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LARGE INDUCED SUBGRAPHS VIA TRIANGULATIONS AND
CMSO*
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Abstract. We obtain an algorithmic metatheorem for the following optimization problem. Let
¢ be a counting monadic second order logic (CMSO) formula and ¢ > 0 be an integer. For a given
graph G = (V, E), the task is to maximize |X| subject to the following: there is a set FF C V such
that X C F, the subgraph G[F] induced by F' is of treewidth at most ¢, and the structure (G[F], X)
models ¢, i.e., (G[F],X) = ¢. We give an algorithm solving this optimization problem on any n-
vertex graph G in time O(|Ig|-n*T4- f(t, ¥)), where Ilg is the set of all potential maximal cliques in
G and f is a function of ¢ and ¢ only. Pipelined with the known bounds on the number of potential
maximal cliques in different graph classes, there are a plethora of algorithmic consequences extending
and subsuming many known results on polynomial-time algorithms for graph classes. We also show
that all potential maximal cliques of G can be enumerated in time O(1.7347™). This implies the
existence of an exact exponential algorithm of running time O(1.7347™) for many NP-hard problems
related to finding maximum induced subgraphs with different properties.
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1. Introduction. We provide a generic algorithmic result concerning induced
subgraphs with properties expressible in some logic. Our main algorithmic result is
based on developments from two research areas: the theory of minimal triangulations
and logic.

Minimal triangulations. A triangulation of a graph G is a chordal (no induced
cycle of length at least four) supergraph of G. A triangulation H of G is minimal, if
no proper subgraph of H is a triangulation of G. Triangulations are closely related
to fundamental problems arising in sparse matrix computations which were studied
intensively in the past [58, 66]. The survey of Heggernes [49] gives an overview of tech-
niques and applications of minimal triangulations. It was observed in the 1990s that
minimal separators play an important role in obtaining minimal triangulations with
certain properties. Techniques based on minimal separators were used to obtain poly-
nomial algorithms computing the treewidth and minimum fill-in for different classes of
graphs [10, 51, 50]. These results were extended by Bouchitté and Todinca in [12, 13],
introducing the notion of a potential maximal clique, which is a set of vertices of a
graph that is a clique in some minimal triangulation. Potential maximal cliques ap-
peared to be a handy tool for computing the treewidth of a graph [33, 37]. Recently
potential maximal clique based machinery was used to obtain a subexponential pa-
rameterized algorithm finding a minimum fill-in of a graph [38]. In the present paper
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we provide completely new algorithmic applications of potential maximal cliques for
problems of finding induced subgraphs with different properties.

Algorithmic applications of logic. Algorithmic metatheorems are algorithmic re-
sults which can be applied to large families of combinatorial problems, instead of
just specific problems. Such theorems provide a better understanding of the scope
of general algorithmic techniques and the limits of tractability. Usually metatheo-
rems are based on deep relations between logic and combinatorial structures, which
is a fundamental issue of computational complexity [46, 54]. A typical example of a
metatheorem is the celebrated Courcelle’s theorem [22] which states that all graph
properties definable in monadic second order logic (MSO) can be decided in linear
time on graphs of bounded treewidth. More recent examples of such metatheorems
state that all first-order definable properties on planar graphs can be decided in lin-
ear time [39], that all first-order definable optimization problems on classes of graphs
with excluded minors can be approximated in polynomial time to any given approx-
imation ratio [27], and that all parameterized problems with finite integer index and
additional “compactness” or “bidimensional” combinatorial properties, admit linear
kernels on planar graphs [9, 35]. As it often happens with metatheorems, a combi-
nation of logic and graph theory not only gives a uniform explanation to tractability
of many algorithmic problems but also provides a variety of new results. There are
several extensions of Courcelle’s theorem known in the literature; in particular, for a
counting variant of MSO, counting monadic second order logic (CMSO), where one
is allowed to have sentences testing if a set is equal to ¢ modulo r, for some inte-
gers ¢ and 7. Analogues and generalizations of Courcelle’s theorem were obtained by
Borie, Parker, and Tovey [11], Arnborg, Lagergren, and Seese [3], and Courcelle and
Mosbah [25]. Our proof is using the framework of Borie, Parker, and Tovey [11].

1.1. Our results. A property P(G,X) on graphs associates with each graph
G and each vertex subset X of G a boolean value. Borie, Parker, and Tovey [11]
defined regular properties, whose definition we postpone till the next section. For all
our applications, we need only the fact from Borie, Parker, and Tovey [11] that every
property P(G, X) expressible by a CMSO formula is regular. Then our result can be
stated as follows. Let ¢ be a CMSO formula, G = (V, E) be a graph, and ¢ > 0 be an
integer. We consider the following optimization problem

Max | X|
(1.1) subject to  there is a set F' C V such that X C F
' the treewidth of G[F] is at most ¢;
(G[F], X) E .

For example, MAXIMUM INDEPENDENT SET can be encoded by (1.1) by taking ¢t = 0,
and ¢ expressing that X = F and the absence of edges in G[F|. Similarly, MAXIMUM
INDUCED FOREST! is encoded by taking ¢t = 1, and ¢ expressing that X = F and there
is no cycle in G[F]. For another example, consider INDEPENDENT CYCLE PACKING,
where the task is to find an induced subgraph with maximum number of connected
components such that each component is a cycle. In this case, t = 2 and ¢ expresses
the property that each connected component is a cycle and that X is a set of vertices
containing exactly one vertex from each cycle.

n the literature, the complementary minimization problem of deleting the minimum number
of vertices such that the remaining graphs has no cycles, is known as MINIMUM FEEDBACK VERTEX
SET. Since from the point of view of exact algorithms the two versions are equivalent, we choose to
discuss the maximization problem.
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Let IIg be the set of all potential maximal cliques in G. Our main result is that
(1.1) is solvable in time O(|Ilg|- |V |+ f(t,)) for some function f. Moreover, within
the same running time one can find the corresponding sets X and F. Also it is easy to
extend our algorithm to solve within the same running time weighted and annotated
versions of (1.1).

The main applications of our result can be found in two areas of graph algorithms:
polynomial-time algorithms on special graph classes and exponential time algorithms.

Many well-studied graph classes have the following property: there is a polynomial
function p, depending only on the graph class, such that for every graph G from the
class, the number of potential maximal cliques in G is at most p(n); see Figure 1 for
examples of such classes. Moreover, if the number of potential maximal cliques in a
graph is bounded by some polynomial of n, then all potential maximal cliques can
be enumerated in polynomial time [13]. Our algorithm implies directly that every
problem expressible in the form of (1.1) is solvable in polynomial time on such graph
classes. We discuss in detail the bounds on the number of potential maximal cliques
for different graph classes in section 6. Interestingly enough, while recognition of
several of the graph classes, like polygon circle or d-trapezoid, can be NP-complete,
our algorithm is still able either to solve the problem, or to report that the input graph
does not belong to the specified graph class. Such algorithms were called robust by
Raghavan and Spinrad [60]. To the best of our knowledge, very few robust algorithms
were known in the literature prior to our work.

Concerning exact exponential algorithms, most of the exact algorithms on max-
imum induced subgraph problems, like MAXIMUM INDEPENDENT SET or MAXIMUM
INDUCED FOREST are so-called branching algorithms (a variation of Davis-Putnam-
style exponential time backtracking [26]). In this work we make a step aside the
“branching” path and use a completely new approach for problems related to find-
ing induced subgraphs. It is worth noting that our approach is not only applicable
to many problems where branching does not seem to work, but already for Maxi-
MUM INDUCED FOREST our algorithm provides a better running time than any of
the previous (branching) algorithms. To demonstrate this, we give a new exponential
algorithm enumerating potential maximal cliques. We prove the following theorem.



LARGE INDUCED SUBGRAPHS VIA TRIANGULATIONS AND CMSO 57

THEOREM 1.1. The potential mazximal cliques of an n-vertex graph can be listed
in O(1.7347™) time.

Combined with Theorem 1.1, another direct consequence of our algorithm is that
many intractable problems concerning maximum induced subgraphs with different
properties expressible in the form of (1.1), can be solved in time O(1.7347™). We are
not aware of any such algorithmic metaresult in the area of exact algorithms showing
that a wide range of problems can be solved significantly faster than by the trivial
O(2™)-time brute-force algorithm. We remark that our framework not only captures a
wide class of optimization problems, for most of the optimization problems including
MaxiMUuM INDUCED FOREST, it provides the fastest exponential algorithms known
so far. Further implications are discussed in the next subsection.

1.2. Comparison with previous work.

Graph classes. The algorithmic study of graphs with particular structure can be
traced to the introduction of perfect graphs by Berge in the beginning of the 1960s.
Most of the research in this area focuses on graph algorithms exploiting the struc-
ture of the input graph. Many problems intractable on general graphs were shown to
be solvable in polynomial time on different classes of graphs like interval or chordal
graphs. The book of Golumbic [44] provides algorithmic studies of fundamental classes
of perfect graphs while the book of Brandstédt, Le, and Spinrad et al. [15] gives an
extensive overview of different classes of graphs. By the seminal work of Grotschel,
Lovész, and Schrijver [47], the weighted versions of MAXIMUM INDEPENDENT SET,
MaxiMuM CLIQUE, COLORING, and MINIMUM CLIQUE COVER are solvable in poly-
nomial time on perfect graphs. There are two natural research directions in this area
extending the limits of tractability. One direction is to identify graph classes beyond
perfect graphs, where a specific problem like MAXIMUM INDEPENDENT SET can still
be solved efficiently. The second direction is to identify more general problems which
still can be solved in polynomial time on subclasses of perfect graphs.

As an example, let us take MAXIMUM INDUCED FOREST, which can be seen as
a natural extension of MAXIMUM INDEPENDENT SET, where instead of a maximum
edgeless graph one is seeking for a maximal acyclic graph. It easy to notice that the
problem is NP-complete being restricted to bipartite, and thus to perfect, graphs.
On the other hand, for other classes of graphs the problem is solvable in polynomial
time. Yannakakis and Gavril [73] have shown how to find in polynomial time a max-
imum induced forest and tree on chordal graphs. In fact, they show polynomial-time
solvability of the more general problem of finding maximum and connected maximum
k-colorable subgraphs in chordal graphs, where k is a constant. When k is a part
of the input, they showed that on chordal graphs both problems are NP-compete.
Other graph classes where MAXIMUM INDUCED FOREST was known to be solvable
in polynomial time include circle n-gon graphs, circle trapezoid, circle graphs, and
bipartite chordal graphs [41, 42, 52]. The containment relations between these classes
of graphs is given in Figure 1.

According to the database at http://www.graphclasses.org on special graph classes
the complexity of (weighted) MAXIMUM INDUCED FOREST on weakly chordal graphs
is open.

Another example of a well-studied problem on special graph classes is MAXIMUM
INDUCED MATCHING. Here the task is to find a maximum induced subgraph such that
every connected component of this graph is an edge. The complexity of this problem
on different graph classes was investigated in [16, 18, 19, 45]. Cameron and Hell in [17]
introduced the following generalization of MAXIMUM INDUCED MATCHING. Let H be
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a finite set of connected graphs. An H-packing of a given graph G is a pairwise vertex-
disjoint set of subgraphs of GG, each isomorphic to a member of . An independent
‘H-packing of a given graph G is an H-packing, i.e., a set of pairwise vertex-disjoint
sets of subgraphs of G, each isomorphic to a member of H, such that no two subgraphs
of the packing are joined by an edge of G. The task is to find the maximum number
of graphs contained in an independent #H-packing. For example, when #H consists of
K, this is MAXIMUM INDEPENDENT SET, and when H = {K>}, this is MAXIMUM
INDUCED MATCHING. It has been shown in [17] that for many graph classes including
weakly chordal and polygon-circle graphs, H-packing is solvable in polynomial time.
Let us note that MAXIMUM INDUCED FOREST and H-packing can be easily encoded
as problem (1.1).

Ezxact exponential algorithms. The second application of our results can be found
in the area of exact exponential algorithms. The area of exact exponential algorithms
is about solving intractable problems faster than the trivial exhaustive search, though
still in exponential time [32]. While for any graph property 7 testable in polynomial
time, the problem of finding a maximum induced subgraph with property  is trivially
solvable in time 2"n®™)| for several fundamental problems much faster algorithms are
known. A longstanding open question in the area is if MAXIMUM INDUCED SUBGRAPH
WITH PROPERTY 7 can be solved faster than the trivial 2?n®() for every hereditary
property 7 testable in polynomial time.

For the simplest property 7, being edgeless, the corresponding maximum induced
subgraph problem is MAXIMUM INDEPENDENT SET. A significant amount of research
was also devoted to algorithms for this problem starting from the classical work of
Moon and Moser [57] (see also Miller and Muller [56]) from the 1960s [68, 65, 31,
14, 70]. To the best of our knowledge, the fastest known algorithm of running time
0(1.2002™) is due to Xiao and Namagochi [70]. However, breaking the 2"-barrier
even for the case when 7 is being acyclic, i.e., of treewidth 1 or MAXIMUM INDUCED
FOREST also known as MINIMUM FEEDBACK VERTEX SET, was an open problem in
the area for some time. The first exact algorithm breaking the trivial 2™-barrier is due
to Razgon [61]. The running time ((1.8899™) of the algorithm from [61] was improved
in [29] to O(1.7548™). Very recently, Xiao and Nagamochi [71] claimed an algorithm
with running time O(1.7356™). All these algorithms for MAXIMUM INDEPENDENT SET
and MAXIMUM INDUCED FOREST are so-called branching algorithms (a variation of
Davis-Putnam-style exponential-time backtracking [26]). There is also a relevant work
of Gupta, Raman, and Saurabh [48] who gave algorithms for MAXIMUM INDUCED
MATCHING and MAXIMUM 2-REGULAR INDUCED SUBGRAPH, with running times
0(1.695733") and O(1.7069™), respectively.

