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Abstract Given an input undirected graph G = (V, E), we say that a vertex £ sep-
arates u from v (where u, v € V) if the distance between u and ¢ differs from the
distance from v to £. A set of vertices L C V is a feasible solution if for every pair
of vertices, u, v € V (u # v), there is a vertex £ € L that separates u from v. Such a
feasible solution is called a landmark set, and the metric dimension of a graph is the
minimum cardinality of a landmark set. Here, we extend this well-studied problem to
the case where each vertex v has a non-negative cost, and the goal is to find a feasi-
ble solution with a minimum total cost. This weighted version is NP-hard since the
unweighted variant is known to be NP-hard. We show polynomial time algorithms for
the cases where G is a path, a tree, a cycle, a cograph, a k-edge-augmented tree (that
is, a tree with additional k edges) for a constant value of k, and a (not necessarily com-
plete) wheel. The results for paths, trees, cycles, and complete wheels extend known
polynomial time algorithms for the unweighted version, whereas the other results are
the first known polynomial time algorithms for these classes of graphs even for the
unweighted version. Next, we extend the set of graph classes for which computing the
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unweighted metric dimension of a graph is known to be NP-hard. We show that for
split graphs, bipartite graphs, co-bipartite graphs, and line graphs of bipartite graphs,
the problem of computing the unweighted metric dimension of the graph is NP-hard.

Keywords Graph algorithms - Metric dimension - Graph classes

1 Introduction

Let G = (V, E) be asimple, loopless, undirected graph. Denote the number of vertices
in G by n = |V| and the number of its edges by m = |E|. A vertex £ € V is called a
separating landmark for two vertices u, v € V with u # v, if the length of a shortest
path from u to ¢ differs from the length of a shortest path from v to £; sometimes we
will then also say that vertex £ separates or distinguishes u from v. A subset L C V
is a landmark set (or a feasible landmark set) for the graph G, if for any two vertices
u,v € V with u # v there exists a separating landmark ¢ € L that distinguishes
u from v. We also refer to such a set as a solution. The metric dimension md(G) of
the graph G is the smallest cardinality of any landmark set in G. Note that md(G) is
well-defined, as L = V trivially forms a landmark set for G. Additionally, nd(G) = 0
holds if and only if |V| = 1. In this paper, we consider the problem of computing the
metric dimension of an input graph G. Applications of this optimization problem arise
in diverse areas. See [2] for an application of this problem in network verification, [6]
for an application in strategies for the Mastermind game, [9] for an application in
metric geometry, [15] for an application in digital geometry, namely in digitizing of
images, [14] for an application in robot navigation, and [4] for an application in drug
discovery. Many of these applications are relevant for weighted graphs.

This metric dimension problem was introduced by Harary and Melter [9] and by
Slater [18], and studied widely in the combinatorics literature. In this line of research,
the exact values of the metric dimension or bounds on it for specific graph classes are
obtained. We refer to [1,3,4] for results additional to those mentioned here (see also
the survey [5]). Khuller et al. [14] showed that md(G) = 1 if and only if G is a path.
Tree input graphs that are not paths were considered in [4,9,14,18]. It turns out that
it is possible to characterize the feasibility of a landmark set for a tree using a notion
of legs, which are paths of vertices of degree at most 2 connected to a vertex of a
higher degree. For the case that the input graph is a cycle, it holds that md(G) = 2 [9].
Complete wheel graphs were mentioned in [9], and further studied in [17]. Melter and
Tomescu [15] considered the problem for grid-graphs induced by lattice points in the
plane when the distances are measured in the L norm or in the L, norm. Khuller et al.
[14] generalized one result of [15] to lattice points contained inside a d-dimensional
rectangle, where the distance is according to the L norm (that is, the grid-graph
over points in a d-dimensional rectangle). The grid-graph with Euclidean metrics was
studied in the paper [16], where the authors relate the problem to a combinatorial coin
weighing problem.

As for the complexity of the problem, Khuller et al. [14] proved that the problem
is NP-hard for general graphs, and showed that one can obtain a landmark set for
a given instance by applying the greedy algorithm to a certain set cover instance
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(where we would like to cover the pairs of vertices in a graph using sets which are
defined using a single landmark). Thus, there is an (2Inn + O(1))-approximation
algorithm for general graphs. Beerliova et al. [2] showed that if P #NP then there is
no o(log n)-approximation algorithm for the problem. In [11], Hauptmann, Schmied,
and Viehmann strengthened these results and showed that if NP¢ DTIME (n'oglogny
then there is no ((1 — €) In n)-approximation algorithm for any ¢ > 0. They give an
improved (1 + (1 4 o(1)) In n)-approximation algorithm. Diaz et al. [8] showed that
the problem is NP-hard even when restricted to planar input graphs (but solvable in
polynomial time for outerplanar graphs), and inspired by the last result, Hoffmann and
Wanke announced a reduction showing that it is NP-hard even for Gabriel unit disk
graphs [12]. Very recently, Hartung and Nichterlein [10] proved even stronger results
as follows. They showed that the problem is W[2]-hard with respect to the parameter
md(G). It implies that the problem of computing the metric dimension of a graph
cannot be solved in n°®@3() time, unless FPT = W[1], and under the assumption
FPT # W[1], the trivial n?™3(G))_time algorithm that tests all possible subsets of
the vertices sorted by non-decreasing cardinality is asymptotically optimal. They also
show that md(G) on maximum degree three graphs is inapproximable by a factor of
o(logn), unless P = NP.

Here we generalize the problem of computing md(G) to a weighted variant. More
precisely, given a non-negative cost function ¢ : V. — R, the goal is to compute
a landmark set L such that >, ; ¢(¢) is minimized. This function is given as input
together with the graph G. We let wnd(G) denote this minimum cost and we say
that wmd(G) is the weighted metric dimension of G. The wmd problem is to compute
a landmark set L of minimum total cost, and to find wmd(G). Our polynomial time
algorithms for special classes of graphs will be for solving wmd while our NP-hardness
proofs will hold even for the unweighted version of computing md(G) and thus the
same holds for the weighted variant as well. We are not aware of any previous work
on the weighted version. We say that a landmark set is minimal if it is minimal with
respect to inclusion. Note that there is always an optimal solution (a minimum cost
landmark set) that is also minimal (since the cost function is non-negative), and thus
we sometimes characterize the set of minimal solutions.

We note that the problem is clearly in NP because given a subset of vertices,we
can verify its feasibility as a landmark set in polynomial time. To do this, we find the
vectors of the distances of each vertex in V from each of the landmarks. Afterwards, we
check that there is no pair of identical vectors. In some of our algorithms we perform an
exhaustive enumeration of landmark sets (among a restricted family of vertex subsets),
and we can always find a cheapest landmark set among such a restricted family of
subsets (we first ensure that it contains at least one optimal solution).

1.1 Our Results

We generalize the known polynomial time algorithms for md (the problem of finding a
landmark set of minimum cardinality) to wmd for the cases where G is a path, a tree, a
cycle, or a complete wheel. We develop polynomial time algorithms for the weighted
problem when G is a cograph, a k-edge-augmented tree (that is, a tree with additional
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k edges) for a constant value of k, and a (not necessarily complete) wheel. These
results are the first polynomial time algorithms even for the unweighted version when
G belongs to these classes of graphs. One of our approaches for designing polynomial
time algorithms is as follows. For a given graph class we identify the structure of
minimal (with respect to inclusion) landmark sets. This leads, in several considered
graph families, to an exploration of a polynomial number of candidate solutions or to
a dynamic programming approach. Thus the algorithm seeks for a minimum cost set
among the minimal landmarks sets. Other methods include defining (and solving) a
related auxiliary problem, and preprocessing. Next, we extend the set of graph classes
for which md is known to be NP-hard. Specifically, we show that md(G) is NP-hard
when the input graph G is a split graph, bipartite graph, co-bipartite graph, or a line
graph of a bipartite graph.

1.2 Definitions and Notation

Given a graph G = (V, E), we say that a vertex v € V is a leaf if its degree is 1, it
is an isolated vertex if its degree is 0, if its degree is 2 it is a path vertex, and higher
degree vertices are called core vertices. For a pair of vertices u, v we denote by d,, ,
the length of a shortest path (i.e., the number of edges in the path) in G from u to v.
Recall that n = |V| and m = | E|, we use these definitions throughout the paper.

2 Extending Known Polynomial Cases to the Weighted Variant

In this section we generalize some polynomially solvable cases of md(G) to the
weighted case. These simple cases emphasize some differences between the weighted
and the unweighted cases.

2.1 Paths

First, consider the case where G is a path. Khuller et al. [14] showed that a landmark
set consisting of one vertex, positioned at one of the end-vertices of the path, is a
landmark set. Our algorithm for computing wmd(G) (and a corresponding landmark
set) for a path G is defined as follows. The algorithm finds two alternative solutions
(landmark sets) and outputs a solution of minimum cost. The first candidate solution
of the algorithm has a single vertex as a landmark: a minimum cost end-vertex v of the
path (breaking ties arbitrarily). The second solution picks the cheapest pair of distinct
vertices v and v of the path (none of which is an end-vertex of the path).

Proposition 2.1 Given a path G = (V, E), the above algorithm solves wmd in linear
time O(n).

Proof 1f the returned set has one vertex, then feasibility of L was established by [14].
Otherwise, the feasibility follows from the property that out of two vertices £1, £2 on
the path, a pair u, v of vertices on the path can have equal distances to at most one of
£1 and £5. O
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Fig. 1 An example of a tree and
all legs, where the vertices of
each leg are circled

2.2 Trees

Next, we assume that the input graph G is a tree, but not a path, (and so it has at
least one core vertex). A leg is a (non-empty) path in the tree between a leaf v and a
core vertex u of the graph that is closest to this leaf (the leg does not contain the core
vertex u but it contains the leaf v). We say that this leg is a leg of u. Note that a leg
contains one leaf, and possibly some path vertices (see Fig. 1). For a vertex u, denote
the number of legs of u by leg,.

Consider the following algorithm. Compute leg,, for every core vertex u. Each core
vertex u with leg, > 2 is allocated /eg,, — 1 landmarks. To place these landmarks, we
find a minimum cost set of leg, — 1 vertices in the legs of u (none of which will be
u, as u does not belong to its legs), such that each leg has at most one selected vertex.
It was shown [14] that in every landmark set there is a landmark located at each of
the legs of u except for at most one such leg. In fact, summing up the values leg, — 1
over all core vertices u with at least two legs, gives a tight bound on md(G). Here, we
generalize their approach.

Note that the running time of the algorithm is O (n) since we can compute the set of
legs of each core vertex in O (n) time by running DFS from a core vertex, and for each
core vertex u, choose the cheapest set of /eg,, — 1landmarks such that each leg has at
most one selected vertex. Moreover, by the lower bound proof of [14], any feasible
solution (a valid landmark set) must place landmarks in at least leg,, — 1 legs of u, it
is clear that the cost of the landmark set which the algorithm returns is minimal. The
algorithm of [14] places the landmarks at the leaves, whereas our algorithm may place
them at internal vertices (path vertices) of legs. It remains to argue that the resulting
set is feasible. Denote the landmark set returned by our algorithm by L. The proof of
the following lemma resembles the proof of Lemma 2.3 of [14].

Lemma 2.2 Given L C V as defined above, if v # V' is a pair of vertices of V, then
there is a landmark £ € L which distinguishes v from v'.

Proof Root the tree at an arbitrary landmark vertex ». We will use the following two
properties. Consider a core vertex w, then in the rooted subtree of w there is a core
vertex (perhaps w) with at least two legs, and hence this subtree contains a landmark.
The second property is that if a vertex w is not on a leg, then either it is a core vertex
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or there is a core vertex in its rooted subtree. In both cases, the rooted subtree contains
a landmark.

If v and v’ are at different distances from r, then r distinguishes v from v’ and we
are done. Thus, assume that v and v’ are at the same depth. If at least one of them has
a landmark inside its rooted subtree, then this landmark separates v from v’ (since, for
example, the path from v’ to any vertex in the rooted subtree of v traverses v), and we
are done. Thus, in the remainder of the proof we assume that v and v’ belong to legs.
Denote by w the lowest common ancestor of v and v’. If w is the unique vertex of
degree at least 3 along the path from v to v’ (in which case v, v belong to legs of w),
then among the vertices of the two legs that contain v and v’ there must be a landmark
(and this landmark cannot be positioned at w, because w is not part of these legs). If
this last landmark is on the path from v to v/, then it distinguishes v from v’, since
the vertex in the middle of this path is w. If this vertex is not on this last path, then
the path from one of the two vertices v, v’ to the landmark traverses the other one,
and therefore the landmark distinguishes v from v’ in this case as well. Otherwise,
if there is another core vertex W # w on the path from v to v/, then assume without
loss of generality that @ is on the path from v to w. By the second property, in the
subtree rooted at w there is a landmark at a vertex £. Since d,, ;; < dy  (as w has the
same distance from v and v” while W is on the path from w to v), we conclude that
dye < dyp+dp¢ < dy i+ dy e = dy ¢ where the last equality holds because the
shortest path from v’ to £ must traverse w. Therefore, ¢ separates v from v’.

Thus, we have established the following result.

Proposition 2.3 Given a tree G = (V, E), there exists an algorithm that solves wimd
in linear time O (n).

2.3 Cycles

We assume that the input graph G is a cycle (and thus n > 3). We next characterize
a minimal (with respect to inclusion) feasible landmark set L. We say that a pair of
distinct vertices u, v are opposite if their distance is exactly 5, and otherwise they are
non-opposite (in which case the shortest path from u to v is unique). Note that if G is
an odd-length cycle, then there are no pairs of opposite vertices.

Lemma 2.4 Let L be a minimal feasible landmark set of a cycle G. Then L consists
of a pair of non-opposite vertices v, v' (v # V') of G.

Proof Every feasible landmark set consists of at least two vertices (if a cycle has a
single landmark, then the two vertices of distance 1 from it cannot be distinguished).
Moreover, a pair of opposite vertices v,v’ is not a feasible landmark set, as the two
neighbors of v cannot be distinguished.

We now show that any pair of non-opposite vertices L = {v, v’} (v # v') is a
feasible landmark set. Obviously L separates any vertex of L from any vertex. Let
u # u’ be a pair of vertices such that u, u’ # v, v'. If u and u’ have equal distances
to both v and v/, then the shortest paths of # and u’ to any vertex of L do not have
common edges. We find that d,, ,» = 5, so v and v’ are opposite, a contradiction.
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Every landmark set with at least three distinct vertices contains a pair of non-
opposite vertices, and thus it cannot be minimal. Thus, the only type of a minimal
landmark set is a pair of non-opposite vertices. O

Our algorithm for solving wmd for a cycle G simply finds the cheapest pair of
(distinct) non-opposite vertices in the cycle. By the above lemma, it finds an optimal
solution. Note that the running time of the algorithm is O (n) by first identifying the
cheapest set of any three vertices (breaking ties arbitrarily) as a first step, and finding the
cheapest pair of distinct non-opposite vertices among them as a second step (breaking
ties arbitrarily).

