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Abstract

We study the approximability of multiway partitioning
problems, examples of which include Multiway Cut, Node-
weighted Multiway Cut, and Hypergraph Multiway Cut. We
investigate these problems from the point of view of two
possible generalizations: as Min-CSPs, and as Submodular
Multiway Partition problems. These two generalizations
lead to two natural relaxations that we call respectively
the Local Distribution LP, and the Lovdsz relaxation. The
Local Distribution LP is generally stronger than the Lovész
relaxation, but applicable only to Min-CSP with predicates
of constant size. The relaxations coincide in some cases such
as Multiway Cut where they are both equivalent to the CKR
relaxation.

We show that the Lovész relaxation gives a (2 — 2/k)-
approximation for Submodular Multiway Partition with k
terminals, improving a recent 2-approximation [2]. We prove
that this factor is optimal in two senses: (1) A (2—2/k —¢)-
approximation for Submodular Multiway Partition with k
terminals would require exponentially many value queries (in
the oracle model), or imply NP = RP (for certain explicit
submodular functions). (2) For Hypergraph Multiway Cut
and Node-weighted Multiway Cut with & terminals, both
special cases of Submodular Multiway Partition, we prove
that a (2—2/k — e)-approximation is NP-hard, assuming the
Unique Games Conjecture.

Both our hardness results are more general: (1) We
show that the notion of symmetry gap, previously used
for submodular maximization problems [19, 6], also implies
hardness results for submodular minimization problems. (2)
Assuming the Unique Games Conjecture, we show that the
Local Distribution LP gives an optimal approximation for
every Min-CSP that includes the Not-Equal predicate.

Finally, we connect the two hardness techniques by
proving that the integrality gap of the Local Distribution
LP coincides with the symmetry gap of the multilinear
This shows that the
appearance of the same hardness threshold for a Min-CSP

relaxation (for a related instance).

and the related submodular minimization problem is not a
coincidence.
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1 Introduction

In this paper, we study the approximability of multiway
cut/partitioning problems, where a ground set V' should
be partitioned into k parts while minimizing a certain
objective function. Classical examples of such problems
are Multiway Cut (that we abbreviate by GRAPH-
MC), Node-weighted Multiway Cut (NODE-WT-MC)
and Hypergraph Multiway Cut (HYPERGRAPH-MC).
These problems are NP-hard but admit constant-factor
approximations.

Multiway Cut (GRAPH-MC): Given a graph G =
(V,E) with weights on the edges and k terminals
t1,ta,...,tx € V, remove a minimum-weight set of
edges so that every two terminals are disconnected.

Node-weighted Multiway Cut (NoDE-WT-MC):
Given a graph G = (V, E) with weights on the nodes
and k terminals t1,to, ...t € V, remove a minimum-
weight set of vertices so that every two terminals are
disconnected.

Hypergraph Multiway Cut (HYPERGRAPH-MC):
Given a hypergraph H = (V, E) with weights on the
hyperedges and k terminals ti,to,...,tx € V, remove
a minimum-weight set of hyperedges so that every two
terminals are disconnected.

Although the problems above are formulated as
vertex/edge/hyperedge removal problems, GRAPH-MC
and HYPERGRAPH-MC can be also viewed as partition-
ing problems where vertices are assigned to terminals
and we pay for each edge/hyperedge that is cut be-
tween different terminals. The NODE-WT-MC prob-
lem can also be stated in this form, and in fact shown
to be approximation-equivalent to HYPERGRAPH-MC
(although the reduction is more complicated, see [16]).
Given this point of view, and the fact that the cut func-
tion in graphs/hypergraphs is submodular, the follow-
ing generalization of these problems was proposed in
[21] and recently studied in [3, 2].

Submodular Multiway Partition (SUB-MP): Given
a submodular set function f : 2V — Ry and k terminals
t1,to,...,tp €V, find a partition of V into Ay, ..., Ay
such that t; € A; and ), f(A;) is minimized.



This problem captures the problems GRAPH-
MC, NODE-WT-MC and HYPERGRAPH-MC as special
cases.! One of the useful aspects of viewing the prob-
lems in this more general framework is that non-trivial
linear programs, discovered on a case-by-case basis in
the past, can be viewed in a unified way: by consider-
ing the Lovdsz extension of a submodular function (see
Section 2 for details). In particular, [3] rederives the
geometric CKR relaxation for Multiway Cut [1] in this
way. It was shown in [2] that SUB-MP is not signif-
icantly more difficult than its special cases: SUB-MP
admits a 2-approximation in general, and an improved
(3/2 — 1/k)-approximation when the number of termi-
nals is k£ and f is a symmetric submodular function
(in the sense that f(S) = f(S); we denote this special
case as SUB-MP-SyM). We remark that GRAPH-MC is
a special case of SUB-MP-SyM, while NODE-WT-MC
and HYPERGRAPH-MC are not.

This compares to the approximability of the classi-
cal problems as follows: GRAPH-MC admits a 1.3438-
approximation [9], which is an improvement of an earlier
breakthrough result, a (3/2 — 1/k)-approximation using
the CKR relaxation [1]. Note that the latter approxi-
mation matches the result of [2] for SUB-MP-SyMm. On
the hardness side, it is known that the CKR relaxation
gives the optimal approximation for GRAPH-MC, as-
suming the Unique Games Conjecture [14]. However,
the actual approximation factor is not known: it is only
known that it is between 8/7 and 1.3438, and in the
case of 3 terminals it is known to be 12/11 [14].

The problems NODE-WT-MC and HYPERGRAPH-
MC are known to be approximation-equivalent, and
both admit a (2 — 2/k)-approximation for &k terminals
[16, 7]. It is known that a (2 — e)-approximation in-
dependent of k would imply a (2 — €)-approximation
for Vertex Cover, which would refute the Unique
Games Conjecture. Therefore, we do not expect an
approximation better than 2 for NODE-WT-MC and
HYPERGRAPH-MC when the number of terminals is
large. Nevertheless, this reduction does not give any
hardness for a constant number of terminals k£, and the
optimal approximation for a given k was not known.

Our contribution. We study these partitioning prob-
lems from two points of view: (a) the submodular gener-
alization SUB-MP of the problem, and a natural convex
program for the problem based on the Lovéasz exten-
sion of a submodular function; we refer to this convex

TWe point out that in the case of HYPERGRAPH-MC, the
reduction is not as direct as one might expect - this is due to
the fact that we want to count each cut hyperedge only once,
independently of how many terminals share it. Consequently, the
arising submodular function is not symmetric, although the cut
function in a hypergraph is.

program as the Lovdsz relazation; (b) regarding them
as Min-CSP (constraint satisfaction problems) leads to
another natural relaxation that we dub the Local distri-
bution LP. Our concrete results are as follows.

Concrete results:

e We give a (2 — 2/k)-approximation for the SuB-
MP problem with k terminals using the Lovéasz
relaxation. We also show that this is optimal, in
two different senses.

e We prove that any (2 — 2/k — €)-approximation for
SuB-MP (for a constant number of terminals k)
requires exponentially many value queries (in the
oracle model), or it implies NP = RP (for certain
succinctly represented submodular functions, using
the technique of [6]).

e We prove that for NODE-WT-MC, a special case
of SUB-MP, it is Unique-Games-hard to achieve a
(2—2/k —¢)-approximation (for a constant number
of terminals k).

Since HYPERGRAPH-MC is approximation-equivalent
to NODE-WT-MC, we determine the approximabil-
ity of all three problems, SUB-MP, HYPERGRAPH-MC
and NODE-WT-MC, to be exactly 2 — 2/k (assum-
ing the Unique Games Conjecture in the case of
HYPERGRAPH-MC and NODE-WT-MC).

We also present a generic LP rounding algorithm
that matches the integrality gap of the Local Distri-
bution LP. A similar rounding algorithm also applies
to the Lovdsz relaxation of SUB-MP, achieving a ratio
arbitrarily close to its integrality gap. This rounding
algorithm is inspired by the technique of [11].

Unique Games-hardness vs. NP-hardness more
generally: Our hardness proofs in fact lead to more
general results, revealing an interesting relationship be-
tween the UNIQUE GAMES-hardness of Min-CSP prob-
lems and NP-hardness of their natural submodular gen-
eralizations.

e We show a UNIQUE GAMES-based hardness result
for Min-CSP problems, generalizing the machinery
of [14]. Roughly speaking, we show that for
every Min-CSP problem that includes the Not-
Equal predicate, the integrality gap of the Local
Distribution LP can be translated to a UNIQUE
GAMES-hardness result.

e We show how the symmetry gap technique, pre-
viously developed for submodular maximization
problems [19, 6], applies to submodular minimiza-
tion problems. In particular, we prove that a



1.26-approximation for SUB-MP-SyM implies that
NP = RP.

Finally, we present a connection between the two ap-
proaches, proving that the integrality gap of the Local
Distribution LP coincides with the symmetry gap of the
multilinear relaxation (see the discussion below and Sec-
tion 6 for more details).

Discussion. The interplay of different relaxations and
different techniques to prove related results is in our
opinion the most interesting aspect of our work. Let
us comment on some connections that we observed here.
Integrality gap wvs. symmetry gap. While UNIQUE
GAMES-hardness results typically start from an inte-
grality gap instance, hardness results for submodular
functions often start from the multilinear relazation of a
problem, exhibiting a certain symmetry gap (see [19, 6]).
This is a somewhat different concept, where instead of
integral vs. fractional solutions, we compare symmet-
ric vs. asymmetric solutions. In this paper, we clarify
the relationship between the two: For any integrality
gap Min-CSP instance of the Local Distribution LP,
there is a related Min-CSP instance that exhibits the
same symmetry gap in its multilinear relaxation. Con-
versely, for any symmetry gap instance of the multi-
linear relaxation of a Min-CSP instance, there is a re-
lated Min-CSP instance whose Local Distribution LP
has the same integrality gap (see Section 6). Therefore,
the two concepts are in some sense equivalent (at least
for Min-CSP problems). This explains why the UNIQUE
GAMES-hardness threshold for HYPERGRAPH-MC and
the NP-hardness threshold for its submodular general-
ization SUB-MP are the same.

