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Abstract

A Constraint Satisfaction Problems (CSP) is a mathematical framework used to model ob-
jects, represented by variables, which are subject to some sort of limitations or constraints.
CSPs are deeply connected to hypergraphs and hence both constraint programming and
graph theory can benefit from the mutual transfer of knowledge and techniques between
the fields. In this dissertation we investigate the problem of extending established results
in graph sparsification to valued Contraint Satisfaction Problems, that is, CSPs whose
constraints are augmented with a weight. This problem was first posed by Filtser and
Krauthgamer [FK17|, who focused on binary Boolean valued CSPs. We extend their work
to arbitrary binary CSPs on any discrete domain by establishing a dichotomy theorem for
sparsifiability of discrete binary valued CSPs. In terms of non-binary CSPs, we identify a
class of problems for which we can give lower bounds on the minimum size of a sparsifier,
implying a range of negative results for sparsifiability. We further investigate the more
general problem of spectral sparsification and make some first steps towards sparsification

of continuous valued CSPs.
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Chapter 1

Introduction

A Constraint Satisfaction Problem (CSP) consists of a set of variables and a set of con-
straints on subsets of the variables. Solving a CSP amounts to assigning a value to each
variable so that every constraint is satisfied. In a Valued Constraint Satisfaction Problem
(VCSP), each constraint has an associated cost function which attributes a value to each
possible assignment of the variables. The cost function defines an optimisation problem
on the CSP, where the goal becomes to find an assignment which either maximises or
minimises the total weight of the constraints that are satisfied.

CSPs have found applications in a wide range of fields, including but not limited to Artifi-
cial Intelligence, Operations Research, Scheduling, Routing, Network Design and Control
[RvBWO06|. Given that every constraint in a CSP instance can be seen as a relation on a
directed hyperedge in the corresponding hypergraph, many well-known problems in Com-
puter Science can be encoded as a CSP - this includes computationally hard decision
problems such as Graph Colouring and Boolean Satisfiability, as well as popular mathe-
matical puzzles such as Sudoku and the Eight Queens Puzzle.

In this dissertation we mostly focus on Valued Constraint Satisfaction on discrete domains
and we address the topic of sparsification in VCSPs. To sparsify a VCSP means to select a
re-weighted sparse subset of the constraints while maintaining the total value of the VCSP
under any assignment of the variables up to an approximation factor of e. We aim to find
sparsifiers with a constraint set whose size is linear or quasilinear in the size of the variable
set. We concentrate on providing impossibility and constructive results, where in the proof
of the latter we take advantage of the efficient algorithms for sparsifier construction that
are described in the literature [BK96, BSS12, KK15]. Our main result is a dichotomy
theorem for sparsifiability of discrete binary VCSPs. The criterion of sparsifiability that
we propose depends on the structure of the constraint support set. We also provide some
partial results on non-binary and continuous VCSPs, as well as tools and techniques which
may be useful for future research. We conclude by outlining possible directions for further

research and questions which remain open.



CHAPTER 1. INTRODUCTION

1.1 Definitions

We begin by presenting a few necessary definitions and setting up the notation that will
be used throughout this dissertation.

The set of positive reals (excluding zero) will be denoted by R*.

Definition 1.1.1. An instance of a Valued Constraint Satisfaction Problem (VCSP) is a
triple

7= (V,1I,w)
where
o V=A{vy,...,u,} is a set of variables,
o Il = {m,...,mn} is a set of constraints,

e w:II - RT is a strictly positive weight function on the set of constraints.

Each constraint 7; € TI consists of a pair (scope, rel), where scope = v € V¥ is an ordered
k-tuple of distinct variables and rel is a k-ary relation on some domain D, which can be

seen as a function P : D¥ — {0,1} of constant arity k > 2.

We write VCSP(P) for the class of all VCSP instances Z = (V,II,w) where all constraints
in IT are subject to the same predicate P. For a finite set of predicates I' = {P,}cs, one
can naturally define the class VCSP(T") of instances whose constraints are all subject to
predicates in I'. In such a context, I is called a language. We will only consider languages
of finite size.

Throughout this dissertation we will mainly deal with discrete domains, whose elements
will be referred to as labels. To simplify the notation, we define [r] = {0,1,...,7 — 1} so

that |[r]| = r. Moreover, we will denote |V| =n and |II| = m.

Example 1.1.1. Some predicates that will be widely used throughout are the following:

Cut:{0,1}* — {0,1}, Cut(z,y) =1 = z#vy,

UnCut : {0,1}* = {0,1}, UnCut(z,y) =1 = =y,

r-Cut : [r]* = {0,1}, r-Cut(z,y) =1 = zx#vy,

And:{0,1}* = {0,1},  And(zy,...,zz) =1 <= min{z,..., 2} = 1,

nOr : {0, 1}k —{0,1}, nOr(zy,...,x2) =1 <= max{xy,...,z1} =0,

NAE : {0,1}¥ — {0,1}, NAE(z1,...,2;) =1 <= min{z,..., 23} =0 and
max{zy,...,rx} = 1.

Remark 1.1.1. The literature is not always consistent with regards to the definition of a
VCSP. Indeed, what we define as a VCSP is often referred to as simply a CSP or Weighted
CSP (WCSP). On the other hand, the term VCSP is sometimes used to define a CSP where
each hyperedge e of size k is augmented by a k-ary function f. : D¥ — Q where Q is a

2



1.1. DEFINITIONS

valuation structure! often identified with QT = QT U oo, the set of extended non-negative
rationals [CCJKO06, KZ17|. We choose to use the VCSP notation to be consistent with
Filtser and Krauthgamer’s work on CSP sparsification [FK17].

Remark 1.1.2. The definition of a VCSP instance Z = (V,II,w) is stated with II being
a set. However, in Propositions 2.5.2 and 2.5.3 we show that respectively positive and

negative results on sparsifiability are not affected by Il being a multiset.

Definition 1.1.2. Given an instance Z = (V,II,w) € VCSP(P), we will call the underlying
hypergraph of T the weighted directed k-uniform hypergraph

HY = (V,E,w)

where E = {v € V¥ : (v,P) € II} and, by a slight abuse of notation, w(v) = w({v,P)).
Notice that F is possibly a multiset and that the weight function is always strictly positive.

Conversely, given a weighted directed k-uniform hypergraph H = (V, E, w) and a predicate
P: D¥ — {0,1}, the corresponding VCSP(P) instance is

TP = (VI w)

where II = {(e,P) : e € E} and w((e, P)) = w(e).

Remark 1.1.3. Sometimes in the literature a k-uniform hypergraph indicates a hyper-
graph which only contains hyperedges of size less than or equal to k [KK15]. However,
throughout this dissertation by a k-uniform hypergraph we mean a hypergraph whose

hyperedges are of size exactly k.

Notation. For a vector v = (vy,...,v;) € V¥ and a function A : V — D, which we call an
assignment, we will denote the vector (A(vy1), ..., A(vg)) by A(v). Oftentimes, we will also

use the shorthand notation A(w) to denote A(v) where m = (v, P) for some predicate P.

Definition 1.1.3. Given a predicate P : D¥ — {0,1}, we say that a constraint 7 = (v, P)
is satisfied by an assignment A : V — D if P(A(v)) = 1.

Definition 1.1.4. The value of an instance Z = (V,II,w) € VCSP(I') where I' = {P; :
k-
DY

j

of the constraints satisfied by A:

— {0,1}}es under assignment A : V' — UjesDj is given by the sum of the weights
Valz(A):= > w(mP;(A(V)).
m=(v,P;)€ll

For Z € VCSP(I') we say that an assignment A : V' — Ujc;D; is valid if A(v) € ij for
all m = (v,P;) € II. In other words, given that each predicate P; € I' may have a distinct

LA valuation structure € is an ordered set with a minimum element 0 and a maximum element
oo together with a commutative and associative binary aggregation operator & such that for all
a,b,c€ Q,a®0=aand a®c>bdc whenever a > b.

3



CHAPTER 1. INTRODUCTION

domain, an assignment is said to be valid if each variable v € V is assigned to a label which

belongs to the intersection of the domains of all the predicates whose scope contains v.

Now, given an instance Z € VCSP(T"), we aim to construct a sparse re-weighted subinstance
whose value is approximately equal to that of the original instance, up to a factor of
e € (0,1), under any possible assignment. Given the equivalence between VCSP instances
and hypergraphs, this amounts to finding a suitable reweighted directed subhypergraph of
the underlying hypergraph HZ of Z.

There are several notions that generalise the idea of subgraph to hypergraphs. We will
refer to the notion of partial subhypergraph defined in [Vol09], which matches well with

the notion of a VCSP subinstance.

Definition 1.1.5. Given a hypergraph H = (V, E), a partial subhypergraph H' = (V, E' C
E) of H is a hypergraph which is obtained from H by removing hyperedges while keeping

the vertex set unchanged.

Throughout, we will use the soft-O notation O(f(n)) = O(f(n)log®(n)) for some constant

a > 0 to refer to functions that are quasilinear in n.

Definition 1.1.6 ([KK15]). An e-sparsifier of an instance Z = (V,II,w) € VCSP(I') is a
subinstance
I = (V7 I, C Hawa)

such that the size of its constraint set satisfies

ni-o(%)

and its value is such that, for all valid assignments A of the variables in V,
Valz. (A) € (1 £e)Valz(A). (1.1)
More precisely, if I' = {P; : ij — {0,1}}jes and maxjey k; = K, we take

[VI(K +log|V])
2

|Hs| = O(

Equivalently, an e-P-sparsifier of a hypergraph H = (V, E,w) is a partial subhypergraph
H, = (VaEa C ana)

whose corresponding VCSP(P) instance Z=-F is an e-sparsifier of the corresponding VCSP(P)
instance ZHP of H.

We say that an instance Z = (V,II,w) € VCSP(T") is sparse if |II| = @(%) Clearly, every

sparse VCSP instance is an e-sparsifier of itself for all € € (0, 1).

4



1.1. DEFINITIONS

Definition 1.1.6 highlights how, for a fixed k-ary predicate P, the class VCSP(P) is equiv-
alent to the class of all positively weighted directed k-uniform hypergraphs. Thus, we will

use both notions interchangeably.

1 ifzes

Let 1g denote the indicator function of a set S defined by 1g(x) =
0 if z ¢ 8.

Example 1.1.2. Consider the binary Cut predicate defined in Example 1.1.1. An instance
7 € VCSP(Cut) essentially corresponds to a positively weighted directed graph H where,
for any subset S of the vertices of V', Valz(1ls) = Cutg(S) is the weighted value of the cut
induced by S in H. Therefore, finding an e-sparsifier of Z corresponds to sparsifying cuts
in the underlying graph H.

We will now define several notions of sparsifiability whose relationship is illustrated in

Figure 1.1.

Definition 1.1.7. We say that a predicate P : D*¥ — {0, 1} is sparsifiable if for all € € (0,1)
and for all k-uniform weighted directed hypergraphs H = (V, E,w) there exists an e-P-
sparsifier of H.

Definition 1.1.8. We say that a predicate P : D¥ — {0,1} is non-sparsifiable if there
exists a k-uniform weighted directed hypergraph H = (V, E,w) and an € € (0, 1) such that
all partial subhypergraphs H. = (V, E. C E,w.) with property (1.1) have |E.| = Q(|]V|).
We will sometimes refer to non-sparsifiable predicates as weakly non-sparsifiable, in contrast

to the notion of a strongly non-sparsifiable predicate presented in Definition 1.1.9.

Definition 1.1.9. We say that a predicate P : D* — {0, 1} is strongly non-sparsifiable if
for all k-uniform weighted directed hypergraphs H = (V, E,w) there exists an € € (0, 1)
such that all partial subhypergraphs H. = (V,E. C E,w.) with property (1.1) have
|E<| = Q(E]).

Notice that there is a “gap” between sparsifiable and non-sparsifiable predicates, as the
two notions are mutually exclusive but not complementary. For this reason, we define an

additional class of predicates that are not sparsifiable.

Definition 1.1.10. We say that a predicate P : D¥ — {0, 1} is resistant to sparsification
if for all k-uniform weighted directed hypergraphs H = (V, E, w) that are not sparse there

exists an € € (0,1) such that H does not have an e-P-sparsifier.

Remark 1.1.4. If a predicate is strongly non-sparsifiable, then it is clearly resistant to
sparsification. Moreover, considering that a k-uniform hypergraph can have up to @(n’“)

hyperedges, a strongly non-sparsifiable predicate is also non-sparsifiable.

Remark 1.1.5. Theorems 1.2.4 and 1.2.5 from [FK17|, which we state in Section 1.2,

show that a binary Boolean predicate is not sparsifiable if and only if it is non-sparsifiable.

5



CHAPTER 1. INTRODUCTION

However, for a general k-ary predicate, we do not know whether the classes represented
in Figure 1.1 are all distinct, as some of them may possibly coincide. For instance, the
existence of a non-sparsifiable predicate that is provably mot strongly non-sparsifiable is

not guaranteed. This classification then remains an interesting open problem.

NOT
SPARSIFIABLE

NON-SPARSIFIABLE
SPARSIFIABLE

RESISTANT TO
SPARSIFICATION

STRONGLY
NON-SPARSIFIABLE

Figure 1.1: A diagram illustrating the relation between different notions of sparsifiable and not
sparsifiable predicates.

Throughout, the disjoint union of any two sets S, Sy with S; NSy = () will be denoted by
S1 U Ss.
Notation. Given an assignment A : V — [r], we define S; := A7L(j) = {v e V : A(v) =
j}. Notice that then V = I_I;;El)Sj, that is, S = {Sp,...,Sr_1} forms a partition of V.
Then, for any predicate P : [r]* — {0,1} and any instance Z = (V,II,w) € VCSP(P) we
define

P2(S0,. .., Sr—1) := Valz(A) = > w(m)P(A(m))

well
and similarly, where there is no ambiguity on the predicate, for a weighted directed k-

uniform hypergraph H = (V, E,w) we define
PH(SO, R Sr—l) = VGZH(A) = ValIH,P (A)

Notice then that Valz(A) = Valyz(A).

However, for P of arity 2, we sometimes use the shorthand notation Pz(S) to define

Pr(S) = Valz(1ls) = > w(m)P(1s(m)).

mell



1.2. RELATED WORK

1.2 Related Work

Graph algorithms are widely used in many areas of Computer Science. However, due to
increasingly large datasets, even computationally efficient (polynomial time) algorithms
can become practically intractable. This is particularly true of algorithms whose runtime
depends on the size of the graph’s edge set, considering that a k-uniform hypergraph
can have up to O(n*) hyperedges. If we are prepared to accept an error of order ¢ in
the algorithm’s output, graph and hypergraph sparsification allows to run a T'(n, m)-time
algorithm in 7'(n, (7)(&%)) steps, which can result in a substantial speed-up [EGIN97|. For
instance, running the Edmonds-Karp algorithm to find the maximum flow in a dense graph
takes O(nm?) = O(n®) steps. Running the same algorithm on Batson, Spielman and
Srivastava’s spectral sparsifier [BSS12|, which we define in Chapter 3, gives a significantly
improved runtime of O (Z—S), while the value of the maximum flow in the sparsifier is
guaranteed to be within a factor of € from the value of the maximum flow in the original

graph.

