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ABSTRACT. Quasi-trees generalize trees in that the unique “path” between two nodes may
be infinite and have any countable order type. They are used to define the rank-width of a
countable graph in such a way that it is equal to the least upper-bound of the rank-widths
of its finite induced subgraphs. Join-trees are the corresponding directed trees. They are
useful to define the modular decomposition of a countable graph. We also consider ordered
join-trees, that generalize rooted trees equipped with a linear order on the set of sons of
each node. We define algebras with finitely many operations that generate (via infinite
terms) these generalized trees. We prove that the associated regular objects (those defined
by regular terms) are exactly the ones that are the unique models of monadic second-order
sentences. These results use and generalize a similar result by W. Thomas for countable
linear orders.

INTRODUCTION

We define and study countable generalized trees, called quasi-trees, such that the unique
“path” between two nodes may be infinite and have any order type, in particular that
of rational numbers. Our motivation comes from the notion of rank-width, a complexity
measure of finite graphs investigated first in [21] and [22]. Rank-width is based on graph
decompositions formalized with finite undirected trees of maximal degree at most 3. In
order to extend it to countable graphs in such a way that the compactness property holds,
i.e., that the rank-width of a countable graph is the least upper bound of those of its finite
induced subgraphs, we base decompositions on quasi-trees' [11]. Quasi-trees arise as least
upper bounds of increasing sequences of finite trees, H1 C Ho C --- C H, C ..., where H; 1
is obtained from H; by the addition of a new node, either linked to an existing one by a new
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edge or inserted on an existing edge. If one inserts infinitely many nodes on an edge of some
H;, then, the least upper bound is not a tree but a quasi-tree.

Join-trees can be seen as directed quasi-trees. A join-tree is a partial order (N, <) such
that every two elements have a least upper bound (called their join) and each set {y | y > =}
is linearly ordered. The modular decomposition of a countable graph is based on an ordered
join-tree [13].

Our objective is to obtain finitary descriptions (usable in algorithms) of generalized trees
that are of the following three types: join-trees, ordered join-trees and quasi-trees. For this
purpose, we will define, for each type of generalized tree, an algebra based on finitely many
operations such that the finite and infinite terms over these operations define all generalized
trees of this type. The regular generalized trees are those defined by regular terms, i.e.
that have finitely many different subterms, equivalently, that are the unique solutions of
certain finite equation systems. We will prove that a generalized tree is regular if and only
if it is monadic second-order definable, i.e., is the unique finite or countable model (up to
isomorphism) of a monadic second-order sentence.

As a special case, we have linear orders. A countable linear order whose elements are
labelled by letters from a finite alphabet is called an arrangement. The linear order of a
regular arrangement is the left-right order of the leaves of the tree representing a regular
term, equivalently, the lexicographic ordering of the words of a regular language. Regular
arrangements were first defined and studied in [8] and [18], and their monadic second-order
definability was proved in [23]. We will use the latter result for proving its extension to our
generalized trees.

The study of regular linear orders has been continued by Bloom and Esik in [1, 2]. They
have also studied the algebraic linear orders, defined similarly from algebraic trees (infinite
terms that are solutions of certain first-order equation systems, cf. [9]) or equivalently, as
lexicographic orderings of the words of deterministic context-free languages [3, 4].

In Sections 1 and 2, we review definitions and basic results. In Section 3, we first study
binary join-trees and then, we extend the definitions and results concerning them to all
join-trees. In Section 4, we study ordered join-trees, and, in Section 5, we study quasi-trees.
An introductory article on these results is [12].

1. ORDERS, TREES AND TERMS

All sets, trees and logical structures are finite or countably infinite. We denote by X &Y
the union of sets X and Y if they are disjoint. Isomorphism of ordered sets, trees and other
logical structures is denoted by ~. The restriction of a relation R or a function f defined on
a set V to a subset W of V is denoted by R [ W or f [ W respectively.

For partial orders <, <,C, ... we denote respectively by <, <,[, ...the corresponding
strict orders and X < Y means that © < y for every x € X and y € Y.

Let (V, <) be a partial order. The least upper bound of z and y is denoted by = Uy if
it exists and is called their join. The notation x 1y means that  and y are incomparable.
A line? is a subset Y of V that is linearly ordered and satisfies the following convezity
property: if x,z € Y,y €V and z <y < z, then y € Y. Particular notations for convex
sets (not necessarly linearly ordered) are [z,y] denoting {z | z < z < y}, |z, y| denoting

2 In [11] we call line a linearly ordered subset, without imposing the convexity property.
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{z | = < z < y}, |-00,z] denoting {y | y < x} (even if V is finite), |z, +oo[ denoting
{y |z <y} etc. If X CV, then [(X) is the union of the sets |—oo, z] for x in X.

The first infinite ordinal and the linear order (N, <) are denoted by w.

Let A be a finite set that is linearly ordered by <, and A* be the set of finite words over
A; the empty word is €. This set is linearly ordered by the lexicographic order <j., defined
by u <jep v if and only if v = ww or, u = wazr and u = wby for some w, z,y in A* and a, b in
A such that a < b. Every finite or countable linear order is isomorphic to (L, <j,) for some
set L C {0,1}* that is prefiz-free, which means that, if u,uv € L where v € {0,1}*, then
v =€ (Theorem 1.7 of [8]). The case where L is regular has been studied in [1, 2, 8, 18, 23].

1.1. Trees. A tree is a possibly empty, finite or countable, undirected graph that is connected
and has no cycles. Hence, it has neither loops nor parallel edges (it has no two edges with
same ends). The set of nodes of a tree T is Ny.

A rooted tree is a nonempty tree equipped with a distinguished node called its root. The
level of a node z is the number of edges of the path between it and the root and Sons(z)
denotes the set of its sons. We define on Np the partial order <p such that x <p y if
and only if y is on the unique path between x and the root. The least upper bound of z
and y, denoted by z Li7 y, is their least common ancestor. We will specify a rooted tree T’
by (N7, <r) and we will omit the index 7" when the considered tree is clear. For a node
x of T, the subtree issued from x, denoted by T'/x, is defined as (Ny/, <r[ Nr/;) Where
Nrjy = ]|—00, x].

A partial order (N, <) is (Np, <r) for some rooted tree T" if and only if it has a largest
element max and for each x € N, the set [z, max] is finite and linearly ordered. These
conditions imply that any two nodes have a join.

An ordered tree is a rooted tree such that each set Sons(x) is linearly ordered by an
order C,.

1.2. Finite and infinite terms. Let I be a finite set of operations, each f in F' being given
with an arity p(f). We call (F, p) a signature. The maximal arity of a symbol is denoted by
p(F). A term over F is finite or infinite. We denote by T°°(F') the set of all terms over F'
and by T'(F) the set of finite ones. A typical example of an infinite term, easily describable
linearly, is, with f binary and a and b nullary, the term to, := f(a, f(b, f(a, f(b, f(...))))))
that is the unique solution in T°°(F') of the equation t = f(a, f(b,t)).

Positions in terms are designated by Dewey words® over {1,...,p(F)} considered as an
alphabet. The set Pos(t) of positions of a term t is ordered by <;, the reversal of the prefix
order on words. A term ¢ can be seen as a labelled, ordered and rooted tree whose set of
nodes is Pos(t). We have Pos(tx) = 2* W 2*1, where 2* is the set of occurrences of f, (22)*1
is the set of occurrences of a and (22)*21 is that of b.

There is a canonical F-algebra structure on T°°(F'), of which T'(F') is a subalgebra. If
M = (M, (fm)ser) is an F-algebra, a value mapping is a homomorphism h : T (F') — M.
Its restriction to finite terms is uniquely defined. In some cases, we will use algebras with
two sorts. The corresponding modifications of the definitions are straightforward, see [17]
for details.

3 For the term t = f(a,g(b,c)) taken as an example, ¢ denotes the occurrence of f and the unique occurrences
of a,g,b and c are denoted respectively by the words 1,2,21 and 22.
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The partial order on terms. Let I’ contain a special nullary symbol €2 intended to be
the least term. We define on T'(F) a partial order < by the following induction: Q< for
any t € T(F), and f(t1,...,t,)<g(t},...,t},) if and only if k = k', f = g and t; < t] for
i=1,..k.

For terms in T°°(F'), the definition (subsuming the previous one) is: ¢t < ¢’ if and only
if Pos(t) C Pos(t') and every occurrence in t of a symbol in F' — {Q} is an occurrence in ¢/
of the same symbol (an occurrence in ¢ of  is an occurrence in ¢’ of any symbol).

Every increasing sequence of terms has a least upper bound. More details on this order
can be found in [9, 17].

If M = (M, (fm)fer) is a partially ordered F-algebra, whose order is w-complete
(increasing sequences have least upper bounds) and whose operations are w-continous (they
preserve such least upper bounds), then, one can define the value in M of an infinite term
as the least upper bound of the values of the finite smaller terms [9, 17]. However, this
approach fails for our algebras of generalized trees, because no appropriate partial order can
be defined, as proved in Section 6 of [8]. Instead of orders, this article uses category theory.
This categorical setting could be used here but direct constructions of generalized trees from
terms (in Definitions 3.15, 3.28 and 4.9) are simpler and better formalizable in logic.

Regular terms. A term t € T°°(F') as regular if there is a mapping h from Pos(t) into
a finite set @ and a mapping 7 : Q — F X Seq(Q) (where Seq(Q) denotes the set of finite
sequences of elements of @) such that, if u is an occurrence of a symbol f of arity k, then
7(h(u)) = (f, (h(u1),...,h(ux))) where (uq,...,ux) is the sequence of sons of w.

Intuitively, 7 is the transition function of a top-down deterministic automaton with set
of states @); h(e) is its initial (root) state and h defines its unique run. This is equivalent to
requiring that ¢ has finitely many different subterms, or is a component of a finite system
of equations that has a unique solution in 7°°(F'). (The set @ can be taken as the set of
unknowns of such a system, see [9].)

The above term ¢ is regular with @ := {1,2,3,4}, 7(1) = (f,(2,3)), 7(2) = (a, (), 7(3)
— (£, (4,1)), 7(4) = (b, ().

We associate with a term ¢ the relational structure [t] := (Pos(t), <t, (bri)i<i<p(F)
(laby) fer) where bri(u) is true if and only if u is the i-th son of his father and labs(u) is
true if and only if f occurs at position u. A term t can be reconstructed in a unique way
from any relational structure isomorphic to |¢].

A term ¢ is regular if and only if |¢] is MS definable, i.e., is, up to isomorphism, the
unique model of a monadic second-order sentence. This result is due to Rabin [25], see
Thomas [24].