Lowvdsz vs. multilinear relazation. The fact that the sym-
metry gap technique gives optimal results for a submod-
ular minimization problem is interesting: The symme-
try gap technique is intimately tied to the notion of a
multilinear extension of a submodular function, which
has recently found numerous applications in maximiza-
tion of submodular functions [18, 19, 10, 12, 4]. Nev-
ertheless, it has been common wisdom that the Lovdsz
extension is the relevant extension for submodular min-
imization [13, 8, 3, 2]. Here, we obtain a positive result
using the Lovasz extension, and a matching hardness
result using the multilinear extension.

Organization. The rest of the paper is organized
as follows. In Section 2, we discuss the Lovész relax-
ation, and show how it yields a (2 —2/k)-approximation
for the SUB-MP problem. In Section 3, we present the
symmetry gap technique for submodular minimization
problems, and show how it implies our hardness results
in the value oracle model. In Section 4, we present our
hardness result for Min-CSP, and show how it implies

the hardness result for HyPERGRAPH-MC. In section 5,
we discuss the relationship of the Lovasz relaxation and
the Local Distribution LP. In Section 6, we discuss the
relationship of integrality gaps and symmetry gaps.

2 Approximation for Submodular Multiway
Partition

In this section, we revisit the convex relaxation proposed
by Chekuri and Ene [3], and provide an improved
analysis that gives the following result.

THEOREM 2.1. There is a polynomial-time (2 — 2/k)-
approximation for the SUB-MP problem with k termi-
nals, where k is given as input and the objective set
function is given by a value oracle.

The Lovasz relaxation. The following is the convex
relaxation that has been used by Chekuri and Ene:

(SUBMP-REL) min 3 | f(x,) :

. k
v'] S V, Zi:l Ti5 = 1,
Vi € [k]; Ty, = 1
Vi,j; Ti,j5 > 0.

Here, f(x;) denotes the Lovdsz extension of a
submodular function. The function f can be defined
in several equivalent ways (see [3, 2]). One definition
is based on the following rounding strategy. We choose
a uniformly random 6 € [0, 1] and define A;(0) = {j :
zij > 0}. Then f(x;) = E[f(A;(0))]. Equivalently (for
submodular functions), f is the convex closure of f on
[0,1]V. The second definition shows that the relaxation
SUBMP-REL is a convex program and therefore it can
be solved in polynomial time.

Given a fractional solution, we use the following
randomized rounding technique, a slight modification
of one proposed by Chekuri and Ene:

Randomized rounding for the Lovasz relaxation.

e Choose 6 € (1,1] uniformly at random and define

e Define U(0) = V\UI, Ai(0) = {j : max; z;; < 0}

e Allocate each A;(0) to terminal ¢, and in addition
allocate U(f) to a terminal ¢’ chosen uniformly at
random.

Each terminal ¢; is allocated to itself with probability
one. Moreover, the sets A;() are disjoint by construc-
tion, and therefore the rounding constructs a feasible
solution. The only difference from Chekuri and Ene’s
rounding [2] is that we assign the “unallocated set”



U () to a random terminal rather than a fixed terminal.
(However, taking advantage of this in the analysis is not
straightforward.) We prove the following.

THEOREM 2.2. The above rounding gives a feasible so-
lution of expected value at most (2 — %) Zle f(x3).

This clearly implies Theorem 2.1. In the following,
we prove Theorem 2.2. We assume that f()) = 0. This
is without loss of generality, as the value of the empty
set can be decreased without violating submodularity
and this does not affect the problem (since terminals
are always assigned to themselves).

We start by defining several sets, parameterized by
#, that will be important in the analysis.

o Ai(0) ={j:zi; >0}

o A(0) = U, Ai(0) = {5 : max; xi; > 0}

o U(0) =V \ A(B) = {j : max; z;; < 0}.

o B(O) =U(1—0)=1{j:1—max;z;; > 0}.

We can express the LP cost and the cost of the
rounded solution in terms of these sets as follows. The
following lemma follows immediately from the definition
of the Lovéasz extension.

LEMMA 2.1. The cost of the LP solution is

k 1
LP = Z;/O F(A:(0))d6.

The next lemma gives an expression for the ex-
pected value achieved by the algorithm.

LEMMA 2.2. The expected cost of the rounded solution
18

2 o~ [
2— — A;(0))do
e-pX ), f®)
9 k 1/2
2> i

=1

ALG =

f(Ai(0) U B(0))do.

Proof. The set allocated to terminal i is A;(f) with
probability 1 — 1/k, and A;(0) U U(#) with probability
1/k. We are choosing 6 uniformly between % and 1.
This gives the expression

2 It
ALG = (2—— A;(0))do
( k>;/1/2f< )
+ 2 1 f(A;(6)UU(0))de

We claim that for 6 € [1,1], A;(6)UU(6) can be written
equivalently as A;(1 —0)U B(1 — ). We consider three
cases for each element j:

o Ifz;; > %, then j € A;(9)UU(0) for every 0 € [3,1],
because z;; < % for every other ¢/ # ¢ and
hence j cannot be allocated to any other terminal.
Similarly, j € A;(1-0)UB(1-0) for every 6 € [$,1],
because 1 — 0 < £ and so j € 4;(1 —90).

o If z;; < % and x;; = maxy Ty, then again
j € Ai(0) UU(@®) for every § € [1,1], because
j is always in the unallocated set U(#). Also,
j€ A (1-0)UB(1—80), because B(1—0) =U(0).

o If z;; < % and x;; < max; yj, then j € A;(0) U
U(9) if and only if j € U(F) = B(1 —6). Also,
we have z;; =1 — Zi,# ;g < 1 —maxy x5, and
therefore j € A;(1 — 0) U B(1 — 0) if and only if
jEB(1-9).

To summarize, for every 6 € [1,1], j € A;(8)UU(0)
if and only if j € A;(1 —0) U B(1 — ). Therefore, the
total expected cost can be written as

ALG = (2—%)2/

i=1

In the rest of the analysis, we prove several in-
equalities that relate the LP cost to the ALG cost.
Note that the integrals f11/2 f(A;(0))do appear in both
LP and ALG. The interesting part is how to relate
o2 £(A(0)d0 to [1* F(Ai(6) U B(6))db.

The following statement was proved in [2]; we give
a simplified new proof in the process of our analysis.

LEMMA 2.3. (THEOREM 1.5 IN [2]) Let f > 0 be sub-
modular, f(0) =0, and x a feasible solution to SUBMP-
REL. For 6 € [0,1] let A;(6) = {v | zv; > 0},



A(0) = UE_Ai(0) and U) = V \ A(0). For any
6 € [5,1] the following holds:

ko s 5 1

> | s = [ awpao+ [ rwe

In the following, we assume the conditions of
Lemma 2.3 without repeating them. First, we prove
the following inequality.

LEMMA 2.4. For any § € [$,1],

k—1 F) .
;/0 f((Al(G)U'"Ai(e))mAiH(@))dﬁ2/0 F(U(6))do

Proof. First consider § = 1. We can view the value
Sy F(AL(B) U -~ U Ay(8)) N Ai1(0)df as the Lovasz
extension evaluated on a suitable vector, y; = (x1V---V
X;)AX;+1. Note that v isin (A1 (6)U---UA;(0))NA;11(6)
if and only if y, ; > 0. Therefore

1
F((AL(0)U---U Ay(0)) N Aiy1(0))dO = f(yi).

)

We can also view f(U(0)) as follows: Let u =
Zi.:ll yvi =1—(x1 V---Vxg). (This holds because
Sy Ve vxg) = Nk VeV xg) A
Xit1) + (X1 V- Vxg) = Zle x;, which can be proved
by repeated use of the rule (u Av)+ (uVvVv)=u+v,
and finally Z _, X; = 1.) Therefore

where we also used the fact that f(ax) = af(x) for
any « € [0,1] (f(x) is linear along any line through the
origin). Equivalently,

k—1 1 1
> / F(A(O)U - Ai(0)NAs41(0))d > / F(U(0))do

Now note that, if 6 > 4, the sets (A1(6) U --- U
A;(0))NA;11(0) are empty, since Zle x; = 1 and hence
two vectors X;,x; cannot have the same coordinate
larger than 6 > § > 1. We also assumed that f(() =0,
so we proved in fact

) 1
> / F(Ar(0)U- - Ai(0))NAry1 (0))d6 > / F(U(0))do

as desired.

Given this inequality, Lemma 2.3 follows easily:
Proof. [Lemma 2.3] By applying submodularity induc-

tively to the sets Aq(0) U---U A;(0) and A;41(0), we
get

k
>S40

Y
<. >
M
=
B
E

+/(A1(0) U Ag(0))
k—1
= Zf((Al U Ai(0)) N Aiga(0))
+/(A(0))
Integrating from 0 to § and using Lemma 2.4, we obtain
k 5
> [ reaonas
k=1 .5
> 3 / F(A1(0) U+ -+ U A4(8)) N Aia(0))d8
)
o (A(6))do
> / f(U(0))do + / A(0)de.

A corollary of Lemma 2.3 is the following inequality.

LEMMA 2.5.

1/2
f(Ai(0))do >

1/2

f(B(6))dd

i=170

Proof. Considering Lemma 2.3, we simply note that
U(0) = B(1—0). We discard the contribution of f(A(6))
and keep only one half of the integral involving B(1—8).

We combine this bound with the following lemma
which is a new contribution of this paper.

LEMMA 2.6.

74 2/1/2f

1/2

f(B(6))do

1/2

B(6))do

i=1

—(k=2)

Proof. For simplicity of notation, we drop the explicit
dependence on 6, keeping in mind that all the sets



depend on §. By submodularity, we have f(
f(4; UB)+ f(A; N B). Therefore,

A)+f(B) >

k
Z f(A4;UB) + f(4;N B) — f(B))

k
i=1

k k
Z f(A;UB)+Y  f(AiNB) — k- f(B).

