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—— Abstract

We consider the SPARSE HITTING SET (SPARSE-HS) problem, where we are given a set sys-
tem (V, F, B) with two families F, B of subsets of the universe V. The task is to find a hitting set
for F that minimizes the maximum number of elements in any of the sets of B. This generalizes

several problems that have been studied in the literature. Our focus is on determining the complexity
of some of these special cases of SPARSE-HS with respect to the sparseness k, which is the optimum
number of hitting set elements in any set of B (i.e., the value of the objective function).

For the SPARSE VERTEX COVER (SPARSE-VC) problem, the universe is given by the vertex
set V' of a graph, and F is its edge set. We prove NP-hardness for sparseness k£ > 2 and polynomial
time solvability for k = 1. We also provide a polynomial-time 2-approximation algorithm for any k.
A special case of SPARSE-VC is FAIR VERTEX COVER (FAIR-VC), where the family B is given by
vertex neighbourhoods. For this problem it was open whether it is FPT (or even XP) parameterized
by the sparseness k. We answer this question in the negative, by proving NP-hardness for constant k.
We also provide a polynomial-time (2 — %)—approximation algorithm for FAIR-VC, which is better
than any approximation algorithm possible for SPARSE-VC or the VERTEX COVER problem (under
the Unique Games Conjecture).

We then switch to a different set of problems derived from SPARSE-HS related to the highway
dimension, which is a graph parameter modelling transportation networks. In recent years a growing
literature has shown interesting algorithms for graphs of low highway dimension. To exploit the
structure of such graphs, most of them compute solutions to the 7-SHORTEST PATH COVER (r-SPC)
problem, where r > 0, F contains all shortest paths of length between r and 2r, and B contains all
balls of radius 2r. It is known that there is an XP algorithm that computes solutions to r-SPC of
sparseness at most h if the input graph has highway dimension h. However it was not known whether
a corresponding FPT algorithm exists as well. We prove that »-SPC and also the related r-HiGHWAY
DIMENSION (r-HD) problem, which can be used to formally define the highway dimension of a
graph, are both W[1]-hard. Furthermore, by the result of Abraham et al. [[CALP 2011] there is a
polynomial-time O(log k)-approximation algorithm for r-HD, but for 7-SPC such an algorithm is
not known. We prove that r-SPC admits a polynomial-time O(log n)-approximation algorithm.
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1 Introduction

In this paper, we study the problem of finding a sparse hitting set. That is, we are given a
set system (V, F,B) on universe V with two set families 7, B C 2", and a feasible solution
is a set H C V that hits (i.e., intersects) every set of F. Instead of minimizing the overall
size of the solution however, we think of the sets of B as being small and we would like
to distribute the solution H among the sets in B as evenly as possible. Intuitively and
depending on the context, the sets in B are balls in some metric and the hitting set should be
sparse within them. That is, we want to find a hitting set for F that minimizes the largest
intersection with the sets of B. Formally, the SPARSE HITTING SET (SPARSE-HS) problem
with input (V, F, B) is defined by the following integer linear program (ILP) with indicator
variables x, for each v € V' encoding membership in the solution H C V.

min k such that: >z, >1 VF e F (SPARSE-HS-ILP)
veF
> <k VB e B
veEB
z, € {0,1} YoeV

The SPARSE-HS problem generalizes several problems studied in the literature, with
applications in for instance cellular [24], communication [25], and transportation [2, 22]
networks. Our aim in this paper is to determine the complexity of some basic variants of
SPARSE-HS, and we are specifically interested in the complexity depending on the sparseness,
which is the solution value k of (SPARSE-HS-ILP). In general, SPARSE-HS contains the
HITTING SET problem by setting B = {V}, and thus does not admit any g(k)-approximation
in f(k) -n°® time [21], for any computable functions f and g, where n = |V|, under ETH.

Sparse Vertex Cover. A much easier special case of HITTING SET is the well-known
VERTEX COVER problem: for the SPARSE VERTEX COVER (SPARSE-VC) problem the set
system is given by a graph G = (V, E) so that F = E and B C 2¥. We show that this
problem is NP-hard for any k& > 2, even on very simple input graphs.

» Theorem 1. SPARSE-VC is NP-hard for any k > 2, even if the input graph is a matching.

Note that this hardness result implies that, unless P=NP, SPARSE-VC does not admit
an XP algorithm with runtime n/(*) for any function f (the problem is paraNP-hard
parameterized by the sparseness k). This is in contrast to the VERTEX COVER problem,
which is known to be fized-parameter tractable (FPT) parameterized by the solution size s,
which means that it can be solved much more efficiently in f(s)-n°() time for some function f
(which can be shown [10] to be 1.2738%). On the other hand, we will show that for k = 1 the
SPARSE-VC problem is polynomial-time solvable, which together with the previous hardness
result settles the complexity of the SPARSE-VC problem for every sparseness value k.
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» Theorem 2. SPARSE-VC is polynomial time solvable for k = 1.

As we will see, Theorem 1 also implies that SPARSE-VC does not admit a polynomial-time
(3/2—¢)-approximation algorithm for any € > 0, unless P=NP. Moreover, As VERTEX COVER
is a special case of SPARSE-VC with B = {V'}, any polynomial time (2 — ¢)-approximation
algorithm for SPARSE-VC would refute the Unique Games Conjecture (UGC) [28]. On the
positive side, we show that we can match this conditional approximation lower bound with a
2-approximation algorithm. This means that SPARSE-VC can be approximated as well as
the VERTEX COVER problem, which also admits a 2-approximation [28] in polynomial time.

» Theorem 3. SPARSE-VC admits a polynomial time 2-approzimation algorithm.

Fair Vertex Cover. A special case of SPARSE-VC is the FAIR VERTEX COVER (FAIR-VC)
problem where the family of sets B is given by closed neighbourhoods, i.e., if N[v] is the set
containing vertex v and all neighbours of v in G then B = {N[v] | v € V'} (alternatively, B
contains all balls of radius 1). The fairness constraint was introduced by Lin and Sahni [25]
in the context of communication networks, and has since then been studied for several
types of problems (cf. Section 1.1), including VERTEX COVER [22, 18, 26]. In contrast
to this paper, in [22, 18] the problem is defined slightly differently by considering open

neighbourhoods, i.e., B = {N[v] \ {v} | v € V}, and we call this version OPEN-FAIR-VC.

Notably, the parameterized complexity of OPEN-FAIR-VC has been studied for a plethora of
parameters, including treedepth, treewidth, feedback vertex set, modular width [22], and
the total solution size |H| [18], and most of these results also apply to FAIR-VC with closed
neighbourhoods.

Jacob et al. [18] observe that it is NP-hard to decide if a vertex cover of size s exists,
if every neighbourhood is allowed to only contain at most k vertices of the solution H, for
a given constant k > 3: this follows from the fact that VERTEX COVER is NP-hard on
sub-cubic graphs [17]. While the authors of [18] call this problem FAIR VERTEX COVER
as well, note that this is significantly different from the FAIR-VC problem studied in this
paper as well as the OPEN-FAIR-VC problem studied in [22]. In particular, on sub-cubic
graphs both of these problems as defined here always trivially have a solution for k > 3,!
and thus the NP-hardness of VERTEX COVER on sub-cubic graphs does not immediately
imply NP-hardness of FAIR-VC or OPEN-FAIR-VC. In fact, for the natural parameterization
by the sparseness k the complexity of OPEN-FAIR-VC (and also FAIR-VC) has so far been
unknown.? We answer this open problem by showing NP-hardness of FAIR-VC for k > 3 and

of OPEN-FAIR-VC for k£ > 4 on more complex input graphs when compared to SPARSE-VC.

» Theorem 4. FAIR-VC is NP-hard for any k > 3 and OPEN-FAIR-VC is NP-hard for
any k > 4, even on planar input graphs.

Thus, as for SPARSE-VC, we can conclude that FAIR-VC and OPEN-FAIR-VC do not
admit XP algorithms parameterized by k. For the cases when k& < 2, Jacob et al. [18§]
provide a polynomial time algorithm that solves their version of FAIR VERTEX COVER,
which however also works for the FAIR-VC and OPEN-FAIR-VC problems as defined in this
paper. Hence this settles the complexity of FAIR-VC for every value of k, and only leaves
the value k = 3 open for OPEN-FAIR-VC.