1.3. Arrangements and labelled sets. We review a notion introduced in [8] and further
studied in [18, 23]. Let X be a set. A linear order (V, <) equipped with a labelling mapping
lab: V — X is called an arrangement over X. It is simple if lab is injective. We denote by
A(X) the set of arrangements over X. We will generalize arrangements to tree structures.

An arrangement over a finite set X considered as an alphabet can be considered as a
generalized word. A linear order (V, <) is identified with the simple arrangement (V, <, Idy)
such that Idy (v) := v for each v € V. In the sequel, Id denotes the identity function on any
set.
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An isomorphism of arrangements i : (V, <,lab) — (V',<’,lal’) is an order preserving
bijection 7 : V' — V' such that lab’ o ¢ = lab. Isomorphism is denoted by ~.

Ifw=(V,<,lab) € A(X)and r: X =Y, then, 7(w) := (V, <,rolab) is an arrangement
over Y. If r maps V into Y, then 7((V, <)) is the arrangement (V, <,r) over Y since we
identify (V, <) to the simple arrangement (V, <, Id).

The concatenation of linear orders yields a concatenation of arrangements denoted by e.
We denote by €2 the empty arrangement and by a the one reduced to a single occurrence of
a € X. Clearly, we Q2 = Qew = w for every w € A(X). The infinite word w = a* is the
arrangement over {a} with underlying order wj it is described by the equation w = a e w.
Similarly, the arrangement w = a” over {a} with underlying linear order (Q, <) (that of
rational numbers) is described by the equation w = w e (a e w).

Let X be a set of first-order variables (they are nullary symbols) and ¢t € T°°({e, Q}UX).
Hence, Pos(t) C {1,2}*. The value of t is the arrangement val(t) := (Occ(t, X), <je, lab)
where Occ(t, X) is the set of positions of the elements of X and lab(u) is the symbol of X
occurring at position u. We say that ¢ denotes w if w is isomorphic to val(t), and that w is
the frontier of the syntactic tree of ¢ [8].

For an example, t, := e(a,e(b,e(a,e(b,e(......... )))))) denotes the infinite word
abab . ... Its value is defined from Occ(te,{a,b}) = 2*1, lexicographically ordered (we
have 1 < 21 < 221 < ...) by taking lab(2'1) := a if i is even and lab(2'1) := b if 7 is odd.
The arrangements a“ and a” are denoted respectively by ¢; and t2 that are the unique
solutions in 7°°({e,,a}) of the equations t; = a et; and to = to @ (a e t2).

An arrangement is regular if it is denoted by a regular term. The term t, is regular.
The arrangements a* and a” are regular?,

An arrangement is regular if and only if it is a component of the nitial® solution of a
reqular system of equations over F', or also, the value of a regular expression in the sense of
[18]. We will use the result of [23] that an arrangement over a finite alphabet is regular if
and only if is monadic second-order definable®. (We review monadic second-order logic in
the next section). For this result, we represent an arrangement w = (V, <, lab) over a finite
set X by the relational structure |w| := (V| <, (labg)qex) where lab,(u) is true if and only
if lab(u) = a.

If r maps X to Y and w € A(X) is regular, then 7(w) is regular. This is clear from the
definitions because the substitution of r(x) for # € X in a regular term in 7°°({e, Q} U X)
yields a regular term [9].

An X-labelled set is a pair m = (V,lab) where lab: V — X, or, equivalently, a relational
structure (V, (laby)aex) where each element of V' belongs to a unique set lab,. We denote
by set(w) the X-labelled set obtained by forgetting the linear order of an arrangement w
over X. Up to isomorphism, an X-labelled set m is defined by the cardinalities in N U {w}
of the sets lab,, hence is a finite or countable multiset of elements of X, in other words, a
mapping that indicates for each a € X the number, in NU {w}, of its occurrences in m.

If X is finite, each X-labelled set is MSg,-definable, i.e., is the unique, finite or countably
infinite model up to isomorphism of a sentence of monadic second-order logic extended with a
set predicate F'in(U) expressing that a set U is finite. It is also regular, i.e., is set(val(t)) for

4 The subalgebra of regular arrangements is characterized by equational axioms in [2].

5 in the sense of category theory, see [8].

6 The article [7] establishes that a set of arrangements is recognizable if and only if it is monadic second-order
definable.



6 B. COURCELLE

some regular term in 7°°({e, 2} U X). The notion of regularity is thus trivial for X-labelled
sets when X is finite.

2. MONADIC SECOND-ORDER LOGIC AND RELATED NOTIONS.

Monadic second-order logic” extends first-order logic by the use of set variables X,Y,Z
...denoting subsets of the domain of the considered logical structure, and the atomic
formulas x € X expressing membership of z in X. We call first-order a formula where set
variables are not quantified. For example, a first-order formula can express that X C Y. A
sentence is a formula without free variables.

Let R be a finite set of relation symbols, each symbol R being given with an arity p(R).
We call it a relational signature. For every set of variables YW, we denote by MS(R, W)
the set of MS formulas written with R and free variables in W. An R-structure is a tuple
S = (Dg, (Rs)rer) where Dg is a finite or countably infinite set, called its domain, and each
Rg is a relation on Dg of arity p(R). A property P of R-structures is monadic second-order
expressible if it is equivalent to the validity, in every R-structure S, of a monadic second-order
sentence ¢, which we denote by S = ¢.

For example, a graph G without parallel edges can be identified with the {edg}-structure
(Vi, edge) where Vi is its vertex set and edgg(z,y) means that there is an edge from z to
y, or between z and y if G is undirected. To take an example, 3-colorability is expressed by
the MS sentence:

XY [XNY =0 A =3u,v(edg(u,v) A[(u € X Av e X))V
(ueEYAveEY)A(u¢g XUY Av g XUY))).

Many properties of partial orders (N, <) can also be expressed by MS formulas. Here
are examples that will be useful in our proofs.

(a) The formula Lin(X) defined as Vz,y.[(r € X ANy € X) = (2 <y Vy < x)] expresses
that a subset X of N, partially ordered by <, is linearly ordered.

(b) The formula Lin(X) A Ja,b.[min(X,a) A max(X,b) A 0(X,a,b)] expresses that X is
linearly ordered and finite, where min(X,a) and max(X,b) are first-order formulas
expressing respectively that X has a least element a and a largest one b, and 6(X, a, b)
is an MS formula expressing, (1) that each element x of X except b has a successor ¢ in
X (i.e., ¢ is the least element of {y € X | y > z}), and (2), that (a,b) € Suc*, where
Swuc is the above defined successor relation (depending on X) and Suc* is its reflexive
and transitive closure.

Property (b) is expressed by the MS formula:
VUIUCXANaeUANVz,y((x e UA (z,y) € Suc) =y e U)=be U].

First-order formulas expressing U C X, (x,y) € Suc and Property (a) are easy to build.
Without a linear order, the finiteness of a set X is not MS expressible. It is thus useful, in
some cases, to enrich MS logic with a finiteness predicate Fin(X) expressing that the set X
is finite. We denote by MSg, the corresponding extension of MS logic.

If S is a relational structure (IV, <, (bri)1<i<,(r), (laby) yer) isomorphic to the structure
|t] representing a term t € T°°(F'), then a linear order C on N is definable by a first-order

7 MS will abreviate monadic second-order in the sequel.
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formula as follows:

xCy <=2 <yV(xly and z is below the i-th son of z Ly
and y is below the j-th son of z LIy where i < j).

The definability of linear orders by MS formulas is studied in [6].

Monadic second-order transductions are transformations of logical structures specified
by MS or MSg, formulas. We will use them in the proofs of Theorems 3.21, 3.30, 4.11,
5.8 and 5.11. For these proofs, we will only need very simple transductions, said to be
noncopying and parameterless in [14]. We call them MS-transductions.

Let R and R’ be two relational signatures. A definition scheme of type R — R’ is a tuple
of formulas of the form D = (x,d, (fr) rer’) such that x € MS(R), 6 € MS(R,{x}) and
Or € MS(R,{x1,...,%,r)}) for each R in R'. We define D(S) := 8" = (Dy/, (Rs')rer’) as
follows:

— 5§ is defined if and only if S | ¥,

— Dg is the set of elements d of Dg such that S = d(d),

— Rgr is the set of tuples (d,...,d,r)) of elements of Dg such that S |= 0r(d1,. .., d,r))-
Our main tool is the following (well-known) result:

Theorem 2.1. Let D be a definition scheme as above and ¢ € MSg,(R',W). There exists
a formula P € M S, (R, W) such that, for every R-structure S, for every W-assignment v
in Dg, we have (S,v) = ©P if and only if

(1) S = x (so that D(S) = S is well-defined),

(2) v is an W-assignment in Dg (i.e., v(z) € Dg and v(X) C Dg for z,X € W) and
(3) (9,v) .

Proof. The proof is given in [14] (Backwards Translation Theorem, Theorem 7.10) for finite
structures, hence the finiteness predicate Fin(X) is of no use. However, it works as well for
infinite structures and formulas written with the predicate Fin(X) that translates back to
itself (under the assumption that v(X) C Dg/).

The formula ¢P is the conjunction of y, a formula expressing Property (2) and a formula

¢’ obtained from ¢ by replacing each atomic formula R(z1,...,2,) by Or(21,...,2Z,R)),
that is, by its definition given by D. If ¢ is a sentence, then W = ) and Property (2) is
trivially true. []

It follows that, if the monadic theory of a class of structures S is decidable (which means

that one can decide whether a given sentence is true in all structures of S) and S’ = 5(8)
for some definition scheme D, then the monadic theory of S’ is decidable, because S’ = ¢
for all §” in &’ if and only if S = x == ¢ for all S in S.

3. JOIN-TREES

Join-trees have been used in [13] for defining the modular decomposition of countable graphs.
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3.1. Join-trees, join-forests and their structurings. Join-trees are defined as particular
partial-orders. Finite nonempty join-trees correspond to finite rooted trees.

Definition 3.1 (Join-tree).
(a) A join-tree® is a pair J = (N, <) such that:
(1) N is a possibly empty, finite or countable set called the set of nodes,
(2) < is a partial order on N such that, for every node z, the set [z, 00| (the set of
nodes y > x) is linearly ordered,
(3) every two nodes x and y have a join x Ll y.

A minimal node is a leaf. If N has a largest element, we call it the root of J. The
set of strict upper bounds of a nonempty set_ X C N is aline L; if L has a smallest
element, we denote it by X and we say that X is the top of X. Note that X ¢ X.

(b) A join- forest is a pair J = (N, <) that satisfies Conditions (1), (2) and the following
weakening of (3):
(3’) if two nodes have an upper bound, they have a join.

The relation that two nodes have a join is an equivalence. Let Ny for s € .S be its
equivalence classes and Js := (Ng, <[ Ng), more simply denoted by (N, <) by leaving
implicit the restriction to V5. Then each J; is a join-tree, and J is the union of these
pairwise disjoint join-trees, called its components.

