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Chapter 1

Overview

This chapter presents the main definitions and results of this book and their
significance, with the help of a few basic examples. It is written so as to be
readable independently of the others. Definitions are sometimes given infor-
mally, with simplified notation, and most proofs are omitted. All definitions
will be repeated with the necessary technical details in the subsequent chapters.

In Section 1.1, we present the notion of equational set of an algebra by
using as examples a context-free language, the set of cographs and the set of
series-parallel graphs. We also introduce our algebraic definition of derivation
trees.

In Section 1.2, we introduce the notion of recognizability in a concrete way,
in terms of properties that can be proved or refuted, for every element of the
considered algebra, by an induction on any term that defines this element. We
formulate a concrete version of the Filtering Theorem saying that the intersec-
tion of an equational set and a recognizable one is equational. It follows that
one can decide if a property belonging to a finite inductive set of properties is
valid for every element of a given equational set. We explain the relationship
between recognizability and finite automata on terms.

In Section 1.3, we show with several key examples how monadic second-order
sentences can express graph properties. We recall the fundamental equivalence
of monadic second-order sentences and finite automata for words and terms.

In Section 1.4, we introduce two graph algebras. They are called the VR and
the HR algebra because their equational sets are those that are generated by the
context-free Vertex Replacement and Hyperedge Replacement graph grammars
respectively. The cographs and the series-parallel graphs are respectively our
current examples of a VR- and an HR-equational set. We state (a weak version
of) the Recognizability Theorem which says, in short, that monadic second-
order definability implies recognizability. From it we obtain a logical version
of the Filtering Theorem where the recognizable sets are defined by monadic
second-order sentences.

In Section 1.5, we review the basic definitions of Fixed-Parameter Tractabil-
ity and we state the algorithmic consequences of the (weak) Recognizability
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18 CHAPTER 1. OVERVIEW

Theorem. This theorem has actually two versions, relative to the two graph
algebras defined in Section 1.4, and yields two Fixed-Parameter Tractability
Theorems.

In Section 1.6, we describe the consequences of the Recognizability and Fil-
tering Theorems for the problem of deciding whether a given monadic second-
order sentence is satisfied by some graph of tree-width at most a given k or,
more generally, by some graph of an equational set.

In Section 1.7, we introduce the notion of a monadic second-order trans-
duction by means of examples that have some graph theoretic content, and we
state the Equationality Theorem for the VR algebra. It gives a characterization
of the VR-equational sets, and in particular of the sets of graphs of bounded
clique-width, that is formulated in purely logical terms.

In Section 1.8, we consider monadic second-order formulas interpreted in
incidence graphs (as opposed to in graphs “directly”). These formulas can use
edge set quantifications. We compare the corresponding four types of monadic
second-order transduction and we state the Equationality Theorem for the HR
algebra: it is based on monadic second-order transductions that transform in-
cidence graphs.

In Section 1.9, we define relational structures and we extend to them (eas-
ily) some results relative to graphs represented by their incidence graphs. We
introduce betweenness and cyclic ordering as examples of combinatorial notions
that are based on linear orderings but are defined in a natural way as ternary
relations.

1.1 Context-free grammars

By starting from the standard notion of a context-free grammar, we introduce
the notion of an equational set and we define two equational sets of graphs. We
define the equational sets of a (one-sorted) algebra and the corresponding sets
of derivation trees.

1.1.1 Context-free word grammars

By using context-free grammars, one can specify certain formal languages, namely
the context-free languages, in a finitary way. Context-free grammars are usually
defined as rewriting systems satisfying particular properties, conveyed by the
term “context-free” and axiomatized in [Cou87]. However, the Least Fized-Point
Characterization of context-free languages due to Ginsburg and Rice [GinRic]
and to Chomsky and Schiitzenberger [ChoSch] is formulated in terms of systems
of recursive equations written with the operations of union and concatenation
over languages. This algebraic view has been developed by Mezei and Wright
[MezWri] and has many advantages. First, it is more synthetic in that it deals
with languages rather than with words produced individually by derivation se-
quences. Second, it puts the study of context-free languages in the more general
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framework of recursive definitions handled as least solutions of systems of equa-
tions, and last but not least, it is applicable to any algebra. This latter aspect
is especially important for the extension to graphs.

We recall how context-free languages can be characterized as the components
of the least solutions of certain systems of equations in languages. A context-
free grammar G is a finite set of rewriting rules defined with two alphabets,
a terminal alphabet A and a nonterminal alphabet N. For every S in N, the
context-free language over A generated by G from S is denoted by L(G, S).

Example 1.1 We consider for example the context-free grammar G with ter-
minal alphabet A = {a, b, ¢}, nonterminal alphabet N = {S, T} and rules named
respectively p,q, ..., w (where ¢ denotes the empty word):

S — aST
S —SS
S —a
T — bT'ST
T—a
T —c
T—¢

g2 n IR

It defines two languages L(G,S) and L(G,T) over A, i.e., sets of words in A*.
These languages satisfy the equations of the following system Y g:

5 K = aKLUKKU/{a}
“l L = bLKLU{a,cc}

with K = L(G,S) and L = L(G,T). The pair (L(G, S), L(G,T)) is thus a so-
lution of X.. However, it is not the only one. The pair of languages (A*,bA* U
{a,c,e}) is another solution as one checks easily!. The Least Fixed-Point Char-
acterization of context-free languages establishes that the pair (L(G, S), L(G,T))
is the least solution of X for component-wise inclusion.

1.1.2 Cographs

We give two examples of similar definitions of sets of graphs. We first consider
as ground set the set G" of undirected simple graphs?. T'wo isomorphic graphs
are considered as the same object. We will use & to denote the disjoint union
of two graphs G and H. This means that G @ H is the union of G and of a copy
of H disjoint with G (hence G & G # G). We will also use the complete join,
G ® H, defined as G & H augmented with undirected edges linking every vertex

1Since L(G,S) C AT = AA*, the pair (A*,bA* U {a,c,e}) is a solution of ¥ that differs
from (L(G, S), L(G,T)).

2In this book, all graphs are finite. A graph is simple if it has no two parallel edges, i.e., no
two edges with the same ends, and the same directions in the case of directed graphs. Parallel
edges are also called multiple edges. An edge with equal ends is a loop. The superscript “u”
in G" refers to undirected graphs.
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Figure 1.1: A cograph.

of G and every vertex of H. We let 1 denote any graph with one vertex and no
edges. Note that both & and ® are commutative and associative operations.

The set of cographs C can be defined as the least set of graphs satisfying the
equation

C = (CapC)U(CeC)u{1}. (1.1)

This set (it is a proper subset of G") has actually alternative characterizations
(see Section 1.3.1 below). From this equation, one can derive definitions of cer-
tain subsets of C. Consider for example the following system of two equations:

Ci = (Co@C1)U(CreCy)u{l}). (12)

{ Co = (Co®Co)U(C1®C1)U(Co®Co)U(Cr®Ch)
Its least solution in P(G") x P(G") is the pair of sets (Cy, C1) where Cy (resp.
C)) is the set of cographs having an even (resp. an odd) number of vertices.®> We
will give general and effective methods for deriving from an equation or a system
of equations that defines a set L, an equation or a system of equations defining
{z € L | P(x)} where P is a property of the objects under consideration. This is
possible if P has an appropriate “inductive behaviour” relative to the operations
with which the given equation or system of equations is written.

From the definition of cographs as elements of the least subset C' of G"
satisfying (1.1), it follows that each of them is denoted by a term, more formally,
is the wvalue of a term in an algebra of graphs. Examples of terms denoting
cographs are

1,101, 1e1)el, 1)@ (1a1).

The cograph of Figure 1.1 is the value of the term t = (1®1®1)® (10 (1®1)).
Since ® is associative, we have written ¢ by omitting some parentheses as
usual, for readability. These terms belong to the set T({®,®,1}) of all terms
written with the constant 1 and the two binary operations @& and ®. Equa-
tion (1.1) can also be solved with ground set T'({®, ®,1}). For this interpreta-
tion of (1.1) the unknown C' denotes subsets of T'({®,®,1}). Clearly, the set

3We denote by P(X) the powerset of a set X, i.e., its set of subsets.
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of terms T'({®, ®,1}) itself is the least (in fact, the only) solution of (1.1) in
P(T{®,®,1})).

A similar fact holds for System (1.2). Its least solution in P(T({®, ®,1})) x
P(T({®,®,1})) is a pair of sets (Tp,T1) where Ty, Ty C T({®,®,1}) and for
each i = 0, 1, the set C; is the set of cographs which are the values of the terms
in T;.

This example shows that a grammar, i.e., a system of equations like (1.2),
specifies not only a tuple of sets of objects, here graphs, but also denotations by
terms of the specified objects. These objects can be words, terms, trees, graphs,
as we will see. Each term is a formalization of the structure of the object it
denotes, as specified by the grammar; it provides a hierarchical decomposition of
that object. In many cases, an object can be denoted by several terms that are
correct with respect to the grammar. In such a case, we say that the grammar
is ambiguous. The grammars (1.1) and (1.2) are ambiguous: since ® and ®
are commutative and associative, most cographs are denoted by more than one
term.

As an example of structure, consider again the term (10121)Q(1®(1®1))
that denotes the cograph of Figure 1.1. It provides a decomposition of that
cograph, because the subterm 1 ® 1 ® 1 denotes the triangle at the left of
Figure 1.1, whereas the subterm 1 @ (1 ® 1) denotes the three vertices at the
right of Figure 1.1 together with the edge between two of them.

1.1.3 Series-parallel graphs

The ground set of graphs is here the set J5' of directed graphs G equipped with
two distinct distinguished vertices marked 1 and 2 called its sources, denoted
respectively by srcg(1) and sreg(2). These graphs may have multiple edges?.
Let e be a constant denoting the graph with two vertices and only one edge from
source 1 to source 2. The operations are the parallel-composition, denoted by /,
and the series-composition, denoted by e. For G and H in Jg', the graph G H is
the union of G and an isomorphic copy H' of H such that sreg(1) = sreg (1),
sreg(2) = sreps(2), and G and H' have nothing else in common. We define
sreqyu(1) == sreg(1) and sregyp(2) == sreg(2). Note that G/ G has twice as
many edges as G, hence G # G J/ G in general.

Series-composition is defined similarly. For G, H € J§, we let G @ H be
the union of G and an isomorphic copy H' of H such that srcg(2) = sregs(1)
and G and H' have nothing else in common. We let srcgep (1) := sreg(1) and
srcger (2) := srcys(2). These operations are illustrated in Figure 1.2.

4The letter “J” in the notations de and, below, in Jg, JS and the related notions refers
to graphs that can have multiple edges. By contrast, the letter “G” used in the notations G"
and, below, G", GP etc. refers to simple graphs. The subscript “2” refers to the two sources,
and the superscript “d” to directed graphs.
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G/IH

Figure 1.2: Series- and parallel-compositions.

The set of series-parallel graphs® is defined by the equation:
S = (S/SU(SeS)ude} (1.3)

where by “defined” we mean that S is the least subset of J3' satisfying (1.3). As
for cographs, this definition gives a notation of series-parallel graphs by terms.
The set of terms is here T'({/, e, e}). Examples of terms are:

e;efe (efe)elefe), ((efe)ee) [ (eoe).

The graph denoted by the last of these terms is shown in Figure 1.3. Note that
the subterm (e // e) e e denotes the three edges at the left of Figure 1.3, with
their three incident vertices, whereas the subterm e e e denotes the two edges at
the right, with their three incident vertices.

1.1.4 The general setting

Let F be a (functional) signature, that is, a set of function symbols such that
each symbol f is given with a nonnegative integer intended to be the number of
arguments of the corresponding function. This number is called its arity and is
denoted by p(f). A function symbol of arity 0 is also called a constant symbol.

An F-algebra M is a set M equipped with total functions fyr : MP) — M
for all f in F. We write it M = (M, (fum) fer). We call M the domain and fu
an operation of M if f has arity 0, then fy is also called a constant of M. The
F-algebra M is finite if M is finite.

Let X = {x1,...,z,} be aset of unknowns (or variables), intended to denote
subsets of M. A polynomial is an expression of the form p = mq U --- U my

5The term “series-parallel” is also used for partial orders ([*Md&hr]) and, in a wider sense
for undirected graphs without K4 as a minor ([*Die]). Our series-parallel graphs are called
two-terminal series-parallel digraphs in [*Mohr].
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where each m; is a monomial, i.e., a term written with the symbols of FFU X
and well formed with respect to arities (the unknowns are of arity 0).

For each n-tuple (Lq,...,L,) of subsets of M and each monomial m, the set
m(Ly,...,Ly,) is a subset of M. This subset is defined by taking z; = L; and
by interpreting each function symbol f as fy, where, for all Ay, ..., A, C M:

fM<A1, Ce ,Ap(f)) = {fm(al, . .,ap(f)) | a; € Al}

Hence fur also denotes the extension to sets of the function fy; : M) — M.
For a polynomial p = mj U---Umy we define:

p(Ll,...,Ln) = ml(Ll,...,Ln) U--- Umk(Ll,...,Ln).

A system of polynomial equations (an equation system for short) is a system
of the form:

S:<‘xl:pla~-'>ajn:pn> (14)

where p1, ..., p, are polynomials.

Example 1.2 In the particular case of the grammar G considered in Exam-
ple 1.1, we let F' = {-,¢,a,b,¢} and M = (A*,-,e,a,b,c), where A = {a,b,c}
and - denotes concatenation; the equation system ¥ can be written formally
as follows:

1 = a-(x1-22)Uz1-21Ua

29 = b-((x2-x1) x2)UaUcUe,

where the associativity of concatenation is not taken for granted any more. Note
that for the constant symbol a of F' we have ay = a and also, according to the
above extension, ay = {a}; similarly, the constant symbol £ denotes both the
empty word ¢ and the language {e}. O

Going back to the general case, a solution of a system S as in (1.4) is an
n-tuple (L1,...,L,) in P(M)™ that satisfies the equations of S, which means
that L; = p;(Ly,...,L,) for every i« = 1,...,n. Solutions are compared by
component-wise inclusion and every system has a least solution. The compo-
nents of the least solutions of such systems are called the equational sets of the
F-algebra M. We will denote by Equat(M) the family of equational sets of M.

For a signature F, we denote by T(F') the set of terms written with the
symbols of F' and well formed with respect to arities. The usual notation for
terms is with the function symbols in leftmost position, their arguments are
between parentheses and separated by commas. In this notation, the term
denoting the graph of Figure 1.3 is written //(e(/(e,€),€),o(e,e)).b As is well
known, terms can be represented by certain labelled, directed and rooted trees.

SFor associative binary operations the more readable infix notation will be used, although
it is ambiguous as already observed. The infix notation of this term is ((e J/e) ee) /(e ®e).
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This representation is the reason that terms are usually called trees in Formal
Language Theory.

The set T'(F') is turned into an F-algebra, denoted by T(F'), by defining the
operation frgy by

Jrey (s tpn) = ft, - o)

This operation performs no computation; it combines its arguments which are
terms into a larger term.

For every F-algebra M, a term ¢ € T'(F) has a value ty; in M that is formally
defined as follows:

tm = fu ift= f and f has arity 0 (it is a constant symbol),

tM = fm(th, e 7tp(f)M) if t = f(tl, “ee ,tp(f)).
Since every term can be written in a unique way as f or f(t1,...,t,.)) for
terms £q,...,%,(s), the value ty of ¢ is well defined. The mapping ¢ — ty, also

denoted by wvaly, is the unique F-algebra homomorphism from T(F) into M.”
An F-algebra M is generated by F if every element of M is the value of some
term in T'(F).

An equation system S of the form (1.4) has a least solution in P(T'(F'))™ that
is an n-tuple (T1,...,T},) of subsets of T'(F'). The least solution (L1, ..., L,) of
S in P(M)™ is also characterized by L; = {ty | t € T;}, for each i = 1,...,n.
This is an immediate consequence of a result of [MezWri] saying that the least
fixed-point operator commutes with homomorphisms. A term ¢ in T; represents
the structure of the element ty; of L; as specified by the system S.

It follows in particular that for each i, L; = ) if and only if T; = (). Hence the
least solutions of a system S in all algebras have the same empty components.
The emptiness of each set T; can be decided by the algorithm that decides the
emptiness of a context-free language. Each set T; is actually a context-free
language over the alphabet consisting of F', parentheses and comma.

We will use these definitions for algebras of graphs M in the following way:
M will be a class of graphs like G% or J3! in the examples of cographs and series-
parallel graphs, F' will be a set of total functions fyr : M?) — M that will be
used to construct graphs. These functions, called the operations of M, generalize
the concatenation of words. The constants will be basic graphs. For each such
graph algebra M, the class of equational sets Equat(M) generalizes the class
of context-free languages since they are characterized as the components of the
least solutions of equation systems as recalled in Section 1.1.1. There is thus
no unique notion of a context-free set of graphs because this notion depends on
the considered algebra.

However, even in the case of languages, several algebras can be considered,
because one can enrich the monoid structure of A* by new operations. This

"In general, a homomorphism from N to M, where N = (N, (fn)fer) is another F-algebra,
is a mapping h : N — M such that for every f € F and all ni,...,n,5) € N, we have
h(fn(na, ... ono5) = fu(h(na), ... h(nyp)))-
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increases the class of equational sets, hence defines richer notions of context-free
languages, if we take this term in the algebraic sense. The squaring function
that associates with a word u the word wu, can be such an operation. Another
one is the shift that associates with a word au the word ua, where a is a letter.
The corresponding classes of equational sets have not received specific attention.

In the case of graphs, we will show that there are only two robust classes of
equational sets, where robust means that they are closed under certain graph
transformations definable by formulas of monadic second-order logic. These
transformations, called monadic second-order transductions, play the role of
rational transductions in the theory of formal languages.

Each of the two classes of context-free sets of graphs is the class of images
of the set of finite binary trees under monadic second-order transductions of
appropriate forms. Somewhat similarly, the class of context-free languages is
the class of images of the language defined by the equation L = aLbLc U {d},
under all rational transductions. This language encodes binary trees. Hence
trees play a major role in all three cases.

