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Abstract

Graphs are a natural data model in the field of social network analy-
sis. This model can be augmented by the notion of communities which are
subsets of vertices of the graph. Since many graphs that arise from applica-
tions in the field of social networks are large, an important operation before
further analysis is reducing the number of edges. This operation is called
sparsification. In this work, we study the family of II-NETWORK SPARSIFI-
CATION problems where II refers to a graph property. Given an undirected
graph G = (V, E), a set of subsets over V called communities and an integer
£, the question is whether there exists a sparsified graph, that is a span-
ning subgraph of G, with at most ¢ edges such that each subgraph induced
by a community satisfies the graph property II. For II-NETWORK SPARSI-
FICATION restricted to communities of size at most 3, we give a complex-
ity dichotomy. Then, we analyze [I-NETWORK SPARSIFICATION specifically
for three properties: A minimum density requirement, the containment of
a spanning star and the property of being connected. Since II-NETWORK
SPARSIFICATION is NP-hard for these three graph properties, we study them
in the framework of parameterized complexity and their fine-grained com-
plexity. For example we show that II-NETWORK SPARSIFICATION is not
solvable in 20("*) -poly(n+ |C|)-time for these three specific graph properties
under the Exponential Time Hypothesis.

Zusammenfassung

Graphen sind ein natiirliches Datenmodell im Bereich der Analyse von
sozialen Netzwerken. Eine typische Erweiterung diese Modells sind Com-
munities, welche Teilmengen der Knotenmenge des Graphs sind. Da viele
Graphen, die aus Anwendungen im Bereich der sozialen Netzwerke stammen,
sehr grof} sind, ist eine wichtige Operation, bevor das Netzwerk analysiert
wird, die Verringerung der Anzahl der Kanten. Dieser Vorgang wird Sparsi-
fication genannt. In dieser Arbeit beschéftigen wir uns mit der Familie von
II-NETWORK SPARSIFICATION Problemen, wobei II eine Eigenschaft wie
beispielweise Zusammenhang ist. Gegeben seien ein ungerichteter Graph
G = (V,E), eine Menge von Teilmengen iiber V, welche Communities
genannt werden, und eine natiirliche Zahl £. Die Problemstellung ist, ob
ein Teilgraph mit der gleichen Knotenmenge und maximal ¢ Kanten ex-
istiert, sodass jeder Teilgraph, der von einer Community induziert wird, die
Eigenschaft IT erfiillt. Fiir I-NETWORK SPARSIFICATION eingeschrankt auf
Instanzen, deren Communities eine maximale Gréfle von drei haben, geben
wir eine Komplexitats-Dichotomie an. Dann analysieren wir II-NETWORK
SPARSIFICATION speziell fiir drei Eigenschaften von Graphen: Eine minimale
Dichte, die Existenz eines zentralen Knotens, der zu allen anderen Knoten
benachbart ist und Zusammenhang. Da II-NETWORK SPARSIFICATION fiir
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diese drei Eigenschaften NP-schwer ist, analysieren wir deren fine-grained
Komplexitdat und betrachten das Problem fiir diese drei Eigenschaften aus
der Sicht der Parametrisierten Komplexitat. Zum Beispiel zeigen wir, dass
II-NETWORK SPARSIFICATION fiir diese drei Eigenschaften unter der Expo-
nential Time Hypothesis nicht in 2°0") . poly(n + |C|)-Zeit gelést werden
kann.
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1. Introduction

Graphs are a natural data model for a wide range of applications. For ex-
ample in transport planning road networks or rail networks are modelled as
graphs [29]. Other applications where graphs are omnipresent are biological
networks [26] and social networks [28].

In this work, we focus on a family of problems in the context of social
networks. In the field of social network analysis, a common task is to identify
the central actors of a social network and important connections between
these actors. A typical extension to the graph model in the context of social
networks is the notion of communities which are groups of actors having
something in common. These communities can overlap and might not be
disjoint. For example, a community in a social network might represent a
group of people who are interested in the same topic.

Since many graphs that arise in applications are large, it is useful to
reduce their size before further analysis. This leads to the task of network
sparsification which aims to reduce the number of edges of a graph. A typical
requirement on the sparsified network is that it preserves some property
which is of importance in further analysis of that network.

Because communities are a central concept in social network analysis, it
is important for a sparsified social network to preserve some graph property
for each community and not only for the whole network. The combination
of network sparsification and the notion of communities leads to the task of
community-aware network sparsification which aims to reduce the number
of edges of a graph while preserving some graph property for each commu-
nity. This leads to the family of II-NETWORK SPARSIFICATION (II-N'WS)
problems which was introduced by Gionis et al. [16]:

I[I-NETWORK SPARSIFICATION (II-NWS)

Input: An undirected graph G = (V, E), aset C = {C1,...,C.} of
communities with C,...,C. C V and an integer /.

Question: Is there a sparsified graph G’ = (V, E’) with £/ C E and at
most £ edges such that each subgraph induced by a com-
munity C; € C satisfies the graph property 117

A problem belonging the problem family [I-N'WS gets as input an undi-
rected graph G = (V, E), a set of subsets over V called communities and
an integer £. In other words, the input consists of an undirected graph and
a hypergraph over the same set of vertices where the hyperedges are the



communities and an integer £. It then asks whether there exists a subgraph
G’ of G with the same vertex set V and at most ¢ edges such that each
subgraph in G’ induced by a community satisfies the graph property II. In
this work we assume that the graph property II is computable in polynomial
time.

Gionis et al. [16] studied II-N'WS with respect to three specific graph
properties in their work. The first property is a minimum density require-
ment, the second property is the containment of a spanning star, and third
property is the property of being connected. In this work, we study the com-
plexity of II-NWS for these graph properties specificall. Since II-NWS is
NP-hard for these three graph properties, we study II-NWS for these three
graph properties in the framework of parameterized complexity. In addition
to the parameterized complexity, we study the fine-grained complexity for
these three graph properties. Moreover, we study the complexity of II-NWS
restricted to communities of size at most 3 in general.

1.1 Problem Definitions

In this section, we introduce the definitions of II-NWS for the three specific
graph properties we study in this work.

The first variant of II-NWS is called DENSITY NETWORK SPARSIFI-
CATION (DENSITY NWS) and demands a minimum density requirement
for each subgraph induced by a community. As an extension to II-NWS
we allow for each community a different density requirement instead of de-
manding on the same density requirement for all communities. Thus, in
addition to the input of II-NWS an instance of DENSITY NWS takes a
mapping describing the density requirement of each subgraph induced by a
community. An example of an instance of DENSITY NWS and a sparsified
graph is shown in Figure 1.1.

DENSITY NETWORK SPARSIFICATION (DENSITY NWS)

Input: An undirected graph G = (V, E), aset C = {C1,...,C.} of
communities with C1,...,C. C V, a mapping a : C — [0, 1]
and an integer /.

Question: Is there a sparsified graph G’ = (V, E’) with £/ C E and at
most ¢ edges such that each subgraph induced by a com-
munity C; € C has a density of at least a(C;)?

The second variant of II-NWS is called STARS NETWORK SPARSIFICA-
TION (STARS NWS) and demands that each subgraph induced by commu-
nity contains a spanning star. An example of an instance of STARS NWS
and a sparsified graph is shown in Figure 1.2.



Figure 1.1: The left side shows the graph and the communities of the input
of an instance of DENSITY NWS. The right side shows a sparsified graph
with two edges such that each subgraph induced by a community has density
of at least 1/3

Figure 1.2: The left side shows the graph and the communities of the input
of an instance of STARS NWS. The right side shows a sparsified graph
with six edges such that each subgraph induced by a community contains a
spanning star.

STARS NETWORK SPARSIFICATION (STARS NWS)

Input: An undirected graph G = (V, E), aset C = {C1,...,C.} of
communities with Cq,...,C. C V and an integer £.

Question: Is there a sparsified graph G’ = (V, E’) with E/ C E and at
most ¢ edges such that each subgraph induced by a com-
munity C; € C contains a star with |C;| — 1 leaves?

The third variant of I[I-NWS is called CONNECTIVITY NETWORK SPAR-
SIFICATION (CONNECTIVITY NWS) and demands that each subgraph in-
duced by community is connected. An example of an instance of CONNEC-
TIVITY NWS and a sparsified graph is shown in Figure 1.3.

CONNECTIVITY NETWORK SPARSIFICATION (CONNECTIVITY NWS)

Input: An undirected graph G = (V, E), aset C = {C1,...,C.} of
communities with C4,...,C. C V and an integer /.

Question: Is there a sparsified graph G’ = (V, E’) with £/ C E and at
most ¢ edges such that each subgraph induced by a com-
munity C; € C is connected?

In addition, we denote with d-DENSITY NWS, d-STARS NWS, and d-
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Figure 1.3: The left side shows the graph and the communities of the input
of an instance of CONNECTIVITY NWS. The right side shows a sparsified
graph with four edges such that each subgraph induced by a community is
connected.

CONNECTIVITY NWS the respective problem restricted to communities of
size at most d.

For instances of these three problem variants, we use the following con-
vention. First, we assume that for each vertex v € V there exists a commu-
nity C; € C with v € C;, otherwise v can be deleted. Second, we assume
that for each community C; € C the subgraph induced by C; satisfies the
respective graph property because otherwise it is a trivial no-instance. This
is the case because the three graph properties are closed under the opera-
tion of adding additional edges to the graph. Finally, we assume that each
community has size at least 2.

1.2 Known Results

Gionis et al. [16] showed NP-hardness for DENSITY NWS by a reduction
from HITTING SET and NP-hardness for STARS NWS by a reduction from
3D MATCHING. They also provided a factor-O(log|C|) approximation for
DeNsITY NWS with a running time of O(3_¢.cc |Cil - m - |C[) where m is
the number of edges in the input graph. Moreover, they gave an factor-z
approximation algorithm for STARS NWS and CONNECTIVITY NWS with
running time O(|C|-nlog n+|C|->_c.cc |Ci|) where n is the number of vertices
in the input graph and z is the size of the maximal set of communities such
that these communities are pairwise intersecting.

A special case of CONNECTIVITY NWS, where the input graph G is
a clique, was studied under the names SUBSET INTERCONNECTION DE-
SIGN [8], NETWORK CONSTRUCTION [1] and INTERCONNECTION GRAPH
PROBLEM [14]. NP-hardness for instances restricted to communities of size
at most 3 was shown by Fan et al. [14]. Chen et al. [8] proved fixed-parameter
tractability of SUBSET INTERCONNECTION DESIGN with respect to param-
eter |C| by giving a problem kernel with O(8[°l) vertices and gave an FPT-
algorithm for parameter d+t with running time O(d'8%.d-n-|C|+n-|C|-d?)



where d is the size of the biggest community and ¢ is the size of a minimal
feedback edge set of the sparsified graph. Angulin et al. [1] gave a factor-
O(log |C|) approximation algorithm.

1.3 Further Related Work

First, we present past work closely related to DENSITY NW'S, STARS NWS
and CONNECTIVITY NWS. Then, we give an overview of past work related
to network sparsification in general.

For the special case of CONNECTIVITY NWS, where the graph G is
a clique, various Integer Linear Programming and Mixed Integer Linear
Programming formulations were proposed [10, 4]. For a variant of STARS
NWS, called COMPLETE OPTIMAL STARS CLUSTERING TREE PROBLEM,
Korach and Stern [21] gave a polynomial-time algorithm. In this variant, G
is a complete graph and the sparsified graph G’ must be a tree T and the
closed neighborhood of each center vertex ¢; of a community C; in T is the
community itself. This implies that the centers of the stars in the subgraphs
induced by two different communities are different which is not the case for
STARS NWS. An instance of DENSITY NWS can be expressed as variant
of HITTING SET where the hitting set has to hit each set more than once
by setting the universe to the edge set and the collection of subsets to the
communities. This variant has been studied under the names MULTIPLE
HITTING SET [24] and HITTING SET with Quotas [18].

Network sparsification for graphs without the notion of communities was
already studied in the past for different graph properties and different exten-
sions to graphs. Thereby the graph property is either completely preserved
or only approximately preserved in the sparsified graph.

Graph sparsification which aims to preserve the distance except some
constant ¢ between p given pairs of vertices was studied by Bodwin [3]. He
showed that every undirected graph has a subgraph with O(an/ ) edges
which preserves the distance of the given p pairs except the constant ¢ = 4.
Chekuri et al. [5, 6] proposed an approach to sparsify a graph while pre-
serving element connectivity which is a generalization of edge connectivity.
For a graph G = (V, E) and a subset T' C V, element connectivity between
two vertices u,v € V is defined as the maximum number of (u,v)-paths
that are pairwise disjoint in their edges and the vertices V' \ T. A sparsi-
fication method for weighted graphs which retains a high connectivity was
provided by Zhou et al. [30]. Parchas et al. [25] extended undirected graphs
by uncertainty which assigns each edge a probability whether it exists in the
graph. Lindner et al. [22] compared different edge scoring methods which
are used to filter the edges to sparsify a social network. For example, they
scored edges by the number of triangles that contain these edges, by the
local similarity of the endpoints of the edge or by the highest degree of the



endpoints of the edge. Then, they compared how these different scores affect
the preservation of different global graph properties like the diameter or the
clustering coefficient. Mathioudakis et al. [23] proposed an algorithm which
sparsifies a social network with the goal to approximately preserve the infor-
mation flow in the sparsified graph based on past information flows. Given a
social network and a history of information flows, that is for example how a
message propagated through the network, their goal is to preserve the f-most
important edges in the network with respect to the history of information
flow.

1.4 Our Results

In Section 3.1, we give a complexity dichotomy of II-NWS restricted to
communities of size at most 3. Then, we show in Section 3.2 that neither
DENsSITY NWS nor STARS NWS nor CONNECTIVITY NWS is solvable in
20(n?) . poly(n + |C|) time under the Exponential Time Hypothesis, where n
is the number of vertices in the input graph.

In Section 4, we study DENSITY NWS, STARS NWS and CONNECTIV-
ITY NWS in the framework of parameterized complexity. A problem is
fixed-parameter tractable if there is an algorithm solving the problem such
that its running time can be divided into a possibly exponential part and a
polynomial part meeting the following requirements. The exponential part
depends only on a parameter which is independent from the size of the input
and the polynomial part depends on the size of the input. If a problem is
W1]-hard or W2]-hard, then it is unlikely that the problem is fixed param-
eter tractable. The absence of polynomial kernel for a problem means that
there does not exist an effective preprocessing for a problem to reduce the
size of the input.

For parameter £, the number of edges in the sparsified graph, we show
fixed-parameter tractability for STARS NW'S and CONNECTIVITY NWS and
W2]-hardness for DENSITY NWS. Furthermore, we show that there are no
polynomial kernels for STARS NWS and CONNECTIVITY NWS with respect
to parameter ¢ unless NP C coNP /poly. For parameter k := m — ¢, we show
W1]-hardness for DENSITY NWS, STARS NWS and CONNECTIVITY NWS.
With respect to parameter ¢, the size of a minimal feedback edge set of the
sparsified graph, we give a polynomial-time algorithm for STARS NWS for
t = 0 and show W[2]-hardness for CONNECTIVITY NWS. For parameter |C|,
we prove fixed-parameter tractability for DENSITY NWS and STARS NWS.
In addition, we show that there are no polynomial kernels for DENSITY NW'S
and STARS NWS with respect to parameter |C| unless NP C coNP/poly.



2. Preliminaries

In this section, we introduce the notation used throughout this work and give
an overview of the most important concepts of parameterized complexity
theory and complexity theory in general.

2.1 Graph Theory

For an in-depth introduction to the topic of graph theory, we refer to the
book of Diestel [11]. We define an undirected graph as G = (V, E) where V
is a finite set of vertices and F C {{u,v} | u,v € V,u # v} a set of edges.
For brevity, we always refer to an undirected graph when we say graph. For
a graph G, we denote the set of vertices with V(G) and the set of edges with
E(G). The number of vertices is abbreviated by n = |V| and the number
of edges is abbreviated by m := |E|. Two vertices u,v € V(G) are adjacent
in graph G, if {u,v} € E(G). We say that an edge e is incident to a vertex
v, if v is an endpoint of e. For two graphs G1 = (V1, Eq) and Gy = (Va, E3)
we define G1 U Gy := (V1 U Vs, B U E»).

The open neighborhood of a vertex v is defined as Ng(v) = {u €
V | {u,v} € E}. The closed neighborhood of a vertex v is defined as
Nglv] = N(v)U{u}. In general, we omit the subscript G in cases where G
is unanimous. We call G’ .= (V' E’) a subgraph of an graph G, if V! C V(G)
and E' C {{u,v} € E(G) | u,v € V'}. For a subset S C V(G), we say that
G[S] = (S,{{u,v} € E| u,v € S}) is the subgraph of G induced by S. A
sequence of distinct vertices (vy,...,vx) of a graph G is called (vy,vy)-path,
if {vi,viy1} € E(G) for each i € [1,k — 1]. If (v1,...,vg) is a path in G for
k > 3 and {v1,vx} € E(G), then we call (vy,...,v) a cycle in G. A graph
without a cycle is called acyclic. A feedback edge set of a graph G is defined
as a set of edges that needs to be removed from G such that G is acyclic.
We say two vertices u, v are connected in G, if there exists an (u, v)-path in
G. A graph G is called connected, if each pair of vertices u,v € V(G) is con-
nected. We say S C V is a connected component of G, if G[S] is connected
and S is inclusion-maximal.

For a graph G, a set S C V(G) with |[E(9)| = (|§|> is called a clique.
A size-three clique is also called triangle. A graph G is called a star of size
n — 1 with center z € V(G), if E(G) = {{z,v} | v € V' \ {z}}. The density
of a graph G is defined as dens(G) := m/(}). We say that G contains a
spanning star, if there exist a subgraph G’ of G such that G’ is a star of size



n—1. Aset X C V(G) is a vertex cover of graph G, if each edge of G is
incident to at least one vertex in X. A set X C V(G) is an independent set
of graph G, if the vertices of X are pairwise not adjacent in G.

We define a hypergraph as H = (X, C) where X is a finite set of elements
and C is a collection of subsets of X called hyperedges. The line graph of
a hypergraph H = (X,C) is a graph defined as L(H) = (C,{{C;,C;} |
Ci,Cj €C,C; # Cj,CiNC; # 0}). Tts vertex set are the hyperedges and the
edges are pairs of hyperedges that are not disjoint in H. A hypergraph H is
connected, if its line graph L(H) is connected. A set S C X is a connected
component of H, if there exists a connected component S’ in L(H) such that
S = UCieS’ C;. For a family of sets S over a universe U, we say that X C U
is a hitting set if X NS; # ) for each S; € S.

2.2 Complexity Theory

In this section, we give a brief overview over the most important concepts
in complexity theory. A detailed introduction to complexity theory can be
found in the standard monographs [17, 2]. A decision problem is a language
L C {0,1}*. A decision algorithm for L is some computable function fy, :
{0,1}* — {0,1} such that fr(z) = 1 if and only if z € L. A word = €
{0,1}* is called a yes-instance of L if and only if # € L, otherwise it is
called a no-instance. A decision problem A is polynomial-time reducible to
a decision problem B if there exists a function g : {0, 1}* — {0, 1}* which is
computable in polynomial time in |I| such that I € A if and only if g(I) € B
for all instances I € {0,1}*. The algorithm computing the function g is
called polynomial-time reduction. The polynomial-time reducible relation
is denoted by <,. Note that <, is transitive.

A complexity class C is a set of languages. A language L is in the
complexity class P if fr(I) is computable in time polynomial in |I| for each
instance I of L. A language L is in the complexity class NP if there exists
a polynomial p and a verifier V' such that for each x € {0,1}* there exists
a certificate ¢ € {0,1}?(#1) such that the verifier V accepts the input (z, ¢)
in time polynomial in |z| if and only if z € L. Note that P C NP and
P C NP is a widely believed hypothesis. A language B is NP-hard if every
language A € NP is polynomial-time reducible to B. A language B is NP-
complete if it is in the complexity class NP and NP-hard. An example for a
NP-complete problem is 3-SAT.

