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A New Intersection Model for Multitolerance Graphs,
Hierarchy, and Efficient Algorithms

George B. Mertzios*

Abstract. Tolerance graphs model interval relations in such a way that intervals can tolerate a
certain degree of overlap without being in conflict. This class of graphs has attracted many research
efforts, mainly due to its interesting structure and its numerous applications, while a number of
variations of this model has appeared. In particular, one of the most natural generalizations of
tolerance graphs, namely multitolerance graphs, has been introduced in 1998 [25], where two
tolerances are allowed for each interval. These two tolerances — one from the left and one from the
right side of the interval — define an infinite number of the so called tolerance-intervals, which make
the multitolerance model inconvenient to cope with. The main subclass of multitolerance graphs,
namely bounded multitolerance graphs, coincide with the widely known class of trapezoid graphs
that has been extensively studied. In this article we introduce the first non-trivial intersection
model for general multitolerance graphs, given by objects in the three-dimensional space called
trapezoepipeds, which unifies in a simple and intuitive way the trapezoid representation for bounded
multitolerance graphs and the recently introduced parallelepiped representation for tolerance
graphs [22]. Apart from being important on its own, this new intersection model proves to be a
powerful tool for designing efficient algorithms. Given a multitolerance graph with n vertices and
m edges, we present three new algorithms that compute a minimum coloring and a maximum
clique in optimal O(nlogn) time, and a maximum weight independent set in O(m + nlogn) time
— this algorithm also improves the best known running time of O(n?) for the same problem on
tolerance graphs [22]. Moreover, we prove several structural results on the class of multitolerance
graphs, complementing thus the hierarchy of perfect graphs given in [11]. The resulting hierarchy
of classes of perfect graphs is complete, i.e. all inclusions are strict.

Keywords: Multitolerance graphs, tolerance graphs, intersection model, minimum coloring, max-
imum clique, maximum weight independent set.

1 Introduction

A graph G = (V, E) on n vertices is a tolerance graph if there exists a collection I = {I,, | v € V'}
of closed intervals on the real line and a set ¢t = {¢, | v € V'} of positive numbers, such that for
any two vertices u,v € V, uv € E 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 t, < |I,| for every v € V, then G is called a bounded
tolerance graph and (I,t) a bounded tolerance representation of G.

Tolerance graphs have been introduced in [8], in order to generalize some of the well known
applications of interval graphs. The main motivation was in the context of resource allocation
and scheduling problems, in which resources, such as rooms and vehicles, that normally would be
used exclusively by one user, can tolerate sharing among users [11]. These graphs find numerous
applications in constrained-based temporal reasoning, data transmission through networks to
efficiently scheduling aircraft and crews, as well as contributing to genetic analysis and studies
of the brain [10, 11]. Since their introduction, tolerance graphs have attracted many research
efforts [1,4,5,9-11,14,17,22-24] as they generalize in a natural way both interval and permu-
tation graphs [8]. Moreover, quite a number of variations of the model of tolerance graphs has
appeared, such as maz-tolerance, sum-tolerance etc. For a detailed survey we refer to the book
of tolerance graphs [11].
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In particular, a natural generalization of tolerance graphs, namely multitolerance graphs, has
been introduced in 1998 [25]. The main idea is to allow two different tolerances to each interval,
one to the left and one to the right side. That is, in the context of scheduling and resource
allocation, a user can tolerate differently the sharing of a resource from the left and from the
right side. It has been proved that the difference between the pathwidth and the treewidth of
a multitolerance graph is at most one [25]. Furthermore, the minimum fill-in problem can be
solved in polynomial time, when a multitolerance representation is given [25].

Formally, let I = [I,r] be a closed interval on the real line and l;, 7 € I be two numbers
between [ and r, called tolerant points. For every A € [0,1], we define the interval I;, ., (\) =
[+ (re — DA, Iy + (r — l;)A]. Furthermore, we define the set Z(I,l;,r¢) = {1}, ,,(A) | A € [0,1]}
of intervals. That is, Z(I,l;, ) is the set of all intervals that we obtain when we linearly trans-
form [I,1;] into [r¢,r]. For an interval I, the set of tolerance-intervals T of I is defined either as
T =1I(I,l;,r) for some values l;, 7, € I of tolerant points, or as 7 = {R}. A graph G = (V, E)
is a multitolerance graph if there exists a collection I = {I, | v € V'} of closed intervals on the
real line 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 there exists an element @, € 7, (resp. Q, € 7,) with
Qu C I, (resp. Q, C I,). Then, the pair (I,t) is called a multitolerance representation of G. If
G has a multitolerance representation (I,t), in which 7 # {R} for every v € V, then G is called
a bounded multitolerance graph and (I,t) a bounded multitolerance representation of G.

A graph is perfect if the chromatic number of every induced subgraph equals the clique
number of this subgraph. Perfect graphs include many important families of graphs, and serve to
unify results relating colorings and cliques in those families. For instance, the minimum coloring,
maximum clique, and maximum independent set problems can all be solved in polynomial time
on perfect graphs using the Ellipsoid method [13]. Since multitolerance graphs are perfect [25],
these problems can be solved in polynomial time on multitolerance graphs as well. However,
these algorithms are not very efficient; thus, as it happens for most known subclasses of perfect
graphs, it makes sense to design specific fast algorithms for these problems on multitolerance
graphs.

A graph G = (V, E) with n vertices is the intersection graph of a family F' = {S1,...,S,}
of distinct nonempty subsets of a set S if there exists a bijection u : V — F such that for
any two distinct vertices u,v € V, uv € E if and only if p(u) N u(v) # 0. Then, F is called
an intersection model of G. Note that every graph has a trivial intersection model based on
adjacency relations [20]. Note that a multitolerance representation is not an intersection model,
since two intervals may intersect without the corresponding vertices being necessarily adjacent.
Some intersection models provide a natural and intuitive understanding of the structure of a
class of graphs, and turn out to be very helpful to obtain structural results, as well as to find
efficient algorithms to solve optimization problems [20]. Therefore, it is of great importance to
establish non-trivial intersection models for families of graphs. In particular, many important
graph classes can be described as intersection graphs of set families that are derived from some
kind of geometric configuration. For instance, a permutation (resp. parallelogram and trapezoid)
graph is the intersection graph of line segments (resp. parallelograms and trapezoids) between
two parallel lines Ly and Lg [7]. Such a representation with line segments (resp. parallelograms
and trapezoids) is called a permutation (resp. parallelogram and trapezoid) representation of
this graph.

A comparability graph is a graph which can be transitively oriented. A cocomparability graph
is a graph whose complement is a comparability graph. Permutation graphs are a strict subset
of parallelogram graphs [3]. Furthermore, parallelogram graphs are a strict subset of trapezoid
graphs [26], and both are subsets of cocomparability graphs [7,11]. On the other hand, not
every tolerance graph is a cocomparability graph [7,11]. Bounded tolerance graphs coincide



with parallelogram graphs [1,18]. Recently, a natural intersection model for general tolerance
graphs has been presented in [22], given by parallelepipeds in the three-dimensional space.
This parallelepiped representation generalizes the widely known parallelogram representation
of bounded tolerance graphs, and has been used to improve the time complexity of three NP-
hard problems on tolerance graphs [22].

Bounded multitolerance graphs (also known as bounded bitolerance graphs [2,11,16]) coincide
with trapezoid graphs [25]. Thus, in particular, multitolerance graphs generalize also trapezoid
graphs except tolerance graphs. Trapezoid graphs (or bounded bitolerance graphs) have received
considerable attention in the literature, see e.g. [2,6,11,16,21]. However, the intersection model
of trapezoids between two parallel lines can not cope with general multitolerance graphs, in
which the set 7, of tolerance-intervals for a vertex v can be 7, = {R}. Therefore, the only way
until now to deal with general multitolerance graphs was to use the inconvenient multitolerance
representation, which uses an infinite number of tolerance-intervals. This is the main reason
why only few algorithmic results concerning general multitolerance graphs are known [25].

Our contribution In this article we introduce the first non-trivial intersection model for general
multitolerance graphs, given by objects in the three-dimensional space, called trapezoepipeds.
This trapezoepiped representation unifies in a simple and intuitive way the widely known trape-
zoid representation for bounded multitolerance graphs and the parallelepiped representation for
tolerance graphs [22]. The main idea is to exploit the third dimension to capture the information
of the vertices with 7, = {R} as the set of tolerance-intervals. This intersection model can be
constructed efficiently (in linear time), given a multitolerance representation.

Apart of being important on its own, the trapezoepiped representation can be also used to
design efficient algorithms. Given a multitolerance graph with n vertices and m edges, we present
three algorithms that compute a minimum coloring and a maximum clique in O(nlogn) time
(which is optimal), and a maximum weighted independent set in O(m + nlogn) time (where
2(nlogn) is a lower bound for the complexity of this problem). Note here that, although the
parallelepiped representation of tolerance graphs is similar to the trapezoepiped representation
of multitolerance graphs, the coloring and clique algorithms presented in [22] do not extend
to the case of multitolerance graphs, and thus the here presented algorithms are new. On
the contrary, the algorithm presented in [22] for the maximum weight independent set with
complexity O(n?) on tolerance graphs can be extended with the same time complexity to the
case of multitolerance graphs; nevertheless we present here a new algorithm for multitolerance
graphs that achieves a better running time O(m + nlogn), which also improves the best known
running time of O(n?) on tolerance graphs [22]. To the best of our knowledge, no algorithm for
these problems on multitolerance graphs has appeared until now, and thus the previously best
known running times for these problems were those on perfect graphs [13].

Moreover, we prove several structural results on the class of multitolerance graphs, using
our new intersection model and some known results from the hierarchy of perfect graphs given
in [11]. In particular, we prove that multitolerance graphs strictly include tolerance and trapezoid
graphs, as well as that they are strictly included in weakly chordal and in co-perfectly orderable
graphs. Furthermore, we prove that multitolerance graphs are incomparable with alternately
orientable and cocomparability graphs, i.e. none of these classes includes the other one. These
results complement the hierarchy of perfect graphs given in [11], by placing multitolerance
graphs in it. The resulting hierarchy of classes of perfect graphs is complete, i.e. all inclusions
are strict.

Notation In this article we follow standard notation and terminology, see for instance [11]. We
consider finite, simple, and undirected graphs. Given a graph G = (V, E), we denote by n the
cardinality of V. An edge between vertices u and v is denoted by uwv, and in this case vertices u



and v are said to be adjacent. G denotes the complement of G, i.e. G = (V, E), where uv € E if
and only if uv ¢ E. Given a subset of vertices S C V, the graph G[S] denotes the graph induced
by the vertices in S, i.e. G[S] = (S, F'), where for any two vertices u,v € S, uv € F' if and only if
uv € E. A subset S C V' is an independent set in G if the graph G[S] has no edges. For a subset
K C V, the induced subgraph G[K] is a clique if each two of its vertices are adjacent. The
maximum cardinality of a clique in G is denoted by w(G) and is termed the cligue number of
G. A proper coloring of G is an assignment of different colors to adjacent vertices, which results
in a partition of V into independent sets. The minimum number of colors for which there exists
a proper coloring is denoted by x(G) and is termed the chromatic number of G. A partition of
V into x(G) independent sets is a minimum coloring of G.

A graph G is called alternately orientable if there exists an orientation F' of G which is
transitive on every chordless cycle of length at least 4, i.e. the directions of the oriented edges
must alternate. A graph G is called weakly chordal (or weakly triangulated) if G has no induced
subgraph isomorphic to the chordless cycle C,, with n vertices, or to its complement C,,, for
any n > 5. A vertex order < of a graph G is called perfect if and only if G contains no induced
path abed with a < b and d < c. A graph G is called co-perfectly orderable if its complement G
admits a perfect order. For more definitions we refer to [11].

Organization of the paper We present the new intersection model for multitolerance graphs in
Section 2. In Section 3 we present a canonical representation of multitolerance graphs and an
algorithm that computes it in O(nlogn) time. Then, using this algorithm, we present in Sec-
tion 4 optimal O(nlogn) coloring and clique algorithms for multitolerance graphs. In Section 5
we present an O(m + nlogn) algorithm that computes a maximum weight independent set. In
Section 6 we classify multitolerance graphs in the hierarchy of perfect graphs of [11]. Finally,
we discuss the presented results and further research in Section 7.

2 An intersection model for multitolerance graphs

In this section we present a three-dimensional intersection model for general multitolerance
graphs, which unifies the intersection model of trapezoids in the plane for bounded multitoler-
ance graphs [11] and that of parallelepipeds in the 3-dimensional space for tolerance graphs [22].
Given a multitolerance graph G = (V, E) along with a multitolerance representation (I,¢) of G,
recall that vertex v € V' corresponds to an interval I, = [l,, r,] on the real line and a set 7, of
tolerance-intervals, where either 7, = Z(I,,ls,,7,) for some values Iy, , 1y, € I, of tolerant points,
or 7, = {R}.

Definition 1. Given a multitolerance representation of a multitolerance graph G = (V, E),
vertez v € V is bounded if 1, = Z(ly,l,,14,) for some wvalues ly,, 1y, € I,. Otherwise, v is
unbounded. Vi and Vi are the sets of bounded and unbounded wvertices in V, respectively.
Clearly V. =Vp U V.

Definition 2. For a vertex v € Vg (resp. v € V7 ) in a multitolerance representation of G, the
values ty1 =1ly, — 1, andty2 =1 —1, (resp. t,1 = t, 2 =00) are the left tolerance and the right
tolerance of v, respectively. Moreover, if v € Vi, then t, = co is the tolerance of v.

It can be now easily seen by Definition 2 that if we set ¢, 1 = t, 2 for every vertex v € V,
then we obtain a tolerance representation, in which ¢,; = t,2 is the (unique) tolerance of v.
We may assume w.l.o.g. that no two bounded vertices share an endpoint or tolerant point,
te. {luymu,ley, e, } N {ly, 0, le,, e, } for all u,v € Vp with u # v [25]. Furthermore, by possibly
performing a small shift of the endpoints and the tolerant points, we may assume w.l.o.g. that
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Fig. 1. Trapezoids T, and T, correspond to bounded vertices u and v, respectively, while T, corresponds to an
unbounded vertex w.

ty,1,tv2 > 0 for every v € V' and that the left and right tolerances for every bounded vertex
are distinct, i.e. {ty.1,tu 2} {tv1,tp2} =0 for all u,v € Vi with u # v. Similarly, if ¢, 1 # ||
(resp. ty2 # |I|) for a bounded vertex v € Vg, we may assume w.l.o.g. that also t,2 # |I,|
(resp. ty1 # |Iy]). That is, for every v € Vp, either t, 1 =ty 2 = |I,|, or t,1 < || and t, 2 < |I,].
For more details in the cases of tolerance and bounded multitolerance graphs we refer to [11,16].

Let now L and Lo be two parallel lines at unit distance in the Euclidean plane. In the
following we define for every vertex v € V a trapezoid T, in the plane between the lines L,
and Lo. The values tan ¢ and cot ¢ = % denote the tangent and the cotangent of a slope ¢,

an ¢
respectively. Furthermore, ¢ = arccot x is the slope ¢, for which cot ¢ = x.

Definition 3. Given an interval I, = [l,,1m] and tolerances t,1,ty2, T is the trapezoid
in R? defined by the points cy,b, on L1 and ay,d, on Lo, where a, = l,, by = 1y,
¢y = min{ry,l, +ty1}, and d, = max{l,,r, —ty2}. The values ¢,1 = arccot (¢, — ay,) and
¢u2 = arccot (b, — dy) are the left slope and the right slope of T,. Moreover, for every un-
bounded vertex v € Vi7, ¢y = ¢pp,1 = ¢y 2 1 the slope of T,.

An example is depicted in Figure 1, where T, and T, correspond to bounded vertices u and v,
and T, corresponds to an unbounded vertex w. For each of these trapezoids, the corresponding
interval (together with the associated tolerant points, if the vertex is bounded) is drawn above
the trapezoid for better visibility. The left (resp. right) tolerant points are depicted by a square
(resp. cycle). Observe that when a vertex v is bounded, the values ¢, and d, coincide with the
tolerant points Iz, and 7;,, respectively, while ¢, 1 = arccott, 1 and ¢, 2 = arccott, . On the
other hand, when a vertex v is unbounded, the values ¢, and d, coincide with the endpoints
b, and a, of I, respectively, while ¢,1 = ¢, 2 = arccot|,|. Observe also that in both cases
where t, 1 = by o= |I,| and t, 1 = t, 2= 00, the trapezoid T, is reduced to a line segment (cf. T,
and T\, in Figure 1). Furthermore, similarly to the above, we can assume w.l.o.g. that all
endpoints and slopes of the trapezoids are distinct, i.e. {ay, by, cy, dy }N{ay, by, ¢y, dy} = 0 and
{bu,1, Pu2tN {1, Pp2} =0 for every u,v € V with u # v. Since |I,| > 0 and ¢, 1,t,2 > 0 for
every vertex v, it follows that 0 < ¢, 1 < § and 0 < ¢, 2 < 5 for all slopes ¢y, 1, Py 2.