1.1.5 Derivation trees

Context-free grammars specify languages. However the real importance of the
notion of a context-free grammar is that, when a word is recognized as well-
formed, the grammar specifies one or several parse trees for this word. These
trees are obtained as results of the syntactic analysis (or parsing) of the con-
sidered word. They represent the syntactical structures of the considered word
as generated by the grammar. In compiling applications, grammars are con-
structed so as to be unambiguous, and each recognized word has a unique parse
tree. This tree is the support of further computation, in particular type checking
and translation into intermediate code.

Similarly, an equation system specifies a set of objects and, as we have seen,
it additionally specifies terms that denote those objects and represent their
structure. Let S be an equation system and M = (M, (fm)fer) an algebra, and
consider an algorithm that, for each element m of M, computes a term ¢ that
denotes m as specified by S (if such a term exists). Due to the similarity with
context-free grammars, we will say that this is a parsing algorithm for S.

However, if we view a context-free grammar G such as the one of Example 1.1
as an equation system S = X over the signature F' = {-, €, a, b, c}, as indicated
in Example 1.2, then the terms in T'(F') specified by the system ¥ are not
the parse trees of G (because they do not show which rules of G are applied).
Nevertheless, it is possible to view G as an equation system S’ in a different
way, such that the terms of S’ do correspond to the parse trees of G, or rather
a variant of parse trees called derivation trees. Let us illustrate this for the
context-free grammar G of Example 1.1.

Example 1.3 We consider again the grammar G of Example 1.1. Its rules
are named by symbols p,q,...,w, that we will consider as function symbols
with arities defined by p such that p(s) = 3, p(p) = p(q) = 2, p(r) = p(u) =
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T
T S u P
/\ /\

S T r-w
baaa|l,c

Figure 1.4: The parse tree of D and the term d.

p(v) = p(w) = 0; they form a signature P. The arity of a rule is the number of
occurrences of nonterminals in the righthand side of the rule.

Consider for example the word baaac generated from nonterminal 7" by the
derivation sequence D:

T = bTST = bTaSTT = baaSTT = baaaTlT = baaaT = baaac

where the rules s,p,u,r, w,v are successively applied. (The arrow = denotes
the one-step derivation relation of GG). Assuming that rule w is applied to the
leftmost T in baaaT'T, we associate with D the term d = s(u, p(r, w),v) of T(P).
This term contains more information than the sequence (3 DU, T, W v) from it
one can find all derivation sequences of the word baaac that are equivalent to
D by permutations of steps. In particular the leftmost derivation sequence uses
successively rules s, u, p,r, w, v, and the rightmost one uses rules s, v, p, w,r, u.
Figure 1.4 shows the parse tree of D and the corresponding term d.

Terms like d will be called derivation trees. We keep the name parse tree
for the trees like the one of Figure 1.4 (left part) that are used in the theory of
parsing. (Good text books exposing this theory are the “Dragon Book” by Aho
et al. [*AhoLSU] and the book by Crespi-Reghizzi [*Cre]).

The equation system Y. of Example 1.1 can be rewritten into the following
system:

5 K = pK,L)Ug¢(K,K)Ur
L = s(L,K,L)JUuUvUw.

Instead of solving this system for the F-algebra M = ({a,b,c}*,-,e,a,b,c)
(which is the algebra for ¥ in Example 1.2), we solve it for the P-algebra
M’ with the same domain {a, b, c}* but with the following interpretation of the
symbols of P. If we interpret the symbols p, ¢, s by the following operations on
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A* ={a,b,c}* (where z,y, z denote words in A*):

p(z,y) = azy,
q(z,y) = wy,
s(z,y,2) = bryz,

and the constant symbols 7, u, v, w by the following words:
= a,

= C

g < 2 =S

= g,

then X, is just an alternative writing of X, and its least solution for the algebra
M’ is also (L(G,S),L(G,T)). But the system X, has also a least solution
(K',L') in P(T(P)) x P(T(P)), and the derivation tree d is an element of L'.
More generally we define the sets of derivation trees of G respectively associated
with S and T as the sets of terms K’ and L’. For the above interpretation
of the symbols of P, we can evaluate every term t of T'(P) into a word ¢y
in A*. In particular dyr = baaac. Clearly, L(G,S) = {tw | t € K'} and
L(G,T) = {tw | t € L'}. Thus, since a parsing algorithm for ¥, produces
derivation trees of G, it corresponds to a classical parsing algorithm of the
context-free grammar G.

The system X¢; and the derivation trees of G represent the abstract syntaz
of the grammar G whereas the P-algebra M’ represents its concrete syntaz. It
should be clear that the construction of ¥, and M’ can be realized for every
context-free grammar G. It should be noted, however, that the signature P and
the algebra M’ both depend on G.

A term that is associated with the word baaac according to the equation
system ¥ in Example 1.2,is b- ((a- (a- (a-€)))-c). That term can be obtained
from derivation tree d by (re)interpreting the symbols p, ¢, s as the following
operations on terms in T({-,&,a,b,c}): p(z,y) == a- (z-y), q(z,y) := = -y,
and s(z,y,2) :=b-((x-y) - 2). Thus, a parsing algorithm for ¥, (producing
derivation trees) can easily be transformed into one for X (producing terms).

O

In fact, derivation trees can be defined for the elements of general equational
sets. The transformation of X into Xf, can be generalized into the transforma-
tion of an arbitrary equation system S = (x1 = p1,...,Z, = p,) into a system
S" = (x1 =pl,...,zn = pl,) such that each polynomial p, is a union of monomi-
als of the form r(z;,, ..., ﬂ%'p(r)) corresponding one-to-one to the monomials of p;,
where r belongs to a signature P associated with S. If m € T(FU{x,...,z,})
is the monomial of p; to which r(x;,, ... ,xipm) corresponds, then z;,,...,z;,,
is the sequence of unknowns that occur in m. Furthermore, we impose that each
r has a unique occurrence in S’. The least solution of S” in P(T'(P))™ defines
the n-tuple of sets of derivation trees of S.
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Let F' be the signature over which S is written, and M the F-algebra for
which S is to be solved. The function M*(") — M that interprets a symbol r
in P is the one defined® (in the usual sense) by the unique term ¢, in T(F U
{y1,- -+, Yp(ry }) such that (i) the variables y1,...,y,q) occur in ¢, in that order
and no variable y; occurs more than once, and (ii) the monomial of S to which
the monomial 7(z;,, ... 7$ip<r>) of §” corresponds is obtained by substituting x;,
for y; in the term t,, for every j =1,...,p(r).

We obtain thus a P-algebra M’ (with the same domain as M) and the system
S’ interpreted in M’ is the same as the system S interpreted in M.

The value mapping ¢ — ¢y maps each set of derivation trees D; (the i-th
component of the least solution of S” in P(T(P))™) to the component L; of the
least solution of S in P(M)™. Taking M = T(F), D; is mapped to the set of
terms T;: the i-th component of the least solution of S in P(T(F))™. Thus,
a parsing algorithm for S’ can easily be transformed into one for S. Since a
parsing algorithm for S’ produces derivation trees that represent the syntactical
structure of the elements of M as specified by the system S, it will also be
called a parsing algorithm for S; thus, from now on, parsing algorithms produce
derivation trees and/or terms.

Here is an example of the construction of S’ from S.

Example 1.4 We let S be the system:

1 = zUaU f(x1,x9,21)

T2 = h(g($17$1)7a)Uf($1,$27.'171).
Then S’ is:

z1 = rii(xe)UrigUrs(z,x2,21)

zo = roai(x1,x1) Urgo(zr, x2, 1)

and the functions that interpret r; ; are defined by the following terms:

iy = Y1,

tr,, = a,

trs = [(y1,92,93),
tro, = h(g(y1,92),0a),
tryn = fy1,92,93)

Note that r1,; is interpreted as the identity function and that r;3 and ros
are interpreted as the same function. The construction of S’ from S does not
depend on any F-algebra for which S is to be solved, and hence neither do the
derivation trees of S.

8 A function M* — M defined by a term in T(FU{y1,...,yx}) is a k-ary derived operation
of M.
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1.2 Inductive sets of properties and recogniz-
ability

This section is a mild introduction to the algebraic notion of recognizability.
This notion can be defined in several equivalent ways and we begin with its
most concrete characterization, based on finite sets of properties that can be
checked inductively.

1.2.1 Properties of the words of a context-free language

Let us consider the problem of proving an assertion of the form Yw € L. P(w)
where L is a context-free language, an equational set of graphs, or more gen-
erally, an equational set in an F-algebra with domain M, and where P is a
property of the elements of M. Such an assertion expresses that P is univer-
sally valid on L.

Example 1.5 Let X := {f,z,y} and L C X* be the language defined as
the least solution (it is actually the unique solution) of the equation L =
fLL U {x,y}. This language is the set of Polish prefix notations of the terms
in T({f,z,y}) where p(f) = 2 and p(z) = p(y) = 0. It satisfies the assertion
Yw € L. P(w) where property P(w) is defined by:

2wl =|w|—1 A Yue X" (u<w=2uly > |ul).

Here |w| denotes the length of a word w, |w|; the number of occurrences of f
in w and < the strict prefix order on words. Establishing the following facts is
a routine exercise:

(i) P(w) holds if w = x or w = y;
(ii) P(w) holds if w = fwywy and P(w;) and P(ws) both hold.

Then the proof that Vw € L. P(w) holds can be done by induction on the length
of a derivation sequence of a word w in L, relative to the context-free grammar
with rules A — fAA, A — x and A — y.

However this proof can also be formulated in terms of equation systems. By
the Least Fixed-Point Theorem (Theorem 3.7), the least solution in P(M)™ of a
system S of the form (1.4) is also the least solution of the corresponding system
of inclusions:

L1 2 pl(Lh . ,Ln)
: : (1.5)
L, Dpn(Le,...,Ly)

where L; C M. In the above example, Facts (i) and (ii) can be restated as the
inclusion:

Kp 2 fKpKpU{z,y} (1.6)
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where Kp := {w € X* | P(w)}. Since the language L, defined by L = fLL U
{z,y}, is also the least solution of (1.6), we have L C Kp which yields the
validity of Vw € L. P(w).

We will say that an assertion of the form Yw € L. P(w) is provable by fized-
point induction in order to express that this method applies, i.e., that property
P satisfies Facts (i) and (ii). A property () may be universally valid on the
language L without this being provable by fixed-point induction. For example
consider the property Q(w) defined for w € X* by |w| = 1 or w # @ (where
w denotes the mirror image of w) and Kg := {w € X* | Q(w)}. It is not true
that fKgKg C K¢ (since x and f belong to Kg and fzf ¢ Kg). However
L C Kq. Hence the valid assertion Yw € L. Q(w) is not provable by fixed-point
induction.

In order to establish that @ is universally valid on L it suffices to find a
property R such that:

(1) Vw € X*(R(w) = Q(w)) is true, and
(2) Yw € L. R(w) is provable by fixed-point induction.

We can take R(w) <= w € {z,y}UfX*{z,y}. We prove in this way a stronger
assertion than Vw € L. Q(w) which was the initial goal.

Finding such R is always possible in a trivial way, by taking R(w) to mean
that w belongs to L, which does not yield any proof since (1) is just what is to
be proved and (2) holds in a trivial way. Hence this observation is interesting
if R can be found such that (1) and (2) are “easily provable”, which is not a
rigorous notion. A proof method can be defined by requiring that R is expressed
in a particular language and/or that the proofs of (1) and (2) can be done in
a particular proof system. We will give below an example of such a situation
(Proposition 1.6). O

We generalize the notion of an assertion provable by fixed-point induction
to systems of equations. Let S be an equation system of the general form (1.4)
and let (Lq,..., Ly,) be its least solution in P(M)™ for some F-algebra M. Let
(P;)1<i<n be an n-tuple of properties of elements of M, such that the assertion

is true. We say that this assertion is provable by fized-point induction if:

Kpi Qpi(KPU'--aKP ) (18)

n

for each ¢ = 1,...,n, where Kp, denotes {d € M | P,(d)}. It follows from
the Least Fixed-Point Theorem that the validity of (1.8) for all ¢ implies that
L; C Kp, for all 4, hence that the considered assertion (1.7) is true. The proof
method consisting in proving (1.8) to establish (1.7) is thus sound.

Let us go back to context-free languages. Let the context-free language
L; C A* be defined as the first component of the least solution (Ly,..., L) of
an equation system S = (xl =Dy, Ty = pn>.
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Proposition 1.6 For every regular language K such that L; C K, there exists
an n-tuple of regular languages (K71,..., K,) such that K; C K and such that
the assertion:

Vi € [n],Vd € L;.d € K;

is provable by fixed-point induction.

Proof sketch: We have K = h™!(N) where h is a homomorphism of A*
into a finite monoid? Q = (Q,-g,1lg) and N C Q ([*Eil, *Sak]). We define
K; == hY{(W(L;) = U{h™'(q) | ¢ € Q, h™ (q) N L; # 0}. Note that this
definition does not depend on N.

We first prove that K; C K. We consider a word v in K;. For some word
v" in Ly, we have h(v) = h(v'). Since Ly C K, we have v' € K. Hence v € K
since h(v') € N and K = h='(N). This achieves the first goal.

In order to prove that for each i we have p;(K7, ..., K,) C K;, we need only
consider a monomial « of p; (i.e., the righthand side of a rule z; — « of the
context-free grammar S) and prove that:

wo kK, wy -+ Ky wg C© K, (1.9)
where a = wox;, w1, - - - Ty, Wi With wo, ..., w, € A*. Let v; € K;, for j =
L,..., k. There exist vy,...,v; such that h(v}) = h(v;) and v} € L;; for each j.
Hence the word v = wovjws - - - vjwy belongs to L;, because (Lq,...,L,) is a

solution of S. Letting v = woviw; - - - vywy, we have h(v) = h(v') hence v € K;.
This proves inclusion (1.9) and completes the proof of the proposition. m

This result shows that assertions of the form L C K where L is a context-
free language and K is a regular one can be proved by fixed-point induction.
The proofs that a “guessed” n-tuple (K7,..., K]) satisfies K; C K and the
inclusions K/ D p; (K1, ..., K]) establish that L; C K and use only algorithms
on finite automata: Boolean operations, concatenation and emptiness test.

1.2.2 Some properties of series-parallel graphs
We now show that fixed-point induction can also be used for proving universal

properties of equational sets of graphs. We use the example of the set of series-
parallel graphs defined by Equation (1.3) considered in Section 1.1.3:

S = (S/S)u(SeS)uU{e}

°Q = (Q,-0,1g) is a monoid if the binary operation -g is associative with 1g as unit
element.
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where S C J5. We will prove the assertions VG € S. P;(G), where the properties
P; are defined as follows:

P (G) :<= G is connected,

P,(G) :<= (@ is bipolar,

P;(G) :<= G is planar,

P,(G) :<= G has no directed cycle.

A directed graph G with two sources denoted by sreg(1) and sreg(2) (cf. Sec-
tion 1.1.3) is bipolar if it has no directed cycle and every vertex belongs to a
directed path from sreg(1) to sreq(2).

Following the same method as for the language L of Example 1.5, we need
only prove that P;(e) holds and that, for all graphs G, H in J35': P;(G) A P;(H)
implies P;(G J/ H) N P;(G e H).

These facts are clearly true for properties P; and P,. The assertions that
every graph in S satisfies P; on the one hand and P, on the other are thus
provable by fixed-point induction, hence P; and P are universally valid on S.

Property P; is not provable in this way because it is not true that, for all
graphs G, H in J3§', P3(G) A Ps(H) implies P3(G /) H). For a counterexample,
take H to be an edge, G to be K5 minus one edge (K5 is a complete simple
undirected graph with 5 vertices) and equipped with sources in such a way that
G /) H is isomorphic to K5, which is non-planar. However, G and H are both
planar, hence satisfy Ps.

For proving that every series-parallel graph is planar, we can use the property
@ saying that a graph has a planar drawing with its two sources on the external
face. (The books [*Die] and [*MohaTho] give formal definitions about graphs
on surfaces.) This property is provable by fixed-point induction (with respect
to the equation defining S), hence it is true for all graphs in S. Since Q(G)
implies P3(G) for all graphs G in Jg!, we obtain the announced result.

The case of property Py (the absence of directed cycles) is similar. The asser-
tion that every graph in S satisfies P, is not provable by fixed-point induction,
however it is true. For proving it, one takes the stronger property P» considered
above.

This proof technique can be applied to systems of equations (and not only
to single equations) and to graph properties expressed in monadic second-order
logic (see Section 1.3). More precisely, for every such graph property P and
every equational set of graphs L:

(1) we can decide whether or not P is universally valid on L,

(2) if P is, then we can build a set of auxiliary properties, like the sets
Ky, ..., K, in Proposition 1.6, that yields a proof by fixed-point induction
of the universal validity of P on L.

These constructions and the verification of conditions like (1.8) can be done by
algorithms.



34 CHAPTER 1. OVERVIEW

1.2.3 Inductive sets of properties

We now consider properties that are not necessarily universally valid on the
considered sets of graphs, so that they raise decision problems. We will consider
a graph property as a function from graphs to { True, False}.

Example 1.7 Cographs.

The property E(G) that a cograph G (cographs are defined in Section 1.1.2)
has an even number of vertices is not universally valid. However, it satisfies the
following rules:

E(1) = False,
E(GoH) = (BE(G) < E(H)),
E(Ge H) = (E(G)< E(H)).

For Boolean values p and ¢, p < ¢ is defined as usual as ((pAq) V (—pA—q)). Tt
follows that if a cograph G is the value of a term ¢ in T({®, ®,1}) (we denote
this by G = wval(t)), then the validity of E(G) can be determined by computing
E(val(t')) for all subterms ¢ of ¢, by starting from the smallest ones. This
type of computation can be done by automata on terms that we will present in
Section 1.2.4.

The property F(G) defined as “G has an even number of edges”, can be
checked in a similar way by computing simultaneously E(val(t')) and F(val(t"))
for every subterm ¢’ of . This computation uses the following rules:

F(1) = True,
F(GoH) = (F(G)« F(H)),
FGoH) = ((F(G)(:)F(H)) A (E(G)VE(H))) v

((F(G) = ﬂF(H)) A (ﬂE(G) /\—|E(H))).