3-SAT

Input: A boolean formula ¢ in conjunctive normal form with at
most three literals per clause.

Question: Is ¢ satisfiable, that is does exist a variable assignment
setting at least one literal to true for each clause?



The Exponential Time Hypothesis (ETH) is a complexity theoretic hard-
ness assumption about 3-SAT which has been formulated by Impagliazzo
et al. [19]. The ETH basically states that 3-SAT cannot be solved in 2°(™)
time, where n denotes the number of variables. Note that the ETH implies
P # NP. In addition with the Sparsification Lemma [20] the ETH implies
that 3-SAT cannot be solved in 2°("*t™) time where n denotes the number
of variables and m denotes the number of clauses. If a polynomial-time re-
duction from 3-SAT to a decision problem A exists which transforms every
instance I of 3-SAT with n variables and m clauses to an instance I’ of A
with [I'| < p(n + m) for some polynomial p such that I € 3-SAT if and
only if I’ € A, then assuming the ETH an algorithm with running time
20 (I1')) does not exist where p~! denotes the inverse function of p [12, 9].

2.3 Parameterized Complexity

In this section, we give a brief overview over the most important concepts
in parameterized complexity. For a detailed introduction to the field of
parameterized complexity, we refer to the book of Downey and Fellows [12]
and the book of Cygan et al. [9]. A parameterized problem is a language
L € {0,1}* x N. An element (z,k) € {0,1}* x N is called an instance I of a
parameterized problem where x denotes the input of the decision problem
and k the parameter. Two instances I and I’ are called equivalent if I € L
if and only if I’ € L. The instance I is called a yes-instance if and only
if I € L and a no-instance if and only if I ¢ L. A decision algorithm for
a parameterized problem L computes some computable function fr, : L C
{0,1}* x N — {0,1} such that fr(z,k) =1 if and only if (z,k) € L.

A set C of parameterized problems is a complexity class. A parameter-
ized problem A is fixed-parameter tractable, if there exists a decision algo-
rithm running in f(k) - poly(|z|) time for every instance (x, k) € {0,1}* x N.
The corresponding complexity class is called FPT. If there exists a decision
algorithm running in f(k) - |z|/*) time for every instance (z, k) € {0,1}* x N
of a parameterized problem A, then A is contained in the complexity class
XP. Note that FPT C XP.

A parameterized problem A is parameterized reducible to a parameter-
ized problem B if there exists a computable function ¢g : {0,1}* x N —
{0,1}* x N and a polynomial h, such that g turns each instance instance
(z,k) of A into an instance (z/,k’) of B in f(k) - poly(|x|) time for some
computable function f such that &’ < h(k) and (2/,k’) € B if and only if
(z,k) € A. The algorithm computing the function g is called parameterized
reduction. The parameterized reducible relation is denoted by <ppr. Note
that <gpr is transitive. An example for a fixed-parameter tractable problem
is VERTEX COVER parameterized by the size of the vertex cover.



VERTEX COVER
Input: An undirected graph G = (V, E) and an integer k.

Question: Does G contain a vertex cover of size most k7

The W-Hierarchy is a collection of the complexity classes Wi] for ¢ >
1 with FPT C WJ[l] € W[2] C --- € W][t]. A common assumption is
that FPT # WJl]. Based on this assumption a parameterized problem B
is fixed-parameter intractable if a W[i]-hard problem A is parameterized
reducible to B. An example for a W[l]-hard problem is INDEPENDENT SET
parameterized by the size of the independent set.

INDEPENDENT SET
Input: An undirected graph G = (V, E) and an integer k.

Question: Does G contain an independent set of size most k7

An example for a W[2]-hard problem is HITTING SET parameterized by the
size of the hitting set.

HITTING SET

Input: A set of elements U, a collection S of subsets of U and an
integer k.
Question: Does S has a hitting set of size most k7

Another concept in parameterized complexity is kernelization. A reduc-
tion rule is an algorithm for a parameterized problem A transforming an
instance (x, k) of A into an equivalent instance (2, k") of A with ¥ < k. We
also allow reduction rules which state that an instance is a no-instance.
A kernelization algorithm for a parameterized problem A is a function
ka:{0,1}* x N — {0,1}* x N which turns for some computable function
g every instance (z,k) of A in an instance (2/, k") of A in time polynomial
in |z| such that (x,k) € A if and only if (2/,k') € A and |2/| + K < g(k).
In case a kernelization algorithm exists, we say that A admits a kernel. In
case of g being a polynomial function, we say that A admits a polynomial
kernel. Note that a parameterized problem admits a kernel if and only if it
is fixed-parameter tractable.

For two parameterized problems A and B a polynomial parameter trans-
formation is an algorithm computing a function f: {0,1}* x N — {0,1} x N
which turns every instance (z, k) of A in an instance (2, k') of B in polyno-
mial time in |z| such that (z,k) € A if and only if (2/, k') € B and k¥’ < p(k)
for some polynomial p. If there exists a polynomial parameter transfor-
mation from a parameterized problem A without a polynomial kernel to a
parameterized problem B, then B also does not admit a polynomial kernel.
A common assumption under which fixed-parameter tractable problems do
not admit a polynomial kernel is that NP Z coNP/ poly.
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3. Fine-grained Complexity

3.1 NP-Hardness

The NP-hardness of DENSITY NWS and STARS NWS was already shown
by Gionis et al. [16]. The gave a reduction from HITTING SET to DENSITY
NWS and a reduction from 3D MATCHING to STARS NWS. In the following,
we adapt the idea of the reduction from HITTING SET to DENSITY NWS
to reduce from VERTEX COVER to DENSITY NWS obtaining NP-hardness
even if the problem instances are restricted to communities of size at most

3.

Theorem 3.1. DENSITY NWS is NP-hard even if restricted to communities
of size at most 3.

Proof. We reduce from VERTEX COVER. Let Iyc = (G = (V, E), k) be an
instance of VERTEX COVER. First, we give some intuition. The vertices of
the VERTEX COVER instance are expressed as edges in the the 3-DENSITY
NWS instance. The edges of the VERTEX COVER instance are expressed
as communities in the the 3-DENSITY NWS instance. Next, we define the
graph Gspns = (Vapns, Fspns). The set Vapng contains each vertex of V
and one additional vertex z. The edge set is Espns = {{v,z} | v € V}.
Thus, Gspng is a star with z as center. Each edge of this star represents a
vertex of V. We define the set of communities C := {{u, v, z} | {u,v} € E}.
Hence, the set C contains for each edge in ' a community representing it.
Now, we define the density requirement o : C — [0, 1], C; — % to encode that
a vertex cover of G contains at least one endpoint of each edge. Finally, we
set the parameter ¢ := k. Let Ispns = (Gspns, C, @, f) denote the resulting
instance of 3-DENSITY NWS. An example of the construction is shown in
Figure 3.1.

Correctness We show that Iyc is a yes-instance of VERTEX COVER if
and only if Ispng is a yes-instance of 3-DENSITY NWS.

(=) Let X be a vertex cover of size at most k of G. We show how
to obtain a sparsified graph Gipng = (Vapns, Epng) with [Elpyg| < [ X
We set Elpng = {{z,2} | * € X} noting that |Ejnyg| < |X]|. For each
community C; = {u,v, z} € C, we observe that {u,z} € E}\q or {v,z} €
FElns because X is a vertex cover implying u € X or v € X. Hence, for each

community C; € C, the density requirement «(C;) = % is satisfied because

11
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Figure 3.1: An example of the construction. The left side shows the VERTEX
COVER instance, the right side shows the 3-DENSITY NWS instance. The
different line styles show which community of the 3-DENSITY NWS instance
corresponds to which edge of the VERTEX COVER instance.

|E(GhpnslCil)| > 1. Therefore, Gipng is a sparsified graph implying Ispns
is a yes-instance of 3-DENSITY NWS.

(<) Let I3pns be a yes-instance of 3-DENSITY NWS and let Gpng =
(Vapns, E4png) be a sparsified graph. We show how to obtain a vertex
cover X of G with |X| < |Eipng|- We set X = {z | {z,2} € Ely\g}
For each edge {u,v} € E, we observe that u € X or v € X because there
exists a community C; = {u,v,z} € C with a satisfied density requirement
a(C;) = % implying {u,z} € Ejpyg or {v,2} € Ejp\g. Therefore, X is
vertex cover of G with |X| < |E}pyg| implying that Iyc a yes-instance of
VERTEX COVER. O

The NP-hardness proof for 3-DENSITY NWS in Theorem 3.1 constructs
instances with small density requirements. It would be interesting to see
whether any other non-trivial density requirement makes an instance easier.
A trivial density requirement would be 0 or 1 — é + e for € > 0 in an
instance of DENSITY NWS restricted to communities of size at most d.
Unfortunately, the problem remains NP-hard regardless of which non-trivial
density requirement is selected as shown in Theorem 3.3. This applies even
if all communities have the same density requirement. Before we present
the proof, we make an observation about a yes-instance of DENSITY NWS
regarding edges which are definitely contained in the sparsified graph.

Lemma 3.2. Let I = (G = (V,E),C,a,!) be an instance of DENSITY
NWS. If I is a yes-instance with the sparsified graph G' = (V, E'), then
E(G|[Cy]) C E' for each community C; € C with |E(G[Cy])| = ((‘021‘) -a(Cy)].

Proof. We assume that [ is a yes-instance of DENSITY NWS with the spar-
sified graph G’ = (V,E’). Let C; € C be a community with |E(G[C;])| =
((I%’I) -a(C;)]. Now, assume that F(G[C;]) € E’. This leads to the contra-
diction that G’ is not a sparsified graph because E(G'[C;]) < |E(G[C;])| =

12



((I%’I) - a(C;)] implies that the density requirement of community C; is not
satisfied in G'. O

Using Lemma 3.2 we are able to adapt the proof of Theorem 3.1 for any
non-trivial density requirement and a community size of an arbitrary but

fixed d.

Theorem 3.3. d-DENSITY NWS is NP-hard for every constant mapping
a(z) = c with c € (0,1 — 3].

Proof. Again, we give a polynomial reduction from VERTEX COVER. Let
Ivc = (G = (V,E),k) be an instance of VERTEX COVER. Let Ispng =
(Gspns = (Vapns, Espns),C, o, £) be the instance of 3-DENSITY NWS ob-
tained from the reduction in Theorem 3.1. Recall that the instance Ispns
has the following properties:

1. Gspns is a star with the center vertex z and z ¢ V.
2. Each community C; € C has size 3.

3. For each community C; € C the induced subgraph Gspns[C;] has two
edges.

We create for each C; € C a community C} = C; U{w},...,w}_ 5} where w§
are d — 3 new vertices. Let C’ denote the set of these communities. Next, we
add [(g) -c]—1 arbitrary new edges to each subgraph induced by a community
C! € C'. Let E' denote the set of these new edges. Next, we create for each
edge {u,v} € E' a new community C; = {u,v} U {yi,..., v} ,} where y§
are d — 2 new vertices. The purpose of these communities is to ensure that
a sparsified graph contains all edges of E’. Let C denote the set of these
communities. Next, we add ((g) -¢] —1 arbitrary new edges to each subgraph
induced by a community C; € C. Let E' denote the set of these new edges.

Finally, let Ijpns = (GapNs = (V/, EgDNsUE/UE/),C/Ué,f+|E/|+|EA’D
denote the instance resulting from the construction. An example of the
adapted construction is shown in Figure 3.2.

Correctness We show that Ispng is a yes-instance of 3-DENSITY NWS
if and only if Ijpng is a yes-instance of d-DENSITY NWS . Because of the
correctness of the reduction in Theorem 3.1 this implies that Iyc is a yes-
instance of VERTEX COVER if and only if Ijpng is a yes-instance of d-
DENsITY NWS.

(=) Let Ispns be a yes-instance of 3-DENSITY NWS and let G%yg be
a sparsified graph. We show how to obtain a sparsified graph Gpng =
(Vapns, Elpng) with [Elpngl < 04 |E' + |EY| for the instance Iypng. We
set Epng = E(Ghpng) U E'U E. This satisfies |Ejpyng| < £+ |E'| + | E).
By the definition of E/;;\g, we observe that the density requirement of the
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Figure 3.2: The adaption of the example shown in Figure 3.1 for d = 4 and
c= % The left side shows a part of the VERTEX COVER instance Iyc, the
right side shows the corresponding part of the 4-DENSITY NWS instance
I;pns (the black vertices, edges, and communities are the added ones).

communities in C is satisfied. Since I3pns is a yes-instance of 3-DENSITY
NWS, we have |E(G4ng[Ci])| > 1 for each community C; € C. Because
d

of B C Elpys we have |E(Glons[CD] = () -] — 1+ |E(ChpaslC)| >
[(g) - ¢] for each community C} € C’. Hence, the density requirement of
each community is satisfied in G,y g implying that Iypns is a yes-instance
of d-DENSITY NWS.

(<) Let Igpns be a yes-instance of d-DENSITY NWS and let G/jy\g be
a sparsified graph. We show how to obtain a sparsified graph G4png =
(Vapns, E4png) with at most £ edges for the instance Ispns. For each
community C; € C the induced subgraph Gapns[C’i] contains [(‘21) - c]
edges allowing us to apply Lemma 3.2. By Lemma 3.2 we conclude that
(E'UEFE) C E(G)pnsg)- We set FEinns = E(Ghpns) \ (B'U E') satisfying
|Espns| = |E(Glpns)|—|E'|—|E'| < £. Observe that Efyvg € Espns. Since
IipNs is a yes-instance of d-DENSITY NWS, we have [(g) -] > E(GpnslCi])
for each community C; € C’. Since we added only [(g) -c] — 1 edges to each
community C] € C’, there exists an edge e € Espns with e € E(Glpxs[Ch]).
This implies that there exists for each community C; € C an edge €’ € Efng
with ¢’ € E(G4pns[Cil). Hence, the density requirement of each community
is satisfied in G%png implying that I3pns is a yes-instance of 3-DENSITY
NWS. O

Before we get to the proofs of NP-hardness for STARS NWS and CON-
NECTIVITY NWS, we make an observation about the relation of these prob-
lems. We observe that in subgraphs induced by communities of size at most
3 the property of containing a spanning star is equivalent to the property
of being connected. This means that the problems 3-STARS NWS and 3-
CONNECTIVITY NWS are essentially the same in this case. Furthermore, we
observe that each instance of 3-STARS NWS and 3-CONNECTIVITY NWS
can be expressed as an instance of 3-DENSITY NWS by assigning each com-
munity a density requirement of % These observations are summarized by
Lemma 3.4.
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Lemma 3.4. Let G = (V, E) be an undirected graph, C a set of communities,
a:C— (%, %] a density requirement and ¢ € N. Let Ispns = (G,C,a, 0) be
an instance of 3-DENSITY NWS, let Issns = (G,C, L) be an instance of 3-
STARS NWS, and let Iscns = (G,C,0) be an instance of 3-CONNECTIVITY
NWS. Then, the instances Ispns, Issns, and Iscns are equivalent.

Proof. A subgraph induced by a community satisfies the condition in each
problem variant if and only if it has at least two edges:

e A graph on three vertices whose density is contained in the interval
(3, 2] has at least two edges.

e A graph on three vertices contains a size-two star if and only if it has
at least two edges.

e A graph on three vertices is connected if and only if it has at least two
edges.

O]

Fan et al. [14] showed NP-hardness of the INTERCONNECTION GRAPH
PROBLEM which can be seen as a special case of CONNECTIVITY NWS
where the graph in the input is a clique. The hardness applies even if
the instances are restricted to communities of size at most 3 [14]. With
Lemma 3.4 in mind, this directly implies NP-hardness of CONNECTIVITY
NWS and STARs NWS. In the following proof, we recall their construction
for the sake of completeness.

Theorem 3.5. STARS NWS and CONNECTIVITY NWS are NP-hard even
if restricted to communities with size at most 3.

Proof. We reduce from VERTEX COVER. Let Iyvc = (G = (V,E),k) be
an instance of VERTEX COVER. We start by defining the graph Gsong =
(Vsens, Escns) with Vsong == V U {2z} and Escng = {{v,z} | v € V} U
E. We define the set of communities C := {{u,v, z},{u,v} | {u,v} € E}.
Observe that we create for each edge a size-three community and a size-
two community and each size-three community induces a triangle. Due to
the size-two communities every valid sparsified graph Gj.yg contains all
edges not adjacent to z. We set the parameter ¢ := k + |E|. Finally, let
Iscns = (Gsens, C,¢) denote the resulting instance of 3-CONNECTIVITY
NWS. An example of the construction is shown in Figure 3.3.

Correctness We show that Iyc is a yes-instance of VERTEX COVER if
and only if I3ong is a yes-instance of 3-CONNECTIVITY NWS.

(=) Let X be a vertex cover of size at most k of G. We show how to
obtain a sparsified graph G4ong = (Vaens, Fhong) With [Efqng| < [ X[+ E|.
We set Efong = {{z,2} | € X} U E, noting that E~yg < |X|+ |E|. For
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Figure 3.3: An example of the construction. The left side shows the VER-
TEX COVER instance Iy, the right side shows the 3-CONNECTIVITY NWS
instance I3cns. The different line styles show which community of the 3-
CoNNECTIVITY NWS instance corresponds to which edge of the VERTEX
COVER instance.

each community C; = {u,v,2} € C, we observe that {u,v} € Ej.yg and
either {u, 2} € El\gor{v, 2z} € Ej-\g because X is a vertex cover implying
u € X or v € X. Hence, for each community C; € C, the induced subgraph
5ons|Ci] is connected because |E(Ghang[Ci])| > 2. Therefore, Ghyg s a
sparsified graph implying that Iscng is a yes-instance of 3-CONNECTIVITY
NWS..
(<) Let Iscns be a yes-instance of 3-CONNECTIVITY NWS and let
sons = (Vaens, Bheng) be a sparsified graph. We show how to obtain
a vertex cover X of G with | X| < |Ejqng| — |E|. We set X = {z | {z,2} €
E3ons}- Note that [X| < [Ejeng \ B| = [E3ong| — | B because B C Egeng
due to the size-two communities in C. For each edge {u,v} € E, we observe
that w € X or v € X: There exists a community C; = {u,v,z} € C such
that G%ng[Ci] is connected. This implies {u, 2} € Ef-ng or {v, 2} € Elcng-
Therefore, X is vertex cover of G with |X| < |Ejpng| — |E| and Iyc a yes-
instance of VERTEX COVER. 0

Next, we analyze the complexity of II-NWS restricted to communities of
size at most 3 in general. In the following, we characterize a graph property
IT by the maximum set G of graphs with three vertices which fulfill I. Since
two graphs with three vertices are isomorphic if and only if they have the
same number of edges, it is sufficient to replace the set G with the set of
edge counts of the graphs in G. For a graph property II, we denote its
characterization with ¢(IT). For example, the property of being connected
in a graph with three vertices is characterized by the set {2,3} because a
graph with three vertices is connected if and only if it has at least two edges.
There are 15 different characterizations of graph properties in graphs with
three vertices because there are 15 non-empty subsets of {0, 1,2, 3}.

Let I = (G = (V,E),C,{) be an instance of II-NWS where each com-
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munity is of size at most 3. We begin with the characterizations of graph
properties for which II-NWS is in P.

First, we observe that the instance I is trivially solvable if 0 € ¢(II),
that is if the graph property II is fulfilled in a graph without any edges.
This is the case because the graph G’ = (V,0) is a sparsified graph with
at most ¢ edges for the instance I of II-NWS. Second, we observe that the
instance I is trivially solvable if ¢(IT) = {3}, that is if the graph property
II is only fulfilled by a triangle in graphs with three vertices. This is the
case because it only has to be checked whether |E| < ¢ and whether each
subgraph induced by a community is a triangle.