Definition 4. Let v € Vg be a bounded vertex in a multitolerance representation and
Qus b, Cu, dy be the endpoints of the trapezoid T,,. Let x € [ay,dy] and y € [cy,by] be two points
on the lines Ly and Ly, respectively, such that x = Aay, + (1 — N)dy, and y = ey, + (1 — N)by, for
the same value X € [0,1]. Then ¢, (x) is the slope of the line segment with endpoints x and y on
the lines Ly and L1, respectively.

In the example of Figure 1, two points x € [ay, d,] and y € [¢y, by,] are depicted on the lines
Ly and Ly, respectively, such that x = Aa, + (1 — \)d,, and y = Ay, + (1 — A\)b,, for the same
value A € [0,1]. Then, the interval [z,y] on the real line, with values x and y as endpoints,



coincides with the tolerance-interval I, ,, (1—X) = [ly+ (re, — 1) (1= A), lg, 4 (10 — 15, ) (1 = N)]
of Z(Iy,ly,,r,) (cf. the definition of a multitolerance representation). Furthermore, for the
slope ¢, (x), as defined in Definition 4 (cf. Figure 1), it follows that cot ¢,(z) = y —x =
My — ay) + (1 = X)(by, — dy,). Therefore, since cot ¢,1 = ¢, — a,, and cot ¢, 2 = b, — d, the
next observation follows.

Observation 1 Let x = Aay, + (1 —N)dy for a bounded vertex u € Vg and some value X € [0, 1].
Then, cot ¢y (x) = Acot ¢y 1+ (1 — A) cot ¢y 2.

Note that, in Definition 3, the endpoints a,, by, ¢y, d, of any trapezoid T, (on the lines Ly
and Lo) lie on the plane z = 0 in R3. Therefore, since we assumed that the distance between
the lines L1 and Ly is one, these endpoints of T, correspond to the points (ay,0,0), (b, 1,0),
(¢y,1,0), and (d,,0,0) in R3, respectively. For the sake of presentation, we may not distinguish
in the following between these points in R3 and the corresponding real values a,,by, Cy, ds,
whenever this slight abuse of notation does not cause any confusion.

For a set X of points in R3, denote by Heonvex (X ) the convez hull defined by the points of X.
That is, Ty, = Heonvex(u, by, ¢y, dy) for every vertex v € V by Definition 3, where ay, by, ¢y, dy
are points of the plane z = 0 in R3. We are now ready to give the main definition of this article.

Definition 5. Let G = (V, E) be a multitolerance graph with a multitolerance representation
{I, = [ay,by], 7y | v €V} and A = max{b, | v € V} —min{a, | v € V'} be the greatest distance
between two interval endpoints. For every vertex v € V, the trapezoepiped T, of v is the convex
set of points in R3 defined as follows:

(a) if ty1,te2 < |Ly| (that is, v is bounded), then Ty = Heoppez(Tw, aly, by, ¢l dl),

vy Py Yoy Fvry Yo

(b) if ty, =ty 1 =ty2 =00 (that is, v is unbounded), then T, = H conpes(a,, C,y),

v v
where  ay, = (ay,0,A —cot ¢y 1), b, = (by,1,A—cotdy2), ¢, = (cv,l,A—coteg,1), and
dl, = (dy,0, A — cot ¢y 2). The set of trapezoepipeds {T, | v € V'} is a trapezoepiped represen-
tation of G.

Note by the definition of A that A —cot¢,; > 0 and A — cot ¢, 2 > 0 for every v € V.
Furthermore, observe that for each interval I,, the trapezoid T, of Definition 3 (see also Fig-
ure 1) coincides with the projection of the trapezoepiped T, on the plane z =0. An ex-
ample of this construction is given in Figure 2. A multitolerance graph G with seven ver-
tices {v1,va,...,v7} is depicted in Figure 2(a), while the trapezoepiped representation of G
is illustrated in Figure 2(b). The set of bounded and unbounded vertices in this represen-
tation are Vp = {vs,v4,v6,v7} and Viy = {v1, va,v5}, respectively. We illustrate the endpoints
oy, Doy, Coy dy, and ay,, by, ¢, dy of T, as well as the relationship between the interval I, and
the corresponding trapezoepiped T;, for one unbounded and one bounded vertex, cf. v; and vg,
respectively. Note that a,, = dy,, a), =d,,, ¢y, = by, and ¢, = b}, , since v; is unbounded. In
the case where t,, 1,t,, 2 < |I,,|, the trapezoepiped T, is three-dimensional, cf. T},,, Ty, and T,
while in the border case where t,, 1 = t,, 2 = |I,,| it degenerates to a two-dimensional rectangle,
cf. T,,. In these two cases, each T}, corresponds to a bounded vertex v;. In the remaining case
where v; is unbounded, i.e. t,, = t,,1 = 14,2 = 00, the trapezoepiped T, degenerates to an
one-dimensional line segment above plane z = 0, cf. T}, T,,, and T),.

We now prove that the trapezoepiped representation forms a three-dimensional intersection
model for the class of multitolerance graphs (namely, that every multitolerance graph G can be
viewed as the intersection graph of the corresponding trapezoepipeds T),). To this end, we first
prove the next two lemmas.

Lemma 1. Let u € V and v € Viy in a trapezoepiped representation of a multitolerance graph
G = (V,E). If ¢, < ¢, on the line Ly, then T, N T, = .
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Fig. 2. (a) A multitolerance graph G and (b) a trapezoepiped representation R of G. Here, h,, ; = A — cot ¢, ,;
for every bounded vertex v; € Vp and j € {1, 2}, while h,; = A — cot ¢, for every unbounded vertex v; € Vy.

Proof. Let first u € Vi, i.e. u is unbounded. Then T, and T, are both line segments on the
disjoint planes z = A — cot ¢, and z = A — cot ¢, of R3, and thus T, N T, = 0. Let now
u € Vg, ie. u is bounded. If T, N T, = 0, then also T, N T, = @ by Definition 5. Suppose
that T, N T, # 0. Then, since we assumed that ¢, < ¢,, it follows that a, < a,. Therefore in
particular ¢, > ¢, 1, and thus also tan ¢, > tan¢, 1, i.e. A —cot ¢, > A — cot ¢, 1. Suppose
first that d, < a,, i.e. a,, < dy, < a,. Then also ¢, > ¢y 2, i.e. A —cot¢p, > A — cot ¢, ; and
A — cot ¢, > A — cot ¢y, 2. Therefore the line T, lies completely above the trapezoepiped T, in
R3, and thus T, N T, = (). Suppose now that a, < d, i.e. a, < a, < d,. Consider any point
x € [ay,ay] C [ay,dy] on the line Ly. Then, z = Aa, + (1 — \)d,, for some value A € [0,1].
Consider also the point y € [cy,b,] on the line Lq, such that y = A¢, + (1 — A)b, for the
same value of A. Then, the maximum height z of the trapezoepiped T, above the point z is
AMA — cot ¢y1) + (1 — A)(A — cot ¢y, 2), which is equal to A — cot ¢, (z) by Observation 1. If
T, NT, # 0, then there exists such a point x € [a,,d,] on the line Ly (and the corresponding
point y € [¢y, by] on the line L;), such that A—cot ¢, (x) > A—cot ¢y, i.e. ¢, () > ¢,. However,
x < ay and ¢, < ¢, <y, and thus ¢, (z) < ¢,, which is a contradiction. Therefore T,, N T,, = 0.

O

Lemma 2. Let u € Vg and v € Vi in a trapezoepiped representation of a multitolerance graph
G = (V,E). Let ay, dy, and a, = d, be the endpoints of T, and T, respectively, on the line L.
If ay < ay, then Ty, N'T, # O if and only if T, NT, # 0. If dy < ay, then T, NT, = 0. Finally,
if ay < ay < dy, then T, N Ty, # O if and only if ¢, < Py(ay).

Proof. Recall first that a, = d, and ¢, = b,, since v is unbounded. Let a, < a,. If T, N T, = 0,
then also T,, N T, = () by the definition of a trapezoepiped representation (cf. Definition 5). If
T.NT, # (), then ¢, > ¢,, since we assumed that a, < a,. Therefore, in particular ¢, < ¢, 1,
and thus also tan ¢, < tan ¢, 1, i.e. A — cot ¢, < A — cot ¢, 1. Therefore the line T, intersects
the trapezoepiped T, in R, i.e. T, N T, # (.



Let now d, < a,. If T, NT, = 0, then also T,, N T, = () by Definition 5. Suppose that
T.NT, # (). Then, since we assumed that d, < a,, it follows that ¢, < b,. Therefore in
particular ¢, > ¢, 2, i.e. A —cot ¢, > A —cot ¢, 2. Suppose first that ¢, < ¢y, i.e. ¢, < ¢, < by.
Then also ¢, > ¢y 1, i.e. A —cotp, > A —cotg, 1 and A —cot ¢, > A — cot ¢, 2. Therefore
the whole trapezoepiped T}, lies completely below the plane z = A — cot ¢, of R3, on which the
line T, lies, and thus T, N'T;, = (). Suppose now that ¢, < c,, i.e. ¢, < ¢, < b,. Consider any
point y € [y, by] C [cy, by on the line Ly. Then, y = ¢, + (1 — \)by for some value A € [0, 1].
Consider also the point x € [ay,d,] on the line Ly, such that z = Aa, + (1 — A\)d,, for the
same value of A\. Then, the maximum height z of the trapezoepiped T, above the point y is
AA — cot ¢y,1) + (1 — A)(A — cot ¢y 2), which is equal to A — cot ¢, (x) by Observation 1. If
T, NT, # (, then there exists such a point y € [c,, b,| on the line L; (and the corresponding
point = € [ay, d,] on the line Ly), such that A—cot ¢, (x) > A—cot ¢y, i.e. ¢ (z) > ¢,. However,
x <d, < a, and ¢, <y, and thus ¢, (z) < ¢,, which is a contradiction. Therefore T, N T;, = ().

Let finally a, < a, < d. Then, a, = Aa,, + (1 — \)d,, for some value A € [0, 1]. Consider the
point y € [cy,by] on the line Ly, such that y = ¢, + (1 — A)b,, for the same value of \. Since
v € Vi, the line T, lies on the plane z = A — cot ¢,, of R3. Suppose first that ¢, < ¢,(a,), and
thus in particular y < ¢,. Then the maximum height of the trapezoepiped T; above the point
a, of Lo is A—cot ¢y (ay) > A—cot ¢,. Therefore T,,NT,, # 0 if ¢, < ¢y (ay). Suppose now that
¢y > ¢y(ay), and thus in particular ¢, < y. Then the maximum height of the trapezoepiped T,
above the point a, of Ly is A—cot ¢y (a,) < A—cot ¢y. If ¢, < ¢y, then T,,NT,, = ) by Lemma 1.
Suppose now that ¢, < ¢, i.e. ¢, < ¢, <y < by. Then ¢, = Ney, + (1 — X)b, for some value
X € [0,1]. Note that A" > A, since ¢, < y = Acy,+(1—A)by. Consider the point x € [a,, d,] on the
line Ly, such that x = XNa, + (1 —\)d, for the same value X' > A. Then the maximum height of
the trapezoepiped T, above the points ¢, and x is N'(A—cot ¢y, 1)+ (1 —X')(A—cot ¢y, 2), which
is equal to A — cot ¢, (x) by Observation 1. Furthermore, since X' > ), it follows that x < a,.
Thus, since also ¢, < y, it follows that ¢, (x) < ¢y, i.e. A—cot ¢, (z) < A—cot ¢,. Summarizing,
the maximum height of the trapezoepiped T,, above the point a, of Lg (resp. above the point ¢,
of Ly) is A — cot ¢y (ay,) < A — cot ¢, (resp. A — cot ¢, () < A — cot ¢y,). Therefore, since T, is
convex, it follows that the line T}, lies above the trapezoepiped T} in R3. Therefore T}, N T}, = ()
if ¢, > ¢yu(ay). This completes the proof of the lemma. a

Theorem 1. Let G = (V,E) be a multitolerance graph with a multitolerance representation
{I, = [av,by], 7 | v € V}. Then for every u,v € V, uv € E if and only if T,, N T, # 0.

Proof. Let ay,by,cy,dy and ay, by, ¢y, d, be the endpoints of the trapezoids T, and T, that
correspond to vertices u and v, respectively (cf. Figure 1). Note that I, = [ay,b,] and I, =
[ay, by] for the corresponding intervals in the multitolerance representation. W.l.o.g. we may
assume that a, < a,. Suppose first that both © and v are unbounded. Then T, and T, are
both line segments on the disjoint planes z = A — cot ¢, and z = A — cot ¢, of R3, and thus
T, NT, = (. On the other hand, uv ¢ E, since no two unbounded vertices are adjacent in a
multitolerance graph G. Suppose in the following of the proof that w € Vi or v € Vg (or both).

Suppose that T, N T, = 0, i.e. d, < a, and b, < ¢,. Then also T, N T, = . On the other
hand, let @, = [p,q] € T (resp. Q, = [p,q] € ™) be a (non-infinite) tolerance-interval of vertex
u, if u € Vp (resp. of vertex v, if v € Vp). Then, p < d,, < a, (resp. b, < ¢, < q), and thus
Qu € I, = [ay, by] (resp. Qy € I, = [ay, by]). Therefore uv ¢ E.

Suppose in the following that T, N T, # (). We distinguish now two cases according to the
relative positions of the points d,, and a, on the line Lo.

Case 1. d, < a,. Then, since we assumed that T,NT, # 0, it follows that ¢, < b,. Therefore
in particular ¢, 1 > ¢,2, and thus also tan ¢, 1 > tan ¢, 2, i.e. A —cot ¢, 1 > A — cot ¢y 2.
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Case 1la. Suppose first that v € Vp. Then, necessarily T, N T;,, # @ by the definition of
a trapezoepiped representation, since T, N T, # ) and A — cot ¢, 1 > A — cot ¢y 2. On the
other hand, consider the tolerance-interval Q, = [ay, ¢,] € T, (Q exists, since v € V). Then
Qo C [ay,by] = I, since a, < dy < ay < ¢y < by, and thus uv € E. That is, T,, N T, # () and
w € F.

Case 1b. Suppose now that v € Vi, and thus u € Vp. Then 7, = {R}, and thus Q, € I,
for any @, € 7,. Consider any tolerance-interval @, = [p,q| € 7,. Then p < d, < a,, and thus
Qu € I, = [ay,by]. Therefore uv ¢ E. On the other hand, T, N T, = 0 by Lemma 2, since
dy, < a,. That is, T, N T, # () and uv € E.

Case 2. a, < d,. That is, a,, < a, < d, and thus in particular u € Vg (since a,, # d,).

Case 2a. Suppose first that v € V. Then, necessarily T,, N T,, # () by the definition of a
trapezoepiped representation, since both u,v € Vg and T,,NT, # 0. We will now prove that also
uv € E. Let first ¢, < b, on the line L; and consider the tolerance-interval Q, = [ay, ¢,] € Ty.
Then Q, C I, = [ay,by], since a,, < a, < ¢, < by, and thus uwv € E. Let now b, < ¢, on the
line Ly and consider the tolerance-interval Q, = [dy,by] € 7y. Then Q, C I, = [ay, by], since
ay < dy < by < ¢y, and thus uv € E. That is, T, N T, # 0 and uv € E.

Case 2b. Suppose now that v € V7. Then, a, = Aa, + (1 — A)d, for some value A € [0, 1],
since a,, < a, < d,,. Consider the point y € [y, b,] on the line L1, such that y = Ac, + (1 — \)by,
for the same value of \. Since v € Vi7, the line T}, lies on the plane z = A — cot ¢,, of R3.

Let first ¢, < ¢y (ay), and thus in particular y < ¢,. Then T,, N T, # () by Lemma 2. On the
other hand, consider the tolerance-interval Q, = [ay,y] € Ty. Then, Q, C I, = [ay, by, since
ay <y < ¢y = by, and thus wv € E. That is, T, N T, # 0 and uv € E, if ¢, < ¢y (ay).