Hence, F(G) can be checked with the help of E(G) as additional information.
O

We now generalize this computation method. We introduce a definition
relative to an arbitrary F-algebra M. Let P be a set of properties, i.e., of
mappings: M — {True, False}. We say that P is F-inductive if for every P € P,
for every f € F of arity n > 0, and for every my, ..., m,, in M, the Boolean value
P(fm(ma,...,my)) can be computed by a fixed Boolean expression depending
on P and f, in terms of finitely many Boolean values Q(m;) with @ in P and
1=1,...,n.

In the previous example, the set of properties {E, F'} is {®, ® }-inductive for
the algebra of cographs, but the set {F'} is not. The computation of F(G ® H)
can be expressed by:

F(G® H) = B(E(G), F(G), E(H), F(H))
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where B(p1,p2,ps,ps) is the Boolean expression:

((Pz < pa) A (p1 \/Ps)) \4 ((P2 & —pa) A (Fp1 A ﬁp3))~

In order to have a uniform notation, if P is finite and is enumerated as
{Pi,..., Py}, we write:

Pi(fM(mlv s 7mn)) =
Bi,f(Pl(ml)a .. .,Pk(ml),Pl(mg), .. .,Pk(m2)7 s 7P1(mn)7' c apk(mn)>

to formalize the way P;(fm(m1,...,my)) can be computed from the Boolean
values P;(m;). In this writing, each B; ; is a Boolean expression in the propo-
sitional variables py j, 1 <h <k, 1 < j <n, and P,(m;) is substituted in B; ¢
for pp ;.

An important theorem is the following one:

Theorem 1.8 (Filtering Theorem, concrete version)

Let M be an F-algebra and P be a finite F-inductive set of properties. For
every equational set L of M, for every P in P, the set Lp := {x € L | P(x)} is
equational. If the Boolean expressions involved in the definition of the induc-
tivity of P are given, then the construction of a system of equations defining
Lp from one defining L is effective, i.e., can be done by an algorithm. O

The classical result saying that the intersection of a context-free language
and a regular one is context-free is a special case of this theorem. Let us consider
the language L of Example 1.5 defined by the equation L = fLLU{z,y}. From
this language we want to keep only the words whose length is a multiple of 3.
For i € {0,1,2}, we let L; := {w € L | mods(Jw|) = i}. The triple (Lo, L1, L)
is the least solution (and actually also the unique one) of the system:

Ly = fLoLaVU fL1LyU fLyLo,
Ly = fLoLoU fL1LoU fLyLy U{x,y},
Lo = fLoLyU fLiLoU fLoLo.

It follows that the language L is context-free. A similar example for cographs
is System (1.2) in Section 1.1.2 (cf. the discussion after (1.2)).

Corollary 1.9 Let M and P be as in Theorem 1.8. For every equational set L
of M, one can decide whether or not a property P in P is universally valid on
L, and whether or not it is satisfied by some element of L.

Proof sketch: We assume that L is given by a system of equations S. By
using Theorem 1.8 we can construct a system S’ that defines Lp. As noted in
Section 1.1.4, we can test the emptiness of the components of the least solution
of S/, hence in particular of Lp. We can thus decide if P is satisfied by some
element of L.

Since P is inductive, so is PU{—P}. We can apply the previous result to - P.
Then P is universally valid on L if and only if L_p = ), which is decidable. =
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Example 1.10 We again let L be the language of Example 1.5 defined by the
equation L = fLL U {z,y}. We know from this example that every word of L
has odd length (because |w| = 2|w|; + 1 for every w € L), but we will see how
the algorithm of Corollary 1.9 “discovers” this fact. Let Ky and K; be the sets
of words in L of even and odd length respectively. These languages are defined
by the two equations:

Ky fKoK1 U fK1 Ky
K, = fKoKoUfK K U{z,y}.

It is easy to see that K is empty (just look at the corresponding context-free
grammar). Hence K7 = L and every word of L has odd length. O

It is useful to have a proof by fixed-point induction that a property is univer-
sally valid on an equational set although an algorithm can also give the answer,
because a proof is more informative than the yes or no answer of an algorithm:
it shows the properties of all components of the solution of the equation system
that “contribute” to the validity of the proved property. This is clear in the
case of Proposition 1.6.

We now consider one more example about graphs.

Example 1.11 The 2-colorability of series-parallel graphs.

We illustrate Theorem 1.8 with the 2-colorability of series-parallel graphs. A
proper vertex k-coloring of a graph assigns to each vertex a color, i.e., an element
of {1,...,k} such that two adjacent vertices have different colors. A graph is
k-colorable if it has a proper vertex k-coloring. We consider three properties of
a series-parallel graph G defined as follows:

v2(G) <= G is 2-colorable,
o(G) <= G is 2-colorable with the two sources of the same color,
d(G) <= G is 2-colorable with the two sources of different colors.

The set of series-parallel graphs is defined by Equation (1.3)
S = (S/S)u(SeS)U{e}

in the algebra (73!, /, e, €).

Property 79 is not universally valid on S because v2(e// (ese)) = False.l® The
set {72} is not inductive because y2(e) = True, y2(eoe) = True, ya(efe) = True
and ya(e / (e o €)) = False. It follows that the validity of v2(G / H) cannot be
deduced from those of ¥2(G) and v2(H). Hence, as in the case of property F'
for cographs in Example 1.7, we need additional properties. They will be o and

100ne can prove by fixed-point induction that every series-parallel graph is 3-colorable in
such a way that its two sources have different colors.
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8. The set {,d} is inductive; this is clear from the following facts:

o(G o H) (0(G) Aa(H))V (§(G) AS(H)),

J(GeH) = (3(G)Ac(H))V(o(G)AS(H)), (1.10)
o(GJH) = o(G)ANo(H),

§(GJH) = 6(G)N(H).

One can thus compute for every term ¢ in T'({/, o, e}) the pair of Boolean values
(o(val(t)),d(val(t))) by induction on the structure of ¢ (where val(t) is the graph
in J5' defined by a term t). From the pair of Boolean values associated with a
term ¢ such that val(t) = G, one can decide whether v2(G) holds or not, since
for every graph G in J3', 72(G) is equivalent to o(G) V §(G). This computation
can be formalized as the run of a finite deterministic automaton on ¢ because
the considered inductive set of properties, here {c,d}, is finite. The finiteness of
a set of inductive properties is the essence of the notion of recognizability that
we now introduce informally.

1.2.4 Recognizability

In Formal Language Theory, the recognizability (or regularity) of a set of finite
or infinite words or terms means frequently that this set is defined by a finite
automaton of some kind. Recognizable sets of finite words and terms are defined
by finite deterministic automata and this fact yields algebraic characterizations
of recognizability in terms of homomorphisms into finite algebras. In particular,
a language L C A* is recognizable if and only if L = h=1(N) where h : A* — Q
is a monoid homomorphism, Q is a finite monoid and N C Q. (We have used
this fact in the proof of Proposition 1.6).

This characterization has the advantage of being extendable in a meaningful
way to any algebra, whereas the notion of automaton has no immediate gener-
alization to arbitrary algebras. Furthermore, it fits very well with the notion
of an equational set. The Filtering Theorem shows this, as we will explain in
Section 1.2.5.

Following Mezei and Wright [MezWri], we say that a subset L of an F-algebra
M (where F is finite) is recognizable if L = h='(N) for some homomorphism
of F-algebras h : M — Q where Q is a finite F-algebra and N C Q. We will
denote by Rec(M) the family of recognizable subsets of M.

The above definition of recognizability of L is equivalent to saying that
the property PL of the elements of M such that PY(z) is True if and only
if x € L, belongs to a finite F-inductive set of properties. In fact, assume
that L is recognizable and let @ = {qi,...,qr}. Define for each i € [k]
the property P; by: P;(m) <= h(m) = ¢;. Since h(fu(mi,...,my,)) =
fo(h(mq), ..., h(my)), the Boolean value P;(fy(m1, ..., my)) can be computed
from the Boolean values P,(m;), by a Boolean expression. Thus, {P1,..., P}
is F-inductive in M. Hence, also the set {PY, Py, ..., P;} is inductive, because
Pi(m) =V gen Pi(m). The other direction of the equivalence is discussed in
Section 1.2.5.
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Proposition 1.6 also holds in general for recognizable sets instead of regular
languages (with exactly the same proof, replacing A* by M). Thus, inclusions
L C K with L € Equat(M) and K € Rec(M) are provable by fixed-point induc-
tion, using auxiliary properties that correspond to recognizable subsets of M.
Together with Corollary 1.9, this shows that the analogues of statements (1)
and (2) at the end of Section 1.2.2 hold for properties that correspond to rec-
ognizable sets, in arbitrary algebras.

We now recall the link between recognizability for subsets of T'(F') and finite
automata on terms (i.e., bottom-up finite tree automata). Let us consider a set
L € Rec(T(F)) defined as L = h™!(N) where h is the unique homomorphism:
T(F) - Q, Q is a finite F-algebra and N C Q. (Note that h(t) = tg). The
pair (Q, N) corresponds to a finite deterministic and complete F-automaton
o/ (Q, N) (the general definitions can be found in the book [*Com+] and in the
book chapter [*GecSte], Section 3.3) with set of states @, set of accepting states
N and transitions consisting of the tuples (ai,...,a,), f,a) such that f € F,
at, ..., ap5),0 € Q and a = folay,...,a,y)).

On each term ¢ in T'(F), the automaton & = «/(Q,N) has a unique
(“bottom-up”) run, defined as a mapping rung ;. : Pos(t) — @Q such that
rung +(u) = h(t/u) for every position'’ u of t. Hence ¢ is accepted by o if
and only if h(t) = rungy (root,) € N.

Conversely, if L is the set of terms in T'(F') accepted by a finite, possibly not
deterministic, automaton £, then it is also accepted by a finite deterministic
and complete automaton &/ (that one can construct from %) and there is a
unique pair (Q, N) such that &/ (Q, N) = «/. Hence, L is recognizable in T(F).

By a recognizable set of graphs, we will mean a subset of a graph algebra that
is recognizable with respect to that algebra. No notion of “graph automaton”
arises from this definition. However, we obtain finite automata accepting the
sets of terms that denote the graphs of recognizable sets (this is true because
the signature is finite). We will give a more precise statement in Theorem 1.12
below.

1.2.5 From inductive sets to automata

Let P = {P1,..., P} be a finite inductive set of properties on an F-algebra
M where F' is finite. We associate with P a finite deterministic and complete
F-automaton ./ = .&/(Q, N) as follows. Its set of states is Q = { True, False}*;
its transitions, i.e., the operations of Q, are defined in such a way that for every
fin F of arity n, we have: fo(q1,...,qn) = ¢ if and only if ¢; = (a1, ..., ak),
q = (by,...,by) belong to { True, False}* and (we use the notation introduced
in Section 1.2.3):

bi = Bif(a1,1,- -, 0k,1,01,2, -, Qk,2, - Qlns - -5 Qo)

It follows that for every t € T(F),tg = (Pi(tm), - - ., Px(tm)) € { True, False}*.

11 The set Pos(t) of positions of ¢ is the set of occurrences of the symbols of F. We denote
by t/u the subterm of ¢ issued from u and by root; the first position of ¢. Formal definitions
are in Chapter 2.
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Hence if we want to specify by an automaton the set of objects m € M that
satisfy Ps(m) (to take an example), we take as set N of accepting states the
set of Boolean vectors (by, ..., bx) such that b3 = True. More precisely, a term
t € T(F) is accepted by & if and only if ¢y has property Ps.

This proves the implication (2) = (3) in the next result. The other direction
also holds, provided M is generated by F' (as defined in Section 1.1.4).

Theorem 1.12 Let M be an F-algebra generated by F', where F' is finite, and
let L C M. The following are equivalent:

(1) L is recognizable in M,

(2) L = {m € M | P(m)} where P belongs to a finite F-inductive set of
properties,

(3) the set of terms ¢ in T'(F) such that ¢y belongs to L is recognizable in
T(F'), equivalently, is the set accepted by a finite F-automaton. O

The equivalence of (1) and (2) gives a concrete meaning to the algebraic
notion of recognizability (and does not need M being generated by F'). The im-
plication (1) = (2) was shown in Section 1.2.4. The other direction follows from
the above discussion. If h: M — @ is defined by h(m) := (Py(m), ..., Py(m)),
then A is a homomorphism from M to the finite F-algebra Q, because P is
inductive. And, e.g., h"1(N) = {m € M | P3(m)}.

Let L be an equational set of M, defined by an equation system S = (x; =
Ply---yTn = Pp), and assume that L C {m € M | Ps(m)}. The equivalence
of (1) and (2) implies that such an inclusion is provable by fixed-point induction,
using auxiliary properties Ry,..., R, that belong to a finite inductive set of
properties. In fact, considering the proof of Proposition 1.6, with the above
definition of Q, N and h, it can be seen that every R; is a Boolean combination
of Py,..., Py and hence PU{Ry,...,R,} is an inductive set of properties.

The equivalence of (1) and (3) implies that the membership in a recognizable
set of an element of M, given as ty, for some term ¢ in T'(F'), or the validity of
P(ty) where P belongs to a finite inductive set of properties, can be checked in
time O(|t|), i.e., in time linear in the size of t.

Let us go back to Example 1.11 about the 2-colorability of series-parallel
graphs. For the inductive set P = {0, } we obtain the set of states

Q = { True, False} x { True, False} = {(0,6), (0,0),(7,9),(7,0)},

where, for readability, we use o and § to denote True and @ and 6 to denote
False. For every state ¢ € Q) we let S; be the set of series-parallel graphs G
such that (0(G),d(G)) = q, i.e., Sy = h™1(q) NS with h(G) = (¢(G),(G)) (cf.
the proof of Proposition 1.6). Thus, S, s is the set of series-parallel graphs that
satisfy o and ¢, Smg the set of those that satisfy o and not 6, Sz the set of
those that satisfy  and not o, and 53,5 the set of those that satisfy neither o
nor . From Properties (1.10) we obtain the operations /g, eg and the constant
eq, which determine the transitions of the automaton «/. For example, since



40 CHAPTER 1. OVERVIEW

the graph defined by e satisfies 6 and not o, we have eg = (7,6). As another
example, if G = H ¢ K and both H and K satisfy § and not o, then G satisfies
o and not J; hence og((7,9), (7,6)) = (0,9).
From the defining equation S = (S / S)U (S e S) Ue and the transitions of
o/ we obtain the following system of equations that define the sets S, 5, S7,s,
So—,S and Sﬁ,g (we omit parentheses around terms like S, 5 / S5 for better
readability):
(a) 50,5 = So‘,é // Sa’,é )
So508:5 U So505,5 U So5055 U
S,595,5 U Sz505:.

(b) Sss = eU Sz5/S55 U Sos// S5 U Sz.6/ Sos U
SO}S s 576 U SF’ZS o SO’,S

(C) SJ’S = SJ,&//SU’E U SUA,S//SU#S U SO‘,S//SG‘,S U
SO’,S.SO',E U 55’5055’5

(d) Sﬁ’g = 5//5!5US5//505U55//505U55//53
05//56USO’5//S¢76USU<S//S<75USU5//SE

05//505 U SJJ.SU‘S U SU(S. 7,0 U Scré.S 0
Sﬁ,é.sﬁ,é U SUa5.SE,6 U 50,505575 U 50,5. 5,5

These equations are constructed as follows. Since eg = (7,9), the constant
symbol e is put in the righthand side of the equation that defines Sz s and
nowhere else. Moreover, for f € {/,e}, if fo(q1,92) = ¢, then we put the
monomial f(S,,S,) in the righthand side of the equation that defines S,,.
Thus, Sz, ® Sz s is in the righthand side of Equation (c).

Since we have e in the righthand side of Equation (b), we have Sz s # 0.
Using this fact and since we have the term Sz s ® Sz 5 in the righthand side of
Equation (c), we have S_5 # (). And by these facts and since we have Sy oS, 5
in the righthand side of Equatlon (d), we have S_~ # (). Since every term in the
righthand side of Equation (a) contains Sy 5, we have Sy,6 = (0. This proves that
no series-parallel graph has one coloring of type ¢ and another one of type §.
Moreover, according to the proof of Proposition 1.6, this property is provable
by fixed-point induction, as the reader can easily check. Using this and the
commutativity of //, we can simplify the system into the following one:

(b/) 5575 e U SE’(S//SE’(S U 5073. 7,0 U SEﬁ.So’S

() S,5 = S,5/55VY S,595,5 U S550555

(d) S5 = Sz5/ 55U S;5/ 56U Sz5/S5,5U Szs/S,5 U
Sag 05US < e UEUSL 057*
Sz 555 U 505'555
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Thus, this construction proves that every series-parallel graph either has no 2-
coloring (it is then generated by SEE) or has one of type o and none of type §
(it is generated by S, 5) or has one of type ¢ and none of type o (it is generated
by Szs). Let us for clarity replace Sgyg by T, and Sz by Ts. Then the set T'
of 2-colorable series-parallel graphs is defined by the equation system:

T = T,UT;
T, = TU//TUUTUOTUUT(;OT(;
Ts = eUTg//TgUTJOTgUT(;OTU

The construction of this system is based on Properties (1.10). A similar con-
struction can be done for every equation system and every finite inductive set
of properties, which proves the Filtering Theorem (Theorem 1.8).

1.3 Monadic second-order logic

We now introduce monadic second-order logic, a logical language with which
we will specify finite inductive sets of properties. It is actually a favorite lan-
guage among logicians because it is decidable for many sets of (finite or infinite)
structures. Furthermore, it is suitable for expressing numerous graph properties.

1.3.1 Monadic second-order graph properties

We first explain how a graph can be made into a logical structure, hence can be
a model of a sentence. For every graph G, we let |G| be the relational struc-
ture'?'13 (Vg edg ) with domain Vg, the set of vertices. Its second component
is the binary relation edg, C Vi x Vg, such that (z,y) € edg if and only if
there exists an edge from zx to y if G is directed, and an edge between x and y
if G is undirected.

The classical undirected graphs K,, and K, ,, are represented by the follow-

ing relational structures'*:

LKRJ = ([n], edgn>7
edg,(z,y) = wz,y€[n]and z #y,
LKH,mJ = ([n +m], 6dgn,m>

edgn,m(x,y) = 1<z<nandn+1<y<n+m, or
I1<y<nandn+1<zx<n+m.