1 Observe that it is never necessary to pick a vertex v and all its neighbours.
2 Tom4s Masaiik, personal communication.
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In terms of approximation, interestingly we are able to obtain a slightly better algorithm
for FAIR-VC than for SPARSE-VC, namely a (2 — %)—approximation. This beats the best
possible approximation for SPARSE-VC and VERTEX COVER under UGC [28]. In particular,
the following theorem implies that for the smallest value & = 3 for which FAIR-VC is NP-hard,
we can obtain a solution of sparseness 5. We leave open whether a solution of sparseness 4 can
be computed in polynomial time for FAIR-VC if k = 3, and whether better approximation
algorithms are possible for OPEN-FAIR-VC.

» Theorem 5. FAIR-VC admits a polynomial time (2 — %)-appro;cimation algorithm.

Shortest Path Cover and Highway Dimension. We now turn to a different set of problems
derived from SPARSE-HS, which as we shall see generalize FAIR-VC. Given a value r > 0
and an edge-weighted graph G, for the r-SHORTEST PATH COVER (r-SPC) problem the
family F is given by shortest paths of length between r and 27 and the family B is given
by balls of radius 2r. That is, let P, contain S C V if and only if S is the vertex set of a
path in G, which is a shortest path (according to the edge weights) and whose length is in
the range (r,2r]. Furthermore, let dist(u,v) be the length of a shortest u-v-path and let
B,(v) = {u € V | dist(u,v) < r} denote the ball of radius r centered at v. Then for the
r-SPC problem, 7 = P, and B = {Ba,(v) |v € V}.

The r-SPC problem finds applications in the context of the highway dimension, which
is a graph parameter introduced by Abraham et al. [2] to model transportation networks.
To define the highway dimension, we define a problem related to r-SPC called r-HIGHWAY
DIMENSION (r-HD), where for each vertex v € V the task is to find a hitting set for all
shortest paths of length in (r, 2r] intersecting the ball Bs,.(v), and we need to minimize the
largest such hitting set. Note that compared to r-SPC the quantification is reversed, i.e., for
r-SPC there is a hitting set that is small in every ball, while for r-HD for every ball there is
a small hitting set (thus r-HD is not a special case of SPARSE-HS). The highway dimension
of an edge-weighted graph G is the smallest integer h such that there is a solution to »-HD
of value at most h in G for every r > 0.

There is empirical evidence [4] that road networks have small highway dimension, and it
has been conjectured [13] that public transportation networks (especially those stemming
from airplane networks) have small highway dimension as well.> Therefore, there has been
some effort to devise algorithms [13, 2, 12, 14, 11, 11, 5, 19, 8, 7] for problems on low highway
dimension graphs that naturally arise in transportation networks. It is known [1] that if
the highway dimension of a graph G is h, then the r-SPC problem on G has sparseness at
most h for every r > 0, but not vice versa, as the sparseness of -SPC can be much smaller
than h. However, since a solution to r-SPC consists of one hitting set H C V for the whole
graph, it is more convenient to work with algorithmically than the n hitting sets for all balls
of radius 2r that form a solution to r-HD. Therefore, algorithms exploiting the structure of
graphs of low highway dimension typically compute a solution to the r-SPC problem for
each of the O(n?) relevant values of r given by the pairwise distances between vertices.

For graphs of low highway dimension, Abraham et al. [1] give an algorithm that for
each relevant value of r computes a solution to the r~-HD problem, in order to obtain a
solution to r-SPC with sparseness at most the value of the r-HD solution. While Abraham
et al. [1] propose to use an approximation algorithm for r-HD (see below), note that the

3 In fact there are several definitions of the highway dimension, with the one presented here being
well-suited for public transportation networks, cf. [13, 6]
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r-HD problem admits an XP algorithm with runtime n°*) | since for any ball By, (v) it can
construct the set system given by all shortest paths of length in (r, 2r] intersecting Ba,(v),
for which it can then try every possible k-tuple of vertices as a solution. This algorithm can
thus be used to compute solutions to r-SPC of sparseness at most & in n°" time if the
input graph has highway dimension h. Interestingly, it is not possible to compute solutions of
optimum sparseness for r-SPC using an XP algorithm due to the NP-hardness of FAIR-VC:
consider an r-SPC instance with unit edge weights and value r = 1/2. Since every edge is a
shortest path between its endpoints, the »-SPC problem on this instance is equivalent to
FAIR-VC. As argued above however, no XP algorithm exists for FAIR-VC, unless P=NP.

In light of the growing amount of work on problems on low highway dimension graphs, it
would be very useful to have a faster algorithm to solve »-HD in order to compute a hitting
set for 7-SPC of corresponding sparseness. While it is known that computing the highway
dimension is NP-hard [13] and this also implies that »-HD is NP-hard, r~-HD might still be
FPT and allow algorithms with runtime f(k) - n®™) for some function f. However, we will
show that it is unlikely that such algorithms exist. In particular, we prove that »-HD is
W/1]-hard parameterized by the solution value k. We also prove that r-SPC does not admit
FPT algorithms (in particular, k here denotes the optimum sparseness and not just an upper
bound that we would obtain by solving r-HD, as suggested above). While already the above
reduction from FAIR-VC to r-SPC excludes FPT algorithms for »-SPC, this only excludes
such algorithms for very small values of 7, in fact the smallest relevant value for r (as the
problem becomes trivial for even smaller values). A priori it is not clear whether r-SPC
admits FPT (or XP) algorithms for large values of r. In our reduction however, the value
of r takes the largest relevant value, so that there exists a ball of radius 2r containing the
whole graph.

» Theorem 6. Both r-HD and r-SPC are W[1]-hard parameterized by their solution values k,
where 2r is the radius of the input graph.

One caveat of this hardness result is that it does not answer the question of whether
computing the highway dimension is FPT or not. This is because the presented reduction
only shows hardness of r-HD for a large value r. However, for smaller values of r the solution
value to r-HD is unbounded in the constructed graph, and thus the graph does not have
bounded highway dimension. This means that it might still be possible to compute the
highway dimension in FPT time, but not using the existing tools provided by Abraham et
al. [1], where each value r is considered separately. Instead, if such an algorithm exists it
must consider the structure of the whole graph. We leave open whether there is such an
algorithm.

As mentioned above, Abraham et al. [1] propose an approximation algorithm for r-HD:
under the assumption that all shortest paths are unique (which can always be achieved by
slightly perturbing the edge lengths), r-HD admits a polynomial time O(log k)-approximation
algorithm. Due to the fact that the sparseness of -SPC can be a lot smaller than the solution
value to r-HD,* it is not known how to obtain such an algorithm for r-SPC. However, we
prove the existence of a weaker O(logn)-approximation algorithm.

» Theorem 7. r-SPC admits a polynomial time O(logn)-approximation algorithm.

4 as for instance witnessed by the graphs constructed in the reduction for Theorem 4 and value r = 1 /2.
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Dense Matching. Finally, in light of the above results for SPARSE-VC, we also consider
the dual DENSE MATCHING problem, where we are given a graph G = (V, E) and the
task is to find a matching M C F maximizing the smallest number of matching edges
induced by a set in the family B, i.e., the minimum |M N E(B)| over all B € B, where
E(B) = {{u,v} € E | u,v € B}. Despite the MAXIMUM MATCHING problem being
polynomial-time solvable, we show that DENSE MATCHING does not admit a polynomial time
(2—¢)-approximation, even if B is restricted to balls of radius two, unless P=NP. Interestingly,
a matching 2-approximation seems a lot harder to come by compared to SPARSE-VC, and
we leave open whether a constant approximation is possible for DENSE MATCHING.

» Theorem 8. [t is NP-hard to approrimate DENSE MATCHING within 2 — ¢ for any € > 0,
even if B = {Bz(v) | v € V'} where all edges have weight 1.

Due to space restrictions, the proof of Theorem 8 can be found in the appendix.