Potential maximal cliques. The notion of potential maximal cliques is due to
Bouchitté and Todinca who used these objects to design polynomial-time algorithms
computing treewidth and minimum fill-in of graphs with a polynomial number of min-
imal separators. Fomin et al. [33] have shown that the number of potential maximal
cliques in an n-vertex graph is @(1.8135") and showed how to enumerate all poten-
tial maximal cliques in time @(1.8899™). They also have shown how to compute the
treewidth and the fill-in of a graph in time, up to polynomial of n, proportional to
the time required to enumerate potential maximal cliques. The running time of the
enumeration algorithm was improved by Fomin and Villanger in [37] to O(1.7549™).
Recall that in this article we further improve it to O(1.7347™).

To sum up. Altogether we prove that the problems of the next table can be
solved in O(1.7347™) time for arbitrary graphs, and in polynomial time for all classes
of graphs of Figure 1.
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| Problem | Previous results |
TREEWIDTH, MINIMUM FILL-IN O(1.7549™) [37
MAXIMUM INDUCED FOREST=MINIMUM FEEDBACK VERTEX SET O(1.7356™) [71

INDEPENDENT H-PACKING
MAXIMUM INDUCED SUBGRAPH EXCLUDING A PLANAR MINOR
k-IN-A-PATH, k-IN-A-TREE
MAXIMUM INDUCED MATCHING O(1.6958™) [48
MAXIMUM INDEPENDENT SET O(1.2002™) [70

Further applications are discussed in section 5 for arbitrary graphs, and in sec-
tion 6 for graph classes.

The remaining part of this paper is organized as follows. Section 2 provides
definitions and preliminary results. In section 3, we provide in detail our main result,
the algorithm solving problem (1.1), i.e., computing an optimal induced subgraph
for regular property P and of treewidth at most t. Section 4 contains the improved
algorithm enumerating potential maximal cliques. In section 5, we discuss different
applications of our main results and show how various problems can be expressed
in the form of the main optimization problem. For some special graph classes the
optimization problem (1.1) can be used to capture even more problems; how to do it
is discussed in section 6. We conclude in section 7 with open problems.

2. Preliminaries. We denote by G = (V, E) a finite, undirected, and simple
graph with |V| = n vertices and |E| = m edges. We also use V(G) for the vertex
set of G and E(G) for its edge set. For a vertex set S C V, we use G[S] to denote
the subgraph of G induced by S, and G — S denotes the graph G[V \ S]. A clique
K in G is a set of pairwise adjacent vertices of V(G). The neighborhood of a vertex
vis Nw) = {u €V : {u,v} € E}. For a vertex set S C V we denote by N(S)
the set (J,cg N(v) \ S. We say that a vertex set C' is connected, if it induces a
connected subgraph. A connected component of a graph G is a maximal connected
vertex subset.

The notion of treewidth is due to Robertson and Seymour [62]. A tree decompo-
sition of a graph G = (V, E), denoted by T D(G), is a pair (X,T'), where T is a tree
and X ={X,; | i€ V(T)} is a family of subsets of V, called bags, such that

©) Uieveny Xi =V,

(ii) for each edge e = {u,v} € E(G) there exists i € V(T) such that both v and

v are in X;, and
(iii) for all v € V, the set of nodes {i € V(T) | v € X;} induces a connected
subtree of T'.
The maximum of |X;| — 1, ¢ € V(T), is called the width of the tree decomposition.
The treewidth of a graph G, denoted by tw(G), is the minimum width taken over all
tree decompositions of G.

Counting monadic second order logic. We use CMSO, an extension of MSO,
as a basic tool to express properties of vertex/edge sets in graphs.

The syntax of MSO of graphs includes the logical connectives V, A, -, &, =,
variables for vertices, edges, sets of vertices, and sets of edges, the quantifiers V, 3
that can be applied to these variables, and the following five binary relations:

1. w € U, where u is a vertex variable and U is a vertex set variable;

2. d € D, where d is an edge variable and D is an edge set variable;

3. inc(d,u), where d is an edge variable, u is a vertex variable, and the inter-
pretation is that the edge d is incident with the vertex u;
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4. adj(u,v), where u and v are vertex variables and the interpretation is that u
and v are adjacent;

5. equality of variables representing vertices, edges, sets of vertices, and sets of
edges.

In addition to the usual features of MSO, if we have atomic sentences testing
whether the cardinality of a set is equal to ¢ modulo r, where ¢ and r are integers
such that 0 < ¢ < r and r > 2, then this extension of the MSO is called the CMSO.
So essentially CMSO is MSO with the following atomic sentence for a set S:

card, ,(S) = true if and only if |S| = ¢ (mod r).
We refer to [3, 21, 23] and the book of Courcelle and Engelfriet [24] for a detailed
introduction to CMSO. In [24], CMSO is referred to as CMS,.

2.1. t-terminal recursive graphs and regular properties. We also use one
of the (many) alternative definitions of treewidth, based on terminal graphs. A t-
terminal graph G = (V, T, E) is a graph with an ordered set 7' C V of at most ¢
distinguished vertices, called terminals. Denote by 7(G) the number of terminals of
graph G.

A t-terminal graph (V,T,E) is a base graph if V.= T. We define composition
operations over the set of t-terminal graphs. A composition operation f is of arity 1
or 2. When f is of arity 2, it acts on two ¢-terminal graphs G, G2 and produces a
t-terminal graph G = f(G1,G2) as follows. It first makes disjoint copies of the two
graphs, then “glues” some terminals of graphs G; and G5. Operation f is represented
by a matrix m(f). The matrix has 2 columns and 7(G) < t lines; its values are
integers between 0 and ¢. At line ¢ of the matrix, elements m,;(f) indicate which
terminals of graphs G; are identified to terminal number ¢ of G. If m;;(f) = 0 it
means that no terminal of G; was identified to terminal number ¢ of G. A terminal
of G; can be identified to at most one terminal of G (a column j cannot contain two
equal nonzero values). Note that if m;;(f) = 0 and m;2(f) = 0 it means that terminal
1 of G is a new vertex.

When f is of arity 1, its matrix m(f) has only one column. The ¢t-terminal graph
G = f(G1) is obtained from graph G; and matrix m(f) as above, by identifying
terminal m;1 (f) to terminal number ¢ in G.

Observe that the number of possible composition operations over t-terminal graphs
is bounded by some function of t. We say that a t-terminal graph G is t-terminal
recursive if it can be obtained from t-terminal base graphs through a sequence of
composition operations. This sequence is called the t-ezpression of graph G.

PROPOSITION 2.1 (see [8]). For any (t + 1)-terminal recursive graph H =
(V,T,E), there is a tree decomposition of (V, E) of width at most t, with a bag con-
taining T'. Conversely, for any tree decomposition of width t of graph G = (V, E) and
any bag W of the decomposition, (V,W, E) is a (t + 1)-terminal recursive graph.

Proof. Assume that (V,T, E) can be obtained recursively, through composition
operations, from (¢ + 1)-terminal base graphs. The expression constructing this graph
can be represented as a tree, the leaves being the base graphs, each internal node
corresponding to a composition operation. The tree decomposition of G is simply
obtained by following this tree and putting, in each node, a bag corresponding to the
terminals of the graph represented by the corresponding subexpression. The bags are
clearly of size at most ¢t + 1. One can easily check that the set of bags satisfies the
conditions of a tree decomposition.

The other direction is proved in [8, Theorem 40]. O
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Consider a property P(G, X) on graphs depending on a vertex subset X. That
is, property P associates with each graph G and each vertex subset X of G' a boolean
value. By the celebrated results of [21, 3, 11], it is well known that if the property can
be expressed by a CMSO formula, there exists a linear-time algorithm taking as input
a (t + 1)-terminal recursive graph G = (V, T, E) and computing a maximum (or min-
imum) size vertex set X such that P(G, X). Many natural problems like MAXIMUM
INDEPENDENT SET or MINIMUM DOMINATING SET can be expressed in this setting.

Typical algorithms for such problems proceed by dynamic programming. When
browsing the (¢ + 1)-expression of G, the algorithm stores in each node a table of
classes (sometimes called characteristics) depending on the branch of the current
subexpression and the partial solutions (i.e., possible subsets of X) encountered so
far. Let GG1 be such a subexpression and let X; be a subset of vertices that we aim to
extend into the solution X. The intuition is that if the class of (G1, X1) is the same
as the class of some other pair (Gs, X2), then we can replace the branch of Gy by
an expression of Go, and the new graph G’ is such that X; extends into a solution
X1 UY of G if and only if X5 extends into a solution X, UY of G'.

In order to efficiently solve our problem, we need an efficient computation of
classes for base graphs, as well as an efficient computation of the classes for compo-
sitions of graphs and partial solutions. We give a formal definition of these “good”
properties; the vocabulary is inspired by Borie, Parker, and Tovey [11].

Let G = (V,T, E) be a (t+ 1)-terminal recursive graph. For a composition opera-
tion f, let oy denote the composition operation over pairs (G, X), where f extends in
a natural way over the values of vertex sets. If G = f(G1) then oy((G1, X)) = (G, X).
If G = f(G1,G2) then of((G1, X1), (G2, X2)) = (G, X), the operation being valid only
if, for each terminal of G, either we have mapped terminals from both G; and Gs,
contained in both X; and X5, or we have not mapped any terminal belonging to X3
or Xs. Then X is obtained from X; and X2 by merging those vertices corresponding
to terminals that have been mapped on a same terminal of G.

DEFINITION 2.2 (regular property). Consider a property P(G,X) over graphs
and corresponding vertex subsets. Property P is called regular if, for every t, there
exists a finite set C, a homomorphism h associating to each (t + 1)-terminal recursive
graph G and every X C V(G) a class h(G,X) € C, and an update function ©y :
C x C — C for each composition operation f of arity 2 (resp., ©f : C — C for each
composition operation f of arity 1), satisfying the following:

o (property P is preserved) If h(G1,X1) = h(Ga,X2) then P(G1,X1) =
P(Ga, Xo2).

e (integrity of operations) For any composition operation f, we have that
h(of((G1, X1), (G2, X2))) = ©5(h(G1, X1), h(G2, X2))
if f s of arity 2, and
h(of(G1, X1)) = ©f(h(G1, X1))

if fis of arity 1.

We point out that the homomorphism class A(G, X) depends on G and on the
value of X. Typically the class of h(G, X) encodes, among other information, the
intersection of X with the set of terminals. For example, if the composition operation
0¢((G1,X1), (G2, X2)) is not valid, then ®¢(c1, c2), where ¢; and ¢o are the respective
homomorphism classes of (G1, X1) and of (Gg, X3), is also undefined.

Note that for any fixed ¢ and any regular property P, the number of classes
is constant. Nevertheless, this constant depends on ¢ and on the property P. For
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algorithmic purposes, given ¢t and P, we need an explicit algorithm computing the
homomorphism class of a given base graph, and an algorithm computing the update
functions ©y, i.e., we need an algorithm that takes as input a composition opera-
tion f and one or two classes c¢1,co € C and computes the class ©f(c1,cp) if f is
of arity 2 (resp., ®f(c1) if f is of arity 1). Eventually, we must know the set of
accepting classes, that is, the set of classes ¢ such that h(G,X) = c¢ implies that
PG, X).

As an example, consider the property 3COL(G, X ) which is true if and only
if G[X] is 3-colorable. We show that it is regular. Let P3(t) be the set of par-
titions of subsets of {1,2...,¢ 4+ 1} into three parts. The set C of homomor-
phism classes is P3(t). Consider a (¢ + 1)-terminal recursive graph G = (V,T, E)
and let X C V. For each 3-partition (X7, Xs, X3) of the vertex subset X into
three independent sets, let p(Xi,X2,X5) € Ps(t) be the 3-partition of TN X
corresponding to (7T'N X1,7 N X5, T N X3); here, for TN X;, we only keep the
ranks of the terminals of T'N X; in the ordered set T. The class h(G,X) will
be {p(X1, X2, X3) | (X1, X2, X3) is a partition of V into three independent sets}. In
particular, the unique nonaccepting class is ). It is not hard to see that, for fixed
t, the class of every base graph can be computed in constant time, and that for any
composition operation f the update function © exists and can also be computed in
constant time. The number of classes is constant even though the number of subsets
X is arbitrarily large. When solving the problem max |X|: 3COL(G, X) on a (t+1)-
terminal recursive graph G, we must store, in each node u of the (¢+ 1)-expression, for
each class ¢, the size of the maximum vertex subset X, of the current graph G,, such
that h(Gy, Xu) = c¢. The overall solution is the maximum one among the accepting
classes of the root node.

We say that a CMSO formula ¢ ezpresses a property P(G, X) if P(G, X) is true
if and only if (G, X) models ¢ (i.e., the formula is true exactly on graphs G and vertex
subsets X such that P(G, X) is true).

PROPOSITION 2.3 (Borie, Parker, and Tovey [11]). Any property P(G,X) ex-
pressible by a CMSO formula is regular.

Moreover, the result of Borie, Parker, and Tovey [11] is constructive in the sense
that, given a CMSO formula, it provides the homomorphism classes C, the subset
of accepting classes, and the algorithms computing the classes of base graphs as
well as the update functions for the regular property P on (¢ 4+ 1)-terminal recursive
graphs. The regularity is actually proven in [11] for all properties expressible by
CMSO formulas, which allows an arbitrary number of free variables over vertices,
edges, vertex sets, and edge sets. For our applications, it is sufficient to consider
properties over graphs and one vertex set, corresponding to formulas with a unique
free variable, which is a set of vertices. To our knowledge, the question whether all
regular properties are CMSO expressible is still open.

2.2. Minimal triangulations and potential maximal cliques.

Chordal graphs and triangulations. A graph H is chordal (or triangulated) if every
cycle of length at least four has a chord, i.e., an edge between two nonconsecutive
vertices of the cycle.

Minimal triangulations, potential maximal cliques, and minimal separators. A
triangulation of a graph G = (V, E) is a chordal graph H = (V, E’) such that E C E'.
Graph H is a minimal triangulation of G if for every edge set E” with E C E” C F’,
the graph F = (V, E”) is not chordal.

We will use the following relation between treewidth and triangulations.
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PROPOSITION 2.4 (Folklore). For any graph G, tw(G) < k if and only if there is
a triangulation H of G with the mazimum clique size at most k + 1.