Properties of a graph G can be expressed by sentences'® of relevant logical
languages, that are interpreted in |G]. For example, if G is a directed graph,

12Tn some cases, we will write G instead of |G].

13Relational structures are first-order logical structures without functions of positive arity.
See Section 1.9 and Chapter 5 for detailed definitions.

14[n] denotes {1,...,n}.

15 A sentence is a formula without free variables. The notation S |= ¢ means that a sentence
@ is true in the relational structure S; in that case S is said to be a model of ¢.
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then
|G| = Va3y, 2(edg(y, x) A edg(z,z))

if and only if every vertex of G has at least one incoming edge and at least one
outgoing edge (we may have y = z = z). If G is a simple undirected graph,
then we have:

1G] | ¥ (—edg(,2)) A ~Tw,z,y, = (edg(w, 2) A edg(a,y) A edg(y, 2)
A —edg(w,y) A —edg(w, z) A —edg(x, z))

if and only if G has no loop and no induced subgraph isomorphic to Py (Py is the
graph e —e—e—e). If GG is assumed finite and nonempty, this property expresses
that it is a cograph. This is an alternative characterization of cographs that has
no immediate relation with the grammatical definition given in Section 1.1.2.

A simple graph G is completely defined by the relational structure |G|: we
will say that the representation of G by |G] is faithful. This representation
is not faithful for graphs with multiple edges: the graphs e and e // e (we use
here the notation of Section 1.1.3) are not the same but the structures |e| and
le/ e| are. The graph properties expressed by logical formulas via the structures
|G| are necessarily independent of the multiplicity of edges. We will present
in Section 1.8 a representation of a graph G by a relational structure denoted
[G] that is faithful, where each edge of G is also an element of the domain
of [G]. The incidence between edges and vertices is represented by two binary
relations in [G] if G is directed and by only one if G is undirected. By using this
alternative representation, we will be able to express properties that distinguish
multiple edges.

The above two examples use first-order formulas whose variables denote ver-
tices. Monadic second-order formulas have a richer syntax and wider expressive
power. They also use variables denoting sets of vertices. Uppercase variables
will denote sets of vertices, and lowercase variables will denote individual ver-
tices. The property:

|G| |:3X(E|x.:v€X AN JyydX A Vx,y(edg(x,y)é(xEX@yéX)))

holds if and only if G is not connected. (We consider the empty graph as
connected.) In this sentence, X is a set variable. Let -3 be the sentence:

XY, Z (Pm(X, Y, Z) A
Vx,y(edg(x,y) ANr#ty = ﬂ(xeX ANyeX)A
ﬁ(xEY A er) A ﬁ(acEZ A yEZ))

where Part(X,Y, Z) expresses that (X,Y, Z) is a partition'6 of the domain. The

16 A partition may have empty components.
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formula Part(X,Y, Z) is written as follows:

Vx((xEX\/J:GY\/xGZ) A (ﬁ(xGX ANz€eY)A
“(reY NxeZ) AN (zeX A er))).

Then |G| = 73 if and only if G is 3-colorable. That the ends of an edge are in
different sets X, Y, Z means that they have different colors.

For each integer k, one can construct a similar sentence -y, such that, for
every graph G, we have |G| |= v, if and only if G is k-colorable.

Many graph constructions can be expressed in terms of basic ones like choos-
ing subsets and computing transitive closures of binary relations. The example
of 3-colorability illustrates the first of these basic constructions. We have given a
sentence expressing non-connectivity. Its negation expresses connectivity, hence,
a property of the transitive closure of the relation edgq, U edgg;l. We now give
an explicit construction of the transitive closure of an arbitrary binary relation.

Let R be a binary relation that is either a relation of the considered relational
structure (|G| or a more general one) or is defined by a formula R(u, v) with free
variables u and v. We say that a set X is R-closed if it satisfies the condition
Vu,v(u € X A R(u,v) = v € X). The formula ¢(z,y), defined as

VX(z € X A “X is R-closed” = y € X)

(where “X is R-closed” is to be replaced by the formula expressing this condi-
tion), expresses that (z,y) belongs to R*, the reflexive and transitive closure of
R, i.e., that there exists a finite sequence z1, ..., z,, such that x = 21, y = 2,
and (z;,zi41) € Rfor alli = 1,...,n — 1. We sketch the proof of this claim.
If = 21, y = 2z, with (z;,2;41) € R for all ¢, then for every R-closed set X
such that x belongs to X, we have z; € X for alli=1,...,n, hence y € X and
(x,y) holds. Conversely, if ¢(x,y) holds then one takes X = {z | (z,2) € R*}.
It is R-closed, hence y € X and (z,y) belongs to R*.

In order to have a uniform notation, we denote by TC[R;x,y] this for-
mula ¢(x,y). We can use it to build a formula with free variable Y expressing
that G[Y], the induced subgraph of G with set of vertices YV, is connected. We
let CONN(Y") be the formula

Vo,y(z € Y Ay € Y = TC[R; z,y))
where R is the relation defined by the formula ¢ with free variables u, v and Y:
u€eY AveY A (edg(u,v)V edg(v,u)).

The variable Y is free in g, hence it is also free in the monadic second-order
formula TC[R; x,y]. It is clear that the formula CONN(Y') expresses the desired
property. This formula can be used for expressing further properties. The
following sentence expresses that an undirected graph G has a cycle with at
least 3 vertices:

Hx,y,z(x;éy/\y;«éz/\x;ﬁz/\edg(x,z)/\edg(z,y) A
ay(z¢ymeYAerACONN(Y))).
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Together with the expressibility of connectivity, we can thus express that a
simple undirected graph is a tree'”.

Aiming at the expression of planarity, we examine the monadic second-order
expressibility of minor inclusion. We consider undirected graphs. We say that H
is a minor of G, denoted by H <G if and only if H is obtained from a subgraph
G’ of G by edge contractions. A graph G is planar if and only if it has no minor
isomorphic to K5 or to K3 3. (This is a variant due to Wagner of a well-known
result by Kuratowski; it is proved in the books [*Die] and [*MohaTho]).

Lemma 1.13 Let H be a simple, loop-free, undirected graph with set of ver-
tices [n]. A graph G contains a minor isomorphic to H if and only if there are

in G pairwise disjoint nonempty sets of vertices Y7, ...,Y,, such that each graph
G[Y;] is connected and for every edge of H between ¢ and j, there exists an edge
in G between u and v such that u € ¥; and v € Yj. O

Corollary 1.14 For every graph H as in Lemma 1.13, there exists a monadic
second-order sentence MINOR gy such that, for every undirected graph G, we
have |G| = MINORy if and only if G has a minor isomorphic to H.

Proof: The construction follows from Lemma 1.13. One takes for MINOR g
the sentence:

Ivi,. .. Yn(/\lgign ((By.y € Y;) A CONN(Y;)) A
Ni<ici<n ~Jy(yeYiny eYj) A
Nij)eedg,, Ju,v(u € Y; AveEY;A edg(u,v))).

Corollary 1.15 An undirected graph is planar if and only if it satisfies the
sentence "MINORg, A -MINOR, , . O

With this collection of examples, the reader should have a good idea of how
one can express graph properties in monadic second-order logic. However, not all
graph properties can be expressed in this language. Here are some properties
of a graph G and of subsets X,Y of its vertex set Viz that are not monadic
second-order expressible.

Py : The cardinality | X| of the set X is even,
P, : | X] is a prime number,
Py [X| =Y,

P, : G has a non-trivial automorphism,

I7A tree is a nonempty connected undirected graph without cycles. This last condition
implies that a tree has no loops and no multiple edges. The absence of loops is expressed
by the sentence Va(—edg(x,x)), but the absence of multiple edges cannot be expressed by a
sentence interpreted in |G].
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P;5 : G has a Hamiltonian cycle.

There are however some differences between these properties, and we have
remedies in some cases. For Property P;, the remedy consists in extending the
language by adding a set predicate, Even(X), expressing that the set X has
even cardinality. All results that we will prove for monadic second-order logic
hold for the extended language called counting modulo 2 monadic second-order
logic. The notation CoMS will refer to it (and MS will refer to formulas written
without cardinality predicates).

Property Ps is actually expressible by a sentence of monadic second-order
logic that additionally uses quantifications on sets of edges, and the incidence
relations between edges and vertices. This language is based on the represen-
tation of a graph G by the richer relational structure than |G| that we will
define in Section 1.8 and denote by [G]. It can be viewed as another extension
of monadic second-order logic that we will denote by MSs where the index 2
recalls that there are two types of elements in the domain of [G], vertices and
edges. There are some significant differences between the languages MS and
MS; but our main results presented in the next sections and their applications
to the construction of fixed-parameter tractable algorithms have formulations
that apply to MSs as well as to MS.

Concerning the other three properties, there is nothing to do. Adding new
set predicates, say Card prime(X) expressing that |X| is a prime number, or
EqCard(X,Y) expressing that | X| = |Y|, or Auto(X) expressing that G[X] has
a non-trivial automorphism, yields extensions of monadic second-order logic for
which the results to be presented in Sections 1.4, 1.5 and 1.6 fail.'8

1.3.2 Monadic second-order logic and recognizability

Logical sentences express properties of relational structures of the appropriate
type. They can also be viewed as finite specifications of sets of structures,
namely, their sets of models. We first make precise the corresponding termi-
nology. For a logical language £ (such as MS, CoMS, or MS,), we say that
a property of relational structures over a fixed finite set of relation symbols
is L-expressible if it can be expressed by a sentence of L. A set L of such
structures is L-definable if the membership of a structure in L is L-expressible.
These definitions are applicable to graphs represented by relational structures.
Hence, with respect to a fixed representation, we will say that a graph property
is L-expressible. Examples have been given above. Let C be a set of graphs; an
element of C will be called a C-graph. We will say that a set of graphs L C C
is an L-definable subset of C (or, an L-definable set of C-graphs) if the mem-
bership of a graph in L is L-expressible and the considered representation is
faithful for C-graphs. Hence, the connectedness of a graph G is MS-expressible
with respect to its representation by |G], but the set of connected graphs is
not an MS-definable set of graphs, because this representation is not faithful

18We have actually no proof of this failure for Card pyime (X). We will give the proof for
another numerical predicate (see the end of Section 7.5).
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for graphs with multiple edges. On the other hand, the set of connected simple
graphs is an MS-definable set of simple graphs. In the first case C is the set of
all graphs, and in the second case it is the set of all simple graphs.

Let F be a finite signature. There is a bijection between T'(F') and a set of
labelled trees that are simple graphs. It follows that every term ¢ in T'(F') can be
faithfully represented by a relational structure [t| over a finite set of relations
(the binary edge relation of the tree, and a unary relation for each label). We
say that a set L C T(F) is MS-definable if there exists an MS sentence ¢ such
that L = {t € T(F) | |t] E ¢}. Since the property that a finite relational
structure is isomorphic to [¢]| for some term ¢ in T'(F) is itself MS-expressible,
the set L C T(F) is MS-definable!? if and only if the set of relational structures
that are isomorphic to some structure |¢| for ¢ in L is MS-definable.

The following fundamental theorem is due to Doner [Don] and to Thatcher
and Wright [ThaWri] (see Section 1.10 for related references). We will prove it
in Chapters 5 and 6.

Theorem 1.16 A set of terms over a finite signature is MS-definable if and
only if it is recognizable, i.e., accepted by a finite automaton. O

For the two graph algebras G" := (G",®,®,1) and J3 := (J3', /, , ¢) whose
operations are defined respectively in Sections 1.1.2 and 1.1.3, we have the
following results:

Proposition 1.17 Every MS-definable subset of G" is recognizable in G". Ev-
ery MSy-definable subset of J3' is recognizable in Jg. 0

This proposition is a corollary of the Recognizability Theorem (stated below
in Section 1.4.3) that applies to algebras that extend G" and J§.

1.4 Two graph algebras

Up to now, we have only given two examples of graph algebras, the algebra G" in
which we have defined the cographs and the algebra J$ in which we defined the
series-parallel graphs. These algebras are subalgebras of two larger algebras that
we now define. They will differ by the way in which graphs will be composed:
the first algebra has operations that “bridge” two disjoint graphs by creating
edges between them (vertex labels determine how these edges are created) and
the second one has operations that “glue” two disjoint graphs by fusing certain
vertices specified by labels. The operations from which cographs and series-
parallel graphs are defined illustrate these two types of graph composition.

19Using MSz2 or CaMS sentences for defining sets of terms would not yield a wider class of
definable sets.
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1.4.1 The algebra of simple graphs with ports

Our first graph algebra, called the VR algebra®®, generalizes the algebra GU.
In order to define more powerful edge creating operations than ®, we will use
vertex-labelled graphs. We let A be a countable set of labels. In this overview
chapter, we take it equal to NV, the set of nonnegative integers. This will simplify
some statements; in Chapter 2 we will assume that N/ C 4. We let G be the
set of (abstract) simple directed graphs?!. This set contains G" because for
simple graphs we consider an undirected edge as a pair of directed opposite
edges. This is coherent with the representation of a graph G by |G| defined in
Section 1.3.1. We let GP be the set of (abstract) graphs with ports, or p-graphs
in short, defined as pairs G = (G°, port) where G° € G and port is a mapping
Vgo — A. If portg(u) = a € A we say that u is an a-port of G and that a is
its port label. Every graph in G will be considered as the p-graph, all vertices
of which are 1-ports; hence G C GP. The operations on GP are the following

ones. First, the disjoint union??:

G@® H :=(G°® H°, portg U porty).

Then we define unary operations that manipulate port labels. For a,b € A
and G = (G°, ports) we let:

relabg—p(G) := (G°, port) where
port(u) := if ports(u) = a then b else ports(u).

The next unary operations add directed edges.?? For a # b, we define

mmb(G) as (G', ports) where Vi = Vg and
edge is edgao U {(u,v) | (porta(u), port(v)) = (a,b)}.

This operation adds an edge linking u to v whenever v is an a-port and v is a
b-port, unless there already exists one (we only consider simple graphs). It does
not add loops.

We let 1 be a constant symbol denoting a single vertex that is a 1-port and
we let 1¢ denote the same graph with a loop. The only way to define loops is
by means of these constant symbols. Moreover, we let & be a constant symbol
denoting the empty graph, that we denote also by @. We denote empty sets?*
by the different symbol (.

20We call it in this way because its equational sets, the VR-equational sets of graphs, are the
sets of graphs generated by certain context-free graph grammars whose rewritings are based
on Vertex Replacement. See [*EngRoz] or [*Eng97] for comprehensive surveys.

21«Abstract” means that two isomorphic graphs are considered as equal. This notion will
be formalized in Chapter 2.

22We assume G and H disjoint. If they are not, for instance if H = G, we replace H by
an isomorphic copy disjoint from G. It follows that @ is a well-defined binary function on
isomorphism classes of graphs, i.e., on abstract graphs.

23To add undirected edges, we use Jléb,a(ﬁza,b(e)). We will denote by add, ; the unary

—
operation that transforms G into addy o (add, »(G)).
24We consider that an empty set of numbers is not equal to an empty set of words.
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We obtain the algebra GP of (abstract) p-graphs, also called the VR al-
gebra. Its domain is GP and its signature, denoted by FVE, is the countable
set of operations introduced above. For every term ¢ € T(FVR), we denote by
tgp its value, which is a p-graph, computed according to the definitions of the
operations of FVR. The equational sets of GP are called the VR-equational sets.

The complete join G ® H can be defined in terms of the operations of FVE
as follows:

GRH:= Telabg_)l(cmg,l(ng(G D relabl_g(H)))),

hence by the term T‘elabgﬁl(le(C@)Lz(xl @ relaby_2(x2)))). Such an op-
eration, defined by a term with variables, is called a derived operation of the
relevant algebra, here GP.?°> Note that although this operation uses the port
label 2, it transforms two graphs G, H in G (G is the set of graphs, all vertices
of which are 1-ports) into a graph in the same set.

Systems of equations (that define VR-equational sets) can frequently be
written more clearly with the help of derived operations. For example, Equa-
tion (1.1) in Section 1.1.2 can be written as the following equation:

C = (C & C) U relabys (adds,1 (adds »(C & relaby2(C)))) U1,

where C' defines a subset of GP, but it is more readable as in (1.1).
For each k € A" we denote by F7)* the finite subsignature of F'V'* consisting

of the operations written with port labels in [£].2¢ Hence,
—
Fft = A{@,relaby 1, add, ,1,1°,2 | 1 < a,b < k}.

It is not hard to see that every p-graph with n vertices and port labels
in [n] is the value of a term ¢ in F\Y?. However, in many cases, much fewer
labels suffice, and for algorithmic applications it is useful to use as few labels as
possible.

In this perspective, we define the clique-width of a graph G, either directed or
undirected, as the minimum k such that G is the value of a term in T'(F, [\,g]R) This
number is denoted by cwd(G). Trees have clique-width at most 3. Cographs
have clique-width at most 2: this is clear because the above equation that defines

cographs uses only two port labels.

Proposition 1.18 Every VR-equational set of graphs has bounded clique-width.
For each k, the set of graphs of clique-width at most k is VR~equational.

Proof sketch: Let L be a VR-equational set of graphs. It is defined by an
equation system written with port labels in some set [k]. It follows that all p-
graphs belonging to the components of its least solution are the values of terms
in F[}:]R In particular, the graphs in L have clique-width at most k.

25The unary operation add, p, is also a derived operation of GPP, defined by the term

—
addy o(add, p(x1)). The operations r of the P-algebra M’ in Section 1.1.5 are derived op-
erations of the F-algebra M, defined by terms .

26Recall that [k] = {1,...,k} for k € N with [k] = 0.
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Conversely consider the sets of p-graphs S and T defined by the equation
system:

T relaba_s1 (- -+ (relabg—1(S) -+ +)) (1.11)

{ S = (SesSulUfS)ululiug

where the union extends to all unary operations f belonging to F[}CI]R. In the
equation that defines T', all port labels are transformed into 1. The set S con-
sists of all p-graphs defined by terms in T'(F, \k/]R) and the set T consists of those
whose vertices are all 1-ports, hence of all graphs of clique-width at most k. =

At the cost of some technicalities that we want to avoid here, the notion of
clique-width and Proposition 1.18 can be extended to graphs with ports. How-
ever, port labels are just a tool to construct graphs. Hence Proposition 1.18
states the main facts about the relationship between VR-equational sets of
graphs and clique-width.