This would already prove the lemma with k instead
of k — 2; however, we use Zle f(A4; N B) to save the
additional terms. We apply a sequence of inequalities
using submodularity, starting with f(A4; N B) + f(A42N
B) > f(A1 N As N B) + f((A1 U A3) N B), then
F((ALUA)NB)+ f(AsNB) > f((A1UA3)NAsNB) +
f((A1 U A3 U A3) N B), ete. until we obtain

k

> f(AinB)

i=1

A)N A1 N B)

k—1
> f((Au..u
=1

+f((A1U...UA;) N B).
The last term is equal to f(ANB). Moreover, we observe
that for every element j, at most one variable z;; can
be larger than 1 —max; x;7; (because otherwise the two
variables would sum up to more than 1). Therefore for
every i, (A1 U...UA;)N A;41 C B. So we get

k k—
> f(AinB) Z (A U...UA)NA )+ F(ANB).
i=1 i=1

Integrating from 0 to 1/2, we get

k 1/2
> f(A; N B)do
i=170
k=1 .1/2
> f((A1 U...UAi)ﬂAiJrl)dQ
i=170
1/2

+ F(AN B)do.
0

By Lemma 2.4 (recalling that 4; = A4,(0)), we obtain

k
i=1 70

1 1/2
/ F(U)do + f(An B)do
0 0

F(A; N B)df

Using B(A) = U(1 — #), submodularity, and the fact

that U is the complement of A, we obtain

k 1/2
A; N B)do
; /O f(Ain B)
1/2 1/2 1/2

> f(B)do + F(U)do + f(ANn B)do

O1/2 01/2 ’
> f(B)do + FUU(ANB))do

01/2 01/2
= f(B)df + F(UUB)db.

0 0

Finally, for 6 € [0, 3], we claim that U U B = B. This
is because if max; z;; > %, then j ¢ U, and hence the
membership on both sides depends only on 57 € B. If
max; Ti; < %, then j € B and hence also j € UUB. We
conclude that

k 1/2 1/2
A;NB)d) > de
;/ fanmy = 2 [y
and
k 1/2
f(Ai)db
i=1
k 1/2
> Y [ Uun) « fan s - )i
k 1/2 1/2
=Y f(A; UB)dO — (k —2) f(B)do
=170 0

which finishes the proof.

. A C(l)}izlbination of Lemmz 2.5 il/%d Lemma 2.6 relates
Dim1 Jo T F(AN0))dO to 3y [T f(Ai(0) U B(6))db,
and finishes the analysis.

Proof. [Proof of Theorem 2.2] Add up £=2 x Lemma 2.5
—&—ﬁx Lemma 2.6:

k172 LY
S [ sz 53 [ saos

Add ¥ f1/2 :(0))d0 to both sides: we obtain

z/f z )it

1/2

(6))df.

. A
S ; o

+(6) U B(0))de.
The left-hand side is equal to LP, while the right-hand

side is equal to 5 LQ/k (see Lemma 2.2).



3 Optimality from symmetry gap

Here we show how the symmetry gap technique of [19]
applies to submodular minimization problems. We re-
mark that while the technique was presented in [19] for
submodular maximization problems, it applies to sub-
modular minimization problems practically without any
change. Rather than repeating the entire construction
of [19], we summarize the main components of the proof
and point out the important differences. Finally, we
mention that the recent techniques of [6] turn a query-
complexity hardness result into a computational hard-
ness result. First, we show the result for general Sub-
modular Multiway Partition, which is technically sim-
pler.

Remark. The main general theorem in [19] con-
tains an error which was recently corrected in [20]. The
applications in [19] still hold true. The error affects the
hardness result of [19] for general feasibility constraints.
This does not affect our exposition here, since we discuss
only concrete problems and do not formulate a general
hardness result.

3.1 Hardness of Sub-MP Here we show that the
(2 — 2/k)-approximation is optimal for Submodular
Multiway Partition in the value oracle model. More
precisely, we prove the following.

THEOREM 3.1. For any fized k > 2 and ¢ > 0, a
(2 = 2/k — €)-approzimation for the Submodular Mul-
tiway Partition problem with k terminals in the value
oracle model requires exponentially many value queries
(or it implies that NP = RP for certain succinctly rep-
resented submodular functions).

We note that the computational hardness part
(assuming NP # RP) follows from the oracle hardness
proof, using the techniques of [6]. We defer the details
to the full version and focus here on the oracle hardness
part.

A starting point of the hardness construction is
a particular instance of the problem which exhibits
a certain symmetry gap, a gap between symmetric
and asymmetric solutions of the multilinear relaxation.
We propose the following instance (which is somewhat
related to the gadget used in [5] to prove the APX-
hardness of Multiway Cut). The instance is in fact
an instance of Hypergraph Multiway Cut (which is a
special case of Submodular Multiway Partition). As in
other cases, we should keep in mind that this does not
mean that we prove a hardness result for Hypergraph
Multiway Cut, since the instance gets modified in the
process.

The symmetric instance. Let the vertex set be V =
[k] x [k] and let the terminals be t; = (i,4). We consider

2k hyperedges: the “rows” R; = {(4,j) : 1 < j < k}
and the “columns” C; = {(i,j) : 1 < i < k}. The
submodular function f : 2V — R, is the following
function: for each set S, f(S) = Zle o(]S N Ry|) +
SF_L #(1SNC;l), where ¢(t) = t/k if t < k and ¢(t) =0
ift = k.

Since ¢ is a concave function, it follows easily that
f is submodular. Further, if a hyperedge is assigned
completely to one terminal, it does not contribute to
the objective function, while if it is partitioned among
different terminals, it contributes ¢/k to each terminal
containing ¢ of its k vertices, and hence 1 altogether.
Therefore, Zle f(S;) captures exactly the number of
hyperedges cut by a partition (51, ..., Sk).

The multilinear relaxation. Along the lines of [19],
we want to compare symmetric and asymmetric solu-
tions of the multilinear relazation of the problem, where
we allocate vertices fractionally and the objective func-
tion f : 2V — R, is replaced by its multilinear exten-
sion F : [0,1]V — Ry; we have F(x) = E[f(X)], where
X is the integral vector obtained from x by rounding
each coordinate independently. The multilinear relax-
ation of the problem has variables xfj corresponding to
allocating (4, j) to terminal ¢,.

k
min{ZF(Xe) Vi, j € [k‘];foj =1,
/=1 =
Vi€ k]2l =1,

7

—

In fact, this formulation is equivalent to the discrete
problem, since any fractional solution can be rounded
by assigning each vertex (4, j) independently with prob-
abilities xfj, and the expected cost of this solution is by
definition Zif:l F(xY).
Computing the symmetry gap. What is the sym-
metry gap of this instance? It is quite easy to see that
there is a symmetry between the rows and the columns,
i.e., we can exchange the role of rows and columns and
the instance remains the same. Formally, the instance is
invariant under a group G of permutations of V', where
G consists of the identity and the transposition of rows
and columns. A symmetric solution is one invariant un-
der this transposition, i.e., such that the vertices (i, j)
and (j,7) are allocated in the same manner, or zf; = ;.
For a fractional solution x, we define the symmetrized
2(x +xT) where x” is the transposed
solution (:ET)fj fz.
There are two optimal solutions to this problem:

solution as X = 1
= .
one that assigns vertices based on rows, and one that



assigns vertices based on columns. The first one can be
written as follows: xf; = 1 iff i = ¢ and 0 otherwise.
(One can recognize this as a “dictator” function, one
that copies the first coordinate.) The cost of this
solution is k, because we cut all the column hyperedges
and none of the rows. In fact, we must cut at least k
hyperedges, because for any i # j, we must cut either
row R; or column Cj;. Therefore, OPT = k.

Next, we want to find the optimal symmetric so-
lution. As we observed, there is a symmetry between
rows and columns and hence we want to consider only
solutions satisfying xfj = xﬁi for all i,7. Again, we
claim that it is enough to consider integer (symmet-
ric) solutions. This is for the following reason: we can
assign each pair of vertices (i,j) and (j,4) in a coor-
dinated fashion to the same random terminal: we as-
sign (4,7) and (j,) to the terminal ¢, with probability

xt; = 2%.. Since these two vertices never participate in

1 ?°
th]e samje hyperedge, the expected cost of this correlated
randomized rounding is equal to the cost of independent
randomized rounding, where each vertex is assigned in-
dependently. Hence the expected cost of the rounded
symmetric solution is exactly Eif:l F(x%).

Considering integer symmetric instances yields the
following optimal solution: We can assign all vertices
(except the terminals themselves) to the same termi-
nal, let’s say t;. This will cut all hyperedges except
2 (the row R; and the column Cj). This is in fact
the minimum-cost symmetric solution, because once we
have any monochromatic row (where monochromatic
means assigned to the same terminal), the respective
column is also monochromatic. But this row and col-
umn intersect all other rows and columns, and hence no
other row or column can be monochromatic (recall that
the terminals are on the diagonal and by definition are
assigned to themselves). Hence, a symmetric solution
can have at most 2 hyperedges that are not cut. There-
fore, the symmetric optimum is OPT = 2k — 2 and the
symmetry gap is v = (2k — 2)/k =2 — 2/k.

The hardness proof. We appeal now to a technical
lemma from [20], which serves to produce blown-up
instances from the initial symmetric instance.

LEMMA 3.1. Consider a function f : 2V — R that
18 invariant under a group of permutations G on the
ground set X. Let F(x) = E[f(X)], X = Eyeglo(x)],
and fix any € > 0. Then there exists § > 0 and functions
F,.G : 0,1V — Ry (which are also symmetric with
respect to G ), satisfying:

1. For allx € [0,1]Y, G(x) = F().

2. For allx €[0,1]V, |F(x) — F(x)| <e.

3. Whenever ||x — %||2 < 0, F(x) = G(x) and the
value depends only on X.

4. The first partial derivatives of F,G are absolutely

continuous.
5. If f is monotone, then gTi > 0 and g—g >0
everywhere.

6. If f is submodular, then MLQ <0 and &DL(% <0
0T 10T

almost everywhere.

We apply Lemma 3.1 to the function f from the
symmetric instance. This will produce continuous
functions F', G : 2V — R, . Next, we use the following
lemma from [20] to discretize the continuous function
F, G and obtain instances of SUB-MP.

LEMMA 3.2. Let F : [0,1]V — R be a function with
absolutely continuous® first partial derivatives. Let N =
[n], n > 1, and define f : N xV — R so that
f(S) = F(x) where z; = L|S N (N x {i})|. Then

1. If % > 0 everywhere for each i, then f 1is
monotone.
2. If af%é;_ < 0 almost everywhere for all i,j, then f
1O
s submodular.