Proposition 2.5 Givenacycle G = (V, E), there exists an algorithm that solves wmd
in linear time O (n).

Proof First, note that the algorithm outputs two vertices that are a landmark set. This
holds since n > 3, so any set of three vertices must contain at two or three (non-disjoint)
subsets of two vertices that are not opposite, and by Lemma 2.4, every such set is a
landmark set. Let {v, v2} such that c(v;) < c(vy) be the output of the algorithm.
Obviously, v; and v, are among the three vertices selected by the algorithm in the first
step.

Consider a minimum cost landmark set. By Lemma 2.4, this set consists of a pair
{u1,us} of non-opposite vertices such that c(u1) < c(uz). If both c(vy) < c(uy)
and c(v2) < c(up) hold, then we are done. Assume by contradiction that this is
not the case. If c(up) < c(v2), then uy must be one of the three vertices selected
by the algorithm in the first step, as it selected a vertex (vp) of larger cost in this
step. Since c(u1) < c(uz) < c(v2), it also selected u in the first step. As u and
uy are non-opposite, the algorithm must have c(vy) + c(v2) < c(u1) + c(uz). The
remaining case is c(u1) < c(v1) and c(u2) > c(v2) (and in particular vy # up).
The algorithm selected both u; and v; in the first step. If they are non-opposite,
then c(vy) + c(v2) < c(uy) +c(v1) < c(ur) + c(v2) < c(ur) + c(uz). Otherwise,
uy, v1 are opposite, v # uj, and the three vertices selected by the algorithm in
the first step are vy, vz, u1. However, in this case, #| and v, are non-opposite, and
c(uy) + c(v2) < c(vy) + c(v2), contradicting the action of the algorithm. O

3 Dealing with Disconnected Input Graphs

Consider a disconnected graph G = (V, E). A connected component of G is called a
non-trivial connected component if it contains at least two vertices, and otherwise it
is an isolated vertex. Let (V1, E), ..., (V,, Ep) be the non-trivial connected compo-
nents of G (for p > 0), and let vy, ..., v; be its isolated vertices (for ¢t > 0), where if
p = 0ort = 0 then there is no non-trivial connected component or an isolated vertex,
respectively. Without loss of generality, we assume that c(v;) = max;.1<j<; c(v;). In
this section we show that it is sufficient to solve the weighted metric dimension prob-
lem for each non-trivial connected component of G. The time complexity of solving
wmd is O (n+m) plus the total running times of solving wmd for each of the non-trivial
connected components of G.
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Proposition 3.1 An optimal solution (a minimum cost landmark set) L for wmd of a
graph G is achieved by the union of an optimal solution L; for wmd for each non-trivial
connected component (V;, E;) of G and the (isolated) vertices {vi, v2, ..., v;—1} of
G (the most expensive isolated vertex v, is not a landmark).

Proof We first argue that the totalcost of L is at least ZveLluLzu-uuLp c(v) +

Z:;{ c(v;). To see this claim, first note that if there exists a pair of isolated ver-
tices v, v' ¢ L (v # V'), then L does not separate v from v’ (as their distance from any
vertex in L is 0o). Thus, L must contain at least # — 1 isolated vertices of cost at least
Zf;} c(v;). Next, consider a non-trivial connected component (V;, E;). It suffices to
show that L N V; must be a feasible landmark set for the induced subgraph (V;, E;)
(and in particular it cannot be empty). Assume for contradiction that there is a pair of
vertices v, v’ € V; such that L N V; does not separate v from v’. Since the distances
satisfy dy ¢ = dyy ¢ = oo forall £ € L\ V;, we conclude that L does not separate v
from v’ (in G), and this contradicts the assumption that L is a feasible landmark set.
It remains to show that the solution obtained by concatenating the solutions for every
non-trivial connected component with{vy, va, ..., v,_1} gives a feasible landmark set
L’ for G. To see this claim consider a pair of vertices v, v’ ¢ L’. Every connected
component, except for at most one component that is an isolated vertex, has at least
one landmark. This holds since any non-trivial connected graph must have at least
one landmark, and all isolated vertices but one are defined to be landmarks. On one
hand, if v and v’ belong to distinct connected components of G, then in at least one
of these connected components there is a landmark ¢ € L’, and ¢ separates v from
v’ (as it has a finite distance from one of them and infinite distance from the other).
On the other hand, if v and v’ belong to the same connected component, then it is a
non-trivial connected component, and we know that there is a landmark £ € L” which
separates v from v’. O

We will use these properties in the next section, but it should be noted that Proposi-
tion 3.1 can be applied to any disconnected graph, and in particular implies that there
exists a polynomial time algorithm for solving wmd on forests, collections of vertex
disjoint cycles, etc.

4 Cographs

For two graphs G| = (Vi, E1) and G2 = (V,, E) with V] NV, = (, the disjoint
union G U G is the graph (V] U V,, E1 U E3). The product G| x G of these two
graphs is obtained by first taking the disjoint union of G and G, and then adding all
the edges {v1, v2} with vy € Vi and v, € V. A graph G is a cograph, if (i) G consists
of a single vertex or (ii) G is the disjoint union of two cographs, or (iii) G is the product
of two cographs. An equivalent characterization states that G is a cograph if and only
if it does not contain the path P4 on four vertices as an induced subgraph. This implies,
in particular, that the distances between pairs of distinct vertices in the graph are in
{1, 2, co}. Note that the complement graph G’ = (V, {{u, v}|lu, v € V, {u, v} ¢ E})
of a cograph G = (V, E) is a cograph as well.
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The cotree of a cograph G is a rooted binary tree whose leaves correspond to
single-vertex graphs and whose inner nodes correspond to subgraphs of G. Every
inner node of the cotree is labelled either by U (union) or by x (product) and has
exactly two children: if it is labelled by U then it corresponds to the disjoint union of
the two cographs that correspond to its two children, and if it is labelled by x then it
corresponds to the product of the two cographs that correspond to its children. Corneil
etal. [7] showed how to compute a cotree for a given cograph in linear time O (m +n).
Note that the number of inner nodes of the cotree isn — 1.

By Proposition 3.1, we conclude that we may restrict ourselves to connected
cographs. Since a connected cograph with at least two vertices must be a product
of two non-empty cographs, the distance between a pair of vertices v, v’ (v # V')
of a connected cograph G is either 1 or 2. We define a binary landmark set L of an
arbitrary cograph G (not necessarily a connected one) to be a set of vertices such that
for every pair of distinct vertices v, v’ € V \ L there is a landmark ¢ € L such that
either both {v, £} € E and {v/, £} ¢ E or both {v, £} ¢ E and {v’, £} € E. In this case
we say that ¢ separates v from v’.

Claim 4.1 Given a connected cograph, a set of vertices is a landmark set if and only
if it is a binary landmark set.

Proof We first prove that for any graph G’ = (V’, E’), a given binary landmark set L
of G’ is also a feasible landmark set of G’. Let v, v’ € V/.If v € L (or v’ € L), then
this vertex separates v from v’. Otherwise, since L is a binary landmark set, there is
£ € L such that either both dy, ¢ = 1 and dyy y > 2 orbothdy ¢ > 2 and dyy ¢y = 1. In
both cases £ separates v from v'.

Assume that L is a landmark set of a connected cograph G = (V, E). Let v, v’ €
V' \ L, then there is a landmark ¢ € L such that d, ¢ # d,s ¢. Note that these two
distinct distances are not zero (as v, v’ ¢ L) so they are either 1 or 2. Thus, one of
these vertices is adjacent to ¢ and the other is not adjacent. Therefore, L is a binary
landmark set. O

In the remainder of this section we will present a linear time algorithm for com-
puting a binary landmark set of a minimum total cost. The next observation (which
holds by definition) considers the relation between binary landmark sets of G and its
complement G'.

Observation 4.2 Let G = (V, E) be a cograph on n > 2 vertices, and let G’ be its
complement graph. Then a set L C 'V is a binary landmark set for G if and only if L
is a binary landmark set for G'.

Proof 1t suffices to show that if L is a feasible binary landmark set for G, then it
is also a feasible landmark set for G’. Denote by E’ the edge set of G’. Assume by
contradiction that there exists a pair of vertices u, v € V \ L such that for every
¢ € L either both {u, £}, {v, £} € E’ or both {u, £}, {v, £} ¢ E’. In the first case both
{u, £}, {v, £} ¢ E, and in the second case both {u, £}, {v, £} € E. This contradicts the
assumption that L is a feasible binary landmark set of G. O

We next adapt our decomposition of the problem for disconnected graphs to the
problem of computing a binary landmark set. We consider the case G = G U G2,
and show the following.
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Lemma 4.3 Assume that G is a disjoint union of G| and G where G; = (V;, E;).

(i) If L is a feasible binary landmark set for G, then L; = L NV, is a feasible binary
landmark set for G, fori =1, 2.

(ii) Assume that Ly and L, are feasible binary landmark sets for G| and G, respec-
tively. Then, L = Ly U L5 is a feasible binary landmark set for G if and only if
there exists i € {1, 2} such that in G; every vertex v € V; \ L;is adjacent to a
vertex of L;.

Proof Consider claim (i). For i = 1, 2, consider a pair of vertices u,v € V; \ L; =
Vi \ L. Note that for every £ € L3_; there is no edge connecting £ to u or to v. Hence,
since L is a feasible binary landmark set, we conclude that there is a landmark ¢ € L;
that separates u from v, that is, it is adjacent to exactly one of these vertices. Thus, L;
is a feasible binary landmark set for G;.

Next, consider claim (ii). Assume that L U L, is a feasible binary landmark set
for G. Assume by contradiction that for i = 1,2, G; contains a vertex u; that is not
adjacentto L;. Clearly, u; is not adjacent to L3_; as well and hence L does not separate
u1 from u,, contradicting the assumption that L is a feasible binary landmark set for
G.

On the other hand, assume without loss of generality that for every vertex w €
Vi\ L thereis alandmark in L adjacent to w. Consider a pair of verticesu, v € V'\ L.
Ifu,v € V; (fori = 1, 2), then since L; is a feasible binary landmark set for G;, we
conclude that there is £ € L; (and thus £ € L) such that ¢ is adjacent to exactly one
of the vertices u or v, and we are done. Next, assume without loss of generality that
u € Vi and v € V5. By the assumption, u is adjacent to a landmark ¢ € L. Then since
£ € V1 we conclude that {v, £} ¢ E, and we are done in this case as well. O

In a nutshell, our algorithm for solving wmd of a cograph uses the cotree structure.
We use the term point to refer to a vertex that is not a landmark. If a subgraph is a
disjoint union of two subgraphs, then we treat recursively each of the two subgraphs
but we keep track of the existence of a point that is not adjacent to any landmark in
its subgraph. If a subgraph is the product of two subgraphs, then we first transform
our problem to the complement of the subgraph, and then apply the first case. Since
by moving from a graph to its complement, the role of a point that is not adjacent
to any landmark switches with the role of a point that is adjacent to all landmarks,
we will keep track of the number of points (zero or one) of each of these types. Note
that there cannot be two points that are adjacent to all landmarks, as these two points
cannot be distinguished by the binary landmark set, and similarly, there cannot be two
points that are not adjacent to any landmark. Thus, every subgraph in the cotree will
correspond to four optimization problems.

Theorem 4.4 Given a cograph G = (V, E),wmd can be solved in linear time O (m +
n).

Proof By Proposition 3.1, it suffices to consider a connected cograph G. By Claim
4.1, it is sufficient to compute a minimum cost binary landmark set for G, and give
it as an output, since for connected graph the two concepts (of a landmark set and of
a binary landmark set) are equivalent. Our algorithm computes the cotree of G, and
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computes a minimum cost binary landmark set for every internal node of the cotree,
using dynamic programming on a tree. We now define the dynamic programming
formulation. Consider a cograph G containing at least two vertices that corresponds
to an internal node of the cotree. Leta, b € {0, 1}, and let F,, »(G) be a minimum cost
feasible binary landmark set L of a cograph G such that exactly a of its points are
adjacent to all vertices of L, and exactly b of its points are not adjacent to any vertex
of L. Our algorithm computes F,, b(é) for every G consisting of at least two vertices
in the cotree (i.e., for every internal node of the cotree) and for every a, b € {0, 1}.
The number of such problems is O(n), and thus it suffices to show how to compute
each of these values in O (1) using the solutions for the two subgraphs G 1= (\71, E 1)
and G, = (Va, E2) corresponding to the children in the cotree of G (if such solutions
are defined, that is, the corresponding graphs contain at least two vertices). Recall
that F, ; cannot be defined for a > 1 or for b > 1 since this would imply that the
binary landmark set is infeasible. Note that while G is connected, some of the graphs
corresponding to nodes of the cotree of G may be disconnected.

Let G’ be the complement of G. Similar to Lemma 4.2 we can find the relation
between the functions F for G and G'. Here, we have Fa,b(f}’) = Fb,a(é), as if we
move from a graph to its complement then a point which was adjacent to all landmarks
becomes non-adjacent to all landmarks and vice versa. Therefore, it suffices to consider
an inner node of the cotree that is a union of two disjoint subgraphs (that is, G =
G1 U G3). Throughout the computation we encode infeasible problems by allocating
them infinite cost. It remains to define the values F, j; for the disconnected graph
G whose children in the cotree are él and Gz, either directly or using recurrences,
depending on the case.

We now define the base cases for the dynamic programming. First, assume that each
of Gl and Gz consists of a single isolated vertex denoted as v; and v, respectively.
F,, »(G) is defined as follows. If « = 1, then the instance is infeasible, because for any
instance with | V| > 2 we must place at least one landmark, and in this case the graph
does not contain a point adjacent to all vertices in L. Therefore, F7 g (é) =FI (é) =
0o. If a = b = 0, placing just one landmark we would get that the other vertex is not
adjacent to any of the landmarks, so we must place a landmark at each vertex, and hence
Fo,o(é) = c(v1) + c(v2). Finally, if b = 1, then we must place exactly one landmark,
while the other vertex will be the one that is not adjacent to any landmark, and any
such solution is a feasible binary landmark set. Hence, Fj i (G) = min{c(vy), c(v2)}.