A graph r-cut is a partition of its vertices into r non-empty sets. Cuts play a funda-
mental role in many graph problems such as connectivity, maximum flow, minimum s-¢
cut, balanced cut, and more. For that matter, early work on sparsification has focused
on finding cut sparsifier, that is, reweighted subgraphs and partial subhypergraphs which
approximately preserve the value of each cut in the original graph. In 1994 Karger first
introduced the notion of a graph skeleton |Kar94b|, a subgraph constructed by sampling
the edges independently and randomly with small constant probability, and subsequently
proved that graph skeletons accurately approximate all cut values in the original graph
|[Kar94a]. However, the size of Karger’s skeleton’s edge set is inversely proportional to
that of the graph’s minimum cut, meaning that graphs with small cuts cannot effectively

be sparsified. In 1996, Benczur and Karger [BK96] provided a new pioneering sampling

nlogn
£2

the size of its minimum cut. The key to such a scheme is to sample edges with nonuni-

scheme to construct an e-Cut-sparsifiers of size O( ) for any graph, irrespective of
form probabilities, each probability being inversely proportional to the connectivity of any

subgraph containing that edge.

All sparsification results found at this point relied on combinatorial and probabilistic tech-
niques. In 2011, Spielman and Teng [ST11] introduced the new notion of Spectral Sparsi-
fication, a highly algebraic technique which does not refer explicitly to cuts: indeed, the
quantity that the sparsifier is required to approximately preserve is the graph’s Laplacian
quadratic form. Following on this algebraic approach, Batson et al. [BSS12] gave a de-
terministic polynomial time algorithm to construct a graph spectral sparsifier (which is
also a cut sparsifier) of size O(%), and Andoni et al. [ACK16] showed that the O(%)
lower bound is tight for any cut sparsifier (not necessarily spectral). Recently, Kogan

and Krauthgamer [KK15| extended Benczir and Karger’s nonuniform sampling scheme to

7



CHAPTER 1. INTRODUCTION

obtain a combinatorial hypergraph cut sparsifier? of size (’)(n(ktilzog")) for any weighted

k-uniform hypergraph.?

The first attempt at general CSP sparsification was made by Filtser and Krauthgamer
[FK17], who proved that a necessary and sufficient condition for the existence of an
e-P-sparsifier of size O(%) for any binary Boolean predicate P : {0,1}? — {0,1} is that
IP~1(1)| # 1. They also proved that for all but a few somewhat trivial binary Boolean
predicates the (9(8%) bound is tight. Finally, they provided a relatively few results on

non-Boolean and non-binary sparsification.

In this dissertation we extend Filtser and Krauthgamer’s work to arbitrary binary VCSPs
on a discrete domain, and provide some insight into sparsification of non-binary VCSPs.
Finally, we explore the notion of spectral sparsification and prove the sparsifiability of two

continuous binary predicates that can be seen as the continuous analogue of Cut and UnCut.

In what follows we list some of the results that will be used throughout this dissertation,

as they were presented by their original authors.

Theorem 1.2.1 ([BK96, Theorem 1.2]). Given a weighted graph G and an error parameter
g, there is a re-weighted graph G, such that G, has O(%) edges and the value of every
cut in G is within (1+¢) times the value of the corresponding cut in G. Furthermore, G.

can be constructed from G in O(mlog®n) time.

Theorem 1.2.2 (|[KK15, Theorem 3.1]). Given a weighted k-uniform hypergraph H and
an error parameter € € (0, 1), there is a re-weighted partial subhypergraph H. such that
H. has O(W) hyperedges and the value of every cut in H, is within (1 £ ¢) times
the value of the corresponding cut in H. Furthermore, H. can be constructed from H in

O(mn?) time.

Theorem 1.2.3 (|[FK17, Theorem 3.2|). For every digraph G = (V, E,w) with strictly
positive weights and for every ¢ € (0,1), every e-And-sparsifier G. = (V, E., w;) must
satisfy |E.| > 1| E|.

Theorem 1.2.4 ([FK17, Theorem 3.5]). For every digraph G = (V, E,w) and for every
e € (0,1) there exists a sub-digraph G, with O('ELQ'

P:{0,1}%2 — {0,1} with [P1(1)| # 1, the digraph G, is an e-P-sparsifier of G. Note that
G, does not depend on P.

) edges, such that for every predicate

Theorem 1.2.5 (|[FK17, Theorem 3.6]). Given parameters n and m < (3), there exists a
digraph G = (V, E, w) with 2n vertices and m edges such that for every € € (0,1) and every
predicate P : {0,1}2 — {0, 1} with |P~!(1)| = 1, every e-P-sparsifier G. = (V, E.,w.) of G
has E. = F.

2A hypergraph cut corresponds to the predicate Not-All-Equal (NAE) defined in Example 1.1.1.

3The sparsifier proposed in [KK15] works for all hypergraphs with edges of size less than or
equal to k. However, as noted in Remark 1.1.3, throughout this dissertation we restrict our interest
to hypergraphs with edges of size exactly k.



1.8. CONTRIBUTIONS

Let P(S) denote the power set of a set S. We define the restriction of predicate P : D? —
{0,1} to B x C C D? in the natural way:

Definition 1.2.1. For B,C € P(D), we have

: B xC — {0,1}, b,c) :=P(b,c) V(b,c)e BxC

Plaxc P\Bxc(

and for all assignments A:V — BUC

Pl = Y wmP, (Am).
A(nT)rgng

Notice that B and C' do not necessarily need to be disjoint.

The following is a generalisation of Theorems 1.2.4 and 1.2.5 to arbitrary binary 2 x 2

domains. A detailed proof is provided in Appendix A.

Theorem 1.2.6. For any P : D? — {0,1} and for any subset B x C C D? with |B| =
B . . . . 1
|IC| = 2, P\Bxc is sparsifiable if and only if ’P\Bxc(l)’ # 1.

Proof. The restriction of P to B x C'is just a predicate in the generalised VCSP framework
described in Appendix A. O

Proposition 1.2.1 ([FK17, Section 6.2]). Let r-Cut : [r]> — {0,1} be defined as in
Example 1.1.1. For every weighted directed graph G, if G, is an e-Cut-sparsifier, then G,

is also an e-r-Cut-sparsifier. It follows that r-Cut is sparsifiable.

1.3 Contributions

Our main contribution is the discovery of a new criterion to determine whether a bi-
nary predicate is sparsifiable. We begin in Chapter 2 by showing that there is a class of
predicates of any arity, which we will call singleton predicates, that are both resistant to
sparsification (Proposition 2.3.3) and non-sparsifiable (Proposition 2.3.4).

Given that the conclusion of Filtser and Krauthgamer’s work (Theorems 1.2.4 and 1.2.5) is
that a binary Boolean predicate is sparsifiable if and only if it is not a singleton, one would
be tempted to generalise this classification to predicates on larger domains and higher
arities. However, in Section 2.4 we show that this is not the case. Theorem 2.4.1 states
that the class of sparsifiable binary predicates is exactly the class of binary predicates
that do not contain a singleton subpredicate. Indeed, there exist binary non-Boolean and
non-binary Boolean predicates that are not sparsifiable but are also not singletons.

We conclude with an overview of spectral sparsification in Chapter 3 and we present two
examples of continuous predicates for which we construct a spectral sparsifier.

In Appendix A, we prove that Filtser and Krauthgamer’s results on binary Boolean spar-

sification remain valid if the predicate’s domain is an arbitrary 2 x 2 set {b1,ba} X {c1,c2}.

9



CHAPTER 1. INTRODUCTION

This is of independent theoretical interest, but it is also one of the key steps needed for the
proof of Theorem 2.4.1. In Appendix B, we extend Theorem 2.4.1 to arbitrary binary pred-
icates where each of the two variables may take values in different domains, not necessarily
of the same size. In Appendix C, we prove two results about the k-ary Parity predicate

which demonstrate the complexity of classifying such predicate according to sparsifiability.

10



Chapter 2

Combinatorial Sparsification

2.1 Graph Covers

The main tool used in the proof of Theorem 1.2.4 is a graph reduction technique known
as the bipartite double cover, which we describe below. We generalise this notion to that

of a k-partite k-fold cover for hypergraphs.

Definition 2.1.1. Given a weighted directed graph G = (V, E,w), the bipartite double
cover of G is the directed weighted bipartite graph v(G) = (V7, E7,w") where

o V' ={v,—v:veV},

o £ ={(u,—v): (u,v) € E},

o w(u,—v) =w(u,v).

Below is a generalisation of the bipartite double cover to k-uniform hypergraphs, which

will be useful in some proofs related to k-ary predicates.

Definition 2.1.2. Given a weighted directed k-uniform hypergraph H = (V, E,w), the
k-partite k-fold cover of G is the directed weighted hypergraph v(H) = (V7, E7, w”) where
o VY = {0 oM oyt .y eV}
o BV = {0\ . oy (0, 0) € B}
o w (. oY) = w((vr,..., ).
For any r-partition P = {Sp,...,Sr_1} of the vertices of V, define Sfj) ={v) v e S}

As a result, P? := {S(()O), . ,S(gk_l), L8O , Sﬁli_ll)} is a kr-partition of the vertices

»Pp—1-
of V7.

The following proposition is a generalisation to non-binary, non-Boolean predicates of an
argument used in the proof of Theorem 1.2.4. We denote the set of all r-partitions of a set
S by Part,(S).

11



CHAPTER 2. COMBINATORIAL SPARSIFICATION

Proposition 2.1.1. Let P : [r]¥ — {0,1} and P": [//]¥ — {0,1} be k-ary predicates with
r,r" € N. Suppose that there is a function fp : Part, (V) — Part,.(V7) such that for any
weighted directed k-uniform hypergraph H on V and for any r-partition S € Part,.(V) it
holds that

P (S) =Py (fr(S)),

~v(H) = (V7,E7,w"Y) being the k-partite k-fold cover of H. Then,

1. If P’ is sparsifiable, P is also sparsifiable. Moreover, if e-P’-sparsifiers have size g(n),

then there also exist e-P-sparsifiers of size O(g(n)).
2. If P is resistant to sparsification, then P’ is resistant to sparsification.

Proof. Given H = (V, E,w), let v(H): = (V, EZ,w) be an e-P’-sparsifier of the k-partite
k-fold cover v(H). Next, construct a partial subhypergraph H. = (V, E.,w.) of H such
that E. = {(v1,...,ve) : (01", ... ,v,gk_l)) € El} and we(vy, ... v5) = w?(v&o), e vlik_l)).
Notice that v(H:) = v(H)., E- C E, and H is sparse if and only if v(H) is sparse.

Then, we have

Pr.(S) =Pl (fr(8)) = P (fp(S)) € (1 £ )Pl (fp(S)) = (1 ££)Pu(S)

and

G

V(K +210g \V”!)) _ O(MV!(k + logkIVD> _

Bl <|E2| = O :

9 9

)

22

for constant k, implying that H. is also an e-P-sparsifier of H.

Moreover, || < [B2| = g(n) = || = O(g(n) 0

2.2 Results on Non-Sparsifiability

In this section we provide some negative results on sparsifiability, that is to say, sufficient

conditions for a predicate not to be sparsifiable.
Definition 2.2.1. A predicate P : D¥ — {0,1} is a singleton if [P71(1)| = 1.
For any set S and any constant a < |S|, we denote denote by (‘2) theset {T'C S : |T| = a}.

Definition 2.2.2. We say that a binary predicate P : D? — {0,1} contains a singleton
square if there exist D1 = {d},d}}, D = {d?,d3} € (}) and n(1),n(2) € {1,2} such that,
for 41,49 € {1,2},

1 if i1 = n(1) and iy = n(2),

117 719 .
0 otherwise.

This is equivalent to saying that P Dy xD is a singleton predicate.
1 2

12



2.2. RESULTS ON NON-SPARSIFIABILITY

Definition 2.2.3. Let S} denote the set of all permutations of k£ elements. We say that a
k-ary predicate P : D* — {0, 1} contains a singleton £-cube for some 2 < £ < k if there exist
subdomains {D; := {d{,d%}}gzl € (12)), integers {n(j)}?zl € {1,2}, and a permutation
o € Sk such that there exist xyy1,...,2zr € D which satisfy

and for all yey1,...,yx € D, for all i; € {1,2},
Plo(dly, s diyyesrs-yup)) =1 = ij=mn(j) forall j=1,....¢

Remark 2.2.1. A singleton square is exactly a singleton 2-cube.

Proposition 2.2.1. Let P : D — {0,1} be a k-ary predicate which contains a singleton
¢-cube. Then, there exists a k-uniform weighted directed hypergraph H = (V, E, w) such
that, for all partial subhypergraphs H. = (V, E., w.) which satisfy property (1.1), we have
|Be| = Q(n).

Proof. Let {Dj := {d, d%}}?zl and {n(j)}§:1 be as in Definition 2.2.3, and for simplicity

assume that o = id. Define

—n(j) =1 € {1,2} : i # n(j).

Consider the positively weighted directed hypergraph H = (V, E,w) on n = kn’ vertices
with V. =Viu...UWV, |[Vi|=%=n'fori=1,... k and E = {(u1,...,u) : u; € V;}.
Notice that |E| = Z—: Consider a hyperedge f = (v1,...,v;) € E, and notice that v; € V
for all j. Furthermore, pick some xy41,...,xx such that P(d}l(l), ... ,df;(e), Tpa1y ..oy Th) =
1.

Define the assignment

Al (vj) = dfl(j) for j <,
ATV - D, Af(v):din(j) Vo e V;\ {v;} for j < ¥,
Al(v)=2; YweV fort+1<j<k.
Notice that P(A7(uy,...,ux)) = 1 <= wu; = v; for all j < £, therefore at least one
of the (%)k_e edges whose first ¢ variables are vy,...,vy must belong to E. for property
(1.1) to be satisfied. We repeat the same procedure for all (%)’ combinations of vertices
(uiy...,ug) € Vi x ... x Vy. Therefore we must have |E.| > Z—Z = O(n*) and hence
|E.| = Q(n') as required. O

Corollary 2.2.1. If a predicate P contain a singleton ¢-cube for some ¢ > 2, then P is not

sparsifiable.
Corollary 2.2.2 (Singleton Square). Let P : D> — {0,1} be a binary predicate which

contains a singleton square. Then, P is non-sparsifiable.