We continue with the characterizations of graph properties for which II-
NWS is NP-hard. The characterization {1, 2, 3} is equal to the characteriza-
tion of a density requirement of 1/3. Hence, the NP-hardness for this charac-
terization is implied by Theorem 3.1, the NP-hardness of 3-DENSITY NWS.
Since the reduction in the proof of Theorem 3.1 constructs only instance such
that each size-three community contains two edges, NP-hardness for graph
properties characterized by {1,2} is also implied. As mentioned before, the
property of being connected in graphs with three vertices is characterized by
{2,3}. Therefore, NP-hardness for graph properties characterized by {2, 3}
is implied by Theorem 3.5, the NP-hardness of CONNECTIVITY NWS.

For each of the remaining characterizations {1}, {2}, and {1, 3}, we give
reduction from a different variant of 3-SAT. In our constructions below, X
denotes the set of variables of the input formula ¢, L = {z,7 | x € X}
denotes the set of literals, and C' is the set of clauses of ¢ such that each
clause ¢ € C is a size-three subset of L. Furthermore, EFx denotes the
edges of the variable gadget, E¢ denotes the edges of the clause gadget,
and F, denotes the edges to connect both gadgets. Analogous, Cx denotes
the communities of the variable gadget, Cc denotes the communities of the
clause gadget, and Cy denotes the communities to connect both gadgets.

Before we present the reductions, we give some intuition of what all three
constructions have in common. For each variable x € X, there is an edge
e, representing the positive literal and an edge ez representing the negative
literal. The intuition is that only one of the edges e, and ez can be contained
in a sparsified graph. If the edge e, is contained in the sparsified graph,
then the variable x is set to true. Otherwise the edge ez is contained in the
sparsified graph and the variable z is set to false. In other words, these
edges encode the assignment. Moreover, for each clause ¢ = {p,q,r} € C,
there are three edges f7, f7 and f each representing a literal of clause c.
The variable gadget and the clause gadget are connected in a way that the
edge f, is contained in the sparsified graph if and only if the edge e, is
contained in the sparsified graph. In other words, the construction transfers
the assignment encoded in the variable gadget to the clause gadget.

Theorem 3.6. II-NWS restricted to communities of size at most 3 is NP-
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Figure 3.4: An example of the construction. The left side shows the variable
gadget and the clause gadget for the formula ¢ = (21 VT2 Va3) A (T1 V2o V
x3). The right side shows how the variable gadget and clause gadget are
connected for the literal z; of the clause (z1 V T2 V x3).

hard for graph properties characterized by {1}.

Proof. We give a reduction from 1-IN-3-SAT, a variant of 3-SAT which
is also NP-hard [15] and asks whether there exists an assignment for an
input formula ¢ setting for each clause exactly one literal to true. In the
following we describe the variable gadget, then we describe the clause gadget
and finally we describe how both gadgets are connected.

Variable Gadget We add a vertex z and for each variable x € X, we add
two vertices ug, uz, the edges e, = {u,, 2}, ez = {2, uz}, and a community
Cx - {uxa Z, uf}

Clause Gadget For each clause ¢ = {p,q,r} € C, we add three vertices

vg, Vg, vy, the edges f5 = {vg,ve}, fo = {vg, vy}, fr = {vy, vp}, and a commu-
nity C. = {¢p, ¢cq, ¢}

Connecting the Gadgets For each ¢ = {p,q,r} € C, we add the edges
= {vp, up}, g5 = {vg, uq}, g5 = {vy,ur} and the communities {2, up, vy},
{ulhvp’vq} {Z Uqs q} {UQ’quvr} {Z U, U r} {ur’vrv p

Finally, let G = (V, E) be the graph and let C be the set of communities
resulting from the above construction. We set ¢ := |X| 4 3|C|. Let I =
(G,C,?) be the final instance of II-NWS. An example of the construction is
shown in Figure 3.4.
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Correctness We show that there exists an assignment setting exactly one
literal per clause of ¢ to true if and only if I is a yes-instance of I[I-NWS.

(=) Let A : X — {0,1} be an assignment setting exactly one literal
to true for each clause of ¢. We describe how to obtain a sparsified graph
G' = (V,E') with |E'| < |X| + 3|C| using the assignment A. The edges
in G’ of the variable gadget are E = {e; | z € X, A(x) = 1} U {ez |
z € X, A(z) = 0}. Note that |E| = |X|. The edges in G’ of the clause
gadget are Ef, := {f; | literal p of clause c is true for assignment A}. Ob-
serve that |Ef| = |C| because for each clause exactly one literal is set to
true. The edges in G’ of the connection of both gadgets are E’ = {9 |
literal p of clause c¢ is false for assignment A}. Observe that |E',| = 2|C]
because for each clause exactly two literals are set to false. Finally, the
edges of the sparsified graph are E' .= E\\ UE-UFE',, thus |E'| = | X|+3|C|.

It remains to show that |E(G'[Ci])| = 1 for each community C; € C.
For each community C; € Cx of the variable gadget, we have |E(G'[Cy])| =
1 because either e, € ES( or ez € ES{ for a variable x € X. For each
community C; € Cc of the clause gadget, we have |E(G'[C;])| = 1 because
either ff € E or fi € Ef or ff € Eg for a clause ¢ = {p,q,7} € C.
For each community C; € C4+ of the connection of both gadgets, we have
|E(G'[Ci])| = 1 because g; € E, if and only if ff ¢ Er and e, ¢ E. Hence,
I is a yes-instance of II-NWS.

(<) Let I be a yes-instance of II-NWS and let G’ = (V, E’) be a spar-
sified graph. First, we specify the properties of the sparsified graph G’.

Claim 3.7. Let x € X be a variable, let ¢ € C be a clause, and let p € ¢ be
a literal of clause c. The sparsified graph G’ has the following properties:

1. eitherey, € E' orez € E'
2. either f5 € E' or fg € E' or ff € E'
3. ep € E' if and only if g5 & E' if and only if f5 € E'

Proof. For the first property, recall that all communities C'x of the variable
gadget are edge-disjoint. Since |E(G'[C;])| = 1 for each community C; € Cx
of the variable gadget, this implies that either e, € E or ez € E'.

For the second property, recall that all communities Cc of the clause
gadget are edge-disjoint. Since |E(G'[C;])| = 1 for each community C; € Ce
of the clause gadget, this implies that either either f7 € E' or ff € E' or
ffeFE.

For the third property, recall that there is a length-three path consisting
of the edges e,, g5, f;- Furthermore, there exists two communities ¢’ and C”
with E(G[C']) = {g5,ep} and E(G[C"]) = {g;, f5}. Since |[E(G'[C'])| = 1,
e, € E' is equivalent to 9p ¢ E’ which is equivalent to Iy € E’ because
also |[E(G'[C"])| = 1. Thus, e, € E' if and only if g5 ¢ E’ if and only if
Iy € £ O
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Next, we define an assignment A based on G’. By Claim 3.7, we know
that either e, € E' or ez € F'.
0 eze £
1 e, e B’
Note that the assignment A assigns each variable x € X a unique value.
Finally, we show that the assigment A sets exactly one literal to true for
each clause ¢ € C. By Claim 3.7, we know that either f7 € E' or ff € E
or f¢ € E' for each clause ¢ = {p,q,r} € C. Without loss of generality, we
assume f; € E’ which implies e, € E’ by Claim 3.7. Since A is defined that
the literal p is true, only the literal p of clause ¢ is set to true. Hence, the
assignment A sets for each clause ¢ € C' exactly one literal to true. (]

We set A: X — {0,1} with z —

Theorem 3.8. II-NWS restricted to communities of size at most 3 is NP-
hard for graph properties characterized by {2}.

Proof. We give a reduction from 2-IN-3-SAT, a variant of 3-SAT which is
also NP-hard [15] and asks whether there exists an assignment such that for
each clause exactly two literals are set to true.

First, we introduce the notion of a permanent edge. An edge ¢ € E is
permanent, if every sparsified graph G’ of a yes-instance of II-NWS contains
this edge e. In our construction, any edge {u,v} can be made permanent
by adding a new vertex w, the edge {u,w} and the community consisting
of u, v, w. Since a graph property characterized by {2} enforces exactly two
edges in a subgraph induced by a community of size 3, every sparsified graph
G’ of a yes-instance of II-NWS has to contain the edges {u,v} and {v,w}.
Thus, for a graph property characterized by {2}, II-NWS with permanent
edges is polynomial time reducible to II-NWS. Hence, in this case it is
sufficient to show NP-hardness for II-NWS with permanent edges. In the
following we describe the variable gadget, then we describe the clause gadget
and finally we describe how both gadgets are connected.

Variable Gadget We add a vertex z and for each variable x € X, we
add two vertices u,, uz, the edges e, = {u,, 2}, ez = {z, uz}, the permanent
edge {uz, uz}, and a community Cp = {uy, 2, uz}.

Clause Gadget For each clause ¢ = {p,q,r} € C, we add three vertices
Upv q7 r) the edges fc _{ p7 q} f = {'l)q, T‘} f {UT7 p} and a commu-

nity C. = {¢p, cq, ¢}

Connecting the Gadgets For each ¢ = {p,q,r} € C, we add the edges
= {vg,up}, g5 = {vg’,uq}, g¢ = {v¢ u,}, the permanent edges gy =

{Zavp} g/lc = {upa q} g = {Z,’U } g//c = {uq, 'r} g {Z,U } g”C =
{ur, vy}, andthe communities {z,up, vp}, {up, v, vg}s {25 ug, vg s {ug, vg, vy

q T
{Z Ur, U r} {UT,U,,,7 p
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Figure 3.5: An example of the construction. The left side shows the variable
gadget and the clause gadget for the formula ¢ = (21 VT2 Va3) A (T1 V2o V
x3). The right side shows how the variable gadget and clause gadget are
connected for the literal z; of the clause (x1 V T2 V x3). The bold edges
indicates the permanent edges which are enforced to be contained in each
sparsified graph.

Finally, let G = (V, E) be the graph and let C be the set of communities
resulting from the above construction. We set ¢ = 2|X| + 9|C|. Let I =
(G,C, ) be the final instance of II-NWS. An example of the construction is
shown in Figure 3.5.

Correctness We show that there exists an assignment setting exactly two
literals per clause of ¢ to true if and only if [ is a yes-instance of II-NWS.

(=) Let A : X — {0,1} be an assignment setting exactly two liter-
als to true for each clause of ¢. We describe how to obtain a sparsi-
fied graph G’ = (V,E’) with |E'| < 2|X| + 9|C| using the assignment A.
The edges in G’ of the variable gadget are Ey = {e; | z € X, A(zx) =
1} U{ez | * € X, A(z) = 0} U {the permanent edges of Ex}. Note that
|E%| = 2|X]|. The edges in G’ of the clause gadget are Ep = {f; |
literal p of clause c is true for assignment A}. Observe that |Ej| = 2|C]
because for each clause exactly two literals are set to true. The edges in G’ of
the connection of both gadgets are F', = {g;; | literal p of clause c is false
for assignment A} U {the permanent edges of £ }. Observe that |E | =
|C| 4 6|C| because for each clause exactly one literal is set to false and the
connection of both gadgets has 6|C| permanent edges. Finally, the edges of
the sparsified graph are E' .= EY U E, U E',, thus |E'| = 2|X| +9|C|.

It remains to show that |E(G'[C;])| = 2 for each community C; € C. For
each community C; € Cx of the variable gadget, we have |E(G'[C;])| = 2
because G'[C;] contains the permanent edge {ug, uz} and either e, € E' or
ez € EY for a variable z € X. For each community C; € C¢ of the clause
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gadget, we have |E(G'[Cy])| = 2 because either f;, f¢ € E¢ or fg, fr € Eg,
or ff, fy € Eg for a clause ¢ = {p,q,r} € C. For each community C; € Cy
of the connection of both gadgets, we have |E(G'[C;])| = 2 because G'[C}]
contains either the permanent edge g, or the permanent edge g, and g5 €
E, if and only if f; ¢ Ef and e, ¢ E%. Hence, I is a yes-instance of
II-NWS.

(<) Let I be a yes-instance of II-NWS and let G' = (V, E’) be the

sparsified graph. First, we specify the properties of the sparsified graph G’.

Claim 3.9. Let x € X be a variable, let ¢ € C be a clause, and let p € ¢ be
a literal of clause c. The sparsified graph G’ has the following properties:

1. eitherey, € E' orez € E'
2. either fS, fo € E" or fo, ff € E' or ff, f5 € E
3. ep € B if and only if g5 ¢ E" if and only if f; € E'

Proof. For the first property, recall that all communities C'x of the variable
gadget are edge-disjoint. Since |E(G'[C;])| = 2 for each community C; € Cx
of the variable gadget, this implies that either e, € E' or ez € E’ because
the edge {uy,uz} is permanent.

For the second property, recall that all communities Cc of the clause
gadget are edge-disjoint. Since |E(G'[C;])| = 2 for each community C; € Ce
of the clause gadget, this implies that either fy, f7 € E" or f¢, f¢ € E' or
fofy e B

For the third property, recall that there is a length-three path consist-
ing of the edges ey, g, f;. Furthermore, there exists two communities c’

and C" with E(G[C']) = {g;,ep, 9, } and E(G[C"]) = {g;, f;,9,°}. Since
|E(G'[C'])| = 2 and the edge g, is permanent, e, € E’ is equivalent to
é; ¢ ' which is equivalent to ef, € £’ because also |E(G'[C"])| = 2 and the
g9,¢ is also permanent. Thus, e, € E' if and only if g5 ¢ E’ if and only if

[y €E. %

Next, we define an assignment A based on G’. By Claim 3.9, we know
that either e, € E or ez € E'.
0 ez € E/

ex €E
Note that the assignment A assigns each variable x € X a unique value.
Finally, we show that the assigment A sets exactly two literals to true
for each clause ¢ € C. By Claim 3.9, we know that either fy, f7 € E' or
[ [ € B or ff, f5 € E' for each clause ¢ = {p,q,7} € C. Without loss
of generality, we assume f7, fo € E’ which implies ey, e, € E' by Claim 3.9.
Since A is defined that the literal p and ¢ are true, exactly two literals are
set to true for clause c. Hence, the assignment A sets exactly two literals
to true for each clause c € C. O

We set A: X — {0,1} with x —
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Theorem 3.10. II-NWS restricted to communities of size at most 3 is
NP-hard for graph properties characterized by {1, 3}.

Proof. We give a reduction from NAE3SAT, a variant of 3-SAT which is
also NP-hard [15] and asks whether there exists an assignment such that for
each clause not all literals have the same truth value. In the following we
describe the variable gadget, then we describe the clause gadget and finally
we describe how both gadgets are connected.

Variable Gadget We add a vertex z and for each variable x € X, we add
two vertices uz, uz, the edges e, = {uy, 2}, ez = {z,uz}, and a community

Ca: - {u:l‘7 27 U/E}

Clause Gadget For each clause ¢ = {p,q,r} € C, we add four vertices
vy, Vg, Uy, V5, all six possible edges f = {vp, ve}, fg = {vg, v}, f7 = {vr, 8
Iy =A{vg vk, i = {vp, o0}, fi¢ = {vp, 05} and three communities CF =
{Up7quvz} 02 {qu ;:’ z} and C3_{Up’vrvvz

Connecting the Gadgets For each ¢ = {p,q,7} € C, we add the edges
9y = {vg, up}, 95 = {vg, uq}, gr = {vy, ur} and the communities {z, uy, vy},

{ulhvp?Uq} {Z UCI’ q} {uqﬂv(pvr} {Z Ur, U r} {uhvr? p

Finally, let G = (V, E) be the graph and let C be the set of communities
resulting from the above construction. We set ¢ := |X| 4 4|C|. Let I =
(G,C,?) be the final instance of II-NWS. An example of the construction is
shown in Figure 3.6.

Correctness We show that there is an assignment setting one or two
literals per clause of ¢ to true if and only if [ is a yes-instance of II-NWS.

(=) Let A: X — {0,1} be an assignment setting exactly one or two
literals to true for each clause of ¢. Let a be the number of clauses for which
exactly one literal is set to true and let b be the number of clauses for which
exactly two literals are set to true. We describe how to obtain the sparsi-
fied graph G’ = (V, E’) with |E’| < | X |+ 4|C| using the assignment A. The
edges in G’ of the variable gadget are Ey := {e; | x € X, A(z) = 1} U {ez |
xz € X, A(x) = 0}. Note that |E’ | = | X|. Recall that for each clause exactly
two literals are set to true. The edges in G’ of the clause gadget are Ef, :=
{fy, [,° | in clause c only literal p is true for assignment A} U {fy, fe, fi° |
in clause c the literals p, ¢ are true for assignment A}. Note that |Ej| =
2a+3b because for a clauses exactly one literal is set to true and for b clauses
exactly two literals are set to true. The edges in G’ of the connection of both
gadgets are £/ = {g; | literal p of clause c is false for assignment A}.
Observe that |E | = b+ 2a because for b clauses exactly one literal is
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Figure 3.6: An example of the construction. The left side shows the variable
gadget and the clause gadget for the formula ¢ = (z1 VT2 Va3) A (T1 V22 V
x3). The right side shows how the variable gadget and clause gadget are
connected for the literal z; of the clause (z; V T2 V x3).

set to false and for a clauses exactly two literals are set to false. Fi-
nally, the edges of the sparsified graph are E' := E% U E, U E'_, thus
|E'| = | X| 4 4a + 4b = | X| + 4]C].

It remains to show that |E(G'[C;])| = 1 or |E(G'[Ci])| = 3 for each
community C; € C. For each community C; € Cx of the variable gadget,
we have |E(G'[C;])| = 1 because either e, € E or ez € EY for a variable
x € X. For each community C; € C4 of the connection of both gadgets, we
have |E(G'[C;])| = 1 because g, € E, if and only if f ¢ E, and e, ¢ E.
Recall that there are three communities Cf, C§, C§ for each clause ¢ € C.
The clause ¢ has either exactly one true literal or exactly two true literals.
In the first case, we observe that |E(G'[CY])| = 1, |E(G'[CS])| = 1, and
|E(G'[CS])| = 1. In the second case, we observe that either |E(G'[Cf])| = 3
or |[E(G'[CS])| = 3 or |E(G'[CS])] = 3 and that each subgraph induced
by one of the other two communities contains exactly one edge. Thus, for
each community C; € Cx of the clause gadget we have |E(G'[C;])] = 1 or
|E(G'|C;])| = 3. Hence, I is a yes-instance of [I-NWS.

(<) Let I be a yes-instance of II-NWS and let G = (V, E’) be a spar-
sified graph. First, we specify the properties of the sparsified graph G’.

Claim 3.11. Let x € X be a variable, let ¢ € C be a clause, and let p € ¢
be a literal of clause c. The sparsified graph G’ has the following properties:

1. eithere, € E' orez € E’
2. meither f5, fo, fy € E' nor fy, fo, fi ¢ E'
3. ep € E' if and only if g5 ¢ E" if and only if f; € E'
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Figure 3.7: All four variants, how the graph property characterized by {1, 3}
can be satisfied in the communities of the clause gadget. (Note that the
two possibilities which are isomorphic to the second one are omitted) The
grey communities are the communities of the clause gadget. The dotted
communities are a part of connection to the variable gadget. The bold
edges represent the edges of a sparsified graph fulfilled the graph property
characterized by {1,3} for all shown communities.

Proof. For the first property, recall that all communities C'x of the variable
gadget are edge-disjoint. Since |E(G'[C;])| = 1 for each community C; € Cx
of the variable gadget, this implies that either e, € E’ or ez € E'.