Using Lemma 3.2, we define blown-up instances on
a ground set X = N x V as follows: For each i € N,
choose independently a random permutation ¢ € G on
V', which is either the identity or the transposition of
rows and columns. Then for a set S C N x V', we define
£(9) €0,1]V as follows:

1. o
6(5) = Lt e N (.00G) e 5)].
We define two functions f,§: 2V — R, , where

F(S)=F(&S)),  4(S) =G((9)).

By Lemma 3.2, f,§ are submodular functions.
consider the following instances of SUB-MP:

We

k
max { Zf(Sg) : (S1,...,Sk) partition of X
=1

& Vie NV e [K]; (i t) € sf},

k
max { Z g(Se) : (S1,...,Sk) partition of X
=

=

& Vi e N;Ve e [k]; (i) € Sg}.

2A function F : [0,1]Y — R is absolutely continuous, if
Ve >0;36 > 0; 0 Ixi — il < 8 = Xl [F(xi) = Flya)l < e



Note that in these instances, multiple vertices are pre-
labeled as assigned to a certain terminal (n vertices for
each terminal). However, this can be still viewed as
a Submodular Multiway Partition problem; if desired,
the set of pre-labeled vertices Ty = N x {t;} for each
terminal can be contracted into one vertex.

Finally, we appeal to the following lemma in [20].

LEMMA 3.3. Let F, G be the two functions provided by
Lemma 3.1. For a parameter n € Z, and N = [n],
define two discrete functions f,g 2V Ry as
follows: Let o be an arbitrary permutation in G for
each i € N. For every set S C N x V, we define a
vector £(S) € [0,1]V by

6(9) = [tie N : (,00()) € 5]

Let us define: f(S) = F(£(S)), §(S) = G(£(S)). Then
deciding whether a function given by a value oracle is
f or § (even using a randomized algorithm with any
constant probability of success) requires an exponential
number of queries.

Lemma 3.3 implies that distinguishing these pairs
of objective functions requires an exponential number of
queries. We need to make one additional argument, that
the knowledge of the terminal sets Ty = N x {t¢} (which
is part of the instance) does not help in distinguishing
the two objective functions. This is because given
oracle access to f or g, we are in fact able to identify
the sets Ty, if we just modify the contribution of each
row/column pair Ry, Cy by a factor of 1 + €y, where
€¢ is some arbitrary small parameter. This does not
change the optimal values significantly, but it allows an
algorithm to distinguish the sets Ty easily by checking
marginal values. Note that then we can also determine
sets such as T;; = N x {(4,7),(J,4)}, but we cannot
distinguish the two symmetric parts of T} ;, which is the
whole point of the symmetry argument. In summary,
revealing the sets Ty does not give any information that
the algorithm cannot determine from the value oracles
for f , g, and given this oracle access, f and g cannot be
distinguished.

It remains to compare the optima of the two op-
timization problems. The problem with the objective
function f corresponds to the multilinear relaxation
with objective F , and admits the “dictatorship” solu-
tion S; = {(4,4) : 1 < j < k} for each i € [k], which
has a value close to k. On the other hand, any solution
of the problem with objective function § corresponds to
a fractional solution of the symmetrized multilinear re-
laxation of the problem with objective G’, which as we
argued has a value close to 2k — 2. Therefore, achiev-

ing a (2 — 2/k — €)-approximation for any fixed € > 0
requires an exponential number of value queries.

3.2 Hardness of Symmetric Submodular Multi-
way Partition Here we state a result for the SUB-MP-
SyM problem. The proof is essentially identical to the
previous section, however the symmetric instance is dif-
ferent due to the requirement that the submodular func-
tion itself be symmetric (in the sense that f(S) = £(5)).
The analysis of the symmetry gap in this case is tech-
nically more involved than in the previous section. The
result that we obtain is as follows; we defer the proof to
the full version.

THEOREM 3.2. For any fized k sufficienly large, a 1.26-
approzimation for the SUB-MP-SyM problem with k
terminals requires exponentially many value queries (or
it implies that NP = RP for certain succinctly repre-
sented submodular functions).

4 Hypergraph Multiway Cut and Min-CSPs

In this section, we formulate our general hardness result
for Min-CSP problems, and in particular we show how
it implies the hardness result for Hypergraph Multiway
Cut (HYPERGRAPH-MC). The Min-CSPs we consider
consist of a set of variables and a set of predicates (or
cost functions) with constant arity over the variables.
The goal is to assign a value from some finite domain
to each variable so as to minimize the total cost of an
assignment. Alternatively, we can view these variables
as vertices of a hypergraph and the predicates being
evaluated on the hyperedges of the hypergraph.

DEFINITION 4.1. (MIN-CSP) A B3-CSP
I(V,E,k,{LyJv € V},h) is defined over a weighted
h-uniform multi-hypergraph (V,E). Here B is a set
of predicate functions that take at most h inputs in
[k] and output a value in [0,1]. There is a candidate
list of labels L, C [k] for each vertex v. For every
hyperedge e = (v, , Viy, .., v;;) € E where j < h, there is
an associated predicate function W, € B : [k} — [0,1]
and a positive weight we. The goal is to assign a value
l; € L, to each vertex v; so as to minimize

> i)

e=(viy,--vi;)EE

We - \I/e(lil7...

One may notice that a candidate list for a vertex can
be replaced by a unary constraint on the vertex with
a large cost on choosing labels outside the candidate
list. We still include the candidate list in the definition
mainly because for many important Min-CSPs, it is
more natural. For example, the HYPERGRAPH-MC
problem can be viewed as a B-CSP with the following



predicate function: for every edge e = (v1,v2,...,v;),
U, = NAE; (21,22, ..,7;) : [k]Y — {0,1}, where NAE;
is defined to be equal to 0 if and only if xy =25 = ... =
x; and is equal to 1 otherwise. So 8 is {NAE; | j < h}.
In addition, there are k terminal vertices vy, vs, ..., vg
such that, for each vertex v;, its candidate label list is
L,, = {i}.

Given a 8-CSP instance, we can write down the
following linear program. We remark that this LP can
be seen as a generalization of the Earthmover LP from
[14]; this turns out to be the “right formulation” to
generalize, rather than the geometric CKR relaxation
for Multiway Cut.

The Local Distribution LP. There are variables z. o
for every hyperedge e € F and assignment o € [k]l°l,
and variables z, ; for every vertex v € V and j € [k].
The objective function is of the following form:

Z Te,a * \Ije(a)

LP(I)= min » w,-
Te,arTv,i . aclH] el

under the constraint that, for every v € V,

k
E Ty,i = 1
i=1

where 0 < z,; < 1 for every v,i € L, and z,; = 0 for
every i',v such that ¢/ ¢ L,. We also have constraints
that for every edge e = (v1,v2,...,v;) and i € S,

LTy k = E Te,a-

a; =k

where 0 < z,, o <1 for every z,, 4.

To see why this is a relaxation, one should think
of x,; as the probability of assigning label ¢ to vertex
v. For every edge e = (v1,v2,...,v;) and labeling
a = (l1,ls,...,1l;) for the vertices of e, x. o is the
probability of labeling the vertices of e according to «
(that is, vertex v; receives label ;). For every edge e,
we define P, as the distribution that assigns probability
Te.o to each a € [k]l°l.

4.1 The Min-CSP hardness theorem

THEOREM 4.1. Suppose we have a B-CSP instance
I(V,E,k,{Ly|v € V}, h) with LP value LP(T) = ¢, op-
timum value OPT(Z) = s, and B contains the Not-Equal
predicate function NAEq(x,y) = 1[z # y]. Then as-
suming the Unique Games Conjecture, it is NP-hard to
distinguish the following two cases for a given instance

of B-CSP:
o OPT > s — o(1);

e OPT < c+ o(1).

This implies that it is NP-hard to get an approrimation
ration that is better than s/c. Such a hardness result
holds even for instances that contain only the NAEy
functions and predicate functions and candidate lists
from T.

The proof appears in Section 4.2. To complement
the UNIQUE GAMES-hardness result based on the inte-
grality gap ag of the Local Distribution LP, we give a
polynomial-time algorithm based on the above LP with
a (14 €)ag-approximation guarantee. The running time
is dependent on e: it is k(**/9" . poly(|V|, k). This result
is inspired by the rounding technique of [11];

THEOREM 4.2. For any B-CSP with worst-case inte-
grality gap ag, there is an (ag(l + €))-approzimation
algorithm for any e > 0.

The proof appears in Section 4.3.

As a corollary of Theorem 4.1, we obtain a hardness
result for Hypergraph Multiway Cut. This follows
from a known integrality gap example for Hypergraph
Multiway Cut, reformulated for the Local Distribution
LP.

COROLLARY 4.1. The HYPERGRAPH-MC problem with
k terminals is UNIQUE GAMES-hard to approximate
within (2 — % —€) for any fized € > 0. This holds even
for k-uniform hypergraphs.

Proof. Assuming the correctness of Theorem 4.1, con-
sider the following HYPERGRAPH-MC instance Hy:
there are k(k+1)/2 vertices indexed by (4, j) for 1 <i <
j < k. We have k hyperedges of size k: for every i € [k]
edge e; contains all the vertices indexed by (i1, 42) such
that either i, = 7 or io = i. We define the k terminals
as those vertices indexed by (i,4) for every ¢ € [k] with
its label fixed to be i.

We claim that OPT(Hy) > (k — 1); i.e., there is
no assignment with cost 0 on more than two edges.
Without loss of generality, suppose the optimal solution
has cost 0 on edge eq; i.e, assign label 1 to every vertex
indexed by (1,%) for ¢ € [k]. Then we can not have cost
0 for any of the remaining (k — 1)-hyperedges since to
satisfy e;, we need (1,17) to be labelled by .

On the other hand, LP(H;) < k/2. Following
is a fractional solution: for every vertex v = (i,Jj),
Ty; = 1/2 and x,; = 1/2. All the other x,; is 0
for k' # ¢ and k' # j. For every edge e; with its vertices
ordered by (1,%),(2,4),...,(¢,0),(¢,0 + 1),...(i, k), we
have @, ;.. = 1/2 and Te,(1,2,....k) = 1/2.