13



CHAPTER 2. COMBINATORIAL SPARSIFICATION

Proof. By Proposition 2.2.1, there exists a weighted directed graph H = (V, E,w) such
that, for all subgraphs H. = (V, E., w.) which satisfy property (1.1), it holds that |E.| =
Q(n?). Hence, P is non-sparsifiable. O

For a predicate on a domain D, an unused label z € D is an element of the domain which
never appears in the tuples that belong to the predicate’s support set. For instance, in
the table representation of a binary predicate, z is an unused label if the row and column

corresponding to z are all zeros.

Proposition 2.2.2 (Unused Label). Let P : D* — {0,1} be a predicate with P~1(1) # §)
and suppose that there exists z € D such that, for all z1,...,zx_1 € D and for all
permutations o € Sk, P(o(z1,...,2r-1,2)) = 0. Then, P is strongly non-sparsifiable.

Proof. We proceed by contradiction. Suppose there exists a weighted directed k-uniform
hypergraph H = (V, E,w) such that, for all £ € (0, 1), there is a partial subhypergraph
H. = (V,E.,w.) of H which satisfies property 1.1. Consider some tuple (ai,...,ax) €
P~1(1), and notice that we must have a; # z for all j. Pick a hyperedge e = (uy, ..., u;) €
E and define U = {uy,...,u;}. Define the assignment A : V. — D, A(u;) = a; for
j=1,...,k, A(v) = z for all v € V' \ U. Notice that the a; may not be all distinct.

Let D = [r]. For i € D, define ¢; to be the number of times i appears in (ai,...,ax).
Further define

M= ][ o

i€D,5;#0

Then, there are Mg < M hyperedges e in E (including (ug, ..., ux)) such that P(A(e)) = 1.
Call these eq,...,enr,. Then

Mg
Valg(A) = w(e)P(Ale)) = > w(e;) > 0.
=1

ecE

Let H. = (V, E.,w.) be an e-P-sparsifier of H. Then, at least one of ej, ..., ey, must be

in E., since otherwise we would have

Valg, (A) = Y we(e)P(A(e)) =0 ¢ (1£¢c)Valg(A).
ecFE,

Then, noticing that this argument holds for all hyperedges e € E and that M < k!, we
have ) B |E

El>—IF>—>—.
Therefore, we have |E.| > %|E| = Q(|E|) implying that P is strongly non-sparsifiable. [J

Remark 2.2.2. Notice that for k¥ = 2, Corollary 2.2.2 implies (weak) non-sparsifiability
if the conditions of Proposition 2.2.2 are satisfied. If there is an unused label z € D and
(b,c) € P~1(1) with z # b, ¢, then we can set B = {b,z}, C = {c, z} and apply Corollary
2.2.2 to show that P is non-sparsifiable.

14



2.3. SINGLETON PREDICATES

2.3 Singleton Predicates

In this section we generalise Theorem 1.2.5 to show a range of negative results for spar-
sifiability of singleton predicates of any arity. The main result is that, for any predicate
P with |P~1(1)| = 1, the class VCSP(P) is non-sparsifiable and resistant to sparsification.

We start by considering binary predicates.

Proposition 2.3.1. Let P : D? — {0,1} with |[D| > 2. If [P7!(1)| = 1, then P is strongly

non-sparsifiable.

Proof. Let P : D? — {0,1} and suppose that P~*(1) = {(z,y)} for some z,y € D. Pick
some z € D\ {z,y}. This is possible since |D \ {z,y}| > 1. Then, for all d € D, we have

P(z,d) =P(d,z) =0

and hence z is an unused label. Hence we can apply Proposition 2.2.2 to deduce that P is

strongly non-sparsifiable. O

In the following propositions we extend this result to non-binary predicates. First we

consider singleton k-ary predicates with a very specific support set.

Proposition 2.3.2. Let P : D¥ — {0,1} be a singleton predicate with |D| > 2 such that
P~1(1) = {(a,a,...,a)} for some a € D. Then, P is strongly non-sparsifiable.

Proof. By assumption, P71(1) # () and |D \ {a}| > 1. Notice that, for any z € D\ {a},

any ri,...,xrx—1 € D and any permutation o € Si, we have that
Plo(x1,...,25-1,2)) # P(a,a,...,a) = P(o(z1,...,25-1,2)) =0.

Then, z is an unused label and so by Proposition 2.2.2, P is strongly non-sparsifiable. [

Finally, we consider general k-ary singleton predicates. First we establish resistance to

sparsification.

Proposition 2.3.3. If P : D¥ — {0,1} is a singleton predicate, then P is resistant to

sparsification.

Proof. Let H = (V, E,w) be a k-uniform weighted directed hypergraph. Suppose that
D = [r] and P7}(1) = {(a1,...,ax)}.

For any assignment A : V' — D, denote by S := {Sp, S1,...,S—1} € Part,(V) the induced
r-partition of V. Let nOr:D¥ — {0,1} be such that nOr=!(1) = {(0,0,...,0)}. Notice
that, by Proposition 2.3.2, nOr is strongly non-sparsifiable and hence it is resistant to
sparsification. Suppose there is a function fp : Part, (V) — Part,(V?) such that for any
such § € Part,(V) it holds that

nOrg(S) = Py (fp(S)).

15
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Then, we could apply Proposition 2.1.1 to show that P is resistant to sparsification. It
remains to prove that such fp exists for all singletons P : D* — {0,1}.

Claim 2.3.1. Let S]P = Ule S((;:i)z) (mod 7)° Then, fp : Part,(V) — Part, (V") is defined
by

fe({So,...,Sr_1}) =1{S5,...,SF ;1.

Proof. Let P71(1) = {(ay,...,ax)} C D¥. We need to prove that
nOry (So, ..., Sr—1) = Py (fe({S0,.- -, Sr—1})).
Now define an assignment A : V' — D such that A(v) =j <= v € 5;. Notice that
nOrg(A) = nOry(So, ..., S —1).

We let the assignment A7 : V¥ — D be such that A7(v) = j «— 0 ¢ S]'-D. Notice
that

Pfy(H) (A’Y) = Pﬂ/(H)({Stl)D7 R Sffl}) = P'y(H) (fP({S()7 SRR ST—l}))'

Now for any edge e = (v1,...,v;) € E, by a slight abuse of notation, we define y(e) =
e = (v%o), . ,Ulik_l)). We have

nOr(A(e)) =1 <= A(v1)=...=A(vx) =0
<~ (Ul,...,vk)GSoX...XSQ
= y((v1,...,)) = (vgo), . .,U,(Ck_l)) € S((]O) X ... X S(()k_l).

Now, fori=1,...,k,

i—1 i—1 i—1 .
S(() ) ¢ SJF-) = S((J ) = SJ(._ai)(modT) for some j € {0,...,7 —1}
— j=a; (modr) < j=uq (since 0 < aj,j <7).
Therefore
SV st — o) e sP x X SP
— A’Y(vgo), e U,E}kil)) = (ay,...,ax)

— PO, o) = Py, - ok))) = P(AY(1(e))) = 1.
Therefore, for any e € F,
nOr(A(e)) = 1 <= P(A7(y(e))) = 1

16
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which implies

nOr(So, ... Sr—1) = nOrg(A) = Y w(e)nOr(A(e)) = > w(e)P(A7(v(e)))

eeE eeE

=Y W (y(e))P(AT(y(e))) = Y w(e)P(A7(e”))

eceE evekEY

= Pomn(A7) =Py (fe({So, ..., Sr-1}))

and hence
nOrg (So; - -+ Sr-1) = Py (fp({So, - - - Sr—1}))

as required. O

Second, we establish non-sparsifiability.

Proposition 2.3.4. If P : D* — {0, 1} is a singleton predicate, then P is non-sparsifiable.

Proof. Suppose that D = [r] and P~(1) = {(a1,...,as)}. Consider the weighted directed
hypergraph H = (V, E,w) on n = kn/ vertices with V.=V U... UV, |Vj| = £ = n/ for
i=1,...,k,and E = {(u1,...,ux) : u; € V;}. Notice that |E| = Z—:

Consider a hyperedge f = (v1,...,v) € E, and notice that v; € V; for all j. Define the

assignment

Al (vj) = aj,
ALV =, AN =0 Vo eVi\{u} ifa; 0,
Alw)y=1 YoeV;\{vy} ifa;=0.

Notice that P(Af(uy,...,u)) =1 <= u; = vj, therefore

Valg(4) = Y w(e)P(A(e) = w(f) > 0

eckE

so we must have f € F., otherwise it would follow that

Valg, (A) = ) we(e)P(Ale)) =0 ¢ (1£¢)Valg(A).
ecE,

n*

= Q(n*) and hence P is non-sparsifiable.

Therefore we must have |E;| = |E| =

17
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2.4 A Complete Classification of Binary Predicates

In this section we prove that if a binary predicate P with domain of size r > 2 contains
no singleton squares, then the value of a VCSP(P) instance under any assignment can be
expressed as the value of a corresponding VCSP(¢-Cut) instance (for some ¢ < 2r) under
the same assignment. This will imply that all such predicates are sparsifiable. We begin
by defining some useful notation and by proving a technical lemma which will be crucial

to the proof of Proposition 2.4.1.

For any graph G = (V, E) and any subset U C V of the vertices of G, we denote the
vertex-induced subgraph with vertex set U by G(U) and its edge set by E(U). For a
possibly disconnected graph GG, we denote the connected component containing a vertex v
by G, = (V(Gy), E(Gy)). Finally, we denote the degree of vertex v in graph G by dg(v).

Definition 2.4.1. Let G = (V, E) be an undirected bipartite graph with V' = V; UV;. We
define the bipartite complement G = (V, E) of G to be the graph on the same vertex set
as G and with edge set

E:={{u,v}:ueVi,ve Vo, {unv} ¢ E}.

Remark 2.4.1. Notice that the operation 7~ is the inverse of itself, that is, for any
bipartite graph G, G = G.

Lemma 2.4.1. Let G = (V, E) be a bipartite graph on 2r vertices (r > 2), where V =
ViU Ve and |Vi| = |Vo| = r. If for any uj,v; € Vi and for any ug,ve € Vo we have
|E({u1,v1,u2,v2})| # 1, then for any v € V, dg(v) > 0 implies that G, is a complete
bipartite graph with partition classes {V; NV (G,)}, {Va NV (G,)}.

Proof. By induction on r.
r=2. Let G = (V, E) with V' = {uy,v1} U{ug,v2}. There are five non-isomorphic bipartite
graphs on 2 - 2 vertices such that |E| # 1. Table 2.1 shows that all five bipartite comple-

ments on the right satisfy the lemma.

Induction step. Suppose that the lemma holds for 4 < |V| < 2(r — 1). We need to prove
that it holds for |V| = 2r. Let G = (V, E) be a bipartite graph with V' = V; U V4 and let
Vi = {U(()j), U 1} forj =1,2. Consuier the vertex-induced subgraph G(U) = (U, E(U))
with U = U; U U and U; = {vo N I 2} for j = 1,2. Suppose that G satisfies the
conditions of the Lemma. Then G(U) satisfies such conditions too, and so by the induction
hypothesis we have that for any v € U, dggy G )( v) > 0 implies that G(U

bipartite graph with partition classes {U3y NV (G(U),)}, {U2 NV (G(U),)
G.

Denote each {vfl), v](.2)} by ej;. If foralli =0,...,7—1 we have €;,—1 ¢ Eande,_1; ¢ FE,

then there is nothing to prove and the lemma holds.

is a complete

)
}. Now consider
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G=(V,E)

d

P

® 66 G

OO OO

N

N

O
)

OGS

T

vg

F

)

®

()

(&

Table 2.1: On the left hand side, the five non-isomorphic bipartite graphs on 2 - 2 vertices with
|E| # 1. On the right hand side, each of the connected components of the corresponding bipartite
complements is a complete bipartite graph.
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So suppose without loss of generality that e;,—1 € E for some i € [r]. We need to prove

that e;,_1 € E for all j such that v](-l) €eV(G ).

Suppose not. Then there exists j € [r] such that vj(l) € V(évgl)) and ej,—1 ¢ E. If
M M :

i Y5
G(U) ), so forallv € Ux N V(G(U), 1) we have {Ul(l),v},{uj(,l)’u} € E. Notice that

7

j # r—1, then by the induction hypothesis v belong to the complete bipartite graph

i

U2nV(GWU),m) # 0 since oY, v](-l) are path-connected. So choose any k € {0,...,r—2}
such that v,E:Q) €Uz N V(G(U), ). Then, e, ejx € E and we have the following picture
for G({o{", v{", vl o, })

contradicting the initial assumption that for any wi,v; € Vi and for any ug, vy € Vo we
have |E({u1,v1, ua,va})| # 1.

On the other hand, if j = r — 1, there must exist some k € {0,...,r — 2} such that
(1)

er—1k € E. Now by the induction hypothesis, v, ,v,(f) belong to the complete bipar-

tite graph G(U) (1), implying that e;, € E. Then, we have the following picture for

Vi

G oD o 0P

r—

20
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® @ 2 (2 N

which means that in G = G we have the following picture for G({v; ’,v,21, v, ", v,

contradicting the initial assumption that for any wi,v; € Vi and for any wug, vy € Vo we
have |E({u1,v1,u2,v2})| # 1.

Then, we deduce that 0@ is connected to all the vertices in in év(z) and hence @v@

r—1
r—1 r—1
is complete bipartite with the required vertex set. By symmetry, the same argument holds
for G () . O
Vpr_1

Proposition 2.4.1. Let P : [r]2 — {0, 1} be a binary predicate which contains no singleton

squares. Then, P is sparsifiable and there exists an e-P-sparsifier of size O(E%)

Proof. Let G = (V, E,w) be an arbitrary weighted directed graph and y(G) = (V7, E7,w?)
be its bipartite double cover. For an assignment A : V — [r], recall that S; := A~1(i)
and hence S := {Sy,...,S,_1} forms an r-partition of V. Suppose that for a predicate
P: [r]?2 — {0,1} there is a function fp : Part,(V) — Part,(V?) (for some ¢ < 2r) such
that for any weighted directed graph G on V it holds that

Pc(S) = (-Cuty ) (fr(S)).

Recall that the binary ¢-Cut predicate is sparsifiable (Proposition 1.2.1). Then, by Propo-
sition 2.1.1, P is also sparsifiable. Furthermore, given that there exists an e-Cut-sparsifier
of size (9(5%) (Theorem 1.2.4) and that every e-Cut-sparsifier is also an e-/-Cut-sparsifier

(Proposition 1.2.1), it follows that there exists an e-P-sparsifier of size (’)(8%) It remains to
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prove that such a function fp exists fort all binary predicates P which contain no singleton
squares.

