dense (resp.,
A-locally dense).

3 Conditioning operations for Sherali-Adams LP hierarchy

Recall that, a solution to the f-round SA relaxation consists of distributions over
sets of £ variables. In this section, we show that, if the scope distribution is dense
or locally dense, then by conditioning a small number of variables, we can make
variables almost independent in these distributions. Once variables become almost
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independent, we can round variables independently without losing the objective
value much (see Section 4).

Let Z be an instance of k-CSP or k-AP with a variable set V. Fix £ and
let @ be a solution to the ¢-round Sherali-Adams relaxation. For a variable set
S = (vi,...,vk), Cu(xs) denotes the total correlation C(xy,,...,xy,) under the
probability distribution pg. We use the following notion to measure independence
of variables.

Definition 1 Let Z be an instance of k-CSP or k-AP with a scope distribution w.
A solution p to the f-round SA relaxation for Z with £ > k is k-independent with
respect to distribution ' if

E [Cu(zs)] <.

S~w!
We say that p is k-independent if it is k-independent with respect to w.

In Section 3.1, we explain how to condition variables. In Sections 3.2 and 3.3,
we show that the conditioning operation outputs x-independent LP solutions for
the dense case and the locally dense case, respectively.

3.1 Conditioning operations

We first describe the operation of conditioning one variable. Given a solution p to
the f-round SA relaxation with £ > 2, we sample a vertex u uniformly at random
and then set @, = i, where i is a value sampled from p(,). This operation gives
a solution p’ to the (/—1)-round SA relaxation: For each tuple (v1,...,v,_q) of £—1
variables, we define uf{vl7m)vk71}(il,i2, ce k1) = By} (01592, T, 9)-
It is not hard to check that u' is indeed a solution to the (¢ — 1)-round SA relax-
ation.

Our algorithm is given in Algorithm 1. Given an solution p to the (£ + ¢)-
round SA relaxation, it iteratively conditions variables. We will show in subsequent
sections that, if w is A-dense or A-locally dense, then Algorithm 1 outputs a &-
independent LP solution in ¢ steps on average, where x = W. (If wis
A-dense, k can be slightly smaller.)

Algorithm 1

Input: A feasible solution p to the (£+£')-round SA relaxation for a CSP instance Z = (V, w).
k4F log | D|
ZI

Output: An k-independent solution to the ¢-round SA relaxation, where kK =
Set t = 1.
while the current LP solution is not k-independent do
Sample a variable u¢ € V uniformly at random.
Sample a value a from its marginal distribution Hiugy after the first ¢t — 1 fixings, and
condition the LP solution by setting ., = a.
t=t+1.

We mention here the following simple fact.

Lemma 5 Let ' be the solution output by Algorithm 1. Then, Evalpp(Z, p,') =
vale (I, /J,).
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Proof Notice that the algorithm respects the marginal distributions provided by
the SA relaxation during sampling the values to variables. Thus, the expected
objective value is preserved.

3.2 The dense case

We consider the dense case, that is, w is a uniform distribution.

Lemma 6 If w is uniform distribution over Vk, there exists t < £ such that
3*log |D
B, B [Cus o) < 2182
UVt S~ Vk

Proof We consider the value

> E_E [Culzs|av)]

1<tz UV S~VE

From Lemma 3, this value can be decomposed as

Z E E Z Z In(xr | zy)

U~VE S~ VE

1<t<e 2<r<k pe(®)
=> <k> S BB ksl
olr<k \' ) 154<e UV BYVT
where for aset R = (v1,...,vr), Iu(xr) denotes the mutual information I, (v1;...;vr).

To bound this value, we recall the definition of mutual information. For any
t< ¥,

E [[u(zr|zv)]= E [lu(zrlzv)l- E [lu(zg|zv)]
~VE U~V? U~V
R~vT R~V R~V
Adding the equalities from t = 0 to ¢', we get
> E [lu(zp|zy)l=_ E [[(zr)]- E [lu(zr|=zy)] <2 log|D],
U~Vv? R~V7T—1 U~y

0<t<t' poyr Ay
where the last inequality holds from I, (zg) < 2/l og |D| by Lemma 2. Thus, we
have

> E. Ek[C(ws\fBU)]§3k10g|D\,
0SSy UNVI S~V

and the lemma follows.

The following corollary is immediate.
Corollary 1 If w is a A-dense distribution over V*. Then there exists t < ¢ such
that

3¥log |D|
< —
U/\/EVt S]:J:w[cﬂ(ms | mU)} — Al
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3.3 The locally dense case

We now consider the case that the scope distribution w is 1-locally dense.

Lemma 7 Ifw is a 1-locally dense distribution over Vk, then there exists t < £’ such
that

k4¥ log k| D|
< ————,
B E [(Culas | o)) < M
Proof We consider the value
> E_E [Cu(@s]|apy)). (1)

1<tz UV S

From Lemma 3, this value can be decomposed as

Z UPVtSEw Z Z In(zr | y)

1<t<e 2<r<k Re (%)

— Z Z E E [u(zg|=zy),

~Vt R~
JCIk]2<|J|<k 1<t UV Bl

where w|; denotes the marginal distribution of w on J.