The CLIQUE-WIDTH CHECKING problem consists in deciding whether or not
cwd(G) < k for given (G, k). It is NP-complete ([FelRRS]). It is not known
whether this problem is polynomial for fixed k, when k > 4, but it is when k < 3
([CorHLRRY]).

1.4.2 The algebra of graphs with sources

We now define an algebra of graphs with multiple edges, called the HR algebra®7,
that extends the algebra J§ = (75!, //, e, e) considered in Section 1.1.3.

We consider (abstract) directed or undirected graphs, possibly with multiple
edges. They form the set J. For a graph in J, Eg denotes its set of edges (and
Ve its set of vertices). We let A be a countable set of labels (as in Section 1.4.1
we take it equal to N') that will be used to distinguish particular vertices. These
distinguished vertices will be called sources, and A is the set of source labels.
(This notion of source is unrelated with edge directions).

A graph with sources, or s-graph in short, is a pair G = (G°, srcg) where
G° € J and srcg is a bijection from a finite subset 7(G) of A to a subset of
Vio. We call 7(G) the type of G and srcg(7(G)) the set of its sources. The
vertex srcg(a) is called the a-source of G; its source label, also called its source
name, is a.

We let JS denote the set of s-graphs; 7 is thus the set of s-graphs having
an empty type. Clearly, J5' C JS and the elements of 5 are s-graphs of type
{1,2}. We define operations on [JS&: first a binary operation called the parallel-
composition, a particular case of which has been defined in Section 1.1.3. For
G,H € J§ we let

G/ H:=(GUH', srcgU srcy)

2TWe call it in this way because its equational sets, the HR-equational sets of graphs, are the
sets of graphs generated by certain context-free graph grammars whose rewritings are based
on Hyperedge Replacement. We will define them in Chapter 4, Section 4.1.5. For a thorough
study, see [*DreKH] or [*Hab].
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where H' is isomorphic to H2® and is such that

EH’ N EG = @a
sreg(a) = srep(a) if a € 7(G) N (H'),
VaNVyr = {sreg(a) |a e r(G)NT(H')}.

This operation “glues” G and a disjoint copy of H by fusing their sources having
the same names. The s-graph G J/ H is well defined up to isomorphism. Its type
is 7(G)UT(H).

We define unary operations that manipulate source labels. Let G = (G°, sreg)
be an s-graph. For a € A, we let fg,(G) := (G°, src’) where src’(b) is sreg(b) if
b € 7(G)—{a} and is undefined otherwise. We say that fg, forgets the a-source:
if G has an a-source, then this vertex is no longer distinguished as a source in
19,(G) and is turned into an “ordinary”, we will say internal, vertex. Hence
7(f9.(G)) = 7(G) — {a}.

The next operation modifies source names; it is called a renaming. For
a,b e A, a+#b, we let

renqgep(G) = (G°, src’) where

src’(a) = sreg(b) ifbeT(G),

src'(b) = sregla) ifa e T(G),

src’'(c) = sregle) ifce 7(G) - {a,b},

and src’ is undefined otherwise. Hence

7(G) if a,b € 7(G) or 7(G) N {a,b} =0,
T(renaes(G) = ¢ (T7(G) —{a}) U{b} ifaeT(G), b¢(G),
(1(@) = {b}) U{a} ifbeT(G), a¢7(Q).

We can write this more succinctly as 7(renq«s(G)) = 7(G)[b/a, a/b] where, for
every set C, we denote by C|c/a,d/b] the result of the simultaneous replacement
in C of a by ¢ and of b by d.

We also define constant symbols: ab, aﬁi a, a’, @ to denote respectively
an undirected edge linking an a-source and a b-source, a directed edge from an
a-source to a b-source, a single vertex that is an a-source, an a-source with a
loop, and the empty graph. (Since we can change source names, it would suffice
to use the constant symbols 12, 12, 1, 1, @. However, using many renaming
operations would make terms denoting graphs unreadable.)

We obtain a countable signature denoted by FHR and an FHR-algebra of
graphs denoted by JS and called the HR algebra. It has domain JS. As for
GP, for every term ¢t € T(F'R), we denote by t5 the s-graph that is its value.
The equational sets of JS are called the HR-equational sets.

As for VR-equational sets, the equations that define HR-equational sets can
be shortened if they are written with derived operations. For example, the

28 " isomorphic to H implies that 7(H') = 7(H).
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series-composition of graphs of type {1,2} is a derived operation that can be
expressed by:

G e H := fgq(rensn3(G) [ renios(H)).

We denote by F| [I,;I]R the finite subsignature of FHR consisting of the operations
/s 1945 T€Nawsh, for a,b € [k] and of the constant symbols denoting graphs with
source names in [k].

Each s-graph G with n vertices and source names in [n] is the value of a term
in T(F, [I;lI]R). The least integer k such that a graph G (without sources) is the
value of a term in T(F[I,;Ii“l]) is a well-known graph complexity measure called
the tree-width of G and denoted by twd(G). It has been defined previously in
a combinatorial way by Robertson and Seymour and by other authors using
a different terminology. In the combinatorial definition, twd(G) is the least
integer k such that G has a so-called tree-decomposition of width k. A tree-
decomposition of G is a decomposition of G into a tree of subgraphs, where
each node of the tree corresponds to a subgraph of G; its width is the maximal
number of vertices of those subgraphs, minus 1. The notion of tree-width is
important for the construction of graph algorithms and for the study of graph
minors: see the books [*Die], [*DowFel] and [*FluGrol, and the survey articles
[*Bod93| and [*Bod98]. We will study this combinatorial notion in Chapter 2
and prove the following result which is an algebraic characterization of it:

Proposition 1.19 A graph has tree-width at most % if and only if it is the
value of a term in T(F[I,;IEH). O

By contrast clique-width, defined in terms of graph operations, has yet no
alternative combinatorial definition. Using Proposition 1.19 the following result
can be proved in the same way as Proposition 1.18.

Proposition 1.20 Every HR-equational set of graphs has bounded tree-width.
For each k, the set of graphs of tree-width at most k is HR-equational. O

1.4.3 A weak Recognizability Theorem

The VR algebra GP has a countable signature FVR that generates it: this means
that each element is the value of some term. For each k in N, we let GP**"[k]
be the subalgebra of GP that is generated by the finite subsignature F[\k/]R of
FVR_ Tts domain GP®"[k] consists of the graphs with ports that are values
of terms in T(F[X]R). We define similarly JS#*"[k] as the subalgebra of the HR

algebra JS that is generated by the finite subsignature F| [I;]R of FHR Tts domain
is JS&"[k]. Proposition 1.17 extends into the following theorem:

Theorem 1.21 (Weak Recognizability Theorem)

(1) Let L be a CMS-definable set of simple graphs. For every k € N, the set
L N GPE"[k] is recognizable in the algebra GP&" [k].



52 CHAPTER 1. OVERVIEW

(2) Let L be an CMS,-definable set of graphs. For every k € N, the set
LN J&8"[k] is recognizable in the algebra JS&"[k]. O

In this statement, CMS refers to Counting Monadic Second-order logic, i.e.,
to the use in monadic second-order formulas of set predicates Card,(X) ex-
pressing that |X| is a multiple of p (Even(X) is thus Cards(X)). Note that
L N GP&"[k] is the set of graphs in L that have clique-width at most &, and
similarly for L N JS%"[k] and tree-width at most &k — 1.

This theorem is a consequence of the (more powerful) Recognizability Theo-
rem to be stated and proved in Chapter 5. The latter theorem is more powerful
in several respects. First it yields recognizability with respect to the algebras GIP
and JS that have infinite signatures and not only with respect to their finitely
generated subalgebras GP#*"[k] and JS®°"[k]. We postpone to Chapters 3 and 4
the detailed definitions. Second, the Recognizability Theorem can be stated
and proved for an algebra of relational structures denoted by STR, as a unique
statement that entails the cases of GIP and JS.

However, Theorem 1.21 has already interesting consequences. We first state
the logical version of the Filtering Theorem and its applications to decidability
results for monadic second-order sentences. Applications to fixed-parameter
tractability will be considered in the next section. We will discuss decidability
results in more detail in Section 1.6.

Theorem 1.22 (Filtering Theorem, logical version)

(1) For every VR-equational set of graphs L and every CMS-expressible graph
property P, the set Lp consisting of the graphs of L that satisfy P is
VR-equational.

(2) The analogous result holds for HR-equational sets and CMSs-expressible
properties. 0

This result is a direct consequence of Theorems 1.8, 1.12 and 1.21; note
that each VR-equational set is equational in some algebra GP&"[k], cf. the
proof of Proposition 1.18. All constructions are effective: an equation system
defining L p can be constructed from one defining L and a sentence expressing P.
Now consider Corollary 1.9 and its proof. Since the emptiness of an equational
set is decidable, one can decide if Lp is nonempty, i.e., if P is satisfied by
some graph in L: the CMS-satisfiability problem (resp. the CMSs-satisfiability
problem) is decidable for VR~equational sets (resp. for HR-equational sets) and,
in particular, for the sets CWD(< k) of graphs of clique-width at most k (resp.
for the sets TWD(< k) of graphs of tree-width at most k).

We now come back to statements (1) and (2) at the end of Section 1.2.2. The
set L_p (we use the notation of Theorem 1.22) is also VR~equational (respec-
tively, HR-equational in the second case). Its emptiness can be tested. That
L_p is empty means that P is universally valid on L. From the equation system
defining L_ p, one can also obtain a proof of this fact by fixed-point induction,
according to the generalization of Proposition 1.6 to recognizable sets. As ob-
served in Section 1.2.5, if P belongs to a finite inductive set P of properties,
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then the auxiliary properties used in that proof are Boolean combinations of the
properties in P. In Chapter 5, the proof of Theorem 1.21 shows that, more pre-
cisely, every CMS-expressible property P belongs to a finite inductive set P of
CMS-expressible properties in the algebra GP#°"[k] (and similarly for CMSs and
JS#"[k]). Hence, the auxiliary properties in the proof by fixed-point induction
are CMS-expressible (respectively CMSq-expressible).

1.5 Fixed-parameter tractability

In this section, we describe some algorithmic applications of the Weak Rec-
ognizability Theorem. We first recall the basic definition of fized-parameter
tractability. This notion has been introduced in order to describe in an abstract
setting the frequently met situation where the computation time of an algo-
rithm is bounded by an expression of the form f(p(d)) - |d|°, where the set of
inputs is equipped with two computable integer valued functions, a size func-
tion d — |d| (d is the generic input) and a parameter function d — p(d), such
that 0 < p(d) < |d|, and where f is a fixed computable function of nonnegative
integers and c is a fixed positive integer. If these conditions are satisfied, the
considered algorithm is fixed-parameter tractable with respect to the parameter
p. If ¢ =1,2 or 3, we say that it is fized-parameter linear, quadratic or cubic
respectively.

As size of an input graph G, we will use either the number of its vertices and
edges, denoted by ||G||, or, in particular if G is simple, its number of vertices.
Parameters can be the degree of G, its tree-width or its clique-width. Our
results will use these last two values; other examples can be found in the books
[*DowFel] and [*FluGro] which present in detail the theory of fixed-parameter
tractability.

The size |t| of a term ¢ or the size |p| of a formula ¢ is, roughly speaking,
the number of symbols with which ¢ or ¢ is written, i.e., the length of the
corresponding word.??

Example 1.23 The subgraph isomorphism problem consists in deciding for a
pair of simple graphs (G, H) whether H is isomorphic to a subgraph of G. It
is NP-complete (Problem GT48 in [*GarJoh]). For each fixed graph H, this
problem can be solved in time O(n™) where n = |V| and m = |Vy|. However
it is fixed-parameter linear with respect to Deg(G), the degree of G. This follows
from a result by Seese [See96] (another proof is given in [DurGral) saying that
for every first-order sentence ¢, one can decide in time bounded by f(|¢| +
Deg(G)) - |V| whether |G| satisfies ¢, for some fixed computable function f.
The property that G has a subgraph isomorphic to a fixed graph H is expressible
by a first-order sentence ¢y to be interpreted in |G|. Hence the subgraph
isomorphism problem can be solved in time at most f(|on|+ Deg(Q)) - |Vg|. O

29Formal definitions of |t| and |¢| will be given in Chapters 2 and 5, respectively.
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Fixed-parameter tractable algorithms that check monadic second-order graph
properties can be derived from Theorems 1.16 and 1.21. The model-checking
problem for a logical language £ and a class of structures C consists in deciding
whether S |= ¢, for a given structure S € C and a given sentence ¢ € L.

Theorem 1.24 For every finite signature F', every monadic second-order sen-
tence ¢ and every term t in T(F), one can decide in time at most f(F,p) - |¢|
whether |t] = ¢, where f is a fixed computable function.

Proof: The proof of Theorem 1.16 being effective, it yields an algorithm that
constructs from F' and ¢ a finite deterministic F-automaton o/ accepting the
set of terms s in T'(F) such that |s] | ¢. By running & on a given term ¢,
one gets the answer in time proportional to |t|. The total computation time is
thus f1(F, @)+ fo(F, @) - |[t| where f1(F, ) is the time taken to compute &7 and
f2(F, ) is the maximum time taken by &/ to perform one transition. m

In other words, the model-checking problem for monadic second-order sen-
tences and the class of terms is fixed-parameter linear with respect to || F||+|¢],
where || F|| is the sum of arities of the symbols in F' plus the number of constant
symbols in F'. This follows from Theorem 1.24 because, up to the names of the
symbols in F' and of the variables in ¢, there are finitely many pairs (F, ¢) such
that ||F|| + |¢| < p, so that f(F, ) can be bounded by g(||F|| + |¢|) for some
computable function g.

We now consider the model-checking problem for monadic second-order sen-
tences on graphs and its two possible parametrizations by tree-width and clique-
width. For a graph G given by a term ¢ in T(F[I,;I]R) or in T(F[\k/]R), one gets a
fixed-parameter linear algorithm as in Theorem 1.24 because, by Theorems 1.21
and 1.12, one can construct from k and ¢ a finite deterministic F; %R—automaton
1 that accepts the set of terms ¢ such that tjs satisfies ¢, and similarly
with F[\k/]R This situation happens in particular if G belongs to an HR- or VR-
equational set of graphs and is given by a corresponding term or derivation tree
(cf. Section 1.1.5). However, if such a term or derivation tree is not given, it
must be computed from the input graph by a parsing algorithm.

Theorem 1.25

(1) The model-checking problem for CMS sentences and the class of simple
graphs is fixed-parameter cubic with respect to cwd(G) + |¢|. The input
sentence is ¢ and the size of the input graph G is its number of vertices.

(2) The model-checking problem for CMS, sentences and the class of graphs
is fixed-parameter linear with respect to twd(G)+ |¢|. The input sentence
is ¢ and the size of the input graph G is its number ||G|| of vertices and
edges.?0

30In many cases, ¢ is fixed because one is interested in a particular graph property, and
then the parameters are just tree-width and clique-width.
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Proof: We first consider the parametrization by tree-width. We let n be the
number of vertices and edges of the input graph G, i.e., n := ||G||. There exists
an algorithm (by Bodlaender [Bod96], see also [*DowFel]) that, for every graph
G and integer k, decides if twd(G) < k in time at most g(k)-|Vg| (for some fixed
computable function ¢), and that constructs if possible a tree-decomposition of
width &k of G; this tree-decomposition can be converted in linear time (in n)

into a term ¢ in T(F[Igfl]) that evaluates to G, cf. Proposition 1.19.

Step 1: For given G and by repeating this algorithm for £ = 1,2,... at
most twd(G) times one obtains an optimal tree-decomposition of G. This com-
putation takes time at most twd(G) - ¢’ (twd(G)) - n for some fixed computable
function ¢’ and builds a term in T'(F) where F := F[Ifqz(c)ﬂ], that evaluates
to G. (The function g’ takes into account the time needed to transform a tree-
decomposition into a term.)

Step 2: By using Theorems 1.21 and 1.12, one constructs a finite determin-
istic F-automaton 7, ; where k = twd(G) + 1 that accepts the set of terms
t € T(F) that evaluate to a graph satisfying ¢.

Step 8: By running this automaton on ¢, one obtains the answer.

We now consider the parametrization by clique-width. The main difference
concerns Step 1. There exists an algorithm (that combines algorithms from
[HliOum] and [OumSey], see Section 6.2.3 for details) that, for every simple
graph G and every integer k, either reports (correctly) that cwd(G) > k or
constructs a term in T(F[\ﬁ),”c)]) that evaluates to G (and hence G has clique-
width at most h(k)) where h(k) = 2¥+! —1. This algorithm takes time g” (k) -n?3
for some fixed computable function ¢g”’, where n = |Viz|. Note that it does not
determine the exact clique-width of G.

Step 1 of the case of tree-width is replaced by the following: for given G and
by repeating this algorithm for k = 1,2,... at most cwd(G) times, one obtains
a term t in T(F[}g])h) that evaluates to G for some m < h(cwd(G)). This compu-
tation takes time at most cwd(G) - f(cwd(G))-n3, where f(k) is the maximum
of ¢"(i) for i = 1,...,k. The computation continues then by constructing a
finite F[Xﬁ-automaton (by Theorems 1.21 and 1.12) and running it on ¢ like in
Steps 2 and 3 above. m

The algorithms of Theorem 1.25 are actually not directly implementable be-
cause of the sizes of the automata to be constructed. Specifically, the automata
1 in the two cases of Theorem 1.25 have a number of states that is not
bounded by a function of the form expoexpo---oexp(|¢|) with a fixed number
of iterated exponentiations (exp(n) = 2" for every n). (This is also the case
for the automaton constructed in the proof of Theorem 1.24). This fact is not
a weakness of the construction, but a consequence of the fact that complicated
properties can be expressed by short formulas. This phenomenon occurs for
first-order as well as for monadic second-order logic, as proved in [FriGro04].
Concrete constructions of F; XR—automata for small values of k and simple graph
properties will be presented in Section 6.3.
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A second reason that makes these algorithms difficult, if not impossible, to
implement so as to run for arbitrary graphs is the time needed for parsing the
input graphs, i.e., for building terms in T(F[%]R) or in T(F[}C/]R) for given values
of k that evaluate to them. The linear algorithm by Bodlaender [Bod96] used
in the proof of Theorem 1.25 takes time 232" .. We will review other more
efficient, even if not linear, algorithms in Chapter 6. The cubic algorithm of

[HliOum)] is not implementable either.