1.1 Related Work

Apart from the work cited above, we here list some additional related work. Kanesh et
al. [20] study the FAIR FEEDBACK VERTEX SET problem, where the family F contains
all vertex sets of cycles of the input graph (in this case F is not part of the input). They
prove results on the parameterized complexity of several versions of this problem, where
the considered parameters include treewidth, treedepth, neighbourhood diversity, the total
solution size, and the maximum vertex degree. Jacob et al. [18] consider the parameterized
complexity of the FAIR SET and FAIR INDEPENDENT SET problems, but also II-FAIR VERTEX
DELETION, where II is any property expressible in first order (FO) logic. Knop et al. [22] study
II-FAIR VERTEX DELETION for properties IT expressible in monadic second order (MSO1)
logic parameterized by the twin cover number. They also consider FAIR-VC parameterized
by treedepth, feedback vertex number, and modular width. Agrawal et al. [3] study the
parameterized complexity of the MINIMUM MEMBERSHIP DOMINATING SET problem, where
F =B ={NJv] | v € V}, and consider parameterizations by pathwidth, sparseness, and
vertex cover number.

While in this paper we study SPARSE-HS problems on graphs where the universe is the
set of vertices, another line of work studies variants of SPARSE-HS when the universe is the
edge set. For instance, the work of Lin and Sahni [25] that introduced the fairness constraint,
studies the FAIR FEEDBACK EDGE SET problem, where the family F contains the edge
sets of all cycles of the input graph. Masafik and Toufar [26] consider the parameterized
complexity of the II-FAIR EDGE DELETION problem, where II is a property expressible
in FO logic or in MSO logic. For each of these problems they study parameterizations by
the treewidth, pathwidth, treedepth, feedback vertex set number, neighbourhood diversity,
and vertex cover number. Kolman et al. [23] study the II-FAIR EDGE DELETION problem
on graphs of bounded treewidth, where II is any property expressible in MSO logic. They
also give tight polynomial-time O(y/n)-approximation algorithms for FAIR OpD CYCLE
TRANSVERSAL and FAIR MIN CUT, where the family F contains all edge sets of odd cycles
and (s,t)-paths for given vertices s and ¢, respectively. Another notable problem is MIN
DEGREE SPANNING TREE, where the family F consists of every edge cut under the fairness
constraint. Fiirer and Raghavachari [15] prove that the problem is NP-hard but a solution of
sparseness k + 1 can be computed in polynomial-time.

Regarding the complexity of computing the highway dimension, it is interesting to note
that Abraham et al. [1] show that any set system given by unique shortest paths has
VC-dimension 2 (this observation also leads to the above mentioned O(log k)-approximation
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algorithm for r-HD). At the same time, Bringmann et al. [9] prove that the HITTING SET
problem is W[1]-hard for set systems of VC-dimension 2. Hence it is intriguing to think that
the latter reduction could possibly be modified to also prove W[1]-hardness for »-HD or
r-SPC. However, it seems that shortest paths exhibit a lot more structure than general set
systems of VC-dimension 2, and thus it is unclear how to obtain a hardness result for r-HD
or r-SPC based on [9]. Instead, a more careful reduction as provided in Theorem 6 seems
necessary.

2 Sparse Vertex Cover

In this section we consider the SPARSE-VC problem and start by proving NP-hardness for
any k > 2.

» Theorem 1. SPARSE-VC is NP-hard for any k > 2, even if the input graph is a matching.

Proof. We reduce from a variant of the satisfiability problem called EXACTLY-3-SAT, meaning
that all clauses contain exactly three literals. This problem was shown to be NP-complete
in [16]. For a set of variables X = {x;};, we use the notation X := {7;}.

Let an instance of EXACTLY-3-SAT be given by a set of variables X = {z;}i=1.. »
and a set of clauses C = {C;};=1,.. m with C; C X U X, |C;| = 3. We define the graph
G=V,E)byV=XUXU{y;, % |i€{l,....,k—=1}}and E = {{z;,z;} | i € {1,...,n}} U
Hyi, i} | i€ {1,....k—1}}. We further let C = C U {y1,%1,.--,Yr_2, %2} and choose
B = {{xi,%,y1,01,- > Ye-1,U6-1} | i € {1,...,n}} U{C | C € C}. This construction can
be carried out in linear time and G is a matching. For NP-hardness, it remains to show that
G has a vertex cover H C V satisfying |H N B| < k for every B € B if and only if the given
EXACTLY-3-SAT instance has a satisfying assignment.

To see this, first assume that the given EXACTLY-3-SAT instance has a satisfying assign-
ment a: X — {0,1} and extend « to X by letting a(Z) := 1 — a(x). We construct the vertex
cover H={r € XUX | a(z) = 0}U{y1,...,yx_1}. Indeed, H is a vertex cover, since
every edge of G is covered by exactly one of its endpoints. It also follows that, for every
1€ {1,...,n}, we have |{z;, Zi, v1, Y1, - -, Yk—1, Yk—1} N H| = k. By definition of «, for every
C €C, we have )~ a(x) > 1, hence |HﬂC~'| =|HNC|+k—-2=) ccaf(Z)+k—-2=
3= peca(r)+k—-2<k.

Conversely, suppose that there exists a vertex cover H C V with [HNB| < k for
all B € B. We claim that a(z) = |{z} N H| defines a satisfying assignment for the given
EXACTLY-3-SAT instance. Observe that we must have |{z;, z;} N H| > 1foralli € {1,...,n}
and [{y;,9:;} NH| > 1 for all i € {1,...,k — 1}, since H needs to cover all edges. Since
{26, Zi, 91,915 Yk—1,Yk—1} € B, it follows that [{z;, Ti,y1,01,. -, ye—1, U1} NH| < k
for all ¢ € {1,...,n}. Together, we obtain |{z;,z;} N H| =1 for all i € {1,...,n}. We
can therefore extend a to X by setting a(z) = 1 — a(z) = [{z} N H|. Finally, for C € C,
we have C' € B and thus ‘Hﬂ(~7| < k and moreover |HOC‘| > |[HNC| + k — 2, which
implies |[H N C| < 2. It follows that > ~a(z) =33 cca(@)=3-> o H{z}NU| =
3—|HNC|>1, thus « is a satisfying assignment. <

We can observe that Theorem 1 also shows that SPARSE-VC does not admit a (3/2 — ¢)-
approximation algorithm for any € > 0, unless P=NP. This follows from the fact that for k = 2,
such an algorithm would be able to determine whether a given instance of SPARSE-VC
admits a solution of sparseness 2 - (3/2 —¢) < 3, i.e., of optimal sparseness 2.
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Let us now consider the SPARSE-VC problem for sparseness £k = 1. We show that in
this case, SPARSE-VC can be reduced to the 2-SAT problem, which is commonly known to
admit a linear time algorithm. This yields the following theorem.

» Theorem 2. SPARSE-VC is polynomial time solvable for k = 1.

Proof. The instance of the SPARSE-VC problem is given by a graph G = (V, E) and a set of
balls B C 2V. Given this instance, we construct a 2-SAT formula ¢, which is solvable if and
only if the SPARSE-VC instance has a solution. Moreover, we can reconstruct the fair vertex
cover for (V, E, B) given a satisfying assignment to ¢.

To construct ¢, we first assign a variable x,, to each vertex v € V. Next, for every edge
{u,v} € E we create a clause (x, V x,) and add it to ¢, so that we are guaranteed that any
satisfying assignment will correspond to a valid vertex cover. Now we have to enforce, that
for each ball B € B, at most one variable in the set {x,},ecp is set to true. This is done
by adding ('51) clauses: for each pair v,u € B,u # v we add a clause (z, V Z,) to enforce
that z, and x, cannot be both true. In this way, we ensure that only one variable of the set
{z, }vep is set to true. Thus, the final formula ¢ takes the following form:

o=\ (zuVay)A N (@ vz

{u,v}eE BeB,u,v€B:u#v

Given a satisfying assignment for ¢, we reconstruct the solution to (V, E, B) by taking
the vertices whose variable was set to true. We already argued that such a solution is feasible
for SPARSE-VC with & = 1. In the opposite direction, given a solution to SPARSE-VC
with £ = 1, we find an assignment by setting the variables corresponding to the vertices of
the solution to true: the clauses corresponding to edges are then satisfied due to the solution
being a vertex cover, and the remaining clauses corresponding to 55 are satisfied because the
solution picks at most one vertex from each B € B. <

Finally, we show how to obtain a 2-approximation algorithm for SPARSE-VC. This
approximation factor is optimal unless the Unique Games Conjecture fails, as VERTEX
COVER is a special case of SPARSE-VC with B = {V'}.