In the remaining cases we define the recurrence relations. Next, assume that Gl has
more than one vertex, and hence any feasible binary landmark set for G | has at least one
vertex, and assume that Gz consists of a single vertex v. If a = 1, then it is impossible
to place a landmark at v (because there is no point of Vi thatis adjacent to v) and v will
not be adjacent to any of the landmarks, so in the remaining instance (i.e., in G] ), there
cannot be an additional point of distance at least 2 from every landmark (and we must
have a point of \71 that is adjacent to all landmarks). Therefore, Fi | (G) =F Lo(G DR
and F' 1,0((3) = 00. In the remaining cases a = 0. If we do not place a landmark at
v, then v is not adjacent to any landmark, and » = 1. If there is a landmark at v,
then there cannot be a point adjacent to all landmarks, even if there is such a point
for G1. Thus,we have the following Fo o(G) = c(v) +min{Fy o(G1), F1,0(G1)}, and
Fo,1(G) = min{Fp,1(G1) + c(v), F1,1(G1) + c(v), Fo,0(G1)}.

@ Springer



Algorithmica (2015) 72:1130-1171 1141

In the remaining case each of Gl and Gzhas more than one vertex, and has at least
one landmark in any feasible binary landmark set. Hence, no point in G canbe adjacent
to all landmarks. Thus, if @ = 1, the problem is infeasible and we have F 1,0(6) =
Fl,l(é) = 00. If a = 0, then there can be at most one point in either G| or G, that is
notadjacent to alandmark. Therefore, we have Fo,o(G) = min{Fo,o(Gl), Fl,o(f}l)}—i—
min{Fy 0(G2), F1.0(G2)}, and finally

Foa(G) = min {min{Fo,1(G1), F1.1(G D)} + min{Fo,0(G). Fio(Ga),

min{Fo0(G1), F1.0(G 1)} +min{Fo1(G2), Fii (G}

5 k-Edge-Augmented Trees

In this section we consider the class of connected graphs for which a removal of at
most k edges results in a spanning tree. We call this class of graphs k-edge-augmented
trees. We note that this class of graphs is related to the almost-k-trees discussed in [13],
however some of the literature on almost-k-trees used an alternative definition in which
every edge biconnected component has at most k edges whose removal results in a tree
over the vertices of this biconnected component. Thus, we will use the terminology of
k-edge-augmented trees to refer to this class of graphs that we study. Our polynomial
time algorithm for computing wmd first applies a preprocessing step that handles the
tree-like part, and then uses an exhaustive enumeration approach for selecting an
optimal landmark set in a reduced problem. Thus, the methods used in this section
are recursion and preprocessing, and for the graphs resulting from preprocessing,
once again we find properties of minimal landmark sets that allow us to enumerate a
sufficiently small number of subsets as candidate landmark sets. Clearly our algorithm
is polynomial only if k is a constant and it is unlikely that there is an algorithm which
is polynomial in n and k for solving this problem. The reason for this statement is that
any connected graph is also a k-edge-augmented tree for a sufficiently large value of
k, and already the problem md is NP-hard for general graphs.

5.1 Preprocessing Step

Our preprocessing step uses the following procedure that can be applied on a core
vertex u with p legs. Recall that a leg is a path consisting of at least one vertex,
starting at a leaf and ending just before a core vertex (at a neighbor of a core vertex),
that is, a path from a leaf to a core vertex where all vertices except for the leaf are path
vertices, for p > 2. Similarly to trees, consider subsets of p — 1 vertices belonging
to the legs of u, at most one vertex per leg. We choose L, to be a set of minimum
cost among the sets that satisfy these constraints. We will place landmarks at L, and
remove from the graph every vertex belonging to a leg of u that contains a vertex of L,
(that is, the leg that does not contain a vertex of L, is not removed). In the remaining
graph we change the cost of u to zero (i.e., we define a new cost function), and thus
allow the solution to place a landmark at # without increasing its cost. Since we already
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Fig. 2 An example of two
graphs, where ellipse shaped
vertices are candidate
landmarks. For the graph on the
left hand side, if both legs of
vertex 9 are removed, the
landmark set that was obtained
for the cycle together with one
landmark that was selected for
one leg are not a landmark set,
as dg ¢ = dp ¢ for each one of
the three landmarks. For the
graph on the right hand side,
there is no need to augment a
solution obtained in a similar
way by any landmarks, as it is
already a landmark set

dealt with trees in Sect. 2.2, we assume that the input graph is not a tree. As we saw
in the case of trees, the remaining leg does not always require a landmark, however,
since we will consider different graph structures, in some cases removing this leg and
finding a landmark set for the remaining graph results in a set of vertices that is not a
landmark set. This is the reason for not removing the remaining leg, and our algorithm
will continue to search fora landmark set for the remaining graph including this leg
(see Fig. 2 for examples). Note that one core vertex may be considered multiple times
(see Fig. 3).

The following lemma holds in fact also for trees that are not paths (but in order
to prove it for trees as well, the special case of a spider graph, which is a graph with
exactly one core vertex, should be treated separately, and since we already discussed
trees, we will not discuss them in this section).

Lemma 5.1 Denote by G = (V, E) the input graph that is not a tree, and by G’ =
(V', E') (where V' C V) the graph obtained after applying the procedure above on a
core vertexu (that is, V' is the set of vertices after removing all the legs of u but one).
Let L, denote the set of landmarks that we placed on the removed legs of u, and let
L’ denote the set of landmarks in an optimal solution of the remaining graph. Then,
L =L, VUL \ {u}is an optimal landmark set in G.

Proof We first show that L is a feasible landmark set. L’ \ {u} # @ because G’ is
not a path (and hence |L’| > 2). Moreover, L, # ) since u has at least two legs. Let
v, v’ € V. We will show that L contains a landmark which separates v from v’. First,
consider the case where v, v’ € V’. Note that v or v" (or both of them) may belong
to the remaining leg of u. For every landmark £ € L’, the shortest paths in G from £
to either v or v’ are exactly the shortest paths in G’ from ¢ to v and v’, respectively.
Since L' is a feasible landmark set in G’, we conclude that either there exists £’ € L’
(¢’ # u) that separates v from v’ (and in this case £’ € L), oru € L’ and u separates v
from v’. In the last case, let £ € L, be an arbitrary landmark of L,. Then, £ separates
v from v’ because dgy = dpy + dyy # dew + dy .y = dpy.
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Fig. 3 The preprocessing step applied to the graph on the left hand side. Ellipse shaped vertices are
landmarks selected in the current iteration. White vertices are those whose weights was set to zero in
previous iterations, while black ones still have their original weights. The preprocessing is applied as
follows. First, the legs of vertex 10 are considered, and vertices 12 and 14 are chosen as landmarks, their
legs are removed, and the weight of vertex 10 is set to zero. In the graph in the middle (top) the legs of
vertex 4 are considered, a landmark is placed at vertex 6 and the leg is removed. The weight of vertex 4
is set to zero. In the graph on the right hand side (top), the legs of vertex 7 are considered, and landmarks
are placed at vertices 8 and 10 (but the landmark at 10 will be removed when the process returns from the
recursive call that started after the legs of 10 were removed). Two legs of 7 are removed and the weight of
vertex 7 is set to zero. In the next graph (bottom middle graph) the only core vertex is 4, and we place a
landmark at vertex 7 (so vertex 4 was considered again now). In the last graph, just one core vertex with
one leg remains (vertex 4). After finding a landmark set for it, the recursive calls end one by one, and the
landmark set is {1,2,6,8,12,14}

Next consider the case where v, v’ € V \ V'. Note that L, is a feasible landmark
set for the spider graph consisting of u and its legs (even including the remaining leg
of u, which is part of V') since it is a tree (see Sect. 2.2). Thus, there exists a landmark
£ € L, that separates v from v'.

Finally, consider the case where v’ € V' whereas v € V'\ V'. Assume by contradic-
tion that v and v’ are not separated by the landmarks in L,, U L’ \ {u}. First note that the
leg of v contains alandmark £ # u. Since € does not separate v from v, dg , = dy v. We
show that v is closer to the leaf of its leg than £, that is, the path from u to £ does not tra-
verse v. If thisis not the case, then we getdy v = dg v +dy,u+dy v > dgy,sincev # u,
contradicting the assumption that dy , = d; .. Therefore, since u # £, dy, < dy, v,
and since the path from v’ to € is viau, dy v > d,,,v. Letw € L'\ {u}. Then w separates
v from v’ because (using the triangle inequality and the derived inequalities for the
distances) dy, < dwu +dyv <dyyu+dey =dyu+dey <dyy+diy =dyo.
Thus L is indeed a feasible landmark set.
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To show that L is optimal, first note that we must place landmarks of total cost at
least D, 1, ¢(0) in the legs of u, because placing a landmark at a vertex that is not
in a leg of u cannot separate a pair of vertices from legs of u that are neighbors of u.
Thus, any feasible solution must contain at least one landmark in at least p — 1 of the
legs of u, and we chose the cheapest such set.

First consider the case where the optimal solution for G places a landmark in each
one of the legs that we removed. Assume that by paying a total cost of >, L, ¢(O) we
could place a landmark at each of the vertices of V' \ V’ as well as placing a landmark at
u. This is clearly a super-optimal scenario, and in order to show the optimality of L it
suffices to show that we must place landmarks of additional total cost >- /() ¢().
Note that if a pair of vertices v, v € V’ cannot be separated by u, then they cannot
be separated by any of the vertices in the removed legs. Therefore, by the optimality
of L' in G’, and since L’ is computed under the assumption ¢(x) = 0, we must pay at
least "¢\ () €(€) for the additional landmarks.

Next, consider the case where there is a removed leg in which the optimal solution
for G (denoted by OPT) does not place a landmark. Let x denote the neighbor of u
along this leg. We create a new solution SOL from OPT by removing a landmark ¢
from the leg that we did not remove and placing a landmark at the member of L, along
the leg in which OPT does not place any landmarks. By the choice of the algorithm
of landmarks on the legs of u, the cost of SOL is at most the cost of OPT. Therefore,
using the first case, it suffices to show that SOL is a feasible landmark set. Using the
first part of the claim, it suffices to show that SOL’ = SOL N V' U {u} is a feasible
landmark set for G’. Assume by contradiction that SOL’ does not separate v from v’
(where v, v’ € V’). If both v and v’ are on the (unique) leg of u in G’, then they are
separated by u. If both v and v’ are not on the leg of u, then since u does not separate
v from v/, any landmark placed on a leg of u does not separate v from v’, and by the
feasibility of OPT, we conclude that OPT N SOL’ contains a landmark that separates
v from v’. Thus, without loss of generality, we assume that v is on the leg of u and v’ is
not on the leg of u. For every landmark £ € OPT thatis not on the leg of u that contains
v, we have d, ¢ = dy , +dy ¢, and dyy ¢ < dyy, + dy ¢. Since no such inequality for
a landmark £ € OPT N SOL’ can be a strict inequality, we conclude that for every
landmark ¢ not on the leg of u, there is a shortest path from ¢ to v’ that traverses u
(clearly this holds also for a landmark on a leg of u). Denote by x’ the neighbor of
u along a shortest path from u to v". We conclude that for every £ € OPT, we have
dy ¢ = dy, ¢+ 1 and since x is along a leg in which OPT does not have a landmark,
dy¢ = dy ¢ + 1. Therefore, OPT does not separate x from x’ and this contradicts the
feasibility of OPT. O

We apply this preprocessing on one vertex at a time until there is no vertex which
has at least two legs, and in the remaining graph every vertex has at most one leg.

5.2 The Case k = 1
The unweighted version of computing md(G) for the case of 1-edge-augmented tree

is discussed in [4] (where such graphs are called unicycles). Here we consider the
weighted case. If k = 1, then at the end of the preprocessing phase we are left with
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a cycle C where some of its vertices have legs (at most one leg for each vertex of
C). We call such graphs extended hairy cycles." Recall that some of the vertices of G
may have zero cost resulting from the preprocessing step, and if we choose to place
a landmark at such a vertex u, then the solution returned by the algorithm skips it
(but has at least one landmark in the tree-like part connected to u that was removed
in the preprocessing step). In what follows we only consider the graph G resulting
from the preprocessing. We next characterize a minimal landmark set for extended
hairy cycles. This characterization will show that every minimal landmark set for the
resulting graph has at most three vertices. Thus by enumerating all subsets consisting
of two or three vertices we can choose the cheapest feasible landmark set and solve
wmd in polynomial time (as mentioned earlier, at least two landmarks are required for
any graph that is not a path).

We denote by n¢ the number of vertices in C. For a vertex v, we let v’ be its cycle-
vertex, defined as follows. v’ is the closest vertex in C to v, thatisif v € C thenv’ = v
and otherwisev belongs to some leg of a vertex in C, and we let v denote this vertex
of C that is connected to the leg. Consider a path P from u to v, then its C-length is
defined as the number of edges of C which belong to P. We say that a path P from
u to v is a clockwise path if it traverses the edges in P N C in a clockwise order, and
otherwise it is a counterclockwise path. We say that two vertices are non-opposite in
G if their cycle-vertices are distinct, and the C-length of the shortest path from u to v
is not equal to “f.

Lemma 5.2 Let L C V be a feasible minimal landmark set. There is no cycle-vertex
u such that L contains a pair of vertices vy, vy whose cycle-vertex is u.

Proof Assume by contradiction that there is a minimal landmark set L which contains
a pair of vertices v; and vy with a common cycle-vertex u. Without loss of generality
we assume that d, ,, < d, »,. We first argue that L contains another vertex w whose
cycle-vertex w’ is not u. If this is not the case (that is, all vertices of L have the same
cycle-vertex, u), then the two neighbors of u on the cycle cannot be separated by a
vertex in L.

We show that L’ = L\ {v} is a feasible landmark set. Let x|, x, € V. Assume by
contradiction that x; and x, are not separated by L’. Since L is a feasible landmark
set, we conclude that d,, x, # dy, x,. Denote by x{ the cycle-vertex of x; fori = 1, 2.
If xj, x5 # u, then dy, v, = dy; v, + dy, v, fori = 1,2, and this is a contradiction.
Next, assume that x| = x) = u. Then, dy, , # dy,u, and dy, x; = dyu + dy x;, for
i = 1,2, a contradiction as well. Finally, assume that xi = u whereas xé = u. Since
dy, x; = dy, x,,the path from x| to u traverses v, (as otherwise dx, v, = dx, x; +dx; v,
contradicting dy, x;, = dy,.x, a8 X1 7# x2). Then, dy, x, < dyu + dux, < dwv, +
dyy v, = dy,vy + dyy.x; = dy,x, Where the first inequality is the triangle inequality,
the second inequality holds because v, # u, the first equality holds because v, does
not separate x| from x;, and the second equality holds because the shortest path from
X1 to w traverses vy. Again, we get a contradiction, thus the claim follows. O

U'n[19], a hairy cycle is defined to be a cycle such that each of its vertices has a leg of one vertex. Here
we allow an arbitrary number of vertices in each leg (for each cycle vertex) including the option of zero
vertices (in such a case, the considered cycle vertex does not have a leg).