Fix J C [k] with |J| = r > 2. Let w; be the marginal distribution of w on the
i-th coordinate. Let 2; = w; x V'~ ! and 2} = w; x V"2, We first analyze I(zy)
under 2; instead of w| ;.

From the definition, for any i and t < ¢,

E I(zg|xzy)= E I(zg|zy)- E I(zr|zy).
U~V U~V? Un~yttt
R~ R~ 2! R~

Adding the equalities from t =0 to t = £/, we get

> EtI(lemU)ZREQ,I(wR)— E H(zgr|zy) <2'log|D[. (2)

U~ o +1
0<t<t' R 6. U~v
i R~
Now we turn to analyze I(zy, ;- ;xv,.) under w|;.

E llzplay)= E Y wli(R)I(zRr | 2v)

U~V
Rew| s R~VT
1
< UPVt Z oy Z di(vi)I(@v, 5 50, | @)
(V150 0p) VT 1<i<r

(by local density and Lemma 4)

1
=2 B 2 e Fulsi= el e o)

1<i<r ~v (V1,000 ) VT

= Z UPW Z Qi(R)I(wvﬁ'"%wvr ‘wU)

1<i<r R~V

= Z EVtI(:I:R‘:BU).

1<i<r



12 Yuichi Yoshida, Yuan Zhou

Thus from (2),

S' E I@grlzy)< Y. 2"log|D| =r2"log|D|.
0<t< RUNX 1<i<r

It follows that (1) < k4 log|D| and the lemma holds.

The following corollary is immediate.

Corollary 2 If w is a A-locally dense distribution over Vk, then there exists t < £’
such that

k4* log | D)
UAIJEV{' SEW[CH(‘,BS ‘ mU)] Al .

4 Rounding k-independent solutions
4.1 Constraint satisfaction problems

Lemma 8 Let T = (V,w,P) be a k-CSP instance over finite domain D. Let p be
a k-independent solution to the k-round Sherali-Adams LP relaxation. There is a
randomized polynomial time algorithm to find an assignment o : V. — D such that

val(Z, o) > valpp(Z, p) — 3V/k.

Proof For each v € V, let a(v) be independently sampled from H{yy- For each S €

V¥, by the definition of total correlation, Lemma 1, and the fact that Pg(3) € [0, 1]
we have

C(:Ds)

E Ps(8) —EPs(als)| <2
Brpg a

Therefore by k-independence,

E ( E Ps(ﬂ)—gps(a\s))

< E 2¢/C <2/ EC <2 .
S~w \B~pg T S~w \/ (:ES)* S~w (wS)i \/E

We have proved that Eq[val(Z, a)] > valyp(Z, p) — 2v/k. Therefore we can sample
an « in expected polynomial time such that val(Z, «) > valpp(Z, ) — 3v/k.
4.2 Assignment problems

Let T = (V,w) be a A-dense k-AP instance. We introduce the following relaxation
H, and let valy (Z) be its optimal value.

maximize n” w W)Nw H Ty ,w;

subject to @y,w >0 Yu,w € vk
> wuw=1 Yw eV
ueV
Z Ly,w = 1 Yu € V.

weV
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4.2.1 From k-independence to relaxation H

We first see that we can find a good solution to H using a solution to the Sherali-
Adams LP relaxation of a dense instance Z.

Lemma 9 Let T = (V,w) be a k-AP instance such that w is A-dense. Let p be a
k-independent solution (with respect to the uniform distribution rather than w) to the
k-round Sherali-Adams LP relaxation of Z. There is a polynomial-time algorithm, on
input p, to find a solution to H that certifies that valy (Z) > valyp(Z, pu) — 2/k/A.

Proof Let @y = p,(w) for all u,w € V. For each S = (u1,us,...,u;) € V¥, by
the definition of total correlation and Lemma 1 we have

k
Z ps(T) - H Tusw; | < 2¢/C(2s). (3)
T=(w1,...,wk) i=1
Therefore,
k
E T) - Lug,w;
(S, T)=(u1,...uk,V1,...,V ) ~w (HS( ) E it )’
1 k
SZ E ps(T) - H Lug,w; (by density)
(S, T)=(U1,.. UL,V .0 V )~V 2E i1
1
n* g vk
STnk SPVk C(zg) < n k. % (by r-independence)

The following variant of Lemma 9 is used when dealing with the locally dense
case later.

Lemma 10 Let Z = (V,w) be a k-AP instance such that w(u1,...,ug,w1,...,wg) =
W (ug,. . ug) W (wi, ... wy) where W is a A-dense distribution over V¥. Let p be
a k-independent solution to the k-round Sherali-Adams LP relaxation of Z. There is
a polynomial-time algorithm, on input p, to find a solution to H that certifies that

valy (Z) > valpp (Z, ) — 2¢/K/A.

