Algorithmica (2015) 73:696-729 @ CrossMark
DOI 10.1007/s00453-015-9977-x

Myhill-Nerode Methods for Hypergraphs

René van Bevern - Rodney G. Downey - Michael R. Fellows -
Serge Gaspers - Frances A. Rosamond

Received: 30 January 2014 / Accepted: 13 February 2015 / Published online: 26 February 2015
© Springer Science+Business Media New York 2015

Abstract We give an analog of the Myhill-Nerode theorem from formal language
theory for hypergraphs and use it to derive the following results for two NP-hard
hypergraph problems. (1) We provide an algorithm for testing whether a hypergraph
has cutwidth at most & that runs in linear time for constant k. In terms of parameterized
complexity theory, the problem is fixed-parameter linear parameterized by k. (2) We
show that it is not expressible in monadic second-order logic whether a hypergraph
has bounded (fractional, generalized) hypertree width. The proof leads us to conjec-
ture that, in terms of parameterized complexity theory, these problems are W[1]-hard
parameterized by the incidence treewidth (the treewidth of the incidence graph). Thus,
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in the form of the Myhill-Nerode theorem for hypergraphs, we obtain a method to
derive linear-time algorithms and to obtain indicators for intractability for hypergraph
problems parameterized by incidence treewidth.

Keywords NP-hard problems - Fixed-parameter algorithms - Automata theory -
Cutwidth - Hypertree width

1 Introduction

There are two prevalent algorithmic techniques for solving NP-hard problems in linear

time on graphs of bounded treewidth—a measure for the “tree-likeness” of a graph:

Technique 1. Compute a tree decomposition—a tree-like representation—of the input
graph in linear time [6] and use dynamic programming from the leaves to the root
of the tree decomposition.

Technique 2. Express the graph property to be decided in monadic second-order logic
of graphs; the expression can be turned into a linear-time algorithm deciding the
graph property [14, Theorem 6.4(1)].

For a primer on these algorithmic techniques, we refer to Niedermeier [41, Chapter 10].

In some cases, graph problems do not easily give in to these standard techniques. A
third technique helps finding linear-time algorithms on graphs of bounded treewidth
or to prove the inapplicability of the above standard techniques [2,8,26]: similarly to
how regular languages can be recognized by finite automata, some graph problems
on graphs of bounded treewidth can be solved in linear time by tree automata [17,
Section 12.7]. In fact, many of the dynamic programming algorithms on tree decom-
positions used in Technique 1 are based on a standard approach that mimics tree
automata [8]. Moreover, Technique 2 is based on the fact that an expression in monadic
second-order logic can be turned into a tree automaton [14, Chapter 6]. Disproving
the existence of a tree automaton for a problem therefore shows that it is presum-
ably not straightforward to solve the problem on graphs of bounded treewidth using
Technique 1 and even impossible using Technique 2.

A sufficient and necessary condition for the existence of a tree automaton deciding
some graph problem can be given by an adaption of the Myhill-Nerode theorem from
formal language theory to graphs [17, Section 12.7], which helped gain insight into
the following graph problems:

CuTwIDTH. Testing a graph for bounded cutwidth can be done in linear time [2]. Thi-
likos et al. [45] later gave a dynamic programming algorithm that is significantly
more technical, but has the advantage of constructing a solution instead of only
answering whether a solution exists.

BANDWIDTH. The graph property of having bounded bandwidth is not recognizable by
a tree automaton [2]. Note that this unconditional result significantly strengthens
the previously known NP-hardness of the problem on trees [25] (which of course
also excludes finite-state solvability of the problem for trees, but only under the
assumption P # NP).

TRIANGULATING COLORED GRAPHS. A tree automaton cannot decide whether a col-
ored graph can be triangulated in such a way that adjacent vertices have distinct
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colors [8]. The problem is known as PERFECT PHYLOGENY in the context of
molecular biology and later turned out to be W[1]-hard [9, 10] parameterized by
the treewidth 7, that is, not solvable in O(f(#)n¢) time for any constant ¢ inde-
pendent of ¢ under the widely accepted parameterized complexity assumption
FPT # W[1].

Our work extends the graph-theoretic analog of the Myhill-Nerode characterization
of regular languages to hypergraphs. In this way, we provide a method to derive linear-
time algorithms (or to obtain an indication for intractability) for hypergraph problems
on hypergraphs with bounded incidence treewidth (treewidth of the incidence graph).
Thus, our work is tightly connected to the existence of fixed-parameter algorithms—
a rising technique that allows for solving NP-hard problems exactly and efficiently
when certain parameters of the input data are small [17,22,41]. From this point of
view, incidence treewidth is an interesting hypergraph parameter, since the incidence
treewidth of a hypergraph is not greater than the treewidth of its primal or dual graph
(two commonly used treewidth generalizations for hypergraphs) but can be arbitrarily
smaller [31,44].

Applying Myhill-Nerode methods to hypergraphs, we obtain results for the prob-
lems HYPERGRAPH CUTWIDTH and (GENERALIZED, FRACTIONAL) HYPERTREE
WIDTH, which will be formally defined in Sects. 4 and 5, respectively.

1.1 Related Work

Generalizations of the Myhill-Nerode theorem. The Myhill-Nerode theorem as suffi-
cient and necessary condition for a formal language being regular is due to Myhill [38]
and Nerode [40]. Since then, analogs of the Myhill-Nerode theorem were provided
for graphs of bounded treewidth [2], matroids of bounded branchwidth [30], graphs of
bounded rankwidth [24], and edge- and vertex-colored graphs of bounded treewidth
and cliquewidth [14, Sections 4.2.2 and 4.4.2].

Finite-state approaches to solving graph problems for graphs of bounded pathwidth
and treewidth. The earliest, and seminal work, applying ideas from finite automata
theory to graph problems was the 1985 paper of Bern et al. [3] based on k-terminal
recursively defined families of graphs. These ideas were quickly taken up and extended
in many directions by many different groups of researchers with overlapping as well as
independent results obtained in a flurry of activity. This includes the influential 1985
work of Wimer et al. [48] (see also Wimer’s 1987 Ph.D. Thesis [47]), and Mahajan
and Peters [35]. Finite-state and Myhill-Nerode-related methods were explored in
regards of computing minor order obstruction sets by Fellows and Langston [18]
and by Lagergren and Arnborg [33]. The regularity (in the sense of Bern, Lawler,
and Wong [3]—finite-state dynamic programming multiplication tables) of bounded
treewidth and pathwidth was shown by Bodlaender and Kloks [7] and, independently,
by Lagergren and Arnborg [33].

In many cases, this early work circulated in some form (e.g., Technical Reports)
years in advance of its eventual publication, making the historical record murky—but
it was an exciting time for bounded treewidth and pathwidth algorithmics. The period
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is ably surveyed by Borie, Parker, and Tovey [12], where many more references to
early work in the area can be found.

Communication complexity and generalizations of the Myhill-Nerode theorem. Com-
munication complexity was introduced by Yao [49] and measures the amount of
information needed to be transferred between two processors for computing a func-
tion f(x, y) when one processor receives x and the other processor receives y. A pio-
neering and somewhat overlooked 1986 paper by Lakshmipathy and Winklmann [34]
investigated the communication complexity of graph problems by studying the fol-
lowing question: assume that G is a graph that can be obtained by “gluing” together
two graphs G and G, along a “boundary” of ¢ vertices, what is the minimum
amount f(¢) of information needed to be exchanged between two processors for
deciding whether G has a certain property (for example, being Hamiltonian) when
one processor receives G and the other processor receives G as input?

Although the work of Lakshmipathy and Winklmann [34] is completely unrelated
to graphs of bounded treewidth, their notion is exactly what in our article is called the
large universe of t-boundaried graphs that can be glued together using an operator &,
(for the precise definitions we refer to Definition 3.3 and Definition 3.6 in Sect. 3).
Therefore, the Myhill-Nerode approach yields insights into the communication com-
plexity of graph problems not only in the world of graphs of bounded treewidth. More
specifically, it allows for proving or disproving that the minimum amount of infor-
mation required to be transferred can be bounded by a function that only depends
on the boundary size t. However, the Myhill-Nerode approach is not limited to the
investigation of graph problems: in full generality, assume that one has

(1) auniverse U of mathematical objects of whatever sort, on which there is a partially
defined operation p: U x U — U (sometimes called a partial groupoid), and
(2) aproperty P C U of interest of these objects.

Then, one can define the canonical Myhill-Nerode equivalence relation ~p induced
by P on U mimicking the formal language setting (there, U = X* and pw is string
concatenation): x ~« y if and only if, for all z € U, u(x,z) € P if and only
if u(y,z) € P (assuming p is defined in both cases). The analogy to the formal
language setting naturally leads to following interesting question: for which properties
(or classes of properties) P does the canonical equivalence relation ~« have a finite
number of equivalence classes?

This abstract perspective often turns out to have powerful and elegant algorithmic
connections, as well as being of intrinsic interest in itself. For example, it is intrinsi-
cally interesting that if U is the (large) universe of arbitrary z-boundaried graphs (of
unbounded treewidth) and p is the &, gluing operation defined in Definition 3.3, then
for any fixed ¢ and any graph property P describable in monadic second-order logic,
the canonical equivalence relation ~« has a finite number of equivalence classes. This
statement is stronger than that of Courcelle’s theorem [14, Theorem 6.3(2)], which
proves the statement for the universe of graphs of treewidth at most ¢, and was first
proved in the 1989 manuscript of Abrahamson and Fellows [1].

The proof is exposed in later monographs of Downey and Fellows [16,17] and
exploits induction on the formula structure as well as the method of test sets, which
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we will in the following apply also to hypergraph problems. Note that it is not obvious
how to prove the above statement in full generality using other techniques that are
frequently applied to solve graph problems on graphs of bounded treewidth, like
dynamic programming or careful bookkeeping about partial solutions, since there is
nothing to dynamically program on in the universe of unbounded treewidth graphs.
Hence, the method of test sets seems to be essential if one is interested in results
related to communication complexity (as we are, secondarily). Some further discussion
of these different approaches and their virtues and weaknesses can be found in the
concluding section of this article.

Hypergraph Cutwidth. HYPERGRAPH CUTWIDTH is a natural generalization of the
NP-complete [27] CUTWIDTH problem and asks whether a hypergraph has cutwidth at
most k. For a formal definition, we refer to Sect. 4. In the context of VLSI design, Hy-
PERGRAPH CUTWIDTH is known as BOARD PERMUTATION [37]. Moreover, HYPER-
GRAPH CUTWIDTH naturally arises in solving CNF-SAT in the context of automatically
testing digital hardware [43,46].

For the special case of CUTWIDTH on graphs, several fixed-parameter algorithms are
known [2,11,19,20,45]. Cahoon and Sahni [13] showed algorithms for HYPERGRAPH
CUTWIDTH with £ < 2 running in O (n) time for k = 1 and running in 0(n3) time
for k = 2 on n-vertex hypergraphs. For arbitrary k, Miller and Sudborough [37]
designed an algorithm running in O (nk2+3k+3) time. Moreover, Nagamochi [39] pre-
sented a framework for solving cutwidth-related graph problems in n°® time.