@ Springer



1146 Algorithmica (2015) 72:1130-1171

In what follows, we focus on a minimal landmark set, and thus assume that it does
not contain two vertices with a common cycle-vertex.

Lemma 5.3 If L C V contains a pair of non-opposite vertices ui, us, then for every
pair of vertices x1, xa € C, there exists w € {uy, ur} that separates x1 from x;.

Proof Let the vertices u/l, “/2 € C be the cycle-vertices of u1, us, respectively. Since
uy and uy are non-opposite vertices, so are u and u’. Then, dy; x; = dui’u; + du,’.,x,-
for i, j € {1,2} (this equality holds even if x; = u}). Therefore, it suffices to show
that either u} or u/, separates x| from x,. This claim holds since the shortest paths
from u} to x; traverse only edges of C (for i, j € {1, 2}), and therefore the claim holds
by Lemma 2.4 (applied to C). O

Corollary 5.4 If L C V consists of at least three vertices, no pair of which have
the same cycle-vertex, then for every pair of vertices x,y € C there is £ € L that
separates x from y.

We next define a covering of the legs by landmarks. We say that a landmark ¢
clockwise-covers (counterclockwise-covers) the leg of a vertex u if one of the follow-
ing conditions hold: Either ¢ is one of the vertices of the leg of u, or the clockwise path
(counterclockwise path) from u to £ has C-length of at least 1 and at most ”C2+ ! (recall
that u is not considered to be a part of its leg and indeed it cannot cover its own leg).
We say that alegis covered by L C V if there is alandmark in L that clockwise-covers

the leg and (perhaps another) landmark in L which counterclockwise-covers the leg.

Lemma 5.5 Let L be a set of vertices, such that |L| > 3 and no two of which have

the same cycle-vertex. L is a feasible landmark set if and only if every leg is covered
by L.

Proof First assume that there is an uncovered leg. Without loss of generality assume
that the leg of a vertex u of C is not clockwise-covered. That is, the C-length of any
clockwise path from u to any landmark in L is either zero or at least = + 1, and
there is no landmark at any vertex of the leg of u. Consider a pair of vertices x, y
where x is the neighbor of u along its leg, and y is the neighbor of u along C such
that the path consisting of a single edge from u to y is a clockwise path. Then, for
every £ € L we have d, ¢ = 1 + d, ¢ (since the leg of u does not contain a landmark)
and dy ¢ = 1+ d, ¢ (since the clockwise path from y to £ is at least as long as the
counterclockwise path, andthat last path uses the edge from y to u). Therefore, there
is no £ € L that separates x from y, that is L is infeasible landmark set.

For the other direction, assume that all legs are covered by L. Let x, y € V. First,
consider the case that x and y have a common cycle-vertex u. Let v € L be such that
the cycle-vertex of v is not u. Then, dy » = dy y +dy x and dy y = dy y + d,,y. Since
X # y,dyx # dy,y, and therefore v separates x from y. In the remaining cases we
assume that x and y have distinct cycle-vertices. If x, y € C, then by Corollary 5.4,
there exists a landmark ¢ € L that separates x from y.

Next consider the case where x ¢ C. Let z be the cycle-vertex of x. In the case
that x belongs to a leg that has a landmark ¢, if £ does not separate x from y, then the
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path from x to the cycle traverses £. Then, any other landmark ¢’ which has a different
cycle-vertex from those of x and y, separates x from y because dy , = dp ¢ +dp x =
dp g +dey > dy; +d;y > dy y, where the second equality holds because £ does
not separate x from y.

Without loss of generality (by possibly swapping the roles of x and y) we are left
with the case that if y ¢ C, then the legs of x and y do not contain a landmark, and if
y € C, then the leg of x does not contain a landmark. In the first case £ € L separates
x from y if and only if £ separates the parent x” of x from the parent y” of y (where
the parent of a vertex of a leg is its neighbor that is closer to C or on C). Applying this
transformation sufficiently many times, we are left (after renaming x and y) with one
remaining case in which x ¢ C and y € C, the leg of x does not contain a landmark
(since the case that x, y € C was already treated), and z # y, that is, y is not the
cycle-vertex of x.

The leg of z is covered, and hence there is a landmark ¢ that clockwise-covers the
leg of z and a landmark ¢’ that counterclockwise-covers this leg. Since the leg of x
does not contain a landmark, ¢, £’ are not on the leg of z. We assume that the cycle-
vertex of € is the cycle-vertex of a landmark such that the C-length of the clockwise
path from z to a landmark is minimized, and similarly for £’ (with respect to the
counterclockwise paths). Note that by this assumption, the clockwise path from z to
£ and the counterclockwise path from z to £’ do not share any edge, and £ # ¢’ (since
IL| = 3).

Let£” € L\ {¢, ¢'}. Assume by contradiction that the three landmarks ¢, ¢’, £ do
not separate x from y. Let g, ¢’, g” be the cycle-vertices of £, £/, £”, respectively. By
assumption, g, g, ¢” are three distinct vertices. First assume that y belongs to either
the clockwise path from z to ¢ or to the clockwise path from ¢’ to z (possibly y = g or
y = ¢’,but y # 7). Note that the clockwise path from z to g is either the shortest path
from z to g or the C-length of this clockwise path is exactly ”C;rl . Thus, considering
the subpath of this path starting from the vertex after z, we get a shortest path, and
all its subpaths are shortest paths as well. Without loss of generality, we can assume
that y belongs to the clockwise path from z to g. In this case d¢,y = dp g +dy,y <
deg +dg; = dg; < dg;+1 < dg, where the first inequality holds because the
shortest path from y to g is the clockwise path from y to g (or it is empty) and since
Z #y,d,,y < dg  evenif the clockwise path from z to g is not the shortest path (in the

only case where it is not the shortest path its length is exactly ”C2+ L and dg, = ”C2_1

while d; , < ”C{] ), and the second equality holds since if g # ¢, then any path of £

to the cycle traverses ¢g. Therefore ¢ separates x from y.

Thus, in the remainder of the proof y belongs to the path from £ to £’ that does not
traverse z. First consider the case where ¢” = z (this is the unique remaining option
in the case g” = z). Without loss of generality the shortest path from y to z traverses
q.Thend, , > d, =d;, > dg,, and this is a contradiction. Therefore, ¢” # ¢, ¢’
is on the clockwise path from ¢ to g’ since ¢” # z and by our choice of £ and ¢’ as the
closest landmarks to z in the clockwise and counterclockwise directions, respectively
(when considering the C-length of a path).

Without loss of generality assume that one of the paths from y to z traverses both
g and g” (note that y # ¢” as otherwise dy» , = dy» gv < dyr 1), and the other path
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from y to z traverses g’. First we argue that the shortest paths from x to ¢, ¢’, g” do
not traverse y as otherwise y is closer to the corresponding landmark than x. Since
the shortest path from x to ¢” does not traverse y, we conclude that d, ; < dy 4.
Therefore, the shortest path from y to ¢ does not traverse ¢” (as otherwise dy, o < dy 4
contradicting the assumption that £, £” do not separate x from y) and hence traverses
z. The clockwise path from y to g is the shortest path, and therefore every subpath of
it is a shortest path. We find that dy ,» < dy; = dx; < dy 4, Where dy ; = d, ; as
dy¢=dy;+d; g +dg¢anddy g =dy ; +d; 4+ dg e This is a contradiction to the
assumption that £’ does not separate x from y. O

Lemma 5.6 Let L be aminimal landmark set of an extended hairy cycle. Then |L| < 3.

Proof Assume by contradiction that L is a minimal landmark set and that L has at
least four landmarks denoted as up, uz, u3, us. We denote the cycle-vertex of u; by
ug, fori =1,2,3,4 (by Lemma 5.2, all these vertices are distinct). Without loss of
generality we assume that u, u}, u}, u, appear in this order along the cycle clockwise.
Then without loss of generality the length of the clockwise path from u) to u} has
C-length of at most "TC (i.e., it is a shortest path and contains u}). Therefore, every
subpath of the clockwise path from u/ to u} has at most ”TC edges.

We next claim that L’ = L \ {uy} is a feasible landmark set. By Lemma 5.5, we
conclude that it suffices to show that every leg that was covered by L is covered
by L’. Assume that a vertex x € C has a leg. First assume that x = ). Then, u
clockwise-covers the leg of x and u3 counterclockwise-covers the leg of x. Next,
assume that x # u), and assume that x is clockwise-covered by u> in L (the case of
counterclockwise-covered is analogous). First assume that x is on the clockwise path
from u to uy (possibly x = u/). Then, u3 clockwise-covers the leg of x. Otherwise,
the clockwise path from x to u/ is a subpath of the clockwise path from x to u}, and
therefore u1 clockwise-covers the leg of x. O

To summarize, our algorithm for computing wmd(G) where G is a 1-edge-
augmented tree is to apply the preprocessing step, and afterwards try all possibilities
of sets L such that |L| < 3, and for each of them test its feasibility in linear time
by creating lists of legs that are covered by each member of L. We pick a cheapest
solution (with the smallest possible number of vertices) among the feasible solutions
that were found. Clearly, the algorithm runs in polynomial time (O (n*)) and computes
a cheapest minimal feasible landmark set. As for the preprocessing step, it is easy to
implement it using the same running time; at each time we can run DFS and detect
a core vertex of maximum depth. The legs of this vertex are dealt with (i.e., a set of
landmarks is computed for them as it is done for trees), and the legs at which land-
marks were placed are removed. Obviously, if the graph is an extendedhairy cycle to
begin with, then the same algorithm is applied for it, and its running time is O (n*).
Therefore, we have established the following.

Proposition 5.7 Given an extended hairly cycle G = (V, E),there exists an algorithm
that solves wnd in time O (n*).

Proposition 5.8 Given an 1-edge-augmented tree G = (V, E),there exists an algo-
rithm that solves wmnd in time O (n*).
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5.3 The General Case

Assume that G = (V, E) is the graph resulting from applying the preprocessing step.
That is, in G every core vertex has at most one leg. The case of k = 1 is already
solved, and here we assume that k > 2 is a fixed constant. We next define a subgraph
of G called the base graph G, = (V},, Ep) resulting from G by removing the vertices
of all legs. We next characterize the structure of this base graph. That is, we will show
that it consists of O (k) edge disjoint paths connecting core vertices where all internal
vertices are path vertices.

5.3.1 The Structure of the Base Graph

For a vertex u € Vj, we denote by degp(u) its degree in Gp. Note that G contains
no leaves, and thus the degree of every vertex is at least 2. Moreover, since Gy is a
connected subgraph of G and every cycle of G belongs to G, as well. G, results from
atree T by adding exactly k edges. Thus the following claim follows.

Claim 5.9 Y, _y, (degy(u) — 2) = 2k — 2.

Proof First note that the tree 7 has |V} | — 1 edges, and thus the number of edges in Gy,
is |Vp| + k — 1. Therefore, ZueVb degp(u) = 2|Vp| 4+ 2k — 2 and the claim follows. O

Given a connected graph with no leaves, we can decompose it into a set of edge
disjoint paths where every internal vertex of such a path has degree 2 (in the graph)
and every end-vertex of a path is a core vertex (in the graph). The decomposition
is done by splitting every core vertex u into degp(u) copies, one for each one of its
edges. Since for a vertex u such thatdegy, (1) > 3 we have degp (1) < 3(degp(u) —2),
we find ZueV;,:deg;,(u)zS degp(u) < 6k — 6. Therefore, the number of paths that G,

is decomposed into is % 2 ueVydegy >3 de8b(u) = 3k — 3 (where a cycle is also
considered to be a path), and we conclude the following.

Lemma 5.10 The base graph Gy, is decomposed into g < 3k — 3 edge disjoint paths,
where every internal vertex of a path has degree 2 in Gp, and the end-vertices of such
a path are core vertices in Gp.

Given a vertex v € V, we define its base vertex as the vertex v’ € V,, that is the
closest to v. Given the path decomposition defined above, we associate each vertex
v in V with one of the paths in the following way. If the base vertex of v belongs to
exactly one of the paths, then we associate v with this path. Otherwise, the base vertex
v/ of v is a core vertex in G, and we associate every vertex of G whose base vertex
is v” with an arbitrary path that is incident to v’. Later, we will show that a minimal
landmark set has at most one landmark that is associated with each base vertex.

5.3.2 Bounding the Number of Landmarks Associated with One Path

Next, we consider a minimal feasible landmark set L, and one specific path P in the
path decomposition of Gp. Our goal is to bound the number of landmarks in L which
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are associated with P. The following lemma generalizes Lemma 5.2 to the case of
k>2.

Lemma 5.11 A minimal landmark set L does not have a pair of vertices v, v’ with a
common base vertex u.

Proof First we show that L must contain a landmark whose base vertex is not u. Since
G has no leaves, if L only contains vertices whose base vertex is u, then the (at least
two) neighbors of « in G, cannot be separated by alandmark in L. Let £ be a landmark
whose base vertex is different from u.

Assume without loss of generality thatd,s , > d, ,.Let L’ = L\ {v}. We argue that
L’ is a feasible landmark set. Assume by contradiction that there is a pair of vertices
x1, X which are separated by L but not by L’. Then, v separates x| from x, but v’
and £ do not. If none of x1, x5 belongs to the leg of u then d, v = d, v + d,,, and
this is a contradiction. If x| belongs to the leg of # and x> does not belong to this leg,
then since dy, ,v = dy,,,/, we conclude that the shortest path from x; to v" does not
traverse x1. Then, dy, , > dy, v = dy,.v > dx, 4 because v’ # u. We conclude that
doex, < dpy+dyx,and dpx, = dp, + d,x, and therefore dp x, = dgy + dy x, >
de.u + dy,x, > dg x, contradicting the assumption that £ does not separate x| from
x2. In the last case x1 and x, belong to the leg of u. In this case dy, x, # dy x, and £
separates x| from x; because fori = 1,2, we have dg y, = dp, + dy x, - O

Lemma 5.12 Let L be a minimal feasible landmark set, and let P be a path in the
path decomposition of Gp. Then, the number of vertices in L which are associated
with P is at most six.

Proof Denote by s and ¢ the two end-vertices of P. For a subpath P’ of P we say that
a vertex x is associated with P’ (in addition to being associated with P) if the base
vertex of x is in P’, and we denote the length of P’ by d(P’).