If we want to apply Theorem 4.1 with I = Hy, we
also need to verify that we indeed a hardness result for



HYPERGRAPH-MC instance with &k terminals. This is
true as the instance our hardness result hold have the
same type of constraints and NAE; which is already in
the predicate function class of HYPERGRAPH-MC. Also
the candidate lists is the same as the one in Hy. It is
possible that we have multiple vertices being the same
terminal; i.e., with the same candidate list {i} for some
i € [k]. One can merge them by create a new vertex of
candidate list {¢} and replace all the other terminals of
the same type by this new vertex in every hyper-edge
(predicate function). Therefore, applying Theorem 4.1,
we get that it is UNIQUE GAMES-hard to approximate

HYPERGRAPH-MC with k terminals beyond the factor
=2t

4.2 Proof of Theorem 4.1 Here we give a proof of
our general hardness result, which is an extension of the
technique of [14].

We describe a reduction from the Unique Games
problem to 3-CSP where § contains the NAE, predi-
cate.

DEFINITION 4.2. A UNIQUE-GAMES instance
UV, EA{Tuw}(uv)er, R) consists of a regular graph
G(V, E) and for each edge e = (u,v) € E a permutation
Tuv © [R] = [R]. The algorithm needs to assign a label
from [R] to every vertex u € V. For a given labeling
L :V — [R], an edge e = (u,v) € E is said to be
satisfied if L(v) = m,o(L(w)). The goal is to find a
labeling which satisfies the mazimum fraction of edges
possible.

CONJECTURE 4.1. (THE UNIQUE GAMES CONJECTURE)

Given a UNIQUE-GAMES instance U, let OPT(U) de-
note the maximum fraction of edges satisfiable by any
assignment. Then, for every ¢ > 0, there is a large
enough label size m so that, given a unique games
instance U (V,E, [n];{ﬂ_u,v}(u,v)eE); it is NP-hard to
distinguish between the following two cases:

o OPT(U)>1—¢;
e OPT(U) < e.

Now we are ready to prove Theorem 4.1. Without
loss of generality, let us assume that for the integrality
gap instance, the sum of the weights over all the hyper-
edges is normalized to 1; thus we can view the weight
we as the probability on edge e. The reduction takes the
Unique Games instance U(V, E,{n. | e € E}, R) and it
maps it to a B-CSP instance Z(V', E, k,{L,|v € V'}, h).
Suppose that |V’/| < m and OPT(Z") = c and LP(Z') =
s. The reduction produces a new 3-CSP instance M
with the following properties:

1. Completeness property: if OPT(U) > 1 — ¢, then
OPT(M) < c-n+O(n/m);

2. Soundness property: if OPT(U) < e,
OPT(M) > s-n—0O(n/m).

then

Here M’s vertices are V x V' x [k]F. For every vertex
(v,v', x), its candidate label list is L,. The predicate
functions that appear in M are the NAE, function as
well as all the predicate functions that appear in Z. The
sum of the weights in M is equal to one. If we can obtain
such a reduction, then we can multiply all the weights
of the instance by 1/n and choose a large enough m to
get Theorem 4.1.

Below is a description of the reduction with
the following choice of parameters: e¢ < 1/m%0 n =
1/m3,§ = 1/m* and k' < m. We will specify the
values of m and e later.

Reduction from UNIQUE GAMES to 3-CSP.

The weight w, of a constraint W, is the
probability it is generated by the following:

e (Edge test) With probability n, we
pick an edge e = (v},v3,...,v}) from
E’. Then we randomly pick a vertex
v from V and randomly pick j of its
neighbors vy, v2,...,v;. We generate
zl 2?29 € [k]® according to PE.
Let us use the notation 7(z) to indicate
a vector in [k]® such that 7(2); = @)
Output a constraint between
(Ulvvﬂvﬂ-vhv(l‘l))’ (UQ’Uévﬂ-vz,v(xQ))
ooy (0, 05,y o (27)) with the predicate
function ¥,.

o (Vertex test) With probability (1 —
n), we pick a vertex v from V and
two of its neighbors wvy,vs. We
randomly pick a vertex v’ from V’.
Then we generate z,y € {-1,1}"
with 1 — § correlation and output a
constraint between (v1,v’, Ty, »(x)) and
(v2,v', Ty, »(y)) with the predicate func-
tion NAEs.

A function f : V x V' x [k]® — [k] corresponds to an
assignment of the variables. Let us use Val(f) to denote
the cost of f and Valcgge and Valyerier to denote the
cost of f on the edge test and the vertex test. Also
let us use the notation f, ., : [k]® — [k] to denote the
restriction of f for a fixed pair v and v, where v € V
and v € V'.

We know that Val(f) = (1 —n) - Valyertea (f) +
n - Valegge(f). Now we prove the completeness and




soundness property of the reduction.

LEMMA 4.1. (COMPLETENESS) If OPT(U) > 1 — e,
then OPT(M) < ¢/m3? + O(1/m*).

Proof. Suppose that a labelling A : V' — [R] that
satisfies (1 — €)-fraction of the edges in the Unique
Games instance, we can take the Dictator labelling
function fy . (z) = @ for any x € [k]®. Notice that
fowr(z) € L) as when (z!,22,...,27) is generated by P,
for e = (v1,va,...,v;), we must have that for z} € L,,
for every t € [R].

Since (1 — €) fraction of the edges in the Unique
Games can be satisfied, by a averaging argument and
the regularity of the graph, we know that for at least
(1 —+/e)-fraction of the vertices, we have that (1 — /¢)-
fraction of its neighbors is satisfied by A. Therefore, for
the vertex test, with probability at most 1—3+/€ we have
oy w(A(V1)) = Ty, v (A(v2)). When this is the case, the
cost of the dictator labelling is at most §. Overall, we
have that the vertex test cost is at most (1—3+/€)-0+3/€

As for the edge test, we know that with proba-
bility at least 1 — (m + 1)y/€, we have m,, ,(A(v1)) =

Togw(A(V2)) ... = Ty, 0 (A(vj)) When this is the case,
since x‘:’lrvl,v(A(Ul))’ ... ,xirvjm(A(vj)) ~ P., we get

1
E  [Welor, @)

€,01,V2,...,V;
= E We
e

J
) :ij ,U(A(vk))]

Z pe,aqje(a) =cC

a€lk]e

Therefore, the cost of the edge test is at most (m +

Dve+ (1 — (m+1)/e) -c.

Overall, the cost for the dictator function is then

n-((m+1)vVe+ (1= (m+1)Ve) - c)
£ (=) (1 3V6) -6+ 3V4).

By the choice of parameters, we know that

Val(f) = ¢/m3 + O(1/m?).

It remains to prove the following soundness prop-
erty.

LEMMA 4.2. (SOUNDNESS) If OPT(U) < e,
OPT(M) > s/m3 — O(1/m*?).

then

The proof of above lemma is more involved. Below is
an overview of our proof strategy which is analogous to
the proof of [14].

Overview of the proof We consider a solution of
M described by the labeling functions f, . : [k]® — [K]
for each v € V,v' € V.

e We classify all the functions f, . into three cate-
gories: (i) dictator function; (ii) constant function;
(iii) low influence non-constant function.

e In order to achieve a low cost, most f, . functions
must be either close to a dictator or to a constant
function. Otherwise, the cost of the vertex test
is overwhelming, due to Theorem 4.3 (Majority Is
Stablest).

o If, for some v’, most of the f, s functions are close
to a dictator, then we can assign a label to each
v from the influential coordinates of f, ... Such
an assignment gives a good solution to the Unique
Games which leads to a contradiction. Therefore
the fraction of f, , functions that are close to a
dictator cannot be too large.

e In conclusion, most f,, functions are close to
constant functions, and f can be interpreted as an
integral solution of the original instance. Therefore
the total cost corresponds to the integral optimum
of the original instance.

Below are more details of the proof. In Sec-
tion 4.2.1, we first review some standard definitions
from the analysis of boolean function. Then in Sec-
tion 4.2.2, we show how to use these analytical tools to
prove Lemma 4.2.

4.2.1 Harmonic Analysis and Unique Games
Conjecture We will be considering functions of the
form f : [¢]* — R¥, where ¢,n,k € N. The set of all
functions f : [¢]” — RF forms an inner product space
with inner product

(frg)= E

z~[q]™

[(f (), g(x)));

here we mean that z is uniformly random and the (-, -)
inside the expectation is the usual inner product in R¥.

We also write || f|| = /(f, f) as usual.

DEFINITION 4.3. For x,y € [q|", we say that y is p-
correlated with x if we generate each y; = x; with prob-
ability p and set it to be random in [q] with probability
1—p.

For0 < p <1, we define T, to be the linear operator
on this inner product space given by

T, f(x) = E[f(y)];

Y

where y is a random string in [q]™ which is p-correlated
to x. We define the noise stability of f at p to be

Stab,[f] = (f,T,f)-



DEFINITION 4.4. Fori € [n], we define the influence of
ion f:[q" — R* to be

Inf,[f] = E {Var
T1pe i1, Tig 1,20 [g] [2inv[g]

@]

where Var[f] is defined to be E|| f||?] — || E[f]||?. More
generally, for 0 < § <1 we define the J-noisy-influence
of i on f to be

Inf" ™[] = Inf,[T\_sf).

One may observe that
k
Inf{' =[] = 3 Inf{"~(f)),
j=1

where f; : [¢|” — R denotes the jth-coordinate output
function of f.

We need the following easy “convexity of noisy-
influences” fact:

Fact 4.1. Let fM, ..., f® be a collection of functions
[q]* — R*. Then

Infz(l_é) avg { f)
jE[t]{ }

Here for any c1,c¢a,...c; € R (or R™), we use the
notation avg(cy, . ..,c) to denote their average:

t
Zj:l c.j

For (randomized) functions with discrete output,
' lg)™ — [k], we can view it as a function defined
as f : [¢J™ = Ay where Ay is the (k — 1)-dimensional
standard simplex. The i-th coordinate indicates the
probability that the function f’ output i. Following
fact is also well known.

< avg {Infgl—‘” [f(j)]} .

