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—— Abstract

Tolerance graphs model interval relations in such a way that intervals can tolerate a certain
amount of overlap without being in conflict. In one of the most natural generalizations of tolerance
graphs with direct applications in the comparison of DNA sequences from different organisms,
namely multitolerance graphs, two tolerances are allowed for each interval — one from the left
and one from the right side. Several efficient algorithms for optimization problems that are NP-
hard in general graphs have been designed for tolerance and multitolerance graphs. In spite of
this progress, the complexity status of some fundamental algorithmic problems on tolerance and
multitolerance graphs, such as the dominating set problem, remained unresolved until now, three
decades after the introduction of tolerance graphs. In this article we introduce two new geometric
representations for tolerance and multitolerance graphs, given by points and line segments in
the plane. Apart from being important on their own, these new representations prove to be a
powerful tool for deriving both hardness results and polynomial time algorithms. Using them, we
surprisingly prove that the dominating set problem can be solved in polynomial time on tolerance
graphs and that it is APX-hard on multitolerance graphs, solving thus a longstanding open
problem. This problem is the first one that has been discovered with a different complexity status
in these two graph classes. Furthermore we present an algorithm that solves the independent
dominating set problem on multitolerance graphs in polynomial time, thus demonstrating the
potential of this new representation for further exploitation via sweep line algorithms.
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1 Introduction

A graph G = (V,E) on n vertices is a tolerance graph if there exists a collection
I ={I, | veV} of intervals on the real line and a set t = {t, | v € V'} of positive num-
bers (the tolerances), such that for any two vertices w,v € V, wv € F if and only if
|I, N I,| > min{t,,t,}, where |I| denotes the length of the interval I. The pair (I,t) is
called a tolerance representation of G. If G has a tolerance representation (I,t), such that
ty, < |I,| for every v € V, then G is called a bounded tolerance graph.

If we replace in the above definition “min” by “max”, we obtain the class of max-
tolerance graphs. Both tolerance and max-tolerance graphs have attracted many research
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efforts [2,4,7,9,10,12,14-17] as they find numerous applications, especially in bioinformatics,

among others [10,12,14]; for a more detailed account see the book on tolerance graphs [11].

One of their major applications is in the comparison of DNA sequences from different
organisms or individuals by making use of a software tool like BLAST [1]. However, at
some parts of the above genomic sequences in BLAST, we may want to be more tolerant
than at other parts, since for example some of them may be biologically less significant or
we have less confidence in the exact sequence due to sequencing errors in more error prone
genomic regions. This concept leads naturally to the notion of multitolerance graphs which
generalize tolerance graphs [11,15,19]. The main idea is to allow two different tolerances for
each interval, one to each of its sides. Then, every interval tolerates in its interior part the
intersection with other intervals by an amount that is a convex combination of these two
border-tolerances.

Formally, let I = [l,7] be an interval on the real line and I;,7; € I be two numbers
between [ and r, called tolerant points. For every X € [0, 1], we define the interval Ij, ,, (\) =
[+ (re — DA, I+ (r — ;) A], which is the convex combination of [I,l;] and [ry,r]. Furthermore,
we define the set Z(I,1;, 1) = {I1, r,(A) | A € [0, 1]} of intervals. That is, Z(I,1;, ) is the set
of all intervals that we obtain when we linearly transform [, [;] into [r¢, r]. For an interval I,
the set of tolerance-intervals 7 of I is defined either as 7 = Z(I,l;, ;) for some values
le,m¢ € I (the case of a bounded vertex), or as 7 = {R} (the case of an unbounded vertex).
A graph G = (V, E) is a multitolerance graph if there exists a collection I = {I, | v € V'}
of intervals and a family ¢ = {7, | v € V'} of sets of tolerance-intervals, such that: for any
two vertices u,v € V, wv € E if and only if @, C I, for some @, € 7, or Q, C I, for some
Q, € Ty. Then, the pair (I,t) is called a multitolerance representation of G. If G has a
multitolerance representation with only bounded vertices, i.e., with 7, # {R} for every vertex
v, then G is called a bounded multitolerance graph.

For several optimization problems that are NP-hard in general graphs, such as the coloring,
clique, and independent set problems, efficient algorithms are known for tolerance and
multitolerance graphs. However, only few of them have been derived using the (multi)tolerance
representation (e.g. [10,19]), while most of these algorithms appeared as a consequence of
the containment of tolerance and multitolerance graphs to weakly chordal (and thus also
to perfect) graphs [20]. To design efficient algorithms for (multi)tolerance graphs, it seems
to be essential to assume that a suitable representation of the graph is given along with
the input, as it has been recently proved that the recognition of tolerance graphs is NP-
complete [17]. Recently two new geometric intersection models in the 3-dimensional space
have been introduced for both tolerance graphs (the parallelepiped representation [16]) and
multitolerance graphs (the trapezoepiped representation [15]), which enabled the design of
very efficient algorithms for such problems, in most cases with (optimal) O(nlogn) running
time [15,16]. In spite of this, the complexity status of some algorithmic problems on tolerance
and multitolerance graphs still remains open, three decades after the introduction of tolerance
graphs in [8]. Arguably the two most famous and intriguing examples of such problems are the
minimum dominating set problem and the Hamilton cycle problem (see e.g. [20, page 314]).
Both these problems are known to be NP-complete on the greater class of weakly chordal
graphs [3, 18] but solvable in polynomial time in the smaller classes of bounded tolerance
and bounded multitolerance (i.e., trapezoid) graphs [6,13]. The reason that these problems
resisted solution attempts over the years seems to be that the existing representations for
(multi)tolerance graphs do not provide enough insight to deal with these problems.