Now for P : {0,1}2 — {0,1} and |P~(1)| € {0,2,4}, a suitable function fp : Parts(V) —
Party(V7) is provided in the proof of Theorem 1.2.4. For P : {0,1}> — {0,1} and
IP71(1)| = 3, we have £ = 3 and

i Pl_l(l) - {(070)7 (07 1)7 (LO)} - fP1({SOaSI}) - {50756751 U Si}
hd P2_1(1) = {(070)7 (07 1)> (L 1)} - fPQ({SO>Sl}) = {‘907 1?51 U S(/)}
b P?jl(l) = {(070)7 (170)> (L 1)} — fPs({SO>Sl}) = {56,51,5'0 U Si}

b le(l) = {(07 1)7 (170)> (L 1)} = fP4({SO>Sl}) = {Sla i’SO U S(/)}

More generally, for predicates P : [r]*> — {0,1} with 7 > 2 which contain no singleton
squares, we show that a suitable function fp always exists.

Consider a weighted directed graph G = (V, E,w) and its undirected! bipartite double
cover 7(G) = (V7, EY,w"). Define an auxiliary graph G™" := (V7 EP™) where

Pr .__ ! /
Vo= {vo, v, - - Ur—1, V01 |,

EPT = {{vg, vj} : P(i,§) = 1}

Let ¢ be the number of connected components of GP. Clearly £ < [VF7| = 2r.

Now, a function fp : Part,(V)) — Part,(V7) which satisfies Pg(S) = {-Cut()(fp(S)) for
all S € Part,(V) corresponds to a colouring ¢ : VP — {0,...,£ — 1} of the vertices of
GP" with the following property:

{vi,v;} € EP" = c(v;) # c(v;)

{vi,v;-} ¢ EP" = c(v;) = c(v}).

Vi, 5 € [r]

We call colour maps which satisfy the above property proper efficient colourings. Indeed,
the colouring ¢ induces an assignment A7 : V7 — {0,...,¢ — 1} of the vertices of v(QG)

which satisfies

AV(U) = C(’UA(u))v A’Y(u’) = C(vh(u))
and which in turn induces a partition {U; f;é of V7 with U; := (A7)71(i). We define
fp(S) = {Uo, PPN Ug_l}.

!QOriginally, we had defined the bipartite double cover as a directed graph. However, here it
is easier to deal with undirected graphs, as since /-Cut is a symmetric predicate, the direction of
the edges makes no difference. Furthermore, notice that by the way the bipartite double cover is
constructed, removing the direction does not turn the graph into a multigraph.
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Now for any u,t € V and for any assignment A : V — [r], we have

P(A(u)vA(t)) =1 = {’UA(u)ﬂj;l(t)} € EP’T

= c(vaw) # C(qu(t))
= AV(u) # AV(t)
= (-Cut(AV(u), AV () = 1

Moreover, by the definition of the graph bipartite double cover, we have w(u,t) = w”(u, ")

for all u,t € V, implying that

Pa(Sos-- - Src1) =Pg(A) = > w(u, t)P(A(u), At))
(u,t)EE
= > w(u, t))-Cut(A7(u), A7(t')) = £-Cut, (g (A7)

(u,t")eEY

= €—Cut7(G)(U0, e Ugfl) = f—cut,y(g)(fp(S))

as required.

Now, a proper efficient colouring does not exist for any arbitrary bipartite graph. In the
remainder of this proof, we show that a proper efficient colouring exists if the auxiliary
graph GP7 arises from a predicate P which contains no singleton squares.

Consider the graph GP" for some predicate P which contains no singleton squares. Given
that for any B,C € ([g}) we have \P‘;Xo(l)\ % 1, for any by,by € V1, c1,c0 € Vo we
must have |E({b1,b2,c1,ca})| # 1, implying that GP" satisfies the conditions of Lemma
2.4.1. Therefore, the ¢ separate connected components which form its bipartite comple-
ment GP7 are complete bipartite graphs. Then, we can assign one of £ colours to each
connected component to get a proper efficient colouring for the graph G®7. Now, GP"
has a proper efficient colouring and hence we can construct a suitable map fp as specified

above, implying that P is indeed sparsifiable and that its sparsifiers have size (’)(E%) O

Theorem 2.4.1 (Main Classification Theorem). Let P : D? — {0,1} be a predicate.
Then P is sparsifiable if and only if for any subset B x C' C D? with B,C € (g)

is sparsifiable. Moreover, if P is sparsifiable, it has a sparsifier of size (9(6%)

, P ‘BXC

Proof. (<). Assume that for any B,C € (3), Py
1.2.6, |P\_;xc(1)| # 1 forall B,C € (?) This means that P contains no singleton squares,

is sparsifiable. Then, by Theorem

and therefore by Proposition 2.4.1, P is sparsifiable and its sparsifiers have size (’)(E%)
(=). Assume by contradiction that there exist B,C € (12) ) such that P IBxC is not sparsi-

-1 .
fiable. By Theorem 1.2.6, we must have ’P\on(l)’ = 1. Therefore, P\Bxc

predicate and hence P contains a singleton square. Then, by Corollary 2.2.2, P is non-

is a singleton

sparsifiable. O
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For

some predicates of specific support size, we can draw a conclusion on whether the

predicate is sparsifiable simply by inspecting the number of tuples in the support.

Theorem 2.4.2. For any predicate P : [r]?> — {0, 1},

1
2
3
4

. |P7Y(1)] =0 = P is sparsifiable
. 0< |[P7H(1)| < 7 = P is non-sparsifiable
. |P7Y1)] > r2 —2 = P is sparsifiable

. For all 1 < j <72 — 2, there exists a non-sparsifiable predicate P with [P~(1)| = j.

Proof of 1: Every sparse subgraph is an e-P-sparsifier .

Proof of 2: Suppose 0 < |[P7(1)| < r and assume by contradiction that P is sparsifiable.
Then, by Corollary 2.2.2, for all subdomains B x C' € (@)2 we have [P71  (1)| # 1. There

‘BXC

are two possibilities:

1

. There exist B,C € ([g]) such that [PT!  (1)] = 2. In this case, let B = {by,bs},
‘BXC

C = {c1,c2}, and suppose without loss of generality that P(b1,c1) = P(by,¢c2) = 1,
P(bg,c1) = P(b2,c2) = 02. Now consider the subdomains B x C, := {b1,ba} x {c1,z}

for all x € [r] \ {c1,c2}. Since we are assuming that \P‘_Bl o (1)] # 1, it must hold
xCy

that for all z € [r]\ {c1, ca} there exists some y € B such that P IBxC (y,x) = 1. But

this implies that |[P~1(1)| > (r — 2) + 2 = r which contradicts [P~'(1)| < r. Then, P

is not sparsifiable.

For all B,C € ([g}), P! C(l)] =0or |F>‘71 (1)| > 3. Now a simple double counting
X

' B BxC
argument gives

2
> P (1)|=4(fg)|P1(1)1=(7‘—1)2|P1(1)!

‘BXC
B.oe(y)

and so, if it were the case that for all B,C € ([g]), \P‘; C(l)| > 3, we would have
X

—1 1 -1 1 T 2 3 2
Pl (r—1)? Z([ ])|PBxc(1)| Sroig\e) Tam T vrz2
B,Ce(4

which again contradicts |P7!(1)] < r, so we can assume that there exists some
B,C € (%)) such that |P‘1Xc(1)| = 0. Let y € C. Then, for all " € (1) with

B
v € C’, we have |P‘*B1 o (1) < 2since P ‘Bxc/(b,v) = 0 forall b € B. But we assumed
X !
that [P7!  (1)] # 1,2 hence we must have P72 (1)] = 0 for all C” as above. Then,
|Bxcr |BxC

P(b,d) = 0 for all b € B and all d € D. Similarly, let 8 € B. Then, for all B’ € (1))

2The proof goes in the same way for P~'(1) = {(b;, ¢;), (bx,c)} for any other combination of
i,j,k, 0 € {1,2} with (i, 5) # (k, ©).
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. / —1 . _
with § € B’, we have |P\B’><C(1)| < 2 since P\B'xc(ﬁ’c) =0 for all c € C. But we

assumed that [PT1  (1)] # 1,2 hence we must have [P7!  (1)] = 0 for all B’ as
‘B’XC ‘B’XC

above. Then, P(d,c) = 0 for all ¢ € C and all d € D. Given that |P~1(1)| > 0, let

(z,y) € P~Y(1). Then, for b€ Bandce C, P (b} x {eg) is a singleton predicate and

therefore by Corollary 2.2.2, P is non—sparsiﬁablé, a contradiction.

Proof of 3: If |P~1(1)| > r2 — 2 , then for all B,C € ([g]) we have |P‘7]; C(l)| > 2. Then,
X

P IBxC is sparsifiable for all B,C € ([g]) and therefore by Theorem 2.4.1, P is sparsifiable.

Proof of 4: It is enough to choose P(0,0) = 1, P(0,1) = P(1,0) = P(1,1) = 0: any
such predicate must have |P~!(1)| < 72 — 2 and is non-sparsifiable due to containing the

singleton predicate P {0,1}x{0,1}" )

2.4.1 The Binary Product Predicate

Motivated by Filtser and Krauthgamer’s efforts to classify the binary Sum predicate [FK17,

Section 6.2], we consider the binary Product predicate
Prod” : [r]> = {0,1}, Prod’(z,y) =1 <= zy=a (modr)
for r > 3.

Corollary 2.4.1 (of Proposition 2.2.2, Corollary 2.2.2, and Theorem 2.4.1). Consider the
binary Product predicate Prody, : [r]? — {0,1}.

1. If a # 0 (mod r), then Prod], is strongly non-sparsifiable;
2. If a =0 (mod r) and k is not a prime, then Prod], is non-sparsifiable;

3. If a =0 (mod r) and k is a prime, then Prod], is sparsifiable.

Proof of 1: Since a # 0 (mod r), it holds that for all x € [r], Prod,(0, 2) = Prod],(z,0) = 0.
Moreover, Prod! (a,1) = 1 and so (Prod])~!(1) # 0. Then, 0 is an unused label and so by

Proposition 2.2.2, Prod] is strongly non-sparsifiable.

Proof of 2: Since r is not a prime, there exist x,y € [r]\ {0, 1} such that xy = r. Therefore,
zy = 0 = a (mod r) and so Prod}(z,y) = 1. Conversely, Prod}(z,1) = Prod}(1,y) = 0
since z # 0 (mod r) and y # 0 (mod 7). It follows that Prod”

al{La}x {1y}
predicate and therefore by Corollary 2.2.2, Prod], is non-sparsifiable.

is a singleton

Proof of 3: Notice that, since a = 0 (mod r) and r is a prime, Prod] (z,y) = a if and only
if x =0 (mod r) or y = 0 (mod r). Pick any 2 x 2 subdomain B x C € ([21)2 and let
B ={by,b2}, C ={c1,c2}. Now, if 0 € {b1, b, c1,c2}, we have |Prod2|§1xc(1)| > 2 and so
ProdZ‘BXc is sparsifiable. Else, if 0 ¢ {b1, b2, ¢1, c2}, we have that Prod;, (b, ¢;) # 0 (mod r)
for all 4,5 € {1,2}, hence |Prod;|;% ~(1)] = 0 and so ProdZ‘BXC is sparsifiable. Then, by
Theorem 2.4.1, Prod], is sparsifiable. 0
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2.4.2 The Binary Parity Predicate

In [FK17, Section 6.1], Filtser and Krauthgamer introduce the problem of sparsifiability of
the Parity predicate, which we define below. While we do not yet have results for the Parity

predicate of arbitrary arity, we can classify the binary Parity predicate on any domain.

Definition 2.4.2. The Parity predicate Par® : [r]* — {0,1} is the k-ary predicate which

satisfies i
Par’(zy,...,23) =1 <= inzo (mod 2).
i=1
The Imparity predicate Par! : [r]® — {0,1} is the k-ary predicate which satisfies
k

Parl(zy,...,2) =1 <= inzl (mod 2).
i=1

Corollary 2.4.2 (of Theorem 2.4.1). The binary predicates Par® : [r]> — {0,1} and
Par! : [r]> — {0,1} are sparsifiable.

Proof. Define the parity function h : [r] — {0,1}, h(x) = = (mod 2). Notice that
Par®(z,y) =1 < h(z) = h(y),

Par'(z,y) = 1 <= h(z) # h(y).

Pick any 2 x 2 subdomain B x C' € (@)2 and let B = {b1,b2}, C = {c1,c2}. Assume
by contradiction that Par(‘)BXC is a singleton predicate. Without loss of generality, take
Par’(by,c1) = 1 and Par®(by,ca) = Par(by, c1) = Par®(by,ca) = 0. Then we must have
h(b1) = h(c1), h(b1) # h(cz2) and h(c1) # h(b2), which by the pigeonhole principle implies
that h(b2) = h(c2), a contradiction. Therefore, Par(‘JBXC is sparsifiable for all B,C € ([g])
and so by Theorem 2.4.1, Par® is sparsifiable.

Similarly, assume by contradiction that Parl‘BXC is a singleton predicate. Without loss of
generality, take Par!(by, ;) = 1 and Par!(by, co) = Parl(by, ¢;) = Par!(ba, c2) = 0. Then we
must have h(by) # h(c1), h(b1) = h(c2) and h(ci) = h(by), which by transitivity implies
that h(b2) # h(cz), a contradiction. Therefore, Parl‘BXC is sparsifiable for all B,C € ([g])
and so by Theorem 2.4.1, Par! is sparsifiable. O

2.5 Tools and Techniques for Future Work

In this section we present a number of results which may be used as a tool for future research
to tackle the sparsifiability problem of non-binary VCSP classes. We first establish that
sparsifiability of multigraphs is equivalent to the sparsifiability of graphs with no multiple
edges. Subsequently we use graphs and multigraphs to prove some reduction techniques
between different VCSP classes.

26



2.5. TOOLS AND TECHNIQUES FOR FUTURE WORK

2.5.1 A Note on Multisets

To begin, we extend [FK17, Theorem 5.1] to non-Boolean, non-binary predicates. Our

proof is similar in spirit, but we add a necessary observation on the size of the sparsifier.

Proposition 2.5.1. Let Z € VCSP(I') be an instance with ¢ = |I'| constant. If all the
predicates occurring in the constraints of Z are sparsifiable, then for every € € (0, 1) there

exists an e-sparsifier of Z.

Proof. Let T = (V,1I,w) € VCSP(I") where I' = {Pj}§:1 for some constant £ and suppose
that Py,...,P, are sparsifiable. For each P; : DFi — {0,1} define

P .= {rcl:7=(eP,)}

for some e € V¥i. Notice that {IIs }g;l forms a partition of II. For each predicate P; we
further define
IPi = (V, 117 wP9)
where w7
Pi _ Py Pi : P, Pj P, Pi| _
Z.” = (V117 ,we’) be an e-Pj-sparsifier of ZW7. Recall that II.7 C II'7 and |II.7| =

O(\V\(K:ﬁ%), where K := I{I}axe}k We construct an e-sparsifier Z. = (V, I, w,) of
Je 9 Y

l
IL = | |2
j=1

= w[npj is the restriction of w to IIFi. Now each P; is sparsifiable, so let
T where

and
we(m) = wfj(ﬂ) for 7 € 17

Notice that I, = ugzlﬂgpj C I_Iezlﬂpj = II, and moreover

= e - Zo(’V|<K+210g|VD> (éwff;logrvn)

7=1 7j=1
V(K + log |V V(K +log |V
AL +20gy D) _ o WIKK + eIV
€ €
since ¢ is constant. Finally, given that for all j € {1,...,¢} and for all assignments
A:V — D we have P P € (1+ a)Pjij, notice that
l
Votr, (4) = 3 S Py = 3 5 Py (Ae)) = 3P o
welle j=1 j=1 rell P 7=1
l
€(l+e)) Pe, = (11@2 > wPi(m)Pj(A(n))
J=1 J=1 renPi
(1+e) ZZ’U} = (1+¢)Valz(A)
mell j=1
therefore, Z. is an e-sparsifier of Z. O
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The following propositions show that a predicate’s sparsifiability is not affected by the

constraint set being a multiset.