» Theorem 3. SPARSE-VC admits a polynomial time 2-approxzimation algorithm.

Proof. We consider the relaxation of (SPARSE-HS-ILP) for a given graph G = (V, E):

min k such that: Ty + 3, > 1 Yuv € E (1)
> x, <k VB e B (2)
veB

Ty >0 YveV (3)

Note that in any feasible solution to this LP, for any edge {u, v} at least one of the two
variables z, and z, has value at least 1/2, due to constraints (1) and (3). Thus the set
W ={v eV |z, >1/2} of all vertices with value at least 1/2, is a vertex cover for the input

graph. The sparseness of this solution can be bounded using (2) for any set B € B:

WnB[<2) x, <2k
veB

Thus solving the above LP relaxation optimally in polynomial time and then outputting the
set W, gives a 2-approximation algorithm for SPARSE-VC. <
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Figure 1 Left: The graph G for the formula (z1VaaVas)A(z1VesVea)A(Z1VE2) A (T2 VE)N(Z3VEa)
and k = 4. Right: A star Y;* with center y;, and leaves y; 1,...,y; 4. Similarly, Z; and Qj denote
stars with centers z;,0 and ¢j o, and leaves z;1 ..., 254 and ¢j 1, ..., q; 4, respectively.

3 Fair Vertex Cover

Let us now consider the (OPEN-)FAIR-VC problem, where the balls B are given by (open)
vertex neighborhoods. We first show NP-hardness of FAIR-VC and OPEN-FAIR-VC for k > 3
and k > 4, respectively.

» Theorem 4. FAIR-VC is NP-hard for any k > 3 and OPEN-FAIR-VC is NP-hard for
any k > 4, even on planar input graphs.

Proof. We reduce from the PLANAR 2P1N-3-SAT problem. In this variant of satisfiability,
all clauses contain two or three literals, and we may assume that every variable appears
exactly twice as a positive literal and exactly once as a negative literal over all clauses. In
addition, we may assume that the bipartite graph connecting clauses to the variables they
contain is planar. This variant of satisfiability was shown to be NP-complete in [27].

We first consider the FAIR-VC problem and later show how to modify our reduction for
OPEN-FAIR-VC. Let an instance of PLANAR 2P1N-3-SAT be given by a set of variables
X ={x;}i=1,..n and a set of clauses C = {C}}j=1,.  n with C; C X UX, IC;| € {2,3}. We
define the graph G = (V| E) by

n k—2 k m kE—-|C;] Kk
v—u({xi,xi}uuu{yzr})uu U{zﬂ}u U Ut
j=1

=1 s=1r=0 r=0 s=1 r=0

,,,,,

~.

and

HC:

k=2 k
(H%xz}} U U{{wz,ylo}} U U{{ﬂcuyzo}}U U U{{yf,o,yf,r}}>

s=1r=1
m k—[Cy| k
U (U e zjo}}uu{{zjo,zﬂ}}u U <{zj,o,q;,0}uU{q;,o,q;,r})
j=1 \zeC; s=1 r=1

This construction (illustrated in Figure 1) can be carried out in linear time and G is planar.

For NP-hardness of FAIR-VC, it remains to show that G has a vertex cover H C V
satisfying |H N N[v]| < k for every v € V if and only if the given PLANAR 2P1N-3-SAT
instance has a satisfying assignment.
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To see this, first assume that the given PLANAR 2P1N-3-SAT instance has a satisfying
assignment o: X — {0,1} and extend a to X by letting a(z) := 1 — a(x). We construct the
vertex cover H = {z € XUX | a(z) = 0rulU, Uf;f{yfo}uugnzl ({zjyo} U Uf;{cﬂ{qio}).
Indeed, H is a vertex cover, since all edges are of the form {z,z} or incident to some
yis,()v %j,0, OT qjs',0~ Also, [HN N[v]| = 1 for v € U?:1 U’:;f Uf:1{yir} U U;n:1 Uf:l{zj,r} U
Uiy UsS @ Ui, b [H 0N ]| = 2 for v € Uy USS g0} UUTL, USZ ¥ a5}, and
|[HN N[v]| =k for v € X UX. It remains to consider v = z;¢ for some j € {1,...,m}.
Observe that 3, . a(x) > 1 since a is a satisfying assignment. It holds that [H N Nz o]| =
1+k—|Cjl+ 3 ec, {z} NH| =1+k—[Cj|+ 3 cc, (1 —a@) < 1+k—|C)|+[Cj| -1 = k.
In either case, we conclude that |H N N[v]| < k.

Conversely, suppose that there exists a vertex cover H C V with |[H N N[v]| < k for
all v € V. Let i € {1,...,n} and s € {1,...,k — 2}. Since H is a vertex cover with
|HﬂN[yf)0]| < k and deg(y;,) > k, we must have y;, € H. Similarly, we must have
zjo € H for all j € {1,...,m} and ¢j, € H for all j € {1,...,m},s € {1,....k —[Cj|}.
We claim that a(z) = [{z} N H| defines a satisfying assignment for the given PLANAR
2P1N-3-SAT instance. To see this, first observe that |[{z,z} N H| = 1 for all # € X since
H is a vertex cover and |H N Nz]| < k. We can therefore extend a to X by setting

a(z) = 1—a(z) = |[{z} N H|. Recall that for for all j € {1,...,m} we have |[H N N[z;0]| < k

and {Zj>0»q31',0> . ,q;c,a‘c'”} C H, which implies ’H N (N[zj’o \ {zj,an]{m . .,qf’glcj‘})‘ <

k—(14+k—1Cj|) =|C;| — 1. With this, for j € {1,...,m}, we have Zmecj alz) =|Cj| —

e, (@) = 05| = Tpe, Hak N HI 2 1G5 = | (N2l \ {250 @hos--sae' ¥} ) n | 2
|C;| — (|C;] — 1) = 1. We conclude that « is a satisfying assignment.

We now turn to OPEN-FAIR-VC and modify the above reduction as follows. The first
difference is that there is now only one Y,* gadget for each variable x;, so we call it Y;. The
second difference is that Y; is different from Y;® from the previous reduction, because now
Y; is responsible for picking only one vertex among {z;,Z;} to the solution. To be more
precise Y; is now a star with a center y; ¢ connected to ¥;1,...¥; k-1, but now also each
Yij,J € {1...,k— 1} is a center of a star, connected to yl{l, e ,yfk In other words, Y is a
tree of depth two rooted at ¥; ¢, where the root has £ — 1 children and each child of the root
has k children. In the constructed graph, for each variable xz; both literals x; and x; are now
connected to y; o instead of y; ; vertices from the previous reduction. The remaining part of
the graph is precisely the same as in the reduction for Theorem 1.

Assume we have an OPEN-FAIR-VC solution for the constructed graph and the given
parameter k > 4. Observe, that for each ¢ the vertices y; 0 and y; 1 ...y;,—1 must be taken
to the solution since their degree is k + 1. Therefore, since vertex y; o has £ — 1 neighbors
other than x; and x;, only one vertex among x; and x; can be taken to the solution. The
remaining part of the argument is the same as in the proof for FAIR-VC: we construct a
satisfying assignment by setting this literal to false, whose corresponding vertex was taken to
the solution. Similarly as before, each clause has at most two negated literals. The opposite
direction is analogous. <

The previous reduction actually also shows that for any € > 0, it is NP-hard to compute
a (4/3 — e)-approximation for FAIR-VC, as for k = 3, a (4/3 — ¢)-approximate solution
actually has sparseness 3. Still, we are able to compute a (2 — %)—approximation for FAIR-VC,
which is slightly better than our result for SPARSE-VC and also better then the best possible
approximation ratio for VERTEX COVER (and thus SPARSE-VC) under UGC. In particular,
our algorithm implies that for the smallest value k = 3 for which FAIR-VC is NP-hard, we
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can obtain a solution of sparseness 5. We leave open whether a solution of sparseness 4 can
be computed in polynomial time for FAIR-VC if k = 3, and whether better approximation
algorithms are possible for OPEN-FAIR-VC.

» Theorem 5. FAIR-VC admits a polynomial time (2 — %)-appromimation algorithm.