In this article we introduce a new geometric representation for multitolerance graphs,
which we call the shadow representation, given by a set of line segments and points in the
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plane. In the case of tolerance graphs, this representation takes a very special form, in which
all line segments are horizontal, and therefore we call it the horizontal shadow representation.
Note that both the shadow and the horizontal shadow representations are not intersection
models for multitolerance graphs and for tolerance graphs, respectively, in the sense that two
line segments may not intersect in the representation although the corresponding vertices are
adjacent. However, the main advantage of these two new representations is that they provide
substantially new insight for tolerance and multitolerance graphs and they can be used to
interpret optimization problems (such as the dominating set problem and its variants) using
computational geometry terms.

Apart from being important on their own, these new representations enable us to establish
the complexity of the minimum dominating set problem on both tolerance and multitolerance
graphs, thus solving a longstanding open problem. Given a horizontal shadow representation
of a tolerance graph G, we present an algorithm that computes a minimum dominating set
in polynomial time. On the other hand, using the shadow representation, we prove that
the minimum dominating set problem is APX-hard on multitolerance graphs by providing a
reduction from a special case of the set cover problem. That is, there exists no Polynomial
Time Approximation Scheme (PTAS) for this problem unless P=NP. This is the first problem
that has been discovered with a different complexity status in these two graph classes.
Therefore, given the (seemingly) small difference between the definition of tolerance and
multitolerance graphs, this dichotomy result appears to be surprising. Furthermore we present
an easy algorithm that solves (using the shadow representation) the independent dominating
set problem on multitolerance graphs in polynomial time. This algorithm demonstrates the
potential of this new representation for further exploitation via sweep line algorithms. Due
to lack of space, full proofs are given in a clearly marked appendix.

Throughout the article we consider simple undirected graphs with no loops or multiple
edges. In an undirected graph G the edge between two vertices u and v is denoted by uv, and
in this case u and v are said to be adjacent in G. We denote by N(u) ={v €V : uwv € E}
the set of neighbors of a vertex w in G, and Nu] = N(u) U {u}. Given a graph G = (V, E)
and a subset S C V, G[S] denotes the induced subgraph of G on the vertices in S. A subset
S CV is a dominating set of G if every vertex v € V'\ S has at least one neighbor in S. A
subset S C V is an independent set of G if G[S] has no edges. Furthermore S C V is an
independent dominating set of G if S is both an independent set and a dominating set of
G. Note that any inclusion maximal independent set is also an independent dominating set.
The (independent) dominating set problem is the problem of computing an (independent)
dominating set of minimum size in a given graph G. Finally, given a set X C R? of points
in the plane, we denote by Heonvex(X) the convex hull defined by the points of X, and by
X = R?\ X the complement of X in R?. For simplicity of the presentation we make the
following notational convention throughout the paper: whenever we need to compute a set S
with the smallest cardinality among a family S of sets, we write S = min{S}.

2 Tolerance and Multitolerance Graphs

In this section we briefly revise the 3-dimensional intersection models for tolerance graphs [16]
and multitolerance graphs [15] and some useful properties of these models that are needed
for the remainder of the paper. Consider a multitolerance graph G = (V, E) that is given
along with a multitolerance representation R. Let Vp and Vi denote the set of bounded
and unbounded vertices of G in this representation, respectively. Consider now two parallel
lines Ly and Lo in the plane. For every vertex v € V' = Vg UV, we appropriately construct a
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Figure 1 The trapezoid T, corresponds to the bounded vertex u € Vg, while the line segment
T, corresponds to the unbounded vertex v € Vy.

trapezoid T, with its parallel lines on L; and Ly, respectively (for details of this construction
of the trapezoids we refer to [15]).
vertex v € Vi the trapezoid T, is trivial, i.e., a line [15]. For every vertex v € V = Vg U Vi
we denote by a,, by, ¢y, d,, the lower left, upper right, upper left, and lower right endpoints

According to this construction, for every unbounded

of the trapezoid T, respectively. Note that for every unbounded vertex v € Viy we have
a, = dy and ¢, = by, since T, is just a line segment. An example is depicted in Figure 1,
where T, corresponds to a bounded vertex u and T, corresponds to an unbounded vertex v.