Proposition 2.5.2. Suppose Py,...,P,: D¥ — {0,1} are sparsifiable predicates and let
r= {Pj}§:1~ Then, for any instance Z = (V,II,w) € VCSP(T") where II is allowed to be

a multi-set and ¢ is constant, there exists a sub-instance Z. = (V, I, w.) with II. C II,

L] = @(%) and, for any assignment A : V — D,

Valr (A) € (1 £e)Valz(A).

Proof. Let T = (V,II,w) € VCSP(I') with IT a multiset. We construct a new instance
7' = (V,II',w') € VCSP(T') as follows. We let II' be the underlying set of II, that is, a set

where each element of II occurs exactly once. Further define the set
E:={ecV*:3jc{1,...,0}: (e,P;) € TI}.

For any k-tuple e € E and for any predicate P; we define the multiset Hepj ={rell:
7 = (e, P;)}. Notice that

V4 y4
UUHer:H and mﬂﬂsj:@

e€E j=1 e€E j=1

{Her 521 ccp forms a partition of II.

We define w’ : II" — R™ such that, for 7’ = (e, P;) € IT,
w'(x') =w'({e,P;)) == > w(m)
TI'GH:j

essentially, the sum of the weights of all the constraints that have the same scope and are

subject to the same predicate as 7’. Now, for any assignment A : V — D,

Vap(A)= 3 w/@PAE) = Y (D wm)PiAE)

wZeP)) wilepy) Tl
= > w(mP;(A(r)) = Valz(A)
mell
7T:<67Pj>
Now the only predicates appearing in the constraints of Z’ are P, ..., Py, which are assumed

to be sparsifiable. Hence by Theorem 2.5.1, there exists an e-sparsifier for Z’, which we

denote by Z/ = (V,IIL,w.). Then, for any assignment A : V' — D, we have
Valzé (A) S (1 + a)ValI/(A) = (1 + €)ValI(A).
4

Notice that IT. € II' C II and |II,| = O(L—Q), therefore, Z. is also an e-sparsifier for Z. O
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Proposition 2.5.3. Suppose P : D — {0,1} is resistant to sparsification. Then, for
any weighted directed k-uniform multihypergraph H = (V, E,w), H does not have an

e-P-sparsifier.

Proof. Let H = (V,E,w) be a weighted directed multihypergraph. We introduce the
notation DH(n), DH™(n) to denote the set of directed hypergraphs and multihypergraphs
respectively on n vertices. We define a function ® : DH™(n) — DH(n) such that for
H = (V,E,w) € DH™(n) we have

®(H) = (V,E®,w®)

where E?® is the underlying set of E. For any hyperedge e = (v1,...,v;) € E we define the
multiset E, :={f € E: f = (v1,...,v;)}. Notice that {E}ccr forms a partition of .
We define w® : E® — RT such that, for e € E?,

feEe.

essentially, the sum of the weights of all hyperedges on the same k-tuple in E. Notice that,
by the construction of ®, we must have |E®| < |E| and, for any assignment A : V — D,

Valgn(4) = > w(@P(A) = > (Y w(h)P(A(e)

ecE® ecE® feE.
=Y w(f)P(A(f)) = Valy(A)
fEE

by noticing that P(A(f)) = P(A(e)) for all f € E. and for all assignments A.
Now suppose by contradiction that H. = (V, E., w,) is an e-P-sparsifier of H, and consider
®(H.) = (V,E2,w?). Notice that

E® c E?,

IVI(’erlog\V!))
g2

B < |B.| = O
and, for any assignment A : V — D,
Valgg.y(A) = Valg, (A) € (1 £e)Valpy(A) = Valg (A)
implying that ®(H;.) is an e-P-sparsifier of ®(H), which is a contradiction as ®(H) €
DH(n) is a regular hypergraph and P is resistant to sparsification on hypergraphs. O
2.5.2 Map Reductions

In this section we present a number of results aimed at proving sparsifiability of predicates
of higher arity by showing that they are reducible to other predicates of possibly different

arity and domain.
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Proposition 2.5.4. Let P : D¥ — {0,1} and P’ : D’* — {0,1} be predicates. Suppose
there is a map h : D' — D such that for all 21,...,z; € D’ we have

P’(xl,...,a:k)zl s P(h(xl),...,h(xk)):l.

Then, P is sparsifiable implies that P’ is sparsifiable.

Proof. Suppose that P is sparsifiable. We need to prove that P’ is also sparsifiable. Since
P is sparsifiable, for any weighted directed k-uniform hypergraph H = (V, E,w) and for

any € € (0,1) there exists an e-P-sparsifier H. = (V, E;,w.) with E. C F and |E;| =

(’)(M(kt#w) such that, for any assignment A :V — D,

Valy, (A) € (1= ¢)Valg(A).

Claim 2.5.1. H. is also an e-P’-sparsifier.
Proof. For any assignment A’ : V' — D', define the assignment
A:V =D, A(w)=h(A(v)) forvelV.

Then,

eceE ecE
=Y _w(e)P(A(e)) = Pu(A)
eclk

and similarly P} (A’) = Pg.(A), so that
H(A") =Pp.(A) € 1+)Py(A) = (1 £&)Py(4A)
which implies that H, is an e-P’-sparsifier of H. O
O

Remark 2.5.1. Given Proposition 2.5.4, one could conjecture that every sparsifiable pred-
icate on any domain can be reduced to a Boolean sparsifiable predicate via a map. However,
this does not hold. For instance, 3-Cut : {0,1,2}? — {0,1} is sparsifiable (Proposition
1.2.1), but there is no map h : {0,1,2} — {0,1} and predicate P : {0,1}? — {0,1} as

described above. Indeed, if such h existed, we would need
P(h(z),h(z)) =0 for all z € {0,1,2}

and
P(h(x),h(y)) =1 for all z # y.

But by the pigeonhole principle, we must have that for some x,y € {0,1,2}, h(z) = h(y)
and hence P(h(z),h(y)) = P(h(x), h(x)) = 0, a contradiction.
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Remark 2.5.2. The conditions of Proposition 2.5.4 are not sufficient to show the converse,
i.e., that P’ is sparsifiable implies that P is sparsifiable. To illustrate this we provide a

counterexample. Consider the predicates
P=And:{0,1}2 = {0,1} P(z,y)=1 = z=y=1

and
PP=T:{0,1)2 > {0,1}, Pl(a,y)=1 Va,ye {0,1}.

Define the map h : {0,1} — {0,1}, A(0) = h(1) = 1. It can be easily verified that
P'(z,y) =1 <= P(h(z),h(y)) = P(1,1) = 1, hence all the conditions of Proposition
2.5.4 hold. However, P’ = T is sparsifiable, but P = And is not.

Remark 2.5.3. In Proposition 2.5.4, it is not sufficient to relax the condition
P'(z,y) =1 <= P(h(z),h(y)) =1

to
P'(z,y) =1 = P(h(z),h(y)) = 1.

To illustrate this we provide a counterexample. Consider the predicates
- 2
P=1:{0,1}* —{0,1}, P(z,y)=1 Vz,y€{0,1}

and
P'=And:{0,1}*> = {0,1}, P(z,y)=1 < z=y=1.

Then, any map h : {0,1} — {0, 1} satisfies P'(z,y) =1 = P(h(z),h(y)) = 1. However,
P—Tis sparsifiable, but P’ = And is not.

Remark 2.5.4. In Proposition 2.5.4, it is also not sufficient to modify the condition
P'(z,y) =1 <= P(h(z),h(y)) =1
to the existence of two maps
h:D' ' —D, g:D—D
such that
P'(z,y) =1 = P(h(z),h(y)) =1 and P(z,y) =1 = P'(g(2),9(y)) = 1.
To illustrate this we provide a counterexample. Consider the predicates
P=T:{0,1}2>{0,1}, P(z,y)=1 Va,ye{0,1}

31



CHAPTER 2. COMBINATORIAL SPARSIFICATION

and
P'=And:{0,1}*> = {0,1}, P(z,y)=1 <= z=y=1.

Then, any map & : {0,1} — {0, 1} satisfies P'(z,y) =1 = P(h(x),h(y)) = 1. Moreover,
define the map g : {0,1} — {0,1}, ¢g(0) = ¢g(1) = 1. Notice that P(z,y) = 1 implies
P (g(x),g(y)) = And(1,1) = 1. However, P = 1 is sparsifiable, but P’ = And is not.

]

Notation. For a set U € DF and a map h: D — C, we define

h(U) :={(h(u1),...,h(ug)) : (u1,...,ux) € U}.

Corollary 2.5.1. A permutation on the arguments of P does not affect sparsifiability.

Proof. Suppose D = [r] and let 0 € S, be a permutation of the elements of D. Let
P: DF — {0,1} be a predicate and define Q : D¥ — {0,1} such that Q" *(1) = o(P~1(1)).
Notice that then o : D — D is such that, for all x1,...,xr € D,

P(z1, - ,2r) =1 <= Q(o(x1), -+ ,0(zx)) =1

and hence by Proposition 2.5.4, Q is sparsifiable implies P is sparsifiable.
Moreover, permutations on finite sets are bijections and hence ¢ has an inverse o~ : D —
D. Then,

Qa1+ 2x) =1 < Qo(o (21)), -, o(0 ™ (zr))) = 1

= P(O’il<1‘1),- .- ,Uﬁl(xk)) =1

and hence by Proposition 2.5.4, P is sparsifiable implies Q is sparsifiable.
Therefore, P is sparsifiable if and only if Q is sparsifiable.
O

Proposition 2.5.5. Let P : D* — {0,1} and P’ : D’ **1 — {0, 1} be predicates. Suppose
there is a map h : D’ — D such that for all z1,...,z4,2 € D/,

P'(z1,...,2k,2) =1 < P(h(z1),...,h(zg)) = 1.
Then, P is sparsifiable implies that P’ is sparsifiable.

Proof. Suppose that P is sparsifiable. We need to prove that P’ is also sparsifiable. For
any weighted directed (k + 1)-uniform hypergraph H' = (V, E’,w’) we can construct a
corresponding k-uniform multihypergraph H = (V, E,w) as follows. Define an injective

map

¢:E —E, ¢y, 01) = (V1,...,08).

We define E := ¢(E’) to be the image of this map. Notice that due to the construction of

¢, E is possibly a multiset. However, since we assume that P is sparsifiable, Proposition
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2.5.2 implies that the argument used in this proof is still valid. Similarly, w : £ — RT is
defined such that w(¢(e’)) = w'(e’) for any hyperedge ¢(¢’) € E.

Now, assuming that P is sparsifiable, let H. = (V, E., w.) be an e-P-sparsifier of H. From
H., we construct a partial subhypergraph H. = (V, EL,w.) of H', where

E.={c € E': ¢(¢') € E:}

and
wl(e') = we(g(e')) for any €' € EL.

Notice that E. C E’ and that |E.| = |E.| = O(WM) = O(w),

: D
Claim 2.5.2. H! is an e-P’-sparsifier of H'.
Proof. For any assignment A’ : V' — D', define the assignment

A:V =D, A(w)=hA(v)) forvelV.

Then,

e'eFE’ e'eE’
= > w(@(e)P(A(¢(e)) =Y w(e)P(A(e)) = P (A)
e'cE’! eeE

and similarly P}{é (A) =Py (A).
Recall that, since H. is an e-P-sparsifier of H, for any assignment A : V — D we have

PHS (A) c (1 + €)PH(A),

therefore
i (A") =Pu.(A) € 1 +e)Py(A) = (1 £¢)Pp (A

which implies that H. is an e-P’-sparsifier of H'. O
O

In what follows we extend Proposition 2.5.5 to more general predicates P’ : D' ¥+t — {0,1}
for any t € N.
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Proposition 2.5.6. Let P : D¥ — {0,1} and P’ : D' *+* — {0,1} be predicates. Suppose
there is a map h : D' — D such that for all z1,..., 2, 21,...,2 € D/,

P’(xl,...,mk,zl,...,zt):1 <~ P(h(xl),,h(xk)):l

Then, P is sparsifiable implies that P’ is sparsifiable.

Proof. By induction on ¢.

The case t = 1 follows immediately from Proposition 2.5.5. So suppose that the statement
holds for all t < s — 1. We need to prove that it holds for ¢t = s. We assume that there is
amap h: D' — D such that for all z1,..., 2, 21,...,25 € D',

P'(z1,..., Tk, 215+, 25) =1 <= P(h(x1),...,h(xy)) = 1.

Notice that the value of P'(y1,...,yrss) is entirely determined by its first k& arguments:
then, for any d,d’ € D', we have that P'(y1,...,ykts—1,d) = P'(y1, ..., Yps+s-1,d). We
denote this value by P'(y1,..., Ykis_1,9).

Define a new predicate P” : D' — {0, 1}F+s~1

P (1, oy Ukts—1) = P' (Y1, -+, Ykts—1,0) for all y1,...,ykts—1 € D"

Notice that then, for all z1,..., Tk, 21,...,2s € D/,
P(h(z1),...,h(zg)) =1 = P'(21,..., 28,215+, 25-1,25) = P'(21, ..., 28,21, ..., 25_1,0) = 1
— P"(xq,... 10,21, 251) = 1

so by the induction hypothesis,
P is sparsifiable == P” is sparsifiable. (2.1)

Now consider the predicates P” : D' *+s=1 — [0,1}, P’ : D' *+5 — {0,1}, and define the
map h' =idp : D' — D'. Then for any x1,..., 2511 and any z € D’ we have

P"(h(z1),..., W (xhys-1)) =P"(21,...,2p3s-1) =1 <= P'(x1,..., 20445 1,2) =1
and hence by Proposition 2.5.5,
P” is sparsifiable = P’ is sparsifiable. (2.2)
Putting together (2.1) and (2.2), we obtain that

P is sparsifiable = P’ is sparsifiable.
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Proposition 2.5.7. Let P : D* — {0,1} and P’ : D’ *=1 — 0,1} be predicates. Suppose
there is a map h : D’ — D such that for all z1,...,7,_1,y € D’ it hold that

P’(xl, ... ,xk,l) =1 «<— P(h(.%'1>, ... ,h(l‘k,l), h(y)) =1.