Proof Let zyw = p,, (w) for all u,w € V. Similar to the proof of Lemma 9, we have

k
ps(T) - H xum“ﬁ) ’

i=1

E
(S, T)=(u1,...Uuk,V1,...,V ) ~wW

k
1
Z /J’S(T) - Hmui,wi

i=1

< E

S=(u1,...up)~w
T=(v1,...,05)~ V"

(by density of w')

/

= A;k JE 2V C(@s) (by (3))

< Aik SEU, Clas) <n k. QXE. (by k-independence)
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4.2.2 From relazation H to an integral solution

At a first look, #H is very close to the k-AP problem itself. However, we cannot
independently sample 7(v) from each x, in H to get a solution to k-AP, since
there is chance that 7(v) = 7(v’), rendering 7 not a permutation. Indeed, we show
in Section 9 that for some k-AP instance Z, there is a gap between valy (Z) and
val(Z). However, our following lemma shows that this gap cannot be very big for
k-AP instances Z = (V,w) when w is A-dense. The proof is given later in Section 6.

Lemma 11 Let T = (V,w) be a k-AP instance such that w is A-dense. Given a so-
lution T to relazation H, let valy (Z,x) be the value of the solution. There is a ran-
domized polynomial-time algorithm to compute a permutation m such that val(Z,m) >

valy (Z,x) — 71221#.

In Section 7, we prove the following variant of Lemma 11.

Lemma 12 Let T = (V,w) be a k-AP instance such that w(ui,. .., ug, wi,..., wg) =
W(ut, .. ug) W’ (wr, ..., wy), where w' is A-locally dense and w' is A-dense. Given
a solution x to the relazation H, let valy (Z,x) be the value of the solution. There
is a randomized polynomial-time algorithm to compute a permutation m such that

val(Z,7) > valy (Z,x) — 7521,0%.

4.2.8 The rounding lemmas

Combining Lemma 9 and Lemma 11, and Lemma 10 and Lemma 12, we get the
following main rounding lemmas for this subsection.

Lemma 13 Let Z = (V,w) be a k-AP instance such that w is A-dense. Let p be a
k-independent solution (with respect to the uniform distribution rather than w) to the
k-round Sherali-Adams LP relaxation for Z. There is a polynomial-time algorithm, on

2
input p, to find a permutation m such that val(Z,7) > valLp(Z, u) — 2\A/E — WCAI%.

Lemma 14 Let T = (V,w) be a k-AP instance such that w(ui,. .., ug, wi,..., wg) =
W (ur, . u) W (wi,. .., wy) where W' is A’ -locally dense and w” is A-dense. Let p
be a k-independent solution to the k-round Sherali-Adams LP relaxation of Z. There
is a randomized polynomial-time algorithm, on input w, to find a permutation ™ such

that val(Z, ) > valpp(Z, ) — Q\A/E - 7}217,0%.

5 Putting things together

The following theorem gives PTASs for dense and locally dense Max-CSP.

Theorem 5 Let T = (V,w, P) be a k-CSP instance over finite domain D such that

24k
w is A-dense or A-locally dense. For any ¢ > 0, let £ = %4527?‘[)" The additive

integrality gaps of the (¢ + k)-round Sherali-Adams LP relazation is at most €; and
there is a randomized rounding algorithm producing a solution whose value is at least
opt(Z) — ¢, in expected n®Y) time.
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Proof Let p be a solution to the (¢ + k)-round Sherali Adams LP relaxation. Let
the random variable (pu|zy) be the solution after conditioning on the variables in
U. By Corollary 1 and Corollary 2, we know that there exists ¢ < ¢ such that

k24klog|D| €
E E Cu(xg|ley) < E E Cu(zg|lx <\/77:7.

Together with Lemma 5, we have

E (Vale(I,p,|:I:U) -3,/ E CM(mS|mU)> >valpp(Z,p) — e
U~V? S~w

We enumerate all the possible ways of conditioning, and find out a solution p’
to the (k + ¢ — t)-round Sherali-Adams LP relaxation such that valpp(Z,u') —
3VEs~w Cp (zg) > valp(Z, p)—e. Since p' is always a Eg~., Cpy (zs)-independent
solution, by Lemma 8, given u’, we can find an assignment with value at least
valyp(Z, p) — € in randomized polynomial time.

Now we prove that there is a quasi-polynomial-time approximation scheme for
dense Max-AP.

Theorem 6 LetZ = (V,w) be a k-AP instance such that w is A-dense. For any e > 0,

k
let ¢ = ‘Wlezlizgzl[)ll The additive integrality gaps of the (£ + k)-round Sherali-Adams

200

LP relaxation is at most € + 7121;%"; and there is a randomized rounding algorithm
2

producing a solution whose value is at least opt(Z) — € — 721;%", in expected n®®)

time.

Proof Let p be a solution to the (¢ + k)-round Sherali Adams LP relaxation. By
Lemma 6, we know that there exists ¢ < ¢ such that

k4k 1 A
E E C/_,L((ES‘.’BU) S E E C”(ags|a;U) S \/E: 67
UnVE | SVe U~V S~ VE ¢ 2

Together with Lemma 5, we have

E <vale(I,u:cU) - % E C,L(wsmU)) >valpp(Z,pn) — e
U~vt S~VE
We enumerate all the possible ways of conditioning, and find out a solution p’
to the (k + ¢ — t)-round Sherali-Adams LP relaxation such that valpp(Z, p') —
2\/Eg yrCp (xg) > valLp(Z,pu) — e. By Lemma 13, given p/, we can find a per-
_ 7k? logn