JE[t]

FAacT 4.2. For any f : [q]" — Ay, ZLI Inf}f‘sf <
1/4.

One tool we need is the Majority Is Stablest Theo-
rem from [15]. We state here a slightly modified ver-
sion [17] using a small “noisy-influence” assumption
rather than a small “low degree influence” assumption.

THEOREM 4.3. (Magjority is the stablest) Suppose f :
[q]" — [0,1] has Inf" "V [f] < 7, then

Stab;_s[f] < T1_5(u) + err(r,q,9)

where for any fized T and q, err(r,q,n) goes to 0 for
when T goes to 0. Here the quantity T'v_5(u) is defined to
be Priz,y < t| when (x,y) are joint standard Gaussian
with covariance 1 —§ and t is defined by Pr[x < t] = p.

We will use the following estimate for T7_s.

LEMMA 4.3. If 6¢ < pu < 1 — 6% for some 0 < ¢ < 1,
then we have that p — Ty _s(p) > 9(50-54-26),

A stronger version of the Lemma appears in [14];
for completeness we give a proof in Appendix A.

4.2.2 Proof of Lemma 4.2

Proof. We will prove this by contradiction. Assuming
that there is an assignment f such that Val(f) <
s/m3% — O(1/m*). We know the cost of the vertex

test is:
(4-1) Valvertew(f) = U17v2%,’x7y[1(fv1,v/(ﬂ-m,v(x))
# fua0 (Tos0(Y)))]

:1721)

E [fqil,v/ (ﬂ'vlﬂ) (I)) : féQ,v’ (7TU271)(y))]

1,02,0",2,Y

=1
= 172 ’U,’L:)I-,L;E,y [UIENJU[fZ;l’“/(Wvl’U (:L'))] vﬁv[f:;mv’ (ﬂﬂ2,v(y))]]
=1

where we write f7 , as the indicator function of whether
fuvr = 1. Here v; ~ v means v; is a random neighbor of
v.

If we define g/, ., as Eyy[f) ,/ (Tu,0 ()] we have that

(42) @) =1-3 B [ohu(@) g\ )]

=1

k
= E [1 — Z Stab1—5(gf),v’)} S 6(1/m39)

v’ .
=1

For gy =
verify Gu € Ay,

For every g, .7, we classify it into the following three
categories : 1) dictator function: g, . has a coordinate
with its d-noisy-influence influence above 7 (with 7
being specified later) 2) constant function: there exists
some i with E[gfw,] >1— 61 3) all the other g, , not
in category 1 and 2.

The main idea of the remaining proof is to show
that for every v € V', in order to bound the cost on
vertex test bounded by O(1/m3?), we must have at least
1—0(1/m?) fraction of v, g, . is in category (2). Then
we argue that this will have a big cost on the edge test.

(Gbwr> G2prs > 9k ) and it is easy to

1. Bound the fraction of category 3: If for a given v’,
an a-fraction g, . is in category 3; i.e.,

max Inf}_‘sgi, o ST
i€R ’



and
max E [¢° ., <1-—4%t,
i€[k] wE[k]R[gUﬂ’ (1‘)] -

Then by Theorem 4.3 and setting 7 to make
err(t,k,0) < 1/m?°, we have that

k k
Z Stab(giyv,) < Zﬂ%(ﬂi,w) +k-err(r,q,9).

i=1 i=1

where 4 Elg; /-
that Zufw, = 1. Using Lemma 4.3 and no-
tice that 691 < 1/k < max;e ] ,ui’v, < 1 =491
Suppose that p’;’v, has the biggest value among

It is easy to check

[ s 2ty -+ i, then
k
1-) Stab;_s(g} )
=1

> ,uf/,v’ - T1_§(Mf}7v/) —k- 1/m30
> Q0%7) — 0(1/m?) = Q(1/m?®).

Overall, we know each particular v’ is picked with
probability at least 1/m and if « fraction of the
guv v 18 in category 3, this will have a cost of

a-1/m-Q1/m?®) < 0(1/m*)
and hence o < O(1/m?).

. Bound the fraction of category 1: For a given
v € V', if for B for fraction of the v € V such
that g, . has a coordinate with y-noisy influence
above 7. Then consider the following labelling for
the Unique Games instance: for each v € V', we can
just assign randomly a label from the candidate list
as follows:

L, ={i |i € R,Inf} °g, ., > 7}
U{i|i e R,Inf}°f, . > 7/2}.

Then by Lemma 4.2, since the sum of the influence
over all coordinate is O(1/8) (either for Inf} = £

or Inf} g, ), we know |L,| = O(1/67).

By Fact 4.1, for every i, Inf%ﬂsgv’v/ >
EuNU,x[Inf}_éfu,v’(ﬂ'v,u(x))(ﬂv,u(x))] > 7, by an
averaging argument, at least 7/2 fraction of

its neighbors u has a coordinate j such that
Infjl‘iéfuw’ > 7/2 and 7,4 (i) = j. Therefore,

such a labelling will satisfies at least Q(B87362)-
fraction of the edges of the UNIQUE GAMES. Since
we can take € to be arbitrarily small, say min (7 -
1/m? - 62,1/m8) Then we can also conclude that

B = 0(1/m?).

Therefore, we can assume that for every v/ € Z,
1 — O(1/m?) fraction of the g, is in category 2; i.e.,
there exist some i such that Elg; /] = Euvo[f /] >
1—6% =1—1/m* Below we will show for such f, it
have a large cost on the edge test.

By an average argument, for at least 1 — 1/m?

fraction of v's neighbor u, we have that Ey . [f. ] >

1 — 1/m?. Overall by the regularity of the graph of
Unique Games, we know that for every v’and for at
least 1 — O(1/m?) fraction of the vertices u € V, we
have that By, (f ] >1—1/m?.

By a union bound, we have that 1—0(1/m) fraction
of thev € V, max; E[f} ,] > 1-1/m? for every v' € V.
Let us call these v good.

Given (v,v") fixed, let us just consider the labelling
of (v,v',z) by argmax; E[ff;,v/] for every x. This
labelling has a cost at least s (conditioned on (v,v’)
fixed) as it assigns a label just depending only on (v, v’)
which can be viewed as the cost of a labelling for the
gap instance Z'.

Given a good v, f
(’Ulﬂ ’U/17 Wvl,v(x1)>7 (7)27 ’Ué’ 71',,2,1,(1'2)), ) (Uj7 U3'7 Ty (xj))
in the reduction has the same cost as the above labelling
with probability (1 — 1/m). Therefore, we have that
Val(f) > n(l — O(1/m))? - s = - s — O(n/m) which
leads to a contradiction.

4.3 Proof of Theorem 4.2

Proof. For any instance Z(V, E, k,{L,|v € V}, h), given
the solution of Local Distribution LP, we round the
fractional solution @, = (24 1,%v,2,. .., %y k) of v by the
algorithm in Figure 1.

Let us first verify that it is indeed in polynomial
time. Without loss of generality, let us assume that 1 is
a multiple of € and therefore 1/k is a multiple of €/k?.
We know a7, ; is also a multiple of e/k? as S zy =1
u i is a multiple of €/k?.

Since each coordinate of x” is a multiple of €/k?,
there are at most (k%/¢)* possible /. The total number
of vertices in V' is at most (k?/€)*. The running time
of the fourth step of the algorithm is k**/)" - poly(|V]).
For other steps in the algorithm, it is clearly polynomial
with respect to k and |V|.

Below, we prove that above rounding algorithm
always achieve a ratio of ag(l + €¢). Let us denote
the cost of above algorithm’s assignment by ALG(Z).
Since the algorithm find an optimal assignment on Z7,

and every other x



Figure 1: LP rounding algorithm

LP Rounding Algorithm

. for every v € V,i € [k], set each z ; to
be the largest multiple of €/k? less than
Ty,i; L€,

xl = max n-e/k?.
’ n€Z,n>0,n€/k%2<z, ;

. for every v € V,i € [k] and z
(:132)71, :1:;)72, .. 733;,1@)7 suppose that i,
arg max;e () I, , set

. Define a new $-CSP  instance
(V' E'  k,{Lylv € V'},h) by merging
all variables v € V with the same xz;
i.e., replace all the variables with the
same x, by a single variable in Z.

. Search the optimal solution in Z’' by
trying all the |k|!V"| possible assignments
and get a labelling L : V' — [k].

. Project the optimal assignment in 7'
back to Z: for every v’ € 7 that is merged
by vi,v2,...,v; in V, assign the same
label for vq,ve,...,v; as L(v').

it has the same cost as the assignment on Z. We have
that ALG(Z) = OPT(Z’). We will show OPT(I') <
ag(l+e€)- LP(Z).

First notice that if we change the equality constraint

in the LP to
Ly, k < Z Te,a

Dz,j:k‘

and
k
Z Ty,i Z 1.
=1

Above modification gives the same LP.

Let us define zy = {z, |v € V}. For a fixed zv, we
define LP(Z,zy ) to be the optimum of the LP with xy
fixed and the we only optimize over variables of the form
Ze,o. We also ignore the constraint that Zle Ty > 1,
allowing any xy € R*IV! in the definition of LP(Z, zy).

Below are the two simple properties of LP(Z,zy ):

e Linearity: for any @« > 0 LP(Z,a - zy) = « -
LP(Z,zy). To see the linearity, notice that scal-
ing the solution of the optimization problem with
xy by a factor of a will give a solution for the op-
timization with o - xy .

e Monotonicity: if for two zyv,yy, we have that
Tyi < Yu; for every i € [kl,v € V, then
LP(Z,zv) < LP(Z,yy). To prove the monotonic-
ity, one just need to notice that the feasible solution
for the LP with xy fixed is also a feasible solution
given yy fixed.

We know
LP(Z,zv) > LP(Z,z},).

by the monotonicity. Since z;, ; >1/kand 1-3) 2, <
€/k* -k < €/k, we have af/;, < (1+¢)-a, and for

V, by
T 1y, 372;1 = xﬁl
Therefore,
LP(Z,z0,) < LP(Z,(1+¢€)x) (monotonicity)
= (1+4¢€)LP(Z,zvy) (linearity)
< (1+4¢€¢)LP(Z,xv) (monotonicity)

(1+ €)LP(T).