Let w and v be two non adjacent vertices of a graph G. Given a vertex subset
S, recall that G — S denotes the graph G[V(G) \ S]. A set of vertices S C V is a
u, v-separator if u and v are in different connected components of the graph G —S. A
connected component G[C] of G— S is a full component associated with S if N(C) = S.
Separator S is a minimal u, v-separator of G if no proper subset of S is a u, v-separator.
Notice that a minimal separator can be strictly included in another one, if they are
minimal separators for different pairs of vertices. The following proposition is an
exercise from the book of Golumbic [44].

PRrROPOSITION 2.5 (folklore). Let G = (V, E) be a graph and S C'V be a vertex
subset. Then S is a minimal separator of G if and only if there are two components
C and D of G — S such that N(C) = N(D) = S.

We will need the following result of Berry, Bordat, and Cogis [5].

PROPOSITION 2.6 (see [5]). There is an algorithm listing the set Ag of all min-
imal separators of an input graph G in time O(n3|Ag|).

A set of vertices Q C V(@) of a graph G is called a potential maximal clique if
there is a minimal triangulation H of G such that 2 is a maximal clique of H.

Let us give their main characterization obtained by Bouchitté and Todinca [12].

PROPOSITION 2.7 (see [12]). Let Q C V be a set of vertices of the graph G =
(V,E) and {C1,...,Cp} be the set of connected components of G — Q. We define
S(Q) = {51,52,...,5p}, where S; = N(C;), i € {1,2,...,p}, is the set of those
vertices of £ which are adjacent to at least one vertex of the component C;. Then 2
is a potential maximal clique of G if and only if

1. each S; € S() is strictly contained in Q;
2. the graph on the vertez set Q obtained from G[Q)] by completing each S; € S(Q)
into a clique is a complete graph.
Moreover, if Q is a potential mazimal clique, then S(Q) is the set of minimal separa-
tors of G contained in €.

For example, when G is a cycle, the minimal separators of G are exactly the pairs
of nonadjacent vertices, and the potential maximal cliques are exactly the triples of
vertices. Let us note that by Proposition 2.7, for every pair of nonadjacent vertices
x,y € §) there is a connected component C of G — €2 such that =,y € N(C).

We will use the following result from [13].

PROPOSITION 2.8 (see [13]). Let Ilg denote the set of all potential maximal
cliques of graph G. Then |llg| < n|Ag|*> + n|Ag|+ 1, and the set g can be listed in
time O(n*m|Ag|?).

Let us note that by Proposition 2.8, if graphs from some class have a polyno-
mial number of minimal separators, these graphs also have a polynomial number of
potential maximal cliques.

Let © be a potential maximal clique. By Proposition 2.7, a subset S C Q is a
minimal separator of G if and only if S is the neighborhood of a connected component
of G — Q. For a minimal separator S and a full connected component C of G — S,
we say that (S,C) is a full block associated with S. We sometimes use the notation
(S, C) to denote the set of vertices S U C of the block. It is easy to see that if X CV
corresponds to the set of vertices of a block, then this block (S, C') is unique: indeed,
S =N(V\X)and C = X\S. For convenience, the couple (0, V) is also considered as
a full block. For a minimal separator S, a full block (S, C), and a potential maximal
clique 2, we call the triple (S,C,Q) good if S C Q C C'US. By [33], the number of
good triples is at most n|Ilg]|.
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Let F be a vertex subset of graph G and let T be a triangulation of the subgraph
G[F] induced by F. We say that a minimal triangulation T¢ of G respects Tp if for
every clique K of Tq, its intersection with F' is either empty, or is a clique in Tp.
The following lemma about the existence of respecting minimal triangulations is the
crucial part of our main algorithm.

LEMMA 2.9 (respecting triangulation lemma). Let F' be a vertex set of graph G
and let Tr be a minimal triangulation of the subgraph G[F] induced by F. Then there
exists a minimal triangulation T of G which respects T .

Proof. Let Ty = (F, Er) be a minimal triangulation of the subgraph G[F] induced
by F. We show that there exists a minimal triangulation T of such that T is an
induced subgraph of Tz. This would imply that T respects Tp.

First construct a graph H = (V| E’) with the same vertex set as G = (V, E),
such that H[F] = Tr and each vertex of V'\ F' is adjacent to all other vertices of H.
Therefore H is a supergraph of G, in which V' \ F' induces a clique and such that all
edges are present between F' and V' \ F. Let us first prove that H is a triangulation
of G, i.e., that H is chordal. By contradiction, assume there is a set of at least
four vertices C C V such that H[C] is a chordless cycle. Observe that C' cannot
be contained in F' because H[F] = T is chordal. Let x be a vertex of C'\ F. By
construction of H, vertex z is adjacent to all other vertices of C', hence z is of degree
at least three in H|[C]. This contradicts the assumption that H[C] is a chordless cycle.

Now the triangulation H = (V, E’) of G = (V, E)) contains a minimal triangulation
Te = (V,E") of G such that E C E” C E’. It remains to prove that Tg[F] =
Tr. Since Tg[F] is chordal, this graph is a triangulation of G[F]. Moreover, by
construction T [F] is a subgraph of Tr. By the fact that Tr is a minimal triangulation
of G|F] we conclude that Tg[F] = Tr. O

3. Optimal induced subgraph for P and t. Let ¢ > 0 be an integer and
P(G, X) be a property. We define the following generic problem.

OPTIMAL INDUCED SUBGRAPH FOR P AND ¢

Input: A graph G

Task: Find sets X C F C V such that X is of maximum size, the induced
subgraph G[F] is of treewidth at most ¢, and P(G[F], X) is true.

Let us give two examples of problems that are particular cases of OPTIMAL IN-
DUCED SUBGRAPH FOR P AND t, when P(G, X) is a regular property.

1. Let F be a finite family of graphs containing at least one planar graph. The
problem MAXIMUM INDUCED F-MINOR FREE GRAPH takes as input a graph
G and asks for an induced subgraph G[F|] such that G[F] contains no minor
from F, and F is of maximum size for this property. As we shall see in
details in section 5, the property P(G[F], X) expressing the fact that G[F]
is F-minor free and X = F is the vertex set of G[F] can be expressed by a
CMSO. Since F contains a planar graph, G[F] must be of treewidth at most ¢
for some constant ¢ depending only on F [63]. Therefore, this problem (or the
equivalent problem MINIMUM JF-DELETION) is a particular case of OPTIMAL
INDUCED SUBGRAPH FOR P AND t.

2. The problem INDEPENDENT H-PACKING was introduced by Cameron and
Hell [17]. Here #H denotes a finite set of connected graphs, and the task is to
find, in an input graph G, a maximum number of disjoint copies of graphs
from H such that there are no edges between the copies. Clearly these copies
induce a subgraph G[F] of bounded treewidth. We will give a CMSO formula
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expressing the property P(G[F], X), which is true if and only if G[F] is a
collection of copies of H, and X has exactly one vertex in each connected
component of G[F]. This problem, generalizing the MAXIMUM INDUCED
MATCHING, is again a particular case of OPTIMAL INDUCED SUBGRAPH FOR
P AND t.

We prove here the main theorem of this article.

THEOREM 3.1. For any fixed t and any regular property P, the problem OPTIMAL
INDUCED SUBGRAPH FOR P AND ¢ is solvable in [Tlg|ntTCW) time, when Ilg is given
in the input.

Let us note that by Proposition 2.3, results of Theorem 3.1 hold for every prop-
erty P(G, X) expressible by a CMSO formula. Combined with Propositions 2.8 and
Theorem 1.1, we obtain the following application of Theorem 3.1.

COROLLARY 3.2. For any fized t and reqular property P, problem OPTIMAL
INDUCED SUBGRAPH FOR P AND t can be solved in O(1.7347™) time for arbitrary
graphs, and in polynomial time for classes of graphs with a polynomial number of
minimal separators.

3.1. Notation and data structures. Our algorithm proceeds by dynamic pro-
gramming on blocks and on good triples. Recall that in our definition of
(t + 1)-terminal graphs, the set of terminals is ordered. The vertices of our graph
are numbered from 1 to n. An ordered set W of vertices corresponds to this natural
ordering over set W. Property P is regular, so notations C, h, and ®; correspond to
Definition 2.2.

Let F be a vertex subset of vertices of G. By Proposition 2.4, if G[F] is of
treewidth at most ¢, then there exists a (minimal) triangulation Tr of G[F] of width
at most ¢, and by Lemma 2.9, there is a minimal triangulation T of G respecting 1.

In the algorithm we compute partial compatible solutions by dynamic program-
ming on blocks and good triples. The next definition and the following notation are
crucial for our algorithm.

DEFINITION 3.3 (partial compatible solution). Let (S,C) be a full block and
(S,C,Q) be a good triple of graph G. Let W C S (resp., W C Q) be a vertex subset of
size at most t + 1 and ¢ € C be a homomorphism class for property P. Let also X C
F CV(G). We say that (G[F], X) is a partial solution compatible with (S, C, W, c)
(resp., with (S,C,Q,W,c)) if

1. FCSUC and FNS =W (resp., FNQ=W);

2. the (t+1)-terminal recursive graph H = (F, W, E(G[F])) satisfies h(H, X ) =
c;

3. there is a triangulation Tr of G[F] of width at most t and a minimal trian-
gulation Te; of G respecting Tg, such that S is a minimal separator (resp.,
is a mazimal clique) of Tq.

The third condition implies that W is a clique in the triangulation Tx of G[F].

The definitions are illustrated in Figure 2. For simplicity, the subset X of F' is
not depicted on the figures.

Let a(S,C, W, c) (resp., 5(S,C,Q,W,c)) denote the size of a largest vertex sub-
set X such that (G[F],X) is a partial solution compatible with (S,C,W,¢c) (resp.,
compatible with (S,C,Q, W, ¢)). Observe that in the § function, W represents the
intersection between the partial solution and the potential maximal clique €2, while
in the definition of the « function, W is the intersection of the partial solution with
the minimal separator S. If partial compatible solutions do not exist, we simply set
a or B to —oo.
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AR

F1a. 2. Partial solutions compatible with (S, C, W, c) (left), and with (S,C,Q, W, c) (right). Set
F is depicted in gray. Note that set W corresponds to FNS in the first case, (md to N in the
second case.

3.2. The algorithm. Our algorithm proceeds by dynamic programming on full
blocks and good triples. By [33], the number of good triples is O(n|IlI¢|). The blocks
are first sorted by size in an increasing order. For each block (S,C) by increasing
size, we first compute the values 5(S,C,Q, W, ¢) from values «(S;, C;, Wi, ¢;) corre-
sponding to smaller blocks, then we compute the values «a(S,C,W,c) from values
B(S,C,Q, W' ), as described in Algorithm 1.

ALCORITHM 1. OPTIMAL INDUCED SUBGRAPH FOR P AND ¢t.
Input: graph G and its potential maximal cliques Ilg
Output: sets X C F C V(G) such that G[F] has treewidth at most ¢,
P(G[F], X) is true, and subject to these constraints, X is of maximum
size

Order all full blocks by inclusion;
for all full blocks (S, C) in this order do
for all good triples (S,C,Q), all W C Q of size <t+1 and all c € C do
if Q =SUC then
| Compute 5(S,C,Q, W, c) using (3.1);
else
| Compute 3(S,C,Q,W,c) using (3.3), (3.4), (3.5), and (3.6);

N 0 Gk W =

Qo

for all W C S of size <t+1 and all c € C do
9 | Compute (S, C, W, ¢) using (3.2);

10 Compute an optimal solution using (3.7);

When computing partial solutions (G[F],X) compatible with a quadruple
(S,C, W, ¢) or with a quintuple (S,C,Q, W, ¢) we need to compute, from the class
¢ and the ordered set of terminals W, the intersection X N W. Consider a (¢t + 1)-
terminal recursive graph D = (Vp, T, Ep) and let ¢ be a homomorphism class for our
property P. Although this is not explicitly required by the definition of regular prop-
erties (Definition 2.2), we may assume without loss of generality that all sets Y such
that h(D,Y) = ¢ have the same intersection with the set 7' of terminals. (Otherwise,
if sets Y and Y’ have different intersections with T but h(D,Y) = h(D,Y’) = ¢, we
can “split” class c in at most 2¢*! classes, one for each possible intersection between
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Fic. 3. Computing o form B (left), and B from o (right).

T and such a vertex subset Y.) Hence the class ¢ encodes the intersection of Y with
the set of terminals of D, i.e., given the homomorphism class ¢, we can retrieve the
rank of the vertices of Y NT.

Therefore we assume that we have a function term(c,T), taking a class ¢ and an
ordered set T of terminals, and returning the terminals that belong to Y, for every Y’
such that h(D,Y) = c.

The base case. In the base case we have a minimal full block (S,C). In this
case (see, e.g., [12]), we have that (S,C, Q) is a good triple for = SUC. In this
situation, for any partial solution (G[F], X) compatible with (S, C, 2, W, c), we must
have F = W, hence G[W] corresponds to a base (¢ + 1)-terminal graph. Also, we
must have X = term(c, W), so X is unique (or might not exist). Hence for the base
case we have

|X|  if there is X C W such that h(G[W], X) = ¢,
—oo  otherwise.

(3.1) p(S,C,Q,W,c) = {

The computation of each value (S, C, 2, W, ¢) corresponding to every base case
takes O(n) time, because we have to store the value in a table indexed by (S, C, Q, c).
For each good triple, we try at most n‘*! sets W. The number of good triples is
O(n|llgl), so altogether these computations take O(n!*3|Ilg|) time. (Actually, one
can prove by a more careful analysis that the number of good triples corresponding
to base cases is at most n.)

Computing « from . Our goal is to compute «(S,C,W,c) from values
B(S,C,Q, W' ) such that (S,,C) is a good triple and W =W'N S.