Avn

Using Corollary 2 and Lemma 14 instead of Lemma 6 and Lemma 13, the same
argument shows that there is a quasi-polynomial-time approximation scheme for
locally dense Max-AP.

mutation with value at least valpp(Z, ) — €

Theorem 7 Let Z = (V,w) be a k-AP instance such that w(ui,...,up,wi,..., wg) =
W (ut,..ug) - (w, ... wy) where W' s A'-locally dense and W'’ is A-dense. For

24k
any € > 0, let £ = MEZLTI,OA%‘D‘. The additive integrality gaps of the (£ + k)-round

7k logn
AA\/n

algorithm producing a solution whose value is at least opt(Z) —e—

Sherali-Adams LP relaxzation is at most e+ ; and there is a randomized rounding

7k logn
AA'\/n’

in expected

nPW time.
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6 Proof of Lemma 11

Observe that a solution @ to the relaxation H corresponds to a doubly stochastic
matrix. Now let us decompose « into a distribution of permutations D = {r :
V — V} such that for any w,w € V, we have Pr p[r(u) = w] = @uy,w . Let
valy (Z, D) = valy (Z, x) be the value of relaxation H on z for instance Z. Our goal
is to “merge” the permutations in D into one permutation while not losing much
in the objective value. The following lemma proves this for the special case when
D is supported on only two permutations.

Lemma 15 Let D be the distribution over w1 and w9 such that w1 is chosen with
probability p and w2 is chosen with probability (1 — p). There exists a distribution D’
over permutations such that for any k > 2 and any k-AP instance T = (V,w) such that
w is A-dense , we have

2k?
E I(Z, )] > valy (Z,D) — ——.
ﬂND,[va( m)] > valy (Z, D) Avn

Moreover, D' can be sampled in polynomial time.

Proof Let us assume w.l.o.g. that V = [n], m1 = id (i.e. m1(¢) = ¢ for all i € [n]).
For any set A = {a; : a1 < a2 < -+ < ajal = n} C [n], let us define 74 be the
permutation over [n] so that m4(i) = at—1 + 1 if i« = a; for some ¢t € [|A|] and
ma (i) =i+ 1 otherwise (assuming agp = 0). We can also assume w.l.o.g. that there
exists A C [n] such that mo = m4. See Figure 1. We can add at most /n elements
into A to get A’ C [n] such that there is no set of \/n consecutive integers that
does not intersect A’. It is easy to show that 74 and 74 differ at most 2/n places.
Let D4/ be the probability distribution that chooses 71 with probability p and 7 4/
with probability (1 — p). For any & and any k-AP instance Z = (V,w) such that w
is A-dense, we have

valy (Z,D) — valy (Z,Dar)

k k
k
=n E Pr Uj) = W] — Pr u;) = w;
o (T pirtea =l - T1 35 o0 =

1=1

k
<nF (U,V][;])Nw 1[Fi € [k] s mar(w;) # ma(u;)] 1:1—‘[177121;)[#(“%) = wi

k

k
S oy LB E I () # ma ()] 1;[1 Pr[n(w) =wl,  (4)

where the last inequality is by the density of w.

Since
k k
B[] Prlet) =wl=][ X Prlet)=wl=1 ()
=1 i=1w;~V
we have
()<~ Pr [Bie [k ma(u) # mau)] < — (6)
= A gy - TA 7 A\UG )| > A\/’E
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Fig. 1 Permutations 71 and w2 over [5] are shown as mappings from [5] to [5]. Solid arrow
represents 71 and dashed arrows represent mg. For any permutation 71, we can move vertices
in the right side (and relabeling them accordingly) so that the resulting 71 is the identity
permutation. Then for any permutation 72, we can move pairs of vertices (and relabeling
them accordingly) so that 71 remains the identity permutation whereas the cycles formed by
71 and 72 are drawn disjointly. In such a case, 7y satisfies the condition in the body text.

Now we define the distribution D’. Let us assume that the elements in A’ are
af <ah < ... < aiA,l = n; let ay = 0 for convenience. To draw a permutation
7 ~ D', we sample |A’| i.i.d. 0/1 bits by, ba, ..., b.as|» each of which has mean p. For
each i, we find out the unique t € [|4’|] so that aj_; < i < a}; let 7(i) = 71 (i) =i
if b = 0; let 7(i) = w/ (i) otherwise.

For any k and any A-dense k-AP instance Z = (V,w), we have

valy(Z,Da) — E val(Z,n)

w~D’
k
=" E Pr [r(u;) =w;] — Pr [Vie[k]:m(u;) = w]
(UW)~w =1 w~D 41 w~D’
k
k
=n E Pr [n(u;) = w;
o (I By ) =i
|A'|
— Pr/[ViG (K], at 1 < ui < ap:w(ug) = wy)
e w~D
< B 1 [3t € [|A"|] : 3 more than one i s.t. a;_1 < u; < ay]
(UW)~w
k
P ) = w;
J WNDTA, [ (ui) = w;]
=1
nk
<— E 1 [Elt € [JA’[] : 3 more than one i s.t. ay_; < u; < aﬂ
A W)~
k
Pr [m(u;) = wi] (by density)
L m~D g

=1
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NN

Pr . [3t e [|A']] : 3 more than one i s.t. aj_; < u; < aﬂ (by (5))
U~V

k ay—a;_\? 1 [k ap—a_\ 1 _ k?
'(2)'Z<n <xla) 2 ) EmE
te[|A]] te[|A’]]

The lemma is proved by combining (6) and (7).