For the second property, recall that there are three communities Cf, C¥,
(S for a clause ¢ € C. In Figure 3.7, all variants are shown, how a graph
property characterized by {1,3} can be fulfilled in these three communities.
Observe that the first and the second variant only need four edges. In
contrast to this, the third and the fourth variant need six edges. Since |X|
edges in the sparsified graph are needed for the variable gadget, there are at
most 4|C| edges of the clause gadget and the connection of both gadgets in
G’. Hence, only the first and the second variant are possible in G’ because
otherwise G’ has more than |X| + 4|C| edges. This implies that neither

o fos ff € E'nor f5, fo fr ¢ B

For the third property, recall that there is a length-three path consisting
of the edges e,, g5, f;- Furthermore, there exists two communities C" and C”
with E(G[C']) = {g5,ep} and E(G[C"]) = {g;, f5}. Since |[E(G'[C'])| = 1,
ep € E' is equivalent to gy ¢ E’ which is equivalent to f5 € E’ because
also |[E(G'[C"])| = 1. Thus, e, € E' if and only if g5 ¢ E’ if and only if
Iy € £ O

Next, We define an assignment A based on G'. By Claim 3.11, we know
that either e, € E or ez € E'.
0 ez € E/

ey €E
Note that the assignment A assigns each variable x € X a unique value.
Finally, we show that the assigment A sets one or two literals to true for each

We set A: X — {0,1} with x —
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clause ¢ € C. By Claim 3.11, we know that either one of edges f;, fg, fy is
contained in E’ or two of these edges are contained in E’. First, we consider
the case that exactly one of the edges f7, f7, f is contained in E'. Without
loss of generality, we assume f; € £’ which implies e, € £’ by Claim 3.11.
Since A is defined that the literal p is true, the clause c is satisfied by literal
p. Second, we consider the case that exactly two of the edges f;, f7, fi are
contained in E’. Without loss of generality, we assume Iorfq € E’ which
implies ey, e, € E' by Claim 3.11. Since A is defined that the literal p and ¢
are true, two literals of the clause ¢ are set to true. Hence, the assignment
A sets for each clause exactly one or exactly two literals to true. U

This completes our study of the NP-hardness of DENSITY NWS, STARS
NWS, ConNECTIVITY NWS, and II-NWS restricted to communities of size
at most 3.

3.2 Lower bounds

The naive brute force approach for each II-NWS problem performs an ex-
haustive search over all subsets of edge set E in the input graph G = (V, E).
This are |P(E)| = 2™ sets. With the restriction to graph properties IT which
are verifiable in O(poly(n + m)) time, we are able to obtain the following
general statement for II-N'W'S problems.

Theorem 3.12. Every II-N'WS problem is solvable in O(2™ - |C| - poly(n +
m)) time.

Proof. Let I = (G = (V,E),C,¥) be an instance of a II-NWS problem. The
algorithm is as follows. Check for each graph G’ := (V,E’) with E' C E
and |E’| < ¢ whether each subgraph induced by a community C; € C fulfills
the property II. If such a graph G’ exists, then I is a yes-instance of II-
NWS. If no such graph G’ exists, then I is a no-instance of II-NWS. Note
that we assumed that the graph property II is verifiable in poly(n + m)
time for each subgraph induced by a community. Since there are at most
2™ different subsets of F, the described algorithm has a running time of
O(2™ - |C| - poly(n +m))). O

In undirected graphs the number of edges m is at most (g) Therefore,
the exponential factor in the running time O(2™ - |C| - poly(n+m)) stated in
Theorem 3.12 is also expressible by parameter n as O(2" -|C|- poly(n+m)).
Since many real-world graphs in the field of social network analysis are
sparse, it would be tempting to find an algorithm with a running time such
that the exponent is for example only linear in the parameter n instead of
quadratic. This is not possible for DENSITY NWS, STARS NWS, and CON-
NECTIVITY NWS assuming the Exponential Time Hypothesis. Even if the
community size is restricted to at most 4, an algorithm with such a running
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time does not exist for DENSITY NWS, STARS NWS, and CONNECTIVITY
NWS when the ETH is true as shown in the following theorem.

Theorem 3.13. If the ETH is true, then DENSITY NWS, STARS NWS,
and CONNECTIVITY NWS cannot be solved in 2°0"*) -poly(n+|C|) time even
if restricted to instances with community size at most 4.

Proof. We start with a reduction from 3-SAT to 4-DENSITY NWS such
that the resulting graph has O(4/|¢|) vertices and O(poly(|¢|)) communities,
where ¢ denotes the input formula and |¢| the sum of the number of variables
and clauses. Then, the existence of an 2°("*) . poly(n + |C|)-time algorithm
for 4-DENSITY NWS implies the existence of an 2°(0¢D-time algorithm for 3-
SAT defeating the ETH [19, 20]. Then, we adapt the reduction to 4-STARS
NWS and 4-ConNECTIVITY NWS. Without loss of generality we assume
that each clause consists of exactly three literals. In the construction below
X denotes the set of variables, L := {z,T | = € X} the set of literals
containing a positive and negative literal for each variable and C' C {C; C
L | |C;| = 3} the set of clauses. For ¢ € L we say that ¢ denotes the
complement literal of the same variable.

Variable Gadget We start by describing the construction of the variable
gadget Gx = (Vx, Ex). The idea is to create for each variable a community
containing a P3 with a density requirement of % The first edge in such a P;
represents the positive literal, and the second one the negative literal. The
density requirement of % is used to model that one literal must be set to
true. These P3s are arranged compactly, to achieve a variable gadget with

Vx| € O (w/y¢|). Let 6 : L — Ex be the mapping of the literals to the

edges in the variable gadget. This mapping will be populated throughout
the following construction.

Let Gx be a complete balanced bipartite graph where both disjoint
independent sets U = {u1,...,uy,} and V = {v1,...,v,,} consist of n, =
2[1/1X]] vertices each. Observe that n, is dividable by 2. Then, we define
a partition V' == {{vja_1,vi2} | i € {1,...,%}} of V into sets of size 2.
The induced subgraph used for representing each variable is a P3. Such a
P;5 consists of one vertex u € U being its center and two vertices v;,v; € V.

Claim 3.14. There exists an injection between X and U x V.

Proof. There exists an injection because |U x V| = [U| - |V'| = n, - & =

2T /IXT] - VXD > o X /1K = 21X > | X o

By Claim 3.14 let n : X — U x V'’ be such an injection. We use this
injection to assign each variable a P3. Then, we add for each x € X with
n(z) = (ui, {vi,v;}) a community Cp = {u;,v;,v;} with a(Cy) = 3. We

denote these communities with CX. Finally, we set 0(z) = {u;,v;} and
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Figure 3.8: An example of the construction showing how the variables are
represented and how the Pss are arranged

6(T) := {u,v;} to assign the positive and negative literal of x an edge of the
variable gadget. An example of a variable gadget is shown in Figure 3.8.

Claim 3.15. Fach edge of Ex is contained in only one subgraph induced by
a community in Cx.

Proof. Each community C, consists of one vertex u € U and two vertices
vi,vj € V forming a P3 with u as center. Suppose there are two different
communities Cy, and C, such that they have one edge in common. This
implies that C;, and C;, contain the same vertex of U and have one vertex
of V in common. This leads to a contradiction because V' is a partition. <

Clause Gadget We continue by describing the construction of the clause
gadget Go = (Vo, E¢). The idea is to create a size-three star for each clause
in the formula. Each edge represents one literal of the clause. For each such
star, we create three communities each consisting of a different P; in the
star with a density requirement of % Again, these induced subgraphs are
arranged compactly, to achieve a clause gadget with |Vg| € O (M) Let
v:{(e,l1),(c,l2),(c,l3) | ¢ = {l1,02,03} € C} — E¢ be the mapping of
the literal occurrences in clauses to the edges of the clause gadget. This
mapping will be populated throughout the following construction.

Let G¢ be also a complete balanced bipartite graph where both disjoint
independent sets Y = {y1,...,yn.} and Z = {z1,..., 2, } consists of n. =
3[1/|C|] vertices each. Note that n, is dividable by 3. Then, we define a
partition Z’ := {2132, zi3-1,2i3 | 1 € {1,..., % }} of Z into sets of size 3.

Claim 3.16. There exists an injection between C and Y x Z'.

Proof. There exists an injection because |Y x Z'| = Y| |Z'| = n.- % =

sTy/ICT - 2V > 5. /1T /T = 3/¢) > [C. o

28



Figure 3.9: An example of the construction showing how the stars repre-
senting the clauses are arranged.

Figure 3.10: An example of the clause construction showing how the clause
x1 V T2 V x3 is represented.

By Claim 3.16, let 4 : C — Y x Z’ be an injection. We use this in-
jection to assign each clause a star of size three. Then, we create for
each clause ¢ = {{1,02,03} € C with p(c) = (yi,{#, 2j, 2z1}) three com-
munities CY = {y;,2i,2;}, C? = {yi,zi, 2} and C3 = {yi, zj, 2} with
a(Ch) = a(C?) = a(C?) = % We denote these communities with CC.
Finally, we set v(c, ¢1) == {vi, zi}, v(c, b2) = {ui, z;}, and v(c, €3) == {vi, zx}
to assign each literal in clause ¢ an edge of the clause gadget. An example of
a clause gadget is shown in Figure 3.9. In Figure 3.10 an example is shown
how a clause is represented.

Claim 3.17. All subgraphs induced by the vertex sets in W = {C}UC2UC? |
c € C} are pairwise edge-disjoint.

Proof. Each vertex set W; € W consists of one vertex y € Y and three
vertices z;, zj, 2, € Z forming a star with y as center. Suppose there are two
different vertex sets Wi, Wy € W such that they have at least one edge in
common. This implies that W7 and W5 contain the same vertex of Y and
have one vertex of Z in common. This leads to a contradiction because Z’
is a partition. O

29



Figure 3.11: An example of the construction showing how a literal in a
clause is connected with the variable gadget

Connecting the Gadgets We complete the construction by describing
how the variable and clause gadget are connected using communities. The
idea is to put the endpoints of an edge describing a literal in the clause
together with the endpoints of the edge describing the opposite literal in the
variable gadget in a community. These communities are used to model
occurrences of variables in the clauses. We create for each clause ¢ =
{£1,45, 03} € C three communities C% = v(c, £1)U0(f1), C2 = v(c,l2)UO (L)
and C% = v(c, l3) U 0(f3) with o(CL1) = a(CL2) = a(CL) = §. We denote
these communities with Cé( . An example of the connection for one literal is
shown in Figure 3.11.

Finally, let G4pns = Gx UG be the graph, let C4pns = Cx UCCUCg be
the set of communities and let a be the mapping resulting from the above
construction.

Correctness We show that the formula ¢ is satisfiable if and only if
Iipns = (Gapns, Capns, a, | X |+2|C) is a yes-instance of 4-DENSITY NWS.

Before we proof this statement, we make an observation about the pa-
rameter [.

Claim 3.18. Forl < |X|+ 2|C|, the instance I = (G4pNs, CaDNS, @, 1) is a
no-instance of 4-DENSITY NWS.

Proof. At least one edge of each community in the variable gadget is con-
tained in the sparsified graph to fulfill their density requirement. Conclud-
ing from Claim 3.15, these are at least |X| edges. At least two edges of
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each triple of communities forming a star of size four in the clause gad-
get are contained in the sparsified graph to fulfill their density require-
ment. Concluding from Claim 3.17, these are at least 2|C| edges. This
implies that I = (G4pns, CaDNS, @, 1) is a no-instance of 4-DENSITY NWS
for I < |X|+ 2|C]. &

(=) Let A: X — {0, 1} be an assignment satisfying ¢. First, we describe
how to obtain the sparsified graph G’ = (V, E') with |E’| = | X |+ 2|C| using
A. For each variable, we select the edge of the variable gadget representing
the literal that is not fulfilled by A, formally described by E’ = {f(x) |
r € X,A(x) =0} U{0(x) | « € X,A(x) = 1}. The set E% fulfills the
density requirement of the communities in the variable gadget. Let Ef
denote a set of edges. For each clause ¢ = {f1,/05,¢;}, there is at least
one literal that is fulfilled by A which is denoted by I;. We add the edges
v(c, 1) and v(c,l2) to Ef. In the construction of the clause gadget, we
created three communities C! = v(c,¢1) Uv(c, la) , C2 = v(c, b1) Uv(c, &),
and C3 = v(c,ly) Uv(c,f;). Each of them having a density requirement
of % which is fulfilled by the edges v(c,l;) and v(c,l2). While connecting
both gadgets, we also created three communities C5 = v(c,f1) U 0(¢y),
C% = v(c,ls) UB(Ly), and C% = v(c,l;) U (L), each of them having a
density requirement of % This density requirement is fulfilled for C* and
C*% by the edges v(c,f1) and v(c,f). For C% the density requirement is
also fulfilled but this time by an edge in F’. Finally, we set E' := E U Ey,
and observe that |E’| = |X| + 2|C|. Therefore, I;pns is a yes-instance of
4-DENSITY NWS.

(<) First, we define an assignment A based on the sparsified graph
G = (V,E’) where E' denotes the edges in G’ of the variable gadget and
E¢ the edges in G’ of the clause gadget. Then, we show that the assignment
A satisfies ¢.

0 0() ¢ By

1 O(x) ¢ Bl

By the proof of Claim 3.18, we conclude that |E% | = k and not both edges
(x) and 6(T) of a variable x are contained in E’. Therefore, the assignment
A does assign each variable z a unique value. Recall that we created for each
clause ¢ = {{1, 02, ¢;} three communities C’fl, 052, and C’ft connecting the
variable and the clause gadget. Due to the solution size of | X| + 2|C|, we
have E' N {v(c,t1),v(c,l2),v(c,b;)} = 2. Hence, the density requirement
of one of the communities C%, C% and C% has to be fulfilled by an edge
contained in E’. Without loss of generality we assume that this is the case
for C%t. This implies that 6(¢;) € E and therefore A(¢;) = 1 which satisfies
the clause c. This applies to all clauses, wherefore ¢ is satisfied by A.

We set A: X — {0,1} with z —

Adapting the construction for Stars NWS Now, we modify the con-
struction to be able to replace the density requirement for each community
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with the star requirement. The idea is to add edges to each community
such that these edges form together with the sparsified graph G/yg of the
4-DENSITY NWS instance a sparsified graph G/jqng for 4-STARS NWS.

Variable Gadget We make the set V' a clique instead of an independent
set. This transforms every P; in the variable gadget to a triangle. Then, we
create for each edge {v;,v;} in the clique V' a community consisting only of
v; and v;.

Clause Gadget We make the set Z a clique instead of an independent
set. This transforms every Pj in the clause gadget to a triangle. Then, we
create for each edge {z;, z;} in the clique Z a community consisting only of
z; and z;.

Connecting the Gadgets For each community {u,v,y,z} € CX with
uweU,veV, yeY and z € Z that has been created to connect both
gadgets, we add the edges {u,z}, {v,y} and {v,z}. Then, we create for
each added edge a community consisting of the endpoints of the edge.

Finally, let G4gng denote the adapted graph and let Cysng denote the
adapted set of communities resulting from the modified construction. Fur-
thermore, let Iygns = (Gasns, Casns, | X| +2|C|+3|C|+ (|‘2/|) + (‘g‘)) denote
the instance of STARS NWS resulting from the modified construction.

Claim 3.19. I4sns s a yes-instance of 4-STARS NWS if and only if IspNs
is a yes-instance of 4-DENSITY NWS.

Proof. Throughout the proof we call an edge e € E(Gygns) old if e €
E(G4DN3) and new if e ¢ E(G4DN5).
(=) Let I4sns be a yes-instance of 4-STARS NWS and let Ggyg be
a sparsified graph. We show how to construct a sparsified graph for the
instance Iypng of 4-DENSITY NWS with | X |+ 2|C| edges. Observe that all
new edges are contained in G’gyg due to the size-two communities. These
are (‘g') edges for the variable gadget, (‘g ‘) edges for the clause gadget, and
3|C| edges for the connection between both gadgets. Next, observe that
the new edges almost form a complete star in each subgraphs induced by
the size-three and size-four communities. To form a complete star at least
one old edge in each subgraphs induced by these communities is contained
in G)jgng- These are | X| 4 2|C| old edges. We remove the new edges from
sns- The remaining graph contains | X |[+2|C| old edges and each subgraph
induced by a size-three or size-four community contains at least one edge. It
satisfies the density requirement of each community in the instance I4pns.
Therefore, the resulting graph is a sparsified graph for the instance I4pNg.
Thus, I4pns is a yes-instance of 4-DENSITY NWS.
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(<) Let Iypns be a yes-instance of 4-DENSITY NWS and let Gljpyg
be a sparsified graph. We show how to construct a sparsified graph for
the instance Iygng of 4-STARS NWS with | X| + 2|C| + 3|C| + ('g') + (‘g‘)
edges. Observe that each subgraph induced by a size-three or size-four
community contains at least one old edge. We add all new edges to Gjpng
which are 3|C| + (“2/‘) + (‘g‘)) edges. By the definition of the modified
construction we know that these new edges form together with the old edges
in each subgraph induced by a size-three and size-four community a star.
The star requirement of the subgraphs induced by the additional size-two
communities in Ggyg is also satisfied by the new edges. Therefore, the
extended graph is a sparsified graph for the instance I4gng of 4-STARS NW'S
and has | X|+2|C|+3|C|+ ('g') + ('g') edges. Thus, I4gns is a yes-instance
of 4-STARS NWS. &

Correctness By the correctness of the reduction to 4-DENSITY NWS and
Claim 3.19, we conclude that the formula ¢ is satisfiable if and only if I4gNg
is a yes-instance of 4-STARS NWS.

Adapting the construction for Connectivity NWS Now, we mod-
ify the construction to be able to replace the density requirement for each
community with the requirement of being connected. Again, the idea is to
add edges to each community such that these edges form together with the
sparsified graph G’jng of the 4-DENSITY NWS instance a sparsified graph
G'jong for 4-ConNNECTIVITY NWS.

Variable Gadget We make the set V a clique instead of an independent
set. This transforms every P; in the variable gadget to a triangle. Then, we
create for each edge {v;,v;} in the clique V' a community consisting only of
v; and vj.

Clause Gadget We make the set Z a clique instead of an independent
set. This transforms every Pj in the clause gadget to a triangle. Then, we
create for each edge {z;, z;} in the clique Z a community consisting only of
z; and z;.

Connecting the Gadgets For each community {u,v,y,z} € CX with
uweU,veV, yeY and z € Z that has been created to connect both
gadgets, we add the edges {u, z} and {v,y}. Then, we create for each added
edge a community consisting of the endpoints of the edge.

Finally, let G4cons denote the adapted graph and let C4consg denote the

adapted set of communities resulting from the modified construction. Fur-
thermore, let Iyons = (Gacns, Cacns, | X|+2|C|+2|C|+ (“Q/I) + (%')) denote
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the instance of CONNECTIVITY NWS resulting from the modified construc-
tion.

Claim 3.20. I4cns is a yes-instance if and only if I4pNs s a yes-instance.

Proof. The proof is analogous to the proof of Claim 3.19. Again, we call an
edge e € E(Gycns) old if e € E(G4—sp) and new if e ¢ E(G4—sp).

(=) Let Iycns be a yes-instance of 4-CONNECTIVITY NWS and let
G'jong be a sparsified graph. We show how to construct a sparsified graph
for the instance Iypng of 4-DENSITY NWS with | X| + 2|C| edges. Observe
that all new edges are contained in G’yg due to the size-two communities.
These are (“24) edges for the variable gadget, (lg |) edges for the clause gadget
and 3|C| edges for the connection between both gadgets. Next, observe that
each subgraph induced by a size-three or size-four community is almost con-
nected by the new edges. At least one old edge in each subgraphs induced
by these communities is contained in G’cyg to connect them completely.
These are | X |+ 2|C| old edges. We remove the new edges from G/ yg. The
remaining graph contains | X | + 2|C| old edges and each subgraph induced
by a size-three or size-four community contains at least one edge. It satisfies
the density requirement of each community the instance I4png. Therefore,
the resulting graph is a sparsified graph for the instance Iypng. Thus, I4pns
is a yes-instance of 4-DENSITY NWS.