(c) A join-forest J = (N, <) is included in a join-forest J' = (N', <), denoted by J C J',
if NCN', <is<'| Nand Uis ' | N;if J and J' are join-trees, we say also that .J is
a subjoin-tree of J'.

Definition 3.2 (Direction and degree). Let J = (N, <) be a join-forest, and z be one of its
nodes. Let ~be the equivalence relation on |—oo, z[ such that z ~ y if and only if z Uy < z.
Each equivalence class C' is called adirection of J relative to x, and we have C = z. The
set of directions relative to x is denoted by Dir(z) and the degree of x is the number of
its directions. The leaves are the nodes of degree 0. A join-tree is binary if its nodes have
degree at most 2. We call it a BJ-tree for short.

For concatenating vertically two join-trees, we need that every join-tree has a distin-
guished “branch”, a line, that we call an axis. As we want to construct join-trees with
operations including concatenation, all subtrees must be of the same type, hence must have
axes. It follows that a join-tree will be partionned into lines, one of them being its axis, the
others being the axes of its subtrees. We call such a partition a structuring.

Definition 3.3 (Structured join-trees and join-forests).
(a) Let J = (N, <) be a join-tree. A structuring of J is a set U of nonempty lines forming
a partition of N that satisfies some conditions, stated with the following notation : if
x € N, then U(z) denotes the line of U containing x, U_(z) := U(x) N |—o0, [ and
Uy(z) := U(z) N [x,+00[. (The set [z,+00] has no top but it can have a greatest
element). The conditions are :
(1) exactly one line A of U is upwards closed (i.e., [z, +oo[ C A if x € A), hence, has no
strict upper bound and no top; we call it the axis; each other line U/haia top U ,
(2) for each z in N, the sequence yo, y1,y2, ... such that yo =z, y;11 = U(y;) is finite;
its last element is yi € A (yr41 is undefined) and we call k the depth of z.

8 The article [20] defines a tree as a partial order of any cardinality that satisfies Condition (2). A join-forest
is a tree in that sense.
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Figure 1: A structured binary join-tree.

The nodes on the axis are those at depth 0. The lines [y;, y;+1] for i € [0,k — 1] and
[yk, +00[ are convex subsets of pairwise distinct lines of ¢/. We have

[ZL’,—I—OO[ = [y(]ayl[w [ylayQ[w ey [yk,+OO[,

where [y;, yi+1] = Uy (y;) for each i < k, [y, +oo[ = Ui (yx) € A and the depth of y; is
k—1.

We call such a triple (N, <,U) a structured join-tree, an SJ-tree for short. Every
linear order is an SJ-tree whose elements are all of depth 0.

Remark. If x < A for some z, then A has a smallest element, which is the node y;, of
Condition 2) (because if z € A is smaller than yj, then = < z, which contradicts the
observation that [ygr_1,yk[ C U(yk—1) and U(yx_1) N A = 0).

Let J = (N, <) be a join-forest whose components are Js, s € S. A structuring of J is
a set U of nonempty lines forming a partition of IV such that, if U is the set of lines of
U included in Ny (every line of U is included in some Ny), then each triple (N, <,Us)
is a structuring of J;.

Example 3.4. Figure 1 shows a structuring {Uy, ...,Us} of a binary join-tree. The axis is
Up. The directions relative to xo are Uy_(x2) U Uy and Uz U Us. The maximal depth of a
node is 2.

Proposition 3.5. Fvery join-tree and, more generally, every join-forest has a structuring.

Proof. Let J = (N, <) be a join-tree. Let us choose an enumeration of N and a maximal line
By ; it is upwards closed. For each ¢ > 0, we choose a maximal line B; containing the first
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node not in B;_1U---UBy. We define Uy := By and, for i > 0, U; := B; — (U;—1W--- W Up) =
B; — (Bi—1 U---U By). We define U as the set of lines U;. It is a structuring of J. The
axis is Uy. If J is a join-forest, it has a structuring that is the union of structurings of its
components. ]

Remark. Since each line B; is maximal, if U; has a smallest element, this element is a node
of degree 0 in J.

In view of our use of monadic second-order logic, we give a description of SJ-trees by
relational structures.

Definition 3.6 (SJ-trees as relational structures). If J = (N, <,U) is an SJ-tree, we define
S(J) as the relational structure (IV, <, Np, N1) such that Ny is the set of nodes at even depth
and N1 := N — Ny is the set of those at odd depth. (Ny and N are sets but we will also
consider them as unary relations).

Proposition 3.7.

(1) There is an MS formula ¢(No, N1) expressing that a relational structure (N, <, Ny, N1)
is S(J) for some SJ-tree J = (N, <,U).

(2) There exist MS formulas 0 4,(X, No, N1) and 0(u,U, No, N1) expressing, respectively, in
a structure (N, <, No, N1) = S((N, <,U)), that X is the axis and that U € U Nu = U.

Proof. Let J = (N, <) be a join-tree and X C N. We say that X is laminar if, for all
x,y,z € X, if [z,z]U[y, 2] C X (where z < z and y < z), then [z, 2] C [y, z] or [y, 2] C [z, 2]
(the intervals [z, z] and [y, 2] are relative to J). This condition implies that the lines of J
that are included in X and are maximal with this condition form a partition of X whose
parts will be called its components.

It is clear from the definitions that, if J = (N, <,U) is an SJ-tree and S(J) = (N, <,
Ny, N1), then the sets Ny and Nj are laminar, U is the set of their components and the axis
A is a component of Nj.

(1) That a partial order (N, <) is a join-tree is first-order expressible. The formula ¢(Ny, Ny)
will include this condition.

Let J = (N, <) be a join-tree, N the union of two disjoint laminar sets Ny and
Ny, and U the set of their components. Then, J = (N, <,U) is an SJ-tree such that
S(J) = (N, <, Ng, N1) if and only if:

(i) every component of Ny has a top in Ny and every component of Ny except one

has a top in Ny,

(ii) for each U in U, the sequence Uy, Uy, ... of lines of U such that Uy = U, U\O €

Ui,..., (Z € U;11 terminates at some U, that has no top, hence is included in Nj.
These conditions are necessary. As they rephrase Definition 3.3, they are also sufficient.
The integer k in Condition (ii) is the common depth of all nodes in U.

That a set X is laminar is first-order expressible, and one can build an MS formula
(U, X) expressing that U is a component of X assumed to be laminar. This formula
can be used to express that IV is the union of two disjoint laminar sets Ny and N;
that satisfy Conditions (i) and (ii). For expressing Condition (ii), we define, for each
U in U, a set of nodes W as follows: it is the least set such that Ue W, and, for each
w € W, the top of U(w) belongs to W if it is defined (where U(w) is the unique set in
U that contains w). The set W is linearly ordered (it consists of ﬁ; << U .) and
Condition (ii) says that it must be finite. To write the formula, we use the observation
made in Section 2 that the finiteness of a linearly ordered set is MS expressible.
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(2) The construction of ¢ actually uses the MS formulas 6 4, (X, No, N1) and 6(u, U, No, N1).
[

3.2. Description schemes of structured binary join-trees. In order to introduce tech-
nicalities step by step, we first consider binary join-trees. They are actually sufficient for
defining the rank-width of a countable graph. See Section 5.

Definition 3.8 (Structured binary join-trees). Let J = (N, <) be a binary join-tree, a
BJ-tree in short. A structuring of J is a set U of lines satisfying the conditions of Definition
3.3 and, furthermore:

(1) if the axis A has a smallest element, then its degree is 0 or 1,
(ii) each z € N is the top of at most one set U € U, denoted by U*, and U* := () if x is
the top of no U € U.

We call (N, <,U) a structured binary join-tree, an SBJ-tree in short.

Proposition 3.9.

(1) Every BJ-tree J has a structuring.
(2) The class of stuctures S(J) for SBJ-trees J is monadic second-order definable.

Proof.

(1) We use the construction of Proposition 3.5 for J = (N, <). The remark following it
implies that, if the axis A = Uy has a smallest element, this element has degree 0. It
implies also that, if ﬁl = z, then = cannot have degree 0 in the BJ-tree J;_; induced
by U;—1 W - - - W Uy because each line B; is chosen maximal; furthermore, it cannot have
degree 2 or more in J;_; because J is binary. Hence it has degree 1 in J;_1. It follows
that « is the top of no line U; for j < i. Hence (ii) holds and the construction yields an
SBJ-tree (N, <,U).

(2) The formula ¢ of Proposition 3.7 can be modified so as to express that (N, <,Ny, Ni) is
S(J) for some SBJ-tree J. O

Definition 3.10 (Description schemes for SBJ-trees).

(a) A description scheme for an SBJ-tree, in short an SBJ-scheme, is a triple A =
(Q,waz, (wg)geq) such that Q is a set called the set of states, wa, € A(Q) (is an
arrangement over @) and w, € A(Q) for each ¢. It is regular if @ is finite and the
arrangements w4, and w, are regular.

(b) We recall that a linear order (V, <) is identified with the arrangement (V, <, Id). If
W CVandr:V — Q, then 7((W, <)) is the arrangement (W, <[ W,r | W) € A(Q)
that we will denote more simply by (W, <,r) leaving implicit the restrictions of < and
rto W.

An SBJ-scheme A describes an SBJ-tree J = (N, <,U) whose axis is A if there exists
a mapping r : N — @ that we call a run, such that:

7((A, <)) = wa, and 7((U", <)) = w,(,) for every x € N.

We will also say that A describes the BJ-tree fgs(J) := (N, <), where fgs makes an
SBJ-tree into a BJ-tree by forgetting its structuring. The mapping r need not be
surjective, this means that some elements of ) and the corresponding arrangements
may be useless, and thus can be removed from A.
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Figure 2: A binary join-tree.

For an example, let A = (Q, waz, (wq)geq) be the SBJ-scheme such that @ = {a,b, c},

WAy = (Z,<,0) where £(i) = a if i is even and £(i) = b if 7 is odd, w, := {c}, wp := cc (two
nodes labelled by ¢) and w. = Q. It describes the BJ-tree of Figure 2.

Proposition 3.11.
(1) Every SBJ-tree is descibed by some SBJ-scheme.
(2) Every SBJ-scheme A describes a unique SBJ-tree, where unicity is up to isomorphism.

Proof.

(1)

(2)

Each SBJ-tree J = (N, <,U) has a standard description scheme
A(J) == (N, (A4, 2), (U*,<))uen)-

The run is the identity mapping r : N — N showing that A(J) describes J.

We will denote by Unf(A) the SBJ-tree described by A and call it called the unfolding of
A (see the remark following the proof about terminology). Let A = (Q, waz, (wq)qeq) be
an SBJ-scheme, defined with arrangements wa, = (Vag, <, laba,) and wy = (V4, <X, laby)
such that, without loss of generality, the sets V4, and V; are pairwise disjoint and the
same symbol < denotes their orders. We construct (N, <,U) = Unf(A) as follows.