Consider any partial solution (G[F], X) compatible with (.S, C, W, ¢); the situation
is depicted in Figure 3 (left). Let T be a triangulation of G[F] as in Definition 3.3 and
let Tz be a minimal triangulation of G respecting Tr. Let €2 be the maximal clique of
T¢ such that S € Q@ C SUC (this clique is unique by [12]) and take W/ = QN F. Note
that (G[F],X) is also a partial compatible solution for (S,C,Q, W', ¢), where ¢ is
the homomorphism class of h(H’, X); here H' is the (¢ + 1)-terminal recursive graph
(F, W', E(G[F])). Also observe that the (¢ + 1)-terminal graph H = (F, W, G[F])
is obtained from H’ by the unary composition operation f(W' W) that consists in
removing W'\ W from the set of terminals, and possibly renumbering the remaining
terminals. Therefore © ¢ wy(c') = c.
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We claim the following.
LEmMA 3.4.

(3.2) a(S,C,W,c) = max B(S,C, QW' ),

where the maximum is taken over potential mazximal cliques Q such that (S,C,Q) is
a good triple, all subsets W' C Q of size at most t + 1 such that W' NS =W, and all
classes ¢’ € C such that © oy wy(c') = c.

Proof. By the above observation, a(S, C, W, ¢) is at most the right-hand side of the
equality. Conversely, let (S, C, Q, W', ¢’) be the quintuple realizing the maximum value
of the right-hand side expression. Let (G[F], X) be a partial solution compatible with
(S,C,Q, W' /). Observe that (G[F],X) is also a partial solution compatible with
(S,C,W,¢), hence a(S,C,W,c) > |X|. This proves the correctness of the formula
computing «(S, C, W, c). |

For computing all values «(S, C, W, ¢) from values 3(S,C,Q, W', ¢’), we proceed
in a slightly different and more efficient way than the one described in Algorithm 1.
When (S, C,Q, W', ') is computed (lines 5 or 7 of the algorithm), if © s (7w (¢') = ¢
we simply update the value of «(S,C, W, ¢) by taking the maximum between the
previous value and (S, C, Q, W', ¢). This only costs an extra O(n) for each quintuple
(S,C,Q, W' ). The number of such quintuples is O(n'*2|Ilg|), thus the total cost
of these computations is O(n'*3|Ilg|).

Computing (8 from a. We now compute 8(S, C, 2, W, ¢) from values «(S;, Cy, Wi, ¢;),
where C;, 1 < i < p, are the connected components of G[C \ ], S; = Ng(C;),
W, = C;NS;, and ¢; are classes (still to be guessed). Recall that, by Proposition 2.7,
(Si, C;) are full blocks; see also [12], and Figure 3 (right) for an illustration.

Intuitively, let (G[F], X) be an optimal partial solution for 8(S,C,Q, W,c). We
denote by H = (F, W, Ep) the (t+ 1)-terminal recursive graph corresponding to G[F]
with terminal set W, and let H; = (F;, W, E;) be its “trace” on the smaller block
(SZ,CZ) Hence Fi =FnN (SZ U Ol), WZ =Wn Si, and Ei = E(G[Fz]) Also denote
X; =X N(S;UC;). Observe that H is obtained from the smaller H;s as follows:

e on each H;, we introduce the terminals of W \ W;, obtaining a graph H:r =
(F;UW, W, E;) with W as the set of terminals and with E;" = E(G[F; UW])
as the edge set;

e we perform a sequence of joins, gluing one by one Hy", Hy ..., H} on the
same set of terminals W.

Formally, let us first define 9;(S, C, Q, W, c;") to be the size of the largest partial
solution (G[F;"], X;) compatible with (S, C,Q, W, c) such that F;” C QU C;. (This
partial solution was denoted above by H,;', F;" corresponds to F; UW, and X, is
X;U(XNW).) Consider the composition operation in(W;, W) which takes two (t+1)-
terminal graphs, with terminal sets W; and W, respectively, and composes them into a
new (t+ 1)-terminal graph having W as the set of terminals. In the gluing operation,
terminal number j of W; is glued on terminal number k& of W if and only if they
correspond to the same vertex of G. Hence, this composition operation in(W;, W)
only depends on W; and W. Let Xy C W, let G[W] denote the base (¢t + 1)-terminal
recursive graph having W as the set of terminals, and ¢y be the homomorphism class
h(GW], Xw ).

LEMMA 3.5.

(3.3)  6:(S,C,Q W, ch) = maxa(S;, Ci, Wi, ;) + [term(ew, W) \ term(c;, Ws)|,
where the maximum is taken over all classes c; and cw such that O, w, wy(ci, cw) =

¢t and ey = h(GIW], Xw) for some Xy C W.

K3
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Proof.  Let (G[F;"],X;") be a maximal partial solution compatible with
(S,C,Q,W,cf) such that F;" C QU C;. Denote F; = F;" N (S; UCy), X; = X;7 N
(Si U Cy), and Xy = X NW. Observe that (G[F;], X;) is a partial solution compati-
ble with (S;, C;, W, ¢;) for some class ¢;, that ey = h(G[W], Xw ), and these classes
must satisfy ©;,w,,w)(ci, cw) = . Hence §;(S,Q,C, W, ¢]) is at most equal to the
right-hand side of the equation (note that term(cw, W) \ term(c;, W;) = X;7\ X;).

Conversely, let c¢;,cyy be the classes maximizing the right-hand side of the
equation. Take a maximum partial solution (G[F;],X;) contained in S; U C;,
compatible with (S;, Ci, Wi, ¢;), where ©u,w, w(ci,cw) = cl. Then the graph
(F; UW, W, E(G[F; UWT])) together with the vertex subset X; U term(cw, W) is a
partial solution compatible with (S, C, Q, W, ¢;), and the equality follows. O

We introduce another notation ; (S, C, Q, W, ¢), corresponding to the largest par-
tial solution compatible with (S, C, 2, W, ¢), contained in QU Cy U --- U C;. It corre-
sponds to the gluing of some partial solutions (H,", X;"),..., (H;", X;").

LEMMA 3.6. Function ~y; is computed as follows. Fori =1,

(3.4) 71 (S, C,Q, W, ¢) = 061(S,Q,C, W, c).
For each i € {2,...,p},
(35) VZ(Sa Ov Qa VVv C) = max ’Yi—l(S, Ov Qa VVv C/) + 51(57 Qa Ov Wa C”) - |t67’m(c/, W)|a

where the mazimum is taken over all characteristics ¢, ¢ € C such that © gw(c', ") =
¢, where g(W) is the composition operation corresponding to a join operation on W,
i.e., the matriz m(g(W)) of g(W) has |W| rows, and m;1(g(W)) = m;2(g(W)) = j
for each row j.

Proof. The proof is trivial for ~;.

Now for any FF C QU Cy U --- U C;, note that (G[F], X) is a partial solution
compatible with (S, C,Q, W, ¢) if and only if (G[F \ C;], X \ C;) is a partial solution
compatible with (S,Q,C, W, ") and (G[F\ (C1U---UC;_1)], X\ (C1U---UC;_1)))
is a partial solution compatible with (S, C,Q, W, ') for some classes ¢’ and ¢ such
that gy (c’,c”) = c¢. The term [term(c’,W)| corresponds to X N W and avoids
overcounting of these vertices. d

The following result is a direct consequence of the definitions of 8 and y functions.

LEMMA 3.7.

(3.6) B(S,C,Q, W, c) =~,(S,C,Q,W,c).

We claim that for a fixed quadruple (S5,C,Q,W) computing the values
B(S,C,Q, W, c) from values «, takes O(n?) time. Again by [33], the smaller blocks
(S;,C;) can be listed in O(m) time. For each i, the computation of function
6:(9,Q,C, W, cf) takes O(|S;| + |Cs]) = O(n) time, because we need to access the
values a(S;, W;, Ci, ¢;). Computing ~;(S,C,Q, W, ¢) from values 7;,_1 and d; can be
done in O(n) time for each .

Therefore the running time of the algorithm is the number of quintuples
(S,C,Q, W, c) times n?, which is O(|Ilg|ntt4).

The global solution. It can be obtained by considering the (special) full block

(07 V).
LEMMA 3.8. The solution size is
(3.7) max a0, V, 0, ¢),

where the mazimum is taken over all accepting classes c, i.e., classes such that
(G, X) = c implies that P(G, X).
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Proof. By the definition of regular properties and of a(), V, 0, ¢), our problem has
a solution of size at least max. a(f, V, 0, ¢) over accepting classes c.

Let (G[F], X) be a maximum size solution for our problem. By Lemma 2.9, this
solution is compatible with «(@, V, 0, ¢) for the class ¢ of the (¢ 4+ 1)-terminal graph
(F,0, E(G]F))), which completes the proof of the lemma. O

This latter computation takes constant time.

The total running time of the algorithm is O(|Ilg|n!**). Note that, instead of
keeping the size of the largest solution (G[F], X ), we could explicitly store the vertex
subsets (F, X) of G.

3.3. Extensions. Theorem 3.1 can be extended to weighted and annotated ver-
sions of problem OPTIMAL INDUCED SUBGRAPH FOR P AND t for any ¢t > 0 and any
regular property P.

OpPTIMAL WEIGHTED ANNOTATED INDUCED SUBGRAPH FOR P AND t

Input: A graph G = (V, E), a weight function w : V — Z, aset U C V of
annotated vertices, and a number ¢.

Task: Find sets X C F C V such that F contains U, the induced subgraph G[F)
is of treewidth at most ¢, property P(G[F], X) is true, and X is of maximum
weight under these conditions.

Observe that the weight function gives an integer weight to each vertex, thus
arithmetic operations can be performed in polynomial time in the input size.

THEOREM 3.9. For any fized t and any regular property P, the problem OP-
TIMAL WEIGHTED ANNOTATED INDUCED SUBGRAPH FOR P AND t is solvable in
[T |n®Mlog M time, where M is the mazimum |w(v)|, v € V(G), and when Mg is
given in the input.

In particular the problem can be solved in O(1.7347"log M) time for arbitrary
graphs, and in polynomial time for classes of graphs with a polynomial number of
minimal separators.

For this purpose, we slightly adapt the definitions of a and g functions. In
order to force the annotated vertices to be in F, each value «(S,C,W,c¢) (resp.,
B(S,C,Q,W,¢)), such that UNS € W (resp., UNQ ¢ W) is immediately set to
—o0, meaning that such a partial solution is rejected.

In order to maximize the weight of the solution, the values «(S,C, W, c) (resp.,
B(S,C,Q,W,c)) will correspond to the maximum weight over partial solutions com-
patible with (S, C, W, ¢) (resp., (S,C,Q,W,¢)). In the algorithm, we simply replace
the cardinality of sets (e.g., | X| in (3.1), |[term(c, W)]| in (3.5), and |term(cw, W) \
term(c;, W;)| in (3.3)) by the weights of these sets.

We also point out that the weights can be negative. In particular, we can use
Theorem 3.9 to compute an induced subgraph G[F] of treewidth at most ¢ and a
subset X C F such that P(G[F], X) is true, and X is of minimum size (or weight)
under these conditions.

One can imagine more extensions of Theorems 3.1 and 3.9. A natural one consists
in finding sets X and F such that the size of X is exactly an input value v. For
this purpose, we can adapt our definitions of o and § to store, for each possible
value v < v, a boolean a(S,C, W, ¢,v’) (resp., 5(S,C,Q,W,c,v')), set to true if and
only if there exists partial solution (G[F'],X’) compatible with (S,C, W,c) (resp.,
(S,C,Q,W,¢)) such that the size of X’ is exactly v’. The computation of « and
is quite straightforward, by adapting (3.1)—(3.7). The complexity of the algorithm is
multiplied by a polynomial factor.
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Even more involved, we can consider properties P(G, X1,...,Xp, En, ..., Ey),
where each X is a vertex subset and each £ is an edge subset of graph G. The notion
of regularity extends in a very natural way to several variables. Recall that Borie,
Parker, and Tovey [11] proved that all properties expressible by CMSO formulas are
regular, so we are allowed to use any (fixed) number of free variables corresponding
to vertex sets and edge sets.

Let ¢ > 0 be an integer and P(G,X1,...,Xp, E1, ..., Ey) be a regular property
on graphs and vertex subsets X; and edge subsets £;. We define the following generic
problem.

CONSTRAINED INDUCED SUBGRAPH FOR P AND t

Input: A graph G, integer values vq,...,v, <n, and wy,...,w, < @
Task: Find F C V, sets X; C F, and E; C E(G[F]) such that the induced
subgraph G[F] is of treewidth at most ¢, P(G, X1,..., X, Ex, ..., Ey) is true,
each set X; is of size v;, and each set I is of size w;.

Since property P is regular, we need to adapt the definition of partial solutions to
more variables (again, very naturally) and then we define as above boolean functions

/ / / /
a(S,C, W, c,vy,. .., vy, wh ..., wy),

respectively,

B(S,C,Q, W, ¢, v, ..., v, w ... ,w),
to be true if there exists a partial solution (G[F'], X{,..., X}, EY,..., E;) compatible
with (S, C, W, ¢) (resp., (S, C,Q, W, c)) such that each X is of size v and each E is of
size w. For computing the a and 3 values, we must again adapt (3.1)-(3.7). Basically,
for each class ¢, the function term(c, W) used in the equations for a homomorphism
class ¢ and an order set of terminals W must now return each intersection of type
X;NW for vertex sets and £’ N G[W] for edge sets. These intersections will be used
to avoid overcounting when gluing partial solutions. The complexity of the algorithm
becomes larger by a factor of n©@®@+a),

Therefore we can solve problems like finding, among the maximum induced sub-
graph of treewidth at most ¢, the one with minimum dominating set.

4. Listing potential maximal cliques. This section is devoted to the proof of
Theorem 1.1. Our enumeration algorithm is based on the characterization of potential
maximal cliques from Proposition 2.7 and the following “firefighters lemma.”

PROPOSITION 4.1 (see [37]). Let G = (V, E) be a graph. For every vertex v and
a pair of integers b, f > 0, the number of connected vertex subsets B C V such that

e vEB,
e |[Bl=b+1, and
o [N(B)|=f

is at most (b+f). Moreover, all these sets B can be listed in time (’)*((bJJCf)).

