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Abstract

Regular and context-free languages form a central pillar of formal language theory.
This is because a variety of formalisms are known that define these classes of languages.
For example, we have that finite automata, monoids, algebraic recognizability, regular
expressions, regular grammars, monadic-second order logic, etc., can be used to represent
regular word languages. However, the situation is less clear for formal languages over
graphs, and open problems persist. This is because generalizing notions from words to
graphs has been more successful for some of the cited formalisms than for the other ones.
Bruno Courcelle has introduced hyper-edge replacement (HR) algebras for generalizing the
notion of context-free languages from words to graphs. At the same time, HR-algebras
support the generalization of algebraic recognizability from words to graphs, a notion that
has been proven to be equivalent to definability in (counting) monadic-second order logic
(CMSO) over graphs of bounded tree-width. In this paper, we deal with generalizing regular
word grammars to graphs. We propose regular grammars for (unordered and unranked)
trees, series-parallel graphs, and graphs of tree-width < 2, where the qualifier regular is
justified because these grammars define exactly the recognizable resp. CMSO-definable
subsets of the respective graph classes.

1 Introduction

Regular and context-free languages form a central pillar of formal language theory. This founda-
tional role is underpinned by the variety of well-established formalisms that define these classes
of languages. For instance, regular word languages can be represented through finite automata,
monoids, algebraic recognizability, regular expressions, regular grammars, and monadic-second
order logic, among others. These diverse formalisms provide a robust and interconnected frame-
work for understanding the structure and properties of regular languages in the context of
words. While the landscape of formal languages of words and (to a lesser extend also) of trees
has been mapped extensively, the landscape of formal languages of graphs is less known and
open problems persist. Significant advancements in this area have been made by the works of
Bruno Courcelle, who introduced hyper-edge replacement (HR) algebras [8, 10]. HR-algebras
are a pivotal development as they allow to generalize the notions of context-free languages and
algebraic recognizability from words to graphs. Notably, algebraic HR-recognizability has been
shown to be equivalent to definability in (counting) monadic-second order logic (CMSO) for
graphs of bounded tree-width [3].

While extending the notions of logical definability and algebraic recognizability from words
to graph has been successful, the story is less clear for other formalisms such as regular ex-
pressions or regular grammars, for which no general results are known to capture precisely the
recognizable (resp. CMSO-definable) graph languages. Courcelle has proposed so-called “reg-
ular graph grammars” in [9], and proven that all languages resulting from such grammars are
CMSO-definable and of bounded tree-width; however, these “regular” grammars fall short of
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capturing all CMSO-definable sets of graphs of bounded tree-width. Recently, progress has been
made on defining regular expressions that capture exactly the CMSO-definable sets of graphs of
tree-width at most two [12], and on defining grammars that capture exactly the CMSO-definable
sets of graphs of bounded embeddable tree-width [6] (i.e., an over-approximation of tree-width
that considers only tree decompositions whose tree backbones are spanning trees of the input
graph).

Contributions. In this paper, we propose regular grammars for (unordered and unranked)
trees, oriented and disoriented series-parallel graphs, and for graphs of tree-width < 2. Call-
ing these grammars regular is justified because our grammars are syntactic restrictions of the
context-free grammars (as in the word case) and because we prove that our grammars define
exactly the recognizable (resp. CMSO-definable) subsets of the respective graph classes. More-
over, we show that the theory developed in this paper has applications for the inclusion problem
of languages given by regular grammars in any of the considered graph classes and we provide
a 2EXPTIME upper bound on the inclusion problem by a uniform argument.

Related Work. The rise of XML (eXtensible Markup Language) has sparked a systematic
study of automata and logics for XML trees, which are unranked trees with a total order on sib-
lings. We refer to [18] for a survey on automata and logics for unranked (ordered and unordered)
trees, including some complexity results relative to the model checking problem. Unranked trees
with total sibling order and data values are studied in [2]. Deterministic automata on unranked
trees with total sibling order are investigated in [11]. The complexity for decision problems of
automata on unordered trees (i.e., without a total sibling order) is examined in [1]. Algebraic
recognizers for unranked (ordered and unordered) trees are discussed in [5].

The foundational work by Courcelle established that all CMSO-definable sets of graphs are
recognizable [8], but there are recognizable sets of graphs that are not CMSO-definable. The pic-
ture is completed by the seminal papers by Bojanczyk and Pilipczuk [3, 4], that established the
equivalence of recognizability and CMSO-definability for bounded tree-width classes of graphs.

The regular expressions for graphs of tree-width < 2 introduced in [12] capture exactly
the CMSO-definable sets, just as the regular grammars we propose in this paper. However,
comparing the resulting formalisms and technical developments is challenging and requires
further study. For example, [12] defines and employs different graph operations for graphs
of tree-width < 2 compared to ours, the syntactic restrictions put on the regular expressions
are quite different from the restrictions put on our grammars, with their technical development
primarily based on CMSO, while ours is mainly based on algebraic recognizability. Furthermore,
we obtain explicit bounds on the size of the algebraic recognizer, whereas this is stated as an
open problem in [12].

The paper [6] proposes tree-verifiable graph grammars, a class that strictly generalizes the
regular graph grammars introduced by Courcelle in [9] and captures exactly the CMSO-definable
sets of graphs of bounded embeddable tree-width — a notion that denotes tree-decompositions
whose backbone is a spanning tree of the considered graph. The authors of [6] already proved
the CMSO-definability of the regular tree-grammars that we consider in this paper; we reprove
their result here, however, based on a different argument, that is, by an explicit construction
of a recognizer, which has applications to the language inclusion problem. Our results on
series-parallel graphs and graphs of tree-width < 2, in contrast, are orthogonal.

The paper [13] proposes a finite axiomatisation for term equivalence of two HR-terms for
graphs of tree-width < 3. This is an interesting direction to investigate whether ideas from this
paper can be used for defining grammars for graphs of tree-width < 3.
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2 Definitions

The set of natural numbers is denoted by N. Given numbers i,j € N, we write [i,j] o
{i,i+1,...,7}, assumed to be empty if ¢ > j. The cardinality of a finite set A is denoted
by card(A). By writing A Cg, B we mean that A is a finite subset of B. The disjoint union
AW B is defined as the union of A and B if AN B = () and undefined, otherwise. For a set A,
we denote by pow(A) its powerset.

We denote by mpow(A) the multi-powerset of A, i.e., the set of powersets m : A — N.
By mj U my we denote the union of the multisets my,ms : A — N, ie., (m Ums)(a) =
m1(a) + ma(a), for all a € A.

For a relation R C A x B, we denote by dom(R) and img(R) the sets consisting of the first
and second components of the pairs in R, respectively. We write R~! for the inverse relation
and R(S) for the image of a set S via R. Sometimes we write R(a) instead of R({a}), for an
element a € A.

We denote by poly (x) the set of functions p : N — N for which there exist ¢,k € N such
that p(n) < c¢-nF, for all n € N (the argument z is necessary to specify the argument of these

. . . . . . . oly (x)
functions). This notation is used in exponentiation, e.g., f € 22

ie, f(n) < 22" for some p(z) € poly (z), for all n € N.

, with the obvious meaning,

2.1 Algebras, Recognizability and Grammars

Let X = {01,09,...} be a set of sorts, F = {f1, f2,...} be a set of function symbols, called sig-
nature, V = {z,y,...} and X = {X,Y,...} be sets of individual and set variables, respectively.
Each function symbol f has an associated tuple of argument sorts p(f) = (o1,...,0n) and a
value sort o(f). We denote by #f ¥y the arity of f. A function symbol of zero arity is a
constant. Moreover, each variable  (resp. X) has an associated sort o(z) (resp. o(X)).

A term of sort o is either a constant of value sort o, a variable of sort o, or f(t1,...,tn),
where p(f) = (01,...,04), each t; is a term of sort o; and o(f) = 0. A term is ground if it has
no variables. We denote by t[z1,...,2,] a term in which z1,...,x, occur at least once, and no

other variable occurs in t.

A (F,X)-algebra is a tuple A = ({A, }oes, {f*}e7), where each set A, is the domain of
sort o and each function fA : A, x...x A, — A, is the interpretation of the function symbol
f, having p(f) = {o1,...,0,) and o(f) = 0. The domain of A is A o U,cx As. We denote by
o(a) the sort of each element a € A. An algebra is locally finite if A, is finite, for each o € 2
and finite if A is finite. Each finite algebra is locally finite, but there are locally finite algebras
that are not finite, i.e., having infinitely many sorts.

A term t[zy,...,2,] defines a function tA : Asiz) X oo X Ag(z,) = Ag)- We also denote
the sort of ¢ by o(t) and the argument sorts of ¢ by p(t) = (o(x1),...,0(xy)). An algebra is
representable if its domain is the set of values of ground terms (of any sort). We implicitly
assume each algebra considered in this paper to be representable.

We say a (Fg, Xg)-algebra B is derived from some (F.,% 4)-algebra A, if ¥z C ¥ 4 and
for every f € Fp there is some first-order F4-term ¢y such that B = t}“. We note that any
subalgebra, i.e., an algebra obtained by restricting the signature and sorts of A, is a derived
algebra of A (this case needs no special treatment).

Given (F,X)-algebras A and B, an A-B homomorphism is a function h : A — B such
that h(fA(a1,...,a,)) = fB(h(a1),...,h(a,)), for all f € F, such that p(f) = (o1,...,0,)
and all a; € A,,, i € [1,n]. Because we assumed A and B to be representable algebras, the
homomorphism h is uniquely determined, hence we denote it by h.4 5.
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A (F,X)-recognizer is a pair (B, C), where B is a locally finite (F,3)-algebra and C' C B is
a set. Let A be a (F, X)-algebra in the following.

Definition 1. A set L C A is recognized by (B,C) if L = h;l}B(C). A set is (finitely) recog-
nizable if it is recognized by some (finite) recognizer.

We recall the following relation between an algebra B derived of some algebra A:
Lemma 1. £ C B is recognizable in B, if it is recognizable in A.

Proof By assumption we have Y3 C ¥ 4 and that for every f € Fp there is some first-order
F-term t; such that 5 = t;ﬁ‘. Let (D, E) be a (F,X)-recognizer, such that £ = h;‘}D(E). We
define the (Fg, X5)-recognizer (Z,J), where:

Z= ({lo}oess, {fF}fers) is alocally finite algebra, with

domains |, £ {tP | t ground Fp-term, o(t) = o}, for all o € X5, and
functions % £ ¢?,
JEINE

We prove that £ = hg}I(J ). We consider some = € B. By assumption that we consider only
representable algebras, there exists a ground Fi-term ¢ such that z = t5. Let u be the F4-term
obtained by expanding the terms from Fg, i.e., z = u”t. Then, hpz(z) = hB,I(tB) =t =
uP = hyp(u?) = hap(z). Hence, x € hg)II(J) iff v € h;‘}D(E). With £ C B, we obtain that
L=h3'p(E) = hg(J). m

An (F,X)-grammar T' = (N, R) consists of a finite set A of set variables, called nonterminals
and a finite set R of rules of the form, either:

e X — t[Xq,...,X,], where X, X;,...,X,, € N, tis a F-term, with o(t) = o(X) and
p(t) = (o(X1),...,0(Xn)),

e — X, for some X € N; these rules are called azioms.