(<) Let Ispns be a yes-instance and let GjNg be a sparsified graph.
We show how to construct a sparsified graph for the instance Iycng with
| X| + 2|C| + 2|C| + (“2/‘) + ('g') edges implying Iycns is a yes-instance.
Observe that each subgraph induced by a size-three or size-four community
contains at least one old edge. We add all new edges to G’yg Which are
2|C| + ('g') + ('gl)) edges. By the definition of the modified construction
we know that these new edges connects together with the old edges each
subgraph induced by a size-three or size-four community. The subgraphs
induced by the additional size-two communities in Gjyg are also connected.
Therefore, the extended graph is a sparsified graph for the instance I;cns
of 4-CoNNECTIVITY NWS and has | X |+ 2|C| + 2|C| + (V) + (Z1) edges.
Thus, I4cNs is a yes-instance of 4-CONNECTIVITY NWS.

Correctness By the correctness of the reduction to 4-DENSITY NWS and
Claim 3.19, we conclude that the formula ¢ is satisfiable if and only if I4cNs
is a yes-instance of 4-CONNECTIVITY NWS. O

This bound also answers the question, whether it is possible to improve
the exponent to be only sub-linear in parameter m to get an algorithm with
a running time of 2°0™ . |C| - poly(n + m). Under the Exponential Time
Hypothesis such an algorithm does not exist for DENSITY NWS, STARS
NWS, and ConNECTIVITY NWS which directly follows from Theorem 3.13.
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Corollary 3.21. If the ETH is true, then DENSITY NWS, STARS NWS
and CONNECTIVITY NWS cannot be solved in 2°™ - |C| - poly(n+m) time.

Proof. Since m < n?, the existence of an algorithm with a running time of
200m) . |C| - poly(n +m) implies the existence of an algorithm with a running
time of 2°("*) . |C| - poly(n + m). By Theorem 3.13 we conclude that this
would defeat the ETH. O
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4. Parameterized
Complexity

In the following, we study DENSITY NWS, STARS NWS, and CONNECTIV-
ITY NWS using the framework of parameterized complexity.

4.1 The Parameter /¢

In this section, we analyze DENSITY NWS, STARS NWS and CONNEC-
TIVITY NWS parameterized by ¢, the number of edges of the sparsified
graph. In Section 3.1, we saw that DENsSITY NWS, STARS NWS, and
ConNNECTIVITY NWS are NP-hard even if the instances are restricted to
those with having communities of size at most 3. Because of this, we start
our analysis for parameter ¢ with instances having communities of size at
most 3. We start with 3-DENSITY NWS followed by 3-STARS NWS and
3-CoNNECTIVITY NWS. Then, we study the more general case, where the
community size is bounded by an arbitrary integer d. Finally, we analyze
the problems with unbounded community size parameterized by £.

A maximum community size of at most 3 implies that each subgraph
induced by a community has at most three edges. This restricts the search
tree size of an exhaustive search on the edge set to at most O(3¢). This allows
us to obtain fixed-parameter tractability for 3-DENSITY NWS as shown in
Theorem 4.1.

Theorem 4.1. 3-DENSITY NWS is solvable in O(3° - |C| - (n +m)) time.

Proof. We start by giving an algorithm. Let I = (G,C, «,{) be an instance
of 3-DENsSITY NWS. The call Solve3SDNWS(G,C,a,t,0) of Algorithm 1
solves the instance I by performing an exhaustive search on the edge set
E to find the edge set E’ of a sparsified graph. In each recursive call, a
community Cj is selected whose density requirement is not already satisfied
by the edges in E’. If no such community exists, then I is a yes-instance.
If such a community exists, but £ = 0, then I is a no-instance. Then, the
algorithm branches on the edges in the subgraph induced by C; that are not
already contained in E’. For each branch, such an edge is added to E’ and
the parameter ¢ is decreased by one accordingly.
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Algorithm 1: Algorithm for 3-DENSITY NWS: Solve3DNWS
Input :G=(V,E),C,a,l,F’
Output: A sparsified graph G’ with at most ¢ edges or no

1 C{CreC LB NEGIC)] < a(C))

2 if C = () then

3 | return G’ = (V,E')

4 if / =0 then

5 ‘ return no

6 C; < pick element from C

7 forall e € E(G[C;]) \ E' do

8 if SolveSDNWS(G,C,a,l — 1, E' U {e}) returns a graph G’ then
9 ‘ return G’
10 return no

Running time We continue by analyzing the running time of the de-
scribed algorithm. The loop in Lines 7-9 iterates over the edges in a sub-
graph induced by a community which are at most 3 due to the community
size of 3. Therefore, the recursive call in Line 8 is made at most three times,
each call decreasing the parameter ¢ by one. This leads to a branching
vector of [1,1,1] resulting in a search tree size of at most O(3%). Checking
the termination condition and selecting the next community C; in Lines 1-6
takes at most O(|C|-(n+m)) time. Hence, the algorithm has a total running
time of O(3¢-|C| - (n +m)). O

Theorem 2 introduces an algorithm for solving 3-DENSITY NWS. In
Lemma 3.4, we saw that 3-STARS NWS and 3-CONNECTIVITY NWS are
essentially special cases of 3-DENSITY NWS. This allows us to transfer the
fixed-parameter tractability of 3-DENSITY NWS to the other two problems.

Corollary 4.2. 3-STARS NWS and 3-CONNECTIVITY NWS are solvable
in O(3°-|C| - (n+m)) time.

Proof. Let I = (G,C, ) be an instance of 3-STARS NWS or an instance of 3-
ConNNECTIVITY NWS. Let o : C — {%} be the constant mapping of C to %
According to Lemma 3.4, the instance Ispns = (G, C, a, f) is an equivalent
instance of 3-DENSITY NWS which is solvable in O(3° - |C| - (n +m)) time
according to Theorem 4.1. O

Algorithm 2 performs a naive branching without considering the struc-
ture of an instance like different density requirements of different communi-
ties. Next, we introduce two reduction rules and one branching rule leading
to a better algorithm. We define the reduction rules based on the branching
algorithm. We omit the straightforward correctness proofs. The observa-
tion made by Lemma 3.2 leads directly to Reduction Rule 1. Lemma 3.2
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describes edges which have definitely to be kept in a sparsified graph in
order to satisfy the density requirement of a community. This are edges of
the subgraphs induced by a community which have already at least edges
as possible to still satisfy its density requirement.

Reduction Rule 1. Let G,C,a,f, and E' be the current parameters of
a recursive step of Algorithm 1. If there exists a community C; € C with
|E(G[Cy])| = [(‘g") ~a(Cy)], then add the edges in E(G[C;]) to E', remove

C; from C and decrease £ accordingly.

Next, we consider communities not sharing an edge with any other com-
munity. Let G = (V, E) be a graph and let C be a set of communities over
V. We say a community C; € C is independent, if there does not exist a
community C; € C\ {C;} with E(G[C;]) N E(G[C)]) # 0. An indepen-
dent community does not affect any other communities and therefore can
be solved independently. This leads to the following reduction rule.

Reduction Rule 2. Let G,C,a, ¢, and E' be the current parameters of a
recursive step of the branching algorithm. If there exists an independent
community C; € C, then add the minimum number of edges in E(G[C}]) to
E’ such that |E(G[C;))NE'| > a(C;) - ('C;‘), remove C; from C, and decrease
£ accordingly.

The following branching rule exploits the existence of a size-three com-
munity C; with a density requirement o(C;) € (3, 2].
Branching Rule 1. Let G,C,a,¢ and E' be the current parameters of a
recursive step of the branching algorithm. If there exists a community C; =

{u,v,w} € C with |E(G[Ci]))| = 3, E(G[C;])) N E" = 0 and a(C;) € (3, 2],

then branch into the following cases: e
1. Add {u,v} and {v,w} to E' and decrease £ by 2.
2. Add {v,w} and {u,w} to E' and decrease ¢ by 2.
3. Add {u,v} and {u,w} to E' and decrease { by 2.

Branching Rule 1 has a branching vector of [2,2,2] which results a
branching number of approximately 1.733. Using Reduction Rules 1-2 and
Branching Rule 1, we are able to improve the algorithm for 3-DENSITY
NWS.

Theorem 4.3. 3-DENSITY NWS is solvable in O(2.076°-|C|- (n+m)) time.

Proof. We adapt the branching of Algorithm 1. The resulting algorithm is
shown in Algorithm 2. First, we apply Reduction Rules 1-2 exhaustively.
In the branching, we apply the Branching Rule 1 exhaustively.
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Claim 4.4. If neither the Reduction Rules 1-2 nor the Branching Rule 1 ap-
ply anymore, then one of the following statements applies for each remaining
community C; € C:

1. If a(C;) € (0, 3] then |E(G[Ci)) N E'| =0
2. If a(C;) € (3, 3] then |E(G[C;])NE'| =1

Proof. Let C; € C be a community and neither Reduction Rules 1 and 2
nor Branching Rule 1 are applicable.. In case of a(C;) € (%, 1] Reduction
Rule 1 applies. In case of a(C;) = 0 the community C; has been removed
from C in Line 2. Hence, we observe that a(C;) € (0, 3]. First, we consider
the case when a(C;) € (0,3]. Then, we observe that |E(G[C;]) N E'| = 0
because otherwise the density requirement a(C;) is already satisfied by the
edges in E’. Next, we consider the case when a(C;) € (3, 2]. In case of
|E(G[C;]) N E'| > 2 the density requirement «(C;) is already satisfied by
the edges in E' and the community C; is removed from C in Line 2. In
case of |[E(G[C;]) N E'| = 0, we observe that |E(G[C;])| = 3 because in case
of |[E(G[C;])| = 2 Reduction Rule 1 applies and in case of |E(G[C;])| < 2
the density requirement a(C;) is not even satisfied in G. Therefore, in case
of |E(G[C;]) N E'| = 0 Branching Rule 1 is applicable. Thus, we have

[E(G[C]) NE'| =1. &

By Claim 4.4 we know that for each remaining community C; € C the
density requirement «(Cj;) is satisfied by E’ except one edge. Thus, the
remaining task is to select a subset of ET C F \ E’ such that E*T N C; # 0
for each community C; € C. Since each community has at most three edges,
the remaining task can be expressed as an instance of 3-HITTING SET. We
define the equivalent 3-HITTING SET instance I3_pgs = (U, S, ¥), where the
universe is defined as U := E '\ E’ and the family of subset over U is defined
as S .= {E(G[C;]) \ E' | C; € C}. If S has a hitting set X of size at most /,
then G’ = (V, E’UX) is a sparsified graph with at most ¢ edges. Otherwise,
I is a no-instance.

Running time The branching number of Branching Rule 1 is 1.733. Let
¢" be the number of edges in E’ that originated from Branching Rule 1.
Hence, the search tree created by this rule has a size of at most O(1.733%).
The HITTING SET instance created in Line 10 is solvable in O(2.076 ¢ -
|C|)time [27]. This leads to an overall running time of O(2.076¢-|C|-(n+m))
for solving an instance of 3-DENSITY NWS. U

We could apply Algorithm 2 also to 3-STARS NWS and 3-CONNECTIVITY
NWS as we did in Corollary 4.2 with Algorithm 1. But this algorithm does
not exploit that in the sparsified graph each subgraph induced by a com-
munity has at least two edges. Using this property we are able to obtain
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Algorithm 2: Refined Algorithm for 3-DENSITY NWS
Input :G=(V,E),C,a,l,F’
Output: A sparsified graph G’ with at most ¢ edges or no

1 Apply Reduction Rules 1-2 exhaustively

2 C«+{C;eC| % |[E'NE(G[CY])] < a(C))}
3 if C = () then

4 | return G' = (V,E')

5 if /=0 then

6 ‘ return no

7 if Branching Rule 1 is applicable then

8 ‘ Apply Branching Rule 1

9 else

10 | Izus + (E\E{Ci\E'|C; €C} )
11 if Is_gs is a yes-instance with hitting set X then
12 | return G’ = (V,EF'UX)

13 return no

an even better algorithm. We start by refining the branching by taking
advantage of intersections between communities.

Branching Rule 2. Let G,C, ¢, and E’ be the current parameters of a
recursive step. If there exist two communities C; = {u,v,z},C; = {u,v,y} €
C with |[E(G[|C3))| = 3, |[E(G[C}))| = 3, E(G[Cs]) N E" =0 and E(G[C;]) N
E' =0, then branch into the following cases:

1. Add {u,v} to E' and decrease ¢ by 1.
2. Add {u,x}, {v,z}, {u,y} and {v,y} to E' and decrease ¢ by 4.

Branching Rule 2 has a branching vector of [1,4] which results in a
branching number of approximately 1.381. An example where the rule is
applicable is shown in Figure 4.1.

Branching Rule 3. Let G,C,¢, and E' be the current parameters of a
recursive step. If there exist two different communities C; = {u,v,z},C; =
{u,v,y} € C with |E(G[Cy])| = 3, |[E(G[C}])| = 3, E(G[Cs]) NE" =0 and
E(G[Cy]) N E" = {{v,y}}, then branch into the following cases:

1. Add {u,v} to E' and decrease £ by 1.
2. Add {u,x}, {v,z}, and {u,y} to E' and decrease £ by 3.

Branching Rule 3 has a branching vector of [1,3] which results in a
branching number of approximately 1.466. An example where the rule is
applicable is shown in Figure 4.2. Before we use these rules to improve the
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Figure 4.2: An example where Branching Rule 3 is applicable.

search tree size, we reformulate Reduction Rules 1-2 so that they also apply
to instances of STARS NWS and CONNECTIVITY NWS. Again, we omit the
straightforward correctness proofs.

Reduction Rule 3. Let G,C,¢, and E' be the current parameters of a
recursive step. If there exists a community C; € C with |E(G[C])| = |Ci|—1,
then add the edges of E(G[C;]) to E', remove C; from C, and decrease £ by
the number of new edges in E’.

Reduction Rule 4. Let G,C,¢, and E' be the current parameters of a
recursive step. If there exists an independent community C; € C, then add
the minimum number of edges in E(G[C;]) to E' such that |E(G[C;])NE'| =
|Ci| — 1, remove C; from C and decrease £ accordingly.

Theorem 4.5. 3-STARS NWS and 3-CONNECTIVITY NWS are solvable in
O(1.466° - |C| - (n +m)) time.

41



Proof. Again, we adapt the branching of Algorithm 1. The resulting al-
gorithm is shown in Algorithm 3. Frist, we apply Reduction Rules 3—4
exhaustively. In the branching we apply the Branching Rules 2-3 exhaus-
tively.

Claim 4.6. If neither the Reduction Rules 3—4 nor the Branching Rules 2—
3 apply anymore, then |E(G[Ci])| = 3 and |E(G[C;]) N E'| = 1 for each
community C; € C.

Proof. Let C; € C a community and neither Reduction Rules 3 and 4 nor the
Branching Rules 2 and 3 are applicable. In case of |[E(G[C}])| = 2 Reduction
Rule 3 applies. In case of |[E(G[C;])| < 2 even the induced subgraph G[C}]
is not connected. Therefore, we observe that |E(G[C;])| = 3. Now, assume
that E(G|C;]) N E’ # 1 First, we observe, that E(G[C;]) N E' # () and C;
cannot be independent. Thus, there exists a community C; € C\ {C;} with
|CiNCj| = 2 and |E(G[C;])NE’| < 2. Then, the following cases are possible:

1. |E(G[Cj]) N E'| =0
2. |B(GIC;)) NE'| =1

The first case allows the application of Branching Rule 2 and the second
case the application of Branching Rule 3. This contradicts the assumption
that Branching Rules 2 and 3 are not applicable. &

By Claim 4.6 we know that |E(G[C;]) N E'| = 1 for each community
CiC, but we need |E(G[C;]) N E'| > 2 such that each community is con-
nected. Thus, the remaining task is to select a subset of ET C E \ E’
such that E* N C; # 0 for each community C; € C. Since for each com-
munity C; € C the subgraph induced by C; has exactly two edges not be-
ing contained in E’, the remaining task can be expressed as an instance
of VERTEX COVER. We define the equivalent VERTEX COVER instance
Ivc = (Gyve = (W, Eve), £) where the vertices are defined as Vy¢ == E\E’
and the edge set is defined as Eyc == {C;\ F' | C; € C}. If Gyc has a vertex
cover X of size at most ¢, then G’ = (V, E’ U X) is a sparsified graph with
at most ¢ edges. Otherwise, I is a no-instance.

Running time The branching numbers of the Branching Rules 2-3 are
1.381 and 1.466. Let ¢’ be the number of edges in E’ that originated from
the Branching Rules 2-3. Hence, the search tree created by these rules has a
size of at most O(1.466"). The VERTEX COVER instance created in Line 12
is solvable in O(1.286/=¢ . (¢ — ¢') - m) time [7]. This leads to an overall
running time of O(1.466° - |C| - (n + m)) for solving an instance of 3-STARS
NWS or 3-CoNNECTIVITY NWS. O

42



Algorithm 3: Refined Algorithm for 3-STArRS NWS and 3-
CONNECTIVITY NWS
Input :G=(V,E),C,{,F'
Output: A sparsified graph G’ with at most ¢ edges or no
Apply Reduction Rules 3—4 exhaustively
C+ {C; eC||E'NE(G[C])| <2}
if C = () then

| return G' = (V,E')
if /=0 then

‘ return no
if Branching Rule 2 is applicable then

‘ apply Branching Rule 2
if Branching Rule 3 is applicable then

‘ apply Branching Rule 3
else

Iy + (E \ E/7 {CZ \ £ | C; € C},g)
if Iyc is a yes-instance with a vertex cover X of size at most ¢
then

14 | return G’ = (V,E'UX)
15 return no

© W N o A W N

T e R i
w N = O

Now we take a closer look at instances where the community size is
bounded by an arbitrary integer d. This implies that the number of edges
in a subgraph induced by a community does not exceed d?. This allows us
to adapt Algorithm 1 leading to fixed-parameter tractability for d-DENSITY
NWS.

Theorem 4.7. d-DENsITY NWS is solvable in O(d* - |C| - (n +m)).

Proof. We use a branching strategy trying out all possible subsets of edges
that would satisfy the density requirement in the sparsified graph. The algo-
rithm is shown in Algorithm 4. In each recursive step, we select a community
C; € C such that E(G[C;]) N E'| < [a(C}) - (‘%‘)H If no such community
is left and |E’| < ¢, then the instance is a yes-instance of d-DENSITY NWS.

Let x; = [a(C;) - ('%')H — E(G[C;]) N E’| be the minimum number of edges
which needs to be added to E’ such that the density requirement of C; is
satisfied by E’. Then, we make a recursive call for each size-x; subset of
E(G[Cy])) \ E' and decrease ¢ by z;.

Running Time Let C; € C be the community selected for branching
in Line 6. The branching vector of the branching in the loop in Lines 8-
10 has ('E(G[C'])\E |) entries of value z;. The branching number of this

vector is bounded by \/ x v/ ( ‘f < Vd?>®r < d%. This leads to a
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Algorithm 4: Algorithm for d-DENSITY NWS: Solve DNWS
Input :G=(V,E),C,a,l,F’
Output: A sparsified graph G’ with at most ¢ edges or no

1€ {C €|} |E'NE(GIC)] < a(Ch)}

2 if C = () then

3 | return G’ = (V,E')

4 if / =0 then

5 ‘ return no

6 C; < pick element from C

r i e [a(C) - (901 - B@IC) N 2

8 forall E! C (E(G[C;]) \ E') with |E;| = z; do
9 if SolveDNWS(G,C, o, ¢ — x;, E' U E!) returns a graph G’ then
10 ‘ return G’
11 return no

search tree size of at most O(d?). This results in an overall running time
of O(d? -|C| - (n+m)). O

Next, we state the fixed-parameter tractability of d-STARS NWS by
giving an algorithm running in O(d’ - |C| - (n 4+ m)) time. The algorithm
exploits that a community size of at most d restricts the number of different
possible spanning stars in each subgraph induced by a community to d.

Theorem 4.8. d-STARS NWS is solvable in O(d" - |C| - (n +m)) time.