Hypertree Width. HYPERTREE WIDTH, GENERALIZED HYPERTREE WIDTH, and
FRACTIONAL HYPERTREE WIDTH are the problems of checking whether a hyper-
graph has (generalized, fractional) hypertree width k. All three measures are gener-
alizations of treewidth to hypergraphs and formally defined in Sect. 5. It is known
that HYPERTREE WIDTH is W[2]-hard parameterized by k [28] and that GENERAL-
IZED HYPERTREE WIDTH remains NP-hard even for k = 3 [29]. Marx [36] expects
FRACTIONAL HYPERTREE WIDTH also to be NP-hard for constant k. Hence, the
computation of these width parameters is presumably not fixed-parameter tractable
parameterized by k (that is, presumably not solvable in O ( f (k)n¢) time for any con-
stant ¢ independent of k). Hence, it makes sense to investigate whether the problems are
fixed-parameter tractable with respect to larger parameters [21,32,42], like incidence
treewidth.

1.2 Our Results and Organization of this Paper

In Sect. 2, we introduce the necessary graph and hypergraph notation, formally define
treewidth, incidence treewidth, and tree automata.

In Sect. 3, we prove a Myhill-Nerode theorem for hypergraphs of bounded inci-
dence treewidth. Moreover, the section discusses how the Myhill-Nerode theorem for
hypergraphs yields linear-time algorithms and excludes the possibility for monadic
second-order logic expressions for hypergraph problems.
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In Sect. 4, we exploit the Myhill-Nerode theorem for hypergraphs to show that Hy-
PERGRAPH CUTWIDTH can be solved in O (n + m) time for constant &, thus showing
HYPERGRAPH CUTWIDTH to be fixed-parameter linear parameterized by k.

In Sect. 5, we exploit the Myhill-Nerode theorem to show that HYPERTREE WIDTH,
GENERALIZED HYPERTREE WIDTH, and FRACTIONAL HYPERTREE WIDTH are not
decidable by a finite tree automaton and, hence, not expressible in monadic second-
order logic. Moreover, we obtain an indication that they are not fixed-parameter
tractable parameterized by incidence treewidth.

2 Preliminaries

Graphs and hypergraphs. A hypergraph H is a pair (V, E), where V(H) := V isa
set of vertices and E(H) := E is a set of hyperedges such thate C V foreache € E.
In this work, we allow E to be a multiset and there may be singleton and empty
hyperedges. If not stated otherwise, weusen := |V|andm := | E|. Two hypergraphs G
and H are isomorphic and we write G = H if there is a bijection f: V(G) — V(H)
such that e is an hyperedge with multiplicity i of G if and only if {f(v) | v € e}
is an hyperedge with multiplicity i of H. The bijection f is called (hypergraph)
isomorphism.

A graphis ahypergraph in which every hyperedge has cardinality two and is present
at most once. Two vertices v, w € V are adjacent or neighbors if {v, w} € E. The
(open) neighborhood Ng(v) of a vertex v € V in a graph G is the set of vertices that
are adjacent to v. If the graph G is clear from the context, we drop the subscript G. A
subset S C V is an independent set if no two vertices in S are adjacent in G.

The primal graph of a hypergraph H, denoted G(H ), is the graph with vertex set V
that has an edge {u, v} if u and v are together in some hyperedge in H. It is sometimes
called the Gaifman graph of H. The incidence graph of a hypergraph H, denoted
J(H), is the bipartite graph (V’, E") with vertex set V' = V U E and such that, for
eachv € V and e € E, there is an edge {v, ¢} € E' if and only if v € e.

Graph decompositions. A tree decomposition (T, ) fora graph G = (V, E) consists
of a rooted tree T and a mapping B: T — 2V of each node x of the tree T to a
subset V, := B(x) C V, called bag, such that

(i) for each vertex v € V, there is a node x of T with v € Vy,
(ii) for each edge {u, w} € E, there is a node x of T with {u, w} C Vy,
(iii) for each vertex v € V, the nodes x of T for which v € V, induce a subtree in 7.

The width of a tree decomposition is the size of its largest bag minus one. The treewidth
of G is the minimum width over all tree decompositions of G. The notions of path
decomposition and pathwidth of G are defined in the same way, except that T is
restricted to be a path. The incidence treewidth of a hypergraph is the treewidth of its
incidence graph.

Graph and hypergraph representations. When speaking about linear-time solvability,
it is crucial to agree on the graph and hypergraph representations we expect as input.
We assume that graphs are represented as adjacency lists, that is, as a list of vertices,
each being associated with a list of its neighbors.
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We assume hypergraphs to be given as hyperedge lists, that s, as alist of hyperedges,
each being a list of the vertices it contains. Note that a hypergraph given as hyperedge
list is linear-time transformable into an adjacency list of its incidence graph and vice
versa. Moreover, a hyperedge list is computable in linear time from a hypergraph given
as incidence matrix.

Tree automata. A (deterministic leaf-to-root finite-state) tree automaton is a quin-
tuple (Q, X, 6, qo, F), where Q is a finite set of states, X' is a finite alphabet,
qo € Q is the start state and F C Q is the set of final states, and, finally
3: (X xQ)U(X x Qx Q) — Qisthe transition function. The set of all rooted binary
trees with vertices labeled using letters from X' is denoted by X**. We assume that each
child of a node of arooted tree T € X** is fixed to be either a “left” or a “right” child.

A tree automaton processes a tree 7 € X™** starting at its leaves to determine the
state at the root node of 7 as follows: the state at a leaf node x of 7" with label a € ¥
is determined by 6 (a, go). The state at a node x of T with label @ and a single child
node y is determined by 6(a, gy), where g, € Q is the state at y. The state at a node x
of T with label a, a left child y, and a right child z is determined by §(a, gy, g;), where
qy, q; € Q are the states of y and z, respectively.

A tree automaton accepts a tree T € X** if its state at the root node of 7 is in F.
A tree automaton A recognizes a tree language L € X** if, for every tree T € X**,
the automaton A accepts T if and only if 7 € L.

Note that an ordinary finite automaton for words w € X* over the alphabet X' can
be understood as a tree automaton on rooted unary trees (paths).

3 Myhill-Nerode for Hypergraphs

The aim of this section is to generalize the Myhill-Nerode theorem from formal lan-
guages to hypergraphs. To this end, we first briefly recall the Myhill-Nerode theorem
for formal languages in Sect. 3.1.

Section 3.3 will prove the Myhill-Nerode theorem for hypergraphs. Before,
Sect. 3.2 will generalize the Myhill-Nerode theorem for graphs [17, Section 12.7] to
vertex-colored graphs, since the Myhill-Nerode theorem for hypergraphs will exploit
that every hypergraph can be represented as its incidence graph with two vertex types
(or “colors”): one type representing hyperedges and one type representing the vertices
of a hypergraph.

In Sect. 3.4, we finally describe how our Myhill-Nerode theorem yields linear-time
algorithms for hypergraph problems and its relation to the expressibility of hypergraph
properties in monadic second-order logic.

3.1 Formal Languages

The Myhill-Nerode theorem is a tool for proving or disproving that a formal language
is regular, that is, decidable by a finite automaton. The theorem states that a language
is regular if and only if its so-called canonical right congruence has a finite number
of equivalence classes.
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Fig. 1 Solving a graph problem L using a tree automaton: from a graph G with bounded treewidth, a
minimum width tree decomposition can be computed in linear time [6]. The tree decomposition can be
turned into a size-O (n) expression over a set {{), e, u, y, i, @} of operators in linear time such that the value
of the expression is a graph G’ isomorphic to G [17, Theorem 12.7.1]. The parse tree or expression tree 7
of the expression is fed to a tree automaton Ay, that accepts T/ in O(n) time if and only if G’ € L. The
existence of Ay for the problem L can be proven or disproven by the Myhill-Nerode theorem for graphs

Definition 3.1 Let L C X* be a language. The canonical right congruence ~p is
defined as follows: forv,w € X* v~y w: <= Vx e Y*:vx € L & wx €
L, where vx is the concatenation of v and x.

Example 3.2 Consider the language L := {a'b/ | i, j € N} C {a, b}* consisting
of words starting with an arbitrary number of a’s and ending in an arbitrary number
of b’s. Then, a ~, aa. However, a ~ ab, since, for example, aa € L butaba ¢ L.

Obviously, for a language L € X*, the canonical right congruence ~, is an equiv-
alence relation, that is, it is reflexive, symmetric, and transitive. The index of an
equivalence relation is the number of its equivalence classes.

Myhill-Nerode Theorem A language L C X* is recognizable by a finite automaton
if and only if the canonical right congruence ~, has finite index.

Thus, the Myhill-Nerode theorem gives a necessary and sufficient condition for a
language being recognizable by a finite automaton.

3.2 Colored Graphs

In order to show the Myhill-Nerode theorem for hypergraphs, we first present it for
vertex-colored graphs. Downey and Fellows [17, Section 12.7] already proved the
Myhill-Nerode theorem for graphs without colors; Fig. 1 gives a rough overview of
the technique. We will see that lifting it to vertex-colored graphs is straightforward.
Indeed, Courcelle and Engelfriet [14, Section 4.2.2] provide an even more general
Myhill-Nerode theorem for graphs with vertex colors as well as edge colors. For
our purposes, however, a vertex-colored variant is sufficient and we show it here as
an introduction into the necessary concepts towards a Myhill-Nerode theorem for
hypergraphs.

In order to apply tree automata to graphs, we first show how every graph of bounded
treewidth can be represented by an expression over a constant-size set of operators,
and, consequently, as the parse tree or expression tree of that expression (Fig. 2 gives an
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Fig. 2 The expression tree or .
parse tree of the arithmetic N\
expression /5 +4 - (3+2) N /+\

selojeloeloe oleselajelo
5 Sc

oielee
(0
Fig. 3 Two color-compatible 3-boundaried graphs G and H and their glued graph, where the boundary

vertices are marked by their label. a A 2-colored 3-boundaried graph G. b A 2-colored 3-boundaried
graph H. ¢ The glued graph G &: H

example for a parse tree). Herein, the crucial operator corresponds to the concatenation
of words in the language setting of the Myhill-Nerode theorem: like every word with
more than one letter is the concatenation of shorter words, we will see that every
graph of treewidth  — 1 with more than ¢ vertices is isomorphic to the result of gluing
smaller graphs together at a boundary consisting of  vertices.! This is formalized by
the definition below and illustrated in Fig. 3.

Definition 3.3 A t-boundaried graph G is a graph with ¢ distinguished vertices that
are labeled from 1 to ¢. These labeled vertices are called boundary vertices. The
boundary 9(G) is the set of boundary vertices of G.

Two colored ¢-boundaried graphs G| and G, are isomorphic and we write G| =
G if there is an isomorphism for the underlying (uncolored and unlabeled) graphs
mapping each vertex to a vertex with the same color (but ignoring labels).

Let G; and G; be ¢-boundaried graphs whose vertices are colored with colors
in {1, ..., cmax}- We say that G| and G, are color-compatible if the vertices with the
same labels in (G 1) and 9(G») have the same color.