We define size(T") to be the number of all symbols appearing in I". Given an (F, X)-algebra A,
an A-solution of T' is a mapping S : N' — pow(A), such that

1. S(X) € A,(x), for all X € N, and

2. t(S(X1),...,8(X,)) C S(X), for each rule X — t[X;,...,X,] € R,
where we lift point-wise the interpretation of terms from elements to sets, i.e., tA(S1,...,S,) =
{tA(e1,...,en) | e; € S;} for S; C A and i € [1,n]. We write £4(T') £ S(X) for the least
A-solution S of I'. Note that, since the evaluation of terms with set variables is monotonic with
regard to set containment, a least solution exists and is unique. The language of T in A is the
set LA(I) = UL xer £x (). A language L is context-free or equational in A if £ = LA(T'), for
some (F,X)-grammar I

A refinement of a (F,¥)-grammar I' = (N, R) by a (F,X)-recognizer (B,C) is a (F,X)-
grammar I'®:€) having nonterminals {X® | X € N, b € B} and rules either:

1. XY — ¢[XP, ..., XP], for each rule X — t[X1,...,X,] € R and each sequence of ele-
ments b, by, ...,b, € B, such that b = fB(by,...,b,), or

2. — X¢, for each axiom — X € R and each element c € C.
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Figure 1: Composition (a), Restriction (b) and Renaming (c) of Graphs. Sources are denoted
by hollow and internal vertices by solid circles.

We next state the fundamental property of refinement grammars:

Theorem 1 (Theorem 3.88 in [10]). Let A be a (F,X)-algebra. For each (F,X)-grammar T’
and (F,X)-recognizer (B,C), we have L4,(TB)) = L4(T)N h;‘}B(b), for all X € N and
b € B. Consequently, LA(TBC)) = LA(T) N h;‘}B(C).

Finally, we state that algebras over finite signature and sorts have a universal grammar:

Lemma 2. Let A be a (F,X)-algebra, with ¥ and F finite. Let T4 = ({Xo |0 € X}, R4) be
the grammar with rules X, — f[Xs,,..., X5, ], for each f € Fyq with o(f) = o and p(f) =
(01,...,00), and azioms — X, for every o € . Then, A = LA(T 4).

Proof “C” Let ¢ € A be an element and u be a ground F-term such that ¢ = v*. By induction
of the structure of u we build a derivation of X in I' 4 that produces c. This is possible because
there is a rule X — f[X,...,X], for each f € F. “D” Let ¢ € L%(T"4) be an element. By
induction on the derivation that produces c in I' 4, we build a ground F-term ¢, such that
tA =c. O

3 Graphs

Let S be a countably infinite set of source labels and A be a finite alphabet of edge labels, disjoint
from S. Each edge label a € A has an associated arity #a > 1, i.e., we do not consider edge
labels of arity zero. The sets S and A are fixed in the rest of this paper.

Definition 2. Let 7 Cgy, S be a finite set of source labels. A graph of sort T is a tuple
G = (Vg, Eg, A\g, Vg, Eq), where:

Ve is a finite set of vertices,

E¢ is a finite set of edges, disjoint from Vg,

A @ Eq — A is a mapping that defines the labels of the edges,

ve : Eq — VI is a mapping that associates each edge a mnonempty sequence of vertices
attached to the edge, such that #(As(e)) = len(vg(e)), for each e € Eg,

o & : T — Vg is a one-to-one mapping that designates the sources of G. The vertex &c(s)
is called the s-source of G. Because & is injective, a vertexr cannot be both an s- and
s'-source, for s # s'. Vertices that are not sources are called internal.

We denote by G the set of graphs.

For example, the leftmost graph in Fig. 1 (a) has four vertices of which tree sources labeled
s1, s2 and s3 and three edges labeled a, b and c. The a-labeled edge is attached to three vertices,
whereas the b- and c-labeled edges are binary. The middle graph is of sort {si, s2,s4} and the
rightmost one of sort {s1, sa, s3, S4}.
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Figure 2: Append (a) and Composition (b) of Trees. The hollow circles are the t-sources.

Next, we introduce the hyperedge replacement (HR) algebra of operations on graphs (for a
more detailed treatment, see [10]). We fix 3pr to be the set of finite subsets of S. Fir consists
of the constants 0, for all 7 Cgp, S and agy, ... s,,), for alla € A and s1,..., s, €S, the unary
function symbols restrict,, for all 7 Cg, S, and rename,, for all finite permutations a : S — S
and the binary function symbols ||, r,, for all 71,72 Cg, S. Note that Fur is infinite, because
the set S of source labels is infinite. The graph algebra G interprets the symbols in Fhgr as:

1. sources only: the graph 09 consists of one s-source, for each s € 7, and no edges.

2. single edge: the graph a(gshws#a) consists of an s;-source, for each i € [1,#al, and a
single edge labeled with a attached to the sq,..., suq-sources, in this order.

3. restriction: the unary function restrictf takes as input any graph of sort 7/ and returns

the graph of sort 7 N 7’ obtained by removing the source labels in 7/ \ 7 from G.
4. rename: the unary function rename¢ takes as input a graph of sort 7 and returns the
graph of sort a~!(7) obtained by renaming its sources according to a.
5. composition: the binary function \|§m takes the disjoint union of two graphs of sorts
71 and 7o, respectively, and fuses the vertices labeled by the same source label in both.
For simplicity, we omit the sorts and write || (resp. ||¢) whenever the argument sorts can
be inferred from the context.
For example, Fig. 1 (a) shows the result of the composition of two graphs, whereas (b) and (c)
show the result of applying restriction and renaming to this composition, respectively.

In the following, we will define several derived graph algebras over finite signatures, which

include the parallel composition operator. For this, we introduce the following notion:

Definition 3. A graph class (or simply class) C is a (F,X)-algebra derived from the graph
algebra G with F and ¥ finite, with || € F and || = ||9.

3.1 Trees

Let v, 11, lo,... € S be source labels. The t-source of a graph is called its root. We denote by T
the class of trees, with universe T, having the signature F7 defined below:

Fr g{appendb[acl, vy Tpoa] [ b €A, #b=mn}U{],04y}, where
append, (21, ..., 2p_1) = restrict{ey (b(e,i,,...1,_y) || renamecesr, (1) || - || renamecy, , (20-1))

Here x < y is the permutation that switches x with y and does not change anything else.
Figure 2 shows the interpretation of the function symbols from F7. The set of sorts used by
the class of trees is L7 = {t}. Note that Fr is finite, because the alphabet A of edge labels is
finite.

The standard terminology is immediately retrieved from the above definition. The vertices
V; of a tree T are called nodes. For an edge e € E,, labeled with a symbol of arity n, we say
that vr(e)1 is the parent of vr(e)sa,...,vr(e)n—1 and the latter are the children of vr(e);. A
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Figure 3: An Fygr-term (a), its corresponding parse tree (b) and the canonical evaluation (c).
Sources are denoted by hollow and internal vertices by solid circles.

node with no children is called a leaf. We denote by T'|,, the subtree of T rooted at some node
n € V. The rank of a tree is the maximum number of children of a node. A set of trees is
ranked if the corresponding set of ranks is finite and unranked, otherwise. In general, the set
of trees labels is unranked (over any alphabet), because each node can be attached on the first
position to any number of edges. Note that the trees in this paper are unordered because an
arbitrary number of children can be attached to a node using the || operator and their order is
not important.

Let C be some (F,X)-graph class C. The parse trees of C are compact representations of
F-terms, obtained by grouping adjacent |-nodes together. Hence, we consider the following
alphabet:

Ac Z{f | feF\{}}, where #f = #f +1, forall f e F\{||}

The class of parse trees P is the (F,X)-algebra derived from the tree algebra T over the
alphabet Ac, where each function symbol f € F\ {|[} is interpreted as appends. We denote
by valc the canonical homomorphism hp, ¢ that evaluates each ground F-term to the graph
obtained by interpreting the function symbols in the algebra C. For instance, Fig. 3 shows a
Fur-term (a), the corresponding parse tree (b) and the result of the canonical homomorphism
applied to it.

3.2 Series-Parallel Graphs

Let B C A be an alphabet of binary edge labels and 1,2,3 € S be source labels. Note that B is
finite, because A was assumed to be finite. We denote by SP (resp. DSP) the class of oriented
(resp. disoriented) series-parallel graphs, with universe SP (resp. DSP), signature Fsp (resp.
Fosp) given below and sorts Ysp = {{1,2}} (resp. Epsp = {{1,2}}):

def

Fsp Z{bga) | beB}U{o, |} Fosp = Fsp U {b21) | b € B}, where

roy o renames.3(restricty sy (« || renamep; 2 31(y)))

Here [1,2, 3] is the permutation mapping 1 — 2, 2 — 3 and 3 — 1, which acts as the identity
everywhere else. We use the more standard infix notation z o y instead of o(z,y). Figure 4 (a)
shows the interpretation of the function symbols from Fsp.

Definition 4. A graph G € DSP (resp. SP) is said to be o-atomic (resp. |-atomic) if there
are no graphs G1,Go € DSP (resp. SP), such that G = G1 o5% Gy (resp. G = Gy |57 Gs).
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Figure 4: Construction of series-parallel graphs (a). A disoriented series-parallel graph (b).
Sources are denoted by hollow and internal vertices by solid circles.

For example, the graph in the top-right of Figure 4 is ||-atomic and the graph in the bottom-
right is o-atomic. Clearly, each graph G € DSP (resp. SP) is either o-atomic or |-atomic.
Moreover, each series-parallel graph has a unique decomposition:

Lemma 3 (Lemma 6.3 in [9]). Let G € SP. Then, the following hold:

1. If G is not o-atomic then there exists a unique sequence G1, ..., Gy, for k > 2, of o-atomic
subgraphs of G, such that G = Gy 057 ... oSP Gy,

2. If G is o-atomic then either G is a single edge, or there exists a unique nonempty set
{G1,..., G}, for k > 2, of ||-atomic subgraphs of G, such that G = Gy ||°7 ... |7 Gj.

Note that the above does not apply to disoriented series-parallel graphs, e.g., the triangle in
Figure 4 (b) can be equally decomposed as (a(1,2) 0 b(1,2)) || €21y, (b(1,2) © €(1,2)) || ag2,1) or
(0(172) © a(1,2)) | b(2,1)-

3.3 Graphs of Bounded Tree-Width

Let parent be a binary edge label and T be a tree whose edges are all labeled by parent. A set of
nodes C' C V; is connected in T iff between any two nodes in C' there exists an undirected path
of edges from E, that traverses only nodes from C. Tree decompositions are used to formalize
the notion of tree-width:

Definition 5. A tree decomposition of a graph G is a pair (T, 3), where T is a tree with edges
labeled by parent and B : V. — pow(Vy) is a mapping, such that:

1. there exists n € Vi such that all sources of G belong to 5(n),

2. for each e € Eg there exists n € Vi such that vg(e); € B(n), for all 1 < i < #Ar(e),

3. for each v € Vy, the set Br(v) = {n € Vy | v € B(n)} is nonempty and connected in T.

def

The width of the tree decomposition is wd(T, 8) = max{card(8(n)) | n € V;} — 1 and the tree-
width of G is twd(G) = min{wd(T, 8) | (T, ) is a tree decomposition of G}. The sets 5(n),
def

n € Vi are called bags. If m is the parent of n in T, the set adhr g(n) = S(m) N B(n) is the
adhesion of n in (T, ) (by convention, adhr g(n) = 0 if n is the root of T').

Note that point (1) is not needed if the graph has no sources. We define G=F £ {G € G | twd(G) < k}.
It has been proved [10, Theorem 2.83] that G=F is the domain of a class GSF whose sorts
are subsets of [1, k 4+ 1] and whose signature is the set:

Fg<r 2{0,, restrict, | 7 C [1,k 4 1]} U {rename, | o is a [1, k + 1] — permutation}
U{ag,,..i,) la €A, #a=mn, i1,...,i, € [1,k+ 1]}
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Note that Fg<x is finite, because A is finite. This class has sorts Yg<x = pow({1,...,k + 1}).
As a remark, series-parallel graphs (either oriented or disoriented) can easily be seen to have
tree-width (at most) two, because the algebra SP is derived from the algebra G=2.