We now define the left and right angles of these trapezoids. For every angle ¢, the values
tan ¢ and cot ¢ = %

an ¢
¢ = arccot z is the angle ¢, for which cot ¢ = .

denote the tangent and the cotangent of ¢, respectively. Furthermore,

» Definition 1 ([15]). For every vertex v € V' = Vg U Vyy, the values ¢, 1 = arccot (¢, — ay)
and ¢, 2 = arccot (b, — dy) are the left angle and the right angle of T, respectively. Moreover,
for every unbounded vertex v € Vi, ¢, = ¢y,1 = ¢y 2 is the angle of T,.

Note that without loss of generality we can assume that all endpoints and angles of
the trapezoids are distinct, i.e., {ay,by,cy,dy} N {ay, by, cv,dv} = 0 and {¢y1, Pu2} N
{¢v,1, Pv2} = 0 for every u,v € V with u # v, as well as that 0 < ¢,1, Pp2 < 5 for all angles
Gu.1, Gv2 [15]. It is important to note here that this set of trapezoids {T', : v € V =V UVy}
is not an intersection model for the graph G, as two trapezoids T, T, may have a non-
empty intersection although vw ¢ E. However the subset of trapezoids {T, : v € V} that
corresponds to the bounded vertices is an intersection model of the induced subgraph G[V3],
i.e., wv € E if and only if T, N T, # 0 where u,v € V3.

In order to construct an intersection model for the whole graph G (i.e., including also the
set Vi of the unbounded vertices), we exploit the third dimension as follows. Let A = max{b, :
v € V} —min{a, : u € V} (where we consider the endpoints b, and a, as real numbers on
the lines Ly and Lo, respectively). First, for every unbounded vertex v € Vi; we construct the
line segment T, = {(z,y, 2) : (z,y) € T,z = A — cot ¢, }. For every bounded vertex v € Vg,
denote by T, 1 and T, » the left and the right line segment of the trapezoid T, respect-
ively. We construct two line segments T, 1 = {(z,9,2) : (z,y) € Ty1,2 = A —cot ¢, 1} and
Tyo={(x,y,2): (x,y) € Ty2,2=A —cot ¢y} Then, for every v € Vg, we construct the
3-dimensional object T, as the convex hull H.opyex (TW Ty 1, Ty,2); this 3-dimensional object
T, is called the trapezoepiped of vertex v € V. The resulting set {T;, : v € V = Ve UV} of
objects in the 3-dimensional space is called the trapezoepiped representation of the multitoler-
ance graph G [15]. This is an intersection model of G, i.e., two vertices v, w are adjacent if
and only if T,, N T}, # (. For a proof of this fact and for more details about the trapezoepiped
representation of multitolerance graphs we refer to [15].

An example of this construction is given in Figure 2. A multitolerance graph G with six
vertices {v1,va,..., v} is depicted in Figure 2a, while the trapezoepiped representation of G
is illustrated in Figure 2b. The set of bounded and unbounded vertices in this representation
are Vg = {vs,v4,v6} and Viy = {v1,v9,v5}, respectively.
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Figure 2 (a) A multitolerance graph G and (b) a trapezoepiped representation R of G. Here,
hu;,j = A — cot ¢, ; for every bounded vertex v; € Vg and j € {1,2}, while h,; = A — cot ¢.,, for
every unbounded vertex v; € V.

» Definition 2 ([15]). An unbounded vertex v € Vi is inevitable if replacing T, by
HconveX(TmTv) creates a new edge wv in G; then wu is a hovering verter of v and the
set H(v) of all hovering vertices of v is the hovering set of v. A trapezoepiped representation
of a multitolerance graph G is called canonical if every unbounded vertex is inevitable.

In the example of Figure 2, v and vs are inevitable unbounded vertices, v; and vy are
hovering vertices of vy and vy, respectively, while v; is not an inevitable unbounded vertex.
Therefore, this representation is not canonical for the graph G. However, if we replace 1), by
Heonvex(Tvy s Gy, 5 Coy ), We get a canonical representation for G in which vertex v; is bounded.

Let G be a multitolerance graph and R be a trapezoepiped representation of G, where
Pu1 = Pu,2 for every bounded vertex u € Vg. Then, for every u € Vg, T,, becomes a paral-
lelepiped and it can be proved that G is a tolerance graph [15]. This particular 3-dimensional
intersection model for tolerance graphs is known as a parallelepiped representation [16].

3 The New Geometric Representations

In this section we introduce the shadow representation of multitolerance graphs, which is
given by a set of line segments and points in the plane. Given a trapezoepiped representation
of a multitolerance graph G with n vertices, we can compute a shadow representation of
G in O(n) time. Whenever G admits a parallelepiped representation (i.e., G is a tolerance
graph) all line segments in the shadow representation of G become horizontal, and in this
case we call it a horizontal shadow representation.