For two color-compatible #-boundaried graphs, we denote by G| @, G, the colored
graph obtained by gluing G and G», that is, by taking the disjoint union of G| and G,

! For keeping the presentation simpler, we leave graphs with less than ¢ vertices out of consideration: since
we only consider constant values of ¢ throughout this work, any problem restricted to graphs with less than
t vertices is a finite problem and can therefore be trivially solved by a finite automaton.
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and identifying vertices of d(G1) and d(G>) having the same label; the vertex colors
of G| & G, are inherited from G and G5. For two color-incompatible graphs G
and G,, we leave @, undefined.

Together with @, we use the following set of operators to create primitive graphs that
can be glued together to larger graphs using @, and to arbitrarily permute the labels
on the boundary vertices.

Definition 3.4 The size-t parsing operators for {1, ..., cmax}-colored z-boundaried
graphs are defined as follows:

@) {Mnl"“vnl?max | folx n; = t} is a family of nullary operators that creates a graph
consisting of isolated boundary vertices 1, .. ., ¢, of which the first n vertices get
color 1, the next ny vertices get color 2, and so on.

(ii) e is a unary operator that adds an edge between the boundary vertices labeled 1
and 2.

@iii) {ue 1 1 < £ < cmax} is a family of unary operators that add a new boundary
vertex of color £ and labels it 1, unlabeling the vertex previously labeled 1.

(iv) y is a unary operator that cyclically shifts the boundary. That is, y moves label j
to the vertex with label j + 1 (mod 7).

(v) i is a unary operator that assigns the label 1 to the vertex currently labeled 2 and
label 2 to the vertex with label 1.

(vi) @ is our gluing operator from Definition 3.3.

For a constant number of colors cpax, the set of size-t parsing operators is finite.
Moreover, for cmax = 1, the given operators coincide with those given by Downey
and Fellows [17, Section 12.7] for uncolored graphs, which allows us to show the
following theorem:

Theorem 3.5 Let G bea{l,...,cmaxJ-colored graph with constant treewidth t — 1 and
at least t vertices.

Then, in linear time, G can be transformed into an expression over the size-t
operators in Definition 3.4 whose value is a graph H that is isomorphic to G, that is,
when ignoring the labels of H.

Proof For cmax = 1, Downey and Fellows [17, Theorem 12.7.1] provide a linear-
time procedure for converting a tree decomposition of width + — 1 of a graph G
into an expression over the size-¢ operators in Definition 3.4 such that the value of the
expression is a graph isomorphic to G. This procedure is easily adapted for larger ciax:
whenever Downey and Fellows [17] introduce vertices using #J; or u in the case cmax =
1, we introduce them using @, and u, with the colors they have in G. O

sssss Cmax

We are now at a point where we can get each graph of bounded treewidth into a repre-
sentation that we can feed into a tree automaton: we use the parse tree (or expression
tree) of an expression over the operators in Definition 3.4. A central question remains:
which graph problems can be decided by a tree automaton operating on such a parse
tree? The Myhill-Nerode theorem for colored graphs will give a sufficient and nec-
essary condition. To state the theorem, we first lift the concept of a canonical right
congruence from the language setting (Definition 3.1) to graphs.
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Definition 3.6 Let Uﬁiix be the large universe of all {1, ..., cmax }-colored 7-bound-
aried graphs and U?Clilix C u‘f‘fﬂix be the small universe of {1, ..., cmax}-colored

t-boundaried graphs that can be generated by the size-¢ operators in Definition 3.4.
For U e {usmall large "~} wesay that F' C U is a graph problem if, forall G € F

1,Cmax’
and H € U with G = H we also have H € F. Thatis, we assume graph problems to
be closed under isomorphism and, in particular, that changing vertex labels does not

influence membership in F.
Finally, for a graph problem F C U, where U e (U™ U e }, we define the

t,Cmax’ ~1,Cmax
canonical right congruence ~ g over U for F as follows: for G1, G, € U, G| ~fr G3
if and only if G| and G, are color-compatible and if for all color-compatible H € U,

wehave G| . H e F <— G,P.H € F.

Theorem 3.5 might mislead to the impression that u*ma“ contains all treewidth-(r — 1)

graphs of U, far ge . However, this is not the case: for example, a path of length more

than one whose ﬁrst Vertex has label 1 and whose last vertex has label 2 has treewidth 1
and is contained in U, Mge . However, it cannot be generated by the size-2 operators in

Definition 3.4 and, hence isnot in usmﬁ“ We will see this detail to be important when
showing that a graph problem is not recogmzable by a finite tree automaton.

Theorem 3.7 Let F C Uf”gfn{fx be a graph problem. The following statements are
equivalent:

(i) The collection of parse trees generating the graphs in F is recognizable by a finite
tree automaton.

(ii) The canonical right congruence ~p has finite index over U™/

T,Cmax”

Downey and Fellows [17, Theorem 12.7.2] proved Theorem 3.7 for uncolored graphs,
that is, for cmax = 1.2 The case ¢max > 1 can be proven analogously.

3.3 Hypergraphs

In this section, we show how tree automata can be used to recognize hypergraph
properties and, in the form of a Myhill-Nerode theorem for hypergraphs, a necessary
and sufficient characterization for the hypergraph properties that a tree automaton can
decide. To this end, we first define the notion of gluing for hypergraphs.

Definition 3.8 A 7-boundaried hypergraph H has ¢ distinguished vertices and hyper-
edges labeled from 1 to ¢ called boundary objects. The boundary d(H) is the set of
all boundary objects.

Two t-boundaried hypergraphs are gluable if no vertex of one hypergraph has the
label of a hyperedge of the other hypergraph.

Let H; and H; be gluable 7-boundaried hypergraphs. We denote by H| &y, Hj the ¢-
boundaried hypergraph obtained by taking the disjoint union of H; and H,, identifying
each labeled vertex of H; with the vertex of H, with the same label, and replacing the
hyperedges with the same label £ by their union.

2 The proof of (ii) — (i) given by Downey and Fellows [17] is flawed but repairable [4].
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Fig. 4 The two hypergraphs represented by the #-boundaried hypergraph generators G and H in Fig. 3
and the glued hypergraph H(G) &, H(H) = H(G ¢ H). a The 3-boundaried hypergraph H(G). b The
3-boundaried hypergraph H(H). ¢ The glued hypergraph H(G) & H(H) = H(G & H)

In order to apply tree automata to hypergraphs, in contrast to Sect. 3.2 for colored
graphs, we will not define a set of additional operators for generating hypergraphs.
Instead, we will generate hypergraphs from two-colored incidence graphs: vertices
of one color will represent the vertices of the hypergraph, vertices of the other color
will represent the hyperedges. That is, instead of solving a hypergraph problem, we
will in fact solve a graph problem on colored incidence graphs. The goal of the next
definition is to give a representation of a hypergraph problem as a graph problem. It
is illustrated in Fig. 4.

Definition 3.9 A r -boundaried hypergraph generator is a {1, 2}-colored ¢-bounda-
ried graph G = (UWW, E) such thatall vertices in U have color 1 and all vertices in W
have color 2, and each of U and W form an independent set.

For a t-boundaried hypergraph generator G = (U W W, E), we denote by H(G) the
t-boundaried hypergraph with the vertex set U and the hyperedge set {N (w) | w € W}.
Moreover, each vertex of H(G) inherits its label from G and each hyperedge e in H(G)
inherits its label from the vertex w € W of G that induced e.

Foraset F C u;fga“ of ¢-boundaried hypergraph generators, we denote H(F) :=
Uger H(G) and we call F generator-total if, for all r-boundaried hypergraph gen-
erators G € U§fT2m”, H(G) €e H(F) = G € F.

We use J—dmge to denote the large universe of all t-boundaried hypergraphs and
by Ml we denote the small universe %(uga“), that is, the #-boundaried hyper-
graphs that can be generated from ¢-boundaried hypergraph generators created by the
operators in Definition 3.4.

We say that F € U for U € {ﬂ-darge, H?mau} is a hypergraph problem if, for
all G € Fand H € U with G = H, we also have H € F. That is, we assume
hypergraph problems to be closed under isomorphism and, in particular, that changing
boundary labels does not influence membership in F.

The following observation allows us, where helpful, to denote hypergraphs H
using H(G) for some graph G with H(G) = H, and to denote hypergraph prob-
lems & using J(F') for some generator-total graph problem F'.
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Observation 3.10 (i) A graph G € uf;ge is isomorphic to the incidence graph

of H(G) € i]-darge. Therefore, the treewidth of G equals the incidence treewidth
of H(G).

(ii) For two graphs G, H € uif‘;ge, we have H(G) ®&n H(H) = H(G ®. H).

(iii) For a generator-total F C u;fga“ and each 7-boundaried hypergraph genera-
tor G € U§f’2‘all, we have G € F if and only if H(G) € H(F).?

(iv) For every t-boundaried hypergraph H € 3™l by definition of 3™ there
is a t-boundaried graph G € u;jga“ such that H(G) = H. Consequently, for
every hypergraph problem F C 33!l there is a generator-total F C u;jga“ with
H(F) = F. Moreover, in terms of Definition 3.6, F is a graph problem.

In order to state the Myhill-Nerode theorem for hypergraphs, we define the canonical
right congruence for hypergraphs.

Definition 3.11 Let F € U for U € {J{:arge, Fesmall} be a hypergraph problem. We
define the canonical right congruence ~g over U for F as follows: for G, G, € U,
G1 ~g G, if and only if G| and G are gluable and for all H € U that are gluable
toGiand G2, G1 O H € F &< G,y H € F.

We now state our Myhill-Nerode theorem for hypergraphs. As Theorem 3.7, the
following theorem only makes a statement about when a tree automaton can decide
hypergraph problems 3 C 3™l However, in Sect. 3.4, we will see that this restriction
is not important in most cases.

Theorem 3.12 LetF C f}{fm“” be a hypergraph problem, that is, ¥ = J(F) for some
generator-total F C Uf,"é"”. The following statements are equivalent:

(i) The collection of parse trees generating the graphs in F is recognizable by a tree
automaton.

(ii) The canonical right congruence ~ has finite index over 3!,

(iii) The canonical right congruence ~ has finite index over Uff’é“ll.

Moreover, if the index p of ~3 and the index q of ~F are finite, they bound each
otheras2'q > p > q/2' — 1.

Proof Since F C u;fgﬁ“, we can apply Theorem 3.7, which states that (i) and (iii) are
equivalent. It remains to show that (iii) and (ii) are equivalent. That is, we show that
~ g has finite index over 3™l if and only if ~ £ has finite index over U?‘z‘au.

First, assume that ~p has infinite index over U§f’2‘all. We show that ~g has
infinite index over f}{tsma”. Since ~p has infinite index over u;{ga“, there is
an infinite set {G1, G2, G3,...} C u;fga“ of graphs that are pairwise non-
equivalent under ~. Since there are only 2 possibilities to assign two colors

to ¢ boundary vertices, there is an infinite number of color-compatible graphs

3 If F is not generator-total, it might be that G ¢ F but H(G) € JH(F) because H € F for some ¢-
boundaried hypergraph generator H # G with H(G) = J(H): the graphs G and H might represent the
hyperedges of H(G) = FH(H) using different mathematical objects.