4 Counting Monadic Second Order Logic

The Counting Monadic Second Order Logic (CMSO) is the set of formulee written using the
individual V = {x,y, ...} and set variables X = {X,Y,...} according to the following syntax:

Y=z =yla@y1, .., Ypa), a €A X(x)|cardg,(X) [V1 Atha [ [Tz .9 [IX ¢

where p, ¢ € N are constants, such that p € [0,¢ — 1]. By MSO we denote the subset of CMSO
consisting of formulae that do not contain atomic propositions of the form card, ,(X), also called
cardinality constraints. A variable is free in a formula ¢ if it does not occur in the scope of a
quantifier. A sentence is a formula with no free variables.

The semantics of CMSO is defined in terms of a satisfaction relation G =* ¢, where G is
a graph and s : VUX — Vg U E; Upow(V, U Eg) is a variable assignment that maps each
individual variable into a vertex or an edge, respectively each set variable into a set of vertices
and edges from G. This relation is defined inductively on the structure of formulse (we omit
the semantics for the boolean operators as they are standard):

G F z=y —  s(z) =s(y)

G ):5 a(x7y17"'ayn) — 5(%) EEGv >‘G(5(x)) =a and UG(s(x)) = <5(y1)7"'35(yn)>
G E X(z) <~ s(z) € s5(X)

G E° card,,p(X) < card(s(X)) = p+ kq, for some k € N

G E Jx.v = G ):5[”“_”] 1, for some u € V5 U Eg

G = 3X .9y — G XUy, for some U C V, U By

If ¢ is a sentence, the satisfaction relation does not depend on s and we write G = ¢ instead of
G =° ¢. A set of graphs L is (C)MSO-definable if there exists a (C)MSO sentence ¢ such that

L=1{G|G o}
Theorem 2 (Theorem 4.4 in [8]). Each CMSO-definable set of graphs is recognizable in G.

A transduction is a relation § € G x G. We consider a class of transductions that first
initialize given set variables Xi,..., X, called parameters, then produce k disjoint copies of
the input graph, for some constant £ > 1, and finally define the output graph from the k
copies, based on the valuation of the parameters, using MSO formulae. Formally, a k-copying
transduction scheme (resp. copyless, if k = 1) is a tuple of MSO formulze:

0 = (0, (U Fic i) (U5 Yicrn) {Oasiv,oipe) Fachsin,.ipacli,h])s Where:

e o(Xy,...,X,) defines for which input graphs the transduction has an output, and con-
strains the set parameters X1,..., X,,

o Yt (z, Xq,...,X,) (resp. 1/dege(x,X1, ..., Xy)) defines the set of vertices (resp. edges)
of the output graph taken from the i-th copy, and

° G(G’i,jlw’j#a)(x,yl, ooy Ys#a, X1, ..., Xp) defines the incidence relation for the edges la-
beled by a € A, taken from the i-th copy and vertices from the ji, ..., jxq-th copies of
the input graph, respectively.
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Formally, given a graph G and an assignment s as above, the output of the transduction
associated with G and s is the graph defg(G), defined iff G =° ¢, where:

Vierg o) Hu € Vo U Bg | G g, i e [1, K]}
Bty o) S{u € Vo UEG | G " g5 i e [1, K]}
def
Vaert, () (€) =(U1, .., Uga) =
G ':ﬁ[wge,wmenwy#aFU#J \/ 0(a7i7j17~~~7j#a)’ for all a e A
ivjlv--*vj#ae[lvk]

We require that v,.z @) be a function from edges to tuples of vertices, for each assignment

s, and let defe(G) = {defy | variable assignment s}. A transduction ¢ is (C)MSO-definable
if there exists a (C)MSO transduction scheme © such that § = defg. The main property of
definable transductions is the Backwards Translation Theorem:

Theorem 3 (Theorem 1.40 in [10]). If £ is an (C)MSO-definable set of graphs and § is an
MSO-definable transduction then the set 61 (L) is (C)MSO-definable.

The following property is a direct consequence of the above theorem:
Proposition 1. The composition of definable transductions is definable.

In the following, we consider some graph class C. We recall that vale denotes the canonical
homomorphism between the algebra of parse trees Pc and the algebra C. We say that C is
parsable iff there exists a definable transduction 7= C val; ! with dom(rw) = C. Parsable classes
of graphs enjoy the equivalence between recognizability and CMSO-definability:

Theorem 4 (Theorem 4.8(2) in [9]). Let C be some parsable graph class and L C C be a set.
Then, L is CMSO-definable iff L is recognizable in C.

5 Regular Grammars for Graphs of Tree-Width < 2

Our main goal in this paper is the definition of grammars whose languages precisely characterize
the recognizable (resp. CMSO-definable) graph classes. The following theorem states that such
grammars always exist for parsable graph classes (item 2):

Theorem 1. Let C be a parsable graph class. For each set L C C, the following conditions are
equivalent:

1. L is CMSO-definable,

2. L=L(Te)PE), for some (Fe,X¢)-recognizer (D, E), where ¢ is the universal gram-
mar for C (see Lemma 2),

3. L is recognizable in C.

Proof (1) = (3) Since £ is CMSO-definable, £ is recognizable in G, by Theorem 2. By Lemma 1,
L is recognizable in C, because C is a derived algebra of G.

(3) = (2) Since L is recognizable in C, there exists a (F¢, X¢)-recognizer (D, E) such that
L= hE})(E). Since C = L¢(T¢), by Lemma 2, we obtain £L = CN L = L(T¢) N hglp(E) =

ﬁC(I‘(CD’E)), by Theorem 1.

10
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(2) = (1) Let (D, E) be a (F¢, X¢)-recognizer, such that £ = £ (FéD’E)). Since C = L¢(T¢),
by Lemma 2, we obtain hg % (E) = CNhgh(E) = L(Te) Nhgn(E) = LT = £, by
Theorem 1. Hence, L is recognizable. Since C is parsable, we obtain that £ is CMSO-definable,
by Theorem 4. O

We would like to take item 2 of Theorem 1 as definition of regular grammars. However,
the statement of item 2 is not constructive, and there is an inherent limitation here: given
an arbitrary grammar I', the problem of whether £¢(T") is recognizable is undecidable. In
fact, it is already undecidable if a given context-free word grammar defines a recognizable
language [16]. In order to work around this limitation, we consider the following view on
regular word grammars: the right-recursive (resp. left-recursive) word grammars can be seen
as a syntactic restriction of the context-free grammars. We follow this idea of introducing
syntactic restrictions and propose reqular grammars for trees, series-parallel graphs, and graphs
of tree-width < 2. The qualifier regular is justified because our grammars define exactly the
recognizable (resp. CMSO-definable) subsets of the respective graph classes.

The rest of this section is organized as follows: We first introduce the Periodic Filtering
Theorem (in subsection 5.1), which is used for establishing the completeness of the proposed
regular grammars. We then give regular grammars for trees (subsection 5.2), series-parallel
graphs (subsection 5.3) and graphs of tree-width at most two (subsection 5.4). Proving that
our regular grammars capture the recognizable (resp. CMSO-definable) subsets follows the same
principle for these three graph classes: (1) we establish that the class is parsable, (2) we provide
a universal regular grammar for the class, which in conjunction with the Periodic Filtering
Theorem, establishes that every recognizable (resp. CMSO-definable) can be represented by a
regular grammar and (3) we construct a recognizer from the rules of the given regular grammar.

5.1 Periodic Grammars and the Periodic Filtering Theorem

Let us fix some graph class C with signature F and set of sorts X. All regular grammars defined
later on share the following periodicity property:

Definition 6. A k-partitioned periodic grammar T = (N, R) has non-terminals N' = X, &
VWA W Vi, for some k > 1, and rules of one of the following forms:

A. X — X || Y¥, for some i € [1,k], non-terminals X € X;, Y € Y; and ¢ > 0, where
YLy || ... || Y; by convention, we consider that Y = 0,(v),
—_———

B. X = Y"0 || || Y%, X e Xy and Y1, ..., Yy € Vi,
C. Y = t|Zy,...Zy)], for somei € [L,k],Y € Vi, Z1,...,Zm € N, where t is an F-term,
D. —» X, for some i€ [1,k], X € A,.

We denote by Terms(I') the terms over variables {x1, ..., %k, Y1, .., Yk} such that tlvy,...,vm] €
Terms(I') if t[Z1, . .., Zn] occurs in a rule of form (C), v; = x; if Z; € X; andv; = y; if Z; € Y;.
The following lemma is helpful in dealing with periodic grammars (see Lemma 1 of [6]):
Lemma 4. Let T' = (N,R) be a k-partitioned periodic grammar. There is a k-partitioned
periodic grammar I" = (N, R') having L(T") = L°(T), Terms(I') = Terms(T") and size(T') €
poly (size(T')), such that for each i € [1,k], X € X;, Y € Y, there is exactly one rule X — X ||
Y of form (A) in R'.

11
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Proof Let us fix i € [LLk], X € Xy and Y € V;. Let X — X || Vi .. X — X | Vi
be the rules of the form (A) of R, for the given nonterminals. We assume w.l.o0.g. that
q1 < ... < qp. Incaseof h > 1, welet d > 1 be the ged of the integers ¢1,...,q, > 1. By
Schur’s theorem, there exists a computable integer n > 1 such that for each integer x > n
there exist x1,...,z, € N such that de = ¢1z1 + ... + gnzp. We further observe that the set
ME {qpzr + ...+ qnaen | 21, ...,z € N}N[1,dn] is computable. In case of h = 0, we set d = 0
and M = (). Otherwise, n is the Frobenius number of the co-prime numbers Lo, We
now obtain the set of rules R’ from R as follows:

(a) we keep the rules Y — t[Z1,... Zpn],
(b) we remove the rules X — X || Y# ... X — X || Y% and add the rule X — X || Y,
(c) for every rule X — Y1%% || ... || Y3*%* such that Y = Yy, for some £ € [1, k], we add a rule:
X o V0 | Vgt | Y |y, fee || v
for each m € M.

It is immediate to show that each derivation of I can be simulated by a derivation of IV with
the same outcome, and vice-versa. As we can iteratively perform the above transformation for
every i € [1,k], X € X; and Y € ), we obtain the grammar IV such that £¢(I') = £°(T') and
Terms(I”) = Terms(T"), having the stated property regarding the rules of the form (A).

It remains to prove that size(I') € poly (size(I')). Consider the changes described in the
previous. Clearly, step (a) does not increase the size of the grammar. Because d < ¢y, step (b)
does not increase the size of the grammar. In contrast, step (c) adds, for each m € M and each
rule p of form (B), m rules of size at most size(p) + m. Since m < dn < ¢in, it is sufficient
to prove that n € poly (size(T")). However, this follows from the upper bound on the Frobenius
number n < (4 —1)(% —1) — 1, see, e.g., [14]. Then, the polynomial bound on n follows from
¢ < qn, < size(T). O

The next result strengthens the Filtering Theorem of Courcelle [10] (Theorem 1). Our refined
version states that the intersection of the language defined by a periodic grammar and a recog-
nizable set results into a language that is defined by a periodic grammar such that, moreover,
no new terms are introduced in the right-hand sides of the rules of form (C):

Theorem 2 (Periodic Filtering Theorem). For each k-partitioned periodic grammar T and rec-
ognizer (A, B) there ezists a k-partitioned periodic grammar I such that Terms(I') C Terms(T")
and LE(T") = LE(TAB),

d

Proof Let n = card(A). We consider the k-partitioned periodic grammar T' = (AN, R) with
non-terminals N’ = X W) W - - WX, W),. By Lemma 4, we can assume that for each i € [1, k],
X € X; and Y € ), there is exactly one rule X — X || Y of the form (A) in R.