Then, P is sparsifiable implies that P’ is sparsifiable.

Proof. Suppose that P is sparsifiable. We need to prove that P’ is also sparsifiable. For
any weighted directed (k — 1)-uniform hypergraph H' = (V, E’,w') we can construct a cor-
responding k-uniform hypergraph H = (V, E,w) as follows. Pick some arbitrary variable
u € V and define a map

du: B = E, ¢u(v,...,v5-1) = (U1, .., 0p_1,).

We define E := ¢,(E’) to be the image of this map. Similarly, w : E — R™ is defined such
that w(¢y(e')) = w'(e’) for any hyperedge ¢, (¢') € E.

Now, assuming that P is sparsifiable, let H. = (V, E., w.) be an e-P-sparsifier of H. From
H., we construct a partial subhypergraph H. = (V, EL,w.) of H' where

E.={ € E : ¢u() € E:}

and
wl(e') = we(¢y(e')) for any €’ € EL.

£

Notice that E. C E’ and that |E.| = |E.| = O(w) = O(M),

S

: D
Claim 2.5.3. H! is an e-P’-sparsifier of H'.

Proof. For any assignment A’ : V' — D', define the assignment
A:V =D, A(w)=h(A(v)) forvelV.
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CHAPTER 2. COMBINATORIAL SPARSIFICATION

Then,

e'er’ e'eE’!
= > w(du(€))P(A(Bu(€)) = Y w(e)P(A(e)) = Pu(A)
e/€E’ eeFR

and similarly P}I; (A) =Pg.(4).

Recall that, since H. is an e-P-sparsifier of H, for any assignment A : V — D we have
Pu.(A) € (1+e)Pu(A),

therefore
w(A) =Pr.(A) € 1+e)Pr(A) = (1£e)Py (4)

which implies that H. is an e-P’-sparsifier of H'. O

36



Chapter 3

Spectral Sparsification

3.1 Spectral Sparsifiers and Continuous VCSPs

In previous sections we have discussed extensively how valued CSPs are essentially weighted
directed hypergraphs augmented by some relations on the hyperedges. When we restrict
ourselves to instances Z € VCSP(P) where P is binary and symmetric, we are essentially
looking at weighted undirected graphs whose edges are all subject to the same predicate.!
As mentioned in Section 1.2, there are two main approaches to graph sparsification. The
first, which we have implicitly referred to throughout Chapter 2, is Bencziar and Karger’s
Combinatorial Sparsification [BK96], which achieves sparsifiers of size quasilinear in n.
On the other hand, the notion of Spectral Sparsification has recently proved to be very
fruitful for finding linear sparsifiers. It was first introduced in 2011 by Spielman and Teng
[ST11]. Successively, Batson, Spielman and Srivastava [BSS12| gave a construction of a
Spectral Sparsifier that is the first deterministic graph sparsifier of linear size. In this
section, we define the concept of spectral sparsification, and show that two continuous
binary predicates admit a spectral sparsifier. To the best of our knowledge, this is the first

attempt towards sparsification of continuous VCSPs.

Definition 3.1.1. Let G = (V, E,w) be an undirected positively weighted graph on n

vertices. Define
UJ({UZ‘,UJ‘}) if {Ui7vj} € Ea

wij =
0 otherwise.

Let Ag = (aij):jzl = (wij)ijl be the weighted adjacency matrix of G and Dg = (dij)zjzl

!The equivalence is given by considering the underlying directed graph of Z, ignoring the direc-
tion of each edge, and - given that the resulting graph is possibly a multigraph - substituting for
each set of edges between vertices u and v a single undirected edge with weight equal to the sum
of the weights of said edges. It is straigthforward that the value of the resulting undirected graph
under any assignment corresponds to the value of Z under the same assignment.
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CHAPTER 3. SPECTRAL SPARSIFICATION

be the diagonal matrix of weighted degrees, where

> wi  ifi=j

di]’ = < {vi,vr}EE

0 otherwise.

The Laplacian of graph G is defined as
Lo :=Dg— Aq.

Definition 3.1.2. Let G = (V, E,w) be an undirected positively weighted graph on n
vertices. Define the weighted adjacency matrix Ag and the diagonal matrix of weighted
degrees D¢ as in Definition 3.1.1. The Negated Laplacian of G is defined as

Ug:=Dg+ Ag.
Notice that, since for an undirected graph w;; = wj;, Ag,Lag,Ug and trivially Dg are

symmetric matrices.

Definition 3.1.3. Let x > 0. We say that H is a k-approzimation of G if, for all x € R™,
:BTLGx < a:TLH:L’ <K- xTLGx

where Lg and Ly are the Laplacians of G and H respectively.

Definition 3.1.4. An e-spectral-sparsifier of a graph G = (V, E,w) is a subgraph H =
(V, E;,we) with |E,| = O("t’#) that is an (1 4 ¢)-approximation of G.

The following result is due to Batson, Spielman and Srivastava:

Theorem 3.1.1 (|[BSS12|, Theorem 1.1). For every d > 1, every weighted undirected graph
G = (V, E,w) on n vertices has a reweighted subgraph H = (V, F, @) with |F| = [d(n—1)]
that satisfies

d+1+2Vd

T T
xLxSxLxg(i
“ " d+1—2vd

) 2l Lax YV € R".

For completeness, we now prove two well known technical results.

Proposition 3.1.1. For all weighted undirected graphs G and for all x € R™ it holds that

2T Lgx = Z wij (2 — )%
{’Ui,’Uj}EE

Proof. Denote Lg = (&j)zjzl and recall that ¢;; = d;; — a;;, implying that

dii ifi=j
b = J
—Qjg5 if 4 75 j
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Then
TLGx = ZZQE xil;; = Zmlznj&] + ZZZ‘ xili; = Z:L’ di; — ZZJ:lmJaU
i=1 j=1 i=1 j=1 =1 j=1
i= =i JFi JFi
n
= fo( Z ww Z le%wm = Z Z ww xixj)
=1 {vi,v;}€E =1 j=1
J#i {ul,vj}eE
1 n n
= 5(2 Z wij (z7 — z25) + Z Z wji (x xzmj)>
= {viioy )€ Yoy ieE
1 - 1 - 5
:§< Z ww( 2x1x]+x)>:§< Z wij(a:if:pj)>
{vii,gﬁleE {vzz,;JZ}IEE
1 - 2 = 2
=52 Y wilw-w)?) = Y wyle-a)”
{vi,vj}GE {vi,vj}EE

O

Proposition 3.1.2. For all weighted undirected graphs G and for all z € R™ it holds that

eTUgqe = Z Wi (w; + x5)%
{’l}i,’l)j}GE

Proof. Denote Ug = (uij);l,jzl and recall that u;; = d;; + a;j, implying that

dii ifi=j
ui]’ =
Qi if ¢ 75 ]
Then
2 Ugz = Z szazjuw = szx]uw + Z Zazzx]u” = ZxQdu + Z szxjaw
i=1 j=1 i=1 j=1 i=1 j=1
i= 3 J#i J#i
n
=> (D wy —i—Zszx]ww —Z Z wij (27 + xi75)
i=1 {vi,v;}€E i=1 j=1 J=
Ve {vl ’U]}GE
= (Z Z ’LUz] l‘ +l'7,l'j + Z Z UJ]@ ZE +IL‘1$]))
{UZ,]’UJ}GE {v] ,ZUZ}EE
1 n ) ) 1 n )
= 5( Z wij(xi +2xixj+a:j)) = 5( Z wij(a:i—i—:cj) )
{orn,}eE {vei,YeE
1 = 2 a 2
= 5(2 Z Wij (CCZ + xj) ) = Z Wi (.TZ + SUj) .
{Uiﬂ)j}EE {’l}i,’l}j}EE
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CHAPTER 3. SPECTRAL SPARSIFICATION

Now consider the continuous predicates
P[0, = (0,77, P"(x,y) = |z — yf?

and
Q" :[0,7]* = [0,47%], Q" (z,y) = |z +y|-

Note that, due to the codomain being continuous, we can no longer view the predicate as

a relation, nor do we have a well defined notion of a constraint being “satisfied”.

Proposition 3.1.3. P is sparsifiable for all » € R™.

Proof. Recall that, by Proposition 3.1.1, for all graphs G and for all x € R"™ we have

Let A:V — [0,7] be an assignment on the vertices of G and ¢ € [0,7]" be the vector
defined by qbf = A(v;). Then for all weighted undirected graphs G, we have

(¢ Lagt = Z wij (67 — ¢7)? = Z wij(A(vi) — A(vy))?

{Ui,Uj}EE {Uiﬂ.}j}GE
= > wiP (AW, Avy) = Y w(e)P"(A(e)) = Pg(A).
{vi,v;}€E ecE

So, by choosing
e2+8+8+4(2+¢e)Ve+1
2 )

d=
9

we get d > 1 and % = 1+e. We can then apply Theorem 3.1.1 to obtain a subgraph

H of G with [d(n —1)] = O(%) edges such that,for all assignments A : V — [0,7],
PG(4) = (6" Lao™ < (61 Luo™ < (1+e)(¢") Lag™ = (1+2)P5(A)
and hence
Ph(A) = (6" Lug” € (PG(A), (1 +)PG(4)) C (1 £e)P(A)
implying that H is an e-P"-sparsifier of G. O
Definition 3.1.5. A matrix M = (m;;)}';—; € R" is said to be Balanced Symmetric
Diagonally Dominant (BSDD) if M = MT and

Yien my;= Z |m,]]
J#
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Definition 3.1.6. A matrix M’ = (mj;);';_; is said to be governed by a matrix M =
(mij)ijl if

mi; #0 => mi; #0 and  my; - my > 0.

The following theorem, presented in [FK17], is originally due to Andoni et al. [ACK™16].

Theorem 3.1.2 (|[FK17],Theorem 6.4). For every BSDD matrix M and every € € (0, 1)
there exists a BSDD matrix M’ which is governed by M, has (9(5%) non-zero entries, and

satisfies
e M'z € (1+e)a" Mz for all z € R™.

The following proposition is an adaptation to continuous predicates of the UnCut spectral

sparsifier construction described in [FK17, Section 6.4].
Proposition 3.1.4. Q" is sparsifiable for all r € R™.

Proof. Recall that, by Proposition 3.1.2, for all weighted undirected graphs GG and for all
x € R™ we have
2T Uqe = Z wi;(w; + x5)%
{vi,v;}€E
Let A:V — [0,7r] be an assignment on the vertices of G and ¢ € [0,7]" be the vector
defined by ¢¢A = A(v;). Then for all weighted undirected graphs G we have

(¢ Ugo™ = Z wi (67 + ¢7)? = Z wi (A(vi) + A(v)))?

{vi v }EE {viv;}eE
= > wyQ(A(w), A(vy) = Y w(e)Q (A(e)) = QG(A).
{vi,vj}EE eck

Noticing that Ug is BSDD and that if H is a subgraph of G than Uy is governed by Ug,
we can apply Theorem 3.1.2 to show that there exists a BSDD matrix U, with (’)(6%)

non-zero entries which is governed by Ug such that
ULz € (1 +£e)aTUgr  for all z € R™.
Notice that U/, defines a subgraph G. = (V, E., w.) of G such that
B = {{vi,v;} : (Ug)ij > 0}

and

we({vi,v3}) = (Ug)ij-
Then, Uf, = Ug, and, for any assignment A : V' — [0, 7],

Q. (4) = (#") Ug.0” € (1 £)(¢") Ugd™ = (14 £)Q(4)

implying that G. is an e-Q"-sparsifier of G. 0
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CHAPTER 3. SPECTRAL SPARSIFICATION

3.1.1 Applications of Spectral Sparsification

In this paragraph we propose a possible application of the continuous VCSP spectral
sparsifiers found in Section 3.1.

Suppose we have a Directed Acyclic Graph (DAG) G = (V, E,w) which models a set of
tasks. More specifically, each edge represents a task, where the tail of the edge represents
the start of the task and the head of the edge represents the end of the task. Let e;; denote
edge (v;,v;). If e;; and e;; belong to E, this means that task e;; and task e;; must start
at the same time, and similarly if e;; and e;; belong to E, this means that task e;; and
task ej; must end at the same time. If e;; and e;; belong to E, this means that task ey
must start exactly when task e;; is completed. The fact that G is acyclic prevents any time
paradox in this representation. The weight of each edge represents the absolute cost of
keeping the corresponding task “active” - that is, maintaining a task that has been started
but not completed - per unit time. For instance, a task might represent transporting some
frozen goods from one place to another. The weight of the task represents the cost of the
energy needed to keep the goods frozen for a day.

Consider some domain D which represents a period of time starting at min{d € D} and
ending at max{d € D}. The problem is to find an assignment of the vertices in V' to D
that indicates when tasks start and end, and which minimises the total cost of the task set.
Notice that D can be discrete (and hence an assignment A would indicate, for instance,
that tasks e;; and e;; must begin on day A(v;) = 1) or continuous. Since G is acyclic, it
has a topological sort and hence such an assignment exists. Notice that the topological
sort may not be unique.

Now, the time during which task e;; is “active”, and hence the time during which we must
calculate its cost, is given by |A(v;) — A(v;)|. More formally, we want to find an assignment
A:V —[0,r] for some r € RT such that

Z w(ei)| A(vi) — A(vy)]

eijEE

2

is minimised. Given that f(z) = x* is monotone increasing on = > 0, we have that

Z w(ei;)|A(vi) — A(vj)| is minimised <= Z w(eij)|A(vi) — A(vj)|? is minimised.
Ci]'GE ei]'EE

Notice that

> wley)|Av) = A(w))]* = Y wlei)PT(Alvi, v)) = PG (A).

eijEE eijEE

Then, if we have a sparse subgraph G. such that Pg;_(A) € (1 £¢)P5(A) for some small
€ € (0,1), we can find all topological sorts A on G, calculate miny Pg_(A), and use such
A on G, which gives us the (approximately) minimum value of Py;(A). Given that finding
a topological sort has a O(n 4+ m) runtime, using a graph sparsifier gives a new runtime of

On+%)=0(%).

2
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Chapter 4

Conclusion

In this dissertation we have tackled the question posed in [FK17| of identifying which
classes of VCSP instances admit sparsification. We have successfully solved the problem
for binary discrete predicates by proving a necessary and sufficient condition for a binary
predicate to be sparsifiable. We have further identified two continuous binary predicates
which admit a spectral sparsifier. A number of open questions naturally arise from our

work.

First, more work needs to be done towards a full classification of non-binary VCSPs accord-
ing to sparsifiability. We have already made some steps in this direction: Proposition 2.1.1
together with Theorem 1.2.2 show that the class of k-ary predicates that can be rewritten
in terms of the k-ary cut predicate NAE is sparsifiable. On the other hand, Corollary 2.2.1
defines a whole class of predicates that cannot be sparsifiable, namely those that contain
a singleton /-cube for some constant £. However, there are predicates which do not fall in
either of these categories, so new techniques are needed to tackle this problem. We hope
that the results we present in Section 2.5 will prove useful in this direction.