1.6 Decidability of monadic second-order logic

Apart from model-checking discussed in the previous section, another major
problem in Logic consists in deciding whether a given sentence holds in some
relational structure (or in a graph represented by a relational structure) of a
fixed set L. In this case, the input of the problem is an arbitrary sentence from
a logical language £. This problem is called the L-satisfiability problem for the
set L. A related problem consists in deciding if a given sentence of £ belongs to
the L-theory of L, that is, to the set of sentences of £ that hold for all graphs (or
structures) in L. We say that the £-theory of L is decidable if this problem is
decidable. As logical languages £, we will consider fragments and extensions of
monadic second-order logic that are closed under negation. For such languages,
the L-satisfiability problem for a set L is decidable if and only if the £-theory
of L is decidable.

The main motivation for the fundamental Theorem 1.16 was to prove the
decidability of the MS-theory of the set of terms T'(F') (more precisely, the set
of structures {[t| | t € T(F)}), for every finite signature F'. From Theorem 1.22
we obtain a similar result for graphs, as observed at the end of Section 1.4.3.

Theorem 1.26 The CMS-theory of the set CWD(< k) of simple graphs of
clique-width at most k, or of a VR-equational set of graphs is decidable. So is
the CMSs-theory of the set TWD(< k) of graphs of tree-width at most k, or of
an HR-equational set of graphs. O

One obtains results which are quite powerful in that they apply to many
different sets of graphs. One might hope to use them in order to obtain auto-
matic proofs of conjectures or of difficult theorems in graph theory. However the
situation is not so favorable. Let us take the example of the 4-Color Theorem,
stating that every planar graph is 4-colorable. In Section 1.3.1 we have shown
the existence of two MS sentences, 7 and 74, expressing respectively that a graph
is planar (Corollary 1.15) and that it is 4-colorable. The 4-Color Theorem®! can
thus be stated in the following logical form:

Theorem 1.27 We have |G| = 7 = ~4 for every graph G in G. O

31Tts proof by Robertson et al. ([RobSanST]) has been checked by computer by Gonthier
[Gon] with the software Coq based on Type Theory.
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This means that the MS sentence m A —y4 is not satisfiable in G.

Certain conjectures can be formulated in a similar way. For example, a con-
jecture by Hadwiger states that for every integer k, if a graph is not k-colorable,
then it has a minor isomorphic to Kj1. For each k, the corresponding instance
of this conjecture is equivalent by Corollary 1.14 to the statement:

Conjecture 1.28 We have |G| |= =y = MINORf, ., for every graph G in G.
O

Robertson et al. have proved it in [RobST] for £ = 5. It is known to hold for
smaller values and is otherwise open.

Could one prove the 4-Color Theorem or this Conjecture for some
fixed £ > 6 by an algorithm able to check the satisfiability of a
monadic second-order sentence?

This is not possible without some further analysis that would limit the size, or
the tree-width, or the clique-width of a minimal graph G that could contradict
the considered properties®?. The reason is that the MS-satisfiability problem for
the set G of finite (simple directed) graphs is undecidable: there is no algorithm
that would take as input an arbitrary monadic second-order sentence and tell
whether this sentence is valid in the logical structure |G| for some graph G in G.
This undecidability result actually holds for first-order logic (see Theorem 5.5
in Section 5.1.6 or the books [*EbbFlu] and [*Lib04]).

From Theorem 1.26, it follows that the particular cases of these theorems
or conjectures obtained by restricting to the sets of graphs of clique-width at
most k for fixed values of k can, at least in principle, be proved by machine.
However, since we observed that the algorithms underlying Theorem 1.26 are
not implementable, this possibility is presently purely theoretical. Furthermore,
the difficult open questions of graph theory concern usually all graphs rather
than graphs of bounded tree-width or clique-width. There are however some
exceptions. Whether the oriented chromatic number of an oriented graph33
is equal to k is expressible by a formula of monadic second-order logic (one
formula for each k). Several articles, in particular by Sopena [Sop] and Fertin
et al. [FerRR], determine the maximal value of the oriented chromatic number
of outerplanar graphs, of 3-trees, and of the so-called “fat trees” and “fat fat
trees”. Since these four sets of graphs are HR~equational, the maximal values
of the oriented chromatic numbers of their graphs can also be determined, in
principle, by algorithms based on Theorem 1.26.

Seese raised in [See91] the question of understanding which conditions on
a set of graphs L are necessary for its MS-satisfiability problem to be decid-

32For Conjecture 1.28, Kawarabayashi [Kaw] has found such bounds for all k. It follows
that each level of the conjecture is decidable, but by an intractable algorithm.

33 An oriented graph G (i.e., a graph without loops and pairs of opposite directed edges)
has oriented chromatic number at most k if there exists a tournament (a complete oriented
graph) H with k vertices and a homomorphism h : G — H that maps Vi into Vg and every
directed edge u — v of G to a directed edge h(u) — h(v) of H.
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able. The two main results regarding this question are collected in the following

theorem?>?.

Theorem 1.29 Let L be a set of finite, simple, undirected graphs.

(1) If L has a decidable MSq-satisfiability problem, then it has bounded tree-
width.

(2) If L has a decidable Cy;MS-satisfiability problem, then it has bounded
clique-width. N

Assertion (1) is proved by Seese in [See91]. He asks in this article whether
every set L having a decidable MS-satisfiability problem (which is weaker than
having a decidable CoMS-satisfiability problem) is “tree-like”, which is actu-
ally equivalent (by the Equationality Theorem for the VR algebra presented
below in Section 1.7.3) to having bounded clique-width. Assertion (2) proved
in [CouOum] is thus a partial answer to Seese’s question.

1.7 Graph transductions

The theory of formal languages studies finite descriptions of languages (sets
of words or terms) by grammars and automata, and also finite descriptions of
transformations of these objects. Motivations come from the theories of coding,
of compilation, of computational linguistics, just to cite a few. The finite devices
that specify these transformations are called transducers and the corresponding
transformations of words and terms are called transductions. Typical questions
are the following:

Is a given class of transductions closed under composition? under inverse?

Does it preserve a given family of languages?

Is this family the set of images of a particular language (called a generator)
under the transductions of the class?

Is the equality of the transductions defined by two transducers of a certain
type decidable?

In the study of sets of words, rational transductions play a prominent role
originating from the work by Nivat [Niv]. The inverse of a rational transduction
and the composition of two rational transductions are rational transductions.
The families of regular and of context-free languages are preserved under rational
transductions, and there exist context-free languages (like the one defined by
the equation L = f(L,L)Ua where L C A* and A consists of a, f, parentheses
and comma), whose images under all rational transductions are all context-
free languages. Transductions of words are studied in the books [*Ber] and
[*Sak]. Transductions of terms, usually called tree transductions, are studied in
[*Com+] and [*GecSte].

34\We recall (from Section 1.3.1) that the acronym CaMS refers to MS logic extended by the
even cardinality set predicate.
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Transducers are usually based on finite automata or on more complicated
devices like macros (see, e.g, the macro tree transducers in [EngMan99]). Can
one define similar notions for graphs? Since graphs can be denoted by terms,
one can use transductions of terms to specify transductions of graphs (as, e.g.,
in [*Eng94, DreEng]). However, doing this requires for processing the input a
parsing step that is algorithmically difficult (cf. Sections 1.5 and 6.2). For build-
ing the output, each term produced by such a transduction must be evaluated
into a graph. The main drawback of the detour through terms over (necessarily)
finite signatures is that it limits the input and output graphs of transductions
to have bounded tree-width or clique-width. It is natural to try to avoid such a
detour and to define transducers that work “directly” on graphs, by traversing
them according to some rules and by starting from some specified vertex. How-
ever no notion of finite graph automaton has been defined that would generalize
conveniently finite automata on words and terms. Monadic second-order logic
offers a powerful alternative. In this section, we define monadic second-order
transductions by means of examples more than formally. These transductions
have good interactions with the HR- and VR-equational sets (our “context-free
sets of graphs”) that follow from the Equationality Theorem presented below in
Section 1.7.3. It will be shown in Chapter 8 that every (functional) monadic
second-order transduction of graphs of bounded tree-width or clique-width can
be realized by a macro tree transducer on the level of terms.

1.7.1 Examples of monadic second-order transductions

Monadic second-order transductions are transformations of graphs specified by
monadic second-order formulas. The basic notion is that of a monadic second-
order transduction of relational structures over a fixed set of relation symbols.
It applies to graphs faithfully represented by relational structures.

All examples and results presented in this section (Section 1.7) will concern
simple graphs, for which G — |G| is a faithful representation. Hence, we will
consider mappings f from simple graphs to simple graphs such that, for every
G, the structure | f(G)| representing its image under f is defined from |G| by
monadic second-order formulas.

The simplest case is when:

LAG)] = (Vi) edgyc)):
Vf(G) = {U eVa | LGJ ': 5(“)}7
edgpcy = {(u,v) € Vg x Vo | |G] |E 6(u) Ad(v) AO(u,v)},

where § and 6 are monadic second-order formulas with free variables u, and
u and v respectively. The formula § defines the set of vertices of f(G) as a
subset of Vi and the formula 6 defines the edge relation of f(G) in terms of
that of G. The mapping f is thus specified by a pair (4, 0) of monadic second-
order formulas. We will say that f is a monadic second-order transduction and
that (0, 0) is its definition scheme. If § and 0 are first-order formulas, we will
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say that f is a first-order transduction. The general definition is actually more
complicated. We introduce it step by step by giving several examples.

Example 1.30 (Edge-complement)
The edge-complement associates with a simple, undirected and loop-free

graph G, the simple, undirected and loop-free graph G such that Vg = Vg
and u—wv is an edge of G if and only if 4 # v and u— v is not an edge of G. This
transformation is a first-order transduction with definition scheme (, #) where:

0(x) is the Boolean constant True,
0(z,y) is the formula z # y A —edg(z,y).

Example 1.31 (Elimination of loops and isolated vertices)
The transformation that eliminates loops and then, isolated vertices is a
first-order transduction with definition scheme (4, #) where:

d(zx) is the formula Ely((edg(x, y) Vedg(y,x)) Az # y),
0(x,y) is the formula edg(z,y) A x # y.

Example 1.32 (Transitive closure of a directed graph)
For every directed graph G, we let GT be its transitive closure, the simple
graph defined by:

Vg+ = Vg,
edgqr = edgg
:= {(u,v) | thereis in G a nonempty directed path®> from u to v}.

Note that u has a loop in G if it belongs to a directed cycle in G. The mapping
G — GT7 is defined by the definition scheme (4, #) where:

d(x) is the formula True,
O(x,y) is the formula®® edg(x,y) Vv 3 z(edg(x,z) A TC[edg; z,9]).

We use here the definition of the reflexive and transitive closure of a binary
relation by a monadic second-order formula presented in Section 1.3.1.

Example 1.33 (Transitive reduction of a directed acyclic graph)

A directed acyclic graph (a DAG) is a simple directed graph without directed
cycles. Every such finite graph G has a unique minimal subgraph H such that
H* =G*. Tt is called the transitive reduction of G and is denoted by Red(G).
(The Hasse diagram of a partial order (D, <) is a graphical representation of

35i e., a sequence of pairwise distinct vertices wi,ws, ..., wn, such that u = w1, v = wy, and

w; — w;41 in G for each ¢ = 1,...,n — 1. A directed cycle is a sequence of this form with
W1 = Wn, N >2, w; #wj for1 <i<j<n—1

36The atomic formula edg(x,y) in 8(x, y) can be omitted, but putting it in makes the formula
more clear.
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the transitive reduction of the directed acyclic graph (D, <).) The edge relation
of Red(Q) is characterized by:

edg pea(c) (4, y) == edg(z,y) A —~3z(edgg+ (,2) A edgg+ (2, 9)),

hence is defined in G by a monadic second-order formula 6’ built with the for-
mula 6 of the previous example. It follows that the mapping Red from directed
graphs to directed graphs is a partial function that is a monadic second-order
transduction specified by a sentence y and two formulas 6,0’ such that:

|G| E x if and only if it is acyclic (hence
if and only if Red(G) is well defined),
|G| Ed(u) for every u in Vg (so that Vizeqiq) = Va),

|G| E ¢ (u,v) if and only if Red(G) has an edge u — v.
O

It is frequently necessary to consider functions f that assign a graph to the
pair of a graph G and a set of vertices X. In this case, the definition scheme
consists of formulas x, § and € with a free set variable X called a parameter. The
formula x expresses the conditions to be verified by G and X so that f(G, X)
be defined. Here is an example.

Example 1.34 (The largest connected subgraph of G containing X)
The partial function f such that f(G,X) is the largest connected induced

subgraph of G containing a nonempty subset X of Vi is a monadic second-order

transduction with parameter X. Its definition scheme is (x, ¢, ) where:

x(X) is the formula (Jz.z € X) AJY (X CY ACONN(Y)),*"
§(X, ) is the formula 3Y (X CY Az € Y A CONN(Y)),
0(X,x,y) is ElY(X CYANzeYAyeY ANedg(x,y) A CONN(Y)). O

In the previous example, a parameter X is necessary because the function f
to be defined does not depend only on G but also on a set of vertices. However,
in some cases, parameters may be necessary even if the output graphs depend
only, up to isomorphism, on the input graphs (and not on the values of the
parameters). Here is an example of such a case.

Example 1.35 (The DAG of strongly connected components of a di-
rected graph)
Let G be a directed graph. Let &~ be the equivalence relation on Vg defined
by:
u =~ v if and only if w = v or there exists a directed
path from u to v and a directed path from v to u.

37The formula CONN(Y)) is defined in Section 1.3.1. We use X C Y as a shorthand for
Ve(z € X =z €Y).
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An induced subgraph G[X] where X is an equivalence class of this relation
is called a strongly connected component. The DAG of strongly connected com-
ponents of G is the quotient graph G/~ defined as follows: its vertices are the
strongly connected components; there is in G/~ an edge X — Y if and only
if X #Y and u — v in G for some v € X and v € Y. Our objective is to
prove that there exists a monadic second-order transduction associating with
every graph G a graph H isomorphic to G/~. Its definition uses a parameter X
for denoting sets U C Vi required to contain one and only one vertex of each
strongly connected component. Such sets are used as sets of vertices of H and
its edges are defined accordingly. We use the following formulas:

Eq(z,y) is the auxiliary formula TCledg; z,y] A TCledg; y, ],
Xx(X) is defined as:
Vx,y((x €EXANyeXAEq(z,y)=z= y) /\VmEIy(Eq(x,y) ANy E X),

0(X,z) is defined as: x € X,
0(X,z,y) is defined as:

reXANyeXA-Eq(z,y) A3z, z'(edg(z,z’) A Eq(z,2) A Eq(y,z’)).

The definition scheme (x;, d, 8) specifies a monadic second-order transduction
that associates with a directed graph G and a “well-chosen” subset U of Vi a
graph f(G,U) with vertex set U that is isomorphic to G/~ (u € U corresponds
to an equivalence class, hence to a vertex of G/~). It is clear that for every
graph G there exists a set U satisfying x, and that, for any two sets U and U’
satisfying , the graphs f(G,U) and f(G,U’) are isomorphic (the corresponding
bijection h : U — U’ is defined by h(u) = v if and only if v € U, v € U’ and
u ).

This construction extends actually to every equivalence relation definable
by a monadic second-order formula in place of ~ and proves that the mapping
that associates with a graph G its quotient G/~ by a monadic second-order
definable equivalence relation =~ is a monadic second-order transduction. O

In all the above examples, the set of vertices of the output graph is a subset
of the set of vertices of the input graph. The general definition of a monadic
second-order transduction includes the possibility of enlarging the input graph,
by “copying it” a fixed number of times.

A k-copying monadic second-order transduction associates with a graph G
a graph H such that:

Vi = M x{1HhuU---U (Vi x {k})

edgp = {((u,9),(v,7)) |1 <i,j <k, (u,v) € By}
where the sets Vi,...,V; C Vi and the relations F; ; € Vg x Vg are defined
in G’ by monadic second-order formulas, respectively 61, ...,6; and 6; ; for 1 <

1,j < k and possibly written with parameters. Let us give an example.
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Example 1.36 (Graph duplication)
For every simple directed graph G, its duplication is the simple graph H =
dup(G) defined as follows:

VH = VG X {132}a
the edges of H are the edges of each copy of G, together with the edges
(u,1) = (u,2) for all u € Vg.

The mapping dup has the definition scheme (01, d2, 61,1, 61,2, 02,1, 02,2) where:

01(x) and d2(x) are both the Boolean constant True,
61.1(z, ) and B2(z, ) are both edg(z,y),

91,2(x7y) isx= Y,

02.1(z,y) is the Boolean constant False.

The formulas §; and o define V; and V3 as Vig; the formulas 60; ; define E ; :=
Es9 :=edgq, E12:= {(u,u) | u € Vg}, and Ey := (. Informally H consists
of two disjoint copies of G (i.e, G ® G) together with an edge from any vertex
of the first copy to the corresponding vertex of the second copy. O

The general definition of a monadic second-order transduction combines the
above presented features. To summarize, a monadic second-order transduc-

tion associates with a relational structure S and subsets Uy, ..., U,, of its do-
main Dg that must satisfy a monadic second-order formula x(Xi,...,Xm),
a relational structure T' = f(S,U,...,U,,) defined as follows. Its domain is

Dy :=(Dy x {1})U---U (Dy x {k}) where each set D; is defined as {d € Dg |
S E 6;(Ur,...,Un,d)} for some monadic second-order formula §;. If R is an
n-ary symbol of the relational signature of T, the corresponding n-ary relation
on Dt is defined as

U (@ ir).. (dusin)) | di € Dy, dy € Dy,

S ': QR,il,‘..,in(Ulu sy Um7d17 .. '7dn)}7

where each 0g;, ... s, is a monadic second-order formula.