We define I" = (N7, R') by taking N’ = X/ WY} W---wW X} WY} where for all i € [1, k] we set
X E{X,| X €X;, acA}, V. E {Y,|Y €, a€ A}, such that moreover o(X,) = o(X),
o(Yy)=0(Y) forany X € X;, Y € Vi, a € A. We define R’ to contain the following rules:

E. X, —» X, || Y,*", for every rule X — X || Y% in R, a,b € A and r € [1,n] such that
b=0b|4 af” e where ot £ ¢ [4... 4 a.
—_———

n times

12
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F. Xy = |lvey, llaea Yo P90+ for every i € [1,k], X € X;, b € A, where ¢(Y,a) € N
and 0 < r(Y,a) < n are integers such that:
e there exist rules X — |yey, Y4 and X — X || Y7 in R, with Yoaeat(Y,a) =q(Y)
and ), a7(Y,a) = kq for some k € N, and
aEA aﬁQ(Yva)‘Hﬂ(Yva).

o b= ||Y€yi

G. Y= t[(Z1)ayy- -5 (Zm)a,,] for everyrule Y — t[Zy,...,Z;] in R and b, a4, . .. a,, € A such
that b = t4[a1, ..., aml,

H. — X, for any rule - X in R and b € B.

First, it is an easy check that I' is indeed a k-partitioned periodic grammar, for the par-
titioning X W Y| W --- W X/ W Y, of N/, and moreover satisfies Terms(I') C Terms(I') by
construction.

Second, the set of |-terms that can be derived from a non-terminal X in TA-5) using the
refined rules of form (A) and (B) of T is equal to:

fa(Y,a)+r(Y,a)+f(V,a)-e(Y) |

acA Ya
qY,a) e N,0<r(Y,a) <n,f(Y,a) €N,

X = |yey, YY) € R rule of form (B) and Z q(Y,a) =qY) for allY € Y,
acA

X = X || Y*®) € R rule of form (A) and ZT(Y, a) =k-e(Y) for some k € N for all Y € ),
a€A

{ ||Y€yi

b= |yey,llaea aﬂq(Y,a)JrT(Y»a)Jrf(Y»a)-e(Y)}

Any term in the set above is necessarily obtained by first applying a refined (terminal)
rule of form (B) followed by an arbitrary number of refined (pumping) rules of the form
(A) from I'. With the notations above, the refined terminal rule generates the sub-term
Iy ey llaca Yo7 @70 given the specific constraints on the existence of the rule, the choice
of refinement, etc. The additional refined pumping rules add the sub-terms Y,* Va)e(Y) with
the additional constraints on the existence and the refinement of such rules. The rules of form
(E) and (F) of I are defined such that they produce exactly the same set of ||-terms as above,
for the non-terminal X,. Actually, all small terms, that is, where ¢(Y,a) +r(Y,a) < q(Y) +n
are included by construction in terminal rules of form (F). Any other big terms, that is, where
q(Y,a) +r(Y,a) > q(Y) + n can be constructed then using the pumping rules of form (E) and
some terminal rule.

Third, note that the rules of form (G) are exactly the rules in T45) obtained by refinement
of the rules of form (C) of I'. Therefore, by using the fact above, the two sets of F-terms
generated from the same non-terminal Z, in %) and I respectively, lead to the same sets
of parse trees for Z, in T'AB) and I. Moreover, I'45) and I have the same set of axioms of
form (H), and that concludes the proof. O

5.2 Trees

We recall that the class 7 has signature 77 = {append; | b € A} U {[|,04}, for some finite
alphabet A of edge labels, and set of sorts ¥+ = {t}, where the v-source of a tree is its root,
and the universe of T consists of all unordered and unranked trees with edges labels in A. The
domain of trees is denoted T (subsection 3.1).

13
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Proposition 1. The class of tress T is a parsable graph class.

Proof We consider a copyless transduction scheme that maps any edge e € E, of a tree T,
having label A.(e) = b of arity #b = n, into an edge labeled with append,, with the same
vertices attached in the same order. Note that the first vertex v, (e); attached to e is the

parent of vr(e)a,...,vr(e)n, for each edge e € Er. The output is a parse tree ¢ such that
valr(t) =T. O

Definition 7. A regular tree grammar I' = (N, R) has nonterminals partitioned as N' = UWW
and rules of one of the forms:

(A) W — append, [Uy, ..., Ugp_1], wherebe A, W e W, Uy,...,Up_1 €U,

(B) U— U || W, where U e W, W € W and q €N,

(C) U — W, Il W,k where U € U, Wh,...,W,, € W are distinct and ¢1,...,qn > 1,
(D) — U, where U € U.

Note that any regular tree grammar is a 1-partitioned periodic grammar (Definition 6). Below,
we show that T is the language of a regular tree grammar, i.e, we establish the existence of a
universal regular grammar for the class of trees:

def

Lemma 5. Let 't = ({U, W}, R) be the regular tree grammar having the following rules:

- U U—-U|W
W — append, (U,...,U), be A U— 0y

Then, we have LT (') =T.

Proof “C” Obvious, as 'y uses only operations from F7. “2”. Let T € T be a tree. Let t be
an Fr-term with t7 = T. By a straight-forward induction on the structure of ¢+ we can then
establish that T' € L7 (I'r). O

Let T' = (U W W, R) be an arbitrary regular tree grammar. We build a recognizer (A, B)
such that L7(T") = h?rl 4(B). To define the finite algebra A, we require a few auxiliary notions.
First, we assume w.l.o.g. that, for each pair (U, W) € U x W, there exists at most one rule
U—U]| W?eR, see Lemma 4. For each W € W, we define:

def

W) Z 1 +max{q | U — W 0 || ... || W, e R, W; = W}
p(W) = max{Llem{q | U = U | W™ € R}} g(W) = (W) +p(W)
For a multiset m : W — N, we define the operation:
X w), if m(W) < b(W
|’m'|(W) g m( ) 1 m( ) ( )
b(W) + (m(W) —b(W)) mod p(W), otherwise
We call a multiset m reduced, if m = [m]. We prove the following properties of the [.] operation:
Lemma 6. For all multi-sets my and mq, we have that [m; Umsg| = [[m1] U [ma]].
Proof Immediate from the definitions. O
We denote by U ~»pr m the fact that the multiset m can be derived in I" from U only by

applying rules of types (B) and (C). The grammar T' is clear from the context and will be
omitted in the following:

14
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Lemma 7. For each U € U and multiset m : W — N, we have U ~ m <= U ~ [m].

Proof “=" Let W be a nonterminal. If m(W) = [m](W) there is nothing to prove, hence
we assume that m(W) > [m](W), i.e., [m|(W) = b(W) 4+ (m(W) — b(W)) mod p(W). Then,
there exists n € N such that m(W) =n - q(W) + [m](W). We cut the derivation U ~ m in T’
by removing nk rules of the form U — U || W*¢, where p(W) = kq. Since m(W) > [m](W),
at least one such rule must have been used in the derivation U ~ m and, by the definition of
p(W), we know that such a k € N exist. This step is repeated for each W € W, until we obtain
a derivation of U ~ [m/].

“<” Let W be a nonterminal. If m(W) = [m](W) there is nothing to prove, hence we
assume that m(W) > [m](W), i.e., [m](W) = b(W) + (m(W) — b(W)) mod p(W). Suppose,
for a contradiction, that no rule U — U || W# exists in T'. In this case, m(W) = [m](W),
contradiction. Then, let U — U || W¥? be such a rule and k € N be such that p(W) = kq; by
the definition of p(W), such a k € N exists. We extend the derivation U ~ [m] by adding nk
times this rule to it, where n € N is such that m(W) =n - ¢(W) + [m](W). By repeating this
step for each W € supp(m), we obtain a derivation of U ~» m. O

A multiset m : W — N is a view of a graph G if, for each W € W there exist graphs
G‘{V,...,Gnm{(w) € L], (') such that G =||lwew (G¥V 177 GLV(W))' The profile abstrac-
tion is the mapping h : G — mpow (W) defined as:

R(G) £ {[m] | m is a view of G}
We define the (Fr, X7 )-algebra A as follows:
e The domain A consists of the reduced multisets. In particular, the domain of A is finite. In

more detail, there are at most Q4) guch multisets, where Q o max{q(W) | W € W},
hence card(A) < 29" leading to card(A) € 22

e The function symbols from Ft are interpreted as follows:
Of{“r} = {@} (the set containing the empty multiset)

append{;‘(al, ey Ap—1) o {{W} | W — append, (U, ..., Ugp—1) € R,
Vie [1,#b—1] Im; € a; . U; ~ my}
aq HA ao “ {[ml @mg] | my € ay, My € ag}

First, the profile abstraction refines membership in £7(T'):
Lemma 8. Let G1, G2 be graphs with h(G1) = h(G3). Then, G; € L7(T") & G2 € LT (T).

Proof We assume G; € L7(I'). Then, there is a derivation of Gy starting with non-terminal
U for some axiom — U of I'. In particular, this derivation starts with several rules of type
(B) followed by a single rule of type (C). Let m be the view that results from these rule
applications. By definition of m we have U ~ m. By Lemma 7 we then have U ~» [m]
(*). Then, [m] € h(G1). Hence, [m] € h(Gz). In particular, there is a view m’ of Gy with
[m] = [m']. By (*) and [m] = [m/], we clearly also have U ~» [m/]. Then, by Lemma 7, we
have U ~» m/. Because — U is an axiom of I', we get that G3 € L7 (T'). The other direction is
symmetric. O

Second, the profile abstraction is a homomorphism between 7 and A. Because both algebras,
i.e.,, 7 and A, are representable, this means that h and h1 4 are the same homomorphism:

15
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Lemma 9. The profile abstraction is the homomorphism between the algebras T and A.

Proof 1t is sufficient that h is a homomorphism between 7 and A, because this homomorphism
is unique. To this end, we prove the following points:

h(Oz;}) = Of{“t}: the graph having one vertex and no edges cannot be split into graphs that can
be derived starting from some W € W.

h(Gl) ||‘A h(Gz) = h(Gl ||T Gg), for all G17G2 € G: “C” Let |—m1-‘ € h(Gl) and fmﬂ S h(Gg),
for some views my and mo of G; and G4, respectively. Then, m; U ms is a view of Gy HT Go.
Hence, [my Wmsy] € h(Gy |7 G2). By Lemma 6, we have that [m; Wmsy] = [[mi] U [mg]] =
h(G1) |4 h(G2). Thus, h(G1) ||* h(G2) € (G |7 G2). “D” Let [m] € h(Gy |7 Ga), for
some view m of G ||T G5. Then, there are multisets mq, mg with m1 U my = m such that
my (resp. ms) is a view of Gy (resp. Gs). Hence, [m1] € h(G1) (resp. [ma] € h(G2)). By
definition of the operation || we get that [[m;] U [ma]] € h(G1) ||* h(G2). By Lemma 6, we
have that [m; Wmy] = [[m1] U [ma]]. Thus, [m] = [m1 Umsy] € h(Gy) |4 h(G2).

h(append] (G1,...,Gyp_1)) = appendi(h(G1), ..., h(Gup_1)), forallb € Aand Gy,...,Gyp 1 €
G: “C” Let m € h(append[(Gl,...,G#b_l)) be a multiset. We note that we must have
m = {W} for some W € W, because G “ appende(Gl,...,G#b_l) cannot be written
as a ||7T-composition in this case. By definition of the profile abstraction, there must be a
derivation of G starting with non-terminal W. This derivation must start with some rule
W — appendZ_(Ul, ..., Ugp—1)) of type (A), for some non-terminals Ui, ..., Ugp—1. Then, the
derivation continues for each U; with several rules of type (B) followed by a single rule of
type (C). Let m; be the multi-sets resulting from these rule applications. Clearly, we have
U; ~ my;. Further, we get that each m; is a view of graph G;. Hence, [m;] € h(Gy).
By Lemma 7, we then have U; ~ [m;]|. Then, we get by the definition of append;)4 that
m = {W} € appendi*(h(G1), ..., h(Gup_1)). “D” Let m € append;*(h(G1), ..., h(Gyp_1)) be
a multiset. By the definition of appendf, we must have m = {W} for some W € W. Hence,
there are some multisets [m;] € h(G;) for some views m; of G; such that U; ~ [m;], for
some non-terminals U;, and a rule W — append, (Ui, ..., Ugp—1)) of type (A). By Lemma 7,
we then have U; ~ m;. In particular, we can construct a derivation of G that starts with W
by using rule W — appendZ—(Ul, ..., Ugp—1)) combined with the derivations U; ~» m;. Hence,
m = {W} € h(append] (G1,...,Gup_1)). O

The main result of this subsection is that regular tree grammars define precisely the recog-
nizable, and by Theorem 1, also the CMSO-definable, sets of trees:

Theorem 3. A set L is recognizable for the class T if and only if there exists a reqular tree
grammar T, such that L = L7 (T).