» Definition 3 (shadow representation). Let G = (V, E) be a multitolerance graph, R be
a trapezoepiped representation of G, and Vg, Vi be the sets of bounded and unbounded
vertices of G in R, respectively. We associate the vertices of G with the following points and
line segments in the plane:

for every v € Vp, the points p, 1 = (ay, A — cot ¢,.1) and p, 2 = (dy, A — cot ¢, 2) and

the line segment L, = (py,1,Dv.2),

for every v € Vi, the point p, = (ay,, A — cot ¢y).
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Figure 3 The shadow representation (P, L) of the multitolerance graph G of Figure 2. The
unbounded vertices Vi = {v1,v2,v5} are associated with the points P = {pu,, Pus, Dus }, While
the bounded vertices Vg = {vs,v4,v6} are associated with the line segments £ = {L,,, Lv,, Lus },
respectively.

The tuple (P, L), where L = {L, : v € Vg} and P = {p, : v € Vy}, is the shadow
representation of G. If ¢, 1 = ¢y 2 for every v € Vg, then (P, L) is the horizontal shadow
representation of the tolerance graph G. Furthermore, the representation (P, L) is canonical
if the initial trapezoepiped representation R is also canonical.

As an example we illustrate in Figure 3 the shadow representation (P, L) of the multitol-
erance graph G of Figure 2.

» Definition 4 (shadow). For an arbitrary point ¢ = (¢,,t,) € R? the shadow of t is the
region S; = {(z,y) e R? 1 x <t,, y — x < t, — t, }. Furthermore, for every line segment L,
where u € Vp, the shadow of L, is the region S, = ;.. Si-

» Definition 5 (reverse shadow). For an arbitrary point ¢ = (¢,,t,) € R? the reverse shadow
of ¢ is the region F; = {(z,y) e R* : z > t,, y — x > t, — t,,}. Furthermore, for every line
segment L;, where u € Vg, the reverse shadow of L; is the region F; = UteL,- F;.

» Lemma 6. Let G be a multitolerance graph and (P, L) be a shadow representation of G.
Let u € Vg be a bounded vertex of G such that the corresponding line segment L., is not
trivial, i.e., L, is not a single point. Then the angle of the line segment L, with a horizontal
line (i.e., parallel to the x-axis) is at most 5 and at least —7.

Recall now that two unbounded vertices u,v € Vi; are never adjacent. The connection
between a multitolerance graph G and a shadow representation of it is given in Lemmas 7
and 8. Furthermore Lemma 9 describes how the hovering vertices of an unbounded vertex
v € Vi (cf. Definition 2) can be seen in a shadow representation (P, £).

» Lemma 7. Let (P, L) be a shadow representation of a multitolerance graph G. Letu,v € Vp
be two bounded vertices of G. Then uv € E if and only if L, NSy, # 0 or L, NS, # 0.

» Lemma 8. Let (P, L) be a shadow representation of a multitolerance graph G. Let v € Vi
and u € Vg be two vertices of G. Then uv € E if and only if p, € S,

» Lemma 9. Let (P, L) be a shadow representation of a multitolerance graph G. Let v € Vi
be an unbounded vertex of G and u € V \ {v} be another arbitrary vertex. If u € Vg
(resp. u € Viy ), then u is a hovering vertex of v if and only if L, NS, # 0 (resp. p, € S, ).

In the example of Figure 3 the shadows of the points in P and of the line segments in £
are shown with dotted lines. For instance, p,, € Sy, and p,, ¢ S,,, and thus the unbounded
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vertex vy is adjacent to the bounded vertex vs but not to the bounded vertex v4. Furthermore
Ly, NS, # 0, and thus vs and vy are adjacent. On the other hand, L, NSy, = Ly, NSy, = 0,
and thus vs and vy are not adjacent. Finally p,, € S,, and L,, N S,, # @, and thus v; is a
hovering vertex of v and vy is a hovering vertex of vs. These facts can be also checked in
the trapezoepiped representation of the same multitolerance graph G in Figure 2b.

4 Dominating Set is APX-hard on Multitolerance Graphs

In this section we prove that the dominating set problem on multitolerance graphs is APX-
hard via an approximation-preserving reduction [21] from a special case of the set cover
problem, namely SPECIAL 3-SET COVER [5].

» Theorem 10. DOMINATING SET is APX-hard on multitolerance graphs.

5 Bounded Dominating Set on Tolerance Graphs

In this section we use the horizontal shadow representation of tolerance graphs (cf. Section 3)
to provide a polynomial time algorithm for a variation of the minimum dominating set
problem on tolerance graphs, namely BOUNDED DOMINATING SET, formally defined below.
This problem variation may be interesting on its own, but we use our algorithm for BOUNDED
DOMINATING SET as a subroutine in our algorithm for the minimum dominating set problem
on tolerance graphs, cf. Sections 6 and 7. Note that, given a horizontal shadow representation
(P, L) of a tolerance graph G = (V, E), the representation (P, L) defines a partition of the
vertex set V into the set Vp of bounded vertices and the set V; of unbounded vertices. We
denote P = {p1,p2, cee ,p|73‘} and L Z{Ll, LQ, sy Lm‘}, where |73| + ‘E‘ = |VU| + |VB| = |V|
With a slight abuse of notation, for any two elements =1,z € P U L, we may say in
the following that x; is adjacent with xo (or x; is a neighbor of xs) if the vertices that
correspond to ;7 and x, are adjacent in the graph G. Moreover, whenever P; C Py C P and
L1 C Ly C L, we may say that the set P1 UL, dominates P2 U Lo if the vertices corresponding
to Py U Ly dominate the subgraph of G induced by the vertices corresponding to Py U Ls.