<

Proof (of Lemma 11)

Let D be supported on 7y, w2, . .., 7m, each m; is chosen with probability p;. We
can assume that m < n? by preserving only the n? permutations with the largest
probabilities and proper normalization, which would cause a loss of at most n~!
in the objective value valy (Z, D). Now we show that for any such distribution, we
can find a distribution £ that is supported on (m — 1) permutations, such that

2

A

In other words, since w1 and 72 are arbitrary, we are able to “merge” any two

valy (Z,€) = valy(Z,D) — (p1 +P2)

(8)

permutations m; and 7; in D by paying a loss of (p; + p; in the objective

) 2k?
Ayn
value. We repeatedly merge the two permutations with the smallest probability
mass in the distribution until there is only one permutation left, during this process

2
we lose at most [logm]-2k_ < 6k logn -1

2
Avn = Avn

loss at the beginning of the proof, we lose at mos

in objective value. Together with the n

t 7k? 7k”logn
Av/n

In order to show (8), let us define a distribution £ of distributions of permuta-
tions as follows Let F to be the distribution of permutations that chooses w1 with
probability and w2 with the remaining probability. Apply Lemma 15 on F to

for sufficiently large n.

p
get F'. A dlstrlbutlon & from £ is sampled by first sampling a permutation 7 from

F', and returning the distribution that puts probability mass (p1 +p2) on 7 and p;
on m; for all i : 3 <i < m. For every u,w € V, let yuw = D> 05 pellm(u) = w] < 1.
We have

E valy(Z,€) = Pr [7r(u;) = wy]
Ené SNS(UW)N H

((p1 + p2)1[m(u;) = wi] + Yus w;)
7r~]:’ (U, W)Nw

pl + p2)1[m(ui) = wi] H Yui,w;

fi

QC (@ e 7ieq icqQ
= E - W ) kuz,wz (p1 +p2)|Q| w EW : EP 1 (u;) = wi] |,
QT Q Q>vQ ey ;
QC[k] ~(5.T) ieQ "‘W|(U61W§) i€Q

(9)

where Uy is the restriction of vector U over coordinates in A, w4, g) is the marginal
distribution of w over A in the first k coordinates and B in the last k& coordinates,
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and w|(Ua, Wp) is the distribution w conditioned on that coordinates in A are as-
signed U and coordinates in B are assigned W. Let IU@WQ be the |Q|-AP instance

(V7 w|(Ug, WQ)) We know that w|(Ug, We) is A - n?l?| ‘wg ) (Ug Wg)-dense.
Therefore for every @ # 0, by Lemma 15, we have

E E 1n(u;)) =w;| | = E vallZy—w—, 7
(Uq,Wq) WNPieQ (i) i a~F! ( Vo Wa )
~w|(Ug,Wg)
>valy (I, F) 2k 219
Zvaly Uxs,Wss -
ve Aw g, (Vg Walvn

— E (pll[ﬂ'l (u;) = w;] + p2lfma(u;) = wz]) B 2k2y,2IQ
Ug,Wq) p1+p2 Avis ) Ug Ws)v/n'
NUJ|(U§,W§) i€Q @RV Q Q

Therefore we have

=Y 1T i E T pr1lmi(ue) = wi] + paifma(ui) = wil)
ocin Uz g i€Q (@a) icq
~MY@,Q) ~w|(Ug,Wg)
2k2y,—2IQ

> || R (P1+p2)|Q|-Aw

Us,WgH =
0 U309 \ieg

(U W)~w (Zptl me(ui) = wl])
- >

0#£QCIk]

@@ UgWolvn

H (p1 + )IQI 2k?
(UQ, W) Yui,w; b1 T p2 A\/ﬁ
yaxa \i€Q

2k>
>valy (Z,D) — (p1 + p2)

Ayn’
In all, we have proved that E s valy(Z,&) > valy(Z,D) — (p1 +p2)A2L\/27L. Since
€ can be sampled in polynomial time, there is a randomized polynomial-time
algorithm to find out a £ satisfying (8).

7 Proof of Lemma 12

We say a distribution w’ over V¥ is A’-well spread if for every i,j € [k] such that
1 # j, and for every disjoint partition V =V; UV U---U V4, we have

maxys Vyr
A Pr (3t €[t] 1 u; € Vi and uj € Vi] < w

(U 5.y U ) VW' n

Claim A A'-locally dense distribution w’ is (A’/k)-well spread.



20 Yuichi Yoshida, Yuan Zhou

Proof W.l.o.g. we assume that ¢ =1 and j = 2. For every Z C V, we have

Pr [Ht/ S [t] tu; € Vi and uj; € Vt/]

(1) o’

k
_ § § w/(u U ) < § : § : Zi:l dl (ul)
- 1y UE) > A/nk_l
t'eft] ur,u€Vy t'eft] ui,ux€Vy
UZ,..., U EV Ug,...,uk, €V

> urev, di(u1) > usev,, d2(u2)

:Z< > T AT T > Almb—1

t'e[t] uz €V, w1 €V,
U3y, U EV U3y, U €V
k
Z Alnk—1
1=3 ul,uzth/
UG yeeeyWi— 1, Wi 1y U EV
/ 2
<9 maxy ey Vi +(k—2) A maxy ey | Vi < kmaxy e [Vir|
- A'n n? - A'n ’

We will prove a slightly stronger statement than that of Lemma 12, in the sense
that we prove the lemma for every w such that w = ' - "’ where ' is A’-well
spread and " is A-dense.