Proof “=” We consider some (Fr,X7)-algebra (A, B) that recognizes £ C T. By Lemma 5,
there is a regular tree grammar ' such that L7 (I'7) = T. Because regular tree grammars are
1-partitioned periodic grammars, we get by the Periodic Filtering Theorem (Theorem 2) that
there is a 1-partitioned periodic grammar I' with £7(I') = L7 (') N h}}A(B) =TNnL =L
Moreover, because of Terms(T") C Terms(I'y) we obtain that I" is a regular tree grammar.

“<”" We consider the profile abstraction h and the algebra A defined above. By Lemma 9, h is
the unique homomorphism between 7 and A . By Lemma 8, we get that L7 (I') = h™1(B) =
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h;—,lA(B)7 for B= {h(G) | G € LT(I')}. Hence, (A, B) is a recognizer for L7 (T') = L. O

5.3 Series-Parallel Graphs

We recall that the class of oriented series-parallel graphs SP (resp. disoriented series-parallel
graphs DSP) has signature Fsp = {b(1,9) | b € B}U{o, ||} (resp. Fpsp = FspU{b2,1) | b € B})
and set of sorts 7 = {1,2}. The domain of series-parallel graphs (resp. disoriented series-
parallel graphs) is denoted by SP (resp. DSP) (subsection 3.2).

Proposition 2. The classes of series-parallel SP and disoriented series-parallel DSP graphs
are parsable graph classes.

Proof The class SP is parsable, by [9, Theorem 6.10] and let dsp be the MSO-definable trans-
duction from the proof of this theorem. To establish the same for DSP, let dp be the copy-
less MSO-transduction having one parameter X;, that contains zero or more (binary) edges
from the input graph and produces and output graph in which these edges are reversed,
i.e., for each e € E; Ns(X;), where G is the input graph, the output graph G’ will have
ver(e) = (vg(e)2,vs(€e)1). Then dsp o dp is a parsing function for DSP. By Proposition 1, this
function is MSO-definable. O

Definition 8. A regular series-parallel grammar I' = (N, R) has nonterminals, all of sort {1,2},

partitioned as N' = S WP and rules of one of the forms:

(A) S1 — P oSy, where S1,52 € S and P € P,

(B) S — Py o Py, where S €S and Py, P, € P,

(C) S1 — b2y 08Ss, where S1,8 €S, P€P, and b B,

(D) S = bz 0P, where S€S, PcP, andbe B,

(E) S — b2y, for some b € B, where S € S,

(F) P — P || S*, for some g € N, where P € P and S € S,

(G) P — 8% || - || Sp*%, where P € P and Si,...,S, € S are pairwise distinct, respec-
tively, and q1,...,qr > 1 are integers such that Zle qi > 2,

(H) — X, where X € SUP.

Note that any regular series-parallel grammar is a 1-partitioned periodic grammar (Definition
6). We prove that SP is the language of a regular series-parallel grammar, i.e, we establish the
existence of a universal regular series-parallel grammar:

Lemma 10. Let Isp < ({S, P}, R) be the regular series-parallel grammar having the following
rules:

Ny §=bagol S b, beB
S PoS (1,2);
-5 P—P|S
S— PoP
S—>b(1’2)OS P—>S||S

Then, we have L5 (Tsp) = SP.

Proof “C” Each graph G € L£57(I") is oriented series-parallel, because the definition of I'sp
uses only operations from Fgp.

“D” Let G € SP be an oriented series-parallel graph. By S-derivation (resp. P-derivation) of G
we mean a derivation of I'sp starting in S (resp. P) and ending in a ground Fsp-term ¢ such
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that t57 = G. We prove the following facts simultaneously, by induction on the decomposition
of G according to Lemma 3:

e If GG is a single edge or not o-atomic then there exists a S-derivation of G,
o If GG is not a single edge and o-atomic then there exists a P-derivation of G.

Consider the following cases for the induction:

G = b(y 2y for some b € B: The S-derivation consists of applying the rule S — by o) of I'sp.

G is not a single edge and not o-atomic: in this case, we have:

1 SP SP 1! SP SP SP
G=b (12077 ...07" b 9) 07" Gpy1 0”7 ...0°" Gy

for some k > 2, where Gy41, ..., G} are not single-edge and o-atomic. By the inductive hypoth-
esis, there is a P-derivation of each G; in T'sp, for i € [{ 4+ 1,k]. We distinguish the following
subcases:

e / =0: in this case, we obtain a S-derivation of G using the rule S — P o P once and the
rule S — Po S, k — 2 times (note that k& > 2).

e / = k: in this case, we obtain a S-derivation of G using the rules S — be(Lg), S —
b1 08, ..., 8 = b0, in this order.

e 1 </ < k: in this case, we obtain a S-derivation of G using the rules S — bg(l,g),
S = b0, ..., 8 = bl o8, followed by S — Po P once and § — Po S,
k— ¢ —1 times.

G is o-atomic and not a single edge: in this case, we have:

G=0G1|5% ... |5 Gy

for some k > 2, where G1,...,Gy are ||-atomic. Then each G; is either a single edge or not
o-atomic hence, by the inductive hypothesis, there is a S-derivation of each G; in I'sp, for
i € [1,k]. We obtain a P-derivation of G by applying the rule P — S || S once and P — P || S,
k — 2 times (note that k > 2). O

Let I' = (SWP,R) be an arbitrary regular series-parallel grammar. We build a (Fsp, Xsp)-
recognizer (A, B) such that £57(T") = hfr’lA(B). As in the case of trees, we can assume w.l.o.g.
that, for each pair (P, .S) € P x S there is at most one rule of type (F), see Lemma 4. Moreover,
we assume w.l.o.g. that, for each edge label b € B there exists a rule S, — b(;,2) € R, where
Sp € S is a nonterminal that does not occur in any other rule from R and S, is unique, for
each b € B. Note that any regular series-parallel grammar can be transformed into a grammar
having this property by adding at most card(B) rules to it. Since B is not considered to be part
of the input to any algorithm (resp. decision problem) in the following, this increase in the size
of the grammar is linear.

For each S € S, we define b(S), p(S), q(S) as before, see subsection 5.2. For a multiset
m : S — N, the operation [m] is defined as in subsection 5.2, using the definitions of b(S), p(.S)
and ¢(S). For any P € P, by P ~ m, we denote the fact that m can be derived in I" from P
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using only rules of types (F) and (G), as given in Definition 8. As before, we omit to specify
the grammar when it is clear from the context.
A multiset m : § — N is a view of a graph G if, for each S € S there exist graphs

Gf,...,an(S) such that Gf,...,an(S) € L3P(T) and G =|ses (Gi9 ISP ... ||SF Grsn(s)).

The profile abstraction h : SP — mpow(S) is defined as h(G) = {[m] | m is a view of G} (i.e.,
in the same way as in subsection 5.2). We define the algebra A below:

e The domain A consists reduced multisets m : § — N. In particular, the domain of A is

finite. In more detail, there are at most chard(s) reduced multisets m : § — N, where

card(S

Qs = max{q(S) | S € S}. Hence, card(A) < 29s ), leading to card(A) € 2ot

e The function symbols from Fgp are interpreted as follows:

bt = {{S} |5 = bugz R}, forallbeB
ay ot ag Z {{S}|S — b(i2) 052 € R, bé72) =a1, {S2}} € az} U
{{S} S —=bugoPrcR, bé’z) =ay, Po~ ma €as} U
{{S}|S—=PoSy €R, PL~mq €ay, {S2} €a} U
{{S}|S—=PioP,eR, PL~my €a, Po~ mg€as}

ai ||'A as g{fml @mg] ‘ mi € a1, Mo € ag}
First, we note that Lemma 7, and hence Lemma 8, continues to hold because the definitions

of ~ and [.] carry over to regular series-parallel grammars. Next we show that the profile
abstraction is the (unique) homomorphism between the algebras SP and A:

Lemma 11. The profile abstraction is the homomorphism between the algebras SP and A.

Proof Tt is sufficient that A is a homomorphism between SP and A, because this homomorphism
is unique. We first prove the following fact, for all graphs G and edge labels b € B:

Fact 1. h(G) =b{i, = G =b",

Proof. A direct consequence of the definition of b“‘} oy and the assumption that there is a rule
Sp — b(1,2) in I, where Sj, uniquely identifies the edge label b. O

The proof of the statement requires showing the following points:

h(b‘(sfz)) - bé,zy for all b € B: by Fact 1.

h(G1) |* h(G2) = h(G1 ||SF Gag), for all Gi,Go € SP: this case is identical to the case of |-

composition from Lemma 9. In particular, the definition of | is identical and Lemma 6 carries
over from trees to series-parallel graphs.

h(G1) oA h(Gg) = h(Gy 05T Gy), for all Gy, G5 € SP of sort {1,2}:

“C” We consider some {S} € h(G1) o h(G2) (we note that all elements of h(G1) o™ h(Gy) are
of this shape). By the definition of o, we distinguish four cases:

1. h(Gy) = bﬁ,Z) and S — by 2y 052 € R, for some b € B. By Fact 1, we have G; = b‘(sfg).
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2. h(Gy) = bé_z)’ Py~ [my] and S — by 9) 0 P» € R, for some b € B. By Fact 1, we have
G = b‘(sfz). By Lemma 7, we have Py ~» my.

3. P~ [my] and S — P; 0 Se € R. By Lemma 7, we have P; ~ mj.
4. P, ~ [m;],fori=1,2and S — Pyo P, € R. By Lemma 7, we have P; ~» m;, for i = 1, 2.

In all cases above, there is a S-derivation of I' that witnesses the fact that {S} is a view of
G1 05F Gy, leading to S} € h(G1 05T Gy).

“2” We consider some {S} € h(G o9 G3) (we note that all elements of h(G; o9 Gy) are of
this shape). We now consider some S-derivation that witnesses the fact that {S} is a view of
G4 09 G5. There are four cases to consider, based on the first rule applied on this derivation
(assuming w.l.o.g. that the first rule introduces the o-decomposition of G 057 Gy):

e S — b(y,2) 052 in this case, G1 = b‘(slg) and there is a Ss-derivation of Gy in I'. Then,

25 € 2). By Fact 1, we have 1) = . By the first case of the definition o

S h(G3). By F 1 h h(G bﬁyQ)B he fi f the definiti f
o, we obtain {SY} € h(G1) oA h(Gy).

e S — by 90, in this case, G; = b‘(glpz) and there is a view mq of G4, such that Py ~ mao.
By Lemma 7, we obtain Py ~» [my]. By Fact 1, we have h(G;) = bé,zy By the second
case of the definition of o, we obtain {S} € h(G1) o h(Gs).

e S — PyoSy: in this case, there is a view my of G, such that P, ~» m; and {S2} € h(G2)
is a view of Go. By Lemma 7, we obtain P; ~ [ms]. Hence, [m1] € h(G1). Thus
{S} € h(G1) o h(Gy), by the third case of the definition of o*.

e S — P o Py: in this case, there are views m; of GG;, such that P, ~» m;, for i = 1,2.
By Lemma 7, we obtain P, ~ [m;], hence [m;] € h(G;), for i = 1,2. Thus {S} €
h(G1) o* h(Gsz), by the fourth case of the definition of o*.