Let now ¢, > ¢y (ay), and thus in particular y > ¢,. Then T,, N T,, = () by Lemma 2. On the
other hand, consider any tolerance-interval @, = [p,q| € 7y. Then, p = Na, + (1 — X)d,, and
q = Ney + (1 = X)by, for some value X' € [0,1]. If X' > X, then p < a,, and thus Q, = [p,q] €
[ay, by] = I, = [ay, by]. IE X < A, then ¢ > y > ¢, = by, and thus again Q,, = [p,q] € I, = [ay, by).
Therefore Q, ¢ I, for every Q, € 7, and thus uwv ¢ E. That is, T, N T, = 0 and wv ¢ E, if
bv > bulay). 0

Clearly, for each v € V the trapezoepiped T, can be constructed in constant time; therefore
the next lemma follows directly.

Lemma 3. Given a multitolerance representation of a multitolerance graph G with n vertices,
a trapezoepiped representation of G can be constructed in O(n) time.

3 A canonical representation of multitolerance graphs

In this section we introduce a canonical representation of multitolerance graphs, which is a
special kind of a trapezoepiped representation. Moreover, we present an efficient algorithm
that constructs in O(nlogn) time a canonical representation of a multitolerance graph G with
n vertices, given any trapezoepiped representation of (. This algorithm proves to be useful
for designing efficient algorithms on multitolerance graphs for the minimum coloring and the
maximum clique problems with optimal running time O(nlogn), as we will present in Section 4.
First, we state the following definition, similarly to the case of tolerance graphs [22] (see also [10,
11]).

Definition 6. An unbounded vertex v € Vi of a multitolerance graph G is called inevitable
(for a certain trapezoepiped representation), if replacing T,y by Hconves(To, al,, ) creates a new
edge uv in G; then u is a hovering vertex of v and the set H(v) of all hovering vertices of v is

the hovering set of v. Otherwise, v is called evitable.
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Recall that a;, = d; and ¢, = b, for every unbounded vertex v € Vy, and thus
Heonvex (Ty,aly, ) = Heonvex (T, aly, b, ch,d,) in Definition 6. Therefore, replacing T, by

vy Yoy Fv vy Py Yoy o P

Heonvex(To, dly, ) in the trapezoepiped representation of G is equivalent with replacing in the
corresponding multitolerance representation of GG the infinite tolerance t, = oo by the finite
tolerances t, 1 = t, 2 = |I,|, i.e. with making v a bounded vertex. Note that the hovering set of
an inevitable unbounded vertex v can have more than one elements, since the replacement of
Ty by Heonvex(Tw,al,c,) may create more than one new edges in G. Furthermore, uv ¢ E for
every hovering vertex u of v, while u can be both bounded or unbounded.

Lemma 4. Let G = (V, E) be a multitolerance graph, R be a trapezoepiped representation of
G, and v € V7 be an inevitable unbounded vertex in R. Then, N(v) C N(u) for every hovering
verter u of v.

Proof. Note first that a, = d, and ¢, = b, since v is unbounded. Let v be a hovering vertex
of vin R, i.e. uv ¢ E and replacing T, by Heonvex (T, al,c))) in R creates the new edge uv in G
by Definition 6. Thus, in particular T, NT, # (), while the line T}, lies above T}, in R. Consider
a vertex w € N(v). Then w is bounded, since v is unbounded and no two unbounded vertices
are adjacent. Furthermore T, N T, # @ and T, N T, # ), since w € N(v). We will prove that
also w € N(u), in both cases where u is bounded and unbounded.

Case 1. u is bounded. If d,, < a,, then T, N T,, = () by Lemma 2, which is a contradiction.
Thus a, < dy,. Suppose that a, < a,. Then, since T,,NT, # (), Lemma 2 implies that T,,NT, # 0,
and thus uv € E, which is a contradiction. Thus a, < a,, i.e. ay < @, < dy.

Since both u and w are bounded, T,, N Ty, # 0 if and only if T\, N T, # @ (cf. Definition 5).
Therefore, in order to prove that w € N(u), it suffices to prove that T, N Ty, # 0, i.e. that the
corresponding trapezoids in the plane intersect. Suppose otherwise that T, N Ty, = 0. Then,
since a, < d, it follows that trapezoid T, lies completely to the left of the trapezoid T,.
Therefore, since both T, N T, # 0 and T, N T, # 0, it follows that either d, < a, < a,
and ¢, < by < ¢y, OF Gy < dy < Gy and by < ¢y < ¢y

Case la. d, < ay < a, and ¢, < b, < ¢,. Recall now that a, < d, i.e. a, < ay, < dy.
Furthermore, note that ¢, < ¢, < y for every point y € [cy,by] on the line L;. There-
fore ¢, > ¢ (ay), and thus T, N T, = ) by Lemma 2, i.e. w ¢ N(v), which is a contradiction.

Case 1b. a, < d, < ay, and by, < ¢y < ¢,. Consider the tolerance-interval @Q,, = [dy, by] € 7.
Then @, C I, = [ay,by], since a, < dy < b, < ¢, = by. Therefore uv € E, which is a
contradiction.

Therefore T\, N T, # (), and thus also T, N Ty, # 0, i.e. w € N(u), since both u and w are
bounded.

Case 2. u is unbounded. Then a, = d,, and ¢, = b,. Furthermore A — cot ¢, < A — cot ¢,
since the line T, lies above T, in R, and thus ¢, < ¢,. Therefore a, < a, and ¢, > c¢,.
If dy < ay, then T, N T, = () by Lemma 2, which is a contradiction, since w € N(v). Suppose
that a, < a,. Then ¢, > ¢y, since T, N Ty, # 0. That is, a, < a, < ay and ¢, > ¢, > Cy,
and thus in particular T, N Ty, # 0. Then T, N T, # () by Lemma 2, i.e. w € N(u). Suppose
now that a,, < a, < dy, i.e. a, = Aay, + (1 — A)d,, for some value X € [0,1]. Consider the point
Yy € [cw,by] on the line L, such that y = Acy, + (1 — A\)by, for the same value of A. Since
T, N T, # (), Lemma 2 implies that ¢, < ¢y (a,), and thus y < ¢,. That is, a, < a, and
y < ¢y < ¢. Consider now the tolerance-interval Q. = [ay,y] € 7. Then Q C I, = [ay, by,
since a,, < a, < y < ¢, = by. Therefore w € N(u) in the case where u is unbounded. This
completes the proof of the lemma. O

In the next definition we introduce the notion of a canonical representation of a multitoler-
ance graph G.
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Definition 7. A trapezoepiped representation of a multitolerance graph G is called canonical if
every unbounded vertex is inevitable.

For example, in the multitolerance graph depicted in Figure 2, vy and vs are inevitable
unbounded vertices, v; and vy are hovering vertices of vo and wvs, respectively, while vy is an
evitable unbounded vertex. Therefore, this representation is not canonical for the graph G.

aal /

However, if we replace To, by Heonvex(Tw,, @, ,¢,, ), We get a canonical representation for G.

The next lemma follows now by Definitions 6 and 7 and by Lemma 4.

Lemma 5. Let R be a canonical representation of a multitolerance graph G and v € Viy be an
inevitable unbounded vertex of multitolerance graph G (in the representation R). Then, there
exists a hovering verter u of v, which is bounded.

Proof. Since R is a canonical representation of G, all unbounded vertices of G in R are inevitable
unbounded by Definition 7. Suppose that there exists an unbounded vertex v, such that every
hovering vertex of v is unbounded, and let v be the vertex with the smallest slope ¢, among
them. Let u be a hovering vertex of v in R, i.e. replacing T, by Hconvex (Tv, a,,c,) in R creates
the new edge uv in G by Definition 6. Thus, in particular T, N T, # @, while the line T}, lies
above T, in R. Therefore, A — cot ¢, > A — cot ¢, and thus ¢, > ¢,. Furthermore, since
T.NT, # () and both u and v are unbounded, it follows that a, < a, and ¢, < ¢,. Moreover
N(v) € N(u) by Lemma 4.

Since R is a canonical representation and w is unbounded, it follows that u is an inevitable
unbounded vertex of G in R. Then, since ¢, > ¢, it follows by the choice of v that the
unbounded vertex u has at least one hovering vertex v« in R, which is bounded. That is,
w'u ¢ E and replacing T, by Heonvex (T, aly, c,,) in R creates the new edge u'u in G. Therefore
Ty NT, =0 and Ty NT, # (. Furthermore, since u’ ¢ N(u) and N(v) C N(u), it follows that
also u’ ¢ N(v). Therefore T,y N'T, = ().

We will now prove that T, N T, # 0. If a, < a, then T,y N T, # O if and only if
Ty NT, # 0 by Lemma 2. This is a contradiction, since T,y NT, = @ and T,y N T, # 0.
Therefore a,, < a,. Suppose that a,, < a, < dy. Then, since v'u ¢ E, ie. T, N Ty = 0,
Lemma 2 implies that ¢, > ¢,/ (a,). Therefore ¢, < y for some point y € [cy/, by] on the line
L1, and thus ¢, < by. That is, a,y < ay < a, and ¢, < ¢, < by, and thus T,y NT, # 0. Suppose
now that d,s < ay, i.e. dy < ay < a,. Then, since T,y N T, # 0, it follows that ¢, < b,. That
is, dy < ay < a, and ¢, < ¢, < by, and thus again T,y N T, # 0.

Summarizing, T,y NT, = @ and T,y N T, # () in every case. Therefore, the replacement of T,
by Heonvex (T, al, c)) in R creates the new edge v/v in G. Thus, v/ is a hovering vertex of v. This

vy Yy v
is a contradiction to the assumption on v, since v’ is bounded. Therefore, for every inevitable
unbounded vertex v € Vs, there exists a hovering vertex u of v, which is bounded. O

3.1 The construction of a canonical representation

In this section we present an algorithm that constructs a canonical representation of a multi-
tolerance graph G, given a trapezoepiped representation of G.

Definition 8. Let L be a set of line segments in the plane. The lower envelope Env(L) of L is
the set of those points p = (x,y) of the line segments of L, such that the point (x,y") does not
belong to any line segment of L, for any y < y.

An example of a set L of non-vertical line segments in the Euclidean plane is illustrated in
Figure 3. In this figure, the lower envelope Env(L) of L is drawn gray for better visibility. Fur-
thermore, the lower envelope Env(L) of such a set L consists also of line segments (cf. Figure 3),
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Fig. 3. A set L = {{1,...,4s} of line segments in the plane and the lower envelope Hiower (L) of L, which consists
of the line segments {s1,...,s10}.

and thus Env(L) can be also specified by the endpoints of its segments. Given a set of n line
segments in the plane, the lower envelope of these segments can be computed in O(nlogn) time
using the algorithm presented in [15]. During the computation of Env(L) by this algorithm,
we can in the same time also store for every line segment s of Env(L) the line segment ¢ of L,
in which s belongs. We define now two subsets U; and U, of the set of inevitable unbounded
vertices.

Definition 9. Let v € Vi be an inevitable unbounded vertex. Then, v € Uy (resp. v € Us) if
there exists at least one hovering vertex u € H(v) of v, such that u is unbounded (resp. u is

bounded).

Note that, given a trapezoepiped representation of a multitolerance graph G, the sets U
and U, are not necessarily disjoint, since an unbounded vertex may have both unbounded and
bounded hovering vertices. On the other hand, since every inevitable unbounded vertex has
at least one hovering vertex (cf. Definition 6), U; U Uy coincides with the set of inevitable
unbounded vertices.

We associate now with every unbounded vertex v € Vi the point p, = (x4,¥,) in the
Euclidean plane, where z, = a, and y, = A — cot ¢,. Moreover, we associate with every
bounded vertex u € Vg three points py, 1 = (Zy,1, Yu,1) = (Gu, A — Ot dy1), Pu2 = (Tu2, Yu2) =
(dy, A —cot ¢y 2), and py 3 = (4.3, Yu,3) = (bu, Q) in the plane. Furthermore, we associate with
every bounded vertex u € Vp two line segments ¢, 1 = (py,1,Pu,2) and £y, 2 = (Pu2,Pu,3) in the
plane, which have the points py 1, pu,2 and py2,pu3 as endpoints, respectively. An example of
this construction is given in Figure 4, where the points p,, and p,, are associated with the
unbounded vertices vy and v, respectively,while the points p, 1, pu 2, Pu,3 and the line segments
Ly1,4y,2 are associated with the bounded vertex u.

In the following, let L = {¢, 1,4, 2 | v € Vg} be the 2|Vp| line segments that are associated
with the bounded vertices u € Vp. For an arbitrary point p = (z,y) in the plane, we say that p
lies above Env(L) (resp. above the line segment £,,  or £,  of L) if there exists a point p’ = (x,y’)
of Env(L) (resp. of €,1 or £,32), such that y > y'. The next lemma, which is crucial for the
analysis of Algorithm 1, characterizes the vertices of U, using the lower envelope Env(L) of L.

Lemma 6. Let be v € Viy be an unbounded vertex and p, = (x,,yy) be the associated point in
the plane. Then, v € Us if and only if p, lies above Env(L). Furthermore, if p, lies above the
segment £y 1 or £y 2 of L, then the bounded vertex u is a hovering vertex of v.

Proof. Let u € Vi be a bounded vertex and consider an arbitrary point xg € [Ty1, Ty 2] =
[ay,dy]. Then zg = Axy 1 + (1 — N)ay 2 = Aay, + (1 — N)d, for some value A € [0,1]. Thus, the
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Fig. 4. Two inevitable unbounded vertices vi,v2 € Uz, where the bounded vertex v € Vg is a hovering vertex
of both v1 and ve: (a) the trapezoids TM,TUI,TUQ and (b) the line segments £y,1, 0,2 of vertex v and the
points pu,,pu, of vertices v1,va, respectively, where yu 1 = A — cot(du,1), Yu,2 = A — cot(Pu,2), Yyu,3 = A, and
Yv,j = A — cot(pu,;) for every j =1,2.

point of the line segment ¢, ; with abscissa xg is po = (20, Ayu,1 + (1 — A)yu,2). Recall that
Yu1 = A —cot ¢y 1 and yy 2 = A — cot ¢y, 2. Therefore Ay, 1 + (1 — N)yy2 = A — (Acot ¢y1 +
(1 = X)cot ¢y,2), and thus Ayy1 + (1 — A)yu2 = A — cot ¢u(xp) by Observation 1. That is, the
point of the line segment ¢, 1 with abscissa x¢ € [ay, dy] is po = (xg, A — cot ¢y (x0)).

Consider now a point zg € [zy2,Zy3] = [dy,by]. Then zo = Azy2 + (1 — N)xy3 = Ady +
(1 = A)b,, for some value A € [0,1]. Thus, the point of the line segment ¢, o with abscissa z¢ is
Po = (20, AYu,2 + (1 — AN)yu 3). Recall that y, 3 = A and that y, 2 = A — cot ¢, 2. Note also that
cot ¢y 2 = by — dy, and thus y, 2 = A — by, + d,,. Therefore Ay, 2+ (1 — N)yu3 = A — Aoy, + Ad,y,
and thus Ay, 2+ (1 — N)yu 3 = A — by, + xo, since g = Ady, + (1 — A\)b,,. That is, the point of the
line segment ¢, o with abscissa zg € [dy, by] is po = (x0, A — by + o).

Let v € Viy be an unbounded vertex, such that the point p, = (z,,¥,) lies above Env(L).
That is, there exists a point p’ = (z,,y’) € Env(L), such that y, > 3. This point p’ belongs
to the line segment ¢, 1 or to the line segment ¢, 2, for some bounded vertex u € Vg. In the
example of Figure 4(b), the point p,, (resp. p,,) that is associated to the unbounded vertex
vy (resp. vp) lies above the line segment ¢, 1 (resp. £, 2) that is associated with the bounded
vertex u (cf. Figure 4(b)).

Suppose that p’ belongs to a line segment ¢,, 1, where u € Vp. Then x,, € [zy,1, Ty 2] = [ay, du],
and thus p’ = (24,v') = (x4, A — cot ¢y (x,)), as we proved above. Furthermore, since y, > v/,
it follows that y, = A — cot ¢, > A — cot ¢, (x,), and thus ¢, > ¢, (x,). That is, there exists a
bounded vertex u € Vg, such that a, < z, = a, < dy, and ¢, > ¢y (), and thus T,,NT, = O by
Lemma 2. Moreover T\,NT,, # 0, since a, < a, < dy, and thus replacing T,, by Heonvex(Tv, al,, )
in the trapezoepiped representation creates the new edge uv in G. Therefore v is an inevitable
unbounded vertex and the bounded vertex u is a hovering vertex of v by Definition 6. In
particular, v € Us.