The proof goes along the lines of the proof of Lemma 11. We decompose z
into a distribution of permutations D = {7 : V — V} such that for any u,w € V,
we have Pr.p [r(u) = w] = zuw. We first prove following lemma, which is an
analogy of Lemma 15.

Lemma 16 Let D be the distribution over w1 and mo such that w1 is chosen with
probability p and w2 is chosen with probability (1 — p). There exists a distribution D’
over permutations and a distribution V over the disjoint partitions {(Vi U--- U V;)}
where each V; has at most 2+/n elements, such that for any k > 2 and any k-AP
instance T = (V,w) such that w = W' W where w" is A-dense, we have

2k
E [val(Z,x)] > valy(Z,D) —
B Ml )] > val(£.D) - 25
_1 E Pr [uj € Vp and u; € Vi).
A V<t Ty VAU UVOMY S (U1, up) W'

Moreover, D' can be sampled in polynomial time.

Proof Let us assume w.l.o.g. that V = [n], m = id (i.e. m1(:) = i for all i € [n]).
For any set A = {a; : a1 < a2 < --- < aj4) = n} C [n], let us define 74 be the
permutation over [n] so that m4(i) = ar—1 + 1 if i = a for some ¢ € [|A|] and
wa(i) =i+ 1 otherwise (assuming ag = 0). We can also assume w.l.o.g. that there
exists A C [n] such that g =7 4.

Now we define the random set variable A’ : A C A C V as follows. We start
from A’ = A, and for each i € [\/n], we uniformly sample an element a from
((i — 1)y/n,i/n] and let A’ < A’ U {a}. In this way, we know that there is no set
of 2y/n consecutive integers that does not intersect A’. It is easy to show that for
every v € V, Pras[ma(v) # mar(v)] < .
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Let D4/ be the probability distribution that chooses w1 with probability p and
w4 with probability (1 —p). For any k and any k-AP instance Z = (V,w) such that
w is A-dense, we have

valy (Z,D) — E valy(Z,Da)
A/

k k
_ kK D) = w;] — r [rlws) = ws
=n (U,V][;])Nw (H ﬂEIZ‘)[W(ul) - z] P [ ( ,L) z])

i:l TK'NDA/
k
S B BB ) # a0 T P () = v
k k
n .
<5 B E1 (Fi € [K] s mar(wi) # malu;)] g gﬂgrp[ﬂ(w) =wil, (10)

where the last inequality is by the density of w”’. By (5), we have

(10) < % B Pr(3ie b ma(u) # ma(u) < AL\’;E. (11)

For every A’ C [n], we define the distribution D’y,. Let us assume that the
elements in A" are a] < ah < ... < aiA/l = n; let aj, = 0 for convenience. To draw a
permutation 7 ~ Dy, we sample |A’| i.i.d. 0/1 bits by, ba, .. -+ b 4|, each of which
has mean p. For each i, we find out the unique ¢ € [|A’|] so that a}_; < i < a}; let
m(i) = m1(i) =7 if by = 0; let w(i) = w4/ (i) otherwise.

Now we define the distribution D’. To draw a permutation = ~ D', we first
sample a random set A’, and then draw a permutation from D’y,.

For any k and any k-AP instance Z = (V,w) such that w = w’ - w” where w” is
A-dense, we have

Evaly(Z,Da)— E val(Z,n)
A’ w~D’!

k

k .

= E E Pr i) =w;]— Pr [Vielk]: ) = w;
n (U)o A (ilerN'DA/[ﬂ—(UZ) w] ‘n-ND:q,[ i€ [k] :m(u;) wz])

k

k

=n E E Pr [n(u;) = w;

<awo~wA/<i1ﬁ~DN[( ) =w]
[A'|

1.7
t:lﬂ—ND

<n® E E1 [3t € [|A']] : 3 more than one i s.t. a;_; < u; < a,@]

; Vi € [k],ar—1 < u; < ay : w(u;) = wy]
A/

(U W )~ A7
k
1,5, frvo =i
=1
’I’L}C / / !
<— E E1[3t€[|A]]: 3 more than one i s.t. a;_1 < u; < ay]
A Unw A
k
E Pr[m(u;) = wi] (by density)

W~VE - T~D g1
1=1
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S% E E 1 [Ht € [|A’|] : 3 more than one i s.t. aj_1 < u; < aé] (by (5))
!/ /

The lemma is proved by combining (11) and (12).
Now we are ready to prove Lemma 12.

Proof (of Lemma 12) Let D be supported on m1,72,...,™m, each m; is chosen with
probability p;. We can assume that m < n? by preserving only the n? permutations
with the largest probabilities and proper normalization, which would cause a loss
of at most n™! in the objective value valy (Z,D). Now we show that for any such
distribution, we can find a distribution £ that is supported on (m—1) permutations,
such that

2k?