Proof. As for the 2-approximation algorithm for SPARSE-VC (cf. Theorem 3), we consider
the relaxation of (SPARSE-HS-ILP). However, in order to improve the approximation ratio,
observe that in any solution of cost k£ to FAIR-VC, every vertex of degree more than k
must be contained in the solution (otherwise some edge incident to such a vertex is not
covered). Thus we may guess the optimum sparseness k*, define the set of high degree
vertices D = {v € V' | deg(v) > k*} and add the constraint x,, = 1 for every v € D to the
above LP relaxation. We again let W be the set of vertices with value at least 1/2, which is
a feasible vertex cover. If for any closed neighbourhood N[v] € B we have N[v] C W then
all neighbours of v are contained in W, and thus we may remove v from W and still obtain
a vertex cover. We repeat this iteratively for each vertex until we obtain a vertex cover W
for which no closed neighbourhood is entirely contained in W. In particular, for any v ¢ D
we have |W N N[v]| < k*. For v € D on the other hand, since x,, = 1 we get

WANP] <[DANP][+2 > 2, <@z, —1)+2 Y 2,<2k-1
wEN[v]\D wEN[v]\{v}

This means that the set W yields a (2 — %)—approximation. |

4 Hardness of Highway Dimension and Shortest Path Cover

In this section, we study the parameterized complexity of »-HD and r-SPC, and show the
following theorem.

» Theorem 6. Both r-HD and r-SPC are W[1]-hard parameterized by their solution values k,
where 2r is the radius of the input graph.

To prove this, we present a parameterized reduction from CLIQUE to 7-HD. This reduction
also shows W[l]-hardness for r-SPC, as the constructed graph G has radius at most 2r, i.e.,
any solution for »-HD is also a solution for »-SPC of the same cost and vice versa.

Let H = (V, E) be a graph and let k € N. Denote the number of vertices and edges of H
by n and m, respectively. For convenience we treat H as a bidirected graph, i.e. we replace
every edge {u,v} € E with directed edges (u,v) and (v,u). Let C be a constant whose value
will be determined later on. We construct a graph G such that r-HD has a solution of value
K =4Ck(k—-1)+ (g) +k+3 on G for r = 2™ if and only if H contains a clique if size k. In
the following, we call the individual elements of a solution for »-HD also hubs.

The graph G contains k(k — 1) gadgets: For all 1 <4, j < k satisfying ¢ # j there is
a gadget G; ;. Choosing a certain set of hubs from G; ; means that G; ; represents a pair
(w;, w;) of adjacent vertices of H. The idea of the reduction is to have a pair (w;,w;) from
every G ; such that

(i) if G, ; represents (x,y), then G;; represents (y, ), and

(ii) if G, ; represents (z,y) and G, j represents (z’,y’), then x = a’.
If these two conditions are fulfilled, it follows that there are k distinct vertices w1, ..., ws
which are pairwise adjacent, i.e. {ws,...,wg} is a clique of size k.
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,w(/j

i

,wg

Figure 2 A gadget G ; and the global vertices. Solid black edges have length 1, dashed blue
edges have length » —m + 1, thick blue edges have length r — 2m + 2, dotted gray edges have length
m — 1, dashed gray edges have length r/2 and red edges have length 7.

Every gadget G; ; contains a path u”,... i, a path v”,..., i, a path a”,...,a;”],

and a path b} jo---»biy, each consisting of m —1 edges of length 1. We identify every vertex of
these paths with a pair (z, y) of adjacent vertices in H as follows: Fix any ordering < on V' and

denote the resulting lexicographic ordering on V' x V also by <. Define 7: E — {1,...,m} as

7(z,y) = [{(u,v) € E| (u,0) < (z,9)} +1,

i.e. (z,y) is the 7(z,y)-th edge according to <. This allows us for instance to associate the
vertex u; ( ) of G ; with the edge (z,y) of H.

The four paths are connected as follows. For z € {a,v,b} we connect u;"; with zllj and

m

zis with u”, each through a path of length r — m 4+ 3. To that end we introduce ver-

0,z m+1,z _O,u m+1,u m+1 z
tices u; 7 u; ;7,2 and 2", and add the edges {u”, i h { u, u bAoAz ZJ},

{21, z?jﬂ “} of length 1 and the edges {umJr1 720 25 b {szrl u, '} of length r—m+1.
Moreover, we add  vertices aznfl vl e U:”]H b b?’ JU and add edges
b 0,
{ai, :njﬂ "}l ” o Av v z";“ }oAbi; 0/} of  length 1 and  edges
{a]"!, vo,0}, {vm+1 b b?;}} of length r — 2m + 2. This is illustrated in Figure 2.
The idea is that the shortest path from u} ; to any of a; Ou p0u and b * has length 7 + 1

g Vi
and that we will have to choose some pair (x y) in order to Jhlt tilese Shortest paths through
the hub u:ga:y) Still, the shortest paths between a)” " and b?”u and between chjJrl o
bm-'H’“ both have length 2r — 2m +4 > r, but are not hit, if we choose, e.g., the hub u2
Hence we introduce a shorter path between a i and bO * and between amfl “ and bm+1 i
which will be hit by a global dummy hub: We add Vertlces P, " and the edges {W P}
and {¢" 1}, both of length r. Moreover, we add edges between 1) and a?]u, 1"]“ b b?]u,
and bm"'1 “ each of length r/2. The shortest ao y_bO ¥~ and amfl - bmj_l "“_paths now have
length r and pass through . Furthermore, the shortest ’-1)"-path has length 2r and we
may assume w.l.o.g. that it is hit through the hub .

We will show that if the final graph G admits a solution of value k', then there is a hitting
set for P, containing four vertices from every gadget G; ;, which represent a pair (z,y) of
adjacent vertices of H. Our construction needs to ensure that for these pairs (z,y) conditions

i and ii are fulfilled. First we create C copies G} Goe- GC of the graph G ;. For simplicity,

and

)
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we confuse the graphs G; ; and G’\ for A € {1,...,C} when the context is clear. Our final
construction will yield that if Gi, j represents (z, y) and G;\; represents (z,y’), then we have
(z,y) = («',y). Note that the vertices 9,1, and 9" are not part of any gadget G; ; and
hence, we do not create copies of them.

For condition i we have to synchronise the gadgets G; ; and G;;. To that end, for all
1<i<j<kandall (z,y) € E we add a vertex oz(»w»’y). Moreover, we add edges of weight

m from (all C' copies of) a T(x W and from (all C copies of) a T(y AR a(x )| This is
illustrated in the appendix (Flgure 3). The idea is that all shortest paths between G, ; and

(2 y) if both gadgets agree on the

Gj,i contained in P, can be hit with one additional hub a;
pairs (x,y) and (y, ).

Still, the newly added edges of length m add new shortest paths to P,. For instance, in
any G j, the shortest path between umj+1 “and a i S has length r + 2. To ensure that it
(z,y)

(r y)  7(zy)

suffices to choose only u; $ U, , and «a; ;7" as hubs, we remove these paths from P, by

-1
creating a new shortest path between u, ]'H’a and az j (1), which passes through the dummy

hub . To that end, for all 1 < ,j < k satisfying i # j we add an edge between 1 and
u?”;, uzlfl’a and all a( “¥) “each of length r/2.

Similarly, we avoid ’ undesrred“ hubs covering shortest paths across different gadgets G ;
and G, by introducing new vertices 14,1, and 9/, and adding the edges {¢,,, %} and
{14} of length r and an edge of length m — 1 between 1, and all aT(m v

To fulfill condition ii we have to synchronise the gadget G;; with every other gadget
G, . To that end, for all 1 <4 <k and all x € V we add a vertex 5. Let yo,...,yq be the
neighbors of x such that yg < -+ < yq. For 1 <i,j7 <k, i#jweadd an edge of weight
m + d between 87 and every (copy of) b; (@50)=1 Here the idea is that if two gadgets G ;
and G, j represent pairs (z,y) and (z ,y) such that = a’, then choosing 57 as a hub
suffices to hit all relevant shortest paths between the two gadgets.

Again, we have to take care of newly created shortest paths. Therefore we add an edge of
length r/2 between ) and ul j , anH * and all B7. Moreover we handle shortest paths across
different gadgets G; ; and G; ;- by introducing new vertices g, wﬁ and 1/) and adding the
edges {1}, ¢5} and {¢3,15} of length r and an edge of length m + d — 1 between 5 and

every bT(w’yd) where g4 is the maximum neighbor of = according to <. This concludes the

constructlon of the graph G, which is also illustrated in the appendix (Figure 4).