Assume by contradiction that L has at least seven vertices associated with P denoted
by w;i(for 1 < i < 7), and we denote by w the base vertex of w;. By the previous
lemma, w #* w for i # j. Without loss of generality, assume that u)l, wz, .. w§
appear in thls order when we traverse P from s to ¢. If the length of the subpath of P
connecting w2 to w4 is smaller than (P) ,then we let u; = w; fori = 1,2,3,4 and

5 = w7 Otherwise, we must have that the length of the subpath of P connecting
w4 to w6 is smaller than d(P) , and in this case we let u; = w; and fori = 2, 3,4, 5,
we let u; = w;4o. Let ”1 be the base vertex of u; fori = 1,2, 3,4, 5. Let P’ be the
subpath of P starting at u’, and ending at u),. Therefore, the end-vertices of P’ are
not s or ¢, and d(P’) < @. Let L' = L \ {u3}, and we argue that L’ is a feasible
landmark set. Assume by contradiction that there is a pair of vertices x, y such that L’
does not separate x from y, whereas L does. Thus dy ,; # dy ., butfori =1,2,4,5
we have dy ,; = d, ;. Denote by x” and y’ the base vertices of x and y, respectively.
If x" = y/, then d, v # d, . Moreover, there exists a value i € {1, 5} such that
u; # x', and therefore dy ,, = dy v +dy , and dy ,; = dy y +dy ,,, contradicting
the assumption that d, ,, = dy ,,. In what follows we assume that x" 7 y’.

We first assume that neither x nor y is associated with P’. Fori = 1,2, 4, 5, since
dyy;, = dyy and x and y are not associated with P’, we have dx,u; = dW,’- for
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i = 2, 4. Assume without loss of generality that a shortest path from x to u3 traverses
u)y (it must traverse either u}, or u}). If the shortest path from y to u3 traverses u/, as
well, then we have dy 3 = dy , +dyy yy = dy ), +dyly 1y = dr iy contradicting the
assumption that u3 separates x from y. Therefore, the shortest path from y to u3 must
traverse ug. However, since the shortest path from y to u3 traverses ug, we conclude
that dy ,; = dy,ug + dug,u3 =d,. u, + du/ 3y = dx.uz- Since the shortest path from x
to u3 traverses u’, we find dy ., = d, ) T du’z,us = dy,u’2 + du/zm > dy 4y and we
get a contradiction to dy y; 7# dx u;-

Next, assume that x and y are both associated with P’. We let x| = x, x; = y,
x; =x',and xj = y'. Recall that d(P’) < d(P ) and hence the shortest path between
a pair of vertices that are associated with P’ does not traverse any other vertices of
P (which are not on P’). Assume without loss of generality that x| is closer to u)
(along P’) than x} (note that it is possible that x| = u), or x} = u/, or both). Therefore,
dyyuy = dy,, o+ dxém, dyyu, = dxz,xé + dxém (this is implied by the triangle
inequality and it is not necessarily an equality, as it may be the case that u, = x})
and since u4 does not separate x| from x; (i.e., dy, u, = dx,.u,), We conclude that
dxmcé < dxz,x§~ Similarly, dy, ., < dy, o F Ay s Aoy = dyy 3+ dxj,uz and
sinceu, does not separate x| from xp, we conclude that d <d However,

Xx2,x" X1, xl
dy x; < dy x) < dy, o < dy, ) < dy, ) Where the strict inequalities hold because

X1,X
x| # x5, Thus in this case x and y must ble separated.

Finally, assume that x is not associated with P and y is associated with P’. If the
base vertex of y is u/, (the case y" = u/, is similar), then since u, does not separate x
from y, we conclude that the path from x to u; does not traverse y and also y 7 u}.
Moreover, dx’,/z < dy u, and dy,u/z > dy,u,, and thus dy,u/z > dx,”/z and equality holds
only if u = u’,. However, since any path from y to u; traverses u’, the following holds
by the triangle inequality dy ,, = dy ., < dx,u’z + du’z,ul < dy,u’2 + du’z,ul =dyy,
where the last inequality holds as an equality only when u) = uj. Thus u’2 = uj.
Since uj3 separates x from y and dy ;3 = dyu, + dyy uy = dxuy + duyus > dy us,
we conclude that the shortest path from x to u3 is strictly shorter than dy ,, + dy; u;-
We conclude that the shortest path from x to u3 traverses u), and therefore dx,u; =
dy us —duwg < dyur +duy u3 —du3,u£ =dyy, +dyyu; _dus,ug < dy,uil contradicting
the assumption that u4 does not separate x from y. Thus, it remains to consider the
case where the base vertex of y is not u/, and not u}.

Without loss of generality, assume that the shortest path from x to u3 traverses u.
y" # u, uj and y’ is on the subpath P’. Since the unique shortest path from y’ to u)y is a
subpath of P’, it does not traverse 5, d, uy = dy oy, <dyy +dy o =dy oy Fdy
Therefore, every shortest path from x to u} does not traverse u). If the shortest path
from y to u} traverses uj, thend, ,, =d,, u/z +dyy = dy oy dyy - However, we
argue next that no shortest path from x to uy traverses u}. Assume by contradiction
that a shortest path from x to u} traverses u. Then, since x’ is not on P’, we conclude
that this shortest path from x’ to u/ traverses u and u, before it traverses u/, (recall that
no shortest path from x to u) traverses u}). This is a contradiction to the assumption
that the shortest path from x to u’ traverses u’,. Therefore, dx,u/l < dx’u/z + d"’zsuﬁ
contradicting the assumption that | does not separate x from y. Therefore, it remains
to consider the case where the path from y to u’l does not traverse u’z, but it traverses
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uy and uj along the way, and so dy = dyy, +dy, .+ dy - Since ug, us, uy do
not separate x from y, we conclude that d,, W, = dy, u, + duﬁp uy d”/s, | and thus there
exists a shortest path from x to u] that traverses u} and uj along its way (in this order)
and thus also u/, (before arriving at u)y), contradicting the claim shown above that any
shortest path from x to u), does not traverse u. o

The following corollary follows immediately from Lemmas 5.10 and 5.12.

Corollary 5.13 Let L be a minimal landmark set of a graph G which results from a
k-edge-augmented tree by the preprocessing step (wWherek > 2). Then |L| < 18k —18.

To summarize, our algorithm for computing wmd(G) where G is a k-edge-
augmented tree (for k > 2) is to apply the preprocessing step (which can be imple-
mented faster than the next part of the algorithm), and afterwards try all possibilities of
sets L such that |L| < 18k — 18, and for each of them test its feasibility in polynomial
time (using a matrix of distances), and among the feasible solutions we pick a cheapest
one. Clearly, the algorithm runs in polynomial time (for a constant value of k) and
computes a cheapest feasible landmark set. The running time is O (n?®)). Therefore,
we have established the following.

Theorem 5.14 Given a k-edge-augmented tree G = (V, E) for a constant number
k, there is a polynomial time algorithm for solving wmd.

6 Wheels
6.1 Complete Wheels

In this section we consider complete wheels. A (complete) wheel on n vertices
{1,2,...,n}is defined as follows. There is a cycle C over the vertices 1,2, ...,n—1
(the clockwise order of the vertices along C is 1,2,...,n — 1, 1), and vertex n is
adjacent to all other vertices. Vertex n is called the hub of the wheel, whereas the other
vertices are called cycle-vertices. All distances in G are either 1 or 2; clearly the dis-
tance between every cycle-vertex and the hub is 1, the distance of every cycle-vertex
and its two neighbors along the cycle is 1, and any two non-adjacent cycle-vertices
are reachable via a two-edge path through the hub. Consider a feasible landmark set
L. A gap between consecutive landmarks is defined as follows: If £, £’ € L are cycle-
vertices such that there is no other landmark along the clockwise path from £ to ¢/,
then the set of internal vertices of the clockwise path from £ to £’ is the gap (between
¢ and ¢’), and we say that the gap is adjacent to £ and £’. The length of the gap is
the number of vertices in the gap. Here, we characterize the lengths of the gaps in a
feasible solution L.

Lemma 6.1 Assume that G is a wheel over at least 8 vertices. Let L C V. L is a
feasible landmark set if and only if the following three conditions hold with respect to
L:

1. There is no gap of length at least 4.
2. There is at most one gap of length 3.
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Fig. 4 An example of a complete wheel. Subsets of vertices marked with ellipses are considered. In the
subset of a, there is a gap of length four 16, 1, 2, 3, contradicting condition 1. Indeed, dy ¢y = dp ¢ = 2 for
any ¢ € {4,5, 8,10, 12, 15}. In the subset of b, there are two gaps of length three, contradicting condition
2. Indeed, dy ¢ = dg ¢ = 2 for any £ € {3,5,7,11,13,15}. In ¢, there are two consecutive gaps of
length two, contradicting condition 3. Indeed, dy ¢ = dj5, = 2 for any £ € {3,5,8,10, 11, 13} and
d1,16 = d15,16 = 1. Finally, the subset of d satisfies the three conditions; the hub is the unique vertex of
distance 1 from any landmark, vertex 1 is the unique vertex of distance 2 from any landmark, and the lists of
distances of other non-landmark vertices to the landmarks {3, 5, 8, 10, 13, 15} are {1, 2, 2, 2, 2, 2} (vertex 2),
{1,1,2,2,2,2} (vertex4),{2, 1, 2,2, 2, 2} (vertex 6), {2, 2, 1, 2, 2, 2} (vertex 7), {2, 2, 1, 1, 2, 2} (vertex 9),
{2,2,2,1,2,2} (vertex 11), {2,2,2,2, 1,2} (vertex 12), {2,2,2,2, 1, 1} (vertex 14), and {2, 2, 2,2,2, 1}
(vertex 16)

3. Two gaps of length at least two are not adjacent to a common vertex of L N C.

Proof See Fig. 4 for an illustration of the conditions. First, assume that L is a feasible
landmark set. In this part of the proof we use the fact that the hub vertex can never
separate two cycle-vertices, and hence they must be separated by a landmark that is
a cycle-vertex. We prove the three conditions. Assume by contradiction that at least
one of the conditions does not hold. First, assume that there is a gap of length at least
4 between the landmarks £1, £>. Then, there are at least two vertices v, v’ from this
gap (those that are not adjacent to £ and ¢,) that have distance 2 from any vertex in
L N C. Thus, there is no vertex in L that separates v from v’. Next, assume that there
are (at least) two gaps, each of length 3. Let v, v’ be the middle vertices of these gaps.
Therefore, for every £ € L N C we have dy,, = dy,,y = 2. Finally, assume that the two
gaps which are adjacent to £ € L N C have length at least 2. Denote by v, v’ the two

@ Springer



1154 Algorithmica (2015) 72:1130-1171

neighbors of £ in C. Then, d,, ¢ = dyy ¢ = 1, for every ¢’ € L N C such that £’ # ¢
we have d,, ¢ = dyy o = 2. In all cases, we conclude that there is no vertex in L that
separates v from v’

For the other direction, assume that L satisfies the three conditions, then L” = L\ {n}
also satisfies these conditions, and it suffices to show that L’ is a feasible landmark
set. Therefore, without loss of generality assume that L’ satisfies the three conditions.
Note that since G has at least eight vertices, there are at least seven vertices in the
cycle C, and by the three conditions we conclude that |L’| > 3. Given any set of three
cycle-vertices, there is exactly one vertex whose distance from all of these vertices is
1, and this unique vertex is the hub, 7, so the hub is separated from every cycle-vertex
(even though there is no landmark at the hub in L’). Therefore, it suffices to show
that if v, v’ € C \ L/, then there is £ € L’ that separates v from v’. By the first and
second conditions there is at most one vertex (the middle vertex of a gap of length
3, if it exists) whose distance from every vertex of L’ is 2 (any other vertex in C is
either a landmark or adjacent to a landmark). Therefore, we can assume without loss
of generality that v is adjacent to £ € L’. If v/ is not adjacent to ¢, then £ separates v
from v’. Otherwise, v and v’ are cycle-vertices adjacent to £ (along C). By the third
condition, one of their gaps contains a single vertex, so we conclude that either v or
v’ is adjacent to another landmark ¢’ € L’. Since the length of C is at least 7, then £/
cannot be adjacent to both v and v’, and therefore it separates v from v’. Therefore L’
is a feasible landmark set. O

Corollary 6.2 A minimal landmark set L of a complete wheel G does not contain the
hub.

Based on the characterization in the above lemma, our algorithm is defined by a
straightforward dynamic program. Note that without loss of generality, we can assume
that G has at least 8 vertices (otherwise G has a constant size, and thus we can
compute wmd(G) in constant time using an exhaustive enumeration). We first guess
a position of a single landmark ¢ such that the clockwise path from £ to the next
landmark along C has at most two edges. By the conditions of Lemma 6.1, in every
six consecutive vertices along C there is at least one such landmark, and thus it is
sufficient to enumerate six possibilities for £. Without loss of generality and for the sake
of presentation we assume that £ = n— 1. Using this assumption, our dynamic program
positions landmarks along a path, and it selects the location of additional landmarks
among the vertices 1,2, ..., n — 2. By our assumption that the next landmark after
£ must occur at one of the next two vertices, exactly one of the vertices 1,2 must
contain a landmark (positioning landmarks at both of them does not result in an
optimal solution, or it does not result in a minimal landmark set, as in such a case, the
landmark of vertex 1 can be removed without violating the properties). We position
the remaining landmarks using a recursive formula where every state of the dynamic
program recalls whether we already used a gap of length 3 and therefore we cannot
use it again.

Fori =0, 1, denote by F' 1’ (¢') and in (¢) the minimum total cost of the landmarks
in a solution for the path P = {1,2, ..., £’} such that £’ is a landmark, and such that
the last gap before ¢" has length at most 1 and at least 2, respectively, where the subpath
of P from the first landmark (1 or 2) to £’ has i gaps of length 3. Then, the following
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holds (where if the argument of F 11 or in is not positive then its corresponding value
is 00).

FP(') = min{F{(€' = 1), F{(' = 1), F{(¢' = 2), F{(¢' = 2)} + c(£),
F(€) = F)(' = 3) + c(t)),

FL(¢') = min{F (¢ = 1), F; (¢ = 1), F{ (¢ =2), F} (¢ = 2)} 4+ ¢(¢),
FH () = min{F (¢ = 3), F)(¢' —4)} + c(¢).

The starting conditions are F(1) = (1), FY(2) = ¢(2), and F} (1) = F}(2) =
on(l) = F20(2) = le(l) = le (2) = oo. The goal is to compute the value
min{F 11 ), F 10 0), F21 0), F20 (£)}. We thus conclude the following result.