@ Springer



Algorithmica (2015) 73:696-729 709

among {G1, G», ...}. Moreover, notice that all graphs G; € U?“zla” that are not ¢-

boundaried hypergraph generators are equivalent under ~: since F contains only
t-boundaried hypergraph generators, G; cannot be completed into graphs in F
by gluing any graph onto G;. Therefore, without loss of generality, we assume
that {G1, Ga, ...} are pairwise color-compatible #-boundaried hypergraph genera-
tors. Now, for each pair G;, G;, there is a graph H;; € U‘l“fgall such that, with-
out loss of generality, G; ®:. H;; € F but G;®. H;; ¢ F. From G; ®: H;; €
F, it follows that H;; is a r-boundaried hypergraph generator that is color-
compatible with G;. Hence, H{(H;;) € U{[Smau. Now, from G; ®c H;; € F, we get
H(G;) &n H(H;j) = H(G; ®c Hj) € H(F) = J. Moreover, since F is generator-
total, from Gj D Hij ¢ F it follows that J‘C(Gj) Dh fH(Hij) = J’C(Gj Dc Hl'j) ¢
H(F) = J. That is, H(G;) ~5 H(G) over H?m"‘“ and, therefore, ~4 has infinite
index.

Now, assume that ~g has infinite index over j{?mall. We show that ~p has
infinite index over Uffga”. Since ~g has infinite index over J—Cfma“, there is a
set {H(G1), H(Gp), H(G3),...} C fH?ma“ of hypergraphs that are pairwise non-
equivalent under ~4. Since there are only 2! partitions of ¢ labels into hyperedge
labels and vertex labels, there is an infinite number of pairwise gluable hypergraphs
among {H(G1), H(G2), ...}. Therefore, without loss of generality, assume that all
these hypergraphs are pairwise gluable. Now, for each pair H(G;), H(G ), there
is a hypergraph H(H;;) € Jesmall such that, without loss of generality, we have
H(G;) ®n J’C(Hij) € H(F) = F but }C(Gj)@h g‘f(Hij) ¢ H(F) = 7. Since
H(G}) ®n H(H;j) = H(G; @ H;j) and F is generator-total, wehave G; ®. H;; € F.
Moreover, G ; ®. H;; ¢ F. Since H;; € Uf’zlau, it follows that ~r has infinite index
over u;fga“.

Finally, observe that our proof yields even more information in the case that ~ r, and
equivalently ~4 , have finite index: we have first shown that, for any set of ¢ graphs that
are pairwise nonequivalent under ~ r, there are at least p > [¢/2'] — 1 hypergraphs
nonequivalent under ~g . We have then shown that, for any set of p hypergraphs
that are pairwise nonequivalent under ~g , there are at least ¢ > [p/2'] graphs
nonequivalent under ~ . Hence, for the index p of ~4 and the index g of ~f, we
have 2'g > p > q/2" — 1. O

3.4 Fixed-Parameter Algorithms and Monadic Second-Order Logic

In Sect. 3.3, we have seen a tool allowing us to show when a hypergraph problem 3 €
U-C‘?ma“ can be recognized by a finite tree automaton. The provided Theorem 3.12,
however, is strongly tied to the representation of hypergraphs as incidence graphs
in U?fgall. This section shows three corollaries to ease the application of Theorem 3.12
for classifying hypergraph problems.

Showing tractability and constructing tree automata. The following corollary will
make it easier to show that a hypergraph problem is fixed-parameter linear parame-
terized by incidence treewidth. Essentially, we do not have to care about whether the
hypergraphs we consider are contained in J$ma!!,
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Corollary 3.13 Let § C J—Cfarge be a decidable hypergraph problem and that is
restricted to hypergraphs of constant incidence treewidth t — 1.
large

Given a hypergraph H € 3" and a constant upper bound on the index of ~g

1 . . .. .
over learge, we can compute in constant time a tree automaton A and in linear time
a tree T such that A processes T in linear time and accepts T if and only if H € .

Proof Let F C U?Tgan be generator-total such that F N J-Ctsma“ = H(F) and let p be
the constant given upper bound on ~4 . The proof relies on two claims:

(i) H € J holds if and only if all graphs G € u;g*ﬂl with H(G) = H are in F.
(ii) ~ has index ¢ < 2'(p + 1) over U™
From (i) then immediately follows that a tree automaton A deciding F decides H €
F correctly when fed the parse tree TG of any G € u;fga“ with H(G) = H. By
Theorem 3.5, this G exists and we obtain the parse tree 7 in linear time from the
incidence graph of H.

From (ii) and Theorem 3.12, it follows that the tree automaton A indeed exists.
It can be constructed in constant time given that we know a constant upper bound s
on the number of states of A: the crucial observation is that A reaches at least one
state twice when processing a parse tree of height greater than s. Thus, for any parse
tree T of height greater than s, there is a parse tree 7’ of height at most s such that
A accepts T if and only if it accepts T’. It follows that we only have to construct A
so that it works correctly on all parse trees of height at most s. Since our operators
in Definition 3.4 are all nullary, unary, or binary, the parse trees of expressions over
them are binary trees. Thus, there are only a constant number of parse trees of height
at most s. Moreover, for any parse tree 7 of height at most s, we can decide in constant
time whether the hypergraph it generates is in F, since J is decidable. Hence, we can
construct in constant time by brute force a tree automaton A that correctly answers for
all parse trees of height at most s and, consequently, recognizes F. Moreover, since
A has a constant number of states, it takes only linear time for A to process any parse
tree.

The constant upper bound on the number of states of A we obtain as follows: the
index of ~F is bounded by (ii), which, in turn bounds the number of states of A [17,
Theorem 12.7.2]. Thus, it only remains to prove (i) and (ii).

(1) First, assume that there is some graph G € U‘;f‘z‘a“ with H(G) = H in F. Then,
since G is a t-boundaried hypergraph generator in U?fga“, H(G) € H(F). Since
H(F) € F and ¥ is closed under isomorphism, we conclude H € &. If, for the
opposite direction, H € F,thenlet G € u;fga“ be any graph such that H(G) = H.
Since G € U§f‘2‘all, we have H(G) € J{fm“”. Moreover, since JF is closed under
isomorphism, H(G) € F and, hence, H(G) € JH(F). Finally, since F is genera-
tor-total, we have G € F.

(i) We show that the index p’ of ~q() over U-Clsma“ is at most p. Then, from The-
orem 3.12, it follows that p > p’ > ¢/2'p — 1 and, hence, ¢ < 2'(p + 1).
Thus, we only have to show, for any H(G), H(Gy) € fH‘;m““ equivalent
under ~g , that they are also equivalent under ~gr). This is trivial, since, for
i € {1,2} and any H((H) € FH™, we have H(G;) ®n H(H) € H(F)
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H(G)) &n H(H) € F, since H(G;) & H(H) = H(G; ®c H) € FH™!! and
H(F) = F N Fgmall, O

From Corollary 3.13, it follows that, to obtain a fixed-parameter linear algorithm for
some hypergraph problem J parameterized by incidence treewidth, we just have to

show that ~ g has finite index over K, large,

Showing mtmctabzlzty We have seen that it was enough to show that ~4 has finite
index over H, large ¢ show that a hypergraph problem F C J—Clarg of hypergraphs
with 1nc1dence treewidth # — 1 is decidable by a tree automaton. To show the oppo-
site, it is not sufficient to show that ~4 has infinite index over the hypergraphs with
treewidth 7 —11in %}arge: assume, for example, that there are two hypergraphs H;, H; €

f)-C?ma“ that are non-equivalent under ~g. Then, there is some H;; € f]{;arge satisfy-
ing H(G;) ®n H;; € T but H(G) @y H;; ¢ F.1f Hy; ¢ FH™, then this does not
necessarily mean that H; and H; are nonequivalent under ~ g over fH?mau. Thus, we
cannot conclude that ~ has infinite index over ;™! and Theorem 3.12 is inapplica-
ble. However, the following corollary gives a simple criterion for intractability.

Corollary 3.14 LetF C %ﬁ“’ge be a hypergraph problem and F; C F be an arbitrary
subset of hypergraphs H whose incidence graphs have tree decompositions of width t —
1 such that 9(H) is a bag.
If ~g, has infinite index over J—Cfgrge, then ~F has infinite index over U‘;,"%”” for
F C Ufﬁ“” being the generator-total graph problem such that H(F) = F N f)—(fm“”.
Consequently, there is no tree automaton that decides H € F correctly when fed
the parse tree of the incidence graph of H.

Proof Any hypergraph H € J; allows for a tree decomposition 7" of width # — 1 of its
incidence graph that has a bag 9 (H). The procedure by Downey and Fellows [17, The-
orem 12.7.1] produces a parse tree fora graph G € Uff‘zla“ with H(G) = H.The crucial
observation is that, when choosing the bag d(H) as the root of the tree decomposi-
tion T, the procedure generates a parse tree for a graph G € u;{ga“ with H(G) =, H,
where we use =; to denote that there is an isomorphism between J{(G) and H that
maps the ¢ boundary objects of H{(G) to boundary objects in H with the same label.

Now, let{H|, H>, ...} C F;beasetof hypergraphs that are pairwise non-equivalent
with respect to ~g; . As before, we may assume that they are pairwise gluable. Hence,

for each pair H;, H;, there is a hypergraph H;; € J—flarge such that H; &, H;; € J;
but H; &, H;; ¢ J;. Since H; & H;; € J;, the hypergraph H; &y H;; has a tree
decomposition of width ¢ — 1 with a bag d(H; ®y H;;) and, hence, H;; has such a
tree decomposmon as well. It follows that there are graphs G;, G, G;; € u;fga“ such
that H(G;) =; H;, H(Gj) =; Hj, and H(G;j) =; H;;. Then, H(G; & G;j) =
H(G;) &n H(Gij) = H; ®n Hij € J. Since J is closed under isomorphism, it fol-
lows that H(G; ®: G;j) € TN fH‘fma“. Since F' is generator-total, G; ®. G;; € F.
With the same argumentation, it follows that G; ©. G;; ¢ F.

It follows that ~ g has infinite index over usma“ and by Theorem 3.12, there is no
tree automaton recognizing the parse trees in F O
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Excluding expressibility in monadic second-order logic. A standard way of show-
ing linear-time solvability of a graph problem F on graphs of bounded treewidth is
expressing the property of being a yes-instance of F in monadic second-order logic
of graphs [41, Section 10.6].

Previously, we have seen how to show that some hypergraph problem J cannot
be solved by a finite tree automaton. An immediate consequence is that the property
of being a yes-instance for F is not expressible in monadic second-order logic for
hypergraphs; we now give a little detail about this connection.

Definition 3.15 (Monadic second-order logic for graphs and hypergraphs) A formula
in the MS1-logic for {1, ..., cmax}-colored graphs may consist of the logic opera-
tors V, A, =, vertex variables, set variables, quantifiers 3 and V over vertices and
vertex sets, and the predicates

(i) x € X for a vertex variable x and a set X,

(i) adj(v, w), being true if v and w are adjacent vertices,

(iii) col;(v) for 1 <i < cmax, being true if v is a vertex with color i,
(iv) equality of vertex variables and set variables.

A formula of the MS;-logic for hypergraphs may consist of the logic operators V, A, —,
vertex variables, hyperedge variables, set variables, quantifiers 3 and V over vertices,
hyperedges, and sets, and the predicates

(1) x € X for a vertex or hyperedge variable x and a set X,

(ii) inc(e, v), being true if e is a hyperedge containing v,

(ii1) adj(v, w), being true if v and w occur in a common hyperedge, and
(iv) equality of vertex variables, edge variables, and set variables.