Suppose now that p’ belongs to a line segment ¢, 2, where u € Vg. Then x, € [ry2, %y 3] =
[dy, by], and thus p’ = (2,,v") = (2, A—by+2,), as we proved above. Recall that y, = A—cot ¢,
and that cot ¢, = ¢, — a,, and thus y, = A — ¢, + a,. Therefore, since y, > ¢/, it follows that
Yo = A —cy +ay, > A—b, + x,. Thus, since z, = a,, it follows that ¢, < b,. That is, there
exists a bounded vertex u € V3, such that d, < z, = a, and ¢, < b, and thus T,, N T, # 0.
Moreover T,, N T, = () by Lemma 2, since d, < a,, and thus replacing T, by Heonvex(Ts, a’, c))
in the trapezoepiped representation creates the new edge uv in G. Therefore v is an inevitable
unbounded vertex and the bounded vertex u is a hovering vertex of v by Definition 6. In
particular, v € Us.

Conversely, let v € Us. Then, replacing T, by Heonvex (T, al, c)) in the trapezoepiped rep-
resentation creates a new edge wv in GG, where u is a bounded hovering vertex of v. That is,
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Algorithm 1 Construction of a canonical representation of a multitolerance graph G

Input: A trapezoepiped representation R of a given multitolerance graph G = (V, E)
Output: A canonical representation R’ of G and a hovering vertex u for every inevitable unbounded vertex v
of G

L+ 0;R + R;R'"«< R\{T, |veVg}
for every vertex v € V do
if v € Vy then
Do  (aw, A — cot ¢y)
else {v € Vp}
Do, (av, A — ot ¢po,1); Po,2 < (dv, A — cot ¢y,2); Pu,3 < (by, A)
év,l == (pv,17pv,2); E’U,Q - (pv,Q,pv,B); L+ LU {év,lyev,Q}
Compute the set Uy of inevitable unbounded vertices in R” and a hovering vertex u € Vi of v, for every
v € Uy, by the algorithm of [22]

9: Compute the lower envelope Env(L) of L by the algorithm of [15]
{During the computation of Env(L), store for every line segment s of Env(L), the line segment £, 1 or £y 2
of L, in which s belongs}

10: for every vertex v € V,, \ U1 do
11:  if v lies above a segment s of Env(L) then {v € Uy \ U1}

12: Let £.,1 or £y,2 be the line segment of L, in which s belongs
13: u € Vp is a hovering vertex of v

14:  else {v is evitable unbounded}

15: Replace Ty by Heonvex (Tw, aly, c,y) in R’ {v is made bounded}

16: return R’

T,NT, =0 and T, NT, # 0. If a, < a,, then Lemma 2 implies that T, N T}, # () if and only
ifT,NT, # (), which is a contradiction. Therefore a, < a,. Suppose first that a, < a, < d,
or equivalently x, 1 < , < 2y2. Then ¢, > ¢y(a,) by Lemma 2, since T,, N T, = ). Therefore
A — cot ¢, > A — cot ¢y (ay). Recall now that the point of the line segment ¢, ; with abscissa
Ty = ay € [ay,dy] is p = (x4, A — cot ¢y (ay)). Therefore, since y, = A —cot ¢, > A — cot ¢y (ay),
it follows that the point p, = (zy,¥,) lies above the line segment ¢, ;, and thus p, lies above
Env(L).

Suppose now that d, < a,. Then, since T, N T, # 0, it follows that ¢, < b,. Recall that
ay < ¢y (cf. Definition 3 and Figure 1), and thus d,, < a, < ¢, < by, i.e. a, € [dy, by]. Note that
Yy = A —cot ¢, = A — (¢, — ay). Furthermore, recall that the point on the line segment ¢, o
with abscissa x, = a, € [dy, by] is p = (ay, A — b, + a,). Therefore, since ¢, < by, it follows that
Yp = A — ¢y +ay, > A — by + ay, and thus the point p, = (z,,y,) lies above the line segment
ly2, i.e. p, lies above Env(L). This completes the proof of the lemma. O

The next theorem shows that, given a trapezoepiped representation, we can construct by
Algorithm 1 a canonical representation in O(nlogn) time. This result is crucial for the time
complexity analysis of the algorithms of Section 4.

Theorem 2. Fvery trapezoepiped representation of a multitolerance graph G with n vertices
can be transformed by Algorithm 1 to a canonical representation of G in O(nlogn) time.

Proof. We describe and analyze Algorithm 1 that generates a canonical representation R’ of
G. The main idea is to efficiently detect the evitable and the inevitable unbounded vertices in
the given trapezoepiped representation R of G. Then, we replace T, by Hconvex(Tw,al,c)) for
every evitable unbounded vertex v € Vi7, and thus the resulting trapezoepiped representation
is canonical.

First, we compute the point p, in the plane for every unbounded vertex v € Vi and the

three points py 1, Pv,2,Pv,3 in the plane for every bounded vertex v € Vg. Moreover, we specify
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for every v € Vp the two line segments ¢, 1 and ¢, 2 in the plane with endpoints p, 1,p,2 and
Pv,2, Pv,3, Tespectively, and we compute the set L = {, 1,4, 2 | v € Vg} of 2|Vp| line segments.

Then, we consider the part R” of the initial trapezoepiped representation R that consists
only of the trivial trapezoepipeds (lines) T, for every unbounded vertex v € V7. Note that the
graph induced by the vertices of V7 is an independent set with cardinality |Vi|, since no two
unbounded vertices in a multitolerance graph are adjacent. Furthermore, R” is a special case
of a parallelogram representation® (see [22]). We use now Algorithm 1 of [22] that computes in
particular all inevitable unbounded vertices v of a given parallelogram representation, as well as
a hovering vertex u for each one of them. Observe now that the computed inevitable unbounded
vertices v by this algorithm are exactly the vertices of Uy (cf. Definition 9). Furthermore, for
each of these vertices v € Uy, the computed hovering vertex u is unbounded.

In the sequel, we use the algorithm presented in [15] to compute the lower envelope Env(L)
of the computed set L of 2|Vp| line segments. During the computation of Enwv(L) by this
algorithm, we also store in the same time for every line segment s of Env(L) the line segment
¢ of L, in which s belongs.

After the lower envelope Env(L) of L has been computed, we check for every unbounded
vertex v € Vi7 \ Uy whether the point p, lies above Env(L). We distinguish the following cases:

Case 1. p, lies above Env(L). Let s be the line segment of Env(L), above which the point p,
lies, and let ¢, 1 or ¢, 2 be the line segment of L, in which s belongs, for some u € Vg. Then,
Lemma 6 implies that v is an inevitable unbounded vertex (v € Us) and that u is a bounded
hovering vertex of v.

Case 2. p, does not lie above Env(L). Then v ¢ U; by Lemma 6. Furthermore, since
also v ¢ Uy, it follows that v is not an inevitable unbounded vertex, i.e. v is evitable. Then we
replace the trapezoepiped T, by Heonvex (T, @), c,) in the current trapezoepiped representation
and we consider from now on v as a bounded vertex. This replacement does not add any new

edge to G, since v is evitable.

Regarding the time complexity, the initialization of the trapezoepiped representations R’
and R” in line 1, as well as the computation of the O(n) points and O(n) line segments in
lines 2-7 can be done in linear O(n) time. Furthermore, lines 8 and 9 of Algorithm 1 can be
executed in O(nlogn) time [15,22]. Recall that, during the computation of Env(L) by the
algorithm presented in [15], we also store in the same time for every line segment s of Env(L)
the line segment ¢ of L, in which s belongs. Furthermore, note that the endpoints of the line
segments of Env(L) are returned sorted increasingly according to their z values [15].

After the lower envelope Env(L) of L has been computed, we check for every unbounded
vertex v € Vi in O(logn) time whether the point p, = (zy,y,) lies above Env(L) (cf. line 11).
This can be done as follows. Among all endpoints of the line segments of Env(L), we compute
in O(logn) time the endpoint p; = (z1,y1) (resp. p2 = (x2,¥2)), such that z; (resp. x2) is the
greatest (resp. the smallest) value with z; < x, (resp. x, < x2). Then, we test in constant time
whether the points p; and ps define a line segment s of Env(L) and whether the point p, lies
above this segment s. If p; and ps do not define a segment s of Env(L), or if p; and py define
such a segment s and p, does not lie above s, then p, does not lie above Env(L). Otherwise,

*Note here that, in a parallelepiped representation of a tolerance graph, the height of the line P, that
corresponds to an unbounded vertex v, equals the slope ¢, of the line P,, which is the projection of P, to
the plane z = 0; for details, see [22]. On the other hand, in the trapezoepiped representation R” (cf. line 1 of
Algorithm 1), the height of the line T, that corresponds to the unbounded vertex v € Vi equals A — cot(¢y),
where ¢, is the slope of the line T, which is the projection of T, to the plane z = 0. Note that for every two
unbounded vertices u,v € Vi of the multitolerance graph G, A — cot(¢,) > A — cot(¢y) if and only if ¢, > ¢u.
Therefore, R’ can be considered as a special case of a parallelogram representation by changing the height of
every line T, where v € Vi7, from A — cot(¢y) to ¢, since this change of the heights of the lines does not change
the relative position of any two lines in R”.
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Algorithm 2 Computation of a minimum coloring of a multitolerance graph G

Input: A trapezoepiped representation R of a given multitolerance graph G = (V, E)
Output: A minimum coloring of G

1: Construct a canonical representation R’ of G by Algorithm 1, where a hovering vertex u, is associated with
every inevitable unbounded vertex v

2: Let Vi and Vi be the bounded and (inevitable) unbounded vertices of G in R’, respectively
3: Color G[VB] by the algorithm of [6]

4: for every vertex v € Vyy do

5: Create a pointer from the hovering vertex w, of v to the vertex v

6

7

: for every vertex u € Vg that has at least one pointer do
Assign the color of u to every vertex v € Viy that is reachable from u by a sequence of pointers

if p, lies above the line segment s of Env(L) defined by the points p; and po, then p, lies
above Env(L).

Then, the execution of each of the lines 12, 13, and 15 can be simply done in constant time.
Therefore, since the lines 11-15 are executed |V \ Ui| = O(n) times, the complexity of the
lines 10-15 is O(nlogn). Summarizing, the total time complexity of Algorithm 1 in O(nlogn).
This completes the proof of the theorem. O

4 Coloring and clique Algorithms in O(nlogn) time

In this section we present optimal O(n logn) algorithms for the minimum coloring and the max-
imum clique problems on a multitolerance graph G with n vertices, given any trapezoepiped
representation of GG. To the best of our knowledge, no algorithm for these problems on multi-
tolerance graphs has appeared until now, and thus the previously best known running times for
these problems were those of perfect graphs [13].

4.1 Minimum coloring

In the next theorem we present an optimal O(nlogn) algorithm for computing a minimum
coloring of a multitolerance graph G with n vertices, given any trapezoepiped representation of
G. This algorithm uses Algorithm 1 to compute efficiently a canonical representation of G, as
well as the algorithm of [6] that computes a coloring of a given trapezoid graph with n vertices
in optimal O(nlogn) time.

Theorem 3. A minimum coloring of a multitolerance graph G with n vertices can be computed
in optimal O(nlogn) time.

Proof. We present Algorithm 2 that computes a minimum coloring of G. First, we compute
from the initial trapezoepiped representation R of G a canonical representation R’ of G' by
Algorithm 1. Denote by Vg and Vi; the sets of bounded and unbounded vertices of G in the
canonical representation R’, respectively. Then, the induced subgraph G[Vp] of G on the vertices
of Vp is a bounded multitolerance (also called bounded bitolerance) graph, i.e. a trapezoid
graph [11,25]. Thus, we compute a minimum coloring of G[Vg] using the algorithm of [6].

Note that every unbounded vertex v € Vi is inevitable, since R’ is canonical. Furthermore,
exactly one hovering vertex wu, is assigned to every v € Vi by Algorithm 1. Now, for every
v € Vi, we create a pointer from w, to v. Since every v € Vi has exactly one hovering vertex
Uy, assigned to it, it follows that after the execution of lines 4-5 every v € Vi has exactly one
incoming pointer from some vertex u,.
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Consider now an arbitrary inevitable unbounded vertex v € Vy and its hovering vertex u,,.
If u, € Vp, then a color has been assigned to u, by the coloring of the graph G[Vg]. Suppose
that u, € V7. Then, u, is unbounded in both the canonical representation R’ and in the initial
representation R of G. Furthermore, if we replace T}, by Heonvex (T, al,c,) in R, we create the
new edge u,v in G. Thus, since both u, and v are unbounded in R, it follows in particular that
A — cot(gy) > A — cot(py,), i-€. ¢y > ¢y,. That is, if a vertex u, € Vi has a pointer to a
vertex v € Vi, then ¢, > ¢,,. Therefore, for every vertex v = vy € Vi, there exists a maximal
chain (vg,v1,...,v) of vertices in V7, such that v; has a pointer to v;—; and ¢,, , > ¢y,, for
every ¢ = 1,2,...,k. Then, since v; is a hovering vertex of v;_1 for every ¢ = 1,2,...,k, it
follows by Lemma 4 that N(vg) € N(v1) C ... € N(vg). Furthermore, since R’ is canonical,
the unbounded vertex vy is inevitable unbounded, and thus vy has an incoming pointer from
a hovering vertex u,, of v;. In particular, w,, is bounded in R, ie. Uy, € Vp, due to the
maximality of the chain (v, v1,...,vg) in Viy. Moreover N (vy) € N (u,, ) by Lemma 4, since u,,
is a hovering vertex of v, and thus also N(vg) C N(vg). That is, for every vertex v € Vi, there
exists exactly one vertex u € Vp, such that v can be reached by a sequence of pointers from u
and N(v) C N(u).

Now, starting from every bounded vertex u € Vg, we assign the color of u (in the coloring
of G[Vg]) to every unbounded vertex v that is reachable from u by a sequence of pointers. It
remains to prove that this coloring is a proper coloring of G. Suppose otherwise that there exists
a vertex v € Vi and a vertex w € N(v), such that u and w have the same color. Then w is
bounded in both representations R and R/, since two unbounded vertices are never adjacent
and w € N(v). Let u € Vp be the unique vertex in G, such that v can be reached from u by a
sequence of pointers. Then N(v) C N(u) by the previous paragraph, and thus also w € N(u).
Furthermore, all u, v, and w have the same color. This is a contradiction, since u,w € Vg
and the coloring of G[Vp] is proper. Therefore, for every vertex v € Vi, all vertices w € N (v)
have different color than v, and thus the constructed coloring of G is proper. Furthermore, this
coloring is minimum, since the constructed coloring of G[Vp] in line 3 is also minimum [6].

Regarding the time complexity, the computation of the canonical representation R’ of G
can be done in O(nlogn) time by Theorem 2. Furthermore, a minimum coloring of G[Vp] can
be computed by the algorithm of [6] in O(nlogn) time. The execution of the lines 4-5 can be
done in linear O(n) time, since we visit every vertex v € Vy once. Finally, the execution of the
lines 6-7 can be also done in linear O(n) time, by traversing the graph G following the pointers
that we created in lines 4-5. Summarizing, Algorithm 2 computes a minimum coloring of G
in O(nlogn) time. Moreover, since £2(nlogn) is a lower bound for the time complexity of the
minimum coloring problem on tolerance graphs [22] and on trapezoid graphs [6], it follows that
Algorithm 2 has also optimal running time. a

4.2 Maximum clique

In the next theorem we present an optimal O(n log n) algorithm for computing a maximum clique
of a multitolerance graph G with n vertices, given any trapezoepiped representation of G. This
algorithm uses the Algorithm 1 for the efficient construction of a canonical representation of G,
as well as the algorithm of [6] that computes a maximum clique of a given trapezoid graph with
n vertices in optimal O(nlogn) time.

Theorem 4. A mazimum clique of a multitolerance graph G with n vertices can be computed
in optimal O(nlogn) time.

Proof. First we compute a canonical representation of G in O(nlogn) time by Algorithm 1. By
the correctness of Algorithm 2, cf. the proof of Theorem 3, it follows that x(G) = x(G[VE]),
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where x(H) denotes the chromatic number of a given graph H. Since multitolerance graphs are
perfect graphs [25], w(G) = x(G) and w(G[VB]) = x(G[VB]), where w(H) denotes the clique
number of a given graph H. Therefore w(G) = w(G[Vp]). We compute now a maximum clique @
of the bounded multitolerance (i.e. trapezoid) graph G[Vp] in O(nlogn) time by the algorithm
presented in [6] for trapezoid graphs. Then, since w(G) = w(G[VE]), @ is a maximum clique of
G as well. Finally, since £2(nlogn) is a lower bound for the time complexity of the maximum
clique problem on tolerance graphs [22] and on trapezoid graphs [6], it follows that the clique
algorithm for multitolerance graphs has also optimal running time. a

5 Weighted independent set algorithm in O(m + nlogn) time

In this section we present an algorithm that computes a maximum weight independent set
in a multitolerance graph G = (V, E) with n vertices and m edges in O(m + nlogn) time,
given a trapezoepiped representation of G and a weight w(v) > 0 for every vertex v € V.
Although the algorithm presented in [22] for the maximum weight independent set on tolerance
graphs with complexity O(n?) can be extended with the same time complexity to the case
of multitolerance graphs with a given trapezoepiped representation, we present here a new
algorithm for multitolerance graphs that achieves a better running time O(m + nlogn). Thus
this algorithm improves also the best known running time of O(n?) for the maximum weight
independent set on tolerance graphs [22]. Note here that £2(nlogn) is a lower bound for the time
complexity of this problem on trapezoid graphs [6], and thus also on multitolerance graphs.