Such a transduction f is specified by a tuple of formulas called a defini-
tion scheme of the form (x,01,...,dk, (6w)wew) where W consists of all tuples
(R,i1,...,iyR)) such that R is a relation symbol of T" and i1,...,i,r) € [k].
The following fact is clear from the definitions:

Fact 1.37 For every monadic second-order transduction f there exists an in-
teger k such that, if f transforms a relational structure S into a relational
structure T, then |Dr| < k- |Dg]|. O

We have k£ = 1 in the first six examples and k£ = 2 in the last one. We now
give another example, with £ = 1 and without parameters.
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Example 1.38 (The cograph denoted by a term)

As a final example we consider the mapping that evaluates a term ¢ in
T({®,®,1}) into the cograph val(t) (cf. Section 1.1.2 and Example 1.7). First
of all we must explain how t is represented by a relational structure. We let
[t] = (Ny, sony, labgy, labge, labi¢) be the relational structure such that:

e N; is Pos(t), the set of positions of ¢, i.e., of occurrences of symbols from
{®, ®,1}; we will consider N; as the set of nodes of a rooted labelled tree
representing t and also denoted by ¢;

e sony is the binary relation such that son(u,v) holds if and only if v is a
son of u in the tree®® t;

o labgt, labg: and labys are the unary relations such that labg:(u) holds if
and only if u is an occurrence of @ in ¢ (i.e., is labelled by @ as a node of
the tree t) and similarly for labg; and labys.

Since the operations @ and ® are commutative, we need not express, when
v is a son of u, whether it is the left or the right son. Hence we can use a simpler
representation than the general one to be defined in Section 5.1.1. Here is an
example. We let:

5 = ((11 ®2 13) By 15) X6 (17 Ds 19)

where we number from left to right the nine occurrences of 1, @, ® (this
numbering is indicated by subscripts). The corresponding labelled tree is shown
in Figure 1.5. Then

ls] = (][9], son,labg, labg, laby) with

son = {(6,4),(6,8), (4,2), (4,5), (2,1),(2,3), (3,7), (3,9)},
labs = {4,8),

labgy = {2,6},

labi = {1,3,5,7,9).

In the general case, the cograph G = wal(t) that is the value of a term ¢ in
T({®,®,1}) can be defined from |¢] as follows:

Vi is the set of elements of N; that are labelled by 1 (i.e, that are
the leaves of the tree t); for distinct vertices u and v of G, there is
an edge between u and v if and only if the least common ancestor
of u and v in t is labelled by ®.

In the above example of s, the vertices of the cograph wal(s) are 1,3,5,7,9.
There is an edge between 3 and 9 because their least common ancestor in s is
6 which is labelled by ®. There is no edge between 1 and 5 because their least
common ancestor is 4, labelled by @®.

38We describe the relations between occurrences of symbols in ¢t with the terminology of
trees. Chapter 2 will detail the terminology about terms and the trees that represent them.
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®s

A

/\2 |
11 13

Figure 1.5: The term s as a labelled tree.

The monadic second-order transduction that associates with [¢], for any
term ¢ in T'({®, ®, 1}), the relational structure |val(t)] is specified by the defi-
nition scheme (True, d, ) where:

0(x) is the formula laby (z),
0(z,y) is the formula x # y A 3z(LCA(z,y, 2) A labg (2)).

In this writing, LCA(x,y, z) stands for the following formula expressing that z
is the least common ancestor of x and y:

TClson; z,z] A TClson; z,y] A
Y ((TC[son; w, 2] A TC[son; w,y]) = TClson; w, 2]).

This formula is a straightforward translation of the definition of the least com-
mon ancestor. Note that if « is an ancestor of y or if z =y, then LCA(z,y, x)
is valid. Furthermore LCA (z,y, z) defines z in a unique way from z and y.

1.7.2 The main properties of monadic second-order trans-
ductions

A monadic second-order transduction is a subset f of & x T where & and T
are classes of graphs or, more generally, of relational structures, that is speci-
fied as explained in the examples by monadic second-order formulas. If L C S
and f C ST, welet f(L) :={T | (S,T) € f, S € L} be the image of L
under f. Hence, f can also be seen as the multivalued mapping f: S — P(T)
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such that f(G) := f({G}). In Examples 1.30, 1.31 and 1.32, f(G) consists of
a unique graph. In Example 1.33 it consists of at most one graph and in Ex-
ample 1.34 of several graphs (the connected components). However, a monadic
second-order transduction is always based on a (single-valued) partial function
that transforms parametrized relational structures into relational structures. A
parametrized relational structure is a tuple (S, A1, ..., A,) consisting of a rela-
tional structure S and an n-tuple of subsets of its domain Dg. From a partial
function f that transforms (S, A;,...,A,) into f(S,Ay,...,A,) in T for S
in § and for certain subsets Ay, ..., A, of Dg, we define f as the transduction
{(S, f(S,A1,...,A)) | A1,..., A, C Dg and f(S,Ay,...,A,)is defined}). We
also say that f and fare monadic second-order transductions.

The composition of two monadic second-order transductions is the compo-
sition of the corresponding binary relations: if f CS x 7 and ¢ C 7T x U, then
f-g:={0S,U)]|(S,T) € fand (I,U) € g for some T € T}. If f and g are
functional, we will also use the notation go f for f - g.

Theorem 1.39 The composition of two monadic second-order transductions is
a monadic second-order transduction. O

A more precise statement showing how parameters are handled in the com-
position of monadic second-order transductions will be given in Chapter 7 (The-
orem 7.14).

Theorem 1.40 (Backwards Translation Theorem)
If the set L C T is MS-definable and f C & x T is a monadic second-order

transduction, then the set f~1(L) := {S € S| f(S) N L # 0} is MS-definable.
g

Theorem 1.40 is formally a consequence of Theorem 1.39 but it is actually
used for proving Theorem 1.39 (see Chapter 7). We call Theorem 1.40 the Back-
wards Translation Theorem because its proof yields an algorithm that trans-
forms a formula defining L into one defining f~!(L). We now give the idea of its
proof. Let us go back to the edge-complement transformation (Example 1.30). It
is a first-order transduction that transforms G into G. If P is a first-order graph
property, then the property @Q defined by Q(G) if and only if P(G) is also first-
order. The edge relation of G is defined by edgg(u, v) <= u # vA-edgg(u,v).
Hence one obtains a first-order sentence expressing @) by replacing in the given
first-order sentence expressing P each atomic formula of the form edg(z,y) by
(z £y A —edg(x,y)). Here is an example. We let P be defined by the sentence:

3x,y,z<x7éy/\y7éz/\x7éz A
edg(,y) A edg(y, 2) A edg(z,2))

expressing that an undirected graph G has an induced path Ps (of the form
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e — e — ). The sentence defining @ is then:

Elx,y,z(z £yNy#£zANx#£zA (x #+ y/\—\edg(:c,y)) A
(y #* 2z A ﬂedg(y,z)) /\—\(fv #z /\—\edg(:r,z))).

It can actually be simplified into:

Emy,z(x;éy/\y;éz/\w;éz/\ﬁedg(x,y) A
medg(y,2) A edg(w,2))

expressing that G has an induced subgraph of the form e—e . This construction
extends easily to monadic second-order transductions without parameters, like
those of Examples 1.31, 1.32 and 1.33.

Let us now assume that f is defined by a definition scheme of the form
(x(X), True,0(X, z,y)) with one parameter X. Here x(X) is a formula that
imposes some conditions on the parameter X. In Example 1.34, the condition
“X denotes a singleton” might be imposed on X: the corresponding transduc-
tion associates with each vertex its connected component.

Let 5 be a sentence and let L be the set of graphs such that |G| = 5. Let
then 3% be the formula with free variable X obtained by replacing in 3 every
atomic formula edg(z,y) by 0(X, z,y) (by using appropriate substitutions, and,
if necessary, renamings of bound variables in 6(X,z,y)). For A C Vg, the
graph f(G, A) is well defined if and only if |G| &= x(A), and then, f(G, A) E 8
if and only if |G| = B#(A). It follows that f~1(L) is defined by the sentence
EIX(X(X) A ﬁ#(X)).

1.7.3 The Equationality Theorem

The Equationality Theorems for the VR and the HR algebras (and for an algebra
of relational structures that generalizes the VR algebra) are among the main
results established in this book.

As an introduction to the Equationality Theorem for the VR algebra, we
recall that the mapping that associates the cograph wval(t) with a term ¢ in
T({®,®,1}) is a monadic second-order transduction (Example 1.38). More
generally:

Theorem 1.41 For every k, the mapping that associates with a term ¢ in
T (F[\k/]R) the p-graph tgp is a monadic second-order transduction. O

This implies that the set of graphs of clique-width at most k, which is a VR-
equational set, is the image of the set of terms (over some finite signature) under
a monadic second-order transduction. The following result includes a converse
of this result and is very important for the theories of graph structuring and of
graph grammars.
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Theorem 1.42 (Equationality Theorem for the VR algebra)
A set of simple graphs is VR~equational if and only if it is the image of the set
of binary rooted trees under a monadic second-order transduction. O

As an immediate consequence and by using Theorem 1.39, we obtain that
the image of a VR-equational set under a monadic second-order transduction is
again VR-equational. Note that this implies, as a special case, the logical version
of the Filtering Theorem (Theorem 1.22): for a sentence x, the transduction
Ix ={(G,G) | |G] = x} is a monadic second-order transduction with definition
scheme (x, True, edg(x,y)), and f (L) = {G € L | |G] [ x} for every set
of graphs L. Another immediate consequence, using Proposition 1.18, is the
following.

Corollary 1.43 A set of simple graphs has bounded clique-width if and only
if it is included in the image of the set of binary rooted trees under a monadic
second-order transduction. O

Thus, again using Theorem 1.39, the image of a set of graphs of bounded
clique-width under a monadic second-order transduction from graphs to graphs
has bounded clique-width.

In Theorem 1.42 and Corollary 1.43, one can replace “the set of binary rooted
trees”3? by “the set of trees” or by “T'(F) where F is any finite signature with
at least one constant symbol and at least one symbol of arity at least 2”.

1.8 Monadic second-order logic with edge set
quantifications

If a graph G is represented by a relational structure whose domain also contains
the edges, instead of by |G], then the expressive power of monadic second-
order logic is increased, even for expressing properties of simple graphs. We will
also compare the four types of monadic second-order transductions obtained by
representing input and output graphs G either by |G| or by the alternative
structure denoted by [G].

1.8.1 Expressing graph properties with edge set quantifi-
cations

For every undirected graph G, we let [G] be the pair (Vg U Eg, ing) where*?
ing = {(e,u) | e € Eg,u € Vi, u is an end vertex of e}. If G has several edges
(called multiple edges) between two vertices, these edges are distinct elements
of the domain of [G]. The structure [G] can be seen as | Inc(G)]| where Inc(G)

39A rooted tree is directed in such a way that the root is the unique node of indegree 0
and every node is accessible from the root by a directed path. It is binary if each node has
outdegree 0 or 2. The associated (undirected) tree has degree at most 3.

40Recall that Vi is the set of vertices and E¢ is the set of edges.
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is a bipartite directed graph called the incidence graph of G, whose edge re-
lation is denoted by the binary relation symbol in. In a relational structure
S = (Dg, ing) isomorphic to [G] for some graph G, the elements of Dg cor-
responding to edges are those, say u, such that (u,v) € ing for some v. The
element u corresponds to a loop if and only if there is a single such v. It follows
that G can be reconstructed from S in a unique way. Thus, the representation
of G by [G] is faithful for all undirected graphs.

For directed graphs, we will use [G]| := (Vg U Eg, in1g, inag) where (e, u) €
inic (resp. (e,u) € insg) if and only if u is the tail*! (resp. the head) of e.
Hence [G] can be seen as a directed bipartite graph, also denoted by Inc(G),
with edges labelled either by 1 or by 2. Loops in G are multiple edges (with
different labels) in Inc(G).

In this setting, edges are considered, like vertices, as objects that form a
graph and not as the pairs of some binary relation over vertices. In particular,
we do not consider an undirected edge as a pair of opposite directed edges.

Graph properties can be expressed logically, either via the representation of
a graph G by [G], or via the initially defined representation |G| := (Vig, edgg).
The representation |G| only allows quantification on vertices and on sets of
vertices in monadic second-order formulas, whereas the representation [G] also
allows quantification on edges and sets of edges. A graph property is MSs-
expressible if it is expressible by a monadic second-order formula interpreted in
[G]. The index 2 refers to the possibility of “two types of quantification”, on
sets of vertices and sets of edges. A property is MS;-expressible if it is by a
monadic second-order formula interpreted in |G|. Unless for emphasizing the
contrast with MSs, we will write MS instead of MS; .42

Let us stress that we do not modify the logical language, but only the rep-
resentation of graphs by relational structures. Since an incidence graph is a
graph, we still deal with a single language that we use to express formally graph
properties. We now compare the power of these two ways of expressing graph
properties. It is clear that a property of a graph G like “for every two vertices
u, v, there are no more than 3 edges from u to v” cannot be expressed by any
sentence interpreted in |G| because this relational structure cannot identify the
existence of multiple edges, and thus no sentence can take into account their
multiplicity. However, even for expressing properties of simple graphs, monadic
second-order sentences with edge set quantifications are more powerful. The
property that a loop-free undirected graph G has a perfect matching is equiva-
lent to [G] = 3X. 4 where ¢ is a formula with free variable X expressing that
X is a set of edges and that for every vertex u there exists a unique e € X such
that (e,u) € ing. The formula v is easy to write with first-order quantifica-
tions only. However, there is no monadic second-order sentence ¢ expressing
this property by |G| = ¢. The formal proof of this assertion (to be done in

411f ¢ is an edge directed from u to v, then we say that u is its tail and that v is its head.

42By an MSz formula, we mean a monadic second-order formula written with the binary
relation symbols in, ini, ing, intended to be interpreted in logical structures of the form
[G]. An MS; formula is written with the binary relation symbol edg and is to be interpreted
in |G].
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Chapter 5) is based on the observation that the complete bipartite graph Ky, .,
has a perfect matching if and only if n = m, and on the theorem saying that no
monadic second-order formula can express that two sets have the same cardinal-
ity. It is easy to express that a given set of edges, say X, is a perfect matching,
and this is what formula 1 does. But one cannot replace “there exists a set
of edges satisfying ¥” by an MS formula without edge set quantification. The
property “G has a Hamiltonian cycle” can be expressed similarly by an MS for-
mula interpreted in [G]. The graphs K, ,,, can be used as counter-examples, as
above for perfect matchings, to prove that this is not possible by an MS formula
over |G].

It is clear that every MS;-expressible graph property is MSs-expressible.
Although some properties of simple graphs are MSy-expressible but not MS;-
expressible, MSs formulas are in many cases no more expressive than MS; for-
mulas.

Theorem 1.44 (Sparseness Theorem)

Let L be a set of simple graphs that are all, either planar, or of degree at most
k, or of tree-width at most k for some fixed k. Every MS, sentence ¢ can be
translated into an MS; sentence v such that for every graph G in L:

[G] E ¢ if and ounly if |G] E v.
O

This result actually extends to sets of uniformly sparse graphs, as we will
prove in Section 9.4.

1.8.2 Monadic second-order transductions over incidence
graphs

For expressing properties of graphs G, we can choose between the two represent-
ing relational structures |G| and [G]. For defining monadic second-order graph
transductions, we get thus four possibilities arising from two possible represen-
tations for the input as well as for the output. All examples of Section 1.7.1 use
the first representation for the input and the output. We give below examples
using [G]. We first fix some notation.

A graph transduction f is an MS; j-transduction where ¢,j € {1,2}, if there
exists a monadic second-order transduction g such that (G, H) € f if and only
if (S,T) € g where S'is |G| if i =1 and [G] if i = 2, and similarly, T is | H | if
j=1and [H]if j = 2. Hence the indices ¢ and j indicate which representations
are used, respectively for the input and the output graphs.

It is clear that every MS; ;-transduction is also an MS, ;-transduction, be-
cause every MS; formula can be rewritten into an equivalent MSs formula.
Hence changing in this way 1 into 2 makes “easier” the task of writing formu-
las to specify a transduction. For the “output” side we get that every MS; o-
transduction is an MS; ;-transduction, and not vice-versa as one might think,
because in the former case the transduction must define the edges (and not only



1.8. EDGE SET QUANTIFICATIONS 71

the vertices) from elements of the input structure, either |G| or [G]. We have
the following inclusions of classes of monadic second-order transductions:

MS; 2 € MS;; € MSy g
MS; 2 € MSg o € MSs ;.

We will give examples proving that these inclusions are proper, that MS; ; and
MS; > are incomparable, that MS; ; U MS, 5 is a proper subclass of MS; ; and
that MS; » is a proper subclass of MS; ; N MS, 5.

Example 1.45 (The line graph transduction)

The line graph Line(G) of an undirected graph G is the loop-free undirected
graph H such that Vg = Eg and e, f are adjacent vertices of H if and only if
they have at least one common vertex as edges of G. The mapping [G| — | H |
is an MSs ;-transduction with definition scheme (x, d, feqq) such that:

X <= True,
0(x) <= Jz.in(z,2),
Ouig(ty) = & £y ATa(in(z, 2) A in(y, 2)).

Could one use |G| instead of [G] for the input? The answer is no by
Fact 1.37 because for arbitrary graphs G, if H = Line(G) then we do not have
|D[HJ| = O(lDLGJD since DLHJ = VH = EG and Dth = Vg.

Could one use [H] instead of |H| for the output? Again the answer is
no by a similar argument: if G = Ki,, then |Dig| = 2n + 1, |Vy| = n,
|Er| =n(n—1)/2, hence |Dg1| = n(n +1)/2 and is not O(|Dy¢1])-

Hence the line graph transduction is neither in MS; ; nor in MSj .

Example 1.46 (Transitive closure)

We have seen in Example 1.32 that the transitive closure : G — G on
directed graphs is an MS; ;-transduction. It is not an MSs o-transduction: con-
sider @, the directed path with n vertices. We have [Drq,1] = 2n — 1 and
|D(giq| = n(n +1)/2, hence we do not have [Dgy| = O(|Drq,|). Conse-
quently the transitive closure of directed graphs is not an MSs o-transduction.