We use upper-case letters for set variables and lower-case letters for vertex and hyper-
edge variables.

Corollary 3.16 Let F C U-Cf’”“” be a hypergraph problem such that ~ g has infinite
index over U-C,”"“”. Then, there is no MSy-formula that a hypergraph H € f}Cfm“”
satisfies if and only if H € F.

Proof Let F C u;fga“ be generator-total such that H(F) = F and assume, towards
a contradiction, that there is an MSy-formula ¢ for hypergraphs such that ¥ = {H €
g.([small | H satisfies ¢}. We will turn ¢ into an MS;-formula ¢* for colored graphs
such that a hypergraph H € F(;™! satisfies ¢ if and only if all graphs G € U§f‘2‘all
with H(G) = H satisfy ¢*. Thatis, F = {G € u;jga“ | G satisfies ¢*}. Courcelle’s
theorem [14, Theorem 6.3(2)] shows that ¢* can be turned into a tree automaton A
such that the parse tree of a graph G € u;fga“ is accepted by A+ if and only if G sat-
isfies ¢*. Consequently, A, recognizes F. This, by Theorem 3.12, contradicts ~ g
having infinite index.

It remains to describe the transformation from ¢ to ¢*. To this end, recall that,
by Definition 3.9 of ¢-boundaried hypergraph generators, the color-1 vertices in a
graph G € u;{ga“ with H(G) = H represent vertices of H while the color-2 vertices
in G represent hyperedges of H. Hence, the vertex and hyperedge variables in ¢
both become vertex variables in ¢*. Moreover, the formula ¢* makes sure that the
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graph G € u;fga“ satisfying ¢* is a r-boundaried hypergraph generator, that is, vertices

of the same color are nonadjacent in G and each vertex in G has a color. Thus, we let

¢* := all-labeled A bipartite A ¢,
all-labeled := Vv[col; (v) V colz(v)],
bipartite := YuVw[(col; (v) A cola(w)) V (cola(v) A colj(w)) VvV —adj(v, w)],

where we obtain ¢’ by replacing terms in ¢ referring to hypergraphs by equivalent
terms referring to incidence graphs. The term replacement translates incidence and
adjacency of hypergraph objects into adjacency of the corresponding incidence graph
vertices. Specifically, we replace the following hypergraph MS,-expressions on the
left-hand side by the equivalent graph MS-expressions on the right-hand side:

inc(e, v) = coly(e) A colj(v) A adj(e, v), and
adj(v, w) = colj(v) A colj(w) A Je[cola(e) A adj(e, v) A adj(e, w)].

Quantification over the vertices, hyperedges of a hypergraph H = (V, E) are realized
by the term replacements

Jv € V[y] = Fv[col; (v) A Y], AS C V[y] =3S[Vx[x ¢ SV coli(x)] A ¥,
Jde € E[y] = Je[colr(e) A Y], AS C E[y] = 3S[Vx[x ¢ SV cola(x)] A Y],
Yv € V[¢] =Vu[—coli(v) V], VS C V[y]=VS[Ax[x € S A—colij(x)] Vv ¥,
Ve € E[Y] =Ve[—colr(v) V], VS C E[Y]=VS[Tx[x € S A —cola(x)] V]

]

4 Hypergraph Cutwidth is Fixed-Parameter Linear

In this section, we use the Myhill-Nerode theorem for hypergraphs to show that Hy-
PERGRAPH CUTWIDTH is fixed-parameter linear. We first formally define the problem.
Let H = (V, E) be a hypergraph. A linear layout of H is aninjective map/: V — R
of vertices onto the real line. The cut at position i € R in H with respect to [,
denoted CutlH (i), is the set of hyperedges that contain at least two vertices v, w such
that /(v) < i < [(w). We will also say that v is to the left of i and that w is to the right
of i. The cutwidth of the layout [ is

Cutl, ().
rineaﬁécl uty; ()]
The cutwidth of the hypergraph H is the minimum cutwidth over all the linear

layouts of H. The hypergraph shown in Fig. 5 has cutwidth at most three. The Hy-
PERGRAPH CUTWIDTH problem is defined as follows.

HYPERGRAPH CUTWIDTH
Input: A hypergraph H = (V, E) and a natural number k.
Question: Does H have cutwidth at most k?
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Fig. 5 The shown hypergraph has cutwidth at most three since the black line cuts a maximum number of
hyperedges in the presented linear layout. Actually, it is possible to change the linear layout to see that the
hypergraph has cutwidth two

To solve HYPERGRAPH CUTWIDTH using the Myhill-Nerode theorem for hypergraphs,
in the remainder of this section we consider a constant k and the class k-HCW of all
hypergraphs with cutwidth at most k. We will solve k-HCW in linear time using
Corollary 3.13. This will immediately yield the main result of this section:

Theorem 4.1 HYPERGRAPH CUTWIDTH is fixed-parameter linear. Specifically, there
is an algorithm that, when given a hypergraph H as hyperedge list and a constant k,
decides in linear time whether H has cutwidth at most k.

In order to use Corollary 3.13 to prove Theorem 4.1, we first show that the hypergraphs
in k-HCW have a constant upper bound on their incidence treewidth. Then, we show
that the canonical right congruence ~_ycw has finite index. By Corollary 3.13, it then
follows that k.-HCW is solvable in f'(k) - n time, completing the proof of Theorem 4.1.

Lemma 4.2 Let H be a hypergraph. If H has cutwidth at most k, then

(i) H has incidence treewidth at most max{k, 1}, and
(ii) the incidence graph of H has pathwidth at most k + 1.

Proof Suppose that H = (V, E) has cutwidth at most k. Let H = (V, E’) denote the
hypergraph obtained from H by removing all hyperedges of size at most one. Consider
a linear layout / of cutwidth at most k of the vertices of H’. Without loss of generality,
assume that / maps to the natural numbers [n] and let V = {vy, ..., v,} be such that
[(v;) = i. We construct a path decomposition for the incidence graph J(H') of H’
with the bags L, Ry, Lo, R», ..., L, R, that are connected by a path in this order.
Forevery i € [n], let L; := Cuth, (i — 1/2) U {v;} and R; := Cut,, (i + 1/2) U {v;},
that is, L; contains v; and all hyperedges cut at i — 1/2, while R; contains v; and
all hyperedges cut at i + 1/2. Herein, recall that the hyperedges of H' are vertices
in J(H'). We now prove that this is a path decomposition for J(H’).

First, we show that each edge of J(H’) is contained in at least one bag. Let {v;, e}
be any edge in J(H') for some vertex v; € V and a hyperedge ¢ € E’. We show
that v; and e occur together in at least one bag. Since v; € e and |e| > 2, the
hyperedge e contains at least one vertex to the left or to the right of v;. Hence, we have
e € Cuth, (i — 1/2) or e € Cuthy, (i + 1/2). Therefore, it holds that e € R; or e € L;.
Since v; € R; N L;, the vertices v; and e occur together in at least one bag.

Now, we show that the bags containing a vertex of J(H’) induce a subpath
in this path decomposition. Obviously, each vertex v; € V is contained in two
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bags of the path decomposition: in L; and R;. These bags are consecutive and
thus induce a path. Finally, consider a hyperedge e € E’. It occurs in all
bags R;, Li1, Rit1,...,Lj—1,Rj_1, Lj, where v; is the leftmost vertex in the lay-
out/ occurring in e and v; is the rightmost vertex in / occurring in e. These bags are all
consecutive on the path and, thus, induce a path. The width of this path decomposition
is maxo<i< | Cutl, (i +1/2)| < k.

(i) To obtain a tree decomposition for J(H ) from the path decomposition of J(H"), we
only need to take care of hyperedges of size at most one. For every hyperedge e € E
of size one, add a new bag {e, v}, where v is the unique vertex contained in e, and
make it adjacent to an arbitrary bag containing v. For every empty hyperedgee € E,
add anew bag {e}, and make it adjacent to an arbitrary bag. In this way, we obtain a
tree decomposition for the incidence graph J(H) of H of width at most max{k, 1}.
Thus, H has incidence treewidth at most max{k, 1}.

(ii) To obtain a path decomposition for J(H) from the path decomposition of J(H),
one can proceed similarly: For every hyperedge e € E of size at most one, choose
some bag B of size at most k 4+ 1 with ¢ C B and add the bag B U {e} as its
neighbor to the path decomposition. Such a bag B exists since the width of the
path decomposition of H' is k. The resulting path decomposition will contain bags
of size k + 2 and, thus, has width k£ + 1. O

To obtain a linear-time algorithm for k-HCW using Corollary 3.13 and thus proving
Theorem 4.1, it remains to prove that the canonical right congruence ~_ycw of k-
HCW has finite index over i]-darge forallt <k +1.

To show that ~;_gcw has finite index over iHlarge, we show that, given a 7-

boundaried hypergraph G, only a finite number of bits of information about a #-
boundaried hypergraph H is needed in order to decide whether G &y H € k-HCW.
To this end, we employ the method of test sets [17, Section 12.7]: let T be a set of
objects called fests (we will formally define a test later). A 7-boundaried graph can
pass a test. For t-boundaried hypergraphs G and G2, let G| ~g G» if and only if G|
and G, pass the same subset of tests in T. Obviously, ~+is an equivalence relation. Our
aim is to find a set T of tests such that ~ refines ~;_ycw (thatis, G| ~9 G, implies
G1 ~r.acw G2). Then, if ~q has finite index, so does ~_ycw. To show that ~ has
finite index, we show that we can find a finite set T such that ~q refines ~;_ycw-

Intuitively, we will define, for a hypergraph H, an H-test that a hypergraph G
satisfies if G @ H € k-HCW. We define the test so that it contains only the necessary
information of H and so that we can later shrink all tests to equivalent tests of constant
size. We now formally define a test for k-HCW. The definition is illustrated in Fig. 6
and, after the definition, we give an intuitive description.

Definition 4.3 A size-n test T for k-HCW over G{iarge is a triple (i, S, k), where

—m:{l,...,t} = {1,...,n} is a map of boundary labels to integer positions, and
— 8 =(80,S1,...,8,) is a sequence of pairs S; = (w;, E;) € {0, ..., k} x 2{1-1}
such thatif £ € E, and £ € E;, then £ € E; foralli € {p,...,q}.

Now, let G and H be t-boundaried hypergraphs such that G &, H € k-HCW and
[ : V — R be a linear layout for G @ H with minimum cutwidth, which, without
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Vertices of G Vertices of H
3
- OO0 OO RO
: T
‘ So Sy S S3 Sy Ss Se
Wi 0 1 1 2 1 1 0
E | o 0 0 0 o {3+ {3}

Fig. 6 Construction of the H-test illustrated using the glued hypergraph G @&y, H, where G and H are the
hypergraphs shown in Fig. 4a, b, respectively. That is, G and H have only the vertices labeled 1 and 2 in
common and both have a hyperedge with label 3. The vertices of H are to be understood as lying at the
positions {1, 2, ..., 6} and the non-boundary vertices of G lie in the open interval (0, 1)

loss of generality, maps vertices of the n-vertex hypergraph H to the integer posi-
tions {1, ..., n} and the non-boundary vertices of G to non-integer positions.