We now show several properties of the graph G which allow us to prove Theorem 6.

The following Lemma states that choosing four hubs from some gadget G; ; means that the
gadget represents a unique pair (z,y). A proof can be found in the appendix.

> Lemma 9. Let 1 <1i,5 <k wherei # j and let H; ; be a hitting set for all shortest paths

from P, that are contained in G; ;. It holds that |H; j| > 4 and moreover, if |H; ;| = 4, then
m(zy) t(zy)  T(zy) bT(Iﬂ/)}

g g ol

G, represents some (x,y), that is H; j = {u i b

Moreover, we show that if a gadget G; ; represents some pair (z,y), then two certain
shortest paths are not hit by the hubs of G, ;. To that end, for any (z,y) € E and all
1<i<j<kand Ae{l,...,C}, let A(z YA be the shortest path between a(z’y) and the

A-th copy of Uzgz,y)q. The length of Agg; WA g

dist(af;" al ") dist (a] 5 al ) edist (a5 o))+ dist (o] o750 =

m+m—71(x,y)+r—2m+2+7(x,y)—1=7r+1.
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Similarly, we define Bf”j)‘ as the shortest path between 37 and the A-th copy of UT(z’yd)H,

7(x, yd)+1 m+1 b

where y4 is the maximum neighbor of . The path BZT 7 consists of a v; irg ; ; -path
of length m — 7(x,yq), the edge {va b, b?]v} of length r —2m + 2, a b?,’f—bzgx W)= !_path

of length 7(x,y4) — d — 1 and the edge {bi,jx yO)fl, BF} of length m + d. The path Bi;A has
length
dist(B7, 677 - dist (0] )TN b0 + dist (b7, oY) 4 dlist (v, o] (v =
m+d+7(x ,yd)fd71+rf2m+2+m77(m,yd) =r+1

Moreover the following Lemma holds. An illustration (Figure 5) and a proof can be found in
the appendix.

» Lemma 10. If the gadget Gf‘)j represents the pair (z,y), then the hubs of G’\ hit the

shortest path AEZ/’y/)’)‘ if and only if (x,y) # («',y’), and the shortest path Bi)j if and only
if v £ 2.

Let us now prove Theorem 6. We show that on G, r-HD has a solution of value
kK =4Ck(k —1) + (g) + k + 3 for r = 2™ if and only if H contains a clique if size k.

Proof of Theorem 6. Let » = 2™. Suppose that on the constructed graph G, there is a
solution of value k' for r-HD. We observe that every vertex has distance less than 2r from
the vertex . This means that Bs,.(1) contains the entire graph, and therefore there is a
hitting set H of size |[H| < &’ for P,.

We will prove that for any 1 < ¢, j < k there is some (z,y) such that the hitting set H
:gl’y), 15 ’y), :gl’y),b:g"L’y) from every (copy of the) gadget G; ;, and
that H contains one hub ;! for every 1 <i < j < k and one hub 7 for every 1 <i <k,
such that conditions i and ii are satisfied. This implies that H contains a clique of size k.

Fix now 4,5 such that 1 < ¢ < j < k. We prove that the hitting set  contains some

hub agfcj’y). Let XA € {1,...,C} and denote the vertices of H that are contained in G} ; by
H;\j For the sake of contradiction suppose that there is no (z,y) such that agij e H.

Lemma 9 states that if |7—l)‘| < 4, then 7-[-)‘- = {uzgm’y),vzgz’y),azgx’y),bzgz’y)} for some

contains four hubs u

(z,y) and therefore H does not hit the path A; J’y)7 according to Lemma 10. Hence, we
obtain that for all A € {1,...,C} we have |’H | > 5. Moreover, Lemma 9 states that from
any gadget Gy j/, (¢',j") # (4,) we have to choose at least four hubs. This means however
that |H| > 4Ck(k — 1) + C. If we choose C' = k? we obtain that 4Ck(k — 1) + C > K/, so it
cannot be that there is no hub a(?y) € H. Analogously we can show that H contains some
hub 3% for every 1 <i <k, if C' = k?. To that end, fix 1 <4 < k and suppose that there is
no z such that ¥ € H. Again, it follows from Lemmas 9 and 10 that for all A € {1,...,C}
we have |Hf‘J’ > 5, where HZAJ denotes the vertices of H that are contained in Gf"j. As we
showed previously, for C' = k? this means that || > k', and it follows that there must be
some x such that 87 € H.

This means that H contains at least one hub agfj’y) for every 1 < i < j <k, at least one
hub B¥ for every 1 < i < k and at least four hubs from every Gf‘y ;- None of these hubs hits
the shortest paths ¢ — 1) — ", ¥, — o — 1y, or Y5 —hg —1bj5. To hit these three paths, we
need three additional hubs. As H has size at most k' = 4Ck(k — 1) + (g) + k + 3, it follows
that H contains precisely four hubs from every G? ., so every gadget reprebentb indeed a

z,y
J

7,50
unique pair (z,y). Moreover, for every 1 < i < j < k there is a unique hub ozz
every 1 <4 < k there is a unique hub 37.

) and for
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It remains to show that the pairs represented by the individual gadgets fulfill properties
i and ii. Consider ,j such that 1 <i < j <k and let \, ) € {1,...,C}. Let (z,y) and
(2,y") be the pairs represented by G;-\7 ; and G;Yw respectively. Lemma 10 states that the
hubs contained in Gf:j and G;‘; do not hit the shortest paths AEZ’Q)’A and A;ﬁl’yl)’x. This
means that the two paths must be hit through the hubs agz’y) Z(.:Tj/’y/). Moreover, both
hubs must coincide as H has size £/, i.e. we have (z,y) = (2/,3’), which implies condition i.

For condition ii, let 1 < i < k, let 1 < 4,5/ < k, and let A\, X € {1,...,C}. Denote
the pairs represented by Gf\, ; and Gﬁ,'j, by (z,y) and (2/,y’), respectively. It follows from

l

Lemma 10 that the shortest paths BZ J)‘ and Bi ;-’/)‘/ are not hit through the hubs contained in
G?’j and G{'\,/j/- This means that the paths must be covered through hubs 87 and Bg’“’/, and as
|H| = k', this is only possible if z = 2/, i.e. condition ii is satisfied.

This implies that the graph H indeed contains a clique of size k. To prove the other
direction, we refer to the appendix. |

and «

5 Approximating Shortest Path Covers

In this section, we show how to approximate r-SPC.
» Theorem 7. r-SPC admits a polynomial time O(logn)-approximation algorithm.

We present an algorithm based on the following ideas. It is well-known that the SET
COVER problem is equivalent to HITTING SET by swapping the roles of the elements of
the universe and the sets in the given set family. Kuhn et al. [24] study the MINIMUM
MEMBERSHIP SET COVER (MMSC) problem, where the aim is to minimize the maximum
membership of any element of the given universe of the SET COVER instance. Here the
membership of an element is the number of sets of the solution it is contained in. The
MMSC problem finds applications in interference minimization in cellular networks, and
Kuhn et al. [24] prove that it admits a polynomial-time O(log |U|)-approximation, where U
is the given universe, and they show that this is best possible, unless P=NP. Translated to
SPARSE-HS, this means that for an instance where F = B, an O(log|F|)-approximation can
be computed in polynomial time, and this is also best possible, unless P=NP. We show that
r-SPC can be reduced to this version of SPARSE-HS.

We first give a simple observation about the SPARSE-HS problem which will be useful later

in our proof. Let (V, F,B) be a set system and let B, B’ € B be two sets such that B C B’.

If B’ contains at most k elements of the hitting set, then B also contains at most k such
elements. Hence we obtain the following.

» Observation 11. Let B be a family containing two sets B, B’ such that B C B’. If there
exists a solution to SPARSE-HS for (V, F,B\{B}) of sparseness k, then there exists a solution
to SPARSE-HS for (V, F,B) of sparseness k.