Proof. We use a branching strategy trying out all potential centers of each
community in the sparsified graph. The algorithm is shown in Algorithm 5.
In each recursive step, we select a community C; € C for which the require-
ment of containing a spanning star is not satisfied by the current edge set E’.
If no such community is left and |E’| < ¢, then the instance is a yes-instance
of d-STARS NWS. If there exists such a community and ¢ is already 0, then
I is a no-instance of d-STARS NWS. If none of the conditions mentioned
above applies, we branch on each potential center vertex ¢; of community
C;, add the necessary edges to E' and decrease ¢ accordingly.

Running time Let C; € C be the community selected for branching in
Line 6. The branching vector of the branching in the loop in Lines 7-10
has at most d entries of value at least 1 because a community has at most
d and /¢ is decreased each time at least by 1. The branching number of this
branching vector is d. This leads to a search tree size of at most O(d*). This
results in a overall running time of O(d* - [C| - (n + m)). O

Finally, we give an algorithm solving d-CONNECTIVITY NWS which has
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Algorithm 5: Algorithm for d-STARS NWS: SolveSNWS
Input : G=(V,E),C.{,F'
Output: A sparsified graph G’ with at most ¢ edges or no
C + {C; € C | G*[C;] does not contain a star for G* = (V, E')}
if C = () then
| return G' = (V,E')
if / =0 then
‘ return no
C; + pick element from C
forall ¢; € C; with C; C N|¢] do
Ei« {{ei,v|ve C\{a}}\ E|
if SolveSNWS(G,C,¢ — |E!|, E' U E!) returns a graph G' then
‘ return G’

© 0w N O oA W N

=
=]

return no

[y
-

a running time of O(d?* - |C| - (n + m)). Thus, d-CONNECTIVITY NWS is
also fixed-parameter tractable with respect to parameter /.

Theorem 4.9. d-CONNECTIVITY NWS is solvable in O(d? -|C| - (n +m))
time.

Proof. The algorithm is shown in Algorithm 5. In each recursive step, we
select a community C; € C for which the induced subgraph G*[C}] is not
already connected in G* = (V, E’). If no such community is left and |E’| < ¢,
then the instance is a yes-instance of d-CONNECTIVITY NWS. If there exists
such a community and ¢ = 0, then [ is a no-instance of d-CONNECTIVITY
NWS. If none of the conditions mentioned above applies, we branch on the
edges in the subgraph induced by C; that are not already contained in E’
and decrease ¢ by 1.

Running Time Let C; € C be the community selected for branching in
Line 6. The branching vector of the branching in the loop in Lines 7-9 has
at most |E(G[C;])| entries of value 1. Thus, the branching number of this
vector is bounded by |E(G[C;])| < (g) < d?. This leads to a search tree size
of at most O(d?). This results in an overall running time of O(d?-|C|- (n+
m)). O

In the previous part, we saw FPT-algorithms for d-DENSITY NWS, d-
STARS NWS, and d-CONNECTIVITY NWS parameterized by £. Therefore,
the next question that arises is whether polynomial kernels exists. Let F
be a family of sets of equal size over a universe U. A set § C F is called
a sunflower with |S| petals and a core Y, if S; N S; =Y for each different
S;,S; € S. First, we state the Sunflower Lemma by Erdds and Rado [13]
helping us to develop polynomial kernels for all three problems.
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Algorithm 6: Algorithm for d-CONNECTIVITY NWS: Solve CNWS
Input : G=(V,E),C.{,F'
Output: A sparsified graph G’ with at most ¢ edges or no

1 C + {C; € C| G*|C}] is not connected for G* = (V, E')}

2 if C = () then

3 | return G’ = (V,E')

4 if /=0 then

5 ‘ return no

6 C; < pick element from C

7 forall e € E(G[C;]) \ E' do

8 if SolveCNWS(G,C,¢ — 1, E"U{e}) returns a graph G’ then
9 | return ¢
10 return no

Lemma 4.10 (Sunflower Lemma [13][9]). Let U be a set of elements and
F a family of subsets of U each having size exactly d. If |A| > d\(k — 1),
then F contains a sunflower with k petals which can be computed in time
polynomial in |F|+ |U| + d.

Next, we formulate a reduction rule for DENSITY NWS based on the
existence of a sunflower in the set of communities of an instance.

Reduction Rule 5. Let I = (G = (V, E),C,¥) be an instance of d-DENSITY
NWS such that C contains a sunflower S with £ + 1 petals. LetY denote
the core of the sunflower. Let x be the smallest number such that © >
[a(Cy) - (gﬂ and z > [a(Cj) - (gﬂ for two different communities C;,C; € S.
If|[E(G]Y])| < z, then I is a no-instance. Otherwise, add a new community
Cy = YUZ where Z contains d—|Y | new vertices to C and set o(Cy) = x/ (g)
Remove all communities C; € S with [a(C}) - (g)] <z from C and add the
vertices in Z to V. This are at least two communities because x has been
picked such that x edges are sufficient to satisfy the density requirement
of at least two communities. Since only one new community is added, the
described rule reduces the number of communities by at least 1.

Lemma 4.11. Rule 5 is correct.

Proof. Let I = (G = (V,E),C,a,f) be an instance of d-DENSITY NWS
such that C contains a sunflower S with £+ 1 petals. Let Y denote the core
of the sunflower. Without loss of generality we assume a(C;) > 0 for each
community C; € C. Let  be the smallest number such that x > [a(C;)- (gﬂ
and z > [a(C}) - (gﬂ for C;,C; € S with C; # C;. We begin with the case
when |E(G[Y])| < z. If |[E(G[Y])| = 0, then there are at least £+ 1 edges
necessary to satisfy the density requirement «(C;) of each community C; €
S. This implies that I is a no-instance of d-DENsITY NWS. If |[E(G[Y])| > 0,
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then there are at least £ communities whose density requirement cannot be
satisfied by edges in E(G[Y]) solely. Recall that z is the smallest number of
edges necessary to satisfy the density requirement of at least two different
communities. Hence, there are at least £ communities which need at least
x edges to satisfy their density requirement. Since |E(G[Y])| < z, it is not
sufficient to only select edges of E(G[Y]) to satisfy the density requirement
of these ¢ communities. Therefore, at least an additional edge has to be
contained in the sparsified for each of these ¢ communities. Note that this
additional edge is different for each of the ¢ communities because the petals
of a sunflower are pairwise disjoint. To satisfy the density requirement of
the remaining community, at least one edge in E(G[Y]) is needed. This are
at least £ + 1 edges which again implies that I is a no-instance. We now
consider the case when |E(G[Y])| > z. First, we observe that in case of I
being a yes-instance d-DENSITY NWS a sparsified graph G’ has to contain x
edges of E(G[Y]) because otherwise the same argumentation as in the case
|E(G[Y])| < « applies. This is ensured by adding the community C, and
setting its density requirement to a(Cy) = z/ (g) Observe that satisfying
the density requirement a(Cy) implies satisfying the density requirement of
all petals P, € S with z > [a(F)) - (g)] Therefore, the removal of these
petals from C is correct. O

With Reduction Rule 5 and the Sunflower Lemma we are able to obtain
a kernel for d-DENSITY NWS.

Theorem 4.12. d-DENSITY NWS has a kernel consisting of at most d!-¢¢-d
communities and at most d! - 0% - d? vertices.

Proof. Let I = (G,C,a,f) be an instance of d-DENSITY NWS with |C| >
d!-¢?.d. The assumption |C| > d!- ¢? - d implies the existence of a d’ < d
such that the number of communities of size exactly d’ is greater than d!- (<.
This allows us to apply the Sunflower Lemma to obtain a sunflower with
¢ 4+ 1 petals. Therefore Reduction Rule 5 is applicable. The application
of Reduction Rule 5 is done exhaustively. This is possible in polynomial
time because according to the Sunflower Lemma finding such a sunflower
takes only polynomial time. The rule can be applied at most |C| times
because each application reduces the number of communities at least by
1. Let I' = (G',C',a,f) denote the reduced instance. We observe that
IC'| < d!-¢¢-d and therefore |V (G)| < d!- ¢4 d2. O

The existence of a sunflower in the set of communities leads also to
reduction rules for STARS NWS and CONNECTIVITY NWS. In the following,
these reduction rules are presented.

Reduction Rule 6. Let I = (G = (V, E),C,{) be an instance of d-STARS
NWS. If C contains a sunflower with £ + 1 petals, then I is a no-instance
of d-STARS NWS.
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Lemma 4.13. Rule 6 is correct.

Proof. Let I = (G = (V,E),C,{) be an instance of d-STARS NWS such
that C contains a sunflower § with £ + 1 petals. Let Y denote the core of
the sunflower. For each community C; € S, there exists at least one vertex
u; € C; with u; ¢ Y and w; ¢ C; for any other petal C; € S\ {C;}. Let
G’ = (V, E') be an arbitrary sparsified graph of G. Let ¢ : C — V denote
the mapping of communities to their center vertex in G’. We distinguish
two cases cg(C;) = u; and ¢ (C;) # u; for each community C; € S. If
ce(Ci) = w;, then there exists another vertex v; € C; with v # u. This
implies {u;,v;} € E'. If ¢/ (C;) # u;, then we have {u;, cq/(C;)} € E’. This
implies |E’| > ¢+ 1. Thus, I is a no-instance of d-STARS NWS. O

Reduction Rule 7. Let I = (G = (V, E),C,{) be an instance of d-CONNEC-
TIVITY NWS. If C contains a sunflower with £ + 1 petals, then I is a no-
instance of d-CONNECTIVITY NWS.

Lemma 4.14. Rule 7 is correct.

Proof. Let I = (G = (V, E),C, ) be an instance of d-CONNECTIVITY NWS
such that C contains a sunflower S with £+ 1 petals. Let Y denote the core
of the sunflower. For each community C; € S there exists at least one vertex
u; € Cy withu; ¢ Y and u; ¢ Cj for any other community C; € X\{C;}. The
vertex u; has to be connected to the core of the sunflower. This requires at
least | X| = £+ 1 edges, implying that I is a no-instance of d-CONNECTIVITY
NWS. O

Together with the Sunflower Lemma, both rules state an upper bound
for the number of communities in yes-instances of STARS NWS and CON-
NECTIVITY NWS. This leads to the following problem kernels.

Theorem 4.15. d-STARS NWS and d-CONNECTIVITY NWS have a kernel
consisting of at most d! - (% - d communities and at most d! - ¢* - d? vertices.

Proof. Let I = (G,C,¥) be an instance of d-STARS NWS or an instance of
d-CONNECTIVITY NWS with |C] > d! - #¢. The assumption |C| > d!- ¢ - d
implies the existence of a d’ < d such that the number of communities of
size exactly d’ is greater than d! - ¢¢. This allows us to apply the Sunflower
Lemma to obtain a sunflower with £ + 1 petals and a core Y. In case of d-
STARS NWS, Reduction Rule 6 is applicable stating that I is a no-instance
of d-STARS NWS. In case of d-CONNECTIVITY NWS, Reduction Rule 6 is
applicable also stating that I is a no-instance d-CONNECTIVITY NWS. This
implies that a yes-instance of d-STARS NWS or d-CONNECTIVITY NWS
consists of at most d!- ¢ - d communities and at most d! - ¢ - d? vertices. [

The next step in the analysis of parameter £ is to investigate the fixed-
parameter tractability of instance where the community size is unbounded.
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Unfortunately, DENSITY NWS is W/[2]-hard with respect to parameter ¢
and therefore not fixed-parameter tractable assuming FPT % W2]. The
W2]-hardness is directly implied by the reduction from HITTING SET by
Gionis et al. [16] which was used there to prove NP-hardness. For the sake
of completeness, we recall their construction in the proof of Theorem 4.16
to reduce from HITTING SET parameterized by the size of the hitting set
which is known to be W[2]-complete [9].

Theorem 4.16. DENSITY NWS is W/2]-hard with respect to parameter £.

Proof. We give a simplified version of the reduction from HITTING SET
given by Gionis et al. [16]. Let Iyg = (U, S, k) be an instance of HITTING
SET where U is the universum, S a collection of subsets over U and k the
maximum size of the hitting set. We start by defining the graph G = (V| E).
The set V contains each vertex of V' and one additional vertex z. The edge
set is E == {{z,u} | uw € U}. Thus, G is a star with center z. We define the
set of communities C := {S;U{z} | S; € S}. For each community C; € C, we
set the density requirement «(C;) =1/ (|g|). Finally, we set the parameter
¢ = k. Let Ipns = (G,C,,!) denote the resulting instance of DENSITY
NWS.

Correctness We show that Ig is a yes-instance of HITTING SET if and
only if Ipng is a yes-instance of DENSITY NWS.

(=) Let X be a hitting set of size at most k. We show how to obtain a
sparsified graph G’ = (V, E') with |E'| < ¢ =k. We set E' = {{z,2} |z €
X} observing that |E’| < k = £. Since X is a hitting set, there exists for
each community C; = {S;} U {z} an element z; € X with x; € S; implying
{z;,2z} € E'. Therefore, for each community C; € C, the density requirement
of 1/ (‘V‘;l) is satisfied. Therefore, G’ is a sparsified graph which implies
that Ipng is a yes-instance of DENSITY NWS.

(<) Let Ipns be a yes-instance of DENSITY NWS and let G’ = (V, E') be
a sparsified graph. We show how to obtain a hitting set X with | X| < ¢ = k.
We set X := {z | {z,z} € E'} observing that |X| < ¢ = k. For each S; € S,
there exists a community C; such that E(G’[C;]) N E’ # (). This is the case
because for every community C; € C, there exists an edge {z;, z} € E(G'[C;])
due to the density requirement of «(C;) > 0. This implies that there exists
for each S; € S an element z; € X with x; € S;. Therefore, X is a hitting
set with | X| < k and Iyg is a yes-instance of HITTING SET. O

Next, we transfer the fixed-parameter tractability of d-STARS NWS and
d-CONNECTIVITY NWS to instances with communities of unbounded size
by making an observation about the relation between parameter £ and the
maximum size d of a community in yes-instances of STARS NWS and CON-
NECTIVITY NWS.
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Lemma 4.17. Let I = (G,C,{) be an instance of STARS NWS or CON-
NECTIVITY NWS. If maxc,ec |Ci| > £+ 1, then I is a no-instance.

Proof. Let C; € C be a community with |C;| > £+ 1. Then, C; contains at
least £ 4 2 vertices. A connected graph with ¢+ 2 vertices has at least £+ 1
edges. The same holds for a graph which is a star of size £+ 1. Therefore, a

sparsified graph contains at least £+ 1 edges, implying that I is a no-instance
STARS NWS and CONNECTIVITY NWS. O]

Lemma 4.17 limits the maximum size d of a community in yes-instances
of STARS NWS or CoONNECTIVITY NWS to ¢+ 1. Hence, we can express
the running times in Theorem 4.8 and Theorem 4.9 depending on parameter
£ solely. This leads us to the two following corollaries.

Corollary 4.18. STARS NWS is solvable in O((£+1)°-|C|- (n+m)) time.

Proof. Let I be an instance of STARS NWS. If Lemma 4.17 applies, then
I is a no-instance. Otherwise we know that d < ¢ + 1 allowing us to use
Algorithm 5 presented in the proof of Theorem 4.8. O

Corollary 4.19. CONNECTIVITY NWS is solvable in O((¢+1)%"-|C|-(n+m))
time.

Proof. Let I be an instance of CONNECTIVITY NWS. If Lemma 4.17 applies,
then I is a no-instance. Otherwise we know that d < ¢ + 1 allowing us to
use Algorithm 6 presented in the proof of Theorem 4.9. O

After knowing that STARS NWS and CONNECTIVITY NWS parameter-
ized by £ are fixed-parameter tractable, the next question that arises is the
existence of polynomial kernels. Under the assumption NP Z coNP /poly
this question can be answered negatively, as shown in the following theorem.

Theorem 4.20. STARS NWS and CONNECTIVITY NWS do not admit a
polynomial kernel with respect to parameter £ unless NP C coNP/poly.

Proof. We give a polynomial parameter transformation from HITTING SET
parameterized by the size of the universe and the solution size which is
known to not admit a polynomial kernel unless NP C coNP /poly [9]. Let
Ins = (U, S, k) be an instance of HITTING SET. The following construction
works for both STARS NWS and CONNECTIVITY NWS. We start by defining
the graph G = (V,E). The set V contains each element of U and one
additional vertex z. G is a clique. We define the set of communities C =
{Siu{z} | S; € S}U{{u,v} | u,v € U,u # v}. Finally, we set the parameter
0= ('g') +k. Let I = (G,C,¥) denote the resulting instance of STARS NWS
or CONNECTIVITY NWS.
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Correctness We show that Ig is a yes-instance of HITTING SET if and
only if I is a yes-instance of STARS NWS and CONNECTIVITY NWS.

(=) Let X be a hitting set of size at most k. We show how to obtain a
sparsified graph G’ = (V, E') with |E’'| < (‘g') +4. Weset E' = {{z,z} |z €
X} U {{u,v} | u,v € Uyu # v} observing that E' < (‘g') + k = (. Since X
is a hitting set, there exists for each community C; = {S;} U {z} an element
x; € X with x; € S; implying {x;, 2} € E’. Therefore, for each community
C; € C, the element z; is a center of a spanning star in G'[C;] because z; is
connected to z and to all other vertices in U. Hence, for each community
C; € C the induced subgraph G'[C;] contains a spanning star and is therefore
also connected. This implies that I is a yes-instance of STARS NWS and
CONNECTIVITY NWS.

(<) Let I be a yes-instance of STARS NWS or CONNECTIVITY NWS
and let G’ = (V, E’) be a sparsified graph. We show how to obtain a hitting
set X with |X| < ¢ — (‘g'). First, we observe, that {{u,v} | u,v € Uju #
v} C E’ due to the size-two communities in C. We set X = {u | {u,z} € F'}
observing that | X| < (— (|g|) = k. For each S; € S, there exists a community
C; and a vertex u; € U such that C; \ {z} = S; and {u;, 2z} € E'. For STARS
NWS this is the case because for every community C; € C the induced
subgraph G’[C;] contains a spanning star. For CONNECTIVITY NWS this is
the case because for every community C; € C the induced subgraph G’'[C}]
is connected. This implies that there exists for each S; € S an element
u; € X with u; € S;. Therefore, X is a hitting set with | X| < ¢ and Iyg is
a yes-instance of HITTING SETZ. O

This completes our analysis of the parameterized complexity of DENSITY
NWS, Stars NWS and CONNECTIVITY NWS parameterized by £.

4.2 The Parameter k

In the previous section we considered the natural parameter ¢ defined as
the number of edges kept in a sparsified graph. We now analyze the dual
parameter k := m —£{. Informally, k is the number of edges that are removed
from the initial graph. Recall that we reduced in Theorem 3.1 from VER-
TEX COVER to show NP-hardness. Since an undirected graph G = (V, E)
contains a vertex cover of size at most k if and only if G contains an inde-
pendent set of size at least |V| — k, we are able to reuse the construction
to reduce from INDEPENDENT SET which is known to be Wl]-complete [9].
This reduction preserves the parameter |V| — k and therefore allowing us to
obtain W{l]-hardness for DENSITY NWS, STARS NWS, and CONNECTIV-
ITY NWS.

Theorem 4.21. DENSITY NWS, STARS NWS, and CONNECTIVITY NWS
are W{1]-hard for parameter k even if restricted to communities of size at
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most 3.

Proof. We give a parameterized reduction from INDEPENDENT SET. Let
Iis = (G = (V,E), k) be an instance of INDEPENDENT SET.

Density NWS We start with the proof for 3-DENSITY NWS. We use the
same construction as in the reduction from VERTEX COVER in Theorem 3.1.
Let Gspns = (Vapns, Espns) be the graph, let C be the set of communities
and let o be the density requirement resulting from the construction in
Theorem 3.1. Recall that the vertex set is defined as Vapng := V U{z}. The
edge set is defined as Espns = {{v,z} | v € V}. The set of communities
is defined as C = {{u,v,z} | {u,v} € E} and the density requirement is
defined as « : C — [0,1], C; — %. Hence, we have |Espns| = |V/| and
IC| = |E|. We set £ := |Espns| — k = |V| — k. Let Ispns = (Gspns, C, 4, «)
denote the resulting instance of 3-DENSITY NWS.