(a) N is the set of finite nonempty sequences (vg, v1, ..., vx) such that vy € Vag,v; € V,
for 1 <i <k, where ¢1 = labaz(vo), g2 = labg, (v1), ..., q& = labg, _, (ve—1).

(b) (vo,v1,...,vk) < (vg, 04, ..., ;) if and only if k > j, (vo,v1, ..., v5-1) = (vp, V], .-,
”2'—1) and v; < v;-.

(c) The axis A is the set of one-element sequences (v) for v € Viy,; for x = (vg, v1, ..., vk),
we define U(x) as the set of sequences (vg, v1, ..., vk—1,v) such that v € V, , hence,
we have U/(\x) = (V0, V1, -+, Vg—1)-

Note that (vo, ..., vx) < (vo,...,v;)if j < k and that (vo, ..., vk—1,v%) < (vo,...,Vk—1,0)

if and only if vy < v. We claim that A describes (N, <,U). For proving that, we define

arunr: N — @ as follows:

—if x € A, then x = (v) for some v € Va, and r(z) := labag(v);

— if x € N has depth k£ > 1, then z = (v, v1,...,v;) for some vg,v1,...,v; as in (a)
and r(z) := labg, (vy).
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It follows that 7((A, <)) ~ w4, and that, for z = (vg, v1,...,v;) (of depth k), we have
7((U%, <)) = wg, = W, (y), which proves the claim.

We now prove unicity. Assume that A describes J = (N, <,U) with axis A and
also J' = (N, <'.U’) with axis A’, by means of runs r : N — @ and ' : N — Q.
We construct an isomorphism h : J — J' as the common extension of bijections
hi : N — Ny, where Nj (resp. Nj) is the set of nodes of J (resp. of J') of depth at
most k, and such that they map < to </, and the lines of U to those of U’ of same depth,
and finally, " o hy, = 7 | Ng.

— Case k = 0. We have:
7((4,2)) = (4, <,r) = way = 1'((A, <)) = (4, <)
which gives the order preserving bijection hg : N9 = A — N = A’ such that
r’ o ho =T r No.
— Case k > 0. We assume inductively that hy_; has been constructed.

Let U € U be such that z = U has depth k& — 1; hence, U N Ni_; = (. Then

(U, <,71) = wy(gy. Let o' = hy_1(z); we have 7/(2) = r(x). Hence there is U’ € U’

such that 2/ = U7, U N Ny =0 and(U', <, 1) 2 Wy (zry = wy(y). Hence, there is an

order preserving bijection hy : U — U’ such that 7’ o hyy = r | U.

We define hy as the common extension of the injective mappings hg_1 and hy such

that U € U and the depth of Uis k — 1. These mappings have pairwise disjoint

domains whose union is NVg.
The extension to N of all these mappings hy, is the desired isomorphism h. L]

Remarks.

(1)

We call unfolding the transformation of A into Unf(A) because it generalizes the
unfolding of a directed graph G into a finite or countable rooted tree. The unfolding
is done from a particular vertex s of G, and the nodes of the tree are the sequences of
the form (xq, ..., xx) such that s = xg and there is a directed edge in G from z; to x;11,
for each ¢ < k. If A is such that the arrangements w4, and w, are reduced to a single
element, the corresponding directed graph has all its vertices of outdegree one and the
tree resulting from the unfolding consists of one infinite path: the SBJ-tree Unf(A) is
the order type w™ of negative integers and the sets in U are singletons.

An SBJ-scheme A describing an SBJ-tree J can be seen as a quotient of A(J). We
define quotients in terms of surjective mappings.

Let A = (Q,waqg, (wg)geq) and s : @ — Q' be surjective such that, if s(¢) = s(¢),
then 3(w,) >~ 35(wy). We define A’ := (Q',5(waq), (w,)peqr) where w;(q) ~ 5(wg) for
each ¢ in Q. If A describes J viaatunr : N — @, then A’ describes J via sor : N — Q.
We say that A’ is the quotient of A by the equivalence ~ on @ such that ¢ =~ ¢’ if and
only if s(q) = s(¢’), and we denote it by A/ =~. If A is regular, then A/ = is regular
and its set of sates is smaller than that of A unless s is a bijection.

Let us now start from an SBJ-tree J = (N, <,U) with axis A. For z € N, let J, be
the SBJ-tree (N, <,,U,) such that N, := [(U?"), <, is the restriction of < to N,, and
Uy = {U"U{UY |y € N} —{0}. Tts axis is U*. For the example of Figure 1, we have
Uy, = {Us2,Us} and Uy is the axis.

From J, we define as follows a canonical SBJ-scheme A(J)/ = based on the equivalence
~ on N such that x ~ 2’ if and only if J, ~ J,». Let s be the surjective mapping :
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N — N':= N/ =. If J, ~ J, by an isomorphism h : N, — Ny, then (U?, <) ~ (UY, <)
by h [ U* : U* — UY and furthermore, if w € N, then Jy, =~ Juu) by A [ Ny :
Ny — Npw)- It follows that 5((U, <)) = 3((UY, <)), hence, the quotient SBJ-scheme
A(J)/ == (N',3((A, <)), (wy,)penr) such that wy, ~5((U”, <)) if s(x) = p is well-defined
and describes J.

Let A = (Q, waz, (Wq)qeq) describe J via a surjective run r : N — @ and consider
the equivalence relation on @ such that ¢ = ¢’ if and only if there exist z,y such that
r(z) = q, r(y) = ¢ and J, ~ J,. It is well-defined because if r(z) = r(y) = ¢, then
7(U*, <)) ~7((UY, <)) ~ wy, and furthermore J, ~ Jy: one constructs an isomorphism
h that extends the one between 7((U”, <)) and 7((UY, <)) (this construction uses an
induction on the depth of w in J, for defining h(u)). Hence, A/ = is well-defined and
describe J via the run ' such that ’(z) is the equivalence class of r(x) with respect
to = . It follows that A/ = is isomorphic to A(J)/ = . If J is regular, then A(J)/ = is
the unique regular SBJ-scheme describing J that has a minimum number of states. As
usual, unicity is up to isomorphism. This construction is similar to that of the minimal
deterministic automaton of a regular language, defined from its quotients (see e.g., [26],
chapter 1.3.3).

Proposition 3.12. A BJ-tree is monadic second-order definable if it is described by a
reqular SBJ-scheme.

Proof. That J = (N, <) is a BJ-tree is first-order expressible. Assume that J = fgs(J')
where J' = (N, <,U) ~ Unf(A) for some regular SBJ-scheme A = (Q, wag, (wg)qeq) such
that @ = {1,...,m}. Let r be the corresponding mapping: N — @ (cf. Definition 3.10(b)).
For each ¢ € @, let 1, be an MS sentence that characterizes wg, up to isomorphism, by the
main result of [23]. Similarly, ¢4, characterizes wa,. We claim that a relational structure
(X, <) is isomorphic to J if and only if there exist subsets Ng, N1, My, ..., M, of X such
that:
(i) (X, <) is a BJ-tree and (X, <, Ny, N1) = S(J") for some SBJ-tree J" = (X, <,U’),
(ii) (My,...,M,,) is a partition of X; we let ' maps each x € X to the unique ¢ € @
such that x € M,
(iii) for every ¢ € Q and x € M,, the arrangement r/((U%, <)) over Q (where U* € U') is
isomorphic to wyg,
(iv) the arrangement 7/((A’, <)) over Q where A’ is the axis of J” is isomorphic to w4,.

Conditions (ii)-(iv) express that A describes J”, hence that J” is isomorphic to J’, and so
that (X, <) ~ fgs(J') = J.

By Proposition 3.9, Condition (i) is expressed by an MS formula ¢(Ny, N1), and the
property U e U Az = U is expressed in terms of Ny, N1 by an MS formula 6(z, U, Ny, Ny).
Conditions (iii) and (iv) are expressed by means of the MS sentences 14, and v, suitably
adapted to take Ny, Ny, My, ..., M,, as arguments. Hence, J is (up to isomorphism) the
unique model of an MS sentence of the form:

INo, N1. [p(No, N1) A3My, ..., M.’ (No, N1, My, ..., My,)]
where ¢’ expresses conditions (ii)-(iv). L]

Theorem 3.21 will establish a converse.
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3.3. The algebra of binary join-trees. We define three operations on structured binary
join-trees (SBJ-trees in short). The finite and infinite terms over these operations will define
all SBJ-trees.

Definition 3.13 (Operations on SBJ-trees).

— Concatenation along azes.
Let J = (N, <,U) and J' = (N, <, U") be disjoint SBJ-trees, with respective axes A and
A’. We define:

JeoJ = (NwN <" U") where
r<"y<—=ax<yve<yvE@eNAryecd),
U = {Aw A wU-{A})w U —{A}).

It follows that J e J’ is an SBJ-tree with axis AW A’; the depth of a node in J e J’ is the
same as in J or J'. This operation generalizes the concatenation of linear orders: if (N, <)
and (N’, <) are disjoint linear orders, then the SBJ-tree (N,<,{N}) e (N', <" {N'})
corresponds to the concatenation of (N, <) and (N’,<’) usually denoted by (N, <) +
(N',<'), cf. [20]. If K = (M, <,V) is an SBJ-tree with axis B, and B = AW A’ such that
A < A, then K = J o J' where:

N:=] (A),N :=M — N,

U is the set of lines of V included in N — A together with A,

U’ is the set of lines of V included in N’ — A’ together with A" and
the orders of J and J’ are the restrictions of < to NV and N’.

— The empty SBJ-tree.
The nullary symbol 2 denotes the empty SBJ-tree.
— Eztension.

Let J = (N, <,U) be an SBJ-tree, and u ¢ N. Then:
exty(J) := (N W {u}, <", {{u}} W) where
r< ye=ar<yVy=u,

the axis is {u}. Clearly, ext,(J) is an SBJ-tree. The depth of v € N is its depth in J
plus 1. The axis of J is turned into an “ordinary line” of the structuring of ext, (J) with
top equal to u. When handling SBJ-trees up to isomorphism, we use the notation ext(.J)
instead of ext,(J).

— Forgetting structuring.
If J is an SBJ-tree as above, fgs(J) := (N, <) is the underlying BJ-tree (binary join-tree),
where fgs forgets the structuring.

Anticipating the sequel, we observe that a linear order a; < - -+ < a,, identified with the
SBJ-tree ({ai1,...,an}, <, {{a1,...,a,}}) is defined by the term ¢ := exty, () ® exty, () @
.- e exty (). The binary (it is even “unary”) join-tree ({ai,...,a,}, <) is defined by the
term fgs(t) and also, in a different way, by the term fgs(ext,, (exts, (... (extq, (2)))..))).