BOUNDED DOMINATING SET on Tolerance Graphs

Input: A horizontal shadow representation (P, L) of a tolerance graph G.
Output: A set Z C £ of minimum size that dominates (P, L), or the announcement
that £ does not dominate (P, L).

5.1 Notation and Terminology

For an arbitrary point ¢ = (t,,t,) € R? we define two (infinite) lines passing through ¢:
the vertical line I'}*™ = {(¢,,s) € R? : s € R}, i.e., the line that is parallel to the y-axis,
the diagonal line T8 = {(s,s + (t, — t.)) € R? : s € R}, i.e., the line that is parallel to
the main diagonal {(s,s) € R? : s € R}.

For every point ¢ = (,,t,) € R?, each of the lines I'y'*, F?iag separates R? into two regions.
With respect to the line I'}*" we define the regions R, (V) = {(z,y) € R? : x < t,}
and RZ,, (T}"*) = {(z,y) € R* : & > t,} of the points to the left and to the right of Ty*'*,
respectively. With respect to the line I'{"*8, we define the regions R2, (I'F*8) = {(z,y) € R? :
y—x >ty — 1.} and Ry, (Td28) = {(z,y) € R? : y — & < t, — t,} of the points to the left
and to the right of I'{"8, respectively.
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Furthermore, for an arbitrary point ¢t = (t,,1,) € R? we define the region A; (resp. B;) that
contains all points that are both to the right (resp. to the left) of TY*"* and to the right (resp. to
the left) of I'{"*¢. That is, A, = RZ,, ([Y"*) R, (17%) and By = RE, (TYe*) R, (IF7°8).

Consider an arbitrary horizontal line segment L; € £. We denote by [; and r; its left
and its right endpoint, respectively; note that possibly I; = r;. Denote by A = {l;,r; :
1 < i < |L|} the set of all endpoints of all line segments of £. Furthermore denote by
B = {T{&NTyert ¢ ¢ € A} the set of all intersection points of the vertical and the diagonal
lines that pass from points of A. Note that A C B.

Given a horizontal shadow representation (P,L) we always assume that the points
P1,D2,---,pp| are ordered increasingly with respect to their x-coordinates. Similarly we
assume that the horizontal line segments L1, Lo, .. ., L) are ordered increasingly with respect
to the z-coordinates of their endpoint ;.

» Definition 11. Let 1 < 4,7’ < |£|. The pair (i,¢') is a right-crossing pair if r;y € S,,.
Furthermore the pair (i,4") is a left-crossing pair if I; € S;,. For every right-crossing
pair (i,7'), we define LIl = {x € PUL : & C By, where t = TY* N T8} and for every
left-crossing pair (i,i') we define £78" = {z e PUL : & C A, where t = ryen I‘Zi/ag}

0,4’
» Definition 12. Let S C P U L be an arbitrary set. Let (i,i’) be a right-crossing pair and
(4,7') be a left-crossing pair. If L;, L;; € S and S C E%‘ff,t, then (i,') is the end-pair of the

set S. If Lj,Ljy € Sand S C L;ij%lt, then (j,7") is the start-pair of the set S.

5.2 The Algorithm

In this section we present our algorithm for BOUNDED DOMINATING SET on tolerance
graphs, cf. Algorithm 1. Given a horizontal shadow representation (P, L) of a tolerance
graph G, we first add two dummy line segments Lo and L4+ (with endpoints o, 79 and
liz|+1,T|c|+1, respectively) such that all elements of P U £ are contained in A, and in Bl -
Let L= LU {Lo, Liz)+1}. Note that (P, L’) is a horizontal shadow representation of some
tolerance graph G’, where the bounded vertices V}; of G’ correspond to the line segments of
£’ and the unbounded vertices V{; of G’ correspond to the points of P. Furthermore note
that Vi = Vg U {vo,v|z41} and V; = Vir, where vy and v)z|41 are the (isolated) bounded
vertices of G’ that correspond to the line segments Lo and L|z|4q, respectively.

For simplicity of the presentation, we refer in the following to the augmented set £’
of horizontal line segments by L. In the remainder of this section we will write £ =
{L1,Lo,..., Lz} with the understanding that the first and the last line segments L; and
Lz of £ are dummy. Furthermore, we will refer to the augmented tolerance graph G’ by G.