We define an H-test T = (, S, k) for k-HCW of size n as follows: for a vertex v €
d(H) with label ¢, set 7(£) := [(v). Finally, for i € {0, ..., n}, we define S; :=
(w;, E;) with

— w; being the number of unlabeled hyperedges in H containing vertices v, w of H
with [(v) <i < [(w), and

— E; being the set of labels of hyperedges in H containing vertices v, w of H with
lw) =i <l(w).

The goal of Definition 4.3 is that if a hypergraph G passes an H-test for k-HCW, then
G &n H € k-HCW. More precisely, we want that if a hypergraph G passes an H -test,
then G @y H has a linear layout / of cutwidth at most k that lays out the vertices of H
in the same way as the layout used to create the H-test. Of course, the H-test does not
record the precise structure of H but only the most important information:

Assume that we want to verify that the cutwidth of the layout [ of G &y H is at
most k without knowing H but only knowing G and the H-test. Then, for any non-
integer position 7, the value w|; | counts the unlabeled hyperedges of H cut at i. Thus,
to the size of any cut for G at position i € R \ N, we have to add the value w);. For
labeled hyperedges of H, things are more difficult: they contain vertices of G &, H
that originate from G as well as from H. Since an H-test corresponds to a fixed layout
for H, to count a hyperedge with label ¢ of G @y, H that is cut at some position, it is
sufficient to know the vertices of the hyperedge with label £ in G and the positions
of the leftmost and the rightmost vertex of H contained in the hyperedge with label ¢
in H. However, in order to easier shrink all tests to constant size later, we chose a more
convenient way to keep this information in the H-test: for any position i between the
leftmost and the rightmost vertex of a hyperedge e in H with label £, we have £ € E;.
We now precisely define what it means to pass a test.
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Definition 4.4 Let G = (V, E) be a t-boundaried hypergraph and T = (7, S, k) be
a test of size n, where S = (So, ..., Sy) and S; = (w;, Ej).

A T-compatible layout for G is an injective function f: V — R such that each
vertex v € d(G) with label € is mapped to 7 (£) and such that each vertex v € V \ 9(G)
is mapped into some open interval (i,i + 1) for0 <i < n.

For a hyperedge e in G, we define the positions of e as

{f(W) |vee} if e is unlabeled,

Pos(e) := [{f(v) |veelUfi|leE;} ifehaslabel.

The joint cut at i in G with respect to f is the set quté(i ) of hyperedges e of G for
which there are positions j, k € Pos(e) with j < i < k. The joint cutwidth of f is

f ..
max (| Jeut, ()| + wyiy).
ieR\N(I o@D lil)

Finally, G passes the test T if there is a T-compatible layout f for G whose joint
cutwidth is at most k.

We can now show that, indeed, if two graphs satisfy the same tests, then they are
equivalent under ~;_gcw- We will then show that, actually, there is only a finite set of
pairwise nonequivalent tests, thus showing that ~,_ycw has finite index.

Lemma 4.5 For T being the set of all tests for k-HCW, the equivalence relation ~
refines ~_gcw-

To prove Lemma 4.5, we show that if two ¢-boundaried hypergraphs G, G> pass the
same subset of tests of 7, then, for all -boundaried hypergraphs H, G| & H € k-
HCW if and only if Go @&, H € k-HCW. The proof is based on the following two
claims.

Claim 4.6 If G| & H € k-HCW, then G| passes some H -test.
Claim 4.7 If G, passes any H-test, then G, ®&p H € k-HCW.

From these two claims, Lemma 4.5 then easily follows: let H be a z-boundaried
hypergraph such that G| &, H € k-HCW. By Claim 4.6, G passes some H-test T.
Since G1 and G, pass the same tests, also G passes 7. By Claim 4.7, it follows that
G2 @ H € k-HCW. The reverse direction is proved symmetrically. It only remains
to prove Claim 4.6 and Claim 4.7.

Proof (of Claim 4.6) Let T be the H-test obtained from an optimal layout [
of G| @y H, which, without loss of generality, maps the vertices of the n-vertex
graph H to the integer positions {1, ..., n} and the vertices of V(G1) \ 9(G1) to
non-integer positions in the interval (0, n + 1). Then, [ obviously is a T-compatible
layout for G. We show that the joint cutwidth max;cgr\n(] quth1 @) + wy;) of I
from Definition 4.4 is at most k.
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To this end, for ani € R \ N, consider the set A := CutZGl ®n g (1) of hyperedges
of G| &y H containing two vertices v, w with [(v) < i < [(w). Since G| & H € k-
HCW, we have |A| < k. Thus, it is sufficient to show that |quth1 @]+ wy < 1Al
We partition A into two sets B and C, where B are the unlabeled hyperedges in H.

Since i ¢ N, by Definition 4.3, w|;| counts exactly the hyperedges in B. It remains
to show that | quth1 (i)] < |C|. Recall from Definition 4.4 that quthl (i) is the set of
hyperedges e of G for which Pos(e) contains two positions j, k with j <i < k.Ifeis
unlabeled, then, by Definition 4.4 of Pos(e), the hypergraph G contains vertices v, w
with [(v) = j and [(w) = k. Since e, v, and w are alsoin G| @ H, we have e € C.

If e is labeled, then G| @y H instead of e contains a hyperedge ¢/ 2 e. Now,
since j € Pos(e), the hypergraph G contains a vertex v with [(v) = jor € € Ej,
which, by Definition 4.3, implies that there is a hyperedge with label £ containing a
vertex v in H with [(v) < i. Likewise, G| contains a vertex w with [(w) = k or
¢ € Ej, which implies that there is a hyperedge with label £ containing a vertex w
in H with k < I(w). Inall cases, we have that [ (v) < i < I(w). Since the hyperedge ¢’
of G| @y H contains v and w, we get e’ € C. O

Proof (of Claim4.7) Let T be an H-test T obtained from a linear layout/ of cutwidth k
for some G* @ H and assume that G, passes T. Then, there is a T-compatible
layout f for G, with joint cutwidth at most k. First note that / and f agree on the
layout of vertices in d(G7) and d(H ) and that, apart from these, f lays out vertices at
non-integral positions, whereas / lays out vertices of H at integral positions. Because
of this, in a layout g for G» @& H that lays out vertices v of H at position /(v) and
vertices v of G at position f (v), every two vertices in G, @y H are laid out at distinct
positions by g. Hence, g is injective and, therefore, a layout.

We show that g is a layout of cutwidth at most k for G, @y H. That is, we show
max;cp | Cut’é2 @, 1 ()| < k. To this end, note that

g . g .
max | Cut i)| < max |Cut D],
max | Cut, g,y (D] = max |Cutgy g, 4 ()|

. . g . g .
since for every i € N, we have Cuth EBhH(z) - CutG2 eahH(l +ée)for0 <e <1

chosen so that no vertex is mapped by g to the interval (7, i 4+ €]. That is, we only have
to show that, for eachi € R\ N, we have | Cut‘éz@H @ < |quté2 ()| + wy;j, since
f is alayout for G, with joint cutwidth max;cr\n (| quté2 @) +w;)) <k

For some position i € R \ N, consider the set A := CutgG2 @, # () of hyperedges
of G, @y, H containing vertices v, w with g(v) < i < g(w) and let it be partitioned
into two sets B and C, where B contains the unlabeled hyperedges of H. We show
that |[A] < w;| + |quté2 (). By Definition 4.3, we clearly have | B| < wy;|. Hence,

it remains to show that |C| < | quté2 @)].

To thisend, let e € C be a hyperedge. If e contains only vertices of G, then for any
vertex v € e, we have g(v) = f(v) € Pos(e). Furthermore, if e contains a vertex v
of H,then e has alabel £ and H has ahyperedge with label £ containing v. Hence, in this
case, we have £ € Ej). It follows that g(v) = I(v) € Pos(¢’) for the hyperedge ¢’ < e
of G, with label £. Hence, for any vertex v € e, we have g(v) € Pos(e’). Since
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e contains vertices v, w with g(v) < i < g(w), it follows that Pos(e’ ). contains
positions j = g(v) and k = g(w) with j < i < k and, therefore, ¢’ € quté2 @@). 0O

Towards our goal of showing that ~_ycw has finite index, Lemma 4.5 shows a
set of tests T such that ~q refines ~;_ycw, Where two hypergraphs are equivalent
with respect to ~« if and only if they pass the same subset of tests of J. How-
ever, since the set T is infinite, we cannot yet conclude that ~4 and, therefore,
~r-acw has finite index. The following lemma will, for every test 7 € 7, find a
test T’ € T such that a hypergraph G passes T’ if and only if it passes T and such
that T’ has size at most (27 + 1)(t + 1)(2k + 2). Thus, the equivalence relation ~
for T being the set of all tests of size (2t + 1)(¢ + 1)(2k + 2) is the same as ~
and, consequently, refines ~_gcw- Since there is only a constant number of tests of
size (2t + 1)(¢ 4+ 1)(2k + 2) for constant k and ¢t < k + 1, the size of T’ is constant.
Since ~qv and, therefore, ~;_ycw has at most 217l equivalence classes, it follows
that ~;_gcw has finite index. Thus, the following lemma finishes our proof of Theo-
rem4.1.

Lemma 4.8 Let G be a t-boundaried hypergraph. For every test Ty, there is a test To
of size 2t + 1)(t 4+ 1)(2k + 2) such that G passes Ty if and only if G passes T5.

Proof Let the size of the test T = (m, S, k) be n. For E C {1,...,1}, we call a
maximal subsequence S; = (E;, w;),..., Sk = (Ex,wi) of S with £ = E; =
--- = E} a strait. We first show that there are at most 2¢ + 1 straits, and then show
that we can shorten each strait to length at most (¢ 4+ 1)(2k + 2) by removing some
elements from S without changing the satisfiability of the test.

Foralabel ¢ € {1,...,t},let I, ;== {i <n | £ € E;}. By Definition 4.3, each [, for
somelabel £ € {1, ..., t}isaninterval of the natural numbers with a minimum element
and a maximum element, which we both call events. Hence, the I, forall £ € {1, ..., t}
in total have at most 2¢ events. Since straits can only start at an event or at Sy, and
since only one strait can start at a fixed event, it follows that S is partitioned into at
most 2 + 1 straits.

It remains to shorten the straits. To this end, we apply data reduction rules already
used by Downey and Fellows [17, Theorem 12.7.5] for the cutwidth problem on graphs.
LetS; = (E, wj), ..., Sk = (E, wy) be astraitin 77. We call a maximal subsequence
of the w; of the strait such that ¥ maps no boundary label to i a load pattern. Hence,
each strait decomposes into at most 7 + 1 load patterns, each of which we will shorten
to length at most 2k + 2.

To this end, first observe that if the test 7 passed by G contains a pair S; =
(E, w;j), then G also passes the test obtained from 77 by replacing S; by Slf = (E, wlf )
with wl/. < w;. Moreover, assume that, as illustrated in Fig. 7, 71 contains two pairs
Si = (E, w;), Si+1 = (E, wj41) with w; = w;4 such that 7 maps no boundary label
toi 4 1. Then G passes the test obtained from 77 by removing S;+1. Moreover, G then
also passes the test obtained from 77 by adding a copy of S; behind S;.