First, given a trapezoepiped representation of a multitolerance graph G = (V, E), we sort
on the line Lo the points {a,,d, | v € V'} of the trapezoids T, v € V, and we visit these points
sequentially from right to left. Note that a, = d, for every unbounded vertex v € V7. A vertex
v is called processed only after we visit the endpoint a,. During the execution of the algorithm
we maintain two finite sets M and H of O(n) weighted markers each on the line L, which are
placed on some points c,, where v € V. We maintain the sets M and H in such a way that
values can be inserted to and deleted from these sets, as well as the predecessor or successor of
a given query value can be found. Using binary search trees, for instance AVL-trees, all these
operations can be executed in O(logn) time [12].

The markers of the set M are placed at points ¢, on the line Lq, for some bounded ver-
tices v € V. After an iteration of the algorithm, where the vertices of the set U C V have been
processed, the weight W (m) of a marker m placed at the point ¢, on the line L; equals the
maximum weight of an independent set, which includes only vertices © € U such that ¢, < ¢,.
Moreover, a marker m is placed at ¢, only if such a maximum weight independent set includes
the (bounded) vertex v.

The markers of the set H are placed at points ¢, on the line L1, where v € V. After an
iteration of the algorithm, where the vertices of the set U C V have been processed, there is a
weighted marker h € H placed at the point ¢, on L1, for every unbounded vertex v € V,, N U,
while the weight w(h) of h equals the weight w(v) of vertex v. Furthermore, in the AVL-tree
of the set H, we store at every internal vertex x also a label with the total weight of the tree
that consists of x and its right subtree. Note that after an insertion of a new marker h to the
AVL-tree that stores H, we can update in O(logn) time these labels of the internal vertices, as
follows. First, we need to update a constant number of labels during the “trinode restructure”
operation (for more details, see [12]). Then, following the path from the interval vertex that
stores the new marker h to the root, we add the weight w(h) of h to the label of every internal
vertex that has h in its right subtree. For every marker m € M (resp. h € H), we denote by p,,
(resp. pp) the point of L, at which the marker m (resp. h) is placed.

20



Algorithm 3 Maximum weight independent set of a multitolerance graph G

Input: A trapezoepiped representation of a given multitolerance graph G = (V, E)
Output: The value of a maximum weight independent set of G

1: Place a marker mg at the point pp, = max{b, | v € V} + 1 of the line L,
2: W(mo) — 0; M {mo}

3: for every v € Vp do {initialization}

4: W)+ 0

5:  Compute the value w, = Y {w(u) | v € Vi, cu € (co,bv)}

6: for every u € N(v) do

7 if u € Viy and ¢y € (¢, by) then {v is not a hovering vertex of u}

8: Wy — Wy — w(u)

9: for each point p € {av,d, | v € V}} from right to left do {p lies on the line Ly}

10: if p = a, for some v € Viy then {the unbounded vertex v is being processed}

11: Insert a new marker h € H at the point p, = ¢,

12: w(h) + w(v)

13: m < the leftmost marker of M to the right of ¢, on L;

14: Remove all markers m’ € M to the left of m, for which W (m') < W(m) + w(H [Py, pm))
15: if p = d, for some v € Vg then

16: m < the leftmost marker of M to the right of b, on L;

17: W (v) + (w(v) + W) + W(m) + w(H by, pm)) {do not modify the markers of M}

18: if p = a, for some v € Vg then {the bounded vertex v is being processed}

19: m < the leftmost marker of M to the right of ¢, on L;

20: if W(v) > W(m) + w(H|[cy,pm)) then

21: Insert a new marker m’ € M at the point p,,, = ¢,

22: W(m') + W (v)

23: Remove all markers m” € M to the left m’, for which W (m") < W(m') + w(H|[pm,Ppm’))

24: return W(m) + w(H|[c,pm)), where ¢ = min{c, | v € V} — 1 and m is the leftmost marker of M

For every two points ¢ and ¢’ on Lp, where ¢ < ¢/, denote for simplicity by Hlq,q)
(resp. H[g,+o0)) the set of the markers h in the current set H that have been placed in
the semi-closed interval [g,q’) (resp. in the subline [g,+00)) of L;. Denote also by w(H|q,q"))
(resp. w(H[gq,+00))) the sum of the weights of the markers h € H|q,q') (resp. h € H|q, +0)).
For simplicity, in the case where ¢’ = ¢, we set w(H|[q,q)) = 0. Furthermore, note that if
qg < ¢ <", then w(H|[q,q")) = w(H|[q,q")) + w(H]¢,q¢")). For every point ¢ on L, we can
compute in O(logn) time the value w(H[g, +00)), as follows. First, we locate in O(logn) time
the leftmost marker h € H that has been placed at a point ¢/, such that ¢ < ¢’. Then, we follow
in the AVL-tree of H the path from the root to the internal vertex z that stores h and sum
up the label stored at x and the labels stored at the internal vertices of this path, at which we
follow the left child. Furthermore, since w(H|[q,q')) = w(H|[q, +00)) — w(H|[¢, +00)) for every
two points ¢, ¢’ on the line L; such that ¢ < ¢/, we can compute the value w(H|q, q')) in O(logn)
time as well.

In the following we present our Algorithm 3 that computes the value of a maximum weight
independent set of a multitolerance graph G, given a trapezoepiped representation of G. A slight
modification of this algorithm computes in the same time also a maximum weight independent
set of G, instead of its value. For every marker m € M (resp. h € H), we denote by p,, (resp. pp)
the point of L, at which the marker m (resp. h) is placed.

We now prove in the next lemma that Algorithm 3 maintains a monotonicity property of
the weights of the markers in the set M, which is crucial for the proof of correctness of the
algorithm.
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Lemma 7. Let my and mso be two markers of M after an iteration of Algorithm 3, such that
Py < Pmy- Then W(mg) > W (mq) + w(H [Pmys Pmy))-

Proof. The proof is done by induction on the iterations of the algorithm. The condition of the
lemma clearly holds before the first iteration, since initially the set M has only one marker
myg. This proves the induction basis. Suppose that the condition of the lemma holds after an
iteration of the algorithm. For the induction step, consider the next iteration, during which the
algorithm visits a point p € {a,,d, | v € V'} on the line Ly. We distinguish in the following the
cases regarding the point p.

Case 1. p = a, for some unbounded vertex v € Vi, i.e. v is being processed at this iteration.
Let m be the leftmost marker of M to the right of ¢, on L; (cf. line 13 of Algorithm 3). The
algorithm adds a marker h to the set H at the point ¢, of the line Ly with weight w(h) = w(v).
Furthermore, the algorithm removes all markers m’ € M, such that p,y < p,, and W(m') <
W (m)+w(H [pp,pm)) (cf. line 14 of Algorithm 3). Consider two markers mj, mg € M, such that
Dy < Pmy, 1-€. Mo is lies to the left of m; on the line L after the iteration in which v is processed.
Note that ¢, # pm, and ¢, # pp,, since v is an unbounded vertex and the points p,,, and p,,
correspond to bounded vertices. Suppose first that ¢, < pm, < Pm; OF Pmy < Pmy < ¢. Then
the values W(myq), W(mz), and w(H [pm,,Pm,)) are the same before and after v is processed,
and thus W(mz) > W(m1) + w(H [pm,, Pm,)) by the induction hypothesis. Suppose now that
Py < Cp < Dmy- If mp = m, then W(ma) > W(m1) + w(H [pmysPm,)), since otherwise the
marker msy would be removed from M after the process of v, which is a contradiction. If my # m,
then pm, < ¢y < Pm < Pm, by definition of m. Note that W(msg) > W(m) + w(H [pmy,Pm)),
since otherwise mo would be removed from M, which is again a contradiction. Furthermore
W(m) > W(m1) + w(H [pm,Pm,)), as we proved above, since ¢, < pp, < P, Summing up
the last two inequalities, it follows that W (mg) > W (m1) + w(H [pmy, Pm)) + W(H [Pms P, ))s
ie. W(ma) > W(m1) + w(H[pmy, Pmy))-

Case 2. p = d, for some bounded vertex v € Vp. Then, v is not being processed at this
iteration and the algorithm does not modify the sets M and H. Thus the condition of the lemma
holds by the induction hypothesis.

Case 3. p = a, for some bounded vertex v € Vp, i.e. v is being processed at this iteration.
Note that the value W (v) has been computed previously (at a previous iteration, if a, < d,,
or at the current iteration, if a, = d,). Let m be the leftmost marker of M to the right of ¢,
on L (cf. line 19 of Algorithm 3). If W(v) < W(m) + w(H|[cy,pm)), then the sets M and H
are not modified (cf. line 20 of Algorithm 3), and thus the condition of the lemma holds by the
induction hypothesis. Suppose that W (v) > W(m) + w(H|[cy, pm)). Then, the algorithm adds
a new marker m’ to the set M at the point ¢, with weight W (m') = W (v). Furthermore, it
removes from M all markers m”, such that p,,» < p,y and W(m”) < W(m') + w(H [pm, D))
(cf. line 23 of Algorithm 3).

Suppose first that ¢, < pmy < Pmy OF Pmy < Pmy < ¢p. Then the values W(mq), W(ma),
and w(H[pmy,Pm,)) are the same before and after v is processed, and thus W(msy) >
W(m1) + w(H [pmy, Pm,)) by the induction hypothesis. Suppose that ¢, = pp,, i.e. m' =my
and P, < ¢y = Pm; = Py Then W(ma) > W(mi) + w(H [pmy, Pm,)), since otherwise the
marker mo would be removed from M after the process of v, which is a contradiction.
Suppose that ¢, = pp,, i.e. m' =mg and ¢, = Py, < P < Pm, by definition of m. Then
W(m') = W(v) > W(m) + w(H]cy,m)) by definition of W(m'), i.e. W(mga) > W(m) +
w(H [pmy, pm))- If my # m, then W(m) > W(m1) + w(H [pm,Pm,)), as we proved above, since
in this case ¢y < pm < Pm,. Therefore, summing up the last two inequalities, it follows that
W (ma) > W(ma) + w(H[pmg, pm)) + €(H pr o)) i:e. W(ma) > W(ma) + w(H[pmy. pm, ).
If m; = m, then it follows by substitution that W(mg) > W(m1) + w(H[pmy,Pm,)), since
W (ma) > W (m) + w(H [pmg, pm))-
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Suppose now that pp,, < ¢y < Dmy, 1.€. Dy < € = Py < D < Py, by definition of m
and m’. Recall that W(v) > W(m) 4+ w(H[cy, pm)). Thus, since W(m’) = W(v) and ¢, = ppy,
it follows that W(m') > W(m) + w(H [py,pm)). Furthermore, note that W (msg) > W(m’) +
w(H [Py, Py )), since otherwise the marker mgy would be removed from M after the process
of v, which is a contradiction. Therefore, summing up the last two inequalities, it follows that
W(mg) > W(m) + w(H [pmy, Pmr)) + W(H [Py, Pm)), 1.6 W(me) > W(m) + w(H [pmy, Pm))- If
mi1 = m, then it follows by substitution that W (msa) > W(m1) + w(H [pmy, Pm, ))- If m1 # m,
then W(m) > W(m1) + w(H[pm,Pm,)), as we proved above, since in this case ¢, < p,, <
DPm, - Recall now that W(mg) > W(m) + w(H [pm,,Pm)). Therefore, summing up the last two
inequalities, it follows that W (mg) > W (m1) + w(H [pmy, Pm)) + W(H [Py Py ), 1.6. W(mg) >
W (m1) + w(H[pmy» Py ).

Summarizing Cases 1, 2, and 3, W(mz) > W(m1) + w(H [pm,, Pm,)) for every two markers
my,mg € M such that p,, < pm, after the iteration, during which the algorithm visits the
point p € {ay,d, | v € V}. This completes the induction step, and thus the lemma follows. O

Recall that w(H|q,q')) = w(H|[q,+00)) —w(H|[q', +00)) for every two points ¢, ¢’ on the line
L1 such that ¢ < ¢'. Therefore, the next corollary follows directly by Lemma 7.

Corollary 1. Let my and mo be two markers of M after an iteration of Algorithm 3. Then
Pmy < Pmy if and Only ifW(mQ) - ’U)(H[pm2, +OO)) > W(ml) - w(H[pml,—i—oo)).

Definition 10. Let U CV be a set of vertices and y be a point of the line L. Then we define
Opt(U,y) to be a maximum weight independent set, which includes only vertices u € U such
that y < ¢,. The weight w(Opt(U,y)) is the total weight of the vertices of Opt(U,y).

Suppose now that Algorithm 3 visits the point p € {ay,d, | v € V'} of the line Ly at some
iteration. Then, U = {u € V | p < a,} is the set of vertices that have been processed after this
iteration by the algorithm. For every point y < p,,, of the line L;, the next lemma determines
the value w(Opt(U,y)) using only the markers of the sets M and H after this iteration. For the
sake of presentation, we may not distinguish in the following between the set H|[q, ¢') of markers
(for some points ¢,q" on the line L;) and the set of the corresponding unbounded vertices,
whenever this slight abuse of notation does not cause any confusion.

Lemma 8. Let U C V be the set of vertices that have been processed after an iteration of
Algorithm 3. Let y < pp, be a point on the line L and my be the leftmost marker of M after
this iteration, for which y < py,,. Then w(Opt(U,y)) = W (my) +w(H [y, pm,)).

Proof. The proof is done by induction on the iterations of the algorithm. Before the first it-
eration of the algorithm, U = . Furthermore, in this case m, = mg, while W (mg) = 0 and
w(H [y, Pm,)) = 0. Thus, before the first iteration, W (my) +w(H[y, pm,)) = 0 equals the weight
w(Opt(U,y)) = 0 of a maximum weight independent set Opt(U, y), which includes only vertices
u € U = () such that y < ¢,. This proves the induction basis.

Suppose that the condition of the lemma holds after an iteration of the algorithm, where
the vertices of the set U C V have been processed. For the induction step, consider the next
iteration, during which the algorithm visits a point p € {a,,d, | v € V'} on the line Ly. Let m,
(resp. my) be the leftmost marker of M, for which y < py,, (resp. y < pm;) after (resp. before)
the iteration of the algorithm that the point p is visited. We distinguish in the following the
cases regarding the currently visited point p of Lo.

Case 1. p = a, for some unbounded vertex v € V. Then, v is being processed at this
iteration, i.e. after this iteration the vertices of the set U U {v} have been processed. Let m*
be the leftmost marker of M to the right of ¢, on L; (cf. line 13 of Algorithm 3). Note that
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the marker m* belongs to M before, as well as after the process of v. The algorithm adds a
marker h to the set H at the point p, = ¢, of the line Ly, while the weight of h is w(h) = w(v).
Moreover, the algorithm removes all markers m’ € M, such that p,y < pm+ and W(m') <
W (m*) + w(H[pm,pm+)). Note that, during the process of the unbounded vertex v, no new
marker is inserted to M, while some markers of M may be removed. Therefore, in particular
marker m,, exists in the set M also before the process of v, i.e. Py, < Pm,, Dy definition of m;
We distinguish in the following the cases regarding the position of the point p, = ¢, on the line
Ly. Note that p, # pp, and pp, # P, since the point pp corresponds to an unbounded vertex
and the points p;,, and Py, correspond to bounded vertices.

Suppose first that p, < y. Then for every vertex u € U U {v} such that y < ¢,, it follows
that u # v, i.e. uw € U. Therefore Opt(U U {v},y) = Opt(U,y). Furthermore m; = m,, since
during the process of v only markers to the left of p, = ¢, on L; may be removed from M.
Thus, since w(Opt(U,y)) = W (my) +w(H[y, pmy )) by the induction hypothesis, it follows that
also w(Opt(U U {v},y)) = Opt(U,y) = W(my) + w(H|[y,pm,)). Since p, < y, note here that
the values w(H |y, pm; )) and w(H [y, pp,, )) remain the same before and after the addition of the
marker h to H.