A potential approach would be to develop new combinatorial sparsification techniques, not
reliant on reduction to cut sparsifier, in order to encapsulate those predicates that may be
sparsifiable but cannot be reduced to a hypergraph cut. The k-ary Parity predicate is an
example of such a predicate.!

Another promising approach is to find methods to reduce a k-ary CSP to a binary one,
where the classification problem is fully solved. Efforts in this direction - although not with
the sparsification problem in mind - where made by Cohen et al. [CCJ*17], who showed
that every VCSP instance can be converted to an equivalent VCSP instance which only
uses unary and binary constraints via a transformation which relies on the dual encoding of
the underlying hypergraph. However, all non-trivial unary constraints are non-sparsifiable
(as we could see them as containing a singleton point), making this transformation diffi-
cult to use for positive results. Moreover, the number of vertices in the dual encoding of

a hypergraph is actually |V| + |E|, meaning that the graph sparsifier of such graph would

LA detailed proof that Parity is one such predicate can be found in Appendix C.
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CHAPTER 4. CONCLUSION

need to be sublinear in its number of vertices in order to produce a valid sparsifier of the
original hypergraph. We know that the general lower bound for graph sparsification is
O(E%), however it is possible that certain classes of graphs admit a sparsifier of sublinear
size.

A final approach is that of finding a suitable generalisation of the graph Laplacian to hy-
pergraphs and work with this to extract more spectral sparsification results. Although the
spectral theory of hypergraphs is still not well understood, recently Chan et al. [CLTZ18|
have proposed a hypergraph Laplacian operator which generalises the graph Laplacian,

and which could be taken as a starting point for future work in this direction.

Another interesting question altogether is that of understanding the nature of the “gap”
between sparsifiable and non-sparsifiable predicates. While we know that for the binary
case the classes of not sparsifiable and non-sparsifiable predicates coincide, and hence
resistance to sparsification is a special case of non-sparsifiability, the distribution of the
k-ary predicates that are not sparsifiable is not well understood. At the moment, we are

not aware of any predicate which is provably neither sparsifiable nor non-sparsifiable (that
14

2 ) but are also

is, whose e-sparsifiers have all size asymptotically strictly larger than @(
possibly of size o(|V'|¥). However, we have no proof that such a predicate does not exist.
While Proposition 2.2.1 gives lower bounds for the size of the sparsifier of the class of
predicates which contain singleton f-cubes, we do not know whether those bounds are

tight.

Finally, we have made the first steps towards the sparsification of continuous VCSPs by
means of a spectral sparsifier construction. Whether there are other continuous predicates
which admit a sparsifier, spectral or not, is still unknown. To tackle this problem, one could
begin by analysing which properties of the predicate - such as continuity and submodularity

- affect the sparsifiability of the corresponding VCSP class.

To conclude, given that making use of cut sparsifiers has proved to be advantageous in a
variety of fields in Computer Science, we believe that extending the sparsification frame-
work to general valued CSPs will not only prove to be an interesting theoretical question,
but also represent a crucial advancement in the efficient approximate solution of a number

of practical problems.
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Appendix A

A.1 A Generalised Definition of Valued CSP

The following generalised definition of a VCSP is given in [RNO03].
An instance of a Valued Constraint Satisfaction Problem (VCSP) is a quadruple

T = (V,D,1I,w)
where
o V ={vy,...,v,} is a set of variables,
e D={Dy,...,D,} is a set of domains, one for each variable,
o I ={m,...,mn} is a set of constraints,

e w:II - RT is a strictly positive weight function on the set of constraints.

Each domain D; consists of the set of values that variable v; is allowed to take. Each
constraint m; € II consists of a pair (scope, rel) where scope = v € V¥ is an ordered k-tuple
of distinct variables and rel is a k-ary relation on the cross product of the corresponding
domains. We take k to be constant. A relation rel with scope (u1,...,ux) € V* can be

seen as a k-ary function

P:D(up) x ... x D(ug) — {0,1},

P((z1,...,21)) =1 < (z1,...,2%) €rel C D(uq) x ... x D(ug)

where D(u;) is the domain of variable u;. An assignment is a function which maps each

variable to a particular value in the corresponding domain: that is, a map

A:V = | JD; suchthat A(v;) € D; fori=1,...,n. (A1)
=1

Given a tuple v = (ug,...,u) € V¥ and a predicate P : D(u;) x ... x D(uz) — {0,1}, we
say that m = (v, P) is satisfied by an assignment A : V' — U, D; if P(A(u1), ..., A(ug)) = 1.
The value of an instance Z under assignment A is defined exactly as in Section 1.1. Simi-

larly, an e-sparsifier is defined as in Section 1.1, with the exception that assignments must

satisfy property (A.1).
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Remark A.1.1. If 7 = ((uy,...,ux),P) is a contraint in 7 and D(P) is the domain of P,
then we must have D(u1) % ... x D(ux) C D(P).

Definition A.1.1. We say that a predicate P : D(P) — {0,1} is sparsifiable if for all
e € (0,1) and for all instances Z = (V, D,II,w) € VCSP(P) there exists an e-sparsifier Z.
of 7.

Definition A.1.2. We say that a k-ary predicate P : D(P) — {0,1} is non-sparsifiable
if there exists an instance Z = (V, D,II,w) € VCSP(P) and an € € (0,1) such that all
sub-instances Z. = (V, D, TI. C II,w) of Z with property (1.1) have |II| = Q(|V|¥).

Definition A.1.3. We say that a predicate P : D(P) — {0, 1} is strongly non-sparsifiable
if for all instances Z = (V, D,II,w) € VCSP(P) there exists an ¢ € (0,1), such that all
sub-instances Z. = (V, D,II. C II, w) with preperty (1.1) have |II;| = Q(|1I]).

Definition A.1.4. We say that a predicate P : D(P) — {0, 1} is resistant to sparsification
if for all instances Z = (V, D, II,w) € VCSP(P) that are not sparse there exists an ¢ € (0, 1)

such that Z does not have an e-sparsifier.

A.2 Extending Results

In [FK17], Filtser and Krauthgamer show that, if B = C = {0,1}, a binary predicate
P: B x C — {0,1} is sparsifiable if and only if [P71(1)| # 1. We want to generalise this
result to arbitrary binary predicates P : B x C' — {0, 1} where |B| = |C| = 2.

Proposition A.2.1. Let P : B x C — {0,1} be a predicate with |B| = |C| = 2. If
IP~1(1)| = 1, then P is non-sparsifiable.

Proof. Suppose B = {b1,b2}, C = {c1,c2} and assume without loss of generality that
P=1(1) = {(b1,¢1)}. Consider the VCSP instance Z = (V, D, II,w) where

e V=RUS, R= {rl,...,r%}, and S = {31,...,3%} for some even n € N;

e D={B,C}, D(r)=Bforallr e R, D(s)=C forall s € S;

o II = {my :=((ri»s;),P) 4,5 €{1,...,5}}.
Notice that |[TI| = ”72. Also notice that the set B N C' may or may not be empty, however
we do assume that by # by and ¢y # cs.

such that

co for all

Now consider the family of assignments A;; : V. — BUC for i,j = 1,...,
Aij(ri) = bl, Aij(Sj) = (i, and Aij(T’) = b2 fOI‘ all r e R\{T’Z}, Aij(s)
s € S\ {s;}. Then, we have

n
2

( )=1 ifu=ry,v=s;

( )=0 ifu=r;,ves\{s;}
P(ba,c1) =0 ifue R\ {ri},v=s;

( )=0 ifue R\ {r;},ve S\ {s;}

P(Aij(u,v)) =
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Therefore,

Valz(Aij) = > w(m)P(Aij(m)) = w(mg) > 0

mell

and hence if Z. = (V, D,Il;, w.) is an e-sparsifier of Z, we must have that m;; € II. for all

1,7 =1,...,n, otherwise we would have
VCLZIE(AZ']‘) = Z wg(Tr)P(Aij(ﬂ')) =0 Qé (1 + E)VCLZI(AZ']‘).
mwelle

Therefore we must have II. = II and hence |II;| = |[II| = %2 = Q(n?), implying that P is

non-sparsifiable. O

Proposition A.2.2. Let P: B x C — {0, 1} be a binary predicate with |B| = |C| = 2. If
IP~L(1)| # 1, then P is sparsifiable.

Proof. (Adapted from Theorem 1.2.4.) Consider an instance Z = (V, D, II,w) € VCSP(P)
and notice that D = {Dy, ..., D,} = {B,C}. Define a new binary predicate Q : (BUC)? —
{0,1} with Q71(1) = P71(1) and let 7 = |B U C|. Assume that there exists a functions
fq : Part, (V) — Party(V"7) for some ¢ € N such that for some weighted directed graph G
on V and for any § € Part,(V) it holds that

Qc(S) = -Cuty ) (fQ(S5)), (A.2)

where 7(G) is the bipartite double cover of G. Then, we can apply the argument used in

the proof of Proposition 2.1.1 to show that G has an e-Q-sparsifier', and hence so does
VASERN

Now consider an instance Z = (V,{B,C},II,w) € VCSP(P). We can construct a corre-
sponding instance Z® = (V, BU C, IR, w®) € VCSP(Q) by setting

9 = {((u,0),Q) : {(u,v),P) € 1T}
and
w({(u,v), Q) == w({(u,v),P)) for all 72 = ({(u,v),Q)) € N2,
Assuming that equation (A.2) holds for G = GT?, let 72 be an e-Q-sparsifier of TQ = 7GR,
From IEQ we construct a corresponding instance Z. € VCSP(P) by setting
HE = {<(U,’U), P> : <(U, U)7Q> € HS}

and
we({(u,v),P)) := wS(((u,v), Q)) for all 7 = ({(u,v),P)) € IL..

!Notice that we are not claiming that Q is sparsifiable, given that equation (A.2) does not need
to hold for all weighted directed graphs.
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Table A.1: Explicit representation of all possible predicates Q : (BUC)? — {0, 1} which “extend”
a corresponding predicate P : B x C'— {0,1} with |P~!(1)| # 1.

Notice that |TI.| = [I®| and TI. C II. Then, for any assignment A : V' — B U C which
satisfies property (A.1), we have

Vala(4) = Y 0@ QAEY) = 3 w(m)P(A(r)) = Val;(A)

TQeIIR mell

and similarly

Valz (A) = ) we(mP(A(r)) = Y wQ(@?)QA(r?)) = Val,a(A),

well. 7QenQ

so that
Valz.(A) = Valja(A) € (1 £e)Valza(A) = (1 £ ¢)Vaiz(A)

implying that ZQ is an e-sparsifier of Z® with |TI.| = [TI8| = O(%) constraints.

It remains to prove that such a function fq exists for all predicates Q : (BU C)? — {0,1}
and for all VCSP instances Z® constructed as above.

We say a constraint is of type ij under assignment A if its scope is (u,v) with A(u) =1
and A(v) = j. Notice that by our construction of predicate Q, under any assignment A
there can only be four types of constraints in ZQ: they are all of type bici, bica, baci or
bacs.

In Table A.1 we list all twelve possible predicates Q : (BUC)? — {0,1} with |Q71(1)] # 1,
each corresponding to a predicate P : B x C' — {0,1} with [P~1(1)| # 1, and below we list

the respective functions fq.
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A.2. EXTENDING RESULTS

e fq, =1{0,V}

* fq, = {Sbg >?}§

* fq,= {Sg)v@};

o fa, = {8V Us s u sy
o fa, = {8 Usy s usly;
* fq, = {S&Q@};

* fq, = {Sb1 7?}3

o fa, = {8055, 810 U sy
hd ng = {Sb2 ) é1)75152) USQ},
b ng = {Sb1 ) ((;2),5’(51) US((;Q)},
o fa, = (), 88,8 S

o fan = {5 usY, 5P UsN.
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Appendix B

B.1 Sparsification of Generalised Binary Predicates

We aim to show that Theorem 2.4.1 also applies to general binary predicates P : Dy x Dy —
{0,1}, where Dy and Dy are not necessarily of the same size. We begin by noticing
that the proof of Proposition 2.2.1 would follow the exact same argument for a predicate
P: DyxDy — {0,1}, and hence we can state an equivalent of Corollary 2.2.2 for generalised
binary predicates P : Dy x Dy — {0, 1}:

Corollary B.1.1. Let P : D; x Dy — {0,1} be a binary predicate which contains a

singleton square. Then, P is non-sparsifiable.

We proceed by proving a generalised version of Lemma 2.4.1 which holds for bipartite
graphs with partition classes of any size. The main difference with the proof of Lemma
2.4.1 is that the induction is now on |V|. This will make the induction step somewhat

simpler.

Lemma B.1.1. Let G = (V, E) be a bipartite graph on |V| = r; + ro vertices, where
V=ViuVsand |V| =r; > 2 for j =1,2. If for any uy,v; € V; and for any ug,ve € Vo we
have |E({u1,v1,u2,v2})| # 1, then for any v € V, dz(v) > 0 implies that G, is a complete

bipartite graph with partition classes {Vi NV (G,)}, {Va NV (G,)}.
Proof. By induction on |V].

/V]=4. This step is identical to the first part of the proof of Lemma 2.4.1. The reader can
refer to Table 2.1.

Induction step. Suppose that the lemma holds for 4 < |V| < ry 419 — 1. We need to prove
that it holds for |V| = r1 + 2. Let G = (V, E) be a bipartite graph with V' = V3 UV,
and let V; = {véj),...,vgjll} for j = 1,2. Since r1 +ry > 4 and r1,ry > 2 there exists
J € {1,2} such that r; > 2. Without loss of generality, assume ry > 2. Let U; = V; and
Uy = Vo' \ {vﬁill},l and consider the vertex-induced subgraph G(U) = (U, E(U)) where
U = U; UUs,. Notice that |U| = r1 +r2 — 1 and that |U;| > 2 for j = 1,2. Suppose that

By symmetry, the same argument holds if we choose U; = V; \ {viill} and Uy = V5 provided
that vy > 2.
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G satisfies the conditions of the Lemma. Then G(U) satisfies such conditions too, and so

by the induction hypothesis we have that for any v € U, dm(v) > 0 implies that G(U),

is a complete bipartite graph with partition classes {U3 NV (Gy)}, {U2NV(G(U),)}. Now
consider G(U).
Denote each {UZ-(I), U](-2)} by e;j. If for all i = 0,...,7 — 1 we have e;,,_1 ¢ E, then there

is nothing to prove and the lemma holds.