Theorem 6.3 Given a complete wheel G = (V, E),there exists an algorithm that
solves wmd in linear time O (n).

In [9], it is (inaccurately) stated that for a complete wheel on n vertices, the metric
dimension is always 2. This was corrected in [17] where they showed the following
result (which can be derived from the above conditions and a straightforward analysis
for the case n < 8).

Proposition 6.4 [17] Given a complete wheel G on n vertices, md(G) is as follows:
Ifn=4,7,md(G) =3; Ifn = 5,6, md(G) = 2; forn > 8, md(G) = | Z].

Remark 6.5 Since a complete wheel on n vertices is an (n — 1)-edge-augmented tree,
by the last proposition, we conclude that there exist k-edge-augmented trees without
any legs that need €2 (k) landmarks in any feasible solution.

Note that not every k-edge-augmented tree requires 2 (k) landmarks. Any two-
dimensional grid graphs requires only two landmarks in the L norm (i.e., if distances
are defined as distances in the corresponding graph) [14,15], while k = Q(n) is this
case as well.

6.2 The General Case

An incomplete wheel on n vertices {1, 2, ..., n} is defined as follows. There is a cycle
C over the vertices 1,2, ...,n — 1 (the clockwise order of the vertices along C is
1,2,...,n—1, 1), and vertex n is adjacent to some of the other vertices, but not to
all of them. In what follows we consider either an incomplete or a complete wheel,
and refer to it as a wheel. Vertex n is called the hub of the wheel, whereas the other
vertices are called cycle-vertices. The neighbors of n are called connectors, and the
edges incident at n are called spokes. We let layer j be the set of vertices of distance
J from n, and denote it by V; (i.e,, V; = {u € V : d, , = j}, and thus Vo = {n},
and Vj is the set of connectors). For L C V, we say that a cycle-vertex u is close to
t e Lifdy, < d¢n+ dyu, ie., the shortest path through the hub between £ and u
is not a shortest path between them (note that no vertex can be close to the hub). We
say that u is close to L if there is £ € L such that u is close to £ (see Fig. 5). In this
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Fig.5 Anexample of an incomplete wheel with 22 connectors and 58 vertices. The ellipse shaped vertices
are landmarks of a landmark set. Vertex 53 is not close to any landmark as its distance from vertex 56 is
2 (the only shortest path traverses the hub), and its distance to vertex 50 is 3 (there are two shortest paths,
one of which traverses the hub). The vertex 18 is close to the landmark 16 (with a distance 2) while 19 is
not close to 16. The vertex 6 is close to the landmark 12 (with distance 6) but the vertex 18 is not close to
12. Vertex 45 is not close to landmark 47, but it is close to landmark 43

section we consider wheels with at least 22 connectors, and present a polynomial time
algorithm for solving wmd for such a graph. Since wheels with at most 21 connectors
are k-edge-augmented trees for a value of k such that k < 21, we conclude that we
will obtain a polynomial time algorithm for solving wmd on (arbitrary) wheels. Thus
let G = (V, E) be a wheel with at least 22 connectors (where n = |V| > 23). We first
characterize a minimal landmark set L in such graphs (some of the properties that we
prove hold for smaller numbers of connectors as well).

Lemma 6.6 Let L be a feasible landmark set. Then, for every j there is at most one
vertex of V; that is not close to L. Moreover, the vertices in 'V that are not close to L
form a shortest path from some vertex v to the hub.

Proof Assume by contradiction that there is a value of j such that there are two vertices
uy,up € V; that are not close to L. By the definition of closeness, we conclude that
forevery £ € L and fori =1, 2, we have dy; ¢ = dy; » +dn¢ = j + dy ¢, and thus £
does not separate u| from u», contradicting the feasibility of L.
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Let v € V be the vertex of a maximum layer that is not close to L. The vertex v
is well-defined because by definition 7 is not close to L, and since we showed that
each layer has at most one vertex that is not close to L. We next argue that the vertices
that are not close to L form a shortest path from v to n. Assume otherwise. For every
£ € L, the shortest path from £ to v traverses n, and continues along a shortest path
from n to v. The vertices along this path are not close to £, since a subpath of a shortest
path is also a shortest path. O

In the example shown in Fig. 5, the path of vertices that are not close to L consists
of the two vertices 53 and 58.

Lemma 6.7 Let £ € V. The set of vertices that are close to £ is a proper subpath P of
C containing £. Moreover, consider P as a clockwise path from a vertex u to a vertex
v, then the subpath of P from u to £ (including u, £) has at most two connectors, and
the subpath of P from £ to v has at most two connectors. Thus, P contains at most
four connectors and all subpaths of P that do not contain € as an inner vertex are
unique shortest paths.

Proof Obviously, £ is close to itself. Consider the set of vertices that are close to £
such that each one of them has a clockwise shortest path to £ on C. Let u be a vertex
of maximum distance from ¢ among these vertices. By the property that a subpath of a
shortest path is a shortest path, we conclude that this set of vertices is a subpath of C,
and this is the clockwise path from u to £. Similarly, consider the set of vertices that are
close to ¢ such that each one of them has a counterclockwise shortest path to £, and let
v be such a vertex of maximum distance on the cycle from £. We get another subpath
of C from £ to v. Let P denote the subpath of C that results from concatenating these
two subpaths. The subpath of P starting at £ and ending at v contains at most two
connectors, as otherwise a path from £ to v, where the subpath between the first and
last connectors (containing at least two edges), is replaced by a two-edge path through
the hub is a shortest path, and hence v is not close to £. The proof for the subpath from
u to £ is similar. Thus, the total number of connectors in P cannot exceed four, and
P is a proper subpath of C. Assume by contradiction that a subpath of the subpath of
P from ¢ to v is not unique (the proof for the subpath of P from u to £ is similar).
If there is another shortest path through the hub, then this implies another shortest
path from ¢ to v through the hub, and contradicts the property that v is close to £. If
there is another shortest path on the cycle, then this shortest path has more than four
connectors (as the path from £ to v has at most two connectors), in which case it can
be replaced with a path through the hub using the first and last connector, and this path
is shorter, which is a contradiction. O

Lemma 6.8 L is a feasible landmark set if and only if the following conditions hold:

1. For every layer Vj, there is at most one vertex of V| that is not close to L.
2. Forevery{ € L and every j, ifuy, up € V; are close to £ and dy ,, = dy y,, then
there is £’ € L\ {€} that is close to at least one of the vertices uy or us.

Proof First assume that L is a feasible landmark set. By Lemma 6.6, the first condition
holds. If the second condition does not hold, then let uy, up € V; be two vertices that
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are close to £, such that dy ,, = dy ,, holds, but neither u| nor u» is close to another
vertex in L. We find that #; and u» are not separated by ¢, and are not separated by
¢ € L\ {¢} because for i = 1,2 we have d,, ¢ = j + d, ¢, and this contradicts the
feasibility of L.

Next, assume that L satisfies the two conditions. Let u1, up € V, we need to show
that u; and u, are separated by L. We next prove that there is £ € L such that none of
u and uy is close to £'. Consider the path P in C connecting u and u5 that contains
at least 10 connectors as internal vertices (such a path exists since G has at least 22
connectors). Assume without loss of generality that this is a clockwise path from u to
uy. Consider the pair of middle connectors vy, v» along P (these are two connectors
such that each of the subpaths of P from u; to v; and from v; to u, contains at least
four connectors as internal vertices). By the first condition, since vy, vy € Vi, at least
one of vy and vy is close to some landmark ¢’ € L. By Lemma 6.7, the set of vertices
that are close to £’ is a proper subpath of C that has at most four connectors. Since
this subpath contains either vy or vy, we conclude that none of u; and u; is close to
¢'. Therefore, if u1 and u, belong to distinct layers, then there is £ € L (which is not
close to any of them) that separates u1 and u, since dy/ ,;, = dyr , +dp y; fori =1,2.
In what follows we assume that uy, up € V;.

Next, if there is a landmark ¢ € L that is close to u; but not close to uy, then
dy,¢ < j+dueandd,, ¢ = j+d,, and therefore £ separates u; from u;. Thus,
in the remaining case, every ¢ € L that is close to either u; or u» must be close to
both of these vertices. There is at least one landmark £ € L close to at least one of the
two vertices by the first condition, and it is close to both of them by the assumption.
If dy, ¢ # du,.¢, then we are done. Thus, assume that d;,, ¢ = dy, ¢. Since 1| and up
are close to £, we conclude that the (unique) shortest path from u; to u; in C traverses
£ which is exactly the middle vertex along this path. Thus, a vertex ¢ which satisfies
all these conditions is unique (for a given pair of vertices u1 and u;). By the second
condition, we conclude that in this case there is another landmark ¢ € L such that
¢’ # ¢ and it is close to either u| or uy or both, but according to the assumption, it is
close to both, and this is a contradiction to the uniqueness of ¢ as established above. O

Corollary 6.9 A minimal landmark set L of a wheel with at least 22 connectors does
not contain the hub, and |L| > 6.

Proof The first part holds because if L satisfies the two conditions of Lemma 6.8, then
so does L \ {n}. As for the second part, assume by contradiction that |[L| < 5. G has
at least 22 connectors, and by Lemma 6.8, at most one of them is not close to L. Thus,
there is a landmark ¢ € L such that at least five connectors are close to £ contradicting
Lemma 6.7. |

Let L* be a fixed optimal solution. We say that two landmarks £; and ¢, are
consecutive if the clockwise path from ¢ to £, does not contain an additional landmark.
Such apathis called the natural path between the landmarks. Given alandmark £ € L*,
we say that a pair of cycle-vertices x, y is a bad pair with respect to £ (or a bad pair
of £), if x, y are close to £, belong to a common layer, dy ¢ = d ¢, and the clockwise
path from x to y traverses £. Recall that in this case there must be a landmark ¢ # ¢
that is close to at least one of x and y, and we say that £’ covers the bad pair x, y of £.
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Lemma 6.10 Let x, y be a bad pair with respect to a landmark £. Let £’ # £ be a
landmark that is close to one of x and y (or both). Let £1 and {> be landmarks such
that £1 and ¢ are consecutive landmarks and £ and £, are consecutive landmarks.
Then the landmark £ is close to x, or the landmark €; is close to y (or both). Thus,
every bad pair of € is covered by either £1 or {2 (or by both of them).

Proof First consider the case where the clockwise path (the shortest path) from x to
£ traverses £1 (perhaps x = £1). Then, the subpath of this path from x to £; is the
unique shortest path between x and £, so x is close to £; and we are done. The case
where the counterclockwise path from y to £ traverses £, is symmetric. Without loss
of generality, assume that x is close to £’ and the clockwise path from £ to £, traverses
x, £, y (in this order) but does not traverse £’ (the last assumption holds since there
are no landmarks except for ¢ that are internal vertices of this path). We split this case
into two subcases. In the first subcase the shortest path P from £’ to x is clockwise,
and in the second one this path is counterclockwise. In the first subcase, the subpath
of P from £; to x is a unique shortest path, and in the second subcase the clockwise
path from y to £; is a subpath of P, and thus it is a unique shortest path. O

A minimal bad pair of a landmark ¢ is a bad pair x, y such that d, ; is minimal
among all bad pairs of £.

Lemma 6.11 Let ¢’ # £ be a landmark that covers a minimal bad pair x, y of € such
that either ¥', £ are consecutive or £, £’ are consecutive, then £’ covers every bad pair

of L.

By Lemma 6.10, it is indeed possible to assume without loss of generality that ¢’
satisfies the condition of the lemma.

Proof Let x’, y' be a bad pair of £. Thus, the clockwise path from x’ to y’ traverses
x, £, y in this order. Without loss of generality, assume that £’, £ are consecutive and x
is close to ¢'. If the clockwise path from £ to £ traverses x’, then this path contains the
unique shortest path from £’ to x that contains as a subpath the unique shortest path
from £’ to x’, and we are done. Otherwise, the clockwise path from x’ to £ (which is
the unique shortest path between them) traverses £/, and therefore the clockwise path
from x’ to £’ is a unique shortest path, and the claim holds. O

We say that a minimal bad pair x, y of £ that is covered by £ is covered from the
left by £ if £ and £ are consecutive, and otherwise if £ and ¢’ are consecutive, then we
say that x, y are covered from the right by £/. By Lemma 6.10, we can assume that a
bad pair which is covered is either covered from the right by some £’ or covered from
the left by some ¢’ (or both). By Lemma 6.11, we find that it is sufficient to verify that
minimal bad pairs are covered (rather than all bad pairs).

Corollary 6.12 Let L C V be a minimal feasible landmark set. The set L satisfies

the following conditions.

I. n¢lL.

2. The set of vertices that are not close to L forms a shortest path from n to some
vertex v (possibly v = n), in particular, if v # n, then the path contains exactly
one connector and no landmark.

@ Springer



1160 Algorithmica (2015) 72:1130-1171

3. Foreveryl € L, thereis £’ € L \ {£} that covers the minimal bad pair of £ either
from the left or from the right (if there exists a bad pair of £).

Moreover, ifa set L C 'V satisfies these three conditions, then L is a feasible landmark
set.

If there is a cycle-vertex that is not close to L*, then all such cycle-vertices form
a path without a landmark. In order to construct an optimal landmark set, we guess a
pair of consecutive landmarks in L* such that if there exists a cycle-vertex not close
to L*, then all such vertices appear along the natural path between the two guessed
landmarks. Without loss of generality and for the sake of presentation, we assume
that the two guessed landmarks are 1 and k < n — 1, and the natural path between
them is the clockwise path from & to 1. Once again, we will define a dynamic program
along the path from 1 to k that positions landmarks along this path. The number of
possibilities for the selection of these two landmarks is O (n%). We first verify that the
set of vertices along the natural path from k to 1 that are not close to 1 or to k (if such
a cycle-vertex exists) form a shortest path from some vertex to n (and in particular,
if it is non-empty, then it contains exactly one connector, since all connectors are in
V7). If this condition does not hold, then this possibility (the choice of two landmarks)
is impossible, and we stop considering it. In what follows, we consider a possibility
which passed this test. Since the number of connectors along the natural path from k
to 1 is at most five, the clockwise path from 1 to k contains at least 17 connectors, and
it is not a shortest path.

Let 1 < v < k. We define low(v) as the minimum index i suchthat 1 <i < v
and the clockwise path from i to v is a unique shortest path. We let high(v) be the
maximum index i/ such that v < i < k and the clockwise path from v to i is the
unique shortest path. §(v) is the minimum number i > 1 such that v — i > low(v)
and v 4+ i < high(v) belong to a common layer. If such i does not exist, then we let
8(v) = oo. The motivation for this definition of §(v) is to identify the minimal bad
pair of v (if it exists).