O

The main result of this subsection is that regular series-parallel grammars define precisely
the recognizable, and by Theorem 1, also the CMSO-definable, sets of series-parallel graphs:

Theorem 4. A set L is recognizable for the class SP if and only if there exists a regular
series-parallel grammar T, such that £ = L57(T).

Proof “=" We consider some (Fsp,Xsp)-algebra (A, B) that recognizes £L C SP. By
Lemma 10 there is a regular series-parallel grammar I'sp such that £57(Tsp) = SP. More-
over, 'sp is a 1-partitioned periodic grammar. By Theorem 2, there is a 1-partitioned periodic
grammar I' with language £57(T') = L7 (Tsp) N hgé’A(B) = SPNL = L. Moreover, we obtain
that Terms(T") C Terms(I'sp), thus I' is a regular tree grammar.

“<” We consider the profile abstraction h and the algebra A defined above. By Lemma 11,
h is the unique homomorphism between SP and A . By (the analogue of) Lemma 8, we get
that £°7(I') = hg}p’A(B), for B £ {h(G)| G € £57(I')}. Hence, (A, B) is a recognizer for
L5P(T). O

A (universal) regular disoriented series-parallel grammar can be defined by adding reversed
edges as additional cases to the grammars in Definition 8 and Lemma 10. We state the definition
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of regular disoriented series-parallel grammars in the appendix (Definition 9), and note that a
(Fpsp, psp)-recognizer for any regular disoriented series-parallel grammar can be defined in
the same way as for regular oriented series-parallel grammars. Hence, we obtain an analogous
result as Theorem 4 for DSP.

Definition 9. A regular disoriented series-parallel grammar ' = (N, R) has nonterminals
partitioned as N = SWP and rules of one of the forms:

(A) S; — Po Sy, where S1,52 € S and P € P,

(B) S — Py oP,, where S €S and Py, P, € P,

(C) S1 — b(1,2) 0 S, where S1,52 €S, P P, andb e B,

(D) S — bz oP, where S€S, PcP, andbe B,

(E) S1 — b(a,1) 0 Sa, where S1,5, € S, PP, and b € B,

(F) S —byoP, where S €S, PcP, andbe B,

(G) S — b2y, for some b e B, where S € S,

(H) S — b(a1), for some b€ B, where S € S,

(I) P— P | S*, for some q € N, where P € P and S € S,

(J) P — Si*0 || - || Sp*%, where P € P and Si,...,S, € S are pairwise distinct, respec-

tively, and q1,...,qx > 1 are integers such that Zle qi > 2,
(K) — X, where X € SUP.

5.4 Graphs of Tree-Width < 2

Any class of graphs defined by a bound on the tree-width of its elements is parsable. This
occurs as a consequence of the seminal result of Bojanczyk and Pilipczuk [3, 4], which states
the existence of a definable transduction that outputs an optimal tree decomposition of the input
graph. This transduction can be composed with a definable transduction for translating any
tree decomposition of a graph G into a parse tree P of an HR-grammar such that valg(P) = G.
This leads to the following result:

Proposition 3. For each integer k > 1, the class of bounded tree-width graphs G=F is a parsable
class of G.

Proof The existence of an MSO-definable parsing function was proved as [17, Theorem 6.9]. 0O

However, the problem of defining regular grammars that capture precisely the classes G=F, for
k > 2, is more complex. In this paper, we propose a regular grammar for graphs of tree-
width < 2, and leave open the problem whether such grammars exist for £k > 3. In order
to define regular grammars for graphs of tree-width < 2, we do not use directly the algebra
G=? (subsection 3.3). Instead, we work with a derived algebra that is based on both the tree
and series-parallel algebras considered earlier. We make this choice in order to exploit the
graph-theoretic properties of trees and series-parallel graphs, in particular, the fact that every
graph of tree-width < 2 can be decomposed as a tree of blocks, where the blocks are o-atomic
disoriented series parallel graph. This decomposition is formalized and detailed below.
We make the following simplifying assumptions, without loss of generality:

1. We work with an alphabet B of binary edge labels only (as in the case of series-parallel
graphs). Note that edges of arity 3 can be encoded as cliques of size 3 (since we assume
graphs of tree-width < 2, no edges of arity more than 3 exist), whereas a unary edge
e attached to a vertex v can be encoded by a binary edge attached € to v on the first
position and to a fresh vertex T on the second position, such that v is attached only to e.
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2. We do not consider graphs with self-loops. Each edge attached to the same vertex on
both first and second positions can be encoded in a way similar to the encoding of unary
edges, described above.

3. We only consider connected graphs. This is in line with our earlier treatment of trees
and series-parallel graphs. However, the generalization of regular grammars and the main
result of this section (Theorem 5) to disconnected graphs of tree-width at most 2 is
immediate and is considered for an extended version of this paper.

We now introduce the (Fa, Xq)-algebra Gy (derived from the graph algebra G) with sorts
¥y = {{1},{1,2}} and function symbols:

Fo = {”, o, >, restrict{l}, 0{1}} @] {b(l’g),b(g’l) | be B}, where

x>y =z | renameia(y),

where we require z (resp. y) to be a graph of sort {1,2} (resp. {1}) in the above. We further
require that the arguments of || are either both of sort {1} or both of sort {1,2}, that both
arguments of o are of sort {1,2} and that the argument of restrict;;y is of sort {1,2}. Moreover,
041} is a constant of sort {1}, and by 2),b(2,1) are constants of sort {1,2}. As before, the
domain Gy of the algebra G5 is the set of graphs that are values of ground Fs-terms.

We introduce several graph-theoretic notions necessary in the upcoming developments. A
path 7 from u to v in a graph G, where u,v € V is an ordered set of edges e;,...,e, € Eg,
such that u = vg(e1)1, ve(€;)s = vel(eir1)1, for all i € [1,n — 1] and v = ve(en)2. A graph is
connected if there is a path between any two of its vertices. We denote the set of connected
graphs of tree-width < 2 by G=2.

A cutverter w € Vg is a vertex for which there exist vertices u # v € Vi \ {w} such that
there is a path between v and v in G and no path between v and v in the graph obtained from
G by removing the vertex w and all edges incident to it. A block of G is a maximal subgraph of
G without a cutvertex (i.e., maximal w.r.t. the subgraph partial order). A block is nontrivial
if it has more than one vertex.

Lemma 12. Let G be a connected graph having at least two vertices. Then, G has only non-
trivial blocks.

Proof Suppose, for a contradiction, that G has a trivial block B consisting of one vertex u € V.
Then, G has another vertex v € V; \ {u}. Because G is connected, there is a path between u
and v, hence there is an edge e attached to u and some other vertex w (possibly w = v). The
graph with vertices {u, v} and edges {e} has no cutvertex and it subsumes B, which contradicts
the fact that B is a maximal subgraph of G without a cutvertex. O

A block tree of G is a tree whose vertices are the blocks and the cutvertices of G and there is
a binary edge between a block B and a cutvertex c if and only if ¢ € V; (note that this means
that block vertices and cutvertices alternate in a block tree). It is easy to see that each block
tree of a graph can be obtained from any other block tree of the same graph by chosing a node
as root and reorienting some of the edges.

The following lemma establishes a connection between (connected) graphs of tree-width < 2
and series-parallel graphs:

Lemma 13 (Lemma 6.15 in [9]). Let G be a graph of sort 0, i.e., G has no sources. Then
G € G=2 if and only if its blocks are either trivial or o-atomic disoriented series-parallel graphs.
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We are going to need the following stronger statement about the nontrivial blocks of a graph
of tree-width 2 at most:

Lemma 14. Let G € G=2, let B be a nontrivial block of G of sort () and let x be a verter of
B. Then, there exists another vertex y of B such that the graph By, i.e., B with x (resp. y)
taken as first (resp. second) source, is a o-atomic disoriented series-parallel graph.

Proof Let (T, /) be a tree decomposition of B such that wd(T, ) = tw(B). Then, there is
some node whose bag contains x and at least some other node y. Because B is connected and
has at least two vertices, there must be an edge from x to some other vertex y and there must
be some node whose bag contains both = and y. We can w.l.o.g. assume that this node is the
root of T' (otherwise we can reorient the edges of T' such that this node becomes the root). We
can further assume w.l.o.g. that the bag of the root contains exactly {z,y} (otherwise we add
a new root node to the tree, connected to the old root, whose bag contains exactly {z,y}).
Further, w.l.o.g, we can choose (T, 3) such that 8(n)\ 3(m) # @, for each pair (m,n) of parent
and child nodes of T' (if S(n) C S(m) then the edge of T between m and n can be contracted).
Since B has no cutvertex, it follows that card(adhy g(n)) > 2, for all non-root nodes n € V.
This is a consequence of the fact that the adhesion of each non-root node of T is a separator
of B, see e.g. [15, Lemma 11.3]. Since card(8(n)) < 3, the bag of each non-root node can be
uniquely decomposed into its adhesion {u1,u2} and a third element v & {u1,u2}. Where no
confusion arises, we shall use the names u1, us (for the adhesion) and v (for the remaining vertex)
throughout the proof. Moreover, w.l.o.g, we can choose (T, 3) such that adhr g(n) # adhp g(m)
for each pair (m, n) of parent and child of T'; if adhp g(n) = adhr g(m), then m can be attached
as a child to the parent of n. For every pair of vertices u1, us of B we define the graph Bl 2}
of sort {1,2} as the subgraph of B consisting only of the vertices u; and uy and all the edges of
B between these two vertices. For every non-root node n € Vi, with adhr g(n) = {u1,us}, we
denote by B |(u1’u2) the subgraph of B of sort {1,2}, with uy resp. us as the first resp. second
source, induced by (J{B(p) | p is a descendant of n} minus the edges of B{v1u2},

Fact 2. For every non-root node n € V., with adhy g(n) = {u1,us2}, we have B|$Lu1’u2) € DSP.

Proof. By induction on the structure of the subtree T'|,, of T rooted at n, where {uj,uq,v} o
B(n) and {u1,us} = adhrg(n). Let pi,...,px be the children of n in T. Then, for each

€ [1,k], adhr g(p;) is either {uq,v} or {ug,v}. Let Py, o W Py u, = {p1,...,px} be the sets
such that adhy g(p) = {u1,v} resp. adhr g(p) = {u2,v}, for all p € P, , resp. p € P, ,,. We
now observe that

Bl = (([182p,,, BISs |9 BUawY) o (|02, Bl |9 Blwa)))).
O

Back to the proof, let n be the root of T, and let p1,...,px be the children of n in 7. We
recall that B(n) = {z,y}. We now observe that:
By

= Blzw}t |9 ( |(xy)

z,y) Hze 1,k]

This establishes that B, ,) € DSP. Now, we use the fact that B is a block (i.e., has no
cutvertex) to obtain that B, ) is o-atomic: Assume that B, ,) is not o-atomic. Then, by
Lemma 3, there are some graphs G'1, G of sort {1,2} with B, ,) = G10Gs. In particular, the
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2-source of G (which is equal to the 1-source of Gy) is a cutvertex of B, ,y. However, this
contradicts the definition of a block, which cannot contain a cutvertex. O

We are now ready to state the regular grammars of tree-width at most 2:

Definition 10. A regular tree-width < 2 grammar I' = (M, R) has nonterminals partitioned as
N =UWWWPWS, witho(U) = o(W) = {1}, forallU e U, W € W and o(P) = o(S) = {1, 2},
forall Pe P, S eS. The rules of ' have one of the following forms:
(A) W — restrict(11(P > U), for some W € W, PP and U € U,
(B) U—U || Wk, for some U €U, W €W and q €N,
(C) U — Wi || ... || W** | for some U € U and Wy,..., Wy, € W pairwise distinct and
q1,---,qr > 1 integers,
(D) S1 — (P>U)o Sy, for some S1,52 €S, PeP and U € U,
(E) S— (Pr>U)o Py, for some S€S, P,P,€P andU €U,
(F) S1 — (b1, > U)o Sy, for some S1,5 €S, beB and U €U,
(G) S — (bg,2y>U)o P, forsomeSe€S,beB, PeP and U €U,
(H) S1 — (b2,1)>U) oSy, for some S1,52 € S,beB and U €U,
(I) S — (biay>U)oP, for some S€S,beB, PcP andU €U,
(J) S = b(1,2), for some b€ B,
(K) S — b2y, for some b€ B,
(L) P— P | S%, for some S€S, PP and q €N,
(M) P — 8% || - || Si*%, for some P € P and Sy, ..., Sy € S pairwise distinct, respectively,
qi,--.,q, > 1 integers such that Zle q; > 2,
(N) = U, for some U € U.