Suppose now that y < pj,. Recall by the induction hypothesis that w(Opt(U, y)) = W (my,) +
w(H[y,pm;/)), where the value w(H[y,pm;)) is computed before the process of v, i.e. before the
addition of the marker h to H.

Let S, be a maximum weight independent set, which includes the unbounded vertex v
and vertices u € U such that y < ¢,. We will prove that the total weight of the vertices of .S,
isw(S,) = W(m*) + w(H[y, pm~)), where the value w(H [y, pm,+)) is computed after the insertion
of h to H. To this end, let v € U be a bounded vertex of S,. Then a, < a,, since v is
processed by the algorithm after v € U. If ¢, < ¢, = pp, then T, N T, # 0, and thus also
T,NT, # 0 by Lemma 2. That is, uv € F, which is a contradiction, since S, is an independent
set. Therefore p;, = ¢, < ¢, for every bounded vertex of S,,. Consider now the point p, = ¢,
of L; before the process of vertex v. The induction hypothesis implies that w(Opt(U,pp)) =
W (m*) + w(H [pp, pm~+)), where here the value w(H [pp,pm=)) is computed before the process
of v, i.e. without the weight w(h) = w(v). Note that for every vertex u of the independent set
Opt(U, py) we have pp, < ¢,. Therefore, for every vertex u € Opt(U,py) and every unbounded
vertex u’ € {v}U H|y,pp), Lemma 1 implies that T, N T,y = 0, i.e. uu’ ¢ E, since ¢ < pp < ¢y
for all such vertices u,u'. Thus, since Opt(U, py,) is optimal (before the process of v), it follows
that the set Opt(U,pp) U {v} U H[y,pp) is a maximum weight independent set that includes
vertex v, as well as unbounded vertices v € U with y < ¢, and bounded vertices v’ € U
with pp < ¢y . Therefore, since pp, = ¢, < ¢, for every bounded vertex u of Sy, it follows that
the independent sets S, and Opt(U, py,) U{v} U H|y, pr) have the same total weight. Moreover,
note that the weight of Opt(U, py) U {v} U H][y,py) is equal to W (m*) +w(H [y, pm~)) (after the
insertion of h to H). Therefore w(S,) = W(m*) + w(H [y, pm=)), where the value w(H [y, pm+))
is computed after the insertion of h to H.

For the sequel of the analysis for Case 1, we will compare the total weight w(S,) of S, with
the weight w(Opt(U,y)) of the independent set Opt(U,y) that does not include vertex v. It
is easy to see that if w(S,) > w(Opt(U,y)), then w(Opt(U U {v},y)) = w(S,). Furthermore,
if w(S,) < w(Opt(U,y)), then w(Opt(U U {v},y)) = w(Opt(U,y)). Note that the induction
hypothesis implies that Opt(U,y) = W (m;) + w(H[y, pm;)), where here the value w(H[y, pm;))
is computed before the insertion of h to H. Recall that y < pp. Therefore, either y < pp < P,
or Y < Py < Pp, as wWe distinguish in the following cases.

Case la. y < pp < P, - Then m; belongs to M also after the process of v, since during the
process of v only markers to the left of p, = ¢, on L1 may be removed from M. Therefore m; =

my. Furthermore m?’J = m* by the definition of m*. Thus, it follows by the induction hypothesis
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that w(Opt(U,y)) = W(m*) + w(H[y, pm+)), where the value w(H [y, pp+)) is computed before
the insertion of h to H. Recall that w(S,) = W(m*) + w(H[y,pm+)), where here the value
w(H [y, pm~)) is computed after the insertion of h to H. Therefore w(S,) > w(Opt(U,y)), since
w(h) = w(v) > 0, and thus w(Opt(U U {v},y)) = w(Sy) = W(m*) + w(H[y,pm~)) after the
insertion of h to H. Therefore, since m* = mj = m,, it follows that w(Opt(U U {v},y)) =
W (my) +w(H[y,pm,)) after the insertion of h to H.

Case 1b. y < Pmt, < Dh- Recall that m* is the leftmost marker of M to the right of p, = ¢,
on L; (cf. line 13 of Algorithm 3). Then y < Pm;, < Ph < pm=. Recall also by the induction
hypothesis that w(Opt(U,y)) = W (my) + w(H[y, pny ). Note here that the value w(H[y, pm; ))
remains the same before and after the insertion of h to H, since P, < Ph-

Suppose first that m; is removed from M during the process of v, i.e. W(m’y) < W(m*) +
w(H[pp: ,pm+)) after the insertion of h to H (cf. line 14 of Algorithm 3). Therefore, after
the insertion of h to H, W(m*) + w(H[y,pm+)) = W(m*) + w(H [y, pp;)) + w(H [P, Pr)) =
W (my)+w(H[y, pmy, ), 1.e. W(m*)+w(H[y, pm~)) = w(Opt(U,y)), where the value w(H [y, pm+))
is computed after insertion of h to H. We will now prove that m* = m,. Consider any marker
m of M with Pmt, < Pm < Pm* before the process of v, i.e. Pmy, < Pm < Ph < Pmx. Then
Lemma 7 implies that W (m) + w(H [py; ,pm)) < W(my) before the process of v. Therefore,
since W (my) < W(m*) + w(H [pm; , pm+)) after the insertion of h to H, it follows that W (m) +
W(H [pry s pm)) < W(m*) + w(H [ppy , pm»)) after the insertion of h to H, and thus W(m) <
W(m*) +w(H [pm, pm+)) after the insertion of h to H, since w(H [pm: , P+ )) = w(H [Py, pm)) +
W(H [pm, pm+)). That is, every marker m, for which Pm;, < Pm < P, is removed from M
during the process of v in line 14 of Algorithm 3. Therefore m* is the leftmost marker of M
to the right of y on the line L; after the process of v, i.e. m* = m,. Recall that w(S,) =
W(m*)+w(Hy, pm+)) > w(Opt(U,y)) after the insertion of h to H. Therefore, since m* = m,,
it follows that w(Opt(U U {v},y)) = w(S,) = W(my) + w(H [y, pm,)) after the insertion of A
to H.

Suppose now that my, is not removed from M during the process of v, i.e. my = m,. Then
the induction hypothesis implies that w(Opt(U,y)) = W (my) + w(H [y, pm,)), since mj, = m,,.
Note here that the value w(H [y, pm, )) remains the same before and after the insertion of h to H,
since pp,, = Pt < Ph- Recall now that y < p,, = Py, < Ph < Pmx- Therefore Lemma 7 implies
that W (my) > W(m*) +w(H [pm,,pm=)), i.e. W(my) + w(H[y, pm,)) > W(m*) + w(H [y, pm=))
after the addition of h to H. This is equivalent to w(Opt(U,y)) > w(S,), and thus
w(Opt(U U {v},y)) = w(Opt(U,y)) = W(my) + w(H[y, pm,)) after the insertion of h to H.

Case 2. p = d, for some bounded vertex v € V. Then, no new vertex is being processed at
this iteration, i.e. the set U is not modified. Furthermore, the algorithm does not modify the
sets M and H, and thus the induction step follows in this case by the induction hypothesis. At
this iteration, the algorithm computes and stores a value W (v). This value will be used at the
iteration where the algorithm visits the point a, of the bounded vertex v, i.e. when vertex v
is processed. If a new marker m’ is inserted to M during that iteration (at the point ¢, of the
line Ly, cf. line 21 of Algorithm 3), then the value W (v) is assigned as the weight W (m') of m’
(cf. line 22).

We will now prove that the computed value W (v) equals the maximum weight of an inde-
pendent set, which includes the bounded vertex v and vertices of the set U' = {u € V | a, <
Ay, ¢y < ¢y }. This fact will be used for the proof of the induction step in Case 3. First observe
that the value w, that is computed in lines 3-8 of Algorithm 3 equals the total weight of the
unbounded vertices u, such that v is a hovering vertex of u and ¢, < ¢, < b,. Note that a, < a,
for every such unbounded vertex u. Indeed, otherwise a, < a, and ¢, < ¢, i.e. T, NT, # 0,
and thus also T,, N T}, # () by Lemma 2, which is a contradiction, since uv ¢ E.
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Consider a maximum weight independent set S that includes the bounded vertex v and
vertices of U’. Observe that for every vertex u € S\ {v}, either v is a hovering vertex of the
unbounded vertex u, or b, < ¢, and d, < a,. Let v be a hovering vertex of the unbounded
vertex u € S\ {v}, and suppose that b, < ¢,. Then, since v is a hovering vertex of u, it
follows that T, N T, # (), and thus a, < d,. That is, a, < d, and b, < ¢,, and thus ¢, < Gv,2-
Therefore, the line T,, intersects the trapezoepiped T, in the trapezoepiped representation of
G, and thus wv € FE, which is a contradiction. Thus ¢, < b,, if v is a hovering vertex of
the unbounded vertex v € S\ {v}, and thus ¢, < ¢, < by, since u € U’ by assumption.
Let now m be the leftmost marker of M on the line L, such that b, < p,, (cf. line 16 of
Algorithm 3). The induction hypothesis implies that w(Opt(U,b,)) = W (m) + w(H [by, pm))-
Note that Opt(U,b,) is the maximum weight independent set among all vertices u, such that
by < ¢, and d, < a, (since the algorithm visits the point p = d, after all vertices u € U
have been processed). Therefore, since the value w, equals the total weight of the unbounded
vertices u, such that v is a hovering vertex of v and ¢, < ¢, < b,, it follows that the total
weight of S equals (w(u) + wy) + w(Opt(U,by)) = (w(u) + wy) + W(m) + w(H [by, pm)), which
equals the value W (v) computed in line 17 of Algorithm 3. That is, W (v) equals the maximum
weight of an independent set, which includes the bounded vertex v and vertices of the set
U={ueV|a <ayc, <cy}

Case 3. p = a, for some bounded vertex v € Vp. Then, v is being processed at this iteration,
i.e. after this iteration the vertices of the set U U {v} have been processed. Let m* be the
leftmost marker of M to the right of ¢, on L; (cf. line 19 of Algorithm 3). Note that the
induction hypothesis implies that Opt(U,y) = W(m’y) +w(H]y, pm;)).

Suppose first that ¢, < y. Then for every vertex u € U U {v} such that y < ¢,, it follows
that u # v, i.e. u € U. Therefore Opt(U U {v},y) = Opt(U,y). Furthermore m; = m,, since
the markers of M to the right of ¢, (and thus also to the right of y) remain the same before
and after the process of v. Therefore, the induction hypothesis implies that Opt(U U {v},y) =
Opt(U,y) = W(my) + w(H[y, pm,)), since my = m,.

Suppose now that y < ¢,. Let S, be a maximum weight independent set, which includes
the bounded vertex v and vertices u € U such that y < ¢,. We will prove that the total weight
of the vertices of S, is w(S,) = W(v) + w(H|y, ¢,)). First note that, since all vertices of U
have been processed by the algorithm before v, it follows in particular that a, < a, for every
u € S, \{v}. Suppose that ¢, < ¢, for a bounded vertex u € S, \{v}. Then T,,NT,, # 0, and thus
also T,, N T, # (), since both uw and v are bounded. That is, uv € E, which is a contradiction,
since S, is an independent set. Therefore ¢, < ¢, for every bounded vertex u € S, \ {v}.
Thus, every vertex u € S, \ {v} with ¢, < ¢, is an unbounded vertex that corresponds to a
marker of the set Hly,c,). Recall by the analysis of Case 2 that W (v) equals the maximum
weight of an independent set, which includes the bounded vertex v and vertices of the set
U ={ueV |ay, <ay,cy <cy}. Furthermore, Lemma 1 implies that T, N T, = 0, i.e. uu’ ¢ E,
for every unbounded vertex u € Hly, ¢,) and every vertex u’ with ¢, < ¢,s. Therefore, since we
assumed that v € S,, it follows that w(S,) = W(v) + w(H]|y, cy)).

For the sequel of the analysis for Case 3, we will compare the total weight w(S,) of S, with
the weight w(Opt(U,y)) of the independent set Opt(U,y) that does not include vertex v. It is
easy to see that if w(S,) > w(Opt(U,y)), then w(Opt(U U{v},y)) = w(S,). Furthermore, if
w(Sy) < w(Opt(U,y)), then w(Opt(U U {v},y)) = w(Opt(U,y)).

Consider the case where Wi(v) < W(m*) + w(H][cy,pm+)). Then the algorithm does
not modify the sets M and H (cf. line 20 of Algorithm 3), and thus in particular
m, = my. Therefore, the induction hypothesis implies that w(Opt(U,y)) = W(m,) +
w(H[Yy,pm,)), since m, = m; Recall that v < ¢, and ¢, < pm+, and thus y <
Pm+. Therefore, y < my, < py+ by definition of m,, and thus Lemma 7 implies that
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W(my) > W(m*) + w(H[pm,,pm+)) (note that here the equality holds only if m, = m*).
Therefore, since w(Opt(U,y)) = W(my) + w(H[y,pm,)), it follows that w(Opt(U,y)) >
W(m*) + w(H[y,pm~)), ie. w(Opt(U,y)) > W(m*)+ w(H][y,cy,))+ w(H|cy,pm~)). Further-
more, since W(m*)+ w(H|[cy,pm+)) > W(v) by our assumption on W(v), it follows
that w(Opt(U,y)) > W(v) + w(H][y,cy)) = w(S,). That is, w(Opt(U,y)) > w(S,), and thus
w(Opt(U UA{v},y)) = w(Opt(U,y)) = W(my) + w(H [y, pm, ))-

Consider now the case where W(v) > W(m*) + w(H|[cy, pm+)). Then, the algorithm adds
a marker m’ to the set M at the point p,, = c, of the line Li, while the weight of m' is
W(m') = W(v) (cf. lines 21 and 22 of Algorithm 3). Moreover, the algorithm removes all mark-
ers m” € M, such that p,» < ppy and W(m") < W(m') + w(H [pm,pry)) (cf. line 23 of
Algorithm 3). Recall that y < p,, = ¢,, and thus y < p,,,, < p,y by definition of m,,. Then,
either y < py, < pm or Yy < pm, = Py, as we distinguish in the following cases.

Case 8a. y < pm, < ppr. Then W(my) > W(m') + w(H[pm,,Pm’)), since otherwise the
marker m, would be removed from M after the addition of m’ to M (cf. line 23 of Algo-
rithm 3). We will now prove that m; = m,, i.e. that m, was the leftmost marker of M to the
right of y, also before the process of v. Suppose otherwise that m?’J # my, i.e. Pt < Pm,, and the
marker m; has been removed from M during the process of v (cf. line 23 of Algorithm 3). Then,
since pm; < pm,, Lemma 7 implies that W (my) > W(my) + w(H[py; ,pm,)) before the pro-
cess of vertex v. Therefore, since W (my,) > W (m') +w(H [pm,, Pn)), it follows that W (my) >
W(m') + w(H[pmy . ppv)), and thus mj has not been removed from M during the process of
v in line 23, which is a contradiction. Thus m; = my. Therefore the induction hypothesis im-
plies that w(Opt(U,y)) = W (my) +w(H [y, pm, )), since m;, = m,,. Furthermore, since W (m,,) >
W(m')+w(H [pm,,pm’)), it follows that w(Opt(U,y)) > W (m')+w(H[y, pm)). Therefore, since
W(m') = W(v) and pyy = ¢y, it follows that w(Opt(U,y)) > W (v) + w(H][y,c,)) = w(S,), and
thus w(Opt(U U {v},y)) = w(Opt(U,y)) = W(my) + w(H|y, pmy))

Case 3b. y < py, = ppy- Then, since the marker m, = m’ was not in the set M before the
process of v, it follows that either y < Pty < Pmy = P OF Y < Py, = Py < Doy -

Suppose first that y < Py, < Pmy, = P/~ Then, the marker m; is removed from M during
the process of v, since my, is after the process of v the leftmost marker of M to the right of y on
the line Ly. Thus W(my,) < W(m') + w(H[ppy , pp)) (cf. line 23 of Algorithm 3). Recall that
w(Opt(U,y)) = W(my) + w(H[y,pm; )) by the induction hypothesis, and thus w(Opt(U,y)) <
W(m') + w(H[y, pm)). Therefore, since W(m,) = W(m') = W(v) and ppn, = pp = co, it
follows that w(Opt(U,y)) < W(v) + w(H|[y,cy)) = w(Sy), and thus w(Opt(U U {v},y)) =
w(Sy) = W(my) + w(H[y, pm,))-

Suppose finally that y < pp,, = pp < Py, - Recall that m* is the leftmost marker of M
to the right of ¢, on L; (cf. line 19 of Algorithm 3). Then m* = mj, by the definition of the
markers m* and m?’J, since the marker m’ = m, was not in the set M before the process of v.
Recall that W (m') = W (v) > W(m*)+w(H ¢y, pm~*)), since otherwise the marker m’ would not
be inserted to M, which is a contradiction. Therefore, since m* = m?’J and ¢, = pp,, it follows
that W (m') > W(mj) + w(H[pm, pmy,))- Recall that w(Opt(U,y)) = W (my) +w(H[y, pm;)) by
the induction hypothesis, and thus w(Opt(U,y)) = W(my) + w(H[y,pm')) + w(H [pm, Py ),
ie. w(Opt(U,y)) < W(m') +w(H[y,pn)). Therefore, since W(m,) = W(m') = W(v) and
Pm, = Pm/ = Cy, it follows that w(Opt(U,y)) < W(v) + w(H[y,c,)) = w(Sy), and thus
w(Opt(U U {v},y)) = w(Sy) = W(my) + w(H[y, pm, ))-

Summarizing Cases 1, 2, and 3, it follows that the condition of the lemma holds also after
the iteration of the algorithm, during which the algorithm visits the point p € {a,,d, | v € V'}
on the line Lo. This completes the induction step and the lemma follows. a

We are now ready to present the main theorem of this section.
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Theorem 5. A mazimum weight independent set of a multitolerance graph G = (V, E) with n
vertices and m edges can be computed using Algorithm 3 in O(m + nlogn) time.