Claim 6.13 Let 1 < v < k be a landmark such that £, v are consecutive landmarks
and v, €y are consecutive landmarks (1 < €1 < v < £o < k since 1, k are landmarks),
assume that v has a bad pair, and let x,y be the minimal bad pair of v. If {x, y}
is not contained in the clockwise path from 1 to k, then either 1 or k covers x, y.
Otherwise, x, y is covered if and only if at least one of the following conditions holds:
(i) x < high(£y), (ii) y = low(£2).

Proof First consider the case where x is not contained in the clockwise path from 1
to k. As x is close to v, the unique shortest path from x to v traverses 1. Thus, this is
the unique shortest path from x to 1, and 1 covers the bad pair x, y. The case where y
is not contained in the clockwise path from 1 to k is similar.

Consider the second claim. We have x = v — §(v) and y = v + §(v). If €1 < x,
then x is close to £ if and only if £1 < x < high(£1) and the claim holds. Otherwise,
if £1 > x, then the unique shortest path from x to v traverses £1, and therefore x is
close to £ as well, and in this case x < £1 < high(£1). The claim that y > low({>)
if and only if y is close to £5 is proved similarly. O
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For the vertex 1, we define the parameters Low(1), High(1), A(1) as follows.
Low(1) is the minimum index 1 < i < n — 1 such that the clockwise path from
i to 1 is the unique shortest path (by definition n — 1 satisfies this condition, hence
Low(1) is well-defined, and we find that the vertices i,i + 1, ..., n — 1 are close to
1). High(1) is the maximum index i > 1 such that the clockwise path from 1 to i is
the unique shortest path (similarly to the existence of Low(1), the value of High(1)
is well-defined, vertices 2, 3, ..., High(l) are close to 1, and High(1) < k). A(1) is
the minimum number i > 1 suchthati +1andn —i > k + 1 are both close to 1 (and
have the same distance from 1) and belong to a common layer. If such a value i does
not exist, then we let A(1) = oo. This definition is related to bad pairs and the goal is
to define a minimal bad pair. We only consider bad pairs x, y of a specific form, that
x appears on the clockwise path between k and 1. It can be the case that there exists a
bad pair of 1 even if A(1) = oo, but in this case we show later that k covers all such
bad pairs.

For the vertex k, we define similar parameters Low (k), High(k), A(k) as follows.
Low(k) is the minimum index i > 1 such that the clockwise path from i to k is the
unique shortest path (by definition kK — 1 satisfies this condition, hence Low (k) is
well-defined). High (k) is the maximum index i < n — 1 such that the clockwise path
from k to i is the unique shortest path (note that it is possible that vertex 1 is also close
to k, using the clockwise path from k to 1, but we are not interested whether this holds
or not). A(k) is the minimum numberi > 1 suchthatk+i <n—1landk —i > 1 are
both close to £ (and have the same distance from k) and belong to a common layer.
If such i does not exist, we let A(k) = oo. In this case we are only interested in bad
pairs x, y where y appears on the clockwise path between k and 1 (and other bad pairs
are covered by 1, as we show later).

Wealsoletlow (1) = 1,high(1) = High(1),low(k) = Low (k) and high(k) = k.
We define 6 (1) and § (k) in the following way. Welet§(1) = coif High(k) > n—A(1),
and otherwise, §(1) = A(1). The motivation is to define §(1) to be infinite if there is
no bad pair of 1, or if k covers the minimal bad pair of 1 (this can happen if there is
a bad pair of 1 but A(1) = oo, orif A(1) < oo and §(1) = 00). Similarly, we define
8(k) = o0 if Low(1) < k + A(k). Otherwise, we let §(k) = A(k). The next lemma
establishes the correctness of the differences between A and § and the property that
A(1), A(k) can be infinite even if there is a bad pair of 1, and &, respectively.

Lemma 6.14 High(k) > n— A(1) if and only if the minimal bad pair of 1 is covered
by k. Similarly, Low(1) < k4 A(k) if and only if the minimal bad pair of k is covered
by I.

Proof 1If there is no bad pair of 1, then A(1) = oo and the claim holds. Otherwise
let x, y be the minimal bad pair of 1. If A(1) = oo, then the inequality holds and the
clockwise path from x to 1 traverses k (possibly x = k), and k covers this bad pair
since the unique shortest path from x to k is contained in the clockwise path from
x to 1. In the remaining case, the clockwise path from k to 1 traverses x, and then
x =n — A(1). Then, x is close to k if and only if the inequality holds. Thus, the first
claim holds. The proof of the second claim is analogous. O

We define a function F : {1,2,...,k} x {left,right} — R7T as follows.
F(v,right) (F(v,left)) is the minimum cost of a set L such that 1, v € L, every
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1 < i < visclose to at least one of the vertices in L, and forevery £ € L\ {v} (£ € L,
respectively) such that §(€) is finite, the minimal bad pair of ¢ is covered by a vertex
in L\ {¢}.

We compute the values of F using the following dynamic program. If §(1) = oo,
then we let F'(1,right) = F(1,left) = c(1), and if 6(1) is finite, then F(1,left) =
oo and F(1,right) = c(1). For £ > 1, we define sets of feasible values of £/ < £
(with the goal that £’,£ will be consecutive landmarks) a(£) = {¢' € {1,2,...,£—1}:
high(€)) > low(£) — 1}, B(¢) = {¢' € a(€) : high(t') > £ —8§W)}, y(l) = { €
a(l) : lowt) < £ + 8(¢)}. The recursive formula is as follows.

F(¢,left) = min lemﬁn&) F(U, left), F, right)] +c(0),
‘e

min
Uep )Ny (€)

F({,right) = min [ min F(',left), min F(/, right)] + c(0).
Vea(l) Vey(©)

If §(k) = oo, then we are looking for F'(k, right), and otherwise we are looking
for F(k,left). Then, by backtracking we compute the optimal landmark set. We
conclude that the algorithm computes an optimal solution in polynomial time. Thus,
we established the following.

Theorem 6.15 Given a wheel G = (V, E), wnd can be solved in polynomial time. In
particular, if G is a wheel with at least 22 connectors, then the running time is O (n*).

Proof First, we construct two matrices of sizes n x n, the first one containing all the
distances (this can be computed in 0(n3)), and the second one indicating for every
pair of cycle-vertices whether they are close (each entry is computed in O(1) using
the other matrix). The second matrix later allows to check in time O (1) whether a pair
of vertices are close. The first matrix will be used to find levels of vertices. In what
follows, we call the two chosen vertices (denoted by 1 and k in the algorithm) special
vertices.

For every pair of cycle-vertices the following process is done. All the attributes
defined above are computed (8(v), high(v), low(v), a(v), B(v), and y(v)) for all
vertices on the cycle path between the two special vertices. Note that the values of the
attributes depend on the choice of the two special vertices. The additional attributes
of the two special vertices are computed as well. This can be done using O (n) time
per vertex. Then, the function F' is computed using linear time per vertex. We find a
total time of O (n?) for each pair of special vertices, and thus the total running time is
O n*). o

7 Hard Cases

In this section we extend the classes of graphs for which computing md(G) is known
to be NP-hard. Here the graphs are unweighted, and there is no cost function. We
define a variant of 3- DIMENSIONAL MATCHING (3DM) which we call COVER 3-
DIMENSIONAL MATCHING (C3DM). We first consider this variant and show that it
is NPC. Then, we define a gap creating procedure that we use in our reductions.
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Afterwards, we prove that computing md(G) is NPC for the following classes of
graphs: Split graphs, bipartite graphs, co-bipartite graphs, and line graphs of bipartite
graphs.

7.1 Preliminaries

Recall that the 3DM problem is defined as follows. Given three disjoint sets each
consisting of n elements, A = {aj,az,...,a,}, B = {b1,b2,...,b,} and C =
{c1,ca2,...,cn}, and aset of triples S € A x B x C (where a triple is an element of
A x B x C), is there a subset S’ of S (consisting of exactly n triples) such that each
element of A U B U C occurs in exactly one of the triples of S’. It is well-known that
3DM is NPC.

Here we consider the following variant which we call COVER 3- DIMENSIONAL
MATCHING (C3DM). Given three disjoint sets each consisting of n elements, A =
{a1,a2,...,ay}, B ={b1,by,...,by} and C = {cy, c2, ..., cp}, and a set of triples
S € A x B x C, for every subset S’ of S we define its cost to be the sum of two
values: the first of which is |S’|, and the second one is the number of elements that
do not belong to any of the triples in S’. The goal is to find out whether there exists a
subset S’ of S which has cost of at most n. Clearly a subset S’ of S has a cost at most
n if and only if it is a feasible 3-dimensional matching. Therefore, C3DM is NP-hard.
C3DM is in NP, and therefore it is in fact NPC as well.

In our reductions we need a gap between the cost of optimal solutions for the
following two cases: the case that a 3-dimensional matching exists, and the case
that such a 3-dimensional matching does not exist. For this, we define a subroutine
CREATE-GAP that receives an input of C3DM with the parameter n and creates (in
polynomial time) another instance of C3DM with the parameter n’ = 2'2(n)?, that
satisfies the following properties. The first property is n’ > 2!2 (the reason for this
large value will become clear in the next section). Additionally, if the original instance
has a solution of cost at most 7, then for the new instance there is a solution of cost
at most n’. However, if for the original instance the cost of an optimal solution is at
least n + 1, then the cost of any solution for the new instance is at least n’ + '
Thus, for the new instance, the question whether there is a solution of cost at most n’
is equivalent to the question whether there is a solution of cost at most n’ + +/n’ — 1.

Lemma 7.1 There exists a polynomial time subroutine CREATE-GAP as described.

Proof The subroutine CREATE-GAP is defined as follows. Consider an instance
to C3DM with the parameter n and 3n elements, and construct “an N = 212,
copies instance of C3DM” by repeating each element N times. Thus, instead of
the sets A, B, C we have N sets A;, B;,C; (fori = 1,2,...,N), where A; =
{ai, aé, e, af,}, B, = {bi , bé, e, b,’;} and C; = {c‘i, cé, R cfl},and each triple
has N copies, i.e., if (a,b,c) € S, thenfori = 1,2,..., N we have (a', D', c') in
the collection of triples (that is, letting n’ = Nn, the number of elements in the new
instance is 3n’ = 3Nn). We claim that the question whether the new instance has
a sub-collection S’ C S of cost at most n’ + +/n’ — 1 is equivalent to the question
whether it has a solution of cost at most n’. This last claim holds because every such
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sub-collection S’ induces N sub-collections S (fori = 1,2, ..., N) where S; is the set
of triples whose elements are all in A; U B; U C;. The cost of S’ is similarly partitioned
into the N copies of the original instance. Therefore, if there is a sub-collection S’ of

cost at most n’ 4++/n’ — 1 then at least one of the S;’s has cost at most L%J =n.
To prove the other direction we assume that it is possible to get a sub-collection of cost
at most n to the original instance. In this case we can take N copies of this solution
(one for every i), and obtain a solution of cost n N = n’ to the new instance. O

7.2 Split Graphs, Bipartite Graphs, and Co-bipartite Graphs

A split graph G = (V, E) is a graph such that the vertex set V can be partitioned
into a clique set C/ and an independent set /s such that every pair of vertices in CI is
adjacent and every pair of vertices in /s is not adjacent.

Theorem 7.2 1. Given a split graph G = (V, E) and a value K, deciding whether
md(G) < K is NPC.

2. Givenabipartite graph G = (V, E) and avalue K, deciding whethermd(G) < K
is NPC.

3. Givena co-bipartite graph G = (V, E) and avalue K, deciding whethermd(G) <
K is NPC.

Proof The problems are in NP, as the problem for general graphs is in NP. To see
that the problems are NPC we will use three reductions from C3DM. In each case,
with a slight abuse of notation, we assume that the subroutine CREATE-GAP was
already applied to the considered instance of C3DM. See Fig. 6 for an illustration of
the construction of bipartite graphs.

Given an instance of C3DM with 3n elements partitioned into the three ground sets
A={a,ar,...,a,},B=1{b1,by,...,by,}and C = {cy, ca, ..., c,} and a collection
S of t triples, each containing one element of A, one element of B and one element
of C (andso v < n?). Letv = [og, t] and y = v + 8. Note that y < /n — 1 since
n > 2'2 (the function \/n —3log, n — 10 < /n — 1 — ([log, T] +8) is monotonically
increasing, and it is equal to 64 — 36 — 10 > 0 forn = 2!2). Let K =n +y — 3.

We describe theconstruction of a graph G whose vertices are partitioned into two
sets I and J. In the set J we will have a vertex for each element of A U B U C (we
will use the element and its corresponding vertex interchangeably), and an additional
vvertices do, d, ..., dy—1. In the set I we have one vertex for each triple s € S.
We further assume that these vertices have indices sg, 51, ..., S:—1 (we will use the
triple and its corresponding vertex interchangeably). Moreover, I has four additional
vertices s4, B, Sc, Sp. We next describe the edge set of the graph connecting a vertex
of [ and a vertex of J. If u € J and v € [, then {u, v} € E in the seven following
cases:

uecAandv = sy4.
u € Band v = sp.
u € Candv=sc.
ue AUBUCandv = sp.

NS
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Fig. 6 An example for constructing the input for md(G) for the case of bipartite graphs. The instance of
C3DM is defined as follows (the instances actually used for the reduction are much larger and the resulting
graphs are much larger as well). Let n = 3, ¢ = 7, and v = 3. The triples are {(ay, b1, c1), (a1, b2, ¢3),
(a1, b3, ¢2), (a2, by, c2), (@2, b2, ¢3), (a3, b3, c1), (a3, b3, ¢2)}

5. u € AUBUC andv € {sg, s1, ..., s;—1} and the triple corresponding to v contains
the element u.
6. u = d; (for some value of i) and v = s; for some j =0, 1,..., 7 — 1, such that

the i-th (least significant) bit of the binary representation of the index j is 1.
7. u = d; (for some value of i) and v = sp.

The set of additional edges of G (between pairs of vertices of / and between pairs
of vertices of J) is defined according to the following cases. For the case of bipartite
graphs there are no additional edges. For the case of split graphs, J is a clique and /
is an independent set, and for the case of co-bipartite graphs both I and J are cliques.
Clearly, the construction of the graph G in all cases can be done in polynomial time.