Correctness We show that Iig is a yes-instance of INDEPENDENT SET if
and only if Ispng is a yes-instance of 3-DENSITY NWS.

(=) Let I1g be a yes-instance of INDEPENDENT SET and S the indepen-
dent set of size at least k. Then, GG contains a vertex cover X of size at most
|V| — k implying that Ispngs is a yes-instance of 3-DENSITY NWS.

(<) Recall that if Ispng is a yes-instance of 3-DENSITY NWS, GG contains
a vertex cover X of size at most ¢ = |V| — k. This implies that G contains
an independent set S of size at least |V|—¢ = k. Hence, Iig is a yes-instance
of INDEPENDENT SET.

Stars NWS and Connectivity NWS According to Lemma 3.4, 3-
STARS NWS and 3-CONNECTIVITY NWS are essentially the same. There-
fore, we only give the proof for 3-CONNECTIVITY NWS.

Let Gscns = (Vaens, Esons) be the graph and let C be the set of com-
munities resulting from the construction in Theorem 3.5. Recall that the
vertex set is defined as Vsong = V U {z}. The edge set is defined as
Escns = {{v,2} | v € V} UE. The set of communities is defined as
C = {{u,v,z},{u,v} | {u,v} € E} Next, recall that |Escng| = |V|+]|E| and
‘C‘ = Q‘E‘ We set ¢ .= ’E30N5|—k = |V‘—]€+’E‘. Let I3cng = (GgCNs,C,E)
denote the resulting instance of 3-CONNECTIVITY NWS.

Correctness We show that Iig is a yes-instance of INDEPENDENT SET if
and only if I3ong is a yes-instance of CONNECTIVITY NWS.

(=) Let I1s be a yes-instance of INDEPENDENT SET and let S the inde-
pendent set of size at least k. Then, G contains a vertex cover X of size at
most |V| —k implying that I3cng is a yes-instance of CONNECTIVITY NWS.

(<) Recall that if I3cng is a yes-instance CONNECTIVITY NWS, G con-
tains a vertex cover X of size at most ¢ — |E| = |V| — k. This implies that
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G contains an independent set S of size at least |V| — (¢ — |E|) = k. Hence,
I1g is a yes-instance of INDEPENDENT SET. 0

To complete the study of parameter k, it is left to mention that all
three problems are in XP for k. This can be seen by a brute force algorithm
performing an exhaustive search over all subsets £* of the edges in the input
graph G = (V, E) with a size of k. If for any such set E* the resulting graph
G’ = (V, E\ E*) satisfies the respective graph property for each community,
then I is a yes-instance. The number of such edge sets is bounded by mF
leading to a overall running time of O(m” - |C| - poly(n 4+ m)).

4.3 The Parameter ¢

Even though parameter ¢, the number of edges in the sparsified graph, de-
pends only on the size of the sparsified graph, it is not completely indepen-
dent from the size of the corresponding II-N'WS instance. Since in sparsified
graphs of yes-instances of STARS NWS and CONNECTIVITY NWS each sub-
graph induced by a community is connected, a graph G with more vertices
leads to a greater parameter ¢. This is the case because each subgraph in-
duced by a community C; has at least |C;| — 1 edges. Hence, a sparsified
graph G’ has at least n — 1 edges assuming G’ is connected and each vertex
is contained in at least one community. In other words, n — 1 is a lower
bound for parameter £ in this case. Next, we study STARS NWS and CON-
NECTIVITY NWS parameterized above this lower bound. The parameter
t is defined as the size of a minimum feedback edge set of the sparsified
graph of an instance of STARS NWS and CONNECTIVITY NWS. Thus, the
parameter ¢ measures how close the sparsified graph is to a tree. Formally,
the definition is ¢ := ¢ — n 4+ x where x denotes the number of connected
components of G'.

For STARS NWS in the case of ¢ = 0, we give a polynomial-time al-
gorithm. This answers an open question of Korach and Stern [21]. It is
open whether STARS NWS parameterized by ¢t is fixed-parameter tractable.
Moreover, it is open whether STARS NWS parameterized by ¢ is in XP.

Theorem 4.22. Let [ = (G = (V, E),C,{) where { :==n — 1 be an instance
of STARS NWS where the hypergraph H = (V,C) is connected. Such an
instance I is solvable in O(|C|? - n?) time.

Proof. Before we present our algorithm, we start by making several obser-
vations about a yes-instance of STARS NWS for ¢ = 0. Next, we observe
that a sparsified graph of a yes-instance of STARS NWS for ¢ = 0 is acyclic
and therefore a tree.

Claim 4.23. If I is a yes-instance of STARS NWS, then every sparsified
graph G' = (V, E') is a tree.
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Proof. The star requirement implies that for each community C; € C the
induced subgraph G’[C}] is connected. Since H is connected, G’ is also
connected. The graph G’ is a tree because |E’| = n — 1 and therefore
acyclic. &

Next, we make two observations about the relation of the center vertices
of two communities whose intersection is of size at least 2 or 3.

Claim 4.24. Let I be a yes-instance of STARS NWS for t = 0 with a
sparsified graph G'. Let cqr : C — V denotes the mapping of communities
to their center vertex in G' and let C;,Cj € C be two communities.

1. If ’Cz N C]| > 2, then Cgl(ci) e ;N Cj and Cgl(Cj) eCin Cj.

2. If ‘Cl N CJ| > 3, then C(;/(Ci) = C(;/(Cj) and C(;/(CZ‘) e ;N Cj and
CG1(Cj) e ;N Cj.

Proof. Let S; denote the spanning star contained in G'[C;] and let S; de-
note the spanning star contained in G’[C;]. We start with the proof of
the first part. Without loss of generality we assume cq/(C;) ¢ Cj to-
wards a contradiction. First, we observe that S; and S; do not have an
edge in common because each edge in S; has at most one endpoint in
C;NCj. This implies that |E(G'[C; UCy])| > |Cs| + |Cj| — 2. By Claim 4.23,
we know |E(G'[C; U Cj])] = |C; U Cj| — 1 which leads to a contradic-
tion: |E(G'[C; U Cy])| > |[BE(G'[C; UG -1 > |G| +[Cj] —2 -1 >
Cil +1C5 =GN Cj| = 1= |C; U Cj| — 1 = |[E(G'[C; U C))].

Now, we prove the second part. We assume cqr(C;) # cor(C;) towards
a contradiction. Due to the first part, we have cq/(C;) € C; N C; and
ce(C5) € C; N Cj because |C; N Cj| > 3. Observe that S; and S; have
exactly the edge {cq/(Ci),ce/(C;)} in common. Since |C; N Cj| > 3, there
exists u € C; NCj with u # cq/ (C;) and u # ¢ (Cj). Because S; and S; are
stars, the edges {u,cq (C;)} and {u,ce/(Cj)} are contained in G'. Hence,
there is a triangle in G’[C; N C}] which is a contradiction to Claim 4.23 that
G’ is a tree. o

Algorithm We begin by giving an intuition how the algorithm works.
For each community, the set of vertices which could be potential centers of
a spanning star in the induced subgraph G'[C;] are computed with respect
to Claim 4.24. Then, for each group of communities, having the same center
vertex according to Claim 4.24, a candidate is selected from the previously
computed sets. If no such vertex exists, then [ is a no-instance of STARS
NWS. Next, for each community in such a group the edges are computed
which form a spanning star with the already selected center vertex. If at
most n — 1 edges are selected, then a sparsified graph with at most n — 1
edges is found and [ is a yes-instance of STARS NWS. Otherwise, [ is a
no-instance of STARS NWS.
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We continue by defining the relation R based on the second statement of
Claim 4.24 which states when two communities have the same center vertex.

RCCxZC, R(CHCJ) & ’CzﬁCﬂ > 3\702‘,0]' eC

To obtain an equivalence relation, we define R as the reflexive, symmetric
and transitive closure of R. The equivalence classes C/ R of the equivalence
relation R are the groups of communities which have the same center vertex
in G’ according to the second statement of Claim 4.24. Node that does not
mean that two communities contained in different equivalence classes cannot
have the same center vertex.

Next, we define several mappings helping us to describe which vertices
are candidates for being the center of a spanning star in a subgraph induced
by a community. The mapping v describes which vertices of a community
C; could be potential centers of a spanning star in G’[C}].

V:C—)P(V), Cﬂ—){’UGCZ‘CZgN[U]}

The mapping p describes which vertices of a community C; can be the
center of a spanning star in G’[C;] with respected to the first statement of
Claim 4.24. The first statement of Claim 4.24 states that the set of potential
centers of the stars of two communities is their intersection if it has a size
of at least two.

pu:C—P(V), CiH{UECi|VCj€CZ ’CjﬂCﬂZ?jvECj}

The relation R and the mappings v and p describe restrictions which vertices
are potential centers. The mapping ¢ combines these three restrictions.

p:C/R = P(V), [Clz— (] @(Cr)Nu(Cy)
Cr€lCili

The decision algorithm is shown in Algorithm 7. The idea is to select
for each equivalence class [Cj]; a vertex forming the center of the spanning
stars of the communities belonging to [Cj]5. If this is not possible, that is
if there is an equivalence class [C;] 5 with ¢([Cj]z) = 0, then the instance I
is a no-instance of STARS NWS. Finally, it is checked whether |E| =n — 1
to ensure that the sparsified graph G’ is a tree as observed in Claim 4.23.

Correctness We show that [ is a yes-instance of STARS NWS for ¢t = 0
if and only if the algorithm returns a sparsified graph with n — 1 edges.
(<) By the definition of ¢, the vertex u selected in Line 6 is a poten-
tial center of a spanning star for each community C; € [Cj];. In addition
with the edge selection in Lines 7-9, this implies that the graph returned
in Line 13 satisfies the star condition for each subgraph induced by a com-
munity C; € C. Because of the conditional statement in Lines 11-12, the
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Algorithm 7: Algorithm for STARS NWS with £/ :=n —1 (¢ =0)
Input : I =(G=(V,E),C,n—1)
Output: A sparsified graph G’ with at most n — 1 edges or no

1 E

2 forall [Cy]; € C/R do

3 | if [o([Cil)| = 0 then

// no center candidate available for [C;] 5

return no

u < pick element of ¢([Ci] 3)

orall Cj € [Cz]R do

// select the edges for the star with u as center for C;
E' + E'U{{u,v} |ve Cjv+#u}

10 G+ (V,E)

11 if |[E'| > n —1 then

12 ‘ return no

© W N O oA
=

13 return G’

sparsified graph returned in Line 13 has at most n — 1 edges. Hence, [ is a
yes-instance of STARS NWS for ¢t = 0.

(=) Let I be a yes-instance and let G” be a sparsified graph with n — 1
edges. Let cgr : C — V denotes the mapping of communities to their center
vertex in G”.

By the definition of a spanning star, that the center vertex is adjacent
to each other vertex in the community, we know that cgn(C;) € v(C;) for
each community C; € C. By the first statement of Claim 4.24, we know
that cgr(C;) € wu(C;) for each community C; € C. Due to the second
statement of Claim 4.24, we know that cqn(C;) = cqn(C;) if R(C;, C;) for
two communities C;, C; € C. Hence, we have cgr(C;) € ¢([Ci]5) for each
community C; € C. This implies that ¢([Cy] ;) # 0 for each equivalence class
[Cilp €C/ R. Therefore, the return statement in Line 5 is never reached.

By the definition of ¢, the vertex w selected in Line 6 is a potential center
of a spanning star for each community C; € [C;] 5. In addition with the edge
selection in Lines 7-9, this implies that the graph G’ in Line 10 satisfies the
star condition for each subgraph induced by a community C; € C.

Next, we make two observations about the graph G’ = (V, E’) in Line 10
regarding cycles. We differentiate two kinds of cycles in a sparsified graph
G’ of a yes-instance I = (G,C, ) of STARS NWS. Let ¢gr : C — V denotes
the mapping of communities to their center vertex in G’. Since there might
be multiple center vertices in G’, the mapping may not be unique. Let S;
denote for a community C; € C the spanning star of G'[C;] having the center
vertex cqr (C;). We say a cycle ¢ in G’ is local if there exists two communities
C;,Cj € C such that ¢ is contained in S; U S;. Otherwise, we say a cycle c
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Figure 4.3: Examples for the different kinds of cycles in a sparsified graph.
The bold edges mark the edges which form the cycles. On the left side a
global cycle is shown. In the middle and on the right side a local cycle is
shown.

in G’ is global, that is if ¢ is splittable into at least three paths p1,...,p, for
r > 3 such that for each path p; there exist a community C; € C such that
p; is contained in 5;. Note that each path p; has length one or length two
because each path in a star has only length one or length-two. An example
of both cycle kinds is shown in Figure 4.3.

Claim 4.25. Let G' = (V, E’) be the graph in Line 10 and let cqr : C =V
be the mapping of communities to their center vertex in G'. The graph G’
does not contain a local cycle.

Proof. We assume towards a contradiction that ¢ is a local cycle in G'. By
definition, there exist two communities C;,C; € C such that the local cycle
c is contained in S; U S;. Since S; and S are acyclic because they are stars,
we have |C; N Cj| > 2. Next, we distinct the two cases |C; N Cj| = 2 and
|C;NCj| > 3 each leading to a contradiction that c is a local cycle in S; U.S;.

Case 1: We assume |C;NC;| = 2. Then, there exist exactly two vertices
u,v € C;NC;. Since ¢ is defined with respect to Claim 4.24, this implies that
cer(Ci) € C;NCj and ¢ (C;) € C;NC;. This implies that the edge {u, v} is
contained in S; and S;. Hence, we have E(S;US;) = |E(S;)|+|E(S;)|—1 =
|Ci| +1|Cj| —3 = |C; UC;| — 1. Because S; and Sj are stars, the graph S; U.S;
is connected and a tree. This is a contradiction to the assumption that c is
a local cycle in S; U S;.

Case 2: We assume |C; N C;| > 3. Since ¢ is defined with respect to
Claim 4.24, we have c¢/(C;) = cg/(Cj). This implies that S; and S; have
|C;NCj|—1 edges in common. Hence, we have E(S;US;) = |E(S;)|+|E(S;)|—
(IC:NCy1-1) = |Cil— 14105~ 1= (16N, | ~1) = [Cil+1C; -GGy —1 =
|C; UC;| — 1. Since S; and S; are stars and have the same center, the graph
S; U S; is connected and a star. This is a contradiction to the assumption
that c is a local cycle in S; U Sj. &

Claim 4.26. Let G’ = (V, E’) be the graph in Line 10. The graph G' does
not contain a global cycle.
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Figure 4.4: An example of two sparsified graphs of the same instance with
different star centers. The left graph contains the cycle (v1, v3, v4, v5) which
can be decomposed into the paths p; = (vi,v3),p2 = (vs,v4,05),p3 =
(vs,v1). The right graph contains the cycle (vy,ve, v3, vs,v6) which can be
decomposed into the paths p| = (v, v2,v3),ph = (v3,v5),p5 = (vs, V6, V1).
Observe that the endpoints of the paths p; and p} are the same.

Proof. We assume towards a contradiction that ¢ is a global cycle in G’. By
definition, the global cycle is splittable into at least three paths p1,...,p, of
length one or two such that each path p; is contained in S; for a community
C; € C. Let s; denote the start and t; the end of the path p;. Thus, we
have s; = t;_1 for 1 < ¢ < r and s; = t,. Due to the star requirement,
the vertices s; and t; of each path p; are connected in every sparsified graph
for instance I of STARS NWS. An example of such a situation is shown in
Figure 4.4. This implies that the subgraph consisting of the (s;,t;)-paths
of every sparsified graph for instance I of STARS NWS contains a cycle.
Because of this every sparsified graph for I contains a cycle. This implies
that the graph G” also contains a cycle. This is a contradiction to the
assumption that I is a yes-instance. &

By Claim 4.25 and Claim 4.26 the graph G’ in Line 10 contains neither
local cycles nor global cycles. Moreover, G'[C;] contains a spanning star
for each community C; € C. Hence, the graph G’ is acyclic and connected.
Therefore, Algorithm 7 finds a sparsified graph G’ with n — 1 edges for the
yes-instance I of STARS NWS.

Running Time The equivalence classes C/R are computable in O(|C|?-n)
time. The mapping v is computable in O(|C| - n) time. The mapping p is
computable in O(|C|?-n?) time. The mapping ¢ is computable in O(|C]-n)
time. The statement in Line 9 is executed at most Z[CJRGC/R [[Ci] 5] = IC]
times. This leads to a running time of O(|C|-n) for the nested loops. Hence,
Algorithm 7 has a running time of O(|C|? - n?). O
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Figure 4.5: An example of the construction. The left side shows the HITTING
SET instance Iyg, the right side shows the CONNECTIVITY NWS instance

Ions.

In Theorem 4.22 the instances of STARS NWS are restricted to connected
hypergraphs. Next, we generalize the algorithm to hypergraphs with any
number of connected components.

Corollary 4.27. Let [ = (G = (V, E),C,|V| — z) be an instance of STARS
NWS where x is the number of connected components of the hypergraph
H = (V,C). Such an instance I is solvable in O(poly(n + |C|)) time.

Proof. We split the hypergraph H = (V,C) into its connected components
Hi = (V1,C1),..., He = (V,Cy). The instance I is a yes-instance of STARS
NWS if and only if the instances Iy = (G; = (Vi, E(G[W1])),Cu, [Vi| —
1),..., L, = (Gy = (Vo E(G[VL)])), Ca, | V| — 1) are all yes-instances of STARS
NWS. Each instance I; is solvable in O(poly(n; + |C;|)) time using the al-
gorithm presented in Theorem 4.22. Overall the instance I of STARS NWS
is solvable in O(poly(n + |C|)) time. O

For CONNECTIVITY NWS parameterized by ¢, we get W[2]-hardness by
a parameterized reduction from HITTING SET parameterized by the size of
the hitting set.

Theorem 4.28. CONNECTIVITY NWS is W/2/-hard for parameter t.

Proof. We reduce from HITTING SET. Let Iys = (U, S, k) be an instance of
HiTTING SET. We start by defining the graph G = (V, E). The vertex set
V' contains every vertex of U and two additional vertices y and z. The edge
set is E = {{y,u},{z,u} | u € U} such that G[U U{y}] is a star with center
y and G[U U{z}] is a star with center z. Let C, = U U{z} be a community.
We define the set of communities C := {S; U{y, z} | S; € S}U{C.}. Finally,
we set the parameter ¢t .= k — 1. Let Icns = (G,C,t) denote the resulting
instance of CONNECTIVITY NWS. An example of the construction is shown
in Figure 4.5.
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Correctness We show that Ig is a yes-instance of HITTING SET if and
only if Icng is a yes-instance of CONNECTIVITY NWS.

(=) Let X be the hitting set of size at most k. We show how to obtain
a sparsified graph G’ = (V, E’) with |E'| =n —1+t. We set B’ == {{z,u} |
ue UtU{{y,z} | z € X} and observe that £/ = |[U|+k=n—2+k =
n—2+t+1=n-—1+t For each community C; = {S;} U{y,z} € C,
we observe that G[S; U {z}] is connected. Since X is a hitting set, for each
community C; = {S;} U {y, z} there exists an element z; € X with z; € S;
which implies {z;,y} € E’. Hence, for each community C; € C, the induced
subgraph G'[C;] is connected. Therefore, G’ is a sparsified graph implying
Icns is a yes-instance of CONNECTIVITY NWS.