For every pair of points (a, b) € A x B such that b € Rfight(ngag), define X (a,b) to be the

set of all points of P and all line segments of £ that are contained in the region B, \ I'}*'* and
to the right of the line I'48¢ ie., X(a,b) ={z € PUL:x C (B, \ T} N RZ ght (Ddiag)y,
» Definition 13. Let (a,b) € A x B be a pair of points such that b € RZ;,, (Pdiag) " Further-
more let (¢,7') be a right-crossing pair such that b € Ry (IY¢™). Then BDp r)(a,b,i,7') is
a dominating set Z C L of X (a,b) with the smallest size, in which (¢,4') is its end-pair. If
such a dominating set Z C L of X (a,b) does not exist, we define BD(p y(a,b,i,i') = L.

Note that always L; € BD¢p r)(a,b,,i"). However, since b € R%eft(l“‘r’f“) in Definition 13,
it follows that L, ¢ By, \ I'}**, and thus L; ¢ X (a,b). For simplicity of the presentation
we may refer to the set BD(p )(a,b,i,i") as BDg(a,b,i,1"), where (P, L) is the horizontal
shadow representation of the tolerance graph G, or just as BD(a,b,i,i') whenever the
horizontal shadow representation (P, L) is clear from the context.
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Algorithm 1 BOUNDED DOMINATING SET on Tolerance Graphs

Input: A horizontal shadow representation (P,L£), where P = {p1,p2,...,pp|} and
L={L1,Ls...,Lie}

Output: A set Z C £ of minimum size that dominates (P, L), or the announcement that £
does not dominate (P, L)

1: Add two dummy line segments Lo and L)1 completely to the left and to the right of
P U L, respectively
20 L LU{Lo,Ligj41}; denote £ = {Ly, La,..., Lz}, where now Ly, Lz are dummy

3 A {li,ri 1 <i <|L]}; B+ {TEnTyert ¢t e A}

4: for every pair of points (a,b) € A x B such that b € Rfight(ngag) do

5 X(a,b) «{z € PUL:x C (B \T}™) MR, (D3#e)}

6: for every i,i' € {1,2,...,|L|} do

7: if v, € S, then {(4,7') is a right-crossing pair}

8: if {L;} U{Ly} dominates all elements of X(a,b) then BDp r(a,b,i,i')
{L;}U{L;} {initialization}

9: L« {Ly, C By : t = )™ NTyiae}

10: if Eﬂﬁfif,t does not dominate all elements of X (a,b) then BD(p ry(a,b,i,i') « L
{initialization }

11: else BDp r)(a,b,i,i') < LN Eief,t {initialization}

12: for every pair of points (a,b) € A x B such that b € Rfight(ngag) do

13:  for every i,i' € {1,2,...,|£|} do

14: if 7, € S, then {(4,7') is a right-crossing pair}

15: Compute Z1 = {L;} Umin.; jy{BD r)(a,c,j,j')} by Lemma 14

16: if |71 < \BD(py,;)(a, b,i,4')| then BD(p’c)(CL bi,i') + 74

17: Compute Zy = min{ BDp r)(a,c,i,i") U BDp ry(c,b,i,i')} by Lemma 15

18: if |Zs| < ‘BD(fp’l;)(a, b,i,4")| then BD(p,[;)(a, b,i,i') « Za

19: if BD¢p r)(l1,72,|L],|£]) = L then return L does not dominate (P, L)
20 elsereturn BDp r)(l1, 7z, |L],|L]) \ {L1, Lz}

» Lemma 14. Let (a,b) € A x B and let (i,i') be a right-crossing pair such that
BD(a,b,i,i') # L. If BD(a,b,i,i')\L; dominates all elements of {x € X (a,b) : zN(S;UF;) #
0} then BD(a,b,i,7") = {L;} Umin, ; j{BD(a,c,Jj,j')}, where the minimum is taken over
all ¢, 7,5 such that:

c=Tp N L9 if r; € R, (T3e™), and ¢ = b otherwise,

(4,4") is a right-crossing pair of Efezf,t \{L;}, where j’ =i’ whenever i # i, and

{L;} U{L;} dominates all elements of the set X(a,b) \ X(a,c).

» Lemma 15. Let (a,b) € A x B and let (i,i’) be a right-crossing pair such that
BD(a,b,i,i') # L. If BD(a,b,i,i") \ L; does not dominate all elements of {x € X(a,b) :
x N (S; UF;) # 0} then BD(a,b,i,i") = min.{BD(a,c,i,i') U BD(c,b,i,i')} where the
minimum is taken over all ¢ such that:

¢ € BOARZ,(T) MR, (T49) 0 (By \ T}") and

PNX(a,b)NFE.NF; =0.