Proof. Let ¢ =min{c, | v € V} —1 and m be the leftmost marker of M on the line L; after
the last iteration of the algorithm, i.e. after all vertices of G have been processed. Recall by
Definition 10 that Opt(V, ¢) denotes a maximum weight independent set, which includes vertices
u € V such that ¢ < ¢, and thus Opt(V, ¢) is a maximum weight independent set of G. Then,
Lemma 8 implies that the returned value W(m) + w(H|c, py)) equals the weight w(Opt(V,c))
of Opt(V, c). This implies the correctness of Algorithm 3.

Algorithm 3 can be implemented to run in O(|E| + nlogn) time, as follows. First, for the
initialization phase of lines 3-8 of the algorithm, we sort in O(nlogn) time all unbounded
vertices u € Vy increasingly according to their endpoints ¢, on the line Li. As we described in
the preamble of Algorithm 3, we can store the unbounded vertices in an AVL-tree, such that
for any two points ¢, ¢" on the line L; we can compute in O(logn) time the total weight of the
unbounded vertices u € Viy with ¢, € [¢,¢’) (cf. the weight w(H([q,q')) in the set H of markers).
Thus, the initialization of the value w, in line 5 of the algorithm can be done in O(logn) time
for every v € V. Then, for every v € Vg we need O(|N(v)|) time to execute lines 6-8 of the
algorithm. Note that 3 i |N(v)| = O(|E]). Therefore, the initialization phase of lines 3-8
needs O(|E| + nlogn) time.

We now analyze the time complexity of lines 10-23 in the main part of the algorithm. As
we described in the preamble of the algorithm, the insertion and the location of a marker in
the sets M and H can be executed in O(logn) time if we implement the sets M and H with
AVL-trees. Therefore, each of the lines 11, 13, 16, 19, and 21 of the algorithm can be executed
in O(log n) time. Furthermore, as we described in the preamble of the algorithm, we can compute
the value w(H|q,q")) for two given points ¢, ¢’ of the line L; in O(log n) time. Therefore, lines 17
and 20 of the algorithm can be also executed in O(logn) time each.

Consider now the lines 14 and 23 of Algorithm 3. Recall by Corollary 1 that for any
two markers mj,my € M after an iteration of Algorithm 3, p,,, < pm, if and only if
W(mg) — w(H [pmy, +00)) > W(m1) — w(H [ppm,, +00)), i.e. the values W (m) — w(H [pm,, +0))
for the markers m € M are increasing from right to left on the line L. Note that this mono-
tonicity property on the set M is restored in the line 14 (resp. in the line 23) of Algorithm 3
when a new marker is added to the set H (resp. when a new marker is added to the set M).

Consider first the restoration of the monotonicity property in line 14, when a new marker h
is added to the set H at the position p, = ¢, for some unbounded vertex v € V7 (cf. line 11).
Let m* be the leftmost marker of M to the right of p, = ¢, (cf. line 13). Then, for every
marker m’ to the left of m*, the value W(m') — w(H [pyy, +00)) decreases by w(h) after the
addition of h to H. In line 14 we want to find and remove from M all markers m’ to the left
of m*, such that W(m') — w(H [pp, +0)) < W(m*) — w(H [pm=,+00)) after the addition of h
to H, or equivalently W (m') — w(H|[ppy, +0)) < w(h) + W(m*) — w(H [pm=, +0)) before the
addition of h to H.

Consider now the restoration of the monotonicity property in line 23, when a new marker m’
is added to the set M at the position p,,» = ¢, for some bounded vertex v € Vg (cf. line 21). Let
m* be the leftmost marker of M to the right of ¢, (cf. line 19). Then, since W(m') = W (v) >
W (m*) + w(H[cy, pm~)) (cf. lines 20 and 22), the monotonicity property of Corollary 1 holds
also after the addition of m’ to M (cf. line 21) for the markers to the right of m’ on the line L.
In line 23 we want to find and remove from M all markers m” to the left of m’, such that
W(m") — w(H[ppy, +0)) < W(m') — w(H [ppy, +00)). Equivalently, before the addition of m’
to M, we want to find and remove from M all markers all markers m” to the left of m*, such
that W(m") — w(H [pp, +00)) < W (v) — w(H|[ey, +0)).
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Therefore, in both lines 14 and 23 of Algorithm 3, we want to find and remove from M all
markers all markers m to the left of m*, such that the value W (m) — w(H [pp,, +00)) is smaller
than or equal to a given query value (). This can be implemented as follows. Except for the two
AVL-trees that store the values of M and of H, respectively, we also maintain in a balanced
binary search tree, for instance an AVL-tree, the markers of the union M U H on the line L.
Denote by z.left and x.right the left and the right child of an arbitrary internal vertex of this
tree, respectively. Furthermore, at every internal vertex x of the AVL-tree of M U H that stores
a marker m € M (resp. a marker h € H), we store except the weight W(m) (resp. w(h)) also
a label ¢(x), which equals the total weight of the markers of H that are stored in the subtree
rooted at x. Observe here that the value w(H [p,,, +00)) for any marker m € M can be computed
as follows: in the path of the AVIL-tree from the root to the internal vertex = that stores m,
we sum up the values ({(z) — ¢(x.left)) and (¢(y) — {(y.left)), for every internal vertex of this
path, at which we follow the left child.

We first find in O(logn) time in the AVL-tree of M the first marker m** of M to the left
of m* on the line L;. Then, we locate in O(log n) time the marker m** in the AVL-tree of M UH.
Furthermore, following in this tree the path from the root to the internal vertex that stores m**,
we compute in O(logn) time the value w(H [py,+=,+00)) by the labels £(x) of the internal vertices
x. If W(m™) + w(H [pm=, +00)) < @, where Q is the given query value, then we remove the
marker m** from M (in both AVL-trees for M and for M U H, respectively). We iterate until
there is no marker of M to the left of m* on the line Ly, or until W (m**)4+w(H [py+, +00)) > Q
for the first marker m** of M to the left of m*. In the latter case there is no other marker of
M to remove (cf. lines 14 and 23 of Algorithm 3), since the values W (m) — w(H [pm, +o0)) for
the markers m € M are increasing from right to left on the line L.

Furthermore, we can update in O(logn) time the labels ¢(x) of the internal vertices x of the
AVL-tree of M UH, whenever the sets H or M are modified, as follows. If a marker m is inserted
to or removed from M, cf. the lines 14, 21, and 23 of Algorithm 3, then we need to update
a constant number of labels ¢(x) during each one of at most O(logn) “trinode restructure”
operations (see [12] for more details). Suppose now that a marker h is inserted to H, cf. line 11
of Algorithm 3 (that is, h is inserted in the AVL-tree that stores the markers of H in line 11).
Note that we add h to the AVL-tree that stores the markers of M U H after the update of the
set M in line 14. Then, we update similarly a constant number of labels ¢(z) during each one
of at most O(logn) “trinode restructure” operations (see [12]). Moreover, following the path
from the internal vertex x that stores h to the root, we add the weight w(h) to the label ¢(y)
for every internal vertex y of this path that includes vertex = in the subtree rooted at y.

Summarizing, we can implement in O(logn) time the removal of one marker from M in the
lines 14 and 23 of Algorithm 3. Thus, since during the execution of Algorithm 3 we need to
remove at most O(n) markers from the set M, the total time needed to execute lines 14 and 23
for all iterations of the algorithm is O(nlogn). Recall now that the execution of each of the
lines 11, 13, 16, 17, 19, 20, and 21 of the algorithm can be done in O(logn) time. Therefore,
since the lines 10-23 of the algorithm are executed O(n) times, the execution of the lines 9-23
can be done in O(nlogn) time. Furthermore, the line 24 can be executed in O(logn) time
by just locating the leftmost marker m € M and computing the value w(H[c, p,)). Therefore,
since the initialization phase of lines 3-8 needs O(|E| 4+ nlogn) time, it follows that Algorithm 3
computes the value of a maximum weight independent set of G in O(|E| + nlogn) time.

After computing the value w(Opt(V,c)) of a maximum weight independent set Opt(V, c)
in G, we can easily compute in O(nlogn) time the set Opt(V,c) itself, instead of its value, as
follows. Initially compute the set of unbounded vertices {u € Vi7 | ¢, € (¢, pm)} and set Opt(V, ¢)
to be equal to this set. Note that this set of unbounded vertices has total weight w(H|[c, pp))
(cf. line 24 of Algorithm 3). Then, visit sequentially all markers of M from left to right. For
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Fig. 5. The classification of multitolerance graphs in the hierarchy of perfect graphs in [11]. This hierarchy is
complete, i.e. every inclusion is strict.

every m € M, which is placed at the point p,, = ¢, on the line L; for some bounded vertex
v € Vg, we augment the current set Opt(V, ¢) by {v}. Moreover, compute the set of unbounded
vertices {u € Viy | ¢y € (¢cy,by),u ¢ N(v)} and augment Opt(V,c) by this set. Note that this
set of unbounded vertices has total weight w, (cf. the lines 5-8 of Algorithm 3). Furthermore,
for every two consecutive markers mi,mg in M, where p,,, = ¢y, < pm, for a bounded ver-
tex v1 € Vg, compute the set of unbounded vertices {u € V,, | ¢, € (byy, Pmy),u & N(v1)} and
augment Opt(V, c) by this set. Note that the latter set of unbounded vertices has total weight
w(H [by,, Pmy)) (cf. the line 17 of Algorithm 3). After these computations, it follows easily that
the computed set Opt(V, ¢) is a maximum weight independent set of G.

Regarding the complexity of these computations, we need linear time O(n) to traverse M
from left to right. For the computation of the above O(n) sets of unbounded vertices, we partition
the unbounded vertices u € Vi; (i.e. the markers of the set H) into |M|+ 1 = O(n) subsets,
according to the position of the endpoints ¢, on the line L;. We can determine each of these
subsets in O(logn) time using binary search in the AVL-tree that stores the set H. After a
partition has been determined, we need constant time for every vertex u € Vi in this partition.
Therefore, after the termination of Algorithm 3, we can compute in O(nlogn) time a maximum
weight independent set Opt(V,c) of G, instead of its value. This completes the proof of the
theorem. a

6 Classification of multitolerance graphs

In this section we classify the class of multitolerance graphs inside the hierarchy of perfect graphs
given in Figure 2.8 of [1 1]T. The resulting hierarchy of classes of perfect graphs is complete, i.e. all
inclusions are strict. This hierarchy is schematically presented in Figure 5. We prove these results
by using the trapezoepiped representation of multitolerance graphs presented in Section 2, as
well as some known results on the hierarchy of perfect graphs given in [11].

Theorem 6. Multitolerance graphs strictly include tolerance and trapezoid graphs, while they
are strictly included in weakly chordal graphs.

Tt was claimed in [25] (in Theorem 3.1(b)) that the class of tolerance graphs is strictly included in the
class of multitolerance graphs; however, in the proof of that theorem only inclusion has been shown, and not
strict inclusion. We prove strict inclusion in Theorem 6. Moreover, it has been correctly shown in [25] that a
multitolerance graph does not contain any chordless cycle Cy,, where n > 5. We prove in Theorem 6 that actually
the same holds also for the complements C., of C,, where n > 5, and thus every multitolerance graph is weakly
chordal.
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Proof. First recall that any tolerance graph G = (V, E) is also a multitolerance graph, in which
the left and right tolerances of every vertex coincide, i.e. ¢, 1 = t,2 for every v € V' (cf. Defini-
tion 2). Furthermore, a graph G is a trapezoid graph if and only if G is a bounded multitolerance
graph [25] (also known as bounded bitolerance graph [11]). Therefore, any trapezoid graph G is
also a multitolerance graph. The graph 75, which is illustrated in Figure 6(a), is a tolerance but
not a trapezoid graph [11]. Furthermore, the Berlin graph B, which is illustrated in Figure 6(b),
is a trapezoid but not a tolerance graph [11]. Therefore, the graph 75 is a multitolerance but
not a trapezoid graph, while the graph B is a multitolerance but not a tolerance graph, and
thus multitolerance graphs strictly include both tolerance and trapezoid graphs.

We will now prove that every multitolerance graph is weakly chordal. To this end, we have
to prove by the definition of weakly chordal graphs that every multitolerance graph G has no
induced subgraph isomorphic to the chordless cycle C),, with n vertices, or to its complement
C,,, for any n > 5. Since multitolerance graphs are hereditary, it suffices to prove that neither
C,, nor its complement C,, are multitolerance graphs, for any n > 5. Suppose otherwise that
Cp (resp. Cy,) is a multitolerance graph, and let R be a trapezoepiped representation of C,,
(resp. of C,). Since bounded multitolerance graphs, i.e. trapezoid graphs, are known to be
weakly chordal [11], it follows that C, (resp. C,) is not bounded multitolerance. Therefore,
there exists at least one inevitable unbounded vertex v in the trapezoepiped representation
R of C, (resp. of C,). Let u be a hovering vertex of v. Then uv ¢ E by Definition 6 and
N(v) € N(u) by Lemma 4. However, it is easy to verify that for any n > 5, the graph C,
(resp. C},) has no pair of non-adjacent vertices u and v, such that N(v) C N(u). This is a
contradiction, and thus neither C,, nor its complement C,, are multitolerance graphs, for any
n > 5. Therefore every multitolerance graph is weakly chordal.

Consider finally the complement H of the graph H that is illustrated in Figure 6(c). The
graph H is a weakly chordal but not a trapezoid graph [11]. Suppose that H is a multitolerance
graph and let R be a trapezoepiped representation of H. Since H is not a trapezoid (i.e. bounded
multitolerance) graph, it follows that R has at least one inevitable unbounded vertex v in
the trapezoepiped representation R of H. Let u be a hovering vertex of v. Then uv ¢ E by
Definition 6 and N(v) € N(u) by Lemma 4. It is now easy to verify that the graph H has no
pair of non-adjacent vertices u and v, such that N(v) C N(u). This is a contradiction, and thus
H is not a multitolerance graph. That is, H is a weakly chordal but not a multitolerance graph,
and thus multitolerance graphs are strictly included in weakly chordal graphs. This completes
the proof of the theorem. ad

Theorem 7. Multitolerance graphs are strictly included in co-perfectly orderable graphs.

Proof. First we prove that the complement G of every multitolerance graph G is perfectly
orderable, using the trapezoepiped representation of multitolerance graphs. Let G = (V| E) be
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a multitolerance graph and R be a trapezoepiped representation of G. Recall that for every
vertex v € V, T, denotes the trapezoepiped of v in the trapezoepiped representation R, while
the trapezoid T, denotes the projection of T}, on the plane z = 0, cf. Figures 1 and 2. We define
the linear order < of a the vertex set V as follows: for every uw,v € V, u < v if and only if
ay < aq in the representation R. We will prove that < is a perfect order of the complement
G of G. Suppose otherwise that there exists an induced path vivevsvs of G, such that vq < vy
and vy < v3. Note that, since vjvav3vy is an induced path of G, it follows that vavsvivs is an
induced path of G.