If there exists a solution to C3DM of cost at most 7, then there exists a set of n
indices i1, ..., i, such that the collection of triples {s;,...,s;,} is a 3-dimensional
matching. Let L = {s;;,...,s;,} U {sa,sB,sc,sp} U {doy,di,...,dy—1}. We have
|L| < K and thus it suffices to show that L is a feasible landmark set. Let x, y € V.
It suffices to prove that if x, y ¢ L then there is a landmark in L that separates x from
y. Therefore, assume that x, y € AUBUC U S. Consider the case x,y € AUBUC.
The vertex corresponding to a triple that contains x separates x from y, unless they
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both belong to this triple, but in this case they belong to different ground sets. Since
x and y belong to different ground sets, x is adjacent to exactly one of the vertices
sS4, SB, Sc and y is adjacent only to another vertex in {s4, sp, sc}. Next consider the
case in which x, y € S. Let j be an index of a bit in which the index of x differs from
the index of y. Then d; is adjacent to exactly one of them, and thus separates x from
y. In the last case, without loss of generality, x € A U B U C whereas y € S. In this
case, x is adjacent to exactly one of the vertices s4, sp, Sc, and y is either adjacent
to all of them (in the case of co-bipartite graphs) or none of them (in split graphs and
bipartite graphs), and therefore there exists a landmark that separates x from y. We
conclude that in this case md(G) < K.

To prove the other direction, assume that G has a landmark set L of cardinality
at most K. We define V' C V in the following way: V' = AU B U C U S, and
L' = V' N L. We say that an element x € A U B U C is covered if either x € L’
or x is contained in a triple 5; € L’, and otherwise x is uncovered. We claim that
each ofA, B and C has at most one uncovered element. To see this fact, assume by
contradiction that it does not hold. Without loss of generality, A has two uncovered
elements xq, x3.

For the case of split graphs and co-bipartite graphs, the distance from any vertex of
L N J to either x| or x7 is 1, and therefore such a vertex does not separate x| from x;
(if it is a landmark). For every £ € L’ N [ and i = 1, 2, we have dy; ¢ = 2 because ¢
is not adjacent to x; (as it does not contain x;) and there is a path of length 2 between
these two vertices using an intermediate vertex which is the vertex corresponding to
the element of ¢ which belongs to A. Therefore, such a vertex does not separate xj
from x;. Finally (LN 1)\ L' C {sa, sp, sc, sp} and none of s4, s, s¢, sp separates
x1 from x», as their distances to s4 and sp are 1, and their distances to sg and s¢ are
2, through some vertex of B or C, respectively.

For the case of bipartite graphs, the distance from any vertex w € L N J to either
X1 or xp is 2 since there is a path via sp (and no direct edge between w and x;
or xp). For every £ € L'’ NI and i = 1,2, we have dy, y = 3 because £ or its
neighbors are not adjacent to x; (as ¢ does not contain x;) and there is a path of
length 3 between these two vertices which traverses an element of £ and sp (a path of
length 2 cannot exist as the graph is bipartite with the partitions / and J). Therefore,
such a vertex does not separate x; from x;. Finally (L N I) \ L’ C {sa, sg, Sc,sp}
and none of s4, s, Sc, Sp separates x; from x», as their distances from s4 and sp
are 1, and their distances from sp and s¢ are 3 (once again, the distance cannot
be 2), and there must exist paths of length 3 since every vertex of A has a path
of length 2 to all vertices of B U C, as every element of A U B U C has sp as a
neighbor.

Therefore, A has at most one uncovered element, and similarly each one of the
sets B and C has at most one uncovered element. Therefore, the collection of triples
consisting of L'\ (AUBUC) costsatmost |L'|+3 < K+3=n+y <n+.n—-1
when it is considered as a solution to C3DM, and thus (since the input for C3DM is
the one resulting from applying the procedure CREATE-GAP), there is a solution of
cost at most n for the C3DM instance. O
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7.3 Line Graphs of Bipartite Graphs

Here, we consider the problem of computing wmd(G’) where G’ is a line graph of a
bipartite graph G. Instead of describing our reduction in terms of G’, we will discuss it
with respect to G. To do so, we introduce the problem of computing the EDGE METRIC
DIMENSION OF A GRAPH G as follows. The input consists of a graph G = (V, E).
An edge £ € E is called a separating edge landmark for two edges e, ¢’ € E with
e # ¢, if the length of the shortest path whose first edge is e and its last edge is £ (this
is the shortest path from e to £) differs from the length of the shortest path from ¢’ to
£. A distance between a pair of edges is the distance between the two corresponding
vertices in the line graph G’, that is, the number of edges in the shortest path that starts
at the first edge and ends at the second edge minus 1. A subset L C E is an edge
landmark set for the graph G, if for any two edges e, ¢/ € E with e # ¢’ there exists a
separating edge landmark £ € L that separates e from ¢’. The goal of our problem is to
select a feasible edge landmark set of a minimum cardinality. Note that the goal of this
problem is equivalent to computing md(G”) where G’ is the line graph of G. Thus, in
order to show that computing the metric dimension of line graphs of bipartite graphs
is NP-hard, we will prove that computing the edge metric dimension of a bipartite
graph G is NP-hard.

Lemma 7.3 Given a bipartite graph G and a value K, deciding whether there is a
feasible edge landmark set of cardinality at most K is NPC.

Proof The problem is in NP, as given an edgelandmark set, it is easy to verify in
polynomial time that it is indeed feasible and that its cardinality is at most K. To see
that the problem is NPC we will use a reduction from C3DM. Once again, we assume
that the subroutine CREATE-GAP was already applied to the considered instance of
C3DM. See Fig. 7 for an illustration of the construction of the reduction.

Given an instance of C3DM with 3n elements A = {aj,az,...,a,}, B =
{b1,b3,...,by} and C = {c1,c2,...,cp} and a collection § of 7 triples, each con-
taining one element of A, one element of B and one element of C (note that T < n3),
we let v = [log, ] and y = v + 8, and construct a bipartite graph as a layer graph
with 5 layers V1, Va, V3, V4, Vs as follows.

V1 and V, have a vertex for each triple,V3 has one vertex for each element
of AU B U C (we will use the element to denote this vertex and vice versa),
and an additional v = [log, t]vertices do,di,...,dy,—1. V4 has v + 4 vertices,
where V4 = {va, vp,vc, vp,dj, d}, ..., d,_,}. Finally, Vs has four vertices and we
letVs = {ua, up, uc, up}. We next describe the edge set of G. Eachtriple (a, b, ¢) € S
has unique index in 0, 1, ..., 7 — 1. For (a, b, ¢) € S of index j, the two vertices in
V1 and V; corresponding to this triple are denoted by s; and s}, respectively, and
we have the following edges {s;, s}}, {s(’i, al, {s}, b}, {s}, c}. Moreover, if the index
j of the triple (a, b, ¢) has 1 in its i-th bit then we add an edge {s}, d;}. In addi-
tion, for each vertex a in V3 N A (corresponding to an element a € A), we have
an edge {a, v4q}. Similarly, for each b € B N V3, there is an edge {b, vg}, and for
each ¢ € C N V3, there is an edge {c, vc}. Every vertex of V3 is adjacent to vp. For
eachi =0,1,...,v — 1 we have an edge {d;, dl./}, and the last four edges of G are
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Fig. 7 An example for constructing the input in Lemma 7.3. The instance of C3DM is defined as in Fig. 6

{va,ua}, {ve,up}, {vc,uc}, {vp, up}. Note that the construction of G can be done
in polynomial time. We argue that G has an edge landmark set of cardinality at most
K =n+ v + 4 if and only if the optimal solution to C3DM has cost at most n + y.
This is sufficient since y < /1 — 1, s0 a solution of cost at most n + y is equivalent to
a solution of cost at most n for C3DM (since the input for C3DM is the one resulting
from applying the procedure CREATE-GAP).

First, assume that there is a solution to C3DMof cost at most n 4 y. Then, there
is a solution to C3DM of cost at most n, that is, there is a sub-collection S’ of n
disjoint triples. Our edge landmark set L will consist of the n edges from Vi x V>
connecting the pair of vertices s; to s} for the triples of §’. We also have an edge
landmark at {d;, di/} fori =0,1,...,v— 1 and an edge landmark in the four edges
{va,ua}l, {ve,up},{vc,uc}, {vp,up}. |L| = K, and it remains to show that this is
a feasible edge landmark set. Let ¢, ¢’ be a pair of edges. We will show that there is
¢ € L that separates e from ¢’. Note that we need to consider only pairs of edges such
thate,e¢’ ¢ L.Lete, e ¢ L. Assume that ¢ connects vertices from V4 and Vs, and e
connects a vertex of V4_; and a vertex of Vs_;. The distance between the two edges is
atleasti. Note that there is a path consisting of exactly two edges between any vertex in
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V3 to up (through vp), and therefore a path consisting of exactly three edges between
any vertex in V» to up. Moreover, every non-landmark edge connecting a vertex in
V3 and a vertex in V4 has an edge among {v4, ua}, {vs, up}, {vc, uc}, {vp, up} that
is of distance 1 from it. Therefore, by letting j be the minimum distance of a non-
landmark edge e to one of the landmark edges {va, u 4}, {vp, ug}, {vc, uc}, {vp, up},
J determines the pair of consecutive layers that e connects. Therefore, it suffices to
consider the cases in which e, ¢’ ¢ L connect pairs of vertices of the same pair of
consecutive layers.

Assume that each of e, ¢/ connects a vertex of V| with a vertex of V5. The two
triples corresponding to the end-vertices of e and ¢’ have different index. Therefore,
there exists a value of i such that the indices of these triples differ in the i-th bit. Then,
the edge {d;, d]} separates e from e’ since it has a path of three edges only to one of e
and ¢’

Next assume that each of e, e’ connects a vertex of V5 with a vertex of V3. Letw, w’
denote the vertices of e and ¢’ that belong to V3, respectively. Let s}, s}, denote the

other end-vertices of e and ¢’, respectively. First assume that s’, # s’,,, and therefore
there exists a value of i such that the indices of the corresponding triples differ in
the i-th bit. Then, the landmark edge {d;, d{ } has distance at most 2 from one of e
and ¢’ and a larger distance from the other one. Thus, we can assume that s;. =3

/
a)

and since e # €/, we have w # w'. If w = d;, then the landmark edge {d;, d]}}
has distance 1 from e and a distance 2 from ¢’. Therefore, without loss of generality
w, w € AUBUC. Therefore, w and w’ belong to different sets(among A, B and C),
and two of the landmark edges {va, ua}, {vg, ug}, {vc, uc} separate e from e’.

Finally assume that each of e, ¢’ connects a vertex of V3 with a vertex of Vy.e, ¢’ ¢ L
and therefore each of these edges is incident to one of the vertices va, vg, vc, Up.
If they are incident to different vertices among these four vertices, then two of the
following landmark edges {va, ua}, {vg, ug}, {vc, uc}, {vp, up} separate e from ¢’.
Moreover, if either e or ¢’ is incident to one of the vertices d ; (for some j), then the
landmark edge {d;, d}} separates e from ¢’. Let w, w’ denote the vertices of e and ¢’
which belong to V3, respectively. Then, w, w’ € AU B U C and w # w'. Denote by
(a,b,c) and (da’, b’, ¢’) the triples in §” which contain w and w’, respectively. First,
assume that (a, b, ¢) = (a/, V', ¢’). Since w # w’, w and w’ belong to different sets
among A, B and C. Without loss of generality assume that w € A and w’ ¢ A. In
this case the edge {v4, u4} separates e from ¢’ (it has distance 1 from e and a larger
distancefrom ¢’). Otherwise, (a, b, c) # (a’,b’,c’), and let j denote the index of
(a, b, ¢). Then the distance between the landmark edge {s;, s}} to e is 1 and a larger
distance from e’ (since {s;, w} € E and {s;., w’} ¢ E). Therefore, L is a feasible edge
landmark set and |L| = K as we required.

To prove the other direction, assumethat G has an edge landmark set L of cardinality
at most K. We say that L has chosen a triple (a, b, ¢) € S whose index is j if (at least)
one of the edges {s;, s} ) {s}, al, {s}, b}, {s}, ¢} belongs to L. We say that an element
x € AU B U C is covered if either it belongs to a chosen triple, or (at least) one of
the edges connecting x to a vertex of V4 belongs to L, and otherwise x is uncovered.
We claim that each of A, B and C has at most one uncovered element. To see this fact
assume by contradiction that it does not hold. Without loss of generality, A has two
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uncovered elements x1, xo. We claim that there is no £ € L that separates the edge
e1 = {x1, va} from the edge ex = {x2, v4}. We consider the possible landmark edges
as follows.

If ¢ = {s, s’.}, then the triple corresponding to £ does not contain x; (fori = 1, 2),
and we conclude that the distance from £ to e; is 3 (it is not 2 because there is no edge
between s} and x;, thus it is 3 using the path through s}, a and vy4). Next assume that
£ connects a vertex of V, with a vertex of V3. Then, for i = 1, 2 the distance from ¢
to ¢; cannot be 1 because this would imply that £ connects a vertex of the form s; to
x;, and cannot be the case as x; is not covered. This distance can be 2 for both x; and
x7 if £ has an end-vertex a in A (using the path through a and v4) or 3 for both x| and
xp otherwise (as there is no edge between an end-vertex of £ and an end-vertex of e;,
there cannot be an edge between two vertices of V3, and there is a path of two edges
between any two vertices of V3 through vp). Next, assume that £ connects a vertex
of V3 with a vertex of V4. Note that ¢ is not incident with x; or x», since they are not
covered. Then, the distance from £ to each of e; and e is 1 if £ is incident with v4, 2,
(to both ¢ and ey) if £ is incident with vp, and 3 otherwise (it is not at most 2 because
there is no edge connecting the end-vertices of e¢; and the end-vertices of £, and there
is a path of length 3 through vp). Finally, if £ connects a vertex of V4 with a vertex of
Vs, then fori = 1, 2, the distance from £ to ¢; is 1 if £ = {va, ua},2if € = {vp, up},
and 4 otherwise. In all these cases £ does not separate e; from e,.

Therefore A has at most one uncovered element, and similarly B and C have at
most one uncovered element (each). Therefore, the collection of chosen triples costs
at most |L'| +3 < K + 3 when it is considered as a solution to C3DM.

Corollary 7.4 Given a line graph of a bipartite graph G and a value K, deciding
whether md(G) < K is NPC.

8 Conclusion

We studied the weighted version of the metric dimension optimization problem. We
found a number of graph classes where finding a landmark set of minimum cost can
be done in polynomial time, and a number of graph classes where the problem is NPC.
For each case studied here, the weighted problem and the unweighted problem belong
to the same complexity class. Two interesting graph classes for which the complexity
of the problem is open are interval graph and series-parallel graphs.
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