The enumeration of all potential maximal cliques is provided by Algorithm 2. We
start with a brief overview of this algorithm. The algorithm distinguishes five types of
potential maximal cliques. We shall prove that each of these types is listed within the
desired running time, and that altogether the five types cover all possible potential
maximal cliques. When we say that a potential maximal clique is “of the ith type”
we implicitly mean that it is not of the jth type for all j < 7.

Let © be a potential maximal clique and let € 2. We denote by D, the union
of the vertex sets of all connected components G[C] of G — § such that z € N(C).
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ALGORITHM 2. ENUMERATE ALL POTENTIAL MAXIMAL CLIQUES.

S A W N =

© ™

10

11

12
13
1
15

'

16
17
18

19

20
21

22

23

24

25
26

// Part (1), first type;
for each edge zy € F do
let Gy be graph G — zy;
for each minimal x,y-separator S of Gy do
if SU{x,y} is a potential mazimal clique of G then
L L output SU {z,y};

// Part (2), second type: « is a constant s.t. 0 < a < 1, it will be set to 0.239;
for each vertex set Z C V such that |Z| < an do

if N(Z) is a potential mazimal clique then

L output N(Z2);

// Part (3), third type: §is a constant s.t. 0 < 8 <1 and o+ 3 > 1; it will be
set to 0.794;
for each verter z do
for each connected vertex set Z such that z € Z and |[N[Z]| < fn do
if N(Z)U{z} is a potential maximal clique then
L | output N(Z)U{z};

// Part (4), fourth type: « is a constant depending on « and 3, it will be 7;
for each vertex set Z of size at most 3/5(n — |N(Z)|) do
if G[Z] has at most v connected components and N(Z) is a potential
mazimal cliqgue then
L output N(Z2);

// Part (5), fifth type;
for all possible values ¢y, cs,c3, N1, N2, N3, a such that
c1+co+tez3+ny+no+n3+a<ndo

select i, 5,k € {1,2,3}, i # j # k, minimizing the value of
(Ci+a+ﬁj+ﬁk) (Cj+ﬁi).

Cci cj )
for each connected vertex set C; such that |C;| = ¢; and
|IN(C))| = fij + 7 +a do
for each connected vertex set C; such that |C;| = ¢; and
IN(C) \ N(C)| = i do
if N(C;UCy) is a potential mazimal clique then
L L output N(C; UC));

We say that a potential maximal clique 2 is of the first type if for some z € €,

set N(D,) is strictly contained in Q. In this case we simply guess z and a vertex y in
Q but not in N(D,), and show in Claim 1 that Q — {x, y} is a minimal separator in
graph G, obtained from G by removing edge zy. Thus the enumeration of potential
maximal cliques of the first type boils down to enumeration of minimal separators in
graph Ggy.

Therefore, for each potential maximal clique €2 that is not of the first type, we

have that for every x € Q, Q = N(D,,). Let now D, denote the union of vertex sets of
some connected components G[C] of G — Q such that @ = N(D,) and D, is minimal
under these constraints.
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We say that a potential maximal €2 is of the second type if D, is “small” for some
z € Q. By “small” we mean that |D,| < an for a constant «, that later will be set
to 0.239. In this case we enumerate sets D, by brute force and for each compute
Q= N(D,).

The third type corresponds to potential maximal cliques ) that for some x € §,
set D, U Q is “relatively small,” i.e. of size at most Sn for some constant g, that
will be set to 0.794. In this case we shall see that Q\ {z} = N(D, U {z}). Since
D, U{z} is connected, we will be able to use the firefighters lemma (Proposition 4.1)
to enumerate potential maximal cliques of this type.

We then prove (Claim 4) that for every potential maximal clique 2 that is not
of the first three types, for every = € €, the vertex set D, is the union of vertex sets
of a constant number ~ of connected components of G — ). Constant v depends on
constants o and 3, in our case it will be equal to 7.

For a potential maximal clique 2 of the fourth type, we have that for some x € Q,
there is a subset D/, of D, such that N(D,) = Q, G[D’] has at most v connected
components, and |D’,| < 3/5(n—|2|). We use again the firefighters lemma to control
the running time in this case.

All other potential maximal cliques form the fifth type. We prove in Claim 7 that
in this case in graph G — Q it is possible to select three connected components such
that for each two of them, the neighborhood of their union is exactly £2. To enumerate
potential maximal cliques of the fifth type, we combine the firefighters lemma and sev-
eral observations on the possible sizes of these components and their neighborhoods.

We prove through a sequence of steps that our algorithm lists all potential max-
imal cliques of G and after that we analyze its running time. Recall that, given a
potential maximal clique 2 and a vertex x € 2, D, denotes the union of the vertex
sets of all connected components of G — Q “seeing” x.

LEMMA 4.2 (see also [33]). Let 2 be a potential mazimal clique of G = (V, E),
and let x € Q. Then N(D, U {z}) =Q\ {z}.

Proof. By Proposition 2.7, for every y € Q\ {2}, we have that x and y are either
adjacent, or they are both in the neighborhood N(C) of some connected component
C of G — Q. In the first case y € N(z), in the second case y € N(D,). Recall that
N(D,) € Q and N(z) € D, U by the definition of D,. Thus N(D, U {z}) =

CramM 1. Let Q be a potential mazimal clique of the first type, i.e., there exist
x,y € Q such that y € D,. Then Q\ {z,y} is an x,y-minimal separator in the graph
Gzy = G — zy obtained by removing edge xy from G.

Proof. Observe that ¢ N(D,). By Lemma 4.2, we have that Ng(D, U {z}) =
Q\{z} and N¢(D,U{y}) = Q\{y}. Thus, in the graph G,,, the vertex sets D, U{x}
and D, U{y} are disjoint and connected (as in G) and their neighborhood is Q\ {z, y}.
By Proposition 2.5, Q\ {z,y} is an z, y-minimal separator of G,. d

Therefore Part (1) of Algorithm 2 enumerates all potential maximal cliques of the
first type. From now on we assume that potential maximal clique 2 is not of the first
type; hence, N(D,) = Q for all x € Q. We define vertex set D, C D, as the union of
an inclusion minimal set of connected component of G — €2 seeing 2. In other words,
we define D, = U._, Ci such that

e for each i € {1,...,r}, C; is a connected component of G — §;
e N(D,) =
e foreachi e {1,...,r}, N(D,\ C;) # Q.

CrAamM 2. Let Q be a potential maximal clique of the second type, i.e., such that

|Do| < an for some z € Q. Then ) is listed in Part (2) of Algorithm 2.
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Proof. Part (2) of Algorithm 2 tests each vertex set Z of size at most an and
outputs the set N(Z) if N(Z) is a potential maximal clique. Thus every potential
maximal clique of the second type is listed when Z = D,. d

The following claim follows directly from Lemma 4.2.

CrLAIM 3. Let Q be a potential mazximal clique of the third type, in particular
N[D, U{x}] < pn for some x € Q. Then Q is listed by Part (3) of Algorithm 2.

The next claim concerns connected components of potential maximal cliques not
listed during the first three steps of the algorithm.

CLAIM 4. Let Q be a potential mazximal clique that is not of the first three types.
Let v =1+ aiﬂﬁ 7. Then for each verter x € ), graph G[ﬁm] contains at most y
connected components.

Proof. Let C1,Cs,...,C, be the connected components of G[DI] given in the
ascending order according to their sizes. We first prove that |D, \ Ci| < n — fn. By
the minimality of D,, there is z € N(C}) that does not belong to any other N(C;)
for i > 2. Therefore N[D.]N (D, \ Cy) = 0. In particular, if | D, \ C1| > n — Bn then
N[D,] < pn, contradicting the fact that  is not of the third type. Because Q2 is not
of the second type, we have that [D,| > an. We deduce that |Cy| > (oz + ﬁ —1)n.
Since |C1] > (a+ B —1)n and |D, \ Ci| < n— Bn, we have that r — 1 < —==. Thus
r <. o

From now on we focus on potential maximal cliques ) that are not of the first
three types. By Proposition 2.7, for every pair of nonadjacent vertices x,y € ) there
is a connected component C of G — Q such that x,y € N(C). Because (2 is not of the
first type, we have that for every y € €2, there is a connected component C of G [Dr]
such that z,y € N(C). Let

C= Uf)z.

€N

The next claim shows that the connected components of G[C] are minimal subject to
pairs of nonadjacent vertices of ).
CLAIM 5. For every connected component C of graph G[C], there is a “private”
pair of nonadjacent vertices x,y € €1, i.e., a pair such that
e x,y € N(C), and
e there is no connected component C' # C of G[C] such that x,y € N(C").
Proof. Targeting towards a contradiction, suppose there is a connected component
C' of graph G|C] without a private pair. By the minimality of each of the sets D,,
x € Q, the only reason why C contributes to G|C] is that there is y € Q, such that C
is the connected component of G[Dy] and N(f)y \C) #Q. Let z € Q\ N(Dy \ C).
Because C' has no private pair, there is a connected component C’ of G[C] such
that y,z € N(C’). Thus C' is also a connected component of G[D,] and hence
2 & Q\ N(f) \ C), which is a contradiction. O
CLAIM 6. For every connected component C of G[C], there are two vertices x and
y such that C' = D, ﬂD
Proof. By Claim 5, C has a private pair z,y € QNN (C) such that for every other
connected component C' of G[C], we have that at least one of z or y is not contained
in N(C"). Thus C = D, N D,. O
CLAM 7. Let Q) be a potential mazximal clique not of the first three types. Then
1. either there exists x € Q such that |D,| < 3/5(n — |]),
2. or G[C] contains at most 3 connected components, and for every pair of such
components C; and Cj, we have that N(C; UC;) =



LARGE INDUCED SUBGRAPHS VIA TRIANGULATIONS AND CMSO 75

Fic. 4. Potential mazimal cliques of the fifth type.

Proof. Let Cy,Cy, ..., C, be the connected components of G|[C], and let us assume
that € is of minimum size. By Claim 6 applied to C1, there exist z,y € € such that
Ci=D,nN Dy.

Consider first the case when [C1] < (1/5)(n — [Q2|). Then the size of one of the
sets D, D, does not exceed

n—|Q —|Ci] n—|Q+|Ci]
|Cl| + 9 = 2 )
which is at most (3/5)(n — |?]) for |Cy] < (1/5)(n — |Q]).

For the case |C1]| > (1/5)(n — |9?]), because C; is the connected component of
the smallest size, it follows that r < 4. Towards the contradiction, let us assume
that 7 = 4. Observe that each of D, and ﬁy is formed by the union of at least
two sets C;. Indeed if D, = C; then Ng(Cl) = (), contradicting Proposition 2.7.
Because Cy = D, ﬂD , one of the sets Dy, D contains exactly two components. Say,
D, =CLUCy. If |Gy UCQ| <(3/5)(n—|9Q|) then the first condition of the claim holds.
If |C1 UCs| > (3/5)(n —|£]), then at least one of C5 and Cjy should be of size at most
(1/5)(n—(9), and thus of size smaller than [C| which is a contradiction. Thus r < 3.

Also 7 > 2, because each of the sets D, and D contains at least two connected
components and Cy; = D, N Dy. Thus GJC] contains exactly three components C,
C», and Cj3. Thus D, contains exactly two of them, say C; and C5, and D, contains
Cy and C3. Then N(Cy U Cy) = N(D,) = Q and N(C, UC3) = N(D,) = Q. Tt
remains to prove that N(C2 U C3) = Q. For component Cy there is a private pair
u,v € ) such that Cg D, N D,. Then either D, or DU is equal to Cy U C3, and
thus N(OQ U Cg) = L. O

All potential maximal cliques of the fourth type (corresponding to the first item
of the previous claim) are listed by Part (4) of Algorithm 2. It remains to prove that
the fifth case of the algorithm enumerates all remaining potential maximal cliques.

CLAIM 8. Let Q be a potential mazximal clique that is not of one of the first four
types. Then Q) is listed by Part (5) of Algorithm 2.

Proof. By Claim 7, there are three connected components Cy, Cz, C3 of G|[C] such
that, for every two of them, their neighborhood is Q2 (see also Figure 4). Now for each
i€{1,2,3}, let ¢; = |C;|, N; i =Q\N(Ci), n =|N;|, A= N(C1) N N(Cz) N N(Cs),
and a = |A|. Observe that N, Ny, N3, and A form a partition of Q2. Moreover, for
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any bijective mapping {i, j,k} on {1,2,3}, we have that N[C;] = C;UN; UN; U A4,
and N[C;]\ N(C;) = Cj U N;. Therefore the sizes of the corresponding sets are as
indicated in Part (5) of Algorithm 2. Hence the algorithm will enumerate two of the
sets C1, Co, C3 and generate the potential maximal clique 2. 0
It remains to prove that the running time of the algorithm is O(1.7347™). We
argue about each of the five cases of the algorithm separately.
(1) Minimal z, y-separators in G,y can be listed in time O(1.6181™); see [37, The-
orem 1]. Thus, cliques of the first type are enumerated in time O(1.6181™).
(2) This part runsin O*(()) time. For a = 0.239, this is bounded by O(1.7332").
(3) By Proposition 4.1, enumerating all connected vertex sets Z with |[N[Z]| < fn
takes O*(2°") time. By putting 8 = 0.794, enumeration of potential maximal
cliques of the third type takes time O(1.7339™).
(4) With the previously fixed values o and 8 we have v < 8 (see Claim 4), so
G[Z] will have at most 7 components. In order to produce all candidate sets
Z we proceed as follows. First we use O(n”) time to guess one vertex of
each component, that is we generate all vertex subsets @) of size at most 7.
For each such set @, let GT be obtained from G by adding edges between all
vertices of ). In this graph G, we enumerate all connected sets Z containing
Q@ and such that |Z] < (3/5)(n — |N(Z)|); this is done using Proposition 4.1
over all possible values of |Z| and N(Z). The number of such vertex sets Z
can be bounded by O(1.7017"). It only remains to test for each computed
set Z that N(Z) is a potential maximal clique.
(5) Generating all values ¢, ¢, c3, i1, iz, g, and a takes polynomial time. Note
that for each tuple of values, all sets C; are generated in time O* ((“* " ¥7x))
'JT[ccfﬁ‘
also Figure 4). For each C; we remove N|[C;] from graph G and then generate
all possible sets C}, using again Proposition 4.1, in time O*((cj:‘jﬁi)); here
the binomial coefficient corresponds to (‘N[Cj‘]c\j‘ (Ci)‘). We point out that the
previous best upper bound given in [37] was based on a somehow similar con-

struction, but “guessing” the set C;UC) in time (IJTéCQ%CT ”). Our construction
UC,

is faster since we always have that (“Tgr”) (‘N[Cj‘]c\]_v(ci)l) < (“\‘%CU%CT”)

[N +G.J1;7:Lj +ﬁk) (C]Zﬁz)

using Proposition 4.1 (the binomial coefficient corresponds to ( ); see

It remains to argue that the maximum value of ( , over all
possible tuples, is at most 1.7347". This upper bound has been obtained
using Stirling approximations and a computer program maximizing the func-
tion. The worst ratio occurs when a = 0, and for all ¢ € {1,2,3} we have
¢; = 0.1768678n and 7; = (n — 3¢;)/3. In this case we obtain a maximum
value of type n", for n < 1.7347.