So suppose that e;,,—1 € FE for some i € [r1]. We need to prove that e;,,—1 € FE for all j
(1 Yal

such that v; ) e V<G»U§1))'

Suppose not. Then there exists some j € [ri] such that v](l) € V(évg)) and ej,,—1 ¢

E. But by the induction hypothesis vgl),v§1)

G(U), ), so for all v € Uy N V(G(U) 1)) we have {vgl),v},{v](-l),v} € E. Notice that

belong to the complete bipartite graph

U2NV(G(U), o)) # 0 since vz-(l), v](-l) are path-connected. So choose any k € {0,...,70—2}

such that v,(f) e NV(GU),m)-

7,(1) ’ v('l) ’ ,U](f) ’ ’Uf,(i)_l})

Then, e, ejr € E and we have the following picture for G({v ;

which means that in G = G we have the following picture for G({vgl), v](-l), v,(f), v,(,z),l})

contradicting the initial assumption that for any uq,v; € Vi and for any us,ve € Vo we
have |E({u,v1,ua,va})| # 1.

Then, we deduce that vﬁ?fl is connected to all the vertices in ﬂ@v@) and hence év@)
rog—1 ro—1
is complete bipartite with the required vertex set. O

We now prove an equivalent of Proposition 2.4.1 for general binary predicates P : D1 x Dy —

{0,1}. Notice that we will not be able to use the bipartite double cover as it is, so defining
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a new graph transformation I'(G) will be necessary.

Proposition B.1.1. Let P : D; x Dy — {0,1} be a binary predicate which contains no

singleton squares. Then, P is sparsifiable and there exists an e-P-sparsifier of size (9(5%)

Proof. Let I = (V,1I,w) € VCSP(P) and let G = (V, E,w) be the underlying weighted
directed graph of Z. Assume for simplicity that G is connected.? Consider its bipartite
double cover v(G) = (V7, E7,w"). Notice that there may be a number of vertices in V7
that have degree equal to zero: define Z := {v € V7 : dyg)(v) = 0}. We define the

restricted bipartite double cover of G to be

I(G):= (V' EY w")

where VI' = V7 \ Z and E' = E7, w' = w?. Notice that, for any binary predicate
Q: Dy x Dy — {0,1} and any valid assignment A : V7 — D; U Dy we have

Qr(e)(Alyr) = Q) (4).

We will see later on that working with I'(G) will be easier than working with v(G).

Let r = |Dy U Dy and r; = |D;| for j = 1,2. For a valid assignment A : V' — D U Do,
recall that Sy := A~1(d) and hence S := {Sy, ..., Sr_1}d4ep,up, forms an r-partition of V.
Suppose that for a predicate P : D; x Dy — {0, 1} there is a function fp : Part,(V) —
Party(VT) (for some £ < ry + ry) such that for any weighted directed graph G on V it
holds that

Pc(S) = €-Cutp(ay (fp(S))-

Recall that the binary ¢-Cut predicate is sparsifiable (Proposition 1.2.1), so let I'(G). be
an e-f-Cut-sparsifier of I'(G). We define G analogously to the proof of Proposition 2.1.1
and notice that I'(G). and I'(G.) have the same edge set. By the same argument used
in Proposition 2.1.1, it follows that G. is an e-P-sparsifier of G and that P has sparsifiers
of size (’)(6%) It remains to prove that such a function fp exists for all binary predicates
P: Dy x Dy — {0,1} which contain no singleton squares.

Consider a weighted directed graph G = (V, E,w) and its undirected restricted bipartite
double cover T'(G) = (VY, EY,w'). Suppose D; = {d{,...,d,];j} for j = 1,2. Define an
auxiliary graph GP"172 = GP .= (VP EP), where

P._ / !
Vh o= {Ud}v"'vvdil’vdll’v"'vvd$2}v

EP = {{vd%,vég} . P(d},d?) = 1}.

197

Notice the slight change in the definition of GP with respect to the definition of GP" of
Proposition 2.4.1 to accommodate for the different domains D and Ds.

Let £ be the number of connected components of GP. Clearly ¢ < ]VP | =71+ ro. Recall

2If not, we can divide Z into its connected subinstances.
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that a proper efficient ¢-colouring of G is a map c¢: VP — {0,...,¢ — 1} such that

{vg1, vV} € BT = c(vg) # c(v)p)
Vd} € Dy, Vdj € D, cY ‘ g

{og, 0} ¢ EPT = cug) = c(ulp).
J J

Now, a function fp : Part,(V) — Part,(V") which satisfies Pg(S) = ¢-Cutp(g)(fp(S)) for
all S € Part, (V) corresponds to a proper efficient /-colouring ¢ : VP — {0,...,£ — 1} of
the vertices of GP. Indeed, the colouring c induces an assignment A" : V' — {0,...,¢—1}
of the vertices of I'(G) which satisfies

AF(U) = c(”A(u))a Ar(u/) = C(UA/A(u))

and which in turn induces a partition {U;}{Z} of VI with U; := (A')~1(i). We define
fe(S) :=={Uo,...,Us_1}. Notice that the assignment A" is well-defined: for all u € V'
weVl =VI\Z = d,gu) >0
= W eV (ut)eE"
= (u,t) € E
— A(u) € D; for all valid assignments A : V — D U Do

= VA®) € VP

and similarly for all /' € VT

W eV =VINZ = dy) >0
= JteV7:(t,u) e EY
= (t,u) € E
= A(u) € Dy for all valid assignments A : V — Dy U Dy

= Uf/—l(u) € VP.

Now for any u,t € V and for any valid assignment A : V — D; U Do, we have
P(A(u), A(t)) =1 <= {vaq),Vap} € EP

= c(vaw) # (W)
= Al(u) # ANt
— (-Cut(AY(u), AT (t) =1

Moreover, by the definition of the restricted bipartite double cover, we have

w(u,t) = w(u,t') = wh (u,t') for all u,t €V,
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B.1. SPARSIFICATION OF GENERALISED BINARY PREDICATES

implying that

PG(So,-. -, Sr—1) =Pa(A) = Y w(u,t)P(A(u), A(t))
(u,t)eE
= Y w(u,t)-Cut(AT(u), AT(t)) = £-Cutrg) (A7)

(u,t’)EET

= (-Cutpq)(Uo, - . ., Up—1) = £-Cutp() (fr(S))

as required.

Now, a proper efficient colouring does not exist for any arbitrary bipartite graph. In the
remainder of this proof, we proceed as in Proposition 2.4.1 to show that a proper efficient
colouring exists if the auxiliary graph GF arises from a predicate P which contains no
singleton squares.

Consider the graph GF for some predicate P : Dy x Dy — {0, 1} which contains no singleton
squares. Notice that GP is bipartite with VP = Vi U V5 where V; = {vd%, ces gy b Vo=
{v&%, . ,v&%}. Given that for any B; € (D21) and By € (D22) we have ‘P\_l;sz(l)‘ # 1, for
any b1, b € V1, b2, b2 € Vo we must have |E({bi, b, b? b2})| # 1, implying that GP satisfies
the conditions of Lemma B.1.1. Therefore, the ¢ separate connected components which
form its bipartite complement GP are complete bipartite graphs. Then, we can assign one
of ¢ colours to each connected component to get a proper efficient colouring for the graph
GP. Now, GP has a proper efficient colouring and hence we can construct a suitable map

fp as specified above, implying that P is indeed sparsifiable and that its sparsifiers have
size (’)(8%) O
We conclude by presenting an equivalent of Theorem 2.4.1 for generalised binary predicates

P: D; x Dy — {0,1} as a consequence of Corollary B.1.1 and Proposition B.1.1.

Theorem B.1.1. Let P: Dy x Dy — {0,1} be a binary predicate. Then P is sparsifiable
if and only if for any subsets By € (DQI), Bs € (D22)

is sparsifiable, it has a sparsifier of size O(a%)

, P is sparsifiable. Moreover, if P
|B1x B,

Proof. («<). Assume that for any By € (gl), By € (D22), P‘ is sparsifiable. Then,
B1 XBQ

by Theorem 1.2.6, ‘P\_Bl 5 (1)] # 1 for all By € (D21), B, € (D22). This means that P
X

contains no singleton squares, and therefore by Proposition B.1.1, P is sparsifiable and its
sparsifiers have size (’)(a%)

. .. . D D . .

(=). Assume by contradiction that there exist By € ( 21), By € ( 22) such that P ByxB,

not sparsifiable. By Theorem 1.2.6, we must have |P7* (1)| = 1. Therefore, P‘ is

B1 X B> B1 XBQ

a singleton predicate and hence P contains a singleton square. Then, by Corollary B.1.1,

P is non-sparsifiable. O
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Appendix C

C.1 The k-ary Parity Predicate

We aim to show that, for & > 3, the k-ary Parity predicate does not contain a singleton
f-cube for any ¢ < k, yet it cannot be written in terms of a hypergraph cut predicate.
Recall that the Parity predicate Par® : [r]* — {0,1} is defined by

k
Par(zy,...,23) =1 <= le =0 (mod 2).
i=1

Proposition C.1.1. For all 2 < ¢ < k, the k-ary Parity predicate PY : [r]* — {0,1} does

not contain a singletone f-cube.

Proof. We begin by showing that P® does not contain a singleton square.
Suppose by contradiction that there exist {D; = {d{, dg}}je{lz} € ([g]), integers n(1),n(2) €
{1,2}, and a permutation o € Si such that there exist x3, ...,z € [r] which satisfy

PO(U(d;(l),di(Q),wv?” . 7$k)) =1
and for all ys,...,y, € D, for all i; € {1,2},
PO(o(df,,d3 ys, - oup)) =1 = i;=n(j) forall j =1,2. (C.1)

717

Now for j =1, 2, define
~n(j) =i € {1,2} : i # n(j).
Suppose d} — di =0 (mod 2). Then,
k
=3 j=3
and hence
PO(U(din(l), di(2), T3y..., l‘k)) = PO(U(d,}Z(l), di@),xg, e ,xk)) =1
contradicting property (C.1).
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Then, suppose then that d} —d} =1 (mod 2). We have

k
dyy + ooy + Y ak = dl gy + dhg) + (13 +1) + ) ap (mod 2)
j=3 j=4

and hence

POo(dL, 1) Aoy @3 + 1,2, wp)) = PO o (dyyy, dn oy, w3, - ap)) = 1

again contradicting property (C.1). Therefore, PY does not contain a singleton square.
Notice that, by the definition of a singleton ¢-cube, for all 2 < £ < k every k-ary predicate
which contains a singleton f-cube also contains a singleton 2-cube. Then, P® does not

contain a singleton ¢-cube. O

Proposition C.1.2. Consider the k-ary Parity predicate P° : [r]* — {0,1} for & > 3.
Then for all weighted directed k-uniform hypergraphs H = (V, E,w) with |V| > rk, for
all 7 > 2, and for all functions f : Part,(V) — Part,.(V7), there exists a partition of the
vertices S € Part, (V') such that

P (S) # r'-Cuty () (f(S)),

where '-Cut : [r/]¥ — {0,1} is the k-ary 7/-Cut predicate and y(H) is the k-partite k-fold

cover of H.

Proof. We proceed by contradiction. Suppose that there exist a weighted directed k-
uniform hypergraph H = (V,E,w) with |[V| > rk, an integer ' > 2, and a function
fpo : Part, (V) — Part,,(V7) such that for all partitions S € Part,(V) we have

P%(S) = r'—Cutﬂ/(H)(f(S)). (CQ)

Pick some § = {Sp,...,S—-1} € Part,(V) with |S;| > k for all i € [r] and suppose
fpo(S) = {Uo,...,Uys_1}. Let As:V — [r] be the assignment defined by Ag'(i) = S; for
i € [r]. Define a corresponding assignment Ay sy : V7 — [r'] such that, for all i € [r]
and for all j € [k],
)y ©)
AfPO(S)(U(J)) =1 < S/i(v) - Uz‘.

First of all, we need to show that the assignment A foo(S) 18 well-defined. Notice that
for all i € [r], for all j € [k], for all ul), v\ € Si(j) and for all ¢ € [r'] we must have
{u) v}y N U, € {0, {u),v9)}}. For suppose by contradiciton that there exist i € [r],
j € [k], and uwd) ) e Si(j) such that v e U, and ) e U, with ¢, # £,. Assume
without loss of generality that j = 0. Then, for all va,...,vx € V and for S; € § €
Part,(V), we would have

PO(As(u,v2...,v)) = PO(As(u), As(va), . .., As(vi)) = PY(i, As(v2), .. ., As(vy))



C.1. THE K-ARY PARITY PREDICATE

and hence

r'-Cut(Ay ) (@®, 08, oY) = PU(As(u, v, . ur)) = PO(As(v, v, ..

= 7"'—Cut(AfPO () (v(o),vél), e ,v,(f_l)))

Now pick v, ..., vy such that P*(As(u, vy, ..., v;)) = 0. Then,

T’—Cut(AfPO(S)(u(O),vél), . ,v](ﬁkfl))) = PO(AS(’LL, v, ...,0)) =0

= vél), .. .,Ul(f—l) el

and

Putting (C.3) and (C.4) together we get

Ugl),...,vlik_l) eUy,NU, = Uy, NUy, # 0

= {, =Y,

S Uk))

(C.3)

(C.4)

contradicting our initial assumption that £, # £,. So for all j € [k], for all ul),v(9) Si(j)
and for all £ € [r'] we have {u), v} N U, € {0, {u),v)}} and hence Aj o (s) 1s well-

defined.

Now we want to consider vertices which belong to sets S; of different parity. Without loss

of generality, pick k vertices ui,...,ur € So and 3 vertices v1,vs,v3 € S1. Then we have

PO(As(v1,us, ..., ug)) = P°(1,0,...,0) =0
k
since  Ags(vi) + ZAS(uj) =1 (mod 2)
j=2

and

PO(AS(Ul,UQ,Ug,’LL4, CeUug)) = Po(l, 1,1,0,...,0) =0

k
since  Ags(vi) + As(ve) + As(vs) + ZAg(uj) =3 =1 (mod 2).
j=4
Then, by property (C.2) we must have
0 (1 k—1
r'-Cut(AfPO(S)(v§ ),u(2 ), . .,u/,(c ))) =0

and

r’—Cut(AfP0 (S) (v§°) ) vél) ) véz) ) uf), ey u,(f_l))) =0
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respectively.

By the definition of r/-Cut, this implies that there exist x,y € [r/] such that, for
X =5 usPusPu.. sy
and
Y =80 usus®usPusu.. sl

we have
XNUy;=X and YNU,=Y,

that is, hyperedges whose vertices lie wholly in X or wholly in Y do not contribute to the
cut. But then,
SO c(xny)Ccu,nU,

which implies U, N U, # 0 and hence = = y. It follows that

SO s usPus® U uslY c xuy cu,

and hence

r’—Cut(AfPO (S) (vf’), vél) ) u§2), uf), ey u,(ffl))) =0

implying by property (C.2) that
PY(A(vy, v, u3, ug, . . ., uz)) = P°(1,1,0,0,...,0) =0,

a contradiction since

k
As(v1) + As(v2) + > As(u;) =2 =0 (mod 2).
Jj=3

Therefore, such a map fpo cannot exist. O
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