AA/n’

In other words, since w1 and w2 are arbitrary, we are able to “merge” any two
in the objective

valy (Z,€) > valy(Z,D) — (p1 + p2) (13)

permutations 7; and ; in D by paying a loss of (p; + pj)%
value. We repeatedly merge the two permutations with the smallest probability
mass in the distribution until there is only one permutation left, during this process

-1
A\f = AA/n

loss at the beginning of the proof, we lose at most

we lose at most [logm]-2 in objective value. Together with the n

7k?logn
AAT/n

In order to show (13), let us define a distribution € of distributions of permuta-
tions as follows Let F to be the distribution of permutations that chooses 7; with

probability ~ and 72 with the remaining probability. Apply Lemma 16 on F to

for sufficiently large n.

p
get F'. A dlstrlbutlon & from £ is sampled by first sampling a permutation 7 from

F', and returning the distribution that puts probability mass (p1 +p2) on 7 and p;
on m; for all 7: 3 <4 < m. For every u,w € V, let yy,uw = Z;n:?) pelme(u) = w] < 1.
We have

E valy(Z,&) = Pr [m(u;) = wy]
E~E £~£(UW)~ 1;1 ' ’

TrN]'—/ U, W)Nw

L@ +p)ilm(ui) = wil | | [] v

(U W)Nw ZGQ o

QC

k
= H (p1 +p2)1[m(ui) = wi] + Yuiw,)

= Q|
= [] ruiw: | (1 +p2) E E_ []1lr(w)=wi]],
oc (UQ,WQ) i (Ug.Wq) \7~F' o ! !
M ~ogq \i€Q ~w|(Ug,Wg)

(14)

where Uy is the restriction of vector U over coordinates in A, w'j is the marginal
distribution of w” over the coordinates in A, and w(a,B) is the marginal distribution
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of w over A in the first k coordinates and B in the last k coordinates. Let Tug,wy
be the |Q|-AP instance (V,w|(U—, WQ))' We know that w\(Ua, WQ) = (w’|U§) :

(W'|Wg), and " |Wg is A - nl@! -w%(Wa)-dense. Therefore for every Q # 0, by
Lemma 16, we have

E E 1l7(u;) =w;] | = E vallZy-w—, 7
(Ug,Wo) TrN]:lieQ [ ( z) z] T ( Ug.Wg )
~w|(Ug, W)
okn 1@l
>valy (v, wos F) = o =
@ Aw%(Wa)\/ﬁ
o] b e v o 1o
AT (T E r u; € Vi and u; € Vy
" A I J
Awz (W) e VU0V~ St Ugra!|Ug
i)
_ E (Pll[ﬂ(uz‘) = w;| + pallma(u;) = wi]> _ 2kn” 9
(Uq,Wq) p1+Dp2 Aw%(Wa)\/ﬁ
NUJ|(U§,W§)ZEQ
o Pr  [u; € Vy and u; € Vy/]
YN ia7 7Y E r [ui € Vy and u; € Vy].
Az (W) | Q;Q(Vlu..iuvt)Nvt,e[t] Ugqw'|Ug
i#]

Therefore we have

(14)
> [T e [T (p1lmi(wi) = wi] + 21z (wi) = wi)
QC[k](UQ’ Q) .= (UQ’WQ) ieQ
=M b \EQ ~w|(Ug,We)
-1Ql
QI __2kn

- [T e | (02 + e

gy \ LT [Pl St

0£QCiH <85 2 \icq

— Z H Vi w; (pl +p2)‘Q‘

ook Yer ) icq

~YQ Q)
te]
n
e E E Pr |u;,u; € Vi
Az (W) aos UWh) f UQN[ o € Ve
i,jEQ ) €lt] /|
1£] Q

2k
— Z E H Yusw; | (P1 +p2)|Q| : F

Us,.o! =
P£QC[k] ~9~“g \icQ
W~V e

T U (Zptl[m ul _wl])
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- Z E , H Yui,wq (Pl +p2)|Q|% Z E Z 1[ui’uj € V%,]

Urow ol A= (VU .0V ~Y
0#QC(k Q \i : teft
Qi "o \ic@ /<@ B
1 ( 2k k? 2k°
>valy (Z,D) — (p1 +p2)Z (% + A’ﬁ) > valy(Z,D) — (;1 +p2)m.

(by well-spreadness of w’ and the maximum size of |V;|)

In all, we have proved that E¢ s valy(Z, &) > valy (Z, D) — (p1 +p2) . Since

2k>
. AN n
€ can be sampled in polynomial time, there is a randomized polynomial-time
algorithm to find out a £ satisfying (13).

8 Bisection Max-k-CSP

In this section, we consider the bisection Max-CSP as a notable example of Max-CSP
with globally cardinality constraints.