(<) Let Icns be a yes-instance and let G = (V, E’) be the sparsified
graph. Let E} = {{z,u} | v € U} and E = E'\ E.. We observe that
E. C E’ because the subgraph induced by the community C, is connected.
Now, we show how to obtain a hitting set X with |X| = ¢+ 1. We set
X = {z | {z,y} € E,} and observe that |X| = |E)| = [E'| - |E]| =
V| =14+t —|U| =t+1. Foreach S; € S, there exists a community C;
such that E(G'[C;]) N E;, # 0. This is the case because for every community
C; € C, the induced subgraph G'[C;] is connected, y € C; and C; contains
at least one element of U. This implies that there exists for each S; € S an
element x; € X with x; € S;. Therefore, X is a hitting set with |X|=¢+1
and Iyg is a yes-instance of HITTING SET. 0

4.4 The Parameter |C|

In this section, we study parameter |C|, the number of communities. For
DENSITY NWS parameterized by |C|, we formulate an ILP with 2/C vari-
ables. An integer linear program with a fixed number of variables implies
fixed-parameter tractability [9, 12] for the number of variables. Thus, DEN-
sITY NWS is fixed-parameter tractable with respect to parameter |C|.

Theorem 4.29. DENSITY NWS parameterized by |C| is fized-parameter
tractable.

Proof. We formulate an ILP with 2/° variables for DENSITY NWS. This
implies fixed-parameter tractability for parameter |C| [9, 12]. For a better
understanding what the variables of the ILP represent, we introduce the
notion of edge twins.

Let I = (G = (V,E),C,a,{) be an instance of DENSITY NWS. We say
two edges e1,eo € E are edge twins, if they are contained in the subgraphs
of the same communities which is formally expressed by VC; € C : e; €
E(G|Ci]) & ez € E(G[C]). Let R denote the relation built upon the defini-
tion of edge twins. Note that R is an equivalence relation. Let E / R denote
the equivalence classes of R. Since the power set of C has the cardinality 2/,
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there are at most 2/l different edge twin classes in the instance I. Hence,
each edge twin class [e]p € E/ R is characterized by the maximal set of
communities X' C C such that [e]z C E(G[Cj]) for each C; € X.

For each edge twin class, a variable denoted by ey is created where X
is the characterization of the edge twin classes mentioned above. In other
words, the subscript X' denotes for which communities C; € C the induced
subgraph G[C;] contains the edges of the edge twin class ey. These variables
describe how many edges of each edge twin class are retained in the sparsified
graph G’. The goal is to minimize the sum of these variables which minimizes
the number of edges in the sparsified graph.

Next, we describe the two groups of constraints. The first group of
constraints enforces that the density requirement «(C;) is satisfied for each
community C; € C. Note that [a(C;) - ('%')] is a constant for each commu-
nity C; € C and denotes the number of edges which are needed to satisfy
the density requirement a(C;). Also note that for a community C; all edge
twin classes characterized by a subset X of C with C; € C contribute to the
number of edges in a subgraph induced by C;. This is expressed by the sum
of the variables representing these edge twin classes.

The second group of constraints restricts the possible values for each
variable eyx. Recall that a variable ey describes how many edges of the
edge twin class characterized by X are retained in the sparsified graph G’.
Thus, the value of a variable cannot be negative and also cannot exceed the
number of edges in the associated edge twin class. In the following, the final
ILP formulation is presented:

min E ex

xce
Ci
such that Z ex > [a(Cy) - <‘ 5 ‘)1 VC; e C
XCC,CieX
0<ex <|E(G] ) Ci]) VX cc

Ci,eXx
O

For STARS NWS parameterized by |C|, we are also able to obtain fixed-
parameter tractability. This time we achieve fixed-parameter tractability by
giving a direct algorithm instead of an integer linear program.

Theorem 4.30. STARS NWS is solvable in O(41° . (n+m)+n2-|C|) time.

Proof. Before we give an algorithm, we define center twins of vertices in an
instance of STARS NWS. Let [ = (G = (V, E),C, ¢) be an instance of STARS
NWS. We define several mappings helping us to describe when two vertices
u,v € V are center twins. The mapping v describes which vertices of a
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community C; could be potential centers of a star in the sparsified graph.
v:C—=PV), Ci—{veC;|C; C N[|}
The mapping o describes in which communities a vertex is contained in.
0:V—=PC), v—{C;eC|velC}

The mapping p describes for which communities a vertex is a potential
center.

w:V-=PEC), v~ {CieClvev(C)}
Next, we define the center twin relation 7' based on the mappings o and p.
TCV XV, T(u,v):e o(u) = o) A p(u) = p(v)

Two vertices u,v € V are center twins if they are contained in the same
communities and are also potential centers of the same communities. Note
that T is an equivalence relation. Let v/ T denote the equivalence classes.
Next, we make an observation about yes-instances of STARS NWS regarding
center twins.

Claim 4.31. Let I be an yes-instance of STARS NWS with the sparsified
graph G' = (V, E') where ccr : C — V denotes the mapping of communities
to their center vertex in G'. Let uw € V' be a vertex, let [u]f be its equivalence
class of T and let C% € C be the set of communities such that ccr(C%) € [ul
for each C. € C¢. There exists a sparsified graph G" = (V,E") with |[E"| <
|E'| such that u is the center of all communities C, € C;é and the centers of
the other communities C; € C \ C’% are the same as in G'.

Proof. An example of the statement is shown in Figure 4.6. We define cqr
as the mapping of communities to their center vertex where cg (C,) = u for

C, e C;é.

U Cxecg

can :C — V, Cy —
“ {CG/(Cx) otherwise

Then, we define based on this mapping the graph G” = (V, E”) with E” =
{{ece(C,),u} € E(G|C;]) | C, € C}. Observe that the induced subgraph
G"[C.] contains a spanning star because u is a center candidate of each
C; eCy.

It remains to show that |E”| < |E’|. Recall that the spanning stars of two
communities Cj, C; € CZ with cg/(Cj) # cer(C;) have exactly one edge €55 in
common due to the twin property of the centers. This edge e;; exists also in
G" where ¢ (C;) = ¢/ (Cj). Therefore, we conclude | Uczec% E(G"[C.)| <

Ueecx E(G(C)
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Figure 4.6: An example of the statement made by Claim 4.31. On the left
side, the input graph G is shown. In the middle a sparsified graph is shown,
where the centers of the communities C; and C; are different while being
twins. On the right side, a sparsified graph is shown, where the centers of
the communities C; and C; are the same. The bold marked edges are the
ones being involved in the spanning stars of more than one community.

Next, we consider the other communities affected by the new center map-
ping cr. Let Cy = {C; € C | cer(Ci) = u} and Cy = C% \ Cy. Changing the
centers of the communities in C; also affects the relation of the communities
Cy and the communities C; € C\ C;f, with ¢g/(Cy) € C, and ¢ (C,) € Cy
for a community C, € C; because cg(Cy) and ¢ (C) are adjacent in G'.
This implies that the edge €/, = {cq/(Cy), cer(C)} is involved in both span-
ning stars in G'[C;] and G'[C.]. Let E', denote these edges. In G” the
center of C, is changed to u, meaning e/, is no longer involved in the span-
ning star of G”[C,]. We observe that u € C, because u and cg/(C,) are
center twins. Therefore, cgr(C,) and u are adjacent in G” meaning the
edge e, = {u,cqr(Cy)} is involved in both spanning stars in G”[C;] and
G"[C.]. Let E%, denote these edges. We observe |E%,| = |E’,|. Hence,
we conclude |E"| < |E|. O

Algorithm The idea is to branch for each community C; € C into each
center twin class [u] € V/T with u € u(C;). To get the actual center for the
community, an arbitrary element of the center twin class is selected. Note
that this element is selected such that it is always the same for the same
center twin class. After a center has been selected for all communities, it is
checked whether the resulting sparsified graph has at most ¢ edges. If this
is the case, then I is a yes-instance of STARS NWS. Otherwise the other
branches are considered. If no branch leads to a sparsified graph with at
most ¢ edges, then [ is a no-instance of STARS NWS. The decision algorithm
is shown in Algorithm 8.
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Algorithm 8: Algorithm for STARS NWS: SolveSNWS
Input : G=(V,E),C.{,F'
Output: A sparsified graph G’ with at most ¢ edges or no
if C = () then
if ¢/ < |E'| then
‘ return no
return G' = (V, E')
C; + pick element from C
forall [u]; € V/T and [u]s C v(C;) do
E" + E'U{{u,v}|veC;\{u})
if SolveSNWS(G,C\ {C;},¢,E") returns a graph G’ then
‘ return G’

© O N OO A W N =

return no

-
o

Correctness We show that I is a yes-instance of STARS NWS if and only
if the algorithm returns a sparsified graph.

(=) Let I be a yes-instance of STARS NWS and let G' = (V, E’) be a
sparsified graph. By applying Claim 4.31, we are able to obtain a graph
G" = (V,E") such that cgr(C;) = cgr(Cj) for all pairs of communities
C;, C; € C where c¢/(C;) and cqr(C;) are center twins. Such a graph G” is
definitely found by traversing the search tree built by Algorithm 8.

(<) Let G’ be the sparsified graph returned by the algorithm in Line 4.
The conditional statement in Line 2 ensures that G’ has at most £ edges.
The termination condition in Line 1 ensures together with the statement in
Line 7 that for each community C; € C the induced subgraph G’[C;] contains
a spanning star. Hence, a sparsified graph has been found by the algorithm
which implies that I is a yes-instance of STARS NWS.

Running time Let C; € C be the community selected for branching in
Line 5. The branching vector of the branching in the loop in Lines 6-
9 has at most |V/T| entries of value 1, each decreasing the number of
communities by 1. The branching number of this vector is bounded by
[V/T| <|P(C)|-|P(C)| = 2/°I. 2I€l = 4I€I_ Since the maximum depth of the
recursion is bounded by |C|, the search tree has a size of at most O(4/€).
The equivalence classes V/T are computable in O(n?-|C|) time. The edge set
in Line 7 is computable in O(n + m) time. This leads to an overall running
time of O(4°” . (n 4+ m) +n? - |C]). 0

For CONNECTIVITY NWS parameterized by |C|, we are neither able to
prove fixed-parameter tractability nor able to prove W[i]-hardness for any
i > 1. Next, we study problem kernels for DENSITY NWS and STARS NWS.
Under the assumption that NP Z coNP /poly, no polynomial kernels exist for
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DENsITY NWS and STARS NWS when parameterized by |C|. This is shown
in the following two theorems by a polynomial parameter transformation
from HITTING SET parameterized by the number of sets.

Theorem 4.32. DENSITY NWS parameterized by |C| does not admit a
polynomial kernel unless NP C coNP /poly.

Proof. The parameterized reduction from HITTING SET parameterized by
the size of the hitting set to DENSITY NWS parameterized by ¢ in the proof
of 4.16 is also a polynomial parameter transformation from HITTING SET
parameterized by the number of sets to DENSITY NWS parameterized by
IC|. HITTING SET parameterized by the number of sets is known to not
admit a polynomial kernel unless NP C coNP /poly [9]. In the following, we
recall the construction briefly. Let Ing = (U, S, k) be an instance of HITTING
SET. We define the graph G = (V, E). The set V contains each vertex of
V and one additional vertex z. The edge set is E := {{z,u} | u € U}. We
define the set of communities C := {S; U {z} | S; € S} and set a(C;) =
1/ (|g|) for each community C; € C. Finally, we set the parameter ¢ = k.
Let Ipns = (G,C,a,f) denote the resulting instance of DENSITY NWS.
Observe that |S| = |C|. The correctness proof of the polynomial parameter
transformation is omitted, since it is already proved in Theorem 4.16. [

Theorem 4.33. STARS NWS parameterized by |C| does not admit a poly-
nomial kernel unless NP C coNP /poly.

Proof. We give a polynomial parameter transformation from HITTING SET
parameterized by the number of sets which is known to not admit a poly-
nomial kernel unless NP C coNP/poly [9]. Let Iys = (U,S,k) be an
instance of HITTING SET. We assume that |U| > 1. Let Z be a set
of |U|? new vertices such that U N Z = (). We start by defining the
graph G = (V,E). The vertex set is V := U U Z and the edge set is
E = {{u,v} | u,v € Uyju # v} U{{u,z} | v € U,z € Z}. In other words,
G[U] is a clique and G[G U {z}] is a star of size |U| for each new vertex
z € Z. Next, we define the set of communities C := {S; U Z | S; € S}.
Finally, we set the parameter £ := k- |U|*>+|U|?. Let Isns = (G,C, £) denote
the resulting instance of STARS NWS. Note that |C| = |S], |E| = ('g‘)+|U|4
and |V| = |U|+|U|?. An example of the construction is shown in Figure 4.7.

Correctness We show that Ijg is a yes-instance of HITTING SET if and
only if IgNg is a yes-instance of STARS NWS.

(=) Let X be a hitting set of size at most k. We show how to obtain a
sparsified graph G’ = (V, E') with |E'| < ¢. Weset E' = {{z,z2} |z € X,z €
ZYU{{u,z} |z € X,u € U\ {x}} observing that |E'| < k- (|Z|+|U|—-1) =
k-|Z|+k-|U| <k-|U?+ |U|? Recall that for each community C; € C a
set S; € C exists, such that C; = S; U Z. Since X is a hitting set, for each
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Figure 4.7: An example of the construction. The left side shows the HITTING
SET instance Iyg, the right side shows the STARS NWS instance Isns. The
grey vertices are the new vertices, the elements of the set Z. The different
line styles show the mapping between the sets in the HITTING SET instance
and the communities in the STARS NWS instance.

community Cj, there exists an element x; € X with x; € C;. Such an element
x; is the center of a spanning star in G'[C;] because {{z,z;} | z € Z} C F’
and {{z,u} | v e C;\ Z} C {{u,z;} | u € U} C E'. Therefore, G’ is a
sparsified graph which implies that Igng is a yes-instance of STARS NWS.

(<) Let Igns be a yes-instance of STARS NWS and let G’ = (V, E’) be
the sparsified graph where ¢ : C — V denotes the mapping of communities
to their center vertex in G'. We show how to obtain a hitting set X with
|X| < k. Weset X = {ce/(Ci) | C; € C}. Since Z C C; and Z is an
independent set in G, cg/(C;) ¢ Z holds for each community C; € C. This
implies that X C U. Since |E'| < ¢ = k- [U]? + |U|?, we conclude that
|X| < k because |U| > 1. For each S; € S, there exists a community C;
such that S; = C; \ Z. This implies that for each set S; € S, there exists
the element u = ¢/ (C;) with v € X and u € S;. Therefore, X is a hitting
set with | X| < k and Iyg is a yes-instance of HITTING SET. O
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5. Conclusion

In this work, we studied the complexity of II-NWS and its three variants
DENsITY NWS, STARS NWS and CONNECTIVITY NWS. In the following,
we first summarize our results and then we pose our open questions and
point into directions for further work.

5.1 Summary

In Section 3.1, we studied NP-hardness for DENSITY NWS, STARS NWS,
CoNNECTIVITY NWS, and II-NWS restricted to communities of size at
most 3. First, we recalled reductions from the literature which implies the
NP-hardness of DENSITY NWS, STARS NWS, and CONNECTIVITY NWS
even if restricted to communities of size at most 3. Then, we gave a com-
plexity dichotomy of II-NWS restricted to communities of size at most 3
which implies that II-NWS restricted to communities of size at most 3 is
NP-hard for all graph properties Il which neither are fulfilled by an edgeless
graph nor are only fulfilled by cliques.

In Section 3.2, we showed lower bounds based on the Exponential Time
Hypothesis (ETH). First, we observed that the running time of a trivial brute
force algorithm trying each possible spanning subgraph is O(2™ - poly(n +
IC])). Since m < n?, the running time of this brute force algorithm is
also expressible as O(2"" - poly(n + |C|)). Then, we showed that neither
DENSITY NWS, nor STARS NWS, nor CONNECTIVITY NWS is solvable in
20("*) . poly(n + |C|) time or 2°™) . poly(n + |C|) time unless the ETH fails.
These lower bounds even apply if the instances are restricted to communities
of size at most 4.

In Section 4, we studied DENSITY NWS, STARS NWS, and CONNEC-
TIVITY NWS in the context of parameterized complexity. An overview of
the results is shown in Table 5.1. With respect to parameter ¢, the number
of edges of the sparsified graph, we obtained W[2]-hardness for DENSITY
NWS and fixed-parameter tractability for STARS NWS and CONNECTIV-
ITY NWS. Furthermore, we showed that STARS NWS and CONNECTIV-
ITY NWS do not admit a polynomial kernel for parameter ¢ unless NP
C coNP/poly. For parameter k, which is defined as the difference of m
and ¢, we obtained W[l]-hardness for DENSITY NWS, STARS NWS, and
CoNNECTIVITY NWS. The W(l]-hardness even applies if these problems
are restricted to instances with communities of size at most 3. For STARS
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Table 5.1: An overview over the results regarding parameterized complex-
ity. The entry for DENSITY NWS parameterized by t expresses that this
parameterization was not studied for DENSITY NWS.

Parameter | DENSITY NWS | STARS NWS \ CONNECTIVITY NWS
l W2]-hard FPT / no polynomial kernel
k W{1]-hard
t - \ ? W [2]-hard
IC| FPT / no polynomial kernel ?

NWS and CoNNECTIVITY NWS, we studied the parameter ¢, the size of a
minimal feedback edge set of the sparsified graph. We gave an polynomial-
time algorithm for STARS NWS when ¢ = 0 and showed W [2]-hardness for
CONNECTIVITY NWS parameterized by t. For parameter |C|, the number of
communities, we obtained fixed-parameter tractability for DENSITY NWS
and STARS NWS. Moreover, we showed that no polynomial kernels exist for
DENSITY NWS and STARS NWS unless NP C coNP/poly. For CONNEC-
TIVITY NWS we were not able to show either fixed-parameter tractability
or W[1]-hardness.

5.2 Future Work

Our study of DENSITY NWS, STARS NWS and CONNECTIVITY NWS in
the context of parameterized complexity leaves mainly two questions open.
The first open question is whether CONNECTIVITY NWS parameterized by
|C| is fixed-parameter tractable. The second open question is whether STARS
NWS parameterized by t is fixed-parameter tractable.

Since £ can be quadratic in n, the absence of a 2°("*) . poly(n + |C|)-time
algorithm only implies the absence of a 2°() . poly(n + |C|)-time algorithm
for STARS NWS and CONNECTIVITY NWS. Thus, there is a discrepancy
between the lower bound and the running time of the given FPT-algorithms.
Hence, another open question is whether there exist single-exponential time
FPT-algorithms for STARS NWS and CONNECTIVITY NWS parameterized
by £.

Another direction for further work might be studying additional param-
eters or combinations of the parameters. For example the parameter d + ¢
for CONNECTIVITY NWS might be interesting, since CONNECTIVITY NW'S
parameterized by ¢ solely is W[2]-hard.

A new parameter that might be interesting is the difference between
an upper bound of parameter ¢ and the actual parameter ¢, the number of
edges in the sparsified graph. The upper bound, we suggest, is the minimum
number of edges a sparsified graph contains assuming that all communities
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are pairwise disjoint. For an instance I = (G,C, a, £) of DENSITY NWS this
upperbound is 3. e ([a(C))- ('C;‘ﬂ ). For an instance I = (G, C, {) of STARS
NWS or CONNECTIVITY NWS this upper bound is ZCiGC(‘Ci’ —1). The
final parameter is then defined as s == 3 . ¢ ( [a(C’Q-(@”)])—E for DENSITY
NWS and as s := » . o(|Ci| — 1) — £ for STARS NWS and CONNECTIVITY
NWS.

There are two kinds of edges in a subgraph induced by a community in a
sparsified graph. First, there are edges which are essential in the sense that
the subgraph without these edges does not fulfill the required graph prop-
erty. Second, there are edges which can be removed such that the subgraph
still satisfies the required graph property. Informally, the parameter s is a
measure how many edges are essential for more than one community. Since
one edge can be essential for more than two communities, the parameter s
is an upper bound for the number of essential edges.

Moreover, it might also be interesting to study II-NWS for other graph
properties or to use the characterization of graph properties in Section 3.1
to obtain more general results for [I-NWS in the context of parameterized
complexity.
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