Based on these observations, Downey and Fellows [17, Theorem 12.7.5] give a
proof that the following three data reduction rules applied to a load pattern s of the
strait S, ..., S turn 7} into a test 7> that G passes if and only if it passes T7:
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Fig. 7 Shown are two unlabeled vertices and one labeled vertex of a graph G laid out according to a
T -compatible layout for some test 7' = (i, S, k). That is, the label 1 is mapped to the integer position i + 2
by 7, while the others vertices are laid out at non-integer positions. Assume that S; = S; | and that no
label is mapped to position i + 1 by 7. Then, we can assume that no vertex of G lies in [i 4+ 1,i + 2):
moving it to (i, + 1) would yield a T1-compatible layout with equal joint cutwidth. The joint cutwidth
will also not be altered by deleting S; | or adding copies of S; behind S;

R1) If s = (..., wi, wi1, Wiy2,...) suchthat w; < wiy1 < w2 0rw; > wipg >
wj42, then delete S; 1.

R2) Ifs=¢(...,a,s;,...,s;,b,...)suchthateachofs;, ..., s; isatleastmax(a, b),
then replace S;, ..., S; by $* := (E, w), where w is the maximum of s;, ..., s;/.
R3) Ifs=(...,a,s;,...,sy,b,...)suchthateachofs;, ..., sy isatmostmin(a, b),
then replace S;, ..., Sy by §* := (E, w), where w is the minimum of s;, ..., s;/.

Downey and Fellows [17, Theorem 12.7.5] show that a load pattern, to which none of
the rules apply, has length at most 2k + 2. O

Historical Remarks. The above results about reduced load patterns in the construction
of test sets were first proved by Abrahamson and Fellows [1,2] in the context of proving
that, for simple graphs, the property Py of having cutwidth bounded by k has finite
index over Uiarge for all fixed k and ¢. An essentially equivalent notion, termed typical
sequences, was introduced independently by Bodlaender and Kloks [7] in the context
of linear-time dynamic programming algorithms for PATHWIDTH and TREEWIDTH.
Such sequences are also implicit in early work of Lagergren and Arnborg [33].

5 Hypertree Width and Variants

In in this section, we show a negative application of our hypergraph Myhill-Nerode
analog to GENERALIZED HYPERTREE WIDTH [29]. First, we precisely define the
problem.

Let H be a hypergraph. Generalized hypertree width is defined with respect to tree
decompositions of the primal graph G(H ), however, the width of the tree decomposi-
tions is measured differently. Suppose H has no isolated vertices (otherwise, remove
them). A cover of a bag is a set of hyperedges such that each vertex in the bag is con-
tained in at least one of these hyperedges. The cover width of a bag is the minimum
possible number of hyperedges covering it. The cover width of a tree decomposition is
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the maximum cover width of any bag in the decomposition. The generalized hypertree
width of H is the minimum cover width over all tree decompositions of G(H).

GENERALIZED HYPERTREE WIDTH
Input: A hypergraph G = (V, E) and a natural number k.
Question: Does G have generalized hypertree width at most k?

Since GENERALIZED HYPERTREE WIDTH is NP-hard for k = 3 [29], it is natural
to search for non-standard parameters with respect to which the problem is fixed-
parameter tractable [21,32,42]. While it is known that the generalized hypertree width
of ahypergraph is at most the incidence treewidth plus one [23], the incidence treewidth
may be arbitrarily large even for hypergraphs with hypertree width one, since adding a
universal hyperedge to any hypergraph reduces its hypertree width to one. Therefore,
one could hope for positive results with respect to incidence treewidth. However, we
will show that GENERALIZED HYPERTREE WIDTH cannot be solved by finite tree
automata on tree decompositions of incidence graphs:

Theorem 5.1 Let k-GHTW be the set of hypergraphs with generalized hypertree
width at most k. The canonical right congruence ~_gutw does not have finite index
over f}{fm“”for k=4andt > 41.

By Corollary 3.16, it follows that k-GHTW is not expressible in monadic second-
order logic. Moreover, the construction we use in the proof leads us to conjecture
that, actually, the problem might turn out to be W[1]-hard, as did BANDWIDTH and
TRIANGULATING COLORED GRAPHS after it was shown that they do not have finite
index [9].

We will discuss this after proving Theorem 5.1. Moreover, after proving Theo-
rem 5.1, we will discuss that the theorem also holds for the problem variants HYPER-
TREE WIDTH and FRACTIONAL HYPERTREE WIDTH.

To prove Theorem 5.1, we apply Corollary 3.14: for every n > 1, we give a
construction of a 7-boundaried hypergraph H, whose incidence graph allows for a
tree decomposition of width ¢+ — 1, of which one bag contains d(H,,). Then we show
that H, @én H,, has generalized hypertree width 4 if and only if n = m. This implies
that the canonical right congruence ~4 yrw has infinite index over J-C;arge and, by
Corollary 3.14, it follows that it has infinite index also over F™a!l.

Construction 5.2 For every n > 1, we construct a t-boundaried hypergraph H, with
t = 28, generalized hypertree width 4, and incidence treewidth at most 12. The vertex
setof H,isV:=AUBUCUDUSUTUX, where A :={a, y}, B:=1{b,z},C :=
{c,y},D:=1{d,z},S:={s1,...,88}, T :={t1,...,tg}and X := {xq, ..., x¢,}. The
hyperedge set of H, is E := {A, B, C, D} U Bs U {S., S4, Sy, S;} U By U{T,, Tj,
Ty, T,}U{E3;, Eziq1:1 <i <2n}U{E; ;41 :1 <1i < 6n}, where

Bg is the set of all possible binary hyperedges on S,
SC = {Cs S17s2}1 Sd = {d7s3ss4}3
Sy = {yﬂSS’SG}s SZ = {Z,S7,S8},
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Br is the set of all possible binary hyperedges on T,

T, :={a, 11, 2}, Ty == {b, 13, 14},
Ty :=A{y, 15,16}, T, = {z,17, 13},
Ey = {ss, x1},
Es; :={a,c,y, x3;i} forl <i < 2n,
Esiv1:=1{b,d, z, x3i+1} forl <i <2n,
Een = {xen, 11},
Eei+1,6i+2 := {a, b, X6i+1, Xei+2} forO <i <mn,
Egita,6i+5 = {c,d, X6i+4, X6i+5} for0 <i < n, and
E3;3i41 := {x3i, x3i+1} forl <i < 2n.

The set of boundary hyperedges is {A, B, C, D, S, S4, Sy, Sz, Ta, Tp, Ty, T;}. The
set of boundary vertices is S U T. They are labeled from 1 to 28 in this order and by
increasing indices. See Fig. 8 for an illustration of H, induced on V \ (SUT).

We first give an outline of the remaining proof. Consider a tree decomposition
for H, &y H,, with generalized hypertree width 4. The aim is to prove n = m. The
vertex sets S and T and the hyperedges containing them make sure that some bag B
of the decomposition contains all of S and that some bag Br contains all of 7. Now,
both in §(H,,) and in G(H,,), there is a path from a vertex in S to a vertex in 7 pass-
ing through all vertices x; by increasing indices. The edges of this path are covered

Fig. 8 The incidence graph
of Hp inducedon V \ (SUT).
Boxes represent hyperedges
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by intermediate bags lying on the path from Bg to By on the tree decomposition.
Observe that no vertex x; is contained in a boundary hyperedge. Therefore, when we
restrict the tree decomposition to the vertices in H,,, we recover a tree decomposition
for H, where all intermediate bags are covered by at most 3 hyperedges. Moreover,
our construction makes sure that when a bag is covered by 3 hyperedges, at least 2
of them are boundary hyperedges. In every such tree decomposition for H,, when
considering the intermediate bags starting from By that contain either A, B or C, D
in their cover, we first encounter bags covered by C, D, then bags covered by A, B,
then bags covered by C, D, and so on, and there are exactly n alternations from C, D
to A, B in this sequence. Therefore, in order to be able to merge such decompositions
for H, and H,,, we must have n = m.

We now give a more detailed proof of Theorem 5.1. In the construction of H,,, the
vertices in S and 7 and the hyperedges containing them are only used to make sure
that every tree decomposition of H,, with hypertree width 4 contains a bag B_; with
the vertices S U {c, d, y} and a bag Bg,+ with the vertices T U {b, y, z}. Since the
sets SU {c,d, y,z} and T U {a, b, y, z} can also be covered by 4 hyperedges, all of
which are boundary hyperedges, let D = ({V; : i € I}, T) be a tree decomposition
for H, with thebags B_| = SU{c, d, y, z} and Bg,+1 = T U{a, b, y, z}. We observe
that all other vertices of Hj, occur in bags that are in the same connected component
of the forest obtained from D by removing these two bags.

Claim 5.3 The tree decomposition D contains a bag B;, 0 < i < 6n, with {sg, xq,
c’ d9 y5 Z} g BO7 {tl’-x6nya7b’ )’7 Z} g B6n’ and {aybvcyd’ Ya Z9xl7xl+1} g Bi,for
every i, | <i < 6n.

Proof The primal graph G(H,) contains the cliques {sg, x1}, {a, b, x1, x2}, {a, b,
x2, x3}, {a, ¢, y, x3}, {x3, x4}, {x4, b,d, z}, {c, d, x4, x5}, {c, d, x5, x6}, {a, ¢, y, x6},
{x6, x7},{b, d, z, x7},{a, b, x7, x3}, ..., {xen, t1}, and every two consecutive cliques in
this listintersect in at least one vertex. In particular, we observe the path (sg, x1, x2, ...,
Xen, t1) in G(Hy,). Thus, D contains bags By 2 {sg, x1}, Ben 2 {f1, xen}, and
Bi 2 {xi,xi+1}, 1 <i < 6n. Moreover, each B;, 0 < i < 6n, contains ¢, d, y, z
since B_ contains ¢, d, y, z, Bep—1 contains ¢, d, Be,41 contains y, z, and without
loss of generality, we can assume the B;, 0 < i < 6n, were chosen such that they are
on the path from B_; to Bey1 in 7. Similarly, each B;, 1 < i < 6n, contains a, b. O

A tree decomposition for H, is a good tree decomposition if it contains the bags B_| =
SU{c,d, y, z} and Bg,4+1 = T U{a, b, y, z} and every bag except B_; and B, 41 can
be covered with at most 3 hyperedges, and in case such a bag is covered with exactly
3 hyperedges, two of these hyperedges are in the boundary. A good cover for a good
tree decomposition is a cover for each bag according to the specifications of a good
tree decomposition.

Claim 5.4 If D is a good tree decomposition for H,, then, for every i, —1 <i < 6n,
there is a path from the bag B; to the bag B;; that avoids all the bags B;, j €
{—1,...,6n+1}\ {i,i +1}.