Definition 3.14 (The algebra SBJT). We let F' be the signature {e, ext,2}. We obtain an
algebra SBJT whose domain is the set of isomorphism classes of SBJ-trees. Concatenation
is associative with neutral element €.
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Definition 3.15 (The value of a term).

(a) In order to define the value of a term ¢ in T°°(F'), we compare its positions by the
following equivalence relation:
u =~ v if and only if every position w such that v <; w <; u U v or v <; w <4
w Ly v is an occurrence of e.
We will also use the lexicographic order <;., (positions are Dewey words). If w is an
occurrence of a binary symbol, then s;(w) is its first (left) son and sa(w) its second
(right) one.
(b) We define the value val(t) := (N, <,U) of t in T*°(F) as follows:
— N := Occ(t, ext), the set of occurences in t of ext,
—u < v <= u < w <jep v for some w € N such that w = v,
— U is the set of equivalence classes of = .
Equivalently, we have:
u<vi<c=u<svoru<;si(ulv), v <y so(ulyv)and v ~ ullv (the
position u Ll; v is an occurrence of e),
and so (we recall that L denotes incomparability):
ulv <= u <; s1(ullv), v <y so(ullyv) and there is an occurrence of ext
between v and u L; v or vice-versa by exchanging v and v.

(c) We now consider terms ¢ written with the operations ext, (such that a is the node
created by applying this operation). For each a, the operation ext, must have at most
one occurrence in ¢. Assuming this condition satisfied, then val(t) := (N, <,U), where
— N is the set of nodes a such that ext, has an occurence in ¢ that we will denote by

Uq,
— a R b <= u, = up, with ~ as in (a),
—a < b= uy, < up, with < as in (b),
— U is the set of equivalence classes of ~ .
Clearly, the mapping val in (b) is a value mapping T°°(F') — SBJT.
We say that ¢ denotes an SBJ-tree J if J is isomorphic to val(t), and, in this case, we also
say that fgs(t) denotes the BJ-tree fgs(.J).

Note that we do not define the value of term as the least upper bound of the values of
its finite subterms. We could use a notion of least upper bound based on category theory
as in [8], at the cost of heavy definitions. Our simpler definition shows furthermore that
the mapping associating the join-tree (N, <) with [¢| for ¢ € T°°(F) is an MS-transduction
(cf. Section 2) defined by D = (x, d, 0<) where y expresses that the considered input structure
S is isomorphic to |t] for some t € T*°(F), §(x) is labeyi(x) (expressing that z € N) and
O<(z,y) expresses that = <y, cf. Definition 3.15(b).

Examples 3.16.

(1) The term tp that is the unique solution in T°°(F’) of the equation ty = t;  ty denotes
the empty SBJ-tree €.

(2) Figure 3 shows a finite SBJ-tree J whose structuring consists of U, ..., Us, and Uy is the
axis. The linear order on Uy can be described by the word fedca (with f <e <d < ...).
Similarly, U1 = b, U2 = hg, U3 =1 s U4 = ]{7] and U5 =m.

Let us examine the term t of Figure 4 that denotes J. A function symbol ext,
specifies the node u of J, and we also denote by w its occurrence, a position of ¢ (hence
b denotes position 21). The occurrences of @ and 2 are denoted by Dewey words. For
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Figure 3: A finite SBJ-tree J.
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Figure 4: A term t denoting J.

example, the occurrences of e above the symbols ext are the words ¢,1,2,12. The set
{€,1,2,12, f,e,d, c,a} is an equivalence class of ~. Another one is {1221, %, j}. Each
line U; is the set of positions of the ext symbols in some equivalence class of ~. Let us
now examine how each line is ordered.
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Figure 5: The SBJ-tree val(t;).

The case where u < v holds because u <; v is illustrated, to take a few cases, by
i<g,9<em<jandj < d. The case where u < v holds because uL v, u <; s1(ulliv),
v <y so(ulyv) and v &~ u U v is illustrated by f < e,e < d,d < ¢ and i < d. We have
i < d because i Ly d =12, i <; 51(12), d <; $2(12) and d ~ 12. We do not have i < j
because j is not ~-equivalent to 12, whereas i Ll; j = 12, i <; 51(12) and j <; s2(12).
This case illustrates the characterization of L Definition 3.15(c).

Let ¢; be the solution in T°°(F') of the equation t; = ext(ext(2)) e t;. We write
it by naming a,a’,b,b,c,c ... the nodes created by the operations ext, hence, t; =
extq(exty () o (exty(exty (2)) o (exto(exts(€2)) o ...))). This term and its value are
shown in Figure 5. The bold edges link nodes in the axis. The nodes a’ and ¢ are
incomparable because the corresponding occurrences of ext, that are 111 and 2211, have
least common ancestor € and 221 is an occurrence of ext between 2211 and e.

The following BJ-tree is defined by Fraissé in [16] (Section 10.5.3). We let W :=
(Seq+(Q), <) where Seq(Q) is the set of nonempty sequences of rational numbers, par-

tially ordered as follows:(xy, ..., 20) = (Ym, .- .,y0) ifand only if n > m, (zpm—1,...,20) =
(Ym—15---,y0) and zp, < yp,. In particular, < is the transitive closure of <y U <; where
(Tpt+1,Tp, .-, 20) <0 (Tp,...,20) and (y,Tp—1,...,T0) <1 (2, Tp—1,...,20) if y < 2. It is
easy to check that W is a BJ-tree. In particular, two nodes (xy, ..., xo) and (ym,---,%0)
are incomparable if and only if (Y, ..., %0) = (YUms-- s Yp+1, Tp, - - -, To) and Ypi1 # Tpi1
for some p < n,m. In this case, their join is (min{yp+1,Tp+1}, Zp,...,20). The two
directions relative to a node = = (zp,..., o) are:

80(1‘) = {(yma <o Yp+1, Tpy - ,I‘O) | n>P,Ymy - Yptl € Q} a‘nd7

81(1‘) = {(yma R prrl’x;)) s 7x0) | n 2 p, x;wyﬁh e Uptl € Q7 .’L‘; < xp}'
A structuring U of W consists of the sets {(zp,...,20) | zn € Q} for each (possibly
empty) sequence (Zn—1,...,2p). The set of one element sequences (r) for r € Q is the
axis, and U_(x) C 0;(x) for all z € Seq+(Q).

The proof in [16] that every finite or countable generalized tree in the sense of [20]
(i.e., partial order satisfying Condition 2) of Definition 3.1(a)) is isomorphic to (X, <[ X)
for some subset X of Seq(Q) uses implicitely the structuring &. Our description of the
two directions of a node shows that W = W e (ext(W) e W), hence, that W is denoted
by the regular term ¢ € T°°(F) such that ¢t =t e (ext(t) ).
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Definition 3.17 (The description scheme associated with a term).

(1) Let t € T*°(F) and u € Pos(t). We denote by Max(t,ext,u) the set of maximal
occurrences of ext in t that are below u or equal to it. Positions are denoted by
Dewey words, hence, these sets are linearly ordered by <;.,. We denote by W (t,u)
the simple arrangement (Max(¢,ext,u), <;e;). Let J = (N, <,U) be the value of ¢
(cf. Definition 3.15) and z be an occurrence of ext with son u. We have (U%, <)
= (Max(t, ext,u), <je;). For the term t in Example 3.16(2), see Figure 4, we have
W(t,e) = fedca, W(t,1) = fed, W (t,1211) = hg. For t; in Example 3.16(3), we have
W(ty,e) =abe...,W(t1,1) = a,W(t1,11) = a’ and W(t1,111) = Q.

(2) We define A(t) as the SBJ-scheme (Occ(t, ext), W(t,e), (W (t, s(7)))zc0cc(t,ext)) Where

s(x) is the unique son of an occurrence = of ext. We obtain
A(t) = (2*1W2%11,abe. . ., (We)geOce(ty eat))
with wy =, woy =V, ..., w11 = Q, woy1 =, ... for the term ¢; of Example 3.16(3).
Lemma 3.18. Ift € T*°(F), then val(t) is described by A(t).

Proof. Let val(t) = (N, <,U). The conditions of Definition 3.10(b) hold with the identity
on Occ(t,ext) as mapping r because (U”*, <) = (Max(t, ext, s(x)), <je.) as observed in
Definition 3.17(a). [

Proposition 3.19. Fvery SBJ-tree is the value of a term.

Proof. Let J = (N, <,U) be an SBJ-tree. For each k, we let Ji be the SBJ-tree (Ng, <,Uy)
where Ny is the set of nodes of depth at most k and Uy is the set of lines U € U of depth at
most k. By induction on k, we define for each k a term t; that defines Ji such that ¢, <
ty if k < k’, and then, the least upper bound of the terms ¢ is the desired term ¢ whose
value is J. We define terms using the symbols ext, where a names the node created by the
corresponding occurrence of the extension operation.

If Kk =0, then Jy = (A4, <,{A}). There exists a term t € T°°({e}, Ext4) whose value
is Jop, where Exty is the set of terms ext,(€2) for a € A (we use Exty as a set of nullary
symbols). We use here Theorem 2.3 of [8], that follows immediately from the representation
of a linear order by the lexicographic order on a prefix-free language” recalled in Section 1.

Let k& > 1, where t;_q defines J;_;. Then J; is obtained from Ji_; by adding below
some nodes x at depth k& — 1 the line U* (if U* = (), there is nothing to add below z).
Let t, € T*°({e}, Exty=) whose value is (U”, <). We obtain ¢; by replacing in ¢;_; each
subterm ext, () by ext,(t,), for z at depth k — 1 such that U* # (). Tt is clear that t;_; <
tr and that the least upperbound of the terms ¢ defines J. []

For an example, we apply this construction to the SBJ-tree J of Figure 3. For defining Jy,
we can take:

to = ((exts(2) @ ext (1)) ® exty(2)) o (ext () ® exty(Q)).

To obtain t1, we replace ext.(Q2) by ext.(exty(2)oexty(2)), exty(Q) by extq(ext,(2)eext;(£2))
and ext.(Q) by ext.(exty(£2)), which gives:

t1 = ((ext () oext. (exty (2)oexty(2)))oexty(exty(Q)oext;(Q2))o(ext.(exty(£2))oexty(12)).
Then, we obtain ¢y that defines J by replacing ext,(€2) by exty(ext;(2)) and ext;(2) by
ext;(ext,,(§2)).

9 Also used in the related paper [11].
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3.4. Regular binary join-trees. As said in the introduction, the regular objects are those
defined by regular terms. We apply this meta-definition to binary join-trees and their
structurings.