This concludes the proof of Theorem 1.1.

5. Applications. In this section we discuss several applications of Theorem 3.1.
We start by mentioning the most interesting special cases of the optimization problem
(1.1). Each of these special cases contains various problems as a special subcase, we
discuss subcases after introducing each of the problems. For some of these cases,
expressibility in the form of (1.1) is trivial but for some it is nonobvious and requires
deep results from graph theory. Our results are summarized in Theorem 5.1.

Let F,,, be the set of cycles of length 0 (mod m). Let £ > 0 be an integer. Our
first example is the following problem.
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MAXIMUM INDUCED SUBGRAPH WITH < { COPIES OF F,,-CYCLES

Input: A graph G.

Task: Find a set ' C V(G) of maximum size such that G[F] contains at most ¢
vertex-disjoint cycles from F,.

MAXIMUM INDUCED SUBGRAPH WITH < { COPIES OF JF,,-CYCLES encompasses
several interesting problems. For example, when ¢ = 0, the problem is to find a
maximum induced subgraph without cycles divisible by m. For ¢ = 0 and m = 1 this
is MAXIMUM INDUCED FOREST.

For integers £ > 0 and p > 3, the problem related to MAXIMUM INDUCED SUB-
GRAPH WITH < ¢ COPIES OF F,,-CYCLES is the following.

MAXIMUM INDUCED SUBGRAPH WITH < £ COPIES OF p-CYCLES

Input: A graph G.

Task: Find a set ' C V(G) of maximum size such that G[F] contains at most ¢
vertex-disjoint cycles of length at least p.

Next example concerns properties described by forbidden minors. Graph H is a
minor of graph G if H can be obtained from a subgraph of G by a (possibly empty)
sequence of edge contractions. A model M of minor H in G is a minimal subgraph
of G, where the edge set E(M) is partitioned into c-edges (contraction edges) and
m-edges (minor edges) such that the graph resulting from contracting all c-edges is
isomorphic to H. Thus, H is isomorphic to a minor of G if and only if there exists a
model of H in G. For an integer ¢ a finite set of graphs F containing a planar graph,
we define he following generic problem.

MAXIMUM INDUCED SUBGRAPH WITH < ¢ COPIES OF MINOR MODELS FROM F
Input: A graph G.

Task: Find a set F' C V(@) of maximum size such that G[F] contains at most ¢
vertex-disjoint minor models of graphs from F.

The assumption that F contains a planar graph is crucial, because it ensures (see
Proposition 5.7) that the solution subgraph G[F] is of bounded treewidth.

Even the special case with ¢ = 0, this problem and its complementary version
called the MINIMUM F-DELETION, encompasses many different problems. In the
literature, the case ¢ = 0 was studied from parameterized and approximation per-
spectives [34].

When F = {K>}, a complete graph on two vertices, this is MAXIMUM INDEPEN-
DENT SET, the problem complementary to the MINIMUM VERTEX COVER problem.
When F = {C3}, a cycle on three vertices, this is MAXIMUM INDUCED FOREST. Case
F = {K4} of MAXIMUM INDUCED F-FREE SUBGRAPH corresponds to maximum in-
duced serial-parallel graph, F = {K4, K2 3} to maximum induced outerplanar, and
the case when F consists of a diamond graph, which is K4 minus one edge, is to find
a maximum induced cactus subgraph. Maximum induced pseudoforest is the case
of F containing the diamond and butterfly graphs, which is obtained by identifying
one vertex of two triangles. Maximum Apollonian graph corresponds to the situa-
tion with F consisting of the complete graph K5, the complete bipartite graph K3 3,
the graph of the octahedron, and the graph of the pentagonal prism. A fundamental
problem, which is a special case of MINIMUM F-DELETION, is MINIMUM TREEWIDTH
7-DELETION or 7-TRANSVERSAL which is to delete the minimum number of vertices
in order to obtain a graph of treewidth at most 7. Since by the result of Robertson
and Seymour [62] every graph of treewidth 7 excludes a (n+ 1) x (n+ 1) grid as a
minor, we have that the set F of forbidden minors of treewidth n graphs contains a
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planar graph. Similarly, for £ > 0, MAXIMUM INDUCED SUBGRAPH WITH < ¢ COPIES
OF MINOR MODELS FROM F generalizes problems like finding a maximum induced
subgraph containing at most ¢ vertex-disjoint cycles, at most ¢ vertex-disjoint outer-
planar graphs, at most £ vertex-disjoint subgraphs of treewidth ¢, etc. For some graph
classes, like circular-arc and weakly chordal, we show that even more general cases of
MiNniMUM F-DELETION, when F is not requested to contain a planar graph, are still
solvable in polynomial time.

Let t > 0 be an integer and ¢ be a CMSO formula. Let G(¢,¢) be a class of
connected graphs of treewidth at most ¢ and with property expressible by ¢. Our
next example is the following problem.

INDEPENDENT G(t, ¢)-PACKING

Input: A graph G.

Task: Find a set F C V(G) with maximum number of connected components
such that each connected component of G[F] is in G(¢, ¢).

In other words, the task is to find a maximum vertex-disjoint packing in G of
subgraphs from G(, ¢) such that no two subgraphs of the packing are joined by an edge
of G. This problem trivially generalizes several well-studied problems. For example,
MaxiMuM INDUCED MATCHING is to find a maximum induced matching which was
studied intensively for different graph classes. Similarly, when class G(¢, ¢) consists of
one graph K3, then MAXIMUM INDUCED G (t, P)-PACKING is induced triangle packing.
This problem, under the name INDEPENDENT TRIANGLE PACKING was studied by
Cameron and Hell [17]. Recall that Cameron and Hell defined a more general problem,
namely, INDEPENDENT H-PACKING, where for a finite set of connected graphs H, the
task is to find a maximum number of disjoint copies of graphs from H such that
there are no edges between the copies. Since every finite set of graphs is trivially in
G(t,P) for some t and P, INDEPENDENT H-PACKING is a special case of INDEPENDENT
G(t, ¢)-PACKING. Another studied variant of the problem is INDUCED PACKING OF
OpD CYCLES introduced by Golovach et al. in [43], where the task is to find the
maximum number of odd cycles such that there is no edge between any pair of cycles.

The next problem is an example of an annotated version of optimization problem
(1.1). Note that k is not required to be a constant.

k-IN-A-GRAPH FROM G(t, @)
Input: A graph G, with k£ annotated vertices.
Task: Find an induced graph from G(¢, ¢) containing all & annotated vertices.

It is also easy to handle variants of this problem where the annotated vertices
have specific properties, like being the endpoints of the path if G(¢, @) is the class of
paths. Many variants of k-IN-A-GRAPH FROM G (¢, ¢) can be found in the literature,
like k-IN-A-PATH, k-IN-A-TREE, k-IN-A-CYCLE. k-IN-A-PATH is clearly solvable in
polynomial time for &k = 2. For k = 3 the problem is NP-complete already on graphs
of maximum vertex degree at most three [28]. Bienstock [6] has shown that the
following cases of k-IN-A-GRAPH FROM G(t, ¢) are NP-hard: finding an induced odd
cycle of length greater than three, passing through a prescribed vertex, and finding an
induced odd path between two prescribed vertices. Polynomial-time algorithms for
the odd path problem are known for several graph classes, including chordal [1] and
circular-arc graphs [2]. Chudnovsky and Seymour have shown that k-IN-A-TREE for
k = 3 is solvable in polynomial time [20]. The complexity of the case k = 4 is open.

THEOREM 5.1. Let G be an n-vertexr graph given together with the set of its
potential mazximal cliques Ilg. Then
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e MAXIMUM INDUCED SUBGRAPH WITH < ¢ COPIES OF J,,-CYCLES,

e MAXIMUM INDUCED SUBGRAPH WITH < ¢ COPIES OF p-CYCLES,

e MAXIMUM INDUCED SUBGRAPH WITH < ¢ COPIES OF MINOR MODELS FROM

F, where F contains a planar graph,

e INDEPENDENT G(t, )-PACKING, and

e k-IN-A-GRAPH FrROM G(t, p)
are solvable in time |lg| -n®W  Here the hidden constants in O depend on m,p,?,
F, t, and .

Combined with Theorem 1.1, Theorem 5.1 implies the following.

COROLLARY 5.2. Let G be an n-vertex graph. All problems from Theorem 5.1
are solvable in time O(1.7347").

Theorem 5.1 follows from Theorem 3.1 and Lemmas 5.4, 5.6, 5.8, 5.9, and 5.10.

Let us remark that Theorem 5.1 also holds for different modifications of these
problems, like requirements of the maximum induced subgraph being connected, of
maximum vertex degree at most some constant D, etc. Such modifications easily
capture problems like computing a longest induced path, cycle, or an induced tree
with given maximum vertex degree.

Hitting and packing cycles of length 0 (mod m). We will need the follow-
ing result of Thomassen.

PROPOSITION 5.3 (see [69]). For all integers £,m > 0 there exists an integer
k(¢,m) > 0 such that the treewidth of a graph with at most ¢ vertex-disjoint cycles
from F, is at most k(¢,m).

With the help of Proposition 5.3, we obtain the following lemma.

LEMMA 5.4. MAXIMUM INDUCED SUBGRAPH WITH < { COPIES OF JF,,-CYCLES
is a special case of OPTIMAL INDUCED SUBGRAPH FOR P AND t with t = f({,m),
where [ depends only on m and £.

Proof. For a graph G let F' be the maximum vertex set such that G[F] has at
most ¢ vertex-disjoint cycles from F,,,. We put f(¢,m) = k(¢,m), where k(£,m) is
the integer from Proposition 5.3. By Proposition 5.3, the treewidth of GF is at most
f(t,m).

Then MAXIMUM INDUCED SUBGRAPH WITH < ¢ COPIES OF JF,,-CYCLES is to
maximize | X| for the following property

P(G[F],X) ={F = X and G[F] contains at most ¢ vertex-disjoint cycles from F,.}

To show that P(G[F], X) is regular, we observe that it is expressible by a CMSO
formula. Indeed, this formula expresses that for every partition of V(Gp) into ¢ + 1
subsets, there is a subset containing no cycle from F,. O

Hitting long cycles. We need the following result, which is due to Birmelé,
Bondy, and Reed.

PROPOSITION 5.5 (see [7]). Graphs without £ disjoint cycles of length at least p
are of treewidth O({*p).

By making use of Proposition 5.5, it is easy to prove the following lemma.

LEMMA 5.6. MAXIMUM INDUCED SUBGRAPH WITH < £ COPIES OF p-CYCLES is
a special case of OPTIMAL INDUCED SUBGRAPH FOR P AND t with t = O({?p).

Proof. For a graph G let F' be the maximum vertex set such that G[F] has at
most £ vertex-disjoint cycles of length at least p. By Proposition 5.5, the treewidth
of G[F] is at most O(¢?p). Then we are maximizing | X| for the following property

P(G[F],X) ={F = X and G[F] contains < ¢ vertex-disjoint cycles of length > p}.
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To show that this property is regular, we observe that the property of not having a
cycle of length at least p is expressible in CMSO. Indeed, a property of a set C of
vertices to induce a cycle is CMSO, and because p is fixed, the formula expressing the
sentence that for every subset C' inducing a cycle, the number of elements is at most
p, is of constant length. Because £ is also fixed, it is possible to express by a constant
size CMSO formula the sentence that for every partition in £ + 1 subsets there is a
subset inducing a subgraph without a cycle of length at least p. O

Excluding planar minors. The following proposition follows almost directly
from the excluded grid theorem of Robertson and Seymour [63]; see also [64].

PROPOSITION 5.7 (see [63]). For every integer £ > 0 and family F containing
a planar graph, there exists an integer k(¢, F) > 0 such that the treewidth of a graph
with at most £ vertex-disjoint minor models from F is at most k(¢, F).

LEMMA 5.8. If F contains a planar graph, then MAXIMUM INDUCED SUBCGRAPH
WITH < £ COPIES OF MINOR MODELS FROM F is a special case of OPTIMAL INDUCED
SUBGRAPH FOR P AND t with t = k({,F).

Proof. For a graph G let F' be the maximum vertex set such that G[F] has at
most ¢ vertex-disjoint models of minors from F. By Proposition 5.7, the treewidth of
G[F] is at most k(¢, F). The property that a graph does not contain a fixed graph as
a minor is known to be expressible in CMSO. This implies that the property

P(G[F], X) = {F = X and G[F] has < ¢ vertex-disjoint minor models from F}

is regular. O

Independent packing.

LEMMA 5.9. INDEPENDENT (¢, »)-PACKING is a special case of OPTIMAL IN-
DUCED SUBGRAPH FOR P AND t.