We reduce the r-SPC problem to the MINIMUM MEMBERSHIP SET COVER (MMSC)
problem. Formally, an instance of MMSC consists of a universe U and a family S of subsets
of U, and the goal is to choose a set 8’ C & such that every element in U belongs to at least
one set in &’ and that the maximum membership of any element u with respect to S’ is
minimal, where the membership of u is defined as the number of sets in S’ containing wu.

Recall that, given a weighted graph G = (V, E) and a radius r > 0, the r-SPC problem
for G is equivalent to the SPARSE-HS problem on universe V' with F = P, and B = {Ba,(v) |
v € V'}. Based on Observation 11, we first show that if there exists a ball B € B which does
not contain any shortest path in P, completely, we can safely remove it without affecting
the solution.
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» Lemma 12. Let B € B which does not contain any shortest path in P, completely,
i.e., S ¢ B for every S € P,. If there exists a solution to r-SPC for (V,P.,B\ {B}) of
sparseness k, then there exists a solution to r-SPC for (V, P.,B) of sparseness k.

Proof. First, if SN B = () for every S € P,, then there exists a solution for (V,P,., B) not
containing any vertices of B, and the claim follows. Now assume there is some path Sg € P,
intersecting B in some vertex w. We show that there exists a ball B’ € B such that B C B/,
and thus the lemma follows from Observation 11.

Let v be the center of the ball B = Ba,.(v). As S ¢ B for every S € P, dist(u,v) < r for
every u € B, as otherwise the shortest u-v-path would be contained in the ball B of radius 2r
with a length in (7, 2r], which would then be in P,.. Hence for any two vertices u,u’ € B,
dist(u, ) < dist(u,v) + dist(v,u') < 2r, so we have B C Ba,.(w). Moreover, it holds that
Sp C By,.(w) as Sp is the vertex set of a path containing w of length in (r,2r], and it holds
that Sp € B, which implies B C Bs,.(w). By definition of B we have Bs,.(w) € BB, and thus
by Observation 11 the lemma follows. |

Lemma 12 means that we may assume w.l.o.g. that for any B € B there is some Sg € P,
such that Sp C B. We now give the following observations about the relationship among P,.,
B, and a hitting set H of P,.

» Observation 13. Let S € P.. As S is the set of vertices of a shortest path © of length
U(m) € (r,2r], there exists a ball Bg € B of radius 2r, which completely contains S. This, in
turn, implies that H N Bs # 0 and |H NS| < |H N Bg|.

» Observation 14. Let B € B. If B contains some shortest path set Sg € P,., then we have
HNB#0 and |[HN S| <|HNB].

By Observations 13 and 14, we get the following.

» Lemma 15. There exists a solution to SPARSE-HS for (V,P,,B) of sparseness k if and
only if there exists a solution to SPARSE-HS for (V,P.UB,BUP,) of sparseness k.

Proof. Observe that any solution to SPARSE-HS for (V,P,. U B, BUP,.) is also a solution
to SPARSE-HS for (V,P,,B), as P. C P.UB and B C BUP,. We now prove that any
solution H to SPARSE-HS for (V,P,., B) of sparseness k is also a solution to SPARSE-HS for
(V, P.UB, BUP,) of sparseness k. For this, we need to show that for every S € P,., |[HNS| <k
and for every B € B, HN B # (). The former statement follows from Observation 13, while
the latter follows from Observation 14 where we assume that B contains some Sp € P, due
to Lemma 12. <

We now define an instance of the MINIMUM MEMBERSHIP SET COVER with U = P, UB
and § = {S, | u € V}, where S, ={S € U | u € S}, and prove the following.

» Lemma 16. There exists a solution to SPARSE-HS for (V,P. UB,BUP,) of sparseness k
if and only if there exists a solution to MMSC for (U,S) of value k.

Proof. We will prove that if there exists a solution to SPARSE-HS for (V,P,. UB,BUP,)
of sparseness k, then there exists a solution to MMSC for (U, S) of value k. The proof for
the other direction is symmetric. Let H be a solution to SPARSE-HS for (V,P.UB,BUP,)
of sparseness k. We claim that the set W = {S, € § | u € H} is a solution to MMSC
for (U,S) of value k. Let E € U. Then, HNE # . Let w € HN E. By the definition of S,,,
this implies that F € S,,. Moreover, for any B € P, U BB, we have that |[H N B| < k. This
implies that B belongs to at most k sets in W. Hence, W is a solution to MMSC for (U, S)
of value k. |
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Since there exists a O(log |U|)-approximation algorithm for MMSC by Kuhn et al. [24]

and |U| = |P,.UB| = O(n?), by the above lemma we get an O(log n)-approximation algorithm
for 7-SPC. This concludes the proof of Theorem 7.
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A  Supplementary figures from Section 4

P

w//

3> —

v vs U

Figure 3 Two gadgets G;,; and G;,; and the connections between them. The marked vertices

indicate that G;; and G;,; represent the pairs (z,y) and (y, x), respectively. Moreover, the vertex
(z,y)
et

.. is marked.
.

G Gig G Gas G311 G2

Figure 4 A (simplified) illustration of the whole construction. Note that only one copy Gf‘, ; of
every G ; is shown.
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(,y)
b; ;

Figure 5 An illustration of Lemma 10. The gadget G; ; represents (z,y), which means that the
shortest path Agz’y) is not hit by the hubs of G; ;, whereas any other shortest path AE’C] ) i hit.

B Omitted proofs from Section 4

Proof of Lemma 9. Let 1 <: < m+ 1. For z € {a,v,b} we define the path P"*(1) as the
shortest s-t-path path for

uk ifve <m 270 ife>1
s:{ b - andt:{” .
m+1,z 0,u
iy else

) ;
oy z;;  else

Similarly we define the path P**(.) as the shortest s-t-path for

zy ife<m wsl it >1
5= r’njﬂ N T andt=1< 7 .
else

i u;’; else

We observe that P“#(1) passes through the vertices uzlfl’z and z(-)’y and that its length
m+1 u

s(m+1—u)+(r—m+1)+ (¢—1)=r+1 Similarly, P**(:) passes through z;
uY?, and has also length 7 + 1. This means that both P“#(;) and P%(.) need to be hit

05>
by H; ;. Consider the eight shortest paths P“*(1), P**(m + 1), P**(1), P*’(m + 1), P"*(1),

PP (1), P“*(m + 1), and P"(m + 1). It holds that every vertex of G; ; covers at most two

of these paths, which implies |#H; ;| > 4. To hit the shortest path P*”(m + 1) we have to
choose one of the vertices umfl v vﬁ}y, v, -, v;"%. However, the vertices umf v 2’;‘

do not hit any of the other seven shortest paths. Hence, if we have |H; ;| = 4, then one of

and

the four hubs must be the vertex v i @) for some (z,y) € E. Repeating the same argument
for the paths P®(1), P“*(m + 1), and P“%(1), one can show that if |H, ;| = 4, then H, ;

(a:,y) (=) | T y") (" Y
consists of four vertices v; ORI ,b; p

We now show that for these four vertices it holds that (z,y) = (2/,y") = (2”,y") =
(", y"). Suppose that for some (z,y) we have v, (“/ € H; ;. Consider the two shortest
paths P"’(r(x,y)) and P""(7(x, )) Our previous obbervatlons imply that both paths must

(w ') T(z"y")
ij As H,;; contains precisely one vertex u, irj

both paths intersect only in ung’y) it follows that uTgw’y) € H; ;. Similarly, it follows that
H;,; needs to contain the vertices aT( *¥) and bT( =), Hence, if |H; ;| = 4, it follows that

there is a unique (z,y) such that H; ; = {uT(fC ¥) aT(x’y) o7 ) bT(x’y)} <

be hit through some vertex u, and as

.7 » Yi,g ] 77,7
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Proof of Lemma 10. If the gadget G;\,j represents the pair (z,y), then the hubs of Gl’.\J

are u, g ’y),vzg.:c’y),azgx’y), and b,T(.x’y). The shortest path A(x YA contains the vertices

vié )= 1, e ,vlj and the vertices a7, ..., a:(f )+ This means that A(z WA s it if
and only if (z,y) # (¢/,3’). The shortest path B"LT contains the vertices ’uTgx yd)“, e ]
and the vertices b}], e ,a;gx wo)= 1, which means that Bffj is hit if and only if z # 2/. <«