Definition 3.20 (Regular BJ- and SBJ-trees). A BJ-tree (resp. an SBJ-tree) T is regular
if it is denoted by fgs(t) (resp. by t) where t is a regular term in T°°(F).

Theorem 3.21. The following properties of a BJ-tree J are equivalent:
(1) J is regular,
(2) J is described by a regular scheme,

(3) J is MS definable.

Proof.

(1)=(2) Let J = fgs(J') with J’ denoted by a regular term ¢ in 7°°(F'). Let h : Pos(t) — Q
and 7 be as in the definition of a regular term in Section 1. Without loss of generality,
we can assume that h(Pos(t)) = Q. If this is not the case, we replace @ by h(Pos(t))
and 7 by its restriction to this set.

Claim.

(a) For each u € Pos(t), the arrangement h(W (t,u)) = (Max(t, ext,u), <ies, h) over Q
is regular.

(b) If o/ is another position in ¢ and h(u') = h(u), then t/u’ = t/u and furthermore'”
h(W (t,u')) ~ h(W(t,u)).

Leaving its routine proof, we define A := (Q, Wz, (wq)qeq) as follows:

(1) waz == h(W(te)),

(ii) if ¢ € @, then wy := h(W(t, s(u))) where s(u) is the unique son of an occurrence
u of ext such that h(u) = ¢; if v is another occurrence of ext such that h(v) = ¢,
then h(s(v)) = h(s(u)) and so by the claim, h(W (t, s(v))) ~ h(W (¢, s(u))). Hence,
wy is well-defined up to isomorphism.

Informally, A is obtained from A(t) by replacing the labelling mapping Id of the
arrangements W (¢, u) by h, so that these arrangements are turned into arrangements
h(W (t,u)) over Q. Clearly, A is a regular scheme. As mapping r showing that it
describes J' (cf. Definition 3.10), hence also J, we take the resriction of h to Occ(t, ext)
that is the set of nodes of J' = val(t).

(2)==(3) is proved in Proposition 3.12.

(3)=(1) By Definition 3.15, the mapping « that transforms the relational structure [¢| for
t in T°°(F') into the BJ-tree J = (N, <) = fgs(val(t)) is an MS-transduction because an
MS formula can identify the nodes of J among the positions of ¢ and another one can
define <.

Let J = (N, <) be an MS definable BJ-tree. It is, up to isomorphism, the unique
model of an MS sentence 3. It follows by a standard argument!! that the set of terms ¢
in T°°(F') such that a(|t]) = 8 is MS definable and thus, contains a regular term, a
result by Rabin [24, 25]. This term denotes .J, hence J is regular. ]

10 Unless u = v/, the sets Max(t, ext, u) and Max(t, ext, ') are not equal, so that the arrangements i (W (£, u))
and h(W (t,u')) are isomorphic but not equal.

1 If o is an MS-transduction and B is an MS sentence, then the set of structures S such that a(S) = 3 is
MS-definable (Theorem 2.1).
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Corollary 3.22. The isomorphism problem for reqular BJ-trees is decidable.

Proof. A regular BJ-tree can be given, either by a regular term, a regular scheme or an
MS sentence. The proof of Theorem 3.21 is effective : algorithms can convert any of these
specifications into another one. Hence, two regular BJ-trees can be given, one by an MS
sentence 3, the other by a regular term ¢. They are isomorphic if and only if a(|t]) = S
(cf. the proof of (3)==-(1) of Theorem 3.21) if and only if |¢] = 8’ where 5’ obtained by
applying Theorem 2.1 to the sentence 5 and the transduction a. This is decidable [24, 25].[]

3.5. Logical and algebraic descriptions of join-trees. We now extend to join-trees the
definitions and results of the previous sections. Structured join-trees are defined in Section
3.1 (Definition 3.3). We extend to them the definitions and results of Sections 3.2-3.4. A first
novelty is that the argument of the extension operation ext will be an SJ-forest, equivalently
a set of SJ-trees, instead of a single SBJ-tree. We will need an algebra with two sorts, the
sort of SJ-trees and that of SJ-forests. A second difference consists in the use in monadic
second-order formulas of a finiteness predicate (cf. Section 2).

Definition 3.23 (Description schemes for SJ-trees).

(a) A description scheme for an SJ-tree, in short an SJ-scheme, is a 5-tuple A = (Q, D, w A4,
(mg)qeq, (Wa)aep) such that @, D are sets, wa, € A(Q), wg € A(Q) for each d € D
and mg = (Mg, laby) is a D-labelled set (cf. Section 2) for each ¢ € Q). Without loss of
generality, we will assume that the domains V4, and Vj; of the arrangements w 4., wy
and the sets M, are pairwise disjoint, because these arrangements and labelled sets
will be used up to isomorphism. Informally, M, encodes the different lines U such that

U = x where z is labelled by ¢, and each of these lines is defined, up to isomorphism,
by the arrangement wy where d is its label in D, defined by lab,.

We say that A is regular if Q U D is finite and the arrangements w4, and wg are
regular. The finiteness of D implies that each D-labelled set m, is regular.

(b) Let J = (N, <,U) be an SJ-tree with axis A; for each € N, we denote by U* the set of
lines U € U such that U = z. In the example of Figure 3, we have ¢ = {U4}. An SBJ-
scheme A as in a) describes J if there exist mappings r: N - Q and 7: U — {A} — D
such that:

(b.1) the arrangement (A, <,r) over @ is isomorphic to wy,
(b.2) for each = € N, the D-labelled set'? (U4*,7) is isomorphic to My ()5
(b.3) for each U € U — {A}, the arrangement (U, <,7) over @ is isomorphic to wyq).

We will also say that A describes the join-tree fgs(J) := (N, <), obtained from J by forgetting
the structuring.

Proposition 3.24.

(1) Ewvery SJ-tree is described by some SJ-scheme.
(2) Every SJ-scheme A describes a unique SJ-tree Unf(A) where unicity is up to isomor-
phism.

Proof. We extend the proof of Proposition 3.11.

12247 is a set of subsets of N and 7 replaces each set in U* by some d € D. Hence, 7#(U” ...) is a multiset of

elements of D.
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(1) Each SJ-tree J = (N, <,U) has a standard description scheme A(J) := (N, U — {A},
(A4, <), (U*,Id))zen, (U, <))veri—{a})- The identity mappings N — N and U —{A} —
U — {A} show that A(J) describes J.

(2) Let A = (Q, D, waz, (Mmq)qeq, (Wa)dep) be an SJ-scheme, defined with arrangements
war = (Vag, X, labay) and wy = (Vg, =, labg), and labelled sets my = (Mg, labg) such
that the sets Va,, V4 and M, are pairwise disjoint and the same symbol = denotes the
orders of the arrangements w4, and wg. We construct Unf(A) := (N, <,U) as follows.

(a) N is the set of finite nonempty sequences (vg, s1,v1, S2, . . ., Sk, V) such that:
vg € Vag,v; € Vg, and s; € My, | for 1 <i <k, where
go = labaz(vo), di = labg,(s1), ¢ = labg, (v1), da = labg, (s2), ...,
= labdi (’UZ'), dit1 = labqi(siH) fOl" 1<i<k-—1.

(b) (vo,81,v1,---, 8K, 0k) < (vg, 81,015+, 85, v;) if and only if
k> 7, (vo,s1,v1,...,85) = (vo,sl,vl,...,s]) and v; = U} (Uj,719 € Vdj)’

(c) the axis A is the set of one-element sequences (v) for v € Vy, and, for z =
(vo, 81,1, - - -, Sk, V), U(x) is the set of sequences in N of the form (v, s1, v1, S2, - . .,
sk, v) for v € Vg, , so that U(x) = (vo, s1,v1,- .., Sk—1, Vk—1)-

Note that (vo, s1,v1,...,v) < (vo,51,01,...,v;) if j < k and that (vo, s1,v1, ..., Sk, V)
< (vo, 81,1, - . -, Sk, v) if and only if vy < v. In order to prove that A describes J, we

define r: N — Q and 7 : U —{A} — D as follows:
— if x € A, then x = (v) for some v € Va, and r(z) := labay(v);

— if x € N has depth k£ > 1, then = = (v, s1,v1,..., Sk, vg) for some vg, s1, ..., Sk, Uk
and r(z) := labg, (vg);

—if U € U — {A}, then U = U(x) for some = = (vg, $1,v1,...,Sk, V), kK > 1, and
7(U) := di.

We check the three conditions of 3.23(b). We have (A, <,7) =~ wa,, hence (b.1) holds.

For checking (b.2), we consider z = (v, $1,v1,...,Sk, V%) € N,k > 1. The sets U in

U”® are those of the form {(vo, s1,v1,..., Sk, Uk, s,v) | ve Vg, }forall s € M, where
qr = labg, (vg) = r(z), hence (b.2) holds. For checking (b.3), we let U = U(x) for some
x = (vo, 81,01, .., Sk V), k > 1; it is the set of sequences (v, s1,v1, S2,. .., Sk, v) for

v € Vg, ordered by < on the last components. Hence, (U, <, labg, ) is isomorphic to wg, ,
which proves the property since 7(U) := dj.
Unicity is proved as in Proposition 3.11. L]

As for SBJ-trees, every SJ-tree is described by a canonical SJ-scheme, that is regular and
has a minimum number of states if the SJ-tree is regular. The following proposition extends
Proposition 3.12.

Proposition 3.25. A join-tree is MSgy,-definable if it is described by a regular SJ-scheme.

Proof. Let (N,<) be a join-tree J (this property is first-order expressible). Assume
that J = fgs(J') where J' = (N,<,U) ~ Unf(A) for some regular SJ-scheme A =
(Q, D, waz, (Mmg)geq, (Wa)dep) such that @ = {1,...,m} and D = {1,...,p}. Let r;7
be the corresponding mappings (cf. Definition 3.23(b)). For each d € D, let ¥4 be an MS
sentence that characterizes wy up to isomorphism, by the main result of [23]. Similarly, 14,
characterizes wa,.

A D-labelled set m, is described up to isomorphism by a p-tuple (my, .. .,m}) where
mq is the number (possibly w) of elements having label j. By Prop081t10n 3. 7 there is a
bipartition (Np, N1) of N that describes the structuring /; from this bipartition, we can
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define the axis A, the lines forming ¢ and the node U for each U € U — {A} by MS formulas.
There is a partition (Y1,...,Y;,) of N that describes r by Y, := r~1(q). There is a partition
(Z1,...,Z,) where Z; is the union of the lines U € U — {A} such that 7(U) = j.