» Theorem 16. Given a horizontal shadow representation (P, L) of a tolerance graph G,
Algorithm 1 computes BOUNDED DOMINATING SET in polynomial time.
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Algorithm 2 RESTRICTED BOUNDED DOMINATING SET on Tolerance Graphs

Input: A 6-tuple Z = (P, L, j,5',4,i), where (P, L) is a horizontal shadow representation of
a tolerance graph G, (j, ;') is a left-crossing pair of (P, L), and (4,4’) is a right-crossing
pair of (P, L).

Output: A set Z C L of minimum size that dominates (P, L), where (j,j’) is the start-
pair and (i,4") is the end-pair of Z, or the announcement that £ N E;lf,ht N Eielff does not
dominate (P, L).

1: if (P, L) contains a bad point p € P or a bad line segment Ly € £ (cf. Definition 17)
then

2:  return LN E;-i?%’t N LI does not dominate (P, £)

3: Compute the set Z; C L of all irrelevant line segments (cf. Definition 17)
4 L= L\ Zy; 1= Dyt nTies

-~

5. Compute the representation (P, L) by adding the elements {z 1,22 : k € {j,5'}} to
(P,L) (cf. Lemma 18)

6: return BD($72)(l$j,17r7i,7:l) {by calling Algorithm 1}

6 Restricted Bounded Dominating Set on Tolerance Graphs

In this section we use Algorithm 1 of Section 5 to provide a polynomial time algorithm
(cf. Algorithm 2) for a slightly modified version of BOUNDED DOMINATING SET on tolerance
graphs, which we call RESTRICTED BOUNDED DOMINATING SET, formally defined below.

RESTRICTED BOUNDED DOMINATING SET on Tolerance Graphs

Input: A 6-tuple Z = (P, L, j,5',4,4'), where (P, L) is a horizontal shadow representation
of a tolerance graph G, (j,7') is a left-crossing pair of G, and (4,4') is a right-crossing
pair of G.

Output: A set Z C L of minimum size that dominates (P, L), where (j,;') is the
start-pair and (4,4') is the end-pair of Z, or the announcement that £ N E;f??t Eicf,t does
not dominate (P, L).

» Definition 17. Let 7 = (P, L, j,j',i,i') be an instance of RESTRICTED BOUNDED DOM-

INATING SET on tolerance graphs. Let [ =T} N I8 and r = [yt N T822. A point p € P
F J @ Q

is a bad point if p € By or p € Rfight (Tyert). A line segment Ly € L is a bad line segment

if Ly € By or Ly C A,.. Furthermore a line segment L; € L is an irrelevant line segment if

either L; C B;N A, and L; ¢ £;§f‘t N L or L, has an endpoint in B; U A, and another

3,37
point in B/ NA,.

The next lemma will enable us to reduce RESTRICTED BOUNDED DOMINATING SET to
BOUNDED DOMINATING SET on tolerance graphs.

» Lemma 18. Let Z = (P,L,4,j',i,i") be an instance of RESTRICTED BOUNDED DOMIN-
ATING SET on tolerance graphs, which has no bad points p € P and no bad or irrelevant line
segments L € L. Then for every k € {j,j'} we can add two new elements xj 1,k 2 to the
set P UL such that Ly, is the only neighbor of xi1 and x2, k € {Jj,j'}.

» Definition 19. Let (j,j') be a left-crossing pair and (4,4’) be a right-crossing pair in
the horizontal shadow representation (P, L). Then RD(p (4,5, 4,i") is a dominating set
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ZCLnN E;‘%}lt NLES of (P, L) with the smallest size, in which (j,5') and (i,i) are the
start-pair and the end-pair, respectively. If such a dominating set Z does not exist, we define
RD(P,.C) (j?j/7 7;’ Z/) = 1.

For simplicity of the presentation we may refer to the set RDp ry(j,7,,1') as
RD¢(4,5,4,1"), where (P, L) is the horizontal shadow representation of the tolerance graph G.

» Theorem 20. Given a 6-tuple T = (P,L,3j,j',i,i), where (P, L) is a horizontal shadow
representation of a tolerance graph G, (j,j') is a left-crossing pair and (i,i') is a right-
crossing pair of (P, L), Algorithm 2 computes RESTRICTED BOUNDED DOMINATING SET in
polynomial time.

7 Dominating Set on Tolerance Graphs

In this section we present our main algorithm of the paper (cf. Algorithm 3) which com-
putes in polynomial time a minimum dominating set of a tolerance graph G, given by a
horizontal shadow representation (P, £). Algorithm 3 uses Algorithms 1 and 2 as subroutines
(cf. Sections 5 and 6). Throughout this section we assume without loss of generality that the
given tolerance graph G is connected and that G is given with a canonical horizontal shadow
representation (P, L).

For every p € P we denote by N(p) = {Ly € L :p € Si} and H(p) = {x € PUL :
z NS, # 0}. Note that, due to Lemmas 8 and 9, N(p) is the set of neighbors of p and
H(p) is the set of hovering vertices of p. Furthermore, for every L € £ we denote by
N(Lg)={peP:pe St U{Ly€ L.:LiNSk #0or Ly NS, # 0}. Note that, due to
Lemmas 7 and 8, N(Ly) is the set of neighbors of Ly.