Note that tree-width < 2 regular grammars are 2-partitioned periodic grammars (Definition 6).

In the rest of this section, we prove that the regular tree-width < 2 grammars define exactly
the recognizable (and, by Theorem 1, the CMSO-definable) subsets of G52 of sort {1}. As
the first step, we establish the existence of a universal regular tree-width < 2 grammar, i.e.,
a grammar 'y with £92(T) = restrict%}(G?). This proof uses the decomposition of a graph
into its block-tree. We will use the fact that the universal regular tree-width < 2 grammar
can mimic, for every nontrivial block B of the input graph, a derivation of this block by the
universal DSP grammar (Lemma 13). Further, by Lemma 14, we can assign the sources of a
block B € DSP such that the 1-source of B is the cutvertex that is the parent of B in the
block-tree:

Lemma 15. Let Iy & ({U,W,S,P},R) be the regular tree-width < 2 grammar having the
following rules:

~U S (P>U)oS S (P>U)oP
U‘)UHW S%(b(ljg)DU)OSZbE]B S%(b(l,g)DU)OP
U— 0{1} S — (b(z’l)DU)OS, beB S — (b(g}l)DU)oP

W — restrict{yy (P > U)

S — b, beB
S — b, beB
P—P|S
P—S|S
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Then, we have L92(T's) = restrict%}(G;Q).

Proof “C” Each graph G € £9(I'3) has tree-width at most 2, because the grammar I's only
uses operations from the algebra Gs, and G, is derived from the algebra G=2, whose universe
consists exactly of all graphs of tree-width at most 2 (see subsection 3.3).

“DLet G € restrict%}(GCSQ) be a connected graph of tree-width at most 2 of sort {1}, and let
T be its block tree. Without loss of generality (by rotating the block tree), we can assume that
the block that contains the 1-source is the root of the block tree. We extend this block tree by
adding the 1-source of G as the new root. We prove that G € £7?(T'2). The construction of the
derivation follows the structure of the (extended) block-tree T inductively.

If G has one vertex and no edges, we obtain G € Ef}z (I'2) by applying the rule U — 0y
from I's. Else, by Lemma 12, each block of G is nontrivial. We consider some node of the
block tree consisting of a single vertex v € V; and denote by G, the subgraph of G induced
by v and its descendants in the block tree, considered as graph of sort {1} with 1-source v. It
is sufficient to prove that G, € L{?(I's): the claim G € L{?(I's) is established by chosing v as
the root of the block tree, i.e., the 1-source of G. Let B,..., B, be the blocks that are the
children of v in the block tree. Let ¢f, ..., c{Lj be the vertices that are the children of B; in T,
for j € [1,4]. By the inductive hypothesis, there are U-derivations of the subgraphs G _; in I'y,

for every 1 < j <l and 1 <i < nj, induced by cf and its descendants, considered as graphs of
sort {1} with 1-source v. By Lemma 14, there is some vertex w; of B;, such that (Bj)(vyw].), the
graph B; considered as graph of sort {1, 2}, with v (resp. w;) as its first (resp. second) source,
is a o-atomic disoriented series-parallel graph. By Lemma 10 (analogously extended to the case
disoriented series-parallel graphs) there is a derivation of the universal series-parallel grammar I’
that witnesses (Bj)(w,;) € L57(I'). Moreover, we have (B;)(y,w,) € L3 (T') because (Bj) (y,w;)
is o-atomic. From this derivation we obtain a derivation that witnesses (B;)(v.u,) € L7 (T2) as
follows: every application of a rule S — Po S is replaced by the two rules S — (P>U)o S and
U — 0413, every application of a rule S — Po P is replaced the two rules S — (Pr>U)o P and
U — 0413, and all the other rule applications are kept the same. We now obtain a U-derivation
of G, by concatenating the rule applications U — U || W, U — 0y}, W — restricty (P > U)
and U — 0yy; with the P-derivations of (Bj)(v’wj), and by replacing the rules U — 0y with
the U-derivation of GG_;, whenever a cutpoint CZ is encountered in the constructed derivation,
foreverylgjgéan(ilgignj. O

Let ' = UWW WS WP, R) be a regular tree-width < 2 grammar (Definition 10). As
in subsection 5.3, we assume w.l.o.g. that, for each pair (P,S) € P x S there is at most one
rule of type (F), see Lemma 4. Moreover, we assume w.l.o.g. that, for each edge label b € B,
there exists two rules S, — b1 2y and S5, — by 1), where 57,,57, € S are distinguished
nonterminals that uniquely identify the constant symbols b(; 2y and b(s 1), respectively, and do
not occur in any other rule from R.

We define the profile abstraction for graphs of tree-width < 2. A wview of a graph G of sort {1}
is a multiset m : YW — N such that for each W € W there exist graphs G}, .. ., GK(W) € L(T)

such that G =|lwew (G‘fv |92 - || GZZ(W))' A view of a graph G of sort {1,2} is a pair of
multisets (k,m), with k: S — N and m : W — N, such that for each S € S there exist graphs

Ci’lf, cee Gi(S) € LZ(T) and for each W € W there exist graphs G}V, ..., GE{(W) € L72(T) such
that:
G = (lses (GF 1% - 19 Gis) ) ) & (Ilwew (G 19+ 1% Gl ) -
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Then, the profile abstraction h : G — (mpow(W) U (mpow(S) x mpow(W))) is defined as:

« ) {[m] | mis a view of G}, G is of sort {1}
mG) = {{([lﬂ, [m]) | (k,m) is a view of G}, G is of sort {1,2}

We define the (Fz, Xo)-algebra A as follows:

e The domain A consists of reduced multisets m : W — N and pairs (k, m) of reduced multi-

sets k: S — N, m : W — N. In particular, the domain of A is finite. In more detail, there

are at most Q%rd(w) reduced multisets m : W — N, where Qyy = max{q(W) | W € W},

and at most Q?rd(s) reduced multisets k¥ : S — N, where Qg £ max{q(S) | S € S}.

Hence, Card(A) < 2Q%rd(w) + QQCSrmrd(S) ] 2Q§,;rd(w)7 leading to card(A) c 22Poly(size(l“)).

e The function symbols from JF; are interpreted as follows:

def

0?1} = ay [ as Z {[miUmg] | my € a1, ma € ag}, if o(ay) = o(az) = {1}
bt E{({S}0m) | S = b € RY, for all be B and (i, ) € {(1,2),(2,1)}
ay > ag Z{(k1, [mi Ums]) | (k1,m1) € a1, my € as}
restrict(}y (a) S{{W} | W — restrict(1y(P>U) € R, P~ k,U ~m, (k,m) € a}
a1 ot as E {({S1},m2) | (4,5) € {(1,2),(2,1)}, S1 — (b ;) >U) oS € R,
(k1,0m) € {5y, U~sma, (k1,ma) € ar, ({2}, m2) € ag}
U {({{S1},ma) | (4,5) € {(1,2),(2,1)}, S1 = (b jy>U)o P, €R,
(k1,0m) € bf‘;j)7 U~ my, (k1,m1) € ar, Po~ ko, (ka,m2) € as}
U {({S1},m2) | S1 = (Pi>U)oSy € R, Py~ ki,
U~ mq, (k1,m1) € a1, ({S2},m2) € as}
U {({S1},m2)|S1 = (Pi>U)oPyeR, P~ ki,
U~ myq, (k1,m1) € ar, Py~ ko, (ka,m2) € as}

ar [* az Z{([k1 Uko], [m1 Uma]) | (k1,ma) € ay, (k2,ma) € az}, if 0(a1) = o(az) € {{1},{1,2}}

First, we note that Lemma 7, and hence Lemma 8, continues to hold because the definitions
of ~» and [.] carry over to tree-width < 2 grammars. Next we show that the profile abstraction
is the (unique) homomorphism between the algebras G and A:

Lemma 16. The profile abstraction is the homomorphism between the algebras Go and A.

Proof Tt is sufficient that A is a homomorphism between Gs and A, because this homomorphism
is unique. The following fact is proved in a similar way to Fact 1:

Fact 3. h(G) =b(} ;) <= G =b{ . for (i,j) € {(1,2),(2,1)}.
We prove the following points:

h(O%}) = 0“{41}: the graph having one vertex and no edges cannot be split into graphs that can
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be derived starting from some W € W.

h(b(2,) = b ), for all b € B and (i, j) € {(1,2),(2,1)}: by Fact 3.

h(G1) >A h(Gs) = h(G1 >92 Gy), for every graph G € Gy of sort {1,2} and every graph G €
Gy of sort {1}: “C” Let ([k|,[m1]) € h(G1) and [ma]| € h(Gz), for some view (k,m;) of
G, and some view my of graph Go. Then, (k,m; U ms) is a view of Gy >92 G. Hence,
([k], [m1Wmz]) € h(Gy |92 G2). By Lemma 6, we have that [m; Wmsy] = [[m1] U [ma]].
Hence, ([k], [[m1] U [m2]]) € h(G1 ||92 G2). “27” Let ([k], [m]) € h(G11>92G), for some view
(k,m) of G1>92G5. Then, there are multisets m;, my with m;Wmsy = m such that (k, m1) (resp.
mz) is a view of G; (resp. Gz). Hence, ([k], [m1]) € h(G1) (resp. [m2] € h(G2)). By definition
of the operation >% we get that ([k], [[m1] U [m2]]) € h(G1) |* h(G2). By Lemma 6, we have
that [mq Umsa] = [[m1] U [mz]]. Thus, ([k], [m]) = ([k], [m1 Umaz]) € h(G1) [|* h(G2).

restrictﬁ}(h(G)) = h(restrict%}(G)), for every graph G € Gg of sort {1,2}: “C” We consider

some {W} € restrictf{‘ll}(h(G)) (we note that all elements of restrictf{‘ll}(h(G)) are of this shape).
Then, there is a rule W — restrict;3(P > U) € R and a view (k,m) of G with P ~ [k]
and U ~ [m]. By Lemma 7 we then have P ~» k and U ~ m. In particular, we get that
restrict%}(G) € LjZ(). Hence, {W} € h(restrict%}(G)). “D” We consider some {W} €
h(restrict%}(G)) (we note that all elements of h(restrict%’f} (G)) are of this shape because for
every graph G € G of sort {1,2} we have that restrict%} (G) is ||-atomic). Then, because {W}

is a view of restrict%}(G)7 we have restrict%}(G) € L72(T). In particular, there is a derivation
of restrict%f}(G) starting with a rule W — restrict;;3 (P> U) € R. Hence, there is a view (k,m)

of G with P ~ k and U ~ m. By Lemma 7 we then have P ~ [k] and U ~ [m]. Further,
([k], [m]) € h(G). Hence, we get {W} € restrict“{“l}(h(G)).

h(G1) o h(Gg) = h(G1 092 Gy), for all G1,Gy € Gy of sort {1,2}: “C” We consider some
({SY,m) € h(Gy) oA h(G2) (we note that all elements of h(G1) o h(Gs) are of this shape).
By the definition of o, there exist ([k;], [m;]) € h(G;) for views (k;, m;) of Gy, i = 1,2 such
that either:

1. S = (bujy>U)oS2 € R, ([k1],0m) € béj), U ~ [mq] and [ko] = {52}, for some
(1,7) € {(1,2),(2,1)}. By the definition of bé’j), we obtain k1 = [k;] and, by Lemma 7,
we have U ~ my. Moreover, we have ko = {S2}.