Consider a relational structure (X, <, No, N1, Y1,...,Yn, Z1,...,Z,). By MS formulas,

one can express the following properties:
(i) (X, <, No,Ny) is S(J") for some SJ-tree J"” = (X, <,U’); its axis is denoted by A’
(ii) (Y1,...,Ys,) is a partition of X; we let r(z) := ¢ if and only if x € Y,
(ili) (Z1,...,2p) is a partition of X such that each Z; is a union of sets U € U’ — {4’}
such that (U, <,r) ~ wj,
(iv) (A", <,r) ~way,
(v) for each g € Q and x € Yy, the number of lines U € U'* that are contained in Z; is mj.

These formulas are constructed as follows: ¢(Ny, Ny) for (i) is from Proposition 3.7.
The formula for (ii) is standard. All other formulas are constructed so as to express the
desired properties when (i) and (ii) do hold. For (iii), we use a suitable adaptation of 1);
and the fact from Proposition 3.7 that, if (i) holds, we can define from (Ny, N1), by MS
formulas, the axis A’, the lines forming I/’ and the node U for each U € U'. The mapping r
is given by (Y1,...,Yn). For (iv), we do as for (iii) with 9 4,.

For (v), we do as follows. We write an MS formula ~v(z, Ny, N1, Z, W) expressing that
W consists of one node of each set U € U’ — { A’} that is contained in Z and is such that
U = z. For any xz and Z, all sets W satisfying v(x, Ny, N1, Z, W) have same cardinality.
Then, Property (v) holds if and only if, for all ¢ = 1,...,m, x € Yy and j = 1,...,p, if
y(x, No, N1, Zj, W) holds, then W has cardinality mj. If some number m} is w, we need the
finiteness predicate Fin(W) to express this condition!3.

Let B(No, N1, Y1,.... Yy, Zy,...,Z,) express conditions (ii)-(v) in (X, <). If a join-
tree (X, <) satisfies ¢(No, N1) A B(No, N1,Y1,..., Y, Z1,...,Z,), it has a structuring U’
described by Ny, Ny: we let J” := (X, <,U’"). The sets Y1,...,Y},, Z1, ..., Z, yield a scheme
A that describes J” (by Conditions (iii)-(v)), hence J” is isomorphic to J' by the unicity
property of Proposition (3.24), and so, we have (X, <) ~ fgs(J') = J.

Hence, J is (up to isomorphism) the unique model of the MSg, sentence:

INo, Ni(e(No, N1) ATYa, .o Yo, Za, oo Zp B(No, NU, YA, o Y, 20, .., Z))). [
Theorem 3.30 will establish a converse.

Definition 3.26 (Operations on SJ-trees and SJ-forests). We recall from Definition 3.1
that a join-forest is the union of disjoint join-trees. A structured join-forest (an SJ-forest,
cf. Definition 3.3) is the union of disjoint SJ-trees. It has no axis (each of its components has
an axis, but we do not single out any of them). We will use objects of three types: join-trees,
SJ-trees and SJ-forests, but a 2-sorted algebra will suffice (similarly as above for SBJT, we
have not introduced a separate sort for BJ-trees). The two sorts are ¢ for SJ-trees and f for
SJ-forests.

— Concatenation of SJ-trees along azes. The concatenation J e J' of disjoint SJ-trees J and
J' is defined exactly as in Definition 3.13 for SBJ-trees.
— The empty SJ-tree is denoted by the nullary symbol €2;.

13 f the nodes of J have degree at most a € N, then mf < a for all 4,5 and the finiteness predicate is not
needed, hence, J is MS definable.
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— Eaxtension of an SJ-forest into an SJ-tree. Let J = (N, <,U) be an SJ-forest and u ¢ N.
Then ext,(J) is an SJ-tree defined as in Definition 3.13. When handling SJ-trees up to
isomorphism, we will use the notation ext(.J) instead of ext,(J).

— The empty SJ-forest is denoted by the nullary symbol €.

— Making an SJ-tree into an SJ-forest.

This is done by the unary operation mkf that is actually the identity on the triples
that define SJ-trees.

— The union of two disjoint SJ-forests is denoted by .

The types of these operations are thus:
o:txt—t, Q : t, ext: f—t,
W:fxf—f, Qf : f, mkf :t — f.

In addition, we have, as in Definition 3.13 the Forgetting the structuring: If J is an SJ-tree,
fgs(J) is the underlying join-tree.

Definition 3.27 (The algebra SJT). We let F’ be the 2-sorted signature {e, W, ext, mkf, Qy,
¢} where the types of these six operations are as above. We obtain an F’-algebra SJT whose
domains are the sets of isomorphism classes of SJ-trees and of SJ-forests. Concatenation is
associative with neutral element 2; and disjoint union is associative and commutative with
neutral element €2¢.

Definition 3.28 (The value of a term). The definition is actually identical to that for
SBJ-trees (Definition 3.15). We recall it for the reader’s convenience. The equivalence
relation = is as in this definition. The value val(t) = (N, <,U) of t € T*°(F’) is defined as
follows:

— N := Occ(t, ext), the set of occurences in t of ext,
—u < v <= u < w <jep v for some w € N such that w =~ v,
— U is the set of equivalence classes of ~ .

If ¢ has sort ¢t (resp. f) then val(t) is an SJ-tree (resp. an SJ-forest). It is clear that we
have a value mapping: T°°(F’") — SJT.
For terms ¢ written with the operations ext,, then val(t) := (N, <,U) where:
— N is the set of nodes a such that ext, has an occurence in ¢, actually a unique one, that
we will denote by ug,
—a<b:<= ug < uyp,
—a~b:<—= u, = up, and
— U is the set of equivalence classes of = .
Definition 3.29 (Regular join-trees). A join-tree (resp. an SJ-tree) T is regular if it is
denoted by fgs(t) (resp. by t) where ¢ is a regular term in T°°(F") of sort ¢.
Theorem 3.30. The following properties of a join-tree J are equivalent:
(1) J is regular,
(2) J is described by a regular scheme,

(3) J is MSg,-definable.

Proof. (1)==-(2). Similar to that of Theorem 3.21.
(2)== (3) By Proposition 3.25.
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(3)=(1) As in the proof of Theorem 3.21, the mapping « that transforms the relational
structure [t| for ¢ in T*°(F"); (the set of terms in T°°(F”) of sort t) into the join-tree
J = (N, <) = fgs(val(t)) is an MS-transduction. Let J = (N, <) be an MSg,-definable
join-tree. It is, up to isomorphism, the unique model of an MSg, sentence 3. The set L
of terms ¢ in T°°(F”)¢ such that a([t]) = B is thus MSg,-definable. However, since the
relational structures |¢] have MS definable linear orderings, L is also MS definable (see
Section 2), hence, it contains a regular term. This term denotes J, hence J is regular.[]

The same proof as for Corollary 3.22 yields:
Corollary 3.31. The isomorphism problem for reqular join-trees is decidable.

The rooted trees of unbounded degree, without order on the sets of sons of their nodes
are the join-trees defined by the terms in 7°°(F’ — {@})¢. Theorem 3.30 and Corollary 3.31
hold for them.

4. ORDERED JOIN-TREES

Definition 4.1 (Ordered join-trees and join-hedges). Let (IV, <) be a join-forest. A direction
relative to a node z is a maximal subset C of | — oo, z[ such that y LUz < x for all y,z € C
(cf. Definition 3.2). The set of directions relative to x is denoted by Dir(x). The notation
x 1 y means that « and y are incomparable with respect to <, so that x < z Uy and
y<zUyifx L yand z Uy is defined.

(a) We say that a join-tree J = (N, <) is ordered (is an OJ-tree) if each set Dir(x) is
equipped with a linear order C,. (In this way, we generalize the notion of an ordered
tree, cf. Section 1.) From these orders, we define a single linear order C on N as follows:

rCyifand only if z <yor, z Lyand 6 Cyy 0
where §,0" € Dir(zUy),r € J and y € .

(b) The linear order T satisfies the following properties, for all x,y, 2’,y":
(i) # <y implies z C y,
(i) if z <y, 2’ <y and y L ¢/, then x C 2’ if and only if y C ¢/

Claim. If J = (N, <) is a join-tree and C is a linear order on N satisfying conditions
(i) and (ii), then J is ordered by the family of orders (C,)zen such that, for all 6,d" in
Dir(zx), we have 6 C, ¢ if and only if § = ¢’ or y C 3/ for some y € ¢ and ' € ¢’ (if
and only if § =¢" or y C ¢/ for all y € § and 3/ € §).

Proof Sketch. Consider different directions 0,4 € Dir(z) such that y C ¢’ for some
y € 6 and ¢y € ¢'. We have also y; T yj for any y1 € § and y] € 0’ because
(yUuy) <z, (y¥Uy)) <zand (yUy1) L (v Uy}), hence, Condition (ii) implies that
yUy Cy' Uyy and y1 C y;.

Hence, each relation C, is a linear order on Dir(x). It is clear that C is derived from
the relations C, by (a). [
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It follows that an ordered join-tree can be equivalently defined as a triple (N, <,C)
such that (IV, <) is a join-tree and C is a linear order that satisfies Conditions (i) and
(ii). These conditions are first-order expressible.

(c) We define a join-hedge as a triple H = (I, <, C) such that (N, <) is a join-forest and C
is a linear order that satisfies Conditions (i) and (ii). Let Js, for s € S, be the join-trees
composing (N, <). Each of them is ordered by C according to the above claim, and the
index set S is linearly ordered by Cg such that s Cg s’ if and only if s # s’ and 2 C y
for all nodes = of Js; and y of Jy. Hence H is also a simple arrangement of pairwise
disjoint join-trees.

Definition 4.2 (Structured join-hedges and structured ordered join-trees).

(a) A structured join-hedge, an SJ-hedge in short, is a 4-tuple J = (N, <,C, U) such that
(N, <,C) is a join-hedge and U is a structuring of the join-forest (IV, <).

A structured ordered join-tree could be defined in the same way, as an OJ-tree
(N, <,C) equipped with a structuring &. However, we will need a refinement in order
to define the operations that construct ordered join-trees and join-hedges (cf. Definition
4.8 and Remark 4.12 below).

(b) Let J be an OJ-tree (N, <,C) and U be a structuring of (IV, <). For each node z, the
set Dir(z) of its directions consists of the following sets:

— the sets [(U) for each line U € U* (we recall that |(U) := {y | y < z for some
zeU}),
— the set [ (U_(x)) (cf. Definition 3.3) if U_(x) is not empty; in this case we call it the

central direction of x.

If z is the smallest element of U(z), it has no central direction but U* may be
nonempty. It is clear that [(U)NJ(U’) = 0 if U and U’ are distinct lines in U*. We get
a linear order on U* based on that on directions, that we also denote by C,: we have
Uc,U'ifandonlyif yC ¢/ forally € U and 3 € U'.