Lastly, using the definition of the integrality gap on
Z, we know that OPT(I’) < ag - LP(I'). Overall,

ALGI) = OPT(Z'
< ag-LP( /)
= ag- LP(I,27,)
< ag(l+€)- LP(T)



5 Lovasz versus Local Distribution

Here we compare the Local Distribution LP and the
Lovasz LP, for problems that can be phrased both as
a Min-CSP and as a Submodular Multiway Partition
problem. That is, we consider a 3-Min-CSP where each
predicate ¥, € 83 is of the form

k

i)=Y fe{i iy =1d})

i=1

U, (i1, ...

and each f. : 2l — R, is a submodular function. (Re-
call that GRAPH-MC, HYPERGRAPH-MC and NODE-
WT-MC fall in this category.) Then in both relax-
ations, we replace the labeling x, € [k] by variables
Yu,i > 0,4 € [k] such that Zle Ypi = 1. We also im-
pose the list-coloring constraints y, ; = 0 for ¢ ¢ L, in
both cases. The objective function is defined in different
ways in the two relaxations.

The Lovasz relaxation. We minimize
YoecE Zle fe(ym v € e), where f is the Lovisz
extension of f, f(y) = Egcpo,1)[f(Ay(0))] where
Ay (0) = {i:y; > 0}

The Local Distribution LP. We minimize
ZeeE Zi1,...,ize[k] Yeyiv,... in \Ife(il, S ,il) subject to the
consistency constraints .

) : i1 — 1,81 seeesil Ye,in,...,ut
Yu,i; where v is the j-th vertex of e.

LEMMA 5.1. The wvalue of the Lovdsz relaxation is at
most the value of the Local Distribution LP.

Proof. Given a fractional solution of the Local Dis-
tribution LP, with variables y,; for vertices v €
V and ¥, for hyperedges e € FE, each hy-
peredge contributes Zil,...,ile[k] Yesiv,oir Yelln, ..., 9),
where W (iy,...,it) = SF fo({j : i = i}). In
other words, each assignment (i1,...,4;) contributes
Ele f(S;) where S; is the set of coordinates labeled
by i. Aggregating all the contributions of a given set
S, we can define z.;s as the sum of y.;, .. i over
all choices where the coordinates labeled by ¢ are ex-
actly S. Then, the contribution of hyperedge e be-
comes Zle 2_scpy Zei,s f(S). Moreover, the variables
Ze,i,s are consistent with y, ; for v € e in the sense that
Yv,i = ZSZUES Ze,i,S-

On the other hand, the contribution of a hyperedge
e in the Lovéasz relaxation is given by the Lovasz exten-
sion Zle fe(yw- :v € e). It is known that the Lovdsz
extension is the convex closure of a submodular func-
tion, i.e. fe(yv; : v € €) is the minimum possible value of
>_scyy Ze.,sf(S) subject to the consistency constraints
Yo,i = ZS:UGS Ze,s, and ze; s > 0. Therefore, the con-
tribution of e to the Lovéasz relaxation is always at most
the contribution in the Local Distribution LP.

This means that the Local Distribution LP is po-
tentially a tighter relaxation, since its optimum is closer
to the integer optimum, and also its fractional solution
carries potentially more information than a fractional
solution of the Lovész relaxation. However, in some
cases the two LPs coincide: We remark that for the
GRAPH-MC problem, both relaxations are known to be
equivalent to the CKR relaxation (see [3] for a discussion
of the Lovdsz relaxation, and [14] for a discussion of the
“earthmover LP”, identical to our Local Distribution
LP). Our results also imply that for the HYPERGRAPH-
MC problem, both relaxations have the same integrality
gap, 2 — 2/k. However, for certain problems the Local
Distribution LP can be strictly more powerful than the
Lovasz relaxation.

Hypergraph Multiway Partition. Given a hy-
pergraph H = (V,E) and k terminals t1,...,tp € V,
find a partition (Ai,...,Ax) of the wvertices, so that
Zle f(A;) is minimized, where f(A) is the number of
hyperedges cut by (A, A).

This is a special case of SUB-MP-SyM, because f here is
the cut function in a hypergraph, a symmetric submodu-
lar function. The difference from Hypergraph Multiway
Cut is that in Hypergraph Multiway Partition, each cut
hyperedge contributes 1 for each terminal that gets as-
signed some of its vertices (unlike in HYPERGRAPH-MC
where such a hyperedge contributes only 1 overall).

LEMMA 5.2. There is an instance of Hypergraph Multi-
way Partition where the Lovdsz relazation has a strictly
lower optimum than the Local Distribution LP.

Proof. The instance is the following: We have a ground
set V = {th tQ, t3, t4, t57 ai12, 023,034, 445, a51}. The
hyperedges are {t1,ts,a12}, {t2,ts,a23}, {t3,ts,a34},
{t4, t5, a45}, {t5, tl, CL51} with unit Weight, and
{alg, as3, A34,a45, a51} with weight e = 0.001.

The idea is that fractionally, each non-terminal
a;;+1 must be assigned half to ¢; and half to ¢,11, oth-
erwise the cost of cutting the triple-edges is prohibitive.
Then, the cost of the 5-edge {a12,ass3,as4,a45,a51} is
strictly higher in the Local Distribution LP, since there
is no good distribution consistent with the vertex vari-
ables (while the Lovédsz relaxation is not sensitive to
this). We verified by an LP solver that the two LPs
have indeed distinct optimal values.

6 The equivalence of integrality gap and
symmetry gap

In this section, we prove that for any 8-CSP (specified
by allowed predicates and candidate lists), the worst-
case integrality gap of its Local Distribution LP and the
worst-case symmetry gap of its multilinear relaxation



are the same. As we have seen, if we consider a $3-Min-
CSP problem and # includes the Not-Equal predicate,
then the integrality gap of the Local Distribution LP
implies a matching inapproximability result assuming
UGC. Similarly, if the objective function can be viewed
as Zle f(S;) where f is submodular and S; is the set
of vertices labeled ¢, then the symmetry gap implies an
inapproximability result for this “submodular general-
ization” of the 8-CSP problem. In fact, the two hardness
threshold often coincide as we have seen in the case of
HYPERGRAPH-MC and SUB-MP, where they are equal
to 2 — 2/k. Here, we show that it is not a coincidence
that the two hardness thresholds are the same.

We recall that the symmetry gap of a Min-CSP is
the ratio s/c between the optimal fractional solution ¢
and the optimal symmetric fractional solution s of the
multilinear relazation. The objective function in the
multilinear relaxation is F(x) = E[f(X)], where X is
an integer solution obtained by independently labeling
each vertex v by ¢ with probability x, ;. The notion of
symmetry here is that Z’ on a ground set V' is invariant
under a group G of permutations of V/. A fractional
solution is symmetric if for any permutation ¢ € G
and v € V', v/ and o(v') have the same fractional
assignment.

The following theorem states that an integrality gap
instance can be converted into a symmetry gap instance.

THEOREM 6.1. For any B-CSP instance
IZ(V,E,k,L,,h) whose Local Distribution LP has
optimum LP(Z) = ¢, and the integer optimum is
OPT(Z) = s, there is a symmetric B8-CSP instance

I'(V',E' k,L, h) whose symmetry gap is s/c.

Proof. Given an optimal solution x of the Local Distri-
bution LP for instance Z, without loss of generality, let
us assume that all the variables in the solution have a
rational value and there exists some M such that the
values of all the variables, i.e, z,; and z. o, in the LP
solution become integers if multiplied by M. For every
vertex v € V, we define

S, = {ye[k]M:for every i€ [k];

Z,,; fraction of y’s coordinates have value i}.

In other words, S, is the collection of strings in [k]

such that the portion of appearances of 7 in each string
is exactly x, ;.

We define a new instance on a ground set V' =
{(v,y) : v € V,y € S,}. For every vertex (v,y) in V',
its candidate list is L,,, the candidate list of vertex v in
instance Z. Given an edge e = (vi,v2,...,v)) € F
and its local distribution P, over [k]'°l (implied by
the fractional solution z.4), we call (y',42,...,yl¢l) €

([k]M)lel “consistent with e” if for every a € [k]l°,
the fraction of i € [M] such that (y!,y2,...,yl") =
a is exactly zeo. It is easy to check (using the
LP consistency constraints) that each y' must be in

Sy;- We define S, to be the collection of all possible
(y', 92, ...,y!°) that are consistent with edge e.

For every edge e = (vi,v2,...,v) and every
(y', 92, ...,yl°l) consistent with e, we add a constraint

¥, over (vl,yl),...,(vj,y‘d) with the same predicate
function as edge e. We assign equal weights to all these
copies of constraint W., so that their total weight is
equal to we.

Let G be the group of all permutations 7 : [M] —
[M]. For any m € G, we also use the notation 7(y) to
indicate (Yr(1), Yn(2)s- - -» Yr(ar)) for any y € [k]M. Let
us also think of G as a permutation on V’: for any
(v,y) € V', we map it to (v,7(y)). Then it is easy
to check that Z' is invariant under any permutation
o € G. Also, for any (v,y), (v,y’) € V', since y and ¢’
contain the same number of occurences for each i € [M]
(consistent with z, ;), we know there exists some 7 € G
such that w(y) = y’. Therefore, a fractional solution of
T’ is symmetric with respect to G if and only if (v,y)
has the same fractional assignment as (v,y’), for all
Y,y €Sy

Let us also assume that both Z and Z’ are normal-
ized with all their weights summing to 1; i.e, there is
a distribution over the constraints with the probability
being the weights. Essentially, Z’ is constructed by ran-
domly picking a constraint W.(vy,vs,...,v)) in T and
then randomly picking (y*,4?,...,9/°!) in S.. Then we
add a constraint ¥, on (v, y'), (v2,%?), ..., (v|e‘,y‘€|) in
7.

Below, we prove that assuming there is a gap of
s versus ¢ between integer and fractional solutions for
the Local Distribution LP of Z, there is a gap of at
least s versus ¢ between the best symmetric fractional
solution and the best asymmetric fractional solution for
the multilinear relaxation of 7.