Proof of Theorem 6 (continued). For the other direction suppose that the graph H contains
a clique {w1,...,wr} of size k. Consider the following set H: For 1 < i,j < k,i # j it
contains all C' copies of the vertices uTgw‘ wj), v:gw,,w,)’ a:gw“wj), b;guji’wj), for1<i<j<k

wi,w . . . .
it contains a( ]“ J), for 1 < i < k it contains 5?’;-, and moreover it contains the three vertices

¥, %a,¥a. It holds that H has size k'

We can observe that all shortest paths between different gadgets G; ; and Gy j are hit
by 1, or 1g. We now show that all shortest paths from P, that intersect only one gadget
G, ; are hit by H. Let 1 <14, j <k such that ¢ # j. Suppose that ¢ < j, the case i > j can
be shown similarly. Consider some vertex t contained in G;; and denote the shortest path
between a( =) and ¢ by P. Suppose that P is not hit by ¢». We can observe that the shortest

: +1, 0, . . . .
path between a( Jy) and ;"% or b; ;' contains ¢. As P is not hit by v, it follows that
O,u m+1lu m+1,v}

(a) t=a} forsomeLorte{a”,a” o

(b) t=vw ( ¥) for some (a',y), or

S b
(<) te{vfj, ;)]“,vf;““,v;“;“ )

In case a it holds that P has length

dist(a (r’y), a;(f’y)ﬂ) + dist(a; T(r D <mitm+l=2m+1<r

so it does not need to be hit by H. In case b, the length of P is

dist(al,al ") dist(ag (VT ol dist(uy of ) =

m+m—7(x,y)+r—2m+2+7(x,y):r+2—|—7(x’,y’)—7(x,y).

It follows that the length of P exceeds r if and only if 7(2’,y") > 7(z,y) — 1, i.e. the path P

contains Agz’y) as a subpath. Lemma 10 states that this subpath is hit by the hubs within

(y)

G, if (z,y) # (w;, w;), otherwise it is hit by «;?’. Finally, in case ¢ it holds that P is

shorter than r or that P contains A( )

Analogously, consider some vertex t contained in G ;, denote the shortest path between

B¥ and t by P’ and suppose that P’ is not hit by 1. As the shortest path between 5¥ and

u? or a1 contains v, it follows that

i.j irj
(a) t = b, for some ¢ or t € {b?f,b?f,b:’?l’“},

(b) t =v; ( %) for some (2',y), o
O,u m+l,u m+1,b
(C)te{fvzg71]713 7Uzg }
In case a it holds that P’ is shorter than r. In case b, the length of P’ is

dist (87,0757 4 dist (0] ¥ o) o dist (o, o7 )

m+d—|—7'(x,y0)—1+r—2m—|—2+m+1—7’(z’,y’)
r+2+ 7@, y) +d— 7@ y) =r+2+7(2,ya) - 7(2"y).

as a subpath, which is hit by H, as we just observed.
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It holds that the length of P’ exceeds r if and only if 7(2’,y") < 7(z,y4) + 1, which is the
case if and only if P’ contains BY; as a subpath, which is hit by the hubs within G; ; or by

ﬁi(wi’wj). In case c it holds that the length of P’ is at most 7 or that P’ contains Bf; as a
subpath, which is hit by H.

Consider now the shortest path between u, g ) and some vertex t of G;,; and denote it
by P”. Define the shortest paths P**(1) and PZ“( ) as in the proof of Lemma 9. If the length
of P’ exceeds r then for some z € {a,v,b}, the path P” contains the path P"*(r(x,y)) to
ergm =1 o1 the path P*(r(x,y) + 1) to ZT(I T a5 a subpath. Suppose that P’ contains
P%*(r(x,y)), the other case is analogous. To show that P“*(7(x,y)) (and hence also P")
is hit by H, we distinguish two cases: If (w;,w;) < (x,y), then P**(7(z,y)) is hit through

:gwl 05)= ', otherwise it is hit through uTgw’ i) =1
shortest path between two vertices of G; ; whose length exceeds r is hit by H, which means

that H is a solution for »-HD on G of value k'. <

Similarly it can be shown that any

C Dense Matching

» Theorem 8. [t is NP-hard to approrimate DENSE MATCHING within 2 — ¢ for any e > 0,
even if B = {Bz(v) | v € V'} where all edges have weight 1.

Proof. Consider the following reduction from 3-SAT. Let an instance of this problem be
given by a set of variables X = {x;};=1,.. , and a set of clauses C = {C}};=1, n with
C; C X UX,|Cj| <3. Let ¥ = x. We construct the graph G = (V, E) given by

m

({zi, 2,2 U {af,zf | 1< <T}HU U {#z} U U{acj’l|1§€§4}

j=1 ZEC]'

<
Il
C=

-
Il
_

and

T\Cg TC= 1=

({{wz, IR SRS RCEARCESRER DD
(U{{xm i Az T O {{ad 23} {7 z}}>

U {{zj, 271} {27t 22} {272, 27} {2?%, 274} {2, 2}, {27, 2"})

zeCy

The construction is illustrated in Figure 6.

We now show that the given 3-SAT formula is satisfiable if and only if there is a matching M
such that |M N E(Bz(v))| > 2 for every ball Ba(v) of radius 2, where we assume that edges
have unit length. This means that if the given formula is not satisfiable, then there is a
ball By(v) such that |M N E(Bz(v))| < 1, which implies that it is NP-hard to obtain an
approximation factor less than two.

Suppose that the given formula has a satisfying assignment a: X — {0, 1} and extend «
to X by choosing a(z) =1 — a(x). For j = 1...m let y; € C; be some literal satisfying C},
i.e. a(y;) = 1. We construct the matching

M = J{{a?, 28} {at a2}, {of, 2T}, {22, 28}, (3 30}, {30,200 | (e

i=1 z: a(x)=1

U Heapol (e by o | (e’ e?) 2% e

z: a(z)=0 j=1 z€Ci\{y;}
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Figure 6 The graph G for the formula (z1 V z2 V Z3) A (Z1 V @2 V x4). The bold edges yield a
matching that corresponds to the assignment 1 — 0,22 — 1,23 +— 0,24 — 1.

It is easy to verify that M is indeed a matching and that |[M N E(By(v))| > 2 for every
ball By(v).

Suppose now that there is some matching M such that |M N E(By(v))| > 2 for every
ball By(v). Consider the assignment a: X — {0,1}, a(x) =1 if and only if there is some j
such that {z;, 291} € M. To show that « is a satisfying assignment, consider some clause C;
and let C; = {z;,,x;,,;,}. Consider the ball Bg(l‘gil) = {zj,xgilwgf,ng’, a?f;,xf:} We
show that M contains one of the edges {zj,xgil}, {zj,scgél}, and {zj,xfsl} To prove this,
suppose that M contains none of these three edges. This means that M has to contain

.. 7.1 .2 7.2 i3 . . 7.1 . .
the two remaining edges {z]",z} "} and {z}7,2]"} contained in E(Bz(x];")), which is not

possible as both edges are incident to xff
Let now {z;,z7'} be the edge contained in M. If z, € X, i.e. z, is a positive literal,

it immediately follows that o satisfies the clause C;. Suppose now that z, € X. We

show that in this case we have a(z,) = 0, i.e. there is no j' such that {z;,,#/"'} € M.

For the sake of contradiction, suppose that {zj/,i‘{'l’l} € M for some j' € {1,...,m}. Tt
follows from |M N E(Ba(x?!))| > 2 that {272,273} € M. Consider the ball By(z3) =
{adt 232 233 234z, 29}, As M contains two edges from this ball and one of these edges
is {@?, 273}, the other edge needs to be contained in the triangle {z7*, z,,2%}. Consider
now the ball By(z7) = {2, 25,25 27}. Tt holds that {z*,2°} € M or {z},25} € M, which
implies {x3, 2%} ¢ M. If we now consider the ball By(22) = {z, 7%, 2!, 22,23 23}, it follows
that M needs to contain one edge from the triangle {z, 7%, z!}. As M also contains one edge
from the triangle {24 z,, 2%}, we obtain that M contains {70, 2%}, {20 z}, or {20, 2!}
However, as we also have {zj/,f{l’l} € M, it follows analogously that M contains
{20, 24}, {2, 7}, or {20, 21}, which is not possible. This means that « is indeed a satisfying
assignment, which concludes the proof. |
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