Proof Suppose the path from B; to B; | passes through B; with j € {-1,...,
6n + 1} \ {i,i + 1}. Since every bag on the path from B; to B;;; contains B; N
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Bit1, we have that x; 1 € B;. But then {s3, x1,¢,d, y, 2, xiy1} € B; (if j = 0) or
{t1, xen,a,b,y, 2, xi11} € Bj (if j = 6n) or{a,b,c,d, y,z,xj,xj41,xi+1} € B;
(otherwise), implying that B; cannot be covered by two hyperedges and it cannot be
covered by three hyperedges of which two are in the boundary. O

Claim 5.5 Inevery good cover, By is covered by {E1, C, D}, B, is covered by { Eg;,,
A, B}, and forevery i, 1 <i < 6n,

[{E;;11,C. D} ifi=1 (mod6),
{Eii+1,C,D} ifi=2 (mod 6),
(Ei, Eit1) ifi=3 (mod 6),
{Eii+1,A,B} ifi=4 (mod 6),
{Eii+1.A, B} ifi=5 (mod 6), and

{Ei, Eit1} ifi=0 (mod 6).

B; is covered by

Proof The claim easily follows from Claim 5.3. O

Suppose D is a good tree decomposition for H,. The backbone of D is the path P
in T starting at the bag B_; and ending at the bag Bg,+1. By Claim 5.4, P visits
Bo, Bi, - .., Ben in this order. Let P; ; denote the subpath of P starting at B; and
ending at B .

Claim 5.6 Foreveryi € {0,6,12,...,6n — 6}, no bag on P; ;3 is covered by a set
of hyperedges Q with A, B € Q in a good cover.

Proof Considerabag Bon P; ;y3andletQ D {A, B} beacover for B. The bag B con-
tains the intersection of two bags that are consecutive in the list B;, B; 11, Biy2, Biy3.
Therefore, at least one of x;11, xj+2, x;+3 is in B. We also have that ¢, d € B since
¢, d € B;NB; ;3. However, no hyperedge contains x; 1, ¢, d orxj 42, ¢, d or x; +3, ¢, d.
Thus, |Q| > 4, and therefore Q is not part of a good cover. O

Claim 5.7 Foreveryi € {3,9,15,...,6n — 3}, no bag on P; ;43 is covered by a set
of hyperedges Q with C, D € Q in a good cover.

Proof The proof is symmetric to the proof of Claim 5.6. O

Consider a good cover of D. A switch is an inclusion-wise minimal subpath
(Y;, ..., Y;) of the backbone of D where Y; is covered by Q; with C, D € Q; and Y;
is covered by Q; with A, B € Q;. The signature of a good cover of D is its number
of switches.

Claim 5.8 Each good cover of each good tree decomposition of H, has signature n.
Proof The claim follows from Claims 5.5,5.6, and 5.7. O

Due to Claim 5.8, we can speak of the signature of H,, and the signature of a good tree
decomposition of H), as the signature of some good cover of such a tree decomposition.
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Let H = H, and H' = H,,. Consider a tree decomposition D = ({V; : i € I}, T)
of H &y H' with generalized hypertree width 4. Without loss of generality, suppose
the bags B_; = SU{c,d, y, z} and Bg,+1 = T U{a, b, y, z} are leafs of this decom-
position and their neighboring bags contain both copies of x| and x¢,, respectively.
Let Dy, denote the restriction of D to H, i.e., it has the same tree, but each bag is
restricted to the vertices of H.

Claim 5.9 D), is a good tree decomposition for H.

Proof Consider a bag B of D besides B_; and Bg,+1. The bag B contains a copy of
some x; from H’. This vertex is covered by some hyperedge from H' that does not
belong to the boundary. Therefore, B),, is covered by at most 3 hyperedges. Suppose
By, is covered by exactly 3 hyperedges. Then, the cover of B),, contains at most
one hyperedge that does not belong to the boundary. But, since each such hyperedge
covers at most 2 vertices among {a, b, ¢, d}, the cover of B contains at least 2 boundary
hyperedges. This proves the claim. O

Symmetrically, D), is a good tree decomposition for H'. Since Dy, and D,,, have
the same signature, we conclude that n = m due to Claim 5.8. This proves that the
canonical right congruence ~4_gyrw does not have finite index over U{iarge. To prove
Theorem 5.1, it remains to prove that it also has infinite index over thsma“.

(Proof of Theorem 5.1) We aim to apply Corollary 3.14. First, we show that the con-
structed graphs H, have incidence treewidth at most 12. The graph H, \ (SU T U
{a,b,c,d,y,z}) is a disjoint union of trees and therefore, has tree decomposition of
width 1. From this tree decomposition, we obtain a tree decomposition of width 7
for H, \ (S U T) by adding {a, b, c,d, y, z} to each bag of the decomposition.
Finally, we obtain a tree decomposition for H,, of width at most 12 by adding the
two bags SU {a,b,c,d,y,z}and T U {a, b, c,d, y, 7} and making them adjacent to
arbitrary bags of the tree decomposition for H, \ (S U T'). To obtain a tree decompo-
sition where one bag contains d(H,), we modify the tree decomposition of width 12
for the incidence graph H, by adding the 28 boundary objects to each bag. The result
is a tree decomposition of width 40 where d(H,) is contained in one bag. Then, we
obtain a hypergraph H, from H, by adding to H, 13 additional, isolated bound-
ary vertices. Clearly, H, and H, have the same generalized hypertree width. We use
the tree decomposition of the incidence graph of H, also for H,, but we attach a
bag consisting of d(H,) and the 13 additional boundary vertices of H,,. This bag has
width 28 + 12 = 40. Hence, the family H, we constructed from H,, has tree decompo-
sitions of width 40 of their incidence graphs such that one bag contains all 41 boundary
objects. Thus, Corollary 3.14 applies to our family. O

Other width measures for hypergraphs. Theorem 5.1 easily applies also to the prob-
lems HYPERTREE WIDTH and FRACTIONAL HYPERTREE WIDTH, which asks whether
a hypergraph has (fractional) hypertree width at most k. HYPERTREE WIDTH is W[2]-
hard [28] with respect to k and FRACTIONAL HYPERTREE WIDTH is expected to be
NP-hard for constant k£ [36]. Before discussing how Theorem 5.1 applies to these
problems, we formally define these width measures.
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The hypertree width of H is defined in a similar way as the generalized hypertree width,
except that, additionally, the tree of the decomposition is rooted and a hyperedge e
can only be used in the cover of a bag V; if V; contains all vertices of e that occur in
bags of the subtree rooted at the node i.

The fractional hypertree width of H is also defined similarly, except that it uses

fractional covers: in a fractional cover of a bag, each hyperedge is assigned a non-
negative weight, and for each vertex in the bag, the sum of the weights of the hyperedges
incident to it is at least 1. The fractional cover width of the bag is the minimum total
sum of all hyperedges of a fractional cover.
Let k-HTW be the family of hypergraphs of hypertree width at most k and k-FHTW be
the family of hypergraphs of fractional hypertree width at most k. To see that the proof
of Theorem 5.1 applies to ~4_yrw, observe that, in our construction, every hyperedge
covering a bag is a subset of that bag. To see that it extends to ~4_gyTw, Observe that
for every bag B;, 0 < i < 6n, an optimal fractional cover is integral, and 5.6 can be
extended to A, B € Q with weight 1—similarly for Claim 5.7.

Corollary 5.10 FRACTIONAL HYPERTREE WIDTH and HYPERTREE WIDTH do not
have finite index.

Indication for intractability. Formally, Theorem 5.1 only shows that a tree automaton
cannot decide the property of having constant HYPERTREE WIDTH and, by Corol-
lary 3.16, that this property is not expressible in monadic second-order logic for
hypergraphs. However, following the argumentation of Bodlaender, Fellows, and
Warnow [8] for the TRIANGULATING COLORED GRAPHS problem introduced in Sect. 1
leads us to the following conjecture.

Conjecture 5.11 GENERALIZED HYPERTREE WIDTH is W[1]-hard with respect to the
parameter incidence treewidth.

The reason for this conjecture lies in the number of equivalence classes observed in the
proof of Theorem 5.1, which entails a lower bound on the amount of information that
needs to be maintained by an algorithm when it decides whether a given hypergraph has
(generalized, fractional) hypertree width k using a tree decomposition of the incidence
graph. Typical such algorithms associate with each bag of the tree decomposition a
table that is computed from the tables associated with the tables of the child bags.
Observe that such an algorithm is essentially a tree automaton; its states are the tables.
Since the number of equivalence classes of the canonical right congruence gives a
lower bound on the number of states a tree automaton needs to have in order to
decide GENERALIZED HYPERTREE WIDTH, it also gives a lower bound on the number
different tables that have to be handled by such a (simple) dynamic programming
algorithm in order not to make wrong decisions.

However, restricting the construction in the proof of Theorem 5.1 to graphs of at
most n vertices, the proof of Theorem 5.1 exhibits a class € of 7-boundaried hyper-
graphs on at most n vertices with constant incidence treewidth ¢ — 1, for which the
canonical right congruence has §2(n) equivalence classes. Now, consider a class €’
of O(k)-boundaried hypergraphs where each hypergraph contains k copies of hyper-
graphs from € and has at most n’ vertices. Then, the number of equivalence classes
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of the canonical right congruence is £2((n'/ k)¥) for €. Hence, we conjecture that an
algorithm with running time f (k) - n¢ for a constant ¢ and a computable function f
does not exist.

6 Summary, Discussion and Open Problems

We extended the Myhill-Nerode theorem to hypergraphs, making the methodology
more widely applicable. We did this in the general framework of the hypergraph
analogs of the large and small universes of t-boundaried graphs. We used the Myhill—
Nerode approach to obtain fixed-parameter linear-time algorithms for HYPERGRAPH
CUTWIDTH by

(1) using the method of test sets to prove “finiteness” results in the large universe,
which is not only more convenient but also of independent interest in the context
of communication complexity, and

(2) then translating this result into an algorithm by means of a general machinery that
links large universe results to the small universe of bounded treewidth representa-
tions.

This approach has the advantage of being relatively simple and powerful in the sense
of (1) yet relatively general in the sense of (2). One of our principle objectives in
this article was to establish powerful and general methodologies to solve hypergraph
problems. If the principal objective were to have the most efficient algorithm for
HYPERGRAPH CUTWIDTH, then this is not the way to go. That would probably be
to hunker down as tightly as possible into the small universe, and do some serious
dynamic programming [7,33,45]. Our machinery only shows when such seriousness
is worthwhile: for example, it is for HYPERGRAPH CUTWIDTH, but probably not for
HYPERTREE WIDTH and its variants.

There are many interesting open questions in this relatively under-explored area.
The general theme is (referring to the very abstract program about Myhill-Nerode
equivalence classes): how do these finiteness results relate to computational complex-
ity? How do these finiteness issues translate between different settings? Courcelle
and Lagergren [15] proved some very interesting results about translating finiteness
results between the small and large universes when the property P is restricted to
simple graphs of bounded treewidth. They showed that

(1) if P is restricted to simple graphs of treewidth at most 7, then finite index of ~«
over U?mau implies finite index over to u?‘rge, and also that
(2) (Rephrasing their Fact 9.4:) there is a property P (of unbounded treewidth), such
that for all 7, the canonical Myhill-Nerode equivalence relation ~ has finite index
over u;ma“, but infinite index on U}arge.
Do those results extend to hypergraphs in the representation framework we have
explored here?
Another question one might ask is whether there might be general methods and
meta-theorems for obtaining XP-complexity results, based on communication com-

plexity results with respect to Uiarge.
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