Example 1.47 (Edge subdivision)
For G simple, directed and loop-free, we let Sub(G) be the graph of the same
type such that:

Vsu@)y = VeUEgq,

Esuw) = {(u,e),(e,v) | (e,u) € inig, (e,v) € inag}
This transformation, called edge subdivision consists in replacing directed edges
by directed paths of length 2. We have |Vgu()| = |Va| + |Ec| and |Egyy ()| =

2|E¢|. Edge subdivision is an MSs o-transduction because the transformation of
[G] into [Sub(G)] is a 3-copying monadic second-order transduction: a vertex
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v of G is made into a vertex (v,1) of Sub(G), and an edge e linking u to v
is made into a vertex (e, 1) and into edges (e, 2) and (e, 3) of Sub(G) that link
respectively (u, 1) to (e, 1) and (e, 1) to (v,1). Its definition scheme will be given
in Chapter 7 (Example 7.44). Since |Vg,(c)| is not O(|Vg|), edge subdivision
is not an MS; ;-transduction.

Example 1.48 (Identity)
The identity mapping is trivially an MS; ;- and an MSs »>-transduction, and
hence also an MSs ;-transduction. It is not an MS; »-transduction, as a clear

consequence of Fact 1.37. However we have the following theorem which entails
Theorem 1.44 with the help of Theorem 1.40.

Theorem 1.49 On each set of simple graphs that are planar, or of degree at
most k, or of tree-width at most k for some fixed £, the identity is an MS; »-
transduction. O

We conclude this discussion with a diagram (Table 1.1) relating the different
types of MS-transductions, where lines indicate strict inclusions from bottom-
up. All inclusions are clear from the definitions and the above observations.
That they are strict and that MS; ; and MSs; 2 are incomparable is proved by
Examples 1.45, 1.46, 1.47 and 1.48.

MS2 1
|
MSl,l U MSZ72
4 \
MSM MSZ,2
N /
MSLI N MSQ)Q
|
MSLQ

Table 1.1: The different classes of monadic second-order transductions.

The results in Section 1.7.3 are stated for MS; ;-transductions and the VR
algebra. There are analogous statements for MSs o-transductions and the HR
algebra. We first observe a technical point: since the identity on trees or terms
is an MS; o-transduction and since the composition of two MS-transductions is
an MS-transduction, a transduction from trees or terms to graphs is an MS; ;-
transduction if and only if it is an MSs ;-transduction. There are thus only two
types of transductions taking trees or terms as input to consider and we get the
following fully similar results:

Theorem 1.50 For every k, the mapping that associates with a term ¢ in

T(F[Iz;l]R) the s-graph tjs is an MS; o-transduction. O



1.8. EDGE SET QUANTIFICATIONS 73

Theorem 1.51 (Equationality Theorem for the HR algebra)
A set of graphs is HR-equational if and only if it is the image of the set of binary
rooted trees under an MS; o-transduction. O

As in Section 1.7.3, this implies, using the closure of monadic second-order
transductions under composition (Theorem 1.39), that the image of an HR-
equational set under an MS, -transduction is again HR-equational (general-
izing the logical version of the Filtering Theorem for HR). Moreover, using
the Equationality Theorems for both the VR and the HR algebra, we obtain
that the image of an HR-equational set under an MS, ;-transduction is VR-
equational, and the image of a VR-equational set under an MS; o-transduction
is HR-equational. Note that if f is an MS; ;-transduction and g is an MS; ;-
transduction (i, 7, k = 1,2), then their composition f-g is an MS; ,-transduction.

Using Proposition 1.20, Theorem 1.51 implies the following corollary.

Corollary 1.52 A set of graphs has bounded tree-width if and only if it is in-
cluded in the image of the set of binary rooted trees under an MS; p-transduction.
O

As for Theorem 1.42 and its corollary, both Theorem 1.51 and Corollary 1.52
hold with “the set of binary rooted trees” replaced by “the set of trees” or by
“T'(F) where F is any finite signature with at least one constant symbol and at
least one symbol of arity at least 2”. In these results, graphs are without ports
or sources in order to have simpler statements. Slightly more general results
will be stated in Chapter 7.

From Corollaries 1.52 and 1.43 we get the following corollary from which
quick proofs that certain sets of graphs have bounded or unbounded tree-width
or clique-width can be obtained.

Corollary 1.53

(1) The image of a set of graphs of bounded tree-width under an MSg »-
transduction (resp. under an MSs ;-transduction) has bounded tree-width
(resp. bounded clique-width).

(2) The image of a set of graphs of bounded clique-width under an MS; ;-
transduction (resp. under an MS; ;-transduction) has bounded clique-
width (resp. bounded tree-width).

(3) A set of simple planar graphs or of simple graphs of bounded degree has
bounded tree-width if and only if it has bounded clique-width. O

Statements (1) and (2) follow from Corollaries 1.52 and 1.43, by Theorem 1.39.
Since all proofs are effective, the new bound can be computed from the given
bound and the definition scheme of the MS-transduction. Using again Theo-
rem 1.39, statement (3) follows from Theorem 1.49 and the fact that the identity
is an MSq ;-transduction (Example 1.48). We will give in Section 2.5.5 a proof
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of statement (3) that does not use transductions and gives a good estimate of
the bound on tree-width.

To conclude this section, let us stress the nice parallelism between two groups
of definitions:

(1) the VR algebra, clique-width and MS formulas, and
(2) the HR algebra, tree-width and MS, formulas.

The Recognizability Theorem and the Equationality Theorem have fully anal-
ogous statements for both groups. Furthermore, the same graph theoretic con-
ditions, those of Theorem 1.44 (and more general ones), ensure the equivalence
of clique-width and tree-width, and simultaneously of MS and MS, formulas.
The MS; 2- and MSs ;-transductions define “bridges” between the “world of
bounded clique-width” and that of “bounded tree-width”. The facts show how
intimate are the relationships between logical and combinatorial notions.

1.9 Relational structures

Terms, graphs, labelled graphs, hypergraphs of different types are, or rather can
be conveniently represented by relational structures. We have only seen up to
now relational structures with unary and binary relations, that correspond to
vertex- and edge-labelled graphs. However, many of our results can be proved
without any difficulty for general relational structures.

In order to illustrate the usefulness of relational structures in Discrete Math-
ematics, we will present the examples of betweenness relations and cyclic order-
ings, two combinatorial notions defined in a natural way as ternary relations.
Furthermore, in a different domain, the theory of relational databases is based
on the concept of relational structure (see the book by Abiteboul, Hull and
Vianu [*AbiHV]). However, our theory will not bring much to this field for
reasons that we will discuss briefly.

1.9.1 Relational signatures and structures

A relational signature (to be contrasted with the notion of a functional signature
defined in Section 1.1.4) is a finite set R of relation symbols where each symbol
R of R has an associated arity p(R) in Ny := N —{0}. A relational structure of
type R, called simply an R-structure, is a tuple S = (Dg, (Rs)rer) consisting
of a finite (possibly empty) domain Dgs and of a p(R)-ary relation®® Rg for
each R € R. The set of R-structures is denoted by STR(R). We let p(R) :=
max{p(R) | R € R}. A signature R (resp. an R-structure) is binary if p(R) < 2.

Since every k-ary function can be considered as a (k + 1)-ary relation, there
is no loss of generality in considering relational structures as opposed to more

43 A k-ary relation can be defined as a subset of Dg or, equivalently, as a total function:
DE — {True, False}.
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general logical structures containing also functions. Although a constant, i.e.,
a 0-ary function can be replaced by a (singleton) unary relation, it will be con-
venient (for instance for representing the sources of graphs) to allow constants.
However, in this introductory section, we will only consider relational structures
without constants.

Formulas are written with atomic formulas of the two forms x; = z5 and
R(zq,. .. ,Tp(R)) Where x1,...,2,(g) are individual variables. The notion of an
MS-expressible property of R-structures follows immediately. A subset L of
STR(R), the set of all R-structures, is MS-definable if it is the set of finite
models of a monadic second-order sentence ¢, formally, if L = {S € STR(R) |
S E et

For expressing graph properties by monadic second-order formulas, we have
defined two relational structures associated with a graph G, denoted by |G|
and [G]. We have observed that certain graph properties are monadic second-
order expressible via the “rich” representation [G], but not via the “natural”
one |G|. The former properties are called MSs-expressible. A similar extension
of monadic second-order logic can be defined for relational structures. We let
RIme .= RU{in; | 1 <i < p(R)} with p(R) = 1 for R € R and p(in;) = 2
for i = 1,...,p(R). The incidence structure of S = (Dg,(Rs)rer) is the
RIme_structure Inc(S) defined as

(Ds UTs, (Rime(s))RER» N1 Ine(S)s - - - » Nk Ine(S))
where k := p(R) and:
Ts = {(R,dy,...,dyr)) | RER, (di,...,dyr)) € Rs},
Ripesy(d) <= d=(R,di,...,d,g)) € Ts for some dy, ...,d,r) € Ds,

N Ine(s)(d, d') = d€Ts,d € Dsand d = (R,dy,...,d,g)) for some
R € R and dy,...,d,g) such that d’ = dj.

It is clear that two R-structures S and S’ are isomorphic if and only if Inc(S)
and Inc(S’) are isomorphic. The incidence structure Inc(S) of S is actually a
vertex- and edge-labelled bipartite directed graph. Furthermore, each relation
N ne(s) is functional. A set of R-structures is MSy-definable if it is {S €
STR(R) | Inc(S) [= ¢} for a monadic second-order sentence ¢ over the signature
R, As for graphs, we obtain the notion of an MSs-expressible property of
R-structures by replacing S by Inc(S).

Since the incidence structure of a relational structure is a labelled graph,
the results concerning MSs formulas and labelled graphs of bounded tree-width
transfer easily to relational structures. It is not difficult to see that the identity
on incidence structures (of R-structures) is an MS; -transduction, which im-
plies that Inc(S) has the same MSs-expressible and MS;-expressible properties
(cf. Theorems 1.49 and 1.44).

We define twd™(S) := twd(Inc(S)) to be used as parameter. For each k,
we define STRy(R) as the class {S € STR(R) | twd™*(S) < k} and we get the
following result.
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Theorem 1.54 Let R be a relational signature.

(1) The model-checking problem for CMSs sentences and the class of R-
structures is fixed-parameter linear with respect to twd'™(S) + |¢| where
S is the input structure and ¢ is the input sentence.

(2) For each k € N, the CMSs-satisfiability problem for the class STR(R)
is decidable.

(3) If a subset of STR(R) has a decidable MSs-satisfiability problem, then it
is contained in STR,,(R) for some m. O

This theorem generalizes to R-structures the parts of Theorems 1.25, 1.26
and 1.29 that concern tree-width and CMSs-expressible graph properties. Es-
tablishing analogous results for CMS properties (as opposed to CMSs proper-
ties) raises difficult open problems.

1.9.2 Betweenness and cyclic ordering

We now present the two combinatorial notions of betweenness and cyclic order-
ing that are naturally defined as ternary relations. They raise open questions
relative to monadic second-order expressibility. All results stated below will be
proved in Section 9.1.

With a finite linear order (D, <) such that |D| > 3 we associate the following
ternary relation, called its betweenness relation:

B(z,y,2) <= (z<y<z)V(z<y<z)

(where & < y means “x <y and z # y”). We denote it by B(<). This relation
satisfies the following properties, for all x,y, z,t € D:

(Bl) B(z,y,2) =z #yNz #z Ny # 2,

(B2) B(z,y,2) = B(z,y,z),

(B3) B(z,y,z2) = —B(y, z,x),

(B4) B(z,y,z) AN B(y, z,t) = B(x,y,t) A B(x, z,t),

(B5) B(zx,y,z) AN B(y,t,z) = B(x,y,t) A B(x,t,2),

(B6) x AyANz#zAy+#z= B(z,y,2)V B(y,z,2) V B(z,z,y).

Conversely, if B is a ternary relation satisfying these properties, it is B(<)
for some linear order on D, hence is a betweenness relation. A set X C D3
is consistent for betweenness if X C B for some betweenness relation B on D.
The problem BETWEENNESS consisting in deciding whether a given set X C D3
is consistent for betweenness is NP-complete ([*GarJoh]).

If X is consistent for betweenness, we define

X = ﬂ{B | X C B, B is a betweenness relation}.
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The set X satisfies properties (B1)-(B5). We say that X is a partial betweenness
relation on D if X = X. These definitions raise the following open questions,
where a ternary relation X C D3 is identified with the R-structure (D, X) (for
some fixed singleton R):

Questions 1.55

(1) Is the set of relational structures {(D, X) | X is consistent for betweenness}
MS-definable?

(2) Is the set of partial betweenness relations MS-definable?

For MS, the answers to these questions are positive.

Proposition 1.56 The set of partial betweenness relations and the set of ternary
relations that are consistent for betweenness are MSy-definable. O

For X C D3, we define the size of (D, X) as |D| + |X| and twd'™(X) as
the tree-width of the labelled graph Inc({D, X)). From Proposition 1.56 and
Theorem 1.54(1) we immediately obtain the next result.

Corollary 1.57 The problem BETWEENNESS is fixed-parameter linear with re-
spect to twd ™. O

We now consider the similar notion of cyclic ordering. With a finite linear
order (D, <) such that |D| > 3, we associate the ternary relation:

C(zr,y,2) = (r<y<z)V{y<z<z)V(iz<z<y).

Let D := {dy,...,d,} with dy < d2 < --- < d,, where dy,...,d, are points
on a circle such that, according to some orientation of the plane, d;;; follows
d; and d; follows d,,. Then C(z,y,z) expresses that, if one traverses the circle
according to this orientation by starting at x, one meets y before z. We denote
by C(<) the ternary relation associated with < in this way. A relation of this
form is a cyclic ordering. A cyclic ordering C satisfies the following properties,
for every z,y, z,t of its domain D:

(Cl) Clz,y,z) = #yAhx# 2Ny #z,

(C2) C(z,y,2) = C(y, z,x),

(C3) Clx,y,2) = ~C(x,z,y),

(C4) Clx,y,2) NC(y,t,z) = C(z,y,t) ANC(x,t,2),
(Ch) s #yAy#zhe#z=C(z,y,2)VC(z,z7y).

Every ternary relation satisfying (C1)-(C5) is a cyclic ordering. A subset X of
D3 is consistent for cyclic ordering if X C C for some cyclic ordering on D.
The problem CycLIC ORDERING that consists in deciding if a set X C D3 is
consistent for cyclic ordering is NP-complete ([GalMeg]).
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As for betweenness, for X C D3, we let X be the intersection of all cyclic
orderings C on D such that X C C (and X is undefined if X = ) or if there is
no cyclic ordering containing X). A partial cyclic ordering on a set D is defined
as a subset of D3 such that X = X. For cyclic ordering, we have the same
results and open questions as for betweenness.

1.9.3 Relational databases

The theory of relational databases (exposed in the book [*AbiHV]) is based on
relational structures. In this theory, a relational signature R is called a database
schema, its elements are called relation schemas, and an R-structure is called a
database instance. A query is a syntactic or algorithmic description of a relation
with specified arity written in some query language and defined in terms of the
relations stored in the considered database instance. One concern is to compare
the expressive powers of several such languages. Another one is to construct
efficient algorithms for evaluating these relations, that is, to list their tuples or
sometimes, only to count them.

Theorem 1.54 yields linear-time algorithms for such computations (and for
fixed queries) in cases where the input structures are constrained to belong to
STR(R) for some fixed k, or to satisfy some similar condition (e.g., for bi-
nary structures, to have bounded clique-width), and formulas are required to
be monadic second-order. In the case of databases, there is usually no reason
to assume that the relational structure modelling the database instance satisfies
such constraints. Constraints are rather put on the formulas expressing queries
in order to ensure the existence of efficient algorithms. These constraints are
formulated in terms of tree-width and hypertree-width of certain graphs associ-
ated with formulas: we refer the reader to the comprehensive article by Gottlob
et al. [GotLS]. Hence, the basic concepts of relational structures and logical
formulas are the same as in the algorithms of Section 1.5, but the methods for
constructing fixed-parameter tractable algorithms are not.

1.10 References

The collective book [*Com+] by Comon et al., readable online, is a thorough
study of finite automata on terms. Another reference is the book chapter
[*GecSte].

Graph grammars defined in terms of graph rewritings are surveyed in two
chapters ([*EngRoz, *DreKH]) of the first volume of the handbook of graph
grammars and graph transformations [*Roz] edited by Rozenberg. Another
similar survey is the book chapter [*Eng97]. Most of the material referred to in
Sections 1.1-1.8 is surveyed in [*Cou97], another chapter of [*Roz].

The books by Diestel [*Die] and by Mohar and Thomassen [*MohaTho]
are our main references for general graph theory and for graphs embedded on
surfaces respectively.
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The books by Downey and Fellows [¥DowFel] and by Flum and Grohe
[*FluGro] present in detail the theory of fixed-parameter tractability and contain
important sections on tree-decompositions and their algorithmic applications.
The surveys by Grohe [*Gro] and by Kreutzer [*Kre] focus on algorithms for
problems expressed by first-order and monadic second-order sentences relative
to graphs that are structured in various ways.

One of our objectives is to extend to finite graphs the algebraic view of
Formal Language Theory initiated by Mezei and Wright [MezWri]. The least
fixed-point characterization of context-free languages due to Ginsburg and Rice
[GinRic] and to Chomsky and Schiitzenberger [ChoSch] has inspired the notion
of equational sets, defined in [MezWri|. This article extends to general algebras
the notion of recognizability studied for monoids by Eilenberg, Schiitzenberger
and many others: see the books by Eilenberg [*Eil] and Sakarovitch [*Sak].

Monadic second-order logic on words, terms and trees, either finite or infinite,
and its relationships with automata is a vast domain presented in the two book
chapters by Thomas [*Tho90] and [*Tho97a]. From this theory, we will only
use Theorem 1.16 by Doner [Don| and Thatcher and Wright [ThaWri] that
generalizes to terms the corresponding basic result established for words by
Biichi [Biic], Elgot [Elg] and Trakhtenbrot [Tra].

We will not study countable graphs and structures. For this rich topic we
refer the reader to the book chapters by Thomas [*Tho90] and [*Tho97a], and
to the books [*GraTW] and [*FluGraW].