Proof. For a graph G let F be a vertex set such that G = G[F] has the maximum
number of connected components, and each of the components is in G(t, ). Because
the treewidth of every component does not exceed t, the treewidth of G[F] does
not exceed t. We use cc(G[F]) to denote the set of connected components of G[F].
Because the fact that a vertex set C' belongs to cc(G[F]) can be expressed by an MSO
formula (see, e.g., [11]), we have that the following property is regular:

P(GIF], X) = {[X C V(Gp)] AVC € ce(GF)(C € Gt ) AIXNC| =1)].} O

k-in-a-graph. Because in k-IN-A-GRAPH FROM G(t, ), k is part of the input
we need the annotated variant of the main theorem (Theorem 3.9). The following
lemma follows from the definition of the problems.

LEMMA 5.10. k-IN-A-GRAPH FROM G(t,¢) is a special case of OPTIMAL
WEIGHTED ANNOTATED INDUCED SUBGRAPH FOR P AND t

6. Graph classes. In this section we discuss the consequences of Theorem 5.1
for special graph classes. In particular, by Proposition 2.8, every class of graphs with
polynomially many minimal separators also has polynomially many potential max-
imal cliques. For example, every n-vertex weakly chordal graph, i.e., a graph with
no induced cycle or its complement of length greater than four, has O(n?) minimal
separators [12]. This class of graphs is a generalization of many graph classes inten-
sively studied in the literature like chordal, split, and interval graphs. Another class
of graphs of this type is the class of circular-arc graphs, intersection graphs of a set
of arcs on the circle. Every circular arc with n vertices has at most 2n? — 3n minimal
separators [51]. The class of d-trapezoid graphs is defined as follows. Let Lq,...,Lq4
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be d parallel lines in the plane. A d-trapezoid is the polygon obtained by choosing an
interval I; on every line L; and connecting the left, respectively, right endpoint of I;
with the left, respectively, right endpoint of I;;1. A graph is a d-trapezoid graph if it
has an intersection model consisting of d-trapezoids between d parallel lines. Every
d-trapezoid graph has at most (2n — 3)4~! minimal separators [53]; see also [15]. An
intersection graph of polygons enclosed by a bounding circle is is know as a polygon-
circle graph. As was observed by Suchan in [67], every polygon circle with n vertices
has O(n?) minimal separators. See Figure 1 of the introduction for the relations be-
tween most known classes of graphs with polynomially many minimal separators. We
refer to the encyclopedia of graph classes [15] for definitions of different graphs from
Figure 1.

Let us remark that the only information we need for our algorithms is the bound
on the number of minimal separators in the specific graph class. While many of
the algorithms from the literature for intersection classes of graphs strongly use the
intersection model this is not necessary for our algorithms—they produce correct
output regardless of whether the input actually belongs to the specific class of graphs.
If the number of minimal separators and thus potential maximal cliques is bounded,
our algorithm correctly solves the problem. Otherwise, the algorithm correctly reports
that the given input is not from the restricted domain. Such types of algorithms were
called robust by Raghavan and Spinrad [60]. For example, while recognition of d-
trapezoid and polygon-circle graphs is NP-complete [72, 59], our algorithm either
correctly solves the problem or outputs that the input graph is not d-trapezoid or
polygon-circle.

COROLLARY 6.1. All problems from Theorem 5.1 are solvable in polynomial time
on classes of graphs from Figure 1.

On several classes of graphs even more general problems can be solved. The
observation here is that for many classes of graphs from Figure 1, the treewidth of
a graph is upper bounded by some function of other parameters like the maximum
clique size or maximum degree.

For example, Yannakakis and Gavril [73] have shown that for every fixed x, a
maximum induced subgraph of a chordal graph colorable in x colors can be found in
polynomial time. To see why this result follows as a corollary of our theorem, let us
observe that for chordal graphs, as for all perfect graphs, the chromatic number is
equal to the maximum clique size; see, e.g., [44]. On the other hand, the treewidth of
a chordal graph is known to be equal to the maximum clique size minus one. Thus
every induced x-colorable subgraph of a chordal graph is of treewidth at most y — 1.
Since colorability in a constant number of colors is expressible in CMSO, the result
follows.

For other variants of colorings, we need the the following proposition due to
Gaspers et al.

PROPOSITION 6.2 (see [40]). Let G be a graph of mazimum vertex degree at most
D. Then the treewidth of G is at most

e 4D, if G is a circle graph,
e 2D, if G is a weakly chordal graph or a circular-arc graph.

Combined with Proposition 6.2, Theorem 5.1 allows us to show that on several
graph classes, in addition to problems encompassed by Corollary 6.1, an even larger
class of problems can be solved efficiently. For example, edge coloring of a graph is an
assignment of colors to the edges of the graph so that no two adjacent edges have the
same color. The chromatic index of a graph is the minimum number of colors required
for edge coloring. By Vizing’s theorem, for every graph with maximum vertex degree
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D, its chromatic index is either D or D + 1. Since edge coloring in a constant number
of colors is expressible in CMSO, we conclude that the problem of finding a maximum
induced edge colorable in k colors subgraph (for a fixed constant k) is solvable in
polynomial time on circle, weakly chordal, and circular-arc graphs. Similarly, the
problems like for a fixed constant k finding a maximum induced (connected) subgraph
of maximum vertex degree at most k are also solvable in polynomial time on these
classes of graphs.

The next lemma provides a different set of applications of the main theorem for
special graph classes.

LEMMA 6.3. Let G be a graph excluding some fixed graph H as a minor. Then
the treewidth of G is at most

o f(H) for some function f of H only, if G is a weakly chordal graph, and
e 3|V(H)| if G is a circular-arc graph.

Proof. Let G be a weakly chordal graph excluding H as a minor. By a theorem
from [30], there is a constant ¢y such that every H-minor-free graph of treewidth at
least crrk? can be transformed by making only edge contractions either to a planar
triangulation 'y, of a (k X k)-grid, or to IIx, which is a graph obtained from the (k x k)-
grid by adding a universal vertex. Since both I'y, and Il for £ > 3 contain an induced
cycle of length at least 6, we conclude that the treewidth of G does not exceed some
constant depending only on H. Indeed, otherwise a contraction of G, and hence G
too, would contain an induced cycle of length more than 4.

For circular-arc graphs, we can prove the statement of the lemma by using the
observation from [51] that every potential maximal clique of a circular-arc graph is
the union of at most of three cliques. Thus every circular-arc graph of treewidth at
least 3|V (H)| should contain a potential maximal clique of size at least 3|V (H)|, and
hence a clique of size at least |[V(H)|. Thus every circular-arc graph of treewidth at
least 3|V (H)| contains H as a minor. O

By combining Lemma 6.3 with Theorem 5.1, we obtain that MINIMUM F-DELETION
is solvable in polynomial time on circular-arc and weakly chordal graphs for every fi-
nite family F of graphs. The requirement that F contains a planar graph can be
omitted in this case.

7. Conclusion. In this paper we have shown how the theory of minimal trian-
gulations combined with the power of CMSO logic can be used to obtain moderate
exponential and polynomial algorithms for various problems about induced subgraphs.

While regular properties and CMSO capture many interesting problems, it seems
that the approach based on minimal triangulations is not restricted by these settings.
Take for example the following problem.

MINIMUM INDUCED DisJOINT CONNECTED /-SUBGRAPHS

Input: A graph G, and a collection {T1,T5,...,T,} of annotated vertices, T; C
V(QG), of size at most £.

Task: Find a set FF C V(G) of minimum size such that G[F] has connected
components Cq,Ch,...,Cp and for every 1 < ¢ <p, T; C C;.

This problem is a generalization of the INDUCED DISJOINT PATHS, where for a
given set of p pairs of annotated vertices x;,y;, 1 < ¢ < p, the task is to find a set
of paths connecting each x; to each y; such that the vertices from different paths
are not adjacent. Belmonte et al. [4] have shown that INDUCED DISJOINT PATHS is
solvable in polynomial time on chordal graphs. Because p is part of the input and
not fixed, this problem cannot be expressed by a CMSO formula of constant size. On
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the other hand, by applying a modification of the dynamic programming algorithm
over potential maximal cliques and minimal separators, it is possible to show that this
problem is solvable in time proportional to the number of potential maximal cliques,
up to polynomial factor nfTO®),

Another example can be the following problem. Let ¢ be an integer.

HOMOMORPHISM FROM t-TREEWIDTH SUBGRAPH

Input: Graph G and H.

Task: Find a set F C V(G) of maximum size such that the treewidth of G[F] is
at most ¢ and there is a homomorphism from G[F] to H.

By the classical result of Yannakakis and Gavril [73], for every fixed x, a maximum
induced subgraph of a chordal graph colorable in x colors can be found in polynomial
time. Because coloring into x colors is homomorphism in a complete graph on y
vertices, and because the treewidth of a x-colorable chordal graph is at most y — 1,
HOMOMORPHISM FROM t-TREEWIDTH SUBGRAPH extends this problem. However,
the property of having a homomorphism to H is not CMSO expressible because H is
part of the input. Moreover, it is easy to see that an already very special case of the
graph homomorphism problem, where we are asked for a homomorphism from a clique
of size k (and thus of treewidth k—1) to H is equivalent to deciding if H has a clique of
size at least k, which is W[1]-hard. Thus homomorphism from G to H parameterized
by the treewidth of G is W[1]-hard. But on the other hand, dynamic programming
over potential maximal cliques and minimal separators shows that HOMOMORPHISM
FROM t-TREEWIDTH SUBGRAPH is solvable in time proportional to the number of
potential maximal cliques, up to polynomial factor n®®.

Both examples indicate that even more general frameworks capturing problems
solvable in time proportional to the number of potential maximal cliques can exist.
Building such a general framework is an interesting research direction.

Similarly, when it concerns exact exponential algorithms, in many cases the re-
quirements of Theorem 3.9 that the treewidth ¢ of the induced subgraph is a con-
stant, can be relaxed. For example, if we want to find a maximum induced sub-
graph of treewidth at most ¢, the running time of the dynamic programming algo-
rithm used to prove this theorem would be O(1.7347"nt), which is O(1.7347") for
t = o(n/logn). This observation, combined with specific properties of planar poten-
tial maximal cliques and careful implementation of dynamic programming, was used
in [36] to obtain an O(1.7347")-time algorithm computing a maximum induced planar
subgraph. Interestingly enough, no algorithm breaking the brute force O(2")-barrier
for finding a maximum induced subgraph excluding some fixed graph H as a minor
is known in the literature.

Since the appearance of the preliminary version of this paper, several new applica-
tions of potential maximal cliques were discovered. For polynomial-time algorithms,
a nontrivial extension of our approach was used by Lokshtanov, Vatshelle, and Vil-
langer [55] to settle the long standing open problem about the complexity of MAXI-
MUM INDEPENDENT SET on Ps-free graphs. In parameterized algorithms, potential
maximal cliques were used to obtain a subexponential parameterized algorithm for
the MINIMUM FILL-IN problem [38].

Another open question concerns counting problems. Our approach does not work
for counting problems due to potential double counting in the process of computing
functions « and 8. We do not exclude a possibility that with additional clever ideas
the main algorithm of the paper can also count maximum sets with regular properties
but we do not know how to do it, and leave it as an interesting open question.
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A problem which seems to be very much related but still cannot be handled
directly by our approach is CONNECTED FEEDBACK VERTEX SET, where we are asked
to find a minimum feedback vertex set inducing a connected subgraph. Interestingly,
our approach works without a problem for MAXIMUM INDUCED TREE, where the task
is to find a minimum feedback vertex set such that the remaining graph is connected,
i.e., a tree.

Another interesting question is how many potential maximal cliques can be in an
n-vertex graph? By Theorem 1.1, we know that it is at most O(1.7347™). The worst
case in the proof of Theorem 1.1 occurs in the enumeration of potential maximal
cliques of the fifth type, and this case can be improved as follows. Let us remind
ourselves that in this case, we have three connected components Cy, Cy, C3 of G — €
equal sizes. Also the sizes or neighborhoods N(C;) are, for each i € {1,2,3}, equal
to (2/3)|Q]. In this situation, the set N(C1) N N(C2) is “invisible” from C3, and
thus is internal to the graph N[C; U C3]. In this situation, by guessing a vertex
of u € C7 and v € (s, we can use the firefighters lemma in the graph G + uw
obtained from G by connecting u and v in order to enumerate all connected sets of
size |C1] + |Ca| 4 |C1 N Cy| with neighborhoods of size |C5]/2. By doing this, one can
compute component Cs in time better than O(1.7347™). Similarly, we can compute
C1, and thus . Unfortunately, these arguments fall apart if 2 contains vertices which
can “see” three components. To make them work, we have to consider more detailed
balancing, by first guessing the vertices seeing the three components. By implementing
this idea accurately, and by the cost of more technical arguments, it is possible to
improve the running time of the algorithm slightly (in the third digit after the dot in
the base of the exponent). But how close is the bound O(1.7347") to the truth? There
are graphs with roughly 3"/3 ~ 1.442" potential maximal cliques [33]. Let us remind
ourselves that by the classical result of Moon and Moser [57] (see also Miller and
Muller [56]), the number of maximal cliques in a graph on n vertices is at most 3"/3.
Can it be that the right upper bound on the number of potential maximal cliques is
also of order 3"/3? Can we enumerate potential maximal cliques within this time? By
Theorem 3.9, this would yield a dramatic improvement for numerous exact algorithms.

Acknowledgments. We thank Bruno Courcelle, Daniel Lokshtanov, Mamadou
Kanté, Dieter Kratsch, Saket Saurabh, Bich Dao, and Dimitrios M. Thilikos for fruit-
ful discussions and useful suggestions on the topic of the paper.

REFERENCES

[1] S. R. ARIKATI AND U. N. PELED, A linear algorithm for the group path problem on chordal
graphs, Discrete Appl. Math., 44 (1993), pp. 185-190.

[2] S.R. ArIkATI, C. PANDU RANGAN, AND G. K. MANACHER, Efficient reduction for path problems
on circular-arc graphs, BIT, 31 (1991), pp. 182-193.

[3] S. ARNBORG, J. LAGERGREN, AND D. SEESE, Easy problems for tree-decomposable graphs, J.
Algorithms, 12 (1991), pp. 308-340.