Define now the subset P* = {p € P : there exists no point p’ € P such that p € H(p')}.
Note by the definition of the set P* that for every pi,ps € P* we have p1 ¢ Sp, U F),.

Given a canonical horizontal shadow representation (P, L), where P = {p1, p2,...,pp|}
and £ = {Ly, La,..., Lz}, we add two dummy line segments Lo and Lz, (with endpoints
lo,70 and Ijz|41, 7|41, respectively) such that all elements of P U L are contained in A,
and in By, ,,. Denote L' = LU {Lo, Ljz|41}. Furthermore we add one dummy point pjp 41
such that all elements of P U L' are contained in By, ,,. Denote P’ = P U {pp|41}. For
simplicity of the presentation, we refer in the following to the augmented sets P’ and L’ of
points and horizontal line segments by P and L, respectively. In the remainder of this section
we will write P = {p1,p2,...,pjp|} and L = {L1, Lo, ..., Lz} with the understanding that
the last point p;p| of P, as well as the first and the last line segments L; and Lz of L, are
dummy. Note that the last point pjp| (i.e., the new dummy point) belongs to the set P*.

For every p;,p; € P* with i < j, we define G; = {x € PUL : 2 C By, \I‘;?rt} and
G(i,j) ={x € G; : « C Ap,}. Note that p; ¢ G; and p; ¢ G(3, 7).
» Definition 21. Let p; € P* and (i,4') be a right-crossing pair in G;. Then D(j,4,7') is a
minimum dominating set of G; whose end-pair is (¢,4'). If there exists no dominating set Z

of G; whose end-pair is (¢,"), we define D(j,4,7') = L.

» Lemma 22. Let G be a tolerance graph, (P, L) be a canonical representation of G, p; € P*,
and a right-crossing pair (i,i") of G; such that D(j,i,1") # L. Then

D(q,2z,2)U{pr € P*: ¢ <k < ¢} URDg(y j)(w,w',i,i’)
BDg, (11, b,i, "), where b= T2ert ( Tdiog

D(j,i,i') = min {

q' 2,2 w,w’

where the minimum is taken over all ¢, z, 2", w,w’ such that:
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Algorithm 3 DOMINATING SET on Tolerance Graphs

Input: A canonical horizontal shadow representation (P, £), where P = {p1,p2,...,ppp|}
and L = {Ll,Lg,. .. aL\L\}-
Output: A set D C LU P of minimum size that dominates (P, L).

1: Add two dummy line segments Lo and L4 completely to the left and to the right of
P U L, respectively
2: Add a dummy point pjp 11 completely to the right of Ljz44
3: P+~ PU {p‘p|+1}; L+ LU {LO,L|E|+1}
: Denote P = {p1,p2, cee ,p|7)‘} and £ = {Ll,L27 ce ,Lw‘}, where now PP Ll, and Lm‘
are dummy

~

5. P* + {p € P : there exists no point p’ € P such that p € H(p')}

6: for every pair of points (a,b) € A x B such that b € Rfight(rgiag) do

7. X(a,b)«—{zePUL:x C (B, \I}"")N Rfight(ngag)}

8: for every p; € P* do

9: G+ {rePUL:xC B, \I'}"

10:  for every ¢,i' € {1,2,...,|L|} do

11: if L;,Ly € G and r € S,, then {(i,7) is a right-crossing pair of G}
12: if X(ry,p;) is not dominated by L; and L, then D(j,i,') < L

13: if there exists a point p € PN G, such that p € Rfight (Iyert) then D(j,i,4") <= L
14: if D(j,4,7") # L then

15: Compute D(j,4,4") by Lemma 22 {by calling Algorithms 1 and 2}

16: return D(|P|,|L], |L]) \ {L1, Lc}

1<q¢ <y,

i,i" & N(pg) U H(pg),

(w,w") is a left-crossing pair of G(q', j) such that RD¢y jy(w,w’,4,i") # L,

(z,2') is a right-crossing pair of G,

g=min{l <k <q :py €P*, p € Ay, where w =T NTH9,

D(q,z,2") # L,

(H(pqg) UH(pg)) \ (Uqgkgq/ N(pk)> are dominated by the line segments L., L./, Ly, Ly,
G(q,q") is dominated by {pr € P*: ¢ < k < ¢'}.

» Theorem 23. Given a canonical horizontal shadow representation (P, L) of a connected
tolerance graph G, Algorithm 3 computes in polynomial time a minimum dominating set of G.

8 Independent Dominating Set on Multitolerance Graphs

In this section we provide a polynomial time sweep-line algorithm which, given a shadow
representation (P, L) of a multitolerance graph G, computes in polynomial time a minimum
independent dominating set of G.

» Theorem 24. Given a shadow representation (P, L) of a multitolerance graph G, we can
compute a minimum independent dominating set in polynomial time.
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