2. S = (buj)>U)o Py € R, ([ka],0m) € béj), U ~ [my] and Py ~ [ks], for some
(,5) € {(1,2),(2,1)}. By the definition of b{j ), we obtain ki = [ki] and, by Lemma 7,
we have U ~ my and Py ~» ko.

3. S—= (Pi>U)oSy € R, PL~ [k1],U ~ [my] and [kz] = {S2}. By Lemma 7, we obtain
Py ~ ky and U ~ m;. Moreover, we have ks = {S>}.

4. S = (Pi>U)oPy € R, PL~ [ki], U~ [m1] and P2 ~ [ko]. By Lemma 7, we obtain
P1 ~ k‘l, U ~» mq and P2 i k/’g.

In all cases, we can build a S-derivation of G 092 G5 in T, thus {S} is a view of G 0% G5 and
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{8} € h(Gy 092 Gy) follows easily.

“2” We consider some ({S}, [m]) € h(Gy 092 Gy) for some view ({S}, m) of Gy 092 G (we
note that all elements of h(G; 092 Gy) are of this shape). We now consider some derivation,
starting with S, which witnesses the view ({S},m) of Gy 092 G5. There are four cases to
consider, based on the first rule applied on this derivation (we assume w.l.o.g. that the first
rule introduces the o-decomposition of Gy 092 Gy):

1. S = (b, >U)oS,, for some (i,5) € {(1,2),(2,1)}: in this case, there is a view (k1,m1)
of G such that (k1,0 ) is a view of b(; jy and U ~ my, and a view ({S2},m) of G2. By
Lemma 7, we have U ~ [m1] and, since [{S2}] = {S2}}, we obtain ([k1], [m1]) € h(G1).
Moreover, ({So}, [m2]) € h(G2) and ({S}, [m]) € h(G1) o* h(Gs) follows, by the first
case of the definition of 0.

2. S — (b ;)>U)o Py, for some (i, j) € {(1,2),(2,1)}: in this case, there is a view (k1,m;)
of G such that (k1, () is a view of b; ;y and U ~» my, and a view (ka, m) of Gz, such that
Py ~» ky. By Lemma 7, we have U ~ [mq] and P, ~ [ko], hence ([k;], [m;]) € h(G;),
for i = 1,2. Thus, ({S},[m]) € h(G1) o* h(Gy) follows, by the second case of the
definition of o*.

3.8 = (Pr>U)o Sy in this case, there is a view (k;,m;) of G;, for i« = 1,2 such that
Py ~ k1, U ~ mq, ke = {S2} and mo = m. By Lemma 7, we obtain P; ~ [kq]
and U ~ [mq]. Hence, ([k1],[m1]) € h(G1). Moreover, ({S2}, [m]) € h(G2). Thus
({S}, [m]) € h(G1) o* h(Gs), by the third case of the definition of o*.

4. S = (Py > U) o Py: in this case, there is a view (k;,m;) of G;, for i = 1,2 such that
P, ~ ki, U~ my, P, ~ kg and my = m. By Lemma 7, we obtain P ~ [k],
U~ [mq] and Py ~ [kg]. Hence, ([k1],[m1]) € h(G1) and ([k2], [m]) € h(G2). Thus
({S}, [m]) € h(G1) o* h(G), by the fourth case of the definition of o*.

h(G1) ||* h(G2) = h(G1 |92 G2), for all G1, G2 € Gg, both of sort either {1} or {1,2}: this case
is identical to the case of [|-composition from Lemma 9. O

The main result of this section is stated below:

Theorem 5. A set L C restrict%}(GcQ) s recognizable for the class Go if and only if there

exists a regular tree-width < 2 grammar T, such that £ = L£92(T).

Proof “=” We consider some (F3,Xs)-algebra (A, B) that recognizes £ C Go. By Lemma 15
there is a regular tree-width < 2 grammar I'y such that £92(T'3) = restrict%}(GCQ). Moreover,
this is also a 2-partitioned periodic grammar, for the partitioning {U}}w{W}w{P}w{S, E}. By
Theorem 2, we get that there is a 2-partitioned periodic grammar I" with £92(T") = £92(T'2) N
h;;A(B) = restrict%}(Gcﬁz) N L = L. Moreover, we obtain that Terms(I') C Terms(T'2), hence
T' is a regular tree-width < 2 grammar.

“<” We consider the profile abstraction h and the algebra A defined above. By Lemma 16, h
is the unique homomorphism between Go and A . By (the analogue of) Lemma 8, we get that
L£92(T) = 521,,4(3)’ for B = {h(G) | G € £%(T)}. Hence, (A, B) is a recognizer for £92(T"). [
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6 The Inclusion Problem for Regular Graph Grammars

In this section we apply the previously obtained results on regular grammars (section 5) to the
problem of inclusion of the sets of graphs defined by such grammars. In the following, we fix a
graph class C, having signature F¢ and set of sorts ¥¢, where C is either the algebra of trees
(subsection 5.2), series-parallel graphs (subsection 5.3) or connected graphs of tree-width < 2
(subsection 5.4). The main result of this seciton is a generic algorithm for the following decision
problem:

Definition 11. The regular inclusion problem asks if £L°(T'1) C L¢(Dg), where T'y and T's are
(F,X)-grammars and Ty is reqular for the class C.

We propose a uniform algorithm for deciding the above problem based on the construction of
a recognizer for £¢(T'y). We recall that for each of the classes of trees, series-parallel graphs
and graphs of tree-width < 2, we can construct a recognizer (A, B) for £¢(T'2) with card(A) <
QQPOIY(SiZS(Q)), which is also an upper bound on the time needed for building the recognizer.
We then apply the algorithm stated in Figure 5, which we will discuss below, obtaining the

following:

Theorem 6. The regular inclusion problem belongs to 2EXPTIME, for the classes of trees,
(disoriented) series-parallel and tree-width < 2 graphs.

Proof Let T'; £ (N;,R;), for i = 1,2. By Lemma 17, the algorithm stated in Figure 5, runs in
O(card(Ry) - card(A)Card(Nl) - ), where (A, B) is the recognizer built for £¢(T's) and 2 is an
upper bound on the time needed to evaluate t“(ay, ..., a,), for each rule Xy — t[X1,..., X,] €
Ro and aq,...,a, € A. Since T's is a regular (tree, series-parallel or tree-width < 2) grammar,
each such term is a derived operation (resp. taken from Fy, Fsp or Fa) of arity at most
2. Hence, each such operation can be evaluated using a pre-computed table of size at most
card(A)?, i.e., Q < card(A)?, in this case. We then verify:

card(R) - card(A)card(N) - Q € size(Ty) -

(22poly<size<rz)>)Size(rl) ) 22poly<size<r2>> c 2EXPTIME

O

Currently, it is an open problem whether the 2EXPTIME upper bound is optimal or can
be further improved. In particular, the inclusion problem between recognizable ranked sets of
trees is EXPTIME-hard [7, Corollary 1.7.9], which sets a lower bound for the regular inclusion
problem in the class of graphs of tree-width 2 at most.

We now discuss the generic algorithm, stated in Figure 5, for deciding inclusion between the
language of a (F,X)-grammar I' = (M, R) and that of a (F,X)-recognizer (A, B). The algo-
rithm maintains a workset WorkSet C N x A, initialized as the empty set. Then the algorithm
enumerates the rules Xg — ¢[X1, ..., X,] of T" and adds a new pair (Xy, ag) to the workset when-
ever (Xp, ap) is not already a member of WorkSet and there exist pairs (X1,a1),...,(Xn,an)
such that ag is the value t*(ay,...,a,) (line 12). We note that in the first iteration of the
algorithm the workset will be populated with pairs (X,c?) € N x A for which there exist a
rule X — ¢ € R such that ¢ € F is a constant symbol. If Xg is the right-hand side of an
axiom of I and ag ¢ B, we found a counterexample to the inclusion, i.e., a graph G that can
derived from Xy in T such that he, 4(G) ¢ B (line 8). The iteration stops when no rules can be
fired, either because no matching rule is found or no new elements can be added to WorkSet.
By the finiteness of A and N, the iteration will eventually stop, for any input. If the iteration
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1: WorkSet :=0 C N x A

2: changed := true

3: while changed do

4 changed := false

5. for each rule Xo — t[X1,...,X,] € R and (X1,0a1),...,(Xn,an) € WorkSet do
6

7

8

9

ag 1= tA(a1, ey an)
if - Xy € R and ao € B then
report no
end if
10: if (Xo,a0) € WorkSet then
11: changed := true
12: WorkSet := WorkSet U {(Xo, a0)}
13: end if

14: end for
15: end while
16: report yes

Figure 5: Algorithm for checking £¢(T") C hc_i\(B) for a given (F,X)-grammar I' = (N, R)
and (F,X)-recognizer (A, B)

stops and no counterexample has been found, the inclusion holds (line 16). We now state the
correctness and time complexity of this algorithm:

Lemma 17. Given a (F,X)-grammarT = (N, R) and a (F,X)-recognizer (A, B) the algorithm
in Figure 5 decides whether L°(T') C hg 4 (B) in time O(card(R) -card(A) ™M) Q) where ©
is the mazimum time required to compute t*(ay,...,a,), for all Xo — t[X1,...,X,] € R and
at,...,a, € A.

Proof The correctness argument is based the following invariant:

Fact 4. For each pair (X, a) € WorkSet there is a graph G for which there is an X -derivation
in T such that he 4(G) = a.

Proof. By induction on the number of loop iterations. We consider some rule X — ¢[X1, ..., X,]
and (X1,a1),...,(Xn,a,) € WorkSet. Since each (X;,a;) has been previously, there exist a
graph G; for which there exists a X;-derivation of I' and he 4(G;) = a;, for all i € [1,n], by
induction assumption. We take G < t¢(G1,...,G,) and obtain an X-derivation of G in T’ by
appending the rule X — ¢[X7,..., X,] to the X;-derivation of G;, for each i € [1,n]. Then, we
have hcy_A(G) = hC’A(tC(Gl, ceey Gn)) = t‘A(hC’A(Gl)7 RN hC,A(Gn)) = tA(al, ceey an) =a. O

Assume that the algorithm reaches line 8 with a pair (X, a). Then, by the above fact, there
exists a graph G € LS (') such that he 4(G) = a. Moreover, this line is reached only if there
exists an axiom — X in I" and a ¢ B, hence G € L°(T") and h¢ 4(G) € B, i.e., G ¢ hcibl(B).
Dually, if there exists a graph G € L¢(T") such that h¢ 4(G) = a ¢ B, there exists an axiom
— X in T and an X-derivation of G in I. Then, the pair (X, a) is eventually generated at lines
5-6 and the algorithm reaches line 8 subsequently.

The loop between lines 3 and 15 is iterated at most card(N) - card(A) times, because then
all elements of N' x A have been added to WorkSet. Line 5 needs to be evaluated at most
card(R) - card(A) ™) times over all iterations of the outer loop, because we do not need to
repeat the evaluation for the same arguments, i.e., for each rule Xg — t[X1,...,X,] € R, we
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need to consider at most once every combination of the non-terminals {(X;,a) | a € A}, with
0 <i<n <card(N). We finally account {2 time for each inner step at line 6. O

7 Conclusion

We introduce regular grammars for the classes of unranked and unordered trees, series-parallel
graphs and, more generally, for graphs of tree-width at most 2. These grammars provide finite
and compact representations for the recognizable and, at the same time, the CMSO-definable
sets in each class. As a by-product, the inclusion of a context-free language of graphs into
a language defined by a regular grammar can be decided in doubly-exponential time. It is
currently an open problem whether such grammars exist for the classes of graphs of tree-width
3 or more.
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