Some (asymmetric) solution of 7’ has cost at
most c¢: Consider the following (random) assignment
for 7': we first choose a random i € [M] and then assign
to each (v,y) the label y;. We know y; € L,, as it is a
valid assignment for v by the definition of S,. Such an
assignment has expected cost

[\IIE(y7,17 M 7y7!6|)]

ie[M],e,yt,... ylel

E[ Y zeal(o)

‘ aglk]lel
LP(Z)=c.

Therefore there is also some deterministic assignment
of cost at most ¢. Our assignment is in fact integral, so
the multilinear relaxation does not play a role here.



Every symmetric fractional solution of 7’
has cost at least s: We know that a symmetric
solution gives the same fractional assignment x, =
(T,1, T2y .-, Ty k) tO vertex (v,y) for every y € S,.
Also by definition of the multilinear relaxation, the
value of this fractional solution is equal to the expected
cost of independently choosing the label of each (v,y)
from the distribution P,, which means ¢ with proba-
bility x, ;. Therefore, given a symmetric solution of Z’
specified by {z, | v € V'}, it has cost

(6.3)
U (1oL
e:(v1,...,v‘€|)€E,(y1,,..,yle\)GSQ,Z,;N'PW[ (1 2 ! I)]
Since l1, s, . . ., || is independent of (y!, 42, ..., y!), we
have
(6.3) = [\Ife(ll,lg,...,lk‘)]

e=(v1,v2,....,V[c| ) EE,l1,l2,...,l ¢

where [; is chosen independently from the distribution
P., for the respective vertex v; € e. This is exactly
the cost on the original instance Z if we independently
label each v by sampling from distribution P,. Since the
integer optimum of Z is at least s, we have that (6.3) is
also at least s.

In the other direction, we have the following.

THEOREM 6.2. For any symmetric B3-CSP instance
Z(V,E,k, L,,h) whose multilinear relaxation has sym-
metry gap v, and for any € > 0 there is a 3-CSP in-
stance T'(V', E' k, L. , h) whose Local Distribution LP
has integrality gap at least (1 — €).

Proof. Assume that 7 is an instance symmetric under
a group of permutations G on the vertices V. For each
v € V, we denote by w(v) the orbit of v, w(v) = {o(v) :
o € G}. We produce a new instance Z' by folding the
orbits, i.e. we identify all the elements in a given orbit.

First, let us assume for simplicity that no constraint
(edge) in Z operates on more than one variable from
each orbit. Then, we just fold each orbit w(v) into a
single vertex. ILe., V' = {w(v) : v € V}. (We abuse
notation here and use w(v) also to denote the vertex
of V' corresponding to the orbit w(v).) We also define
E’ to be edges corresponding one-to-one to the edges
in F, with the same predicates; i.e. each constraint
Ve(z1,...,2)) in Z becomes Ve(w(z1),...,w(z))) in
Z’. The candidate list for w(v) is identical to the
candidate list of v (and hence also to the candidate list
for any other w € w(v), by the symmetry condition on
7).

Now consider an optimal fractional solution of the
multilinear relaxation of Z, with variables z,,. We

define a fractional solution of the Local Distribution
LP for 7', by setting () = mzw&m}) Tapi-
We claim that the edge variables z. . can be assigned
values consistent with z,(,); in such a way that the
objective value of the Local Distribution LP Z’ is equal
to the value of the multilinear relaxation for Z. This
is because the value of the multilinear relaxation is
obtained by independently labeling each vertex v by 4
with probability x,;. We can then define z., as the
probability that edge e is labeled o under this random
labeling. This shows that the optimum of the Local
Distribution LP for Z’ is at most the optimum of the
multilinear relaxation of Z (if we have a minimization
problem; otherwise all inequalities are reversed).

Now, consider an integer solution of the instance Z’,
i.e. a labeling of the orbits w(v) by labels in [k]. This
induces a natural symmetric labeling of the instance Z,
where all the vertices in each orbit receive the same
label. The values of the two labelings of Z and 7' are
the same. (Both labelings are integer, so the multilinear
relaxation does not play a role here.) This shows that
the symmetric optimum of the multilinear relaxation of
7 is at most the integer optimum of Z’. Together with
the previous paragraph, we obtain that the gap between
integer and fractional solutions of the Local Distribution
LP of 7' is at least the gap between symmetric and
asymmetric solutions of the multilinear relaxation of Z.
This completes the proof in the special case where no
predicate takes two variables from the same orbit.

Now, let us consider the general case, in which a
constraint of Z can contain multiple variables from the
same orbit. Note that the proof above doesn’t work
here, because it would produce predicates in Z’ that
operate on the same variable multiple times, which we
do not allow. (As an instructive example, consider a
symmetric instance on two elements {1,2} with the
constraint Iy # 2, which serves as a starting point
in proving the hardness of (1/2 + €)-approximating the
maximum of a nonnegative submodular function. This
instance is symmetric with respect to switching 1 and
2, and hence the folded instance would contain only
one element and the constraint I # I}, which is not a
meaningful integrality gap instance.)

Instead, we replace each orbit by a large cluster of
identical elements, and we produce copies of each con-
straint of Z, using distinct elements from the respec-
tive clusters. As an example, consider the 2-element
instance above. We would first fold the elements {1,2}
into one, and then replace it by a large cluster C of iden-
tical elements. The original constraint [y # Iy will be
replaced by the same constraint for every pair of distinct
elements {7,j} C C. In other words, the new instance
is a Max Cut instance on a complete graph and we con-



sider the Local Distribution LP for this instance. The
symmetry gap of the original instance is 2, and the in-
tegrality gap of the Local Distribution LP is arbitrarily
close to 2 (for |C| — 00).

Now let us describe the general reduction. For each
orbit w(v) of Z, we produce a disjoint cluster of elements
Cu(v)- The candidate list for each vertex in C,, () is the
same as the candidate list for any vertex in w(v) (which
must be the same by the symmetry assumption for 7).
The ground set of 7' is V' = | ¢y, Cu(v)- For each edge
e = (v1,...,v)) of Z, we produce a number of copies
by considering all possible edges e’ = (v], ..., U\/e|) where
v; € Cy(vyy and vy, . .. ’U\/e| are distinct. We use the same
predicate, ¥.» = W,. The edge weights w. are defined
so that they are equal and add up to w.. Let us assume
that Z,7’ are minimization problems. Let ¢ be value
of the optimal solution of the multilinear relaxation of
Z, and let s be the the value of the optimal symmetric
solution of the multilinear relaxation of Z.

The fractional optimum of 7’ is at most c: Let
Z,,; be an solution of the multilinear relaxation of value
c. We define a fractional solution of the Local Distribu-
tion LP for Z’ to be equal to z,/ ; = m ZwEw(v) Ty
for each v' € C, (). Similar to the construction in the
simpler case above, we define the edge variables z. o
to simulate the independent rounding that defines the
value of the multilinear extension of Z; specifically, we
define z o for €’ = (w(v1),w(v2),...,w(v))) to be the
probability that e = (v1,...,v)|) receives assignment c,
where e is the edge that produced €’ in our reduction.
By construction, the value of this fractional solution for
7' is equal to the value of the multilinear relaxation for
7 which is c.

The integer optimum of 7’ is at least s: Here,
we consider any integer solution of Z' and we produce a
symmetric fractional solution for Z’. If the integer solu-
tion for Z' is denoted by I(v'), we consider each cluster
Cu(vy in " and we define x, ; to be the fraction of ver-
tices in Cy,(,) that are labeled i. Note that by definition,
Ty,i = Ty, for all w € w(v) and hence x,,; depends only
on the orbit of v. This means that x, ; is a symmetric
fractional solution. Also, it respects the candidate lists
of Z because 7’ has the same candidate lists and hence
the fractional solution uses only the allowed labels for
each vertex v. The value of this symmetric fractional
solution is given by the multilinear extension, i.e. the
expected value of a random labeling where each label is
chosen independently with probabilities ;. The final
observation is that in the limit as |C,,)| — oo, this is
very close to the value of the integer solution [(v") for Z':
this is because the edges ¢’ in Z’ are defined by all possi-
ble choices of distinct elements in the respective clusters.

In the limit, this is arbitrarily close to sampling inde-
pendently random vertices from the respective clusters,
which is what the multilinear relaxation corresponds to.
Therefore, the optimal symmetric fractional solution to
Z cannot be worse than the integer optimum of Z’ in
the limit.

In conclusion, the integrality gap of the Local
Distribution LP for Z’ can be made arbitrarily close to
the symmetry gap of Z, s/c.
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A Proof of Lemma 4.3

Proof. Suppose that we have Pr . n(o,1)(z <)
some t then

= u for

(A1) Tis(u) =Prz <ty <t)

=Pr((1-9)z 20 — 62z <tlx<t) p

where z,z is independently generated from Gaussian
Distribution. For ¢/ =t — /20 — 02, we have that

Pr((1—Vo)z +
Pr ((1 — )z +
Pr(z <t | xgt)-Pr((l—(S)x—i—

20— 02z <tlx <t)=Pr(z >tz <t)

25—52z§t|t’§x§t))+
25—52z§t|m§t’)

<Pr(z>t|z<t)-Pr(z< ﬂ)—f—
N N N V26 — 62
Pr(z <t'|z <t)
<Pr(z>t|z<t) -Pr(z < Vot + (1—9))
+Pr(z <t|x<t)
=p1-(1=p2)+ (1 —p1) =1—pip>
where py = Pr(z > t'| z < t) and py = Pr(z >
Vot + (1 — §)). We now show both p; and py are not
too small. Following fact is well know for Gaussian
Distribution.

Fact A.1. For every s >0

—s2/2 . —s2/2

e s e
—— Pr <s) <
V2r(s2+1) — 9~N(0 1)(9 )< 27s

From above fact, we know that £ m F > ~ and therefore,

[t] < \/2log(1/7) = O(y/log(1/6)) and this will imply
p2 > Pr(z > 1+V6-(\/log1/6) > Pr(z > 2) >0.1. As
for p1, we have that

(A2) p=Pr(t' <z<tlz<t)>Pr({t' <z <t)
—(y/210g(1/7)+V3)? /2
(A3) > & V20 =52 > Qv Vo)

>
o V2

Overall, we have that g —T7_s(u) > 9(50~5+2C) and
this finishes the proof of Lemma 4.3.