We start with definitions. Fix a finite domain D and a k-CSP instance Z over D.
A global cardinality constraint is a linear constraint on the numbers of variables
that are assigned to the values in D. For simplicity and illustration purpose, here
we only consider the bisection constraint — i.e., assuming D = {0, 1}, the number
of variables that take value 1 is exactly n/2 (for even integers n). For a bisection
k-CSP instance Z = (V,w, P), we define its optimal value to be

opt(Z) = {val(Z,a)},

max
a:|[{veV:a(v)=1}|=n/2

where the definition of val(Z, o) remains the same as in the ordinary k-CSP case.
The ¢-round Sherali-Adams relaxation for a bisection k-CSP instance Z =
(V,w, P) (£ > k) is written as follows.

maximize E E [Ps(a)]

S~wa~pg
subject to Pr [a|gnr = 6] = Pr [a|gnr = 4]
a~ g a~
VS, T CV,|SuT|<¢,B8¢e DT
> P fols=pand a(v) =1 = 5 us()
vev Su{v}
VS CV,S<¢tB¢e{0,1}°,

where the last constraint corresponds to the bisection constraint.
We now turn to how to round s-independent solutions. The following lemma
is similar to Lemma 8.

Lemma 17 LetZ = (V,w, P) be a bisection k-CSP instance. Let p be an k-independent
solution (with respect to both uniform distribution and w, 0 < k < 1) to the k-round
Sherali-Adams LP relazation. There is a randomized polynomial time algorithm to
find an assignment o : V — {0,1} such that val(Z,a) > val p(Z, p) — 3ks'/* and
{veV:al) =1} =n/2.
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Proof We sample a in the same way as we did in the proof of Lemma 8, and we
see that Eq[val(Z, a)] > valLp(Z) — 24/k. Also observe that

2
< g(za@);‘)

E Z a(v) — g
*lvev VeV
= [ 3 Bla@a@)]-n Y Ble@]+ % = | 3 Blatae)] - "
v1,v2€V veV v1,02€V
_ _ n? 1
- \/vl,vzzevﬁwl‘l{ji,m}[ﬁ(vl) =) =1 o

where the last inequality is because of k-independence with respect to uniform
distribution, the definition of total correlation, and Lemma 1; the last equality is
because of Sherali-Adams constraints.

In all, we have

E (Val(I, a)—k
[e3%

Z a(v) — ;D > valpp(Z, u) — 2vk — krt/4

veV
> valpp(Z,p) — e/,

We can sample an « in expected polynomial time so that

E |val(Z,a) —
«

Z a(v) — ZH > valpp(Z) — 3kt
veV

By greedily rearranging ’Evev[a(v)] - %|—fraction of the entries in «, we get a
bisection assignment o’ such that val(Z, ') > valyp(Z, p) — 3kr'/

Finally as a counterpart to Theorem 5, we show the following.

Theorem 8 Let T = (V,w, P) be a bisection k-CSP instance over domain {0,1} such
416 4k

that w is A-dense or A-locally dense. For any ¢ > 0, let £ = %Aloglm. The

additive integrality gaps of the (€ + k)-round Sherali-Adams LP relazation is at most

€; and there is a randomized rounding algorithm producing a solution whose value is at

least opt(Z) — ¢, in expected n®Y) time.

Proof Let p be a solution to the (¢+k)-round Sherali Adams LP relaxation. Similar
as in the proof of Theorem 5, Corollary 1 and Corollary 2, we know that there
exists t < £ such that

~wW

E \/ E Cu(zsley)+ E Cu(zslzy)
U~vt\ s~vk S

< i/U E. <s Evk Cu(zs|zy) + E Cu(ﬂ?slmU)>

k24% log | D| €
<2 ol <
- Al - 3k2
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Therefore, together with Lemma 5, we have

E (vale(I,MwU) — 3k (4/ E C#(:cs\:cU) + 4/ E C”(:BS|£BU)>>
U~V S~Vk Srw

2 vale (I, /,L) — €.

We enumerate all the possible ways of conditioning, and find out a solution ' to
the (k 4 ¢ — t)-round Sherali-Adams LP relaxation such that

valpp(Z, p') — 3k (4 E Cy(xs) + 4/SE C”/(cc_g)> >valLp(Z,p) — e
S~VEk ~w

Since ' is always k-independent with respect to both uniform distribution and w
for k = Eg vy Cp (2s) + Es~w Cu (Ts) , by Lemma 17, given p’, we can find an
assigment with value at least valyp(Z, u) — € in randomized polynomial time.

9 A gap instance for relaxation H

In this section, we show a gap instance for the relaxation H. Consider the following
2-AP instance Z([5],w). Let us define w; j  q = a5 Ai,; Bp,q, Where

01100 01100
10001 10100
A=1]10001|, and B= (11000
00000 00001
01100 00010

If we view A and B as the adjacency matrices of two 5-vertex graphs, val(Z, ) is
the number of edges in A that are mapped to an edge in B by 7, multiplied by
%. Since A is a 4-cycle with one isolated vertex, and B is a 3-cycle plus an edge,
at most 2 edges in A can be mapped to B. Therefore, opt(Z) = %.

On the other hand, let us consider the following distribution D of permutations,
where D is supported on 71 and w2 with equal probability (1/2). w1 is the identity
permutation; m2(:) = (¢ mod 5) + 1 for all ¢ € [5]. We have

val(Z, D)

= S A Bray (i) = p or ma(i) =) - 5 (Ui (5) = g or ma(5) = d])
i, P9
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