[4] R. BELMONTE, P. A. GorovacH, P. HEGGERNEsS, P. vaAN T Hor, M. KAMINSKI, AND D.
PauLusma, Finding contractions and induced minors in chordal graphs via disjoint paths,
in Proceedings of the 22nd International Symposium on Algorithms and Computation
(ISAAC 2011), Lecture Notes in Comput. Sci. 7074, Springer, Berlin, 2011, pp. 110-119.

[5] A. BERRY, J. P. BorDAT, AND O. Coais, Generating all the minimal separators of a graph,
Internat. J. Found. Comput. Sci., 11 (2000), pp. 397-403.

[6] D. BIENSTOCK, On the complexity of testing for odd holes and induced odd paths, Discrete
Math., 90 (1991), pp. 85-92.

[7] E. BIRMELE, J. A. BoNDY, AND B. A. REED, The Erd8s-Pdsa property for long circuits, Com-
binatorica, 27 (2007), pp. 135-145.



LARGE INDUCED SUBGRAPHS VIA TRIANGULATIONS AND CMSO 85

H. L. BODLAENDER, A partial k-arboretum of graphs with bounded treewidth, Theoret. Comput.
Sci., 209 (1998), pp. 1-45.

H. L. BODLAENDER, F. V. FoMmIN, D. LOKSHTANOV, E. PENNINKX, S. SAURABH, AND D. M.
THILIKOS, (Meta) kernelization, in Proceedings of the 50th Annual IEEE Symposium on
Foundations of Computer Science (FOCS 2009), Atlanta, Georgia, IEEE, Los Alamitos,
CA, 2009, pp. 629-638.

H. L. BODLAENDER, T. KLOKS, AND D. KRATSCH, Treewidth and pathwidth of permutation
graphs, SIAM J. Discrete Math., 8 (1995), pp. 606-616.

R. B. BOrIE, R. G. PARKER, AND C. A. TOVEY, Automatic generation of linear-time algorithms
from predicate calculus descriptions of problems on recursively constructed graph families,
Algorithmica, 7 (1992), pp. 555-581.

V. BOUCHITTE AND I. TODINCA, Treewidth and minimum fill-in: Grouping the minimal sepa-
rators, STAM J. Comput., 31 (2001), pp. 212-232.

V. BoucHITTE AND I. TODINCA, Listing all potential mazimal cliques of a graph, Theoret.
Comput. Sci., 276 (2002), pp. 17-32.

N. BOURGEOIS, B. ESCOFFIER, V. TH. PASCHOS, AND J. M. M. vaN Roo1J, Fast algorithms for
maz independent set, Algorithmica, 62 (2012), pp. 382-415.

A. BRANDSTADT, V. B. LE, AND J. P. SPINRAD, Graph Classes. A Survey, SIAM Monogr.
Discrete Math. Appl., STAM, Philadelphia, 1999.

K. CAMERON, Induced matchings, Discrete Appl. Math., 24 (1989), pp. 97-102.

K. CAMERON AND P. HELL, Independent packings in structured graphs, Math. Program., 105
(2006), pp. 201-213.

K. CAMERON, R. SRITHARAN, AND Y. TANG, Finding a mazimum induced matching in weakly
chordal graphs, Discrete Math., 266 (2003), pp. 133-142.

J.-M. CHANG, Induced matchings in asteroidal triple-free graphs, Discrete Appl. Math., 132
(2003), pp. 67-78.

M. CHUDNOVSKY AND P. D. SEYMOUR, The three-in-a-tree problem, Combinatorica, 30 (2010),
pp. 387-417.

B. COURCELLE, The monadic second-order logic of graphs I: Recognizable sets of finite graphs,
Inform. and Comput., 85 (1990), pp. 12-75.

B. COURCELLE, The monadic second-order logic of graphs. III. Tree-decompositions, minors
and complezity issues, RAIRO Inform. Théoret. Appl., 26 (1992), pp. 257-286.

B. COURCELLE, The ezpression of graph properties and graph transformations in monadic
second-order logic, in Handbook of Graph Grammars and Computing by Graph Transfor-
mation, Vol. 1, World Science, River Edge, NJ, 1997, pp. 313-400.

B. COURCELLE AND J. ENGELFRIET, Graph Structure and Monadic Second-Order Logic, Cam-
bridge University Press, Cambridge, 2012.

B. COURCELLE AND M. MOSBAH, Monadic second-order evaluations on tree-decomposable
graphs, Theoret. Comput. Sci., 109 (1993), pp. 49-82.

M. Davis AND H. PUTNAM, A computing procedure for quantification theory, J. ACM, 7 (1960),
pp. 201-215.

A. DAWAR, M. GROHE, AND S. KREUTZER, Locally excluding a minor, in Proceedings of the
22nd IEEE Symposium on Logic in Computer Science (LICS 2007), IEEE, Los Alamitos,
CA, 2007, pp. 270-279.

N. DErHY AND C. PICOULEAU, Finding induced trees, Discrete Appl. Math., 157 (2009),
pp- 3552-3557.

F. V. FoMIN, S. GASPERS, A. V. PYATKIN, AND I. RAZGON, On the minimum feedback vertex
set problem: Ezact and enumeration algorithms, Algorithmica, 52 (2008), pp. 293-307.

F. V. Fomin, P. A. GOLOVACH, AND D. M. THILIKOS, Contraction obstructions for treewidth,
J. Combin. Theory Ser. B, 101 (2011), pp. 302-314.

F. V. Fomin, F. GRANDONI, AND D. KRATSCH, A measure & conquer approach for the analysis
of exact algorithms, J. ACM, 56 (2009), 25.

F. V. FoMIN AND D. KRATSCH, Ezact Fxponential Algorithms, Springer, Heidelberg, 2010.

F. V. FomiN, D. KrRATSCH, I. TODINCA, AND Y. VILLANGER, Fzact algorithms for treewidth
and minimum fill-in, STAM J. Comput., 38 (2008), pp. 1058-1079.

F. V. FomIN, D. LOKSHTANOV, N. MISRA, AND S. SAURABH, Planar F-deletion: Approzimation,
kernelization and optimal FPT algorithms, in Proceedings of 53rd Annual Symposium on
Foundations of Computer Science (FOCS 2012), IEEE, Piscataway, NJ, 2012, pp. 470-479.

F. V. FoMIN, D. LOKSHTANOV, S. SAURABH, AND D. M. THILIKOS, Bidimensionality and ker-
nels, in Proceedings of the 21th ACM-SIAM Symposium on Discrete Algorithms (SODA
2010), SIAM, Philadelphia, 2010, pp. 503-510.



[44] M.
[45] M.

[46] M.

[47) M.

ot
=
=

=
N
o =2 B3

[56] R.

(57 J.
58] S.
[59] M

[60] V.

[61] 1.

[62] N.

FEDOR V. FOMIN, IOAN TODINCA, AND YNGVE VILLANGER

. V. FoMmIN, I. TODINCA, AND Y. VILLANGER, Ezact algorithm for the mazimum induced pla-

nar subgraph problem, in Proceedings of 19th Annual European Symposium on Algorithms
(ESA), Lecture Notes in Comput. Sci. 6942, Springer, Berlin, 2011, pp. 287-298.

. V. FOMIN AND Y. VILLANGER, Treewidth computation and extremal combinatorics, Combi-

natorica, 32 (2012), pp. 289-308.

. V. FOMIN AND Y. VILLANGER, Subezponential parameterized algorithm for minimum fill-in,

SIAM J. Comput., 42 (2013), pp. 2197-2216.
. FrRICKk AND M. GROHE, Deciding first-order properties of locally tree-decomposable struc-
tures, J. ACM, 48 (2001), pp. 1184-1206.

. GAsPERS, D. KrATSCH, M. LIEDLOFF, AND I. TODINCA, Ezponential time algorithms for

the minimum dominating set problem on some graph classes, ACM Trans. Algorithms, 6
(2009), 9.

. GAVRIL, Minimum weight feedback verter sets in circle graphs, Inform. Process. Lett., 107

(2008), pp. 1-6.

. GAVRIL, Minimum weight feedback vertex sets in circle n-gon graphs and circle trapezoid

graphs, Discrete Math. Algorithms Appl., 3 (2011), pp. 323-336.

. A. GorLovacH, M. KAMINSKI, D. PAuLusMA, AND D. M. THILIKOS, Induced packing of odd

cycles in planar graphs, Theoret. Comput. Sci., 420 (2012), pp. 28-35.

C. GoruMmBIC, Algorithmic Graph Theory and Perfect Graphs, Academic Press, New York,
1980.

C. GOLUMBIC AND M. LEWENSTEIN, New results on induced matchings, Discrete Appl.
Math., 101 (2000), pp. 157-165.

GROHE, Logic, graphs, and algorithms, in Logic and Automata-History and Perspectives,
J. Flum, E. Gradel, and T. Wilke, eds, Amsterdam University Press, Amsterdam, 2007,
pp. 357-422.

GROTSCHEL, L. LOVASz, AND A. SCHRIJVER, The ellipsoid method and its consequences in
combinatorial optimization, Combinatorica, 1 (1981), pp. 169-197.

. GupTA, V. RAMAN, AND S. SAURABH, Mazimum r-regular induced subgraph problem: Fast

exponential algorithms and combinatorial bounds, SIAM J. Discrete Math., 26 (2012),
pp- 1758-1780.

. HEGGERNES, Minimal triangulations of graphs: A survey, Discrete Math., 306 (2006),

pp. 297-317.

. KLoks, D. KRATSCH, AND J. SPINRAD, On treewidth and minimum fill-in of asteroidal

triple-free graphs, Theoret. Comput. Sci., 175 (1997), pp. 309-335.

. KLoks, D. KraTscH, AND C. K. WoNG, Minimum fill-in on circle and circular-arc graphs,

J. Algorithms, 28 (1998), pp. 272-289.

. Kroks, C.-H. Liu, AND S.-H. POON, Feedback Vertex Set on Chordal Bipartite Graphs,

preprint, arXiv:1104.3915, 2012.

. KrATSCH, The Structure of Graphs and the Design of Efficient Algorithms, Habilitation

thesis, F. Schiller Universitit, Jena, Germnay, 1996.

. KREUTZER, Algorithmic meta-theorems, in Finite and Algorithmic Model Theory, London

Math. Soc. Lecture Note Ser. 379, Cambridge University Press, Cambridge, 2011, pp. 177—
270.

. LOKSHTANOV, M. VATSHELLE, AND Y. VILLANGER, Independent set in Ps-free graphs in

polynomial time, in Proceedings of the 25th ACM-SIAM Symposium on Discrete Algorithm
(SODA), SIAM, Philadelphia, 2014, pp. 570-581.

E. MILLER AND D. E. MULLER, A problem of mazimum consistent subsets, IBM Research
Report RC-240, IBM T. J. Watson Research Center, New York, 1960.

W. MOON AND L. MOSER, On cliques in graphs, Israel J. Math., 3 (1965), pp. 23-28.

PARTER, The use of linear graphs in Gauss elimination, STAM Rev., 3 (1961), pp. 119-130.

. PERGEL, Recognition of polygon-circle graphs and graphs of interval filaments is NP-
complete, in Proceedings of the 33rd International Workshop on Graph-Theoretic Concepts
in Computer Science (WG), Lecture Notes in Comput. Sci. 4769, Springer, Berlin, 2007,
pp. 238-247.

RAGHAVAN AND J. SPINRAD, Robust algorithms for restricted domains, J. Algorithms, 48
(2003), pp. 160-172.

RAZGON, Ezact computation of maximum induced forest, in Proceedings of the 10th Scan-
dinavian Workshop on Algorithm Theory (SWAT 2006), Lecture Notes in Comput. Sci.
4059, Springer, Berlin, 2006, pp. 160-171.

ROBERTSON AND P. D. SEYMOUR, Graph minors. I11. Planar tree-width, J. Combin. Theory
Ser. B, 36 (1984), pp. 49-64.



[67]
[68]
[69]

[70]

LARGE INDUCED SUBGRAPHS VIA TRIANGULATIONS AND CMSO 87

. ROBERTSON AND P. D. SEYMOUR, Graph minors. V. Ezcluding a planar graph, J. Combin.
Theory Ser. B, 41 (1986), pp. 92-114.

. ROBERTSON, P. D. SEYMOUR, AND R. THOMAS, Quickly excluding a planar graph, J. Combin.
Theory Ser. B, 62 (1994), pp. 323-348.

. M. RoBsoN, Algorithms for mazimum independent sets, J. Algorithms, 7 (1986), pp. 425—

440.

. J. ROSE, A graph-theoretic study of the numerical solution of sparse positive definite systems
of linear equations, in Graph Theory and Computing, R. C. Read, ed., Academic Press,
New York, 1972, pp. 183-217.

. SUCHAN, Minimal Separators in Intersection Graphs, Master’s thesis, Akademia Gorniczo-
Hutnicza im. Stanislawa Staszica w Krakowie, Cracow, 2003.

R. E. TARJAN AND A. E. TROJANOWSKI, Finding a mazimum independent set, STAM J. Com-

M

M.

M.

M.

put., 6 (1977), pp. 537-546.

. THOMASSEN, On the presence of disjoint subgraphs of a specified type, J. Graph Theory, 12

(1988), pp. 101-111.
. X1A0 AND H. NAGAMOCHI, Ezxact algorithms for mazximum independent set, in Algorithms
and Computation 24th International Symposium, ISAAC 2013, Hong Kong, China, 2013,
L. Cai, S.-W. Cheng, and T. W. Lam, eds., Lecture Notes in Comput. Sci. 8283, Springer,
Berlin, 2013, pp. 328-338.
X1A0 AND H. NAGAMOCHI, An improved exact algorithm for undirected feedback vertex
set, in In proceedings of the 7th Combinatorial Optimization and Applications (COCOA),
Lecture Notes in Comput. Sci. 8287, Springer, Berlin, 2013, pp. 153-164.
YANNAKAKIS, The complexity of the partial order dimension problem, STAM J. Algebraic
Discrete Methods, 3 (1982), pp. 351-358.
YANNAKAKIS AND F. GAVRIL, The mazimum k-colorable subgraph problem for chordal
graphs, Inform. Process. Lett., 24 (1987), pp. 133-137.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