Since vivy ¢ E, it follows that T,, N T,, = 0. Suppose that T,, N T,, # 0. Then, at
least one of the vertices v; and vy is unbounded, since otherwise T,,, N Ty, # 0, which is a

/

contradiction. Furthermore, either replacing Ti,, by Hconvex(T vl,avl,cgl) or replacing T, by

Heonvex (T, s a,,,,c,,) in R creates the new edge vivy in G. That is, either vo is a hovering vertex
of the unbounded vertex vy or vy is a hovering vertex of the unbounded vertex wvo. If vs is
a hovering vertex of the unbounded vertex vy, then N(v;) € N(vg) by Lemma 4. This is a
contradiction, since vs € N(v1) \ N(v2). Therefore v; is a hovering vertex of the unbounded
vertex vy. Furthermore a,, < a,, by the definition of the vertex order <, since v; < wvy. If
v1 € Vp, then Lemma 2 implies that T,, N T,, # 0 if and only if T,, N T,, # (. This is a
contradiction, since we T, N T, = § and T, NT,, # () (as we assumed). Suppose that v; € Vi,
i.e. both v; and vy are unbounded. Then, since a,, < a,, and Tvl N TW # (), it follows that
Cy; < Cyy, and thus in particular ¢,, > ¢,,, i.e. A —cot ¢, > A — cot ¢,,. Therefore, the line

T, lies above the line T, in R, and thus replacing Ty, by Heonvex(Tvy @), ¢,,) in R does not
create the new edge vivs in G. That is, v1 is not a hovering vertex of the unbounded vertex v,
which is a contradiction. Therefore T, N Ty, = 0, i.e. either T}, lies completely to the left or
completely to the right of T',,. Thus, since a,, < a,,, it follows that T, lies completely to the
left of T, .

Similarly to the case of v; and wvs, it follows for the symmetric case of vy and wg that
Ty, NTy, = 0, ie. either T,, lies completely to the left or completely to the right of T,,.
Furthermore a,, < a,, by the definition of the vertex order <, since v4 < v3. Therefore, Tvs lies
completely to the left of T',,.

Consider now the vertices vo and vs. Since vouvs ¢ E, it follows that Ty, N Ty, = (). Suppose
that T, N Tvs # (). Then, at least one of the vertices vo and v3 is unbounded, since otherwise

Ty,NTy, # 0, which is a contradiction. Furthermore, either replacing Ty, by Heonvex (T vy, @, Ch.)

V27 U
or replacing T, by Hconvex (T 'vs, ags, cgs) in R creates the new edge vovs in G. That is, eithei V3 2is
a hovering vertex of the unbounded vertex vy or vs is a hovering vertex of the unbounded vertex
vs. If vg is a hovering vertex of the unbounded vertex vq, then N(v2) C N(v3) by Lemma 4.
This is a contradiction, since vy € N(v2) \ N(v3). On the other hand, if vs is a hovering vertex
of the unbounded vertex vs, then N(v3) C N(vy) by Lemma 4. This is a contradiction, since
vy € N(v3) \ N(vz). Therefore Ty, N Ty, = 0, i.e. either T, lies completely to the left or

completely to the right of T, .

Suppose that T, lies completely to the left of T,. Then, since T, lies completely to the
left of T',, as we proved above, it follows that T, lies completely to the left of T,,, and thus
Ty,NTy, =0 and T,, N T,, = (. This is a contradiction, since vavy € E. On the other hand,
suppose that T, lies completely to the right of T, i.e. T, lies completely to the right of T, .
Then, since T, lies completely to the left of T,,, as we proved above, it follows that T, lies
completely to the left of Tvl, and thus Tvs N TUI = () and Ty, N'T,, = (). This is a contradiction,
since vyv, € F.

Summarizing, there exists no induced path vivovsvs of G, such that v; < vy and vy < vs.
Therefore the vertex order < is perfect, i.e. the complement G of G is perfectly orderable. Fi-
nally, the complement Cg of the chordless cycle Cg with six vertices is a co-perfectly orderable
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but not a tolerance graph [11]. Moreover, Cg is not a multitolerance graph, since every multi-
tolerance graph is weakly chordal by Theorem 6. Therefore, Cs is a co-perfectly orderable but
not a multitolerance graph, and thus multitolerance graphs are strictly included in co-perfectly
orderable graphs. ad

Theorem 8. Multitolerance graphs are incomparable with alternately orientable and with co-
comparability graphs.

Proof. The Berlin graph B, which is illustrated in Figure 6(b), is a trapezoid but not an al-
ternately orientable graph [11]. Furthermore the graph T5, which is illustrated in Figure 6(a),
is a tolerance but not a cocomparability graph [11]. Therefore, since trapezoid (resp. toler-
ance) graphs are also multitolerance graphs (cf. Theorem 6), it follows that B (resp. T3) is a
multitolerance but not an alternately orientable (resp. cocomparability) graph.

On the other hand, the chordless cycle Cg with six vertices is an alternately orientable
graph, while its complement C§ is a cocomparability graph [11]. However, Cg and Cg are
not weakly chordal by the definition of weakly chordal graphs, and thus Cg and Cg are also
not multitolerance graphs by Theorem 6. Therefore, Cg (resp. Cg) is an alternately orientable
(resp. cocomparability) but not a multitolerance graph, and thus multitolerance graphs are
incomparable with alternately orientable and with cocomparability graphs. ad

7 Conclusions and further research

In this article we proposed the first non-trivial intersection model for general multitolerance
graphs, given by objects in the three-dimensional space, called trapezoepipeds. This trape-
zoepiped representation unifies in a simple and intuitive way the well known trapezoid repre-
sentation for bounded multitolerance graphs and the recently introduced parallelepiped rep-
resentation for tolerance graphs in [22]. Using this representation, we presented three new
efficient algorithms that compute a minimum coloring, a maximum clique, and a maximum
weight independent set on a multitolerance graph, respectively. The running times of the first
two algorithms are optimal, while the third algorithm also improves the best known running
time for the maximum weight independent set on tolerance graphs [22]. To the best of our
knowledge, no algorithm for these problems on multitolerance graphs has appeared until now,
and thus the previously best known running times for these problems were those of perfect
graphs. Furthermore, we proved several structural results on the class of multitolerance graphs,
which complement the hierarchy of perfect graphs given in [11]. It can be expected that the
proposed intersection model will prove useful for deriving new algorithmic and structural results
on multitolerance graphs. It is important to note here that the recognition problem for general
multitolerance graphs, remains an interesting open problem. On the contrary, it is known that
trapezoid (i.e. bounded multitolerance) graphs can be recognized efficiently [19,21], while it is
NP-complete to recognize tolerance and bounded tolerance graphs [23].
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ited

Felix Freiling, Maurice Herlihy, Lucia Draque Penso: Optimal Random-
ized Fair Exchange with Secret Shared Coins

Heiner Ackermann, Alantha Newman, Heiko Roglin, Berthold Vocking:
Decision Making Based on Approximate and Smoothed Pareto Curves
Alexander Becher, Zinaida Benenson, Maximillian Dornseif: Tampering
with Motes: Real-World Physical Attacks on Wireless Sensor Networks
Fachgruppe Informatik: Jahresbericht 2005

Michael Weber: Parallel Algorithms for Verification of Large Systems
Michael Maier, Uwe Naumann: Intraprocedural Adjoint Code Generated
by the Differentiation-Enabled NAGWare Fortran Compiler

Ebadollah Varnik, Uwe Naumann, Andrew Lyons: Toward Low Static
Memory Jacobian Accumulation

Uwe Naumann, Jean Utke, Patrick Heimbach, Chris Hill, Derya Ozyurt,
Carl Wunsch, Mike Fagan, Nathan Tallent, Michelle Strout: Adjoint
Code by Source Transformation with OpenAD/F

Joachim Kneis, Daniel Molle, Stefan Richter, Peter Rossmanith: Divide-
and-Color

Thomas Colcombet, Christof Loding: Transforming structures by set in-
terpretations

Uwe Naumann, Yuxiao Hu: Optimal Vertex Elimination in Single-
Expression-Use Graphs

Tingting Han, Joost-Pieter Katoen: Counterexamples in Probabilistic
Model Checking

Mesut Giines, Alexander Zimmermann, Martin Wenig, Jan Ritzerfeld,
Ulrich Meis: From Simulations to Testbeds - Architecture of the Hybrid
MCG-Mesh Testbed

Bastian Schlich, Michael Rohrbach, Michael Weber, Stefan Kowalewski:
Model Checking Software for Microcontrollers

Benedikt Bollig, Joost-Pieter Katoen, Carsten Kern, Martin Leucker:
Replaying Play in and Play out: Synthesis of Design Models from Sce-
narios by Learning

Wong Karianto, Christof Loding: Unranked Tree Automata with Sibling
Equalities and Disequalities

Danilo Beuche, Andreas Birk, Heinrich Dreier, Andreas Fleischmann,
Heidi Galle, Gerald Heller, Dirk Janzen, Isabel John, Ramin Tavakoli
Kolagari, Thomas von der Maflen, Andreas Wolfram: Report of the GI
Work Group “Requirements Management Tools for Product Line Engi-
neering”

Sebastian Ullrich, Jakob T. Valvoda, Torsten Kuhlen: Utilizing optical
sensors from mice for new input devices

Rafael Ballagas, Jan Borchers: Selexels: a Conceptual Framework for
Pointing Devices with Low Expressiveness
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Eric Lee, Henning Kiel, Jan Borchers: Scrolling Through Time: Improv-
ing Interfaces for Searching and Navigating Continuous Audio Timelines
Fachgruppe Informatik: Jahresbericht 2006

Carsten Fuhs, Jiirgen Giesl, Aart Middeldorp, Peter Schneider-Kamp,
René Thiemann, and Harald Zankl: SAT Solving for Termination Anal-
ysis with Polynomial Interpretations

Jiirgen Giesl, René Thiemann, Stephan Swiderski, and Peter Schneider-
Kamp: Proving Termination by Bounded Increase

Jan Buchholz, Eric Lee, Jonathan Klein, and Jan Borchers: coJIVE: A
System to Support Collaborative Jazz Improvisation

Uwe Naumann: On Optimal DAG Reversal

Joost-Pieter Katoen, Thomas Noll, and Stefan Rieger: Verifying Con-
current List-Manipulating Programs by LTL Model Checking
Alexander Nyflen, Horst Lichter: MeDUSA - MethoD for UML2-based
Design of Embedded Software Applications

Falk Salewski and Stefan Kowalewski: Achieving Highly Reliable Em-
bedded Software: An empirical evaluation of different approaches

Tina Kraufler, Heiko Mantel, and Henning Sudbrock: A Probabilistic
Justification of the Combining Calculus under the Uniform Scheduler
Assumption

Martin Neuh&ufler, Joost-Pieter Katoen: Bisimulation and Logical
Preservation for Continuous-Time Markov Decision Processes

Klaus Wehrle (editor): 6. Fachgesprich Sensornetzwerke

Uwe Naumann: An L-Attributed Grammar for Adjoint Code

Uwe Naumann, Michael Maier, Jan Riehme, and Bruce Christianson:
Second-Order Adjoints by Source Code Manipulation of Numerical Pro-
grams

Jean Utke, Uwe Naumann, Mike Fagan, Nathan Tallent, Michelle Strout,
Patrick Heimbach, Chris Hill, and Carl Wunsch: OpenAD/F: A Modular,
Open-Source Tool for Automatic Differentiation of Fortran Codes
Volker Stolz: Temporal assertions for sequential and concurrent programs
Sadeq Ali Makram, Mesut Giineg, Martin Wenig, Alexander Zimmer-
mann: Adaptive Channel Assignment to Support QoS and Load Balanc-
ing for Wireless Mesh Networks

René Thiemann: The DP Framework for Proving Termination of Term
Rewriting

Uwe Naumann: Call Tree Reversal is NP-Complete

Jan Riehme, Andrea Walther, Jorg Stiller, Uwe Naumann: Adjoints for
Time-Dependent Optimal Control

Joost-Pieter Katoen, Daniel Klink, Martin Leucker, and Verena Wolf:
Three-Valued Abstraction for Probabilistic Systems

Tingting Han, Joost-Pieter Katoen, and Alexandru Mereacre: Compo-
sitional Modeling and Minimization of Time-Inhomogeneous Markov
Chains

Heiner Ackermann, Paul W. Goldberg, Vahab S. Mirrokni, Heiko Roglin,
and Berthold Vocking: Uncoordinated Two-Sided Markets

Fachgruppe Informatik: Jahresbericht 2007

Henrik Bohnenkamp, Marielle Stoelinga: Quantitative Testing
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Carsten Fuhs, Jiirgen Giesl, Aart Middeldorp, Peter Schneider-Kamp,
René Thiemann, Harald Zankl: Maximal Termination

Uwe Naumann, Jan Riehme: Sensitivity Analysis in Sisyphe with the
AD-Enabled NAGWare Fortran Compiler

Frank G. Radmacher: An Automata Theoretic Approach to the Theory
of Rational Tree Relations

Uwe Naumann, Laurent Hascoet, Chris Hill, Paul Hovland, Jan Riehme,
Jean Utke: A Framework for Proving Correctness of Adjoint Message
Passing Programs

Alexander Nyflen, Horst Lichter: The MeDUSA Reference Manual, Sec-
ond Edition

George B. Mertzios, Stavros D. Nikolopoulos: The A-cluster Problem on
Parameterized Interval Graphs

George B. Mertzios, Walter Unger: An optimal algorithm for the k-fixed-
endpoint path cover on proper interval graphs

George B. Mertzios, Walter Unger: Preemptive Scheduling of Equal-
Length Jobs in Polynomial Time

George B. Mertzios: Fast Convergence of Routing Games with Splittable
Flows

Joost-Pieter Katoen, Daniel Klink, Martin Leucker, Verena Wolf: Ab-
straction for stochastic systems by Erlang’s method of stages

Beatriz Alarcén, Fabian Emmes, Carsten Fuhs, Jiirgen Giesl, Rail
Gutiérrez, Salvador Lucas, Peter Schneider-Kamp, René Thiemann: Im-
proving Context-Sensitive Dependency Pairs

Bastian Schlich: Model Checking of Software for Microcontrollers
Joachim Kneis, Alexander Langer, Peter Rossmanith: A New Algorithm
for Finding Trees with Many Leaves

Hendrik vom Lehn, Elias Weingértner and Klaus Wehrle: Comparing
recent network simulators: A performance evaluation study

Peter Schneider-Kamp: Static Termination Analysis for Prolog using
Term Rewriting and SAT Solving

Falk Salewski: Empirical Evaluations of Safety-Critical Embedded Sys-
tems

Dirk Wilking: Empirical Studies for the Application of Agile Methods to
Embedded Systems

Taolue Chen, Tingting Han, Joost-Pieter Katoen, Alexandru Mereacre:
Quantitative Model Checking of Continuous-Time Markov Chains
Against Timed Automata Specifications

Alexander Nyfen: Model-Based Construction of Embedded

Real-Time Software - A Methodology for Small Devices

Daniel Kliinder: Entwurf eingebetteter Software mit abstrakten Zus-
tandsmaschinen und Business Object Notation

George B. Mertzios, Ignasi Sau, Shmuel Zaks: A New Intersection Model
and Improved Algorithms for Tolerance Graphs

George B. Mertzios, Ignasi Sau, Shmuel Zaks: The Recognition of Tol-
erance and Bounded Tolerance Graphs is NP-complete

Joachim Kneis, Alexander Langer, Peter Rossmanith: Derandomizing
Non-uniform Color-Coding I
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Joachim Kneis, Alexander Langer: Satellites and Mirrors for Solving In-
dependent Set on Sparse Graphs

Michael Nett: Implementation of an Automated Proof for an Algorithm
Solving the Maximum Independent Set Problem

Felix Reidl, Fernando Sanchez Villaamil: Automatic Verification of the
Correctness of the Upper Bound of a Maximum Independent Set Algo-
rithm

Kyriaki Toannidou, George B. Mertzios, Stavros D. Nikolopoulos: The
Longest Path Problem is Polynomial on Interval Graphs

Martin Neuh#&ufler, Lijun Zhang: Time-Bounded Reachability in
Continuous-Time Markov Decision Processes

Martin Zimmermann: Time-optimal Winning Strategies for Poset Games
Ralf Huuck, Gerwin Klein, Bastian Schlich (eds.): Doctoral Symposium
on Systems Software Verification (DS SSV’09)

Joost-Pieter Katoen, Daniel Klink, Martin Neuh&dufler: Compositional
Abstraction for Stochastic Systems

George B. Mertzios, Derek G. Corneil: Vertex Splitting and the Recog-
nition of Trapezoid Graphs

Carsten Kern: Learning Communicating and Nondeterministic Au-
tomata

Paul Hansch, Michaela Slaats, Wolfgang Thomas: Parametrized Regular
Infinite Games and Higher-Order Pushdown Strategies

Daniel Neider, Christof Loding: Learning Visibly One-Counter Au-
tomata in Polynomial Time

* These reports are only available as a printed version.

Please contact biblio@informatik.rwth-aachen.de to obtain copies.
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