(c) A structured ordered join-tree (an SOJ-tree) is a tuple (N, <,C, A, U~, UT) such that
(N,<,C) is an OJ-tree and U := {A} WU~ WUT is a structuring of (N, <) with axis
A, such that, for each node z: if U e U* NU~ and U’ € U* NU™T, then U =, U’ and
furthermore, if z has a central direction §, then U C, 6 T, U’.

We define then Dir~(z) as the set of directions [(U) for U € U*NU~ and, similarly, Dir™(x)
with U e U* NUT.

Let U € Y and x ¢ U be such that [z, +o00o[NU # 0. By Condition (2) of Definition
3.3(a), there is a node y; in U for some i > 0 (we use the notation of that definition). We
say that x is to the left (resp. to the right) of U if, for some direction ¢ relative to y;, we
have x € 6 € Dir~(y;) (resp. x € § € Dir™(y;)).

As in Propositions 3.5 and 3.9, we have:
Proposition 4.3. Fvery join-hedge and every ordered join-tree has a structuring.

Proof. For a join-hedge (N, <,C), we take any structuring U of the join-forest (IV, <). Let
(N, <,C) be an OJ-tree and U be any structuring of the join-tree (N, <). Let A be its axis.
In order to define 4/~ and U™, we need only partition each set U? into two sets UT N U~
and U* NUT. If = has a central direction §, we let ¥ NU~ consist of the lines U in U* such
that L(U) Tz, and U* NUT consist of those such that § T, [(U). Otherwise, we let U™
contain'* U* so that U* NU~ = 0. ]

14 we might alternatively partition U into any two sets U*NU~ and U* NUT such that U*NU~ T, UTNUT.
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We now establish the MS definability of these structurings. If J = (N, <, C, A, U™, U™T)
is an SOJ-tree, we define S(J) as the structure (N, <, C, A, NO_,NO+7 Ny, N1+) such that A
is the axis, N, (resp. Nj) is the union of the lines U € U~ (resp. U € U™) of even depth
and N (resp. Ni) is the union of the lines U € U~ (resp. U € U*) of odd depth.

Proposition 4.4. (1) There is an MS formula ¢(A, NJ,NJ,N{,N;F) expressing that a
structure S = (N, <,C, A, Ng,NJ,N{,Nf) is S(J) for some SOJ-tree
J=(N,<,C, AU, UT).

(2) There exists an MS formula 6~ (u,U, Ny , NJ,N{, N7 expressing in a structure
(N,<,C,A, Ny, N, Ny, Nit) = S(N, <,C, A,U~, U") that U € U~ Au = U; similarly,
there exists an MS formula 6% (u, U, NO_,NO'F, Ny, N1+) expressing that U € UT Au = U.

Proof. Easy modification of the proof of Proposition 3.7. ]

Definition 4.5 (Description schemes for SOJ-trees). (a) A description scheme for an SOJ-
tree, in short an SOJ-scheme, is a 6-tuple A = (Q, D, waz, (W, )qeq, (w;r)qu, (wq)dep)
such that @, D are sets, called respectively the set of states and of directions, wa, €
A(Q), (wa)4gep is a family of arrangements over @ and (w, )4eq and (w] )eeq are
families of arrangements over D. Without loss of generality, we will assume that the
domains of these arrangements are pairwise disjoint, and the same symbol < denotes
their orders. Informally, (w, )qeq and (w; )4eq encodes the sets of lines, ordered by C,
of the two sets Dir~(x) and Dirt(z) where z is labelled by g¢.

We say that A is regular if QU D is finite and the arrangements wa,, wq, w, and
w;‘ are regular.

(b) Let J = (N,<,C,A,U",U") be an SOJ-tree. An SOJ-scheme A as in (a) describes J

if there exist mappings r : N — Q and 7 : U/~ UUT — D such that:
(b.1) (A, <,7) ~ way,
(b.2) for each z € N, the arrangement (U* NU~, T4, 7) over D is isomorphic to W,y

(b.3) for each z € N, the arrangement, (U* NUT,C,,7) over D is isomorphic to w;f(l,),

(

b.4) for each U € U~ UUT, the arrangement (U, <,r) over Q is isomorphic to W) -
We also say that A describes the OJ-tree fgs(J) := (N, <,C) where fgs forgets the
structuring.

Proposition 4.6. (1) Every SOdJ-tree is described by some SOJ-scheme.
(2) Every SOJ-scheme describes an SOJ-tree that is unique up to isomorphism.

Proof. (1) The proof is similar to those of Propositions 3.11 and 3.24.

(2) Let A = (Q,D,wa,(w;)qu,(w;)qu,(wd)deD) be an SOJ-scheme, defined with
arrangements wa; = (Vag, =,labag), wq = (Vg, X,labg), w, = (W, ,=,laby) and
wi = (W}, =,laby) such that the sets Va,, Vg, W, and W, are pairwise disjoint.
Furthermore, we extend < by letting s < s’ for all s € W, s’ e Wqu and ¢ € Q). We
construct J = Unf(A) = (N, <,C, A, U~ ,UT) as follows. Clauses a) to d) are essentially
as in Proposition 3.24.

a) N is the set of finite nonempty sequences (v, 1, v1, $2, - - -, Sk, V) such that:
vo € Vag,v; € Vg, and s, € W U qu_l for 1 < i < k, where
qo = labay(vg), di = labg,(s1), 1 = labg, (v1), do = labg, (s2), ...,
¢i = labg, (vi), dit1 = labg,(si+1) for 1 <i <k —1.
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b) (vo, 81,01, -+, Sk, Vg) < (0675’1,03,...,39,1}’) if and only if:

J
k>3, (vo,s1,01,...,85) = (vg, 51,01, ...,57) and vj X vj (vj,v; € Vg,).

c¢) The axis A is the set of one-element sequences (v) for v € Vy,.

d) If z = (vo, s1,v1, ..., Sk, Uk ), the line U(x) is the set of sequences (v, 1, v1, 2, - - - , Sk,
v) for v € Vg,; it belongs to U™ if s, € W, and to U™ if s, € W, ; in both
cases, U(x) = (vo, 51,1, - - -, Sk—1,Vk—1)-

e) = (Vo,81,V1,- -, 8k k) £y = (vg,8],0],...,8;,v}) if and only if
either = < y or, for some ¢ < {j, k}, we have
e.1) (vo,s1,v1,...,v0) = (vg, 87,01, -.,vy) and spy1 < 8), 4,

e.2) or (v, 81,01, ..,50) = (v, 81,V1, - -+, 8p), Sep1 € W, and vy < vy,
e.3) or (vo, 81,01, --,80) = (v, 87,01, -+, 8p), $p. € Wi and vy < v

In Case e.1), x and y are in different directions of z := (vg, s1,v1,...,v) that are
not its central direction; in Case e.2), x is to the left of the central direction ¢ of z
and y < u where u := (vg, 51,01, ...,v)) is here below z on §; in Case e.3), y is to
the right of the central direction ¢’ of u and z < z where z is below u on ¢'.

In order to prove that A describes J, we define r : N — Q and 7 : U~ UUT — D as

follows:
—if x € A, then x = (v) for some v € Vy, and r(z) := labag(v);
— if x € N has depth k£ > 1, then = = (v, s1,v1,..., Sk, v) for some vg, s1, ..., Sk, Uk

and r(z) := labg, (vk);

—if U ed~ UUT, then U = U(x) for some x = (vg, 81,01, .., Sk, V), and 7(U) := dy.

In the last case, as dj, = laby, ,(si), it depends only on s, and vi_; (via gx—1). It
follows that 7(U) is the same if we consider U as U(y) with y = (v, $1,v1,..., Sk, V)
hence, is well-defined.

We check the four conditions of Definition 4.5(b). We have (A, <,r) ~ wa,, hence
(b.1) holds. For (b.2) and (b.3), we consider = = (v, $1,v1, ..., Sk, Vk) € N. The sets U
in U* are those of the form {(vo,s1,v1,..., sk, vk, 5,v) [ v € Vg, } forall s € W, U Wq‘:
where g, = labg, (vi;) = r(x), hence (b.2) and (b.3) hold.

For checking (b.4), we let U = U(z) for some x = (vg, 1,01, ..., Sk, V), k > 0; then
U is the set of sequences (v, s1,v1, 82, . .., Sk, v) such that v € Vj, ordered by < on the
last components. Hence, (U, <, labg, ) is isomorphic to wg, , which proves the property
since 7(U) := dj.

Unicity is proved as in Proposition 3.11. ]
Proposition 4.7. An SOJ-tree is MS definable if it is described by a regular SOJ-scheme.
Proof. Similar to the proofs of Propositions 3.12 and 3.25. L]

Note that, we need not the finiteness predicate as in Proposition 3.25 because we deal
with arrangements that are linearly ordered structures, and not with labelled sets. Next we
define an algebra SOJT with two sorts: t for SOJ-trees and h for SJ-hedges.

Definition 4.8 (Operations on SOJ-trees and SJ-hedges).
— Concatenation of SOJ-trees along azes.
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Let J; = (N1, <1,C1, Ay, Uy, UT) and Jo = (Na, <o, Co, A, Uy , Uy ) be disjoint SOJ-trees.
We define their concatenation as follows:

Jy e Jy = (N1 WNy, <,C, A1 & AQ,Ul_ H—JUQ_,Uf_ LHU;) where
r<y<=ac<3yVer<qoyV(re N Ayec Ay,
rLy<—=ucw<yvVeliyVzelay,

V(rlyAhz € NyAy € NoAyeU €Uy ﬂU;uy)
V(edlyANze NgoAye NyAzelUeldy mug”“y), for some U.
The relations z 1y and x Ly are relative to <. It is clear that J; e J5 is an SOJ-tree. Its
axis is A1 & Ao, UT = U WU and U™ = Uy WU, . The empty SOJ-tree is denoted by
the nullary symbol €2;.
— Ezxtension of two SJ-hedges into a single SOJ-tree.
Let H; = (N1,<1,C1,U) and Hy = (N2, <9,C9,Us) be disjoint SJ-hedges and u ¢
Ny W Nsy. Then:
ext,(Hy, He) := (N1 W No W {u}, <,C,{u},U;,Us), where
rLy<=r<1yVer <gyVy=u,
rCy<=zs<yValiyVazloyV(r € Ny Ay € Ns).
Clearly, ext, (Hi, Ha) is an SOJ-tree, where u has no central direction. When handling
SOJ-trees and SJ-hedges up to isomorphism, we replace the notation ext, (Hi, Ha) by
€$t(Hl, Hg)
— The empty SJ-hedge is denoted by the nullary symbol €2,.
— Making an SOJ-tree into an SJ-hedge.
This is done by the unary operation mkh such that, if J = (N,<,C, A, U~ ,UT) is an
SOJ-tree, then

mkh(J) := (N, <,C,{A} WU~ wU™).

Similarly as fgs, this operation forgets some information, here, it merges three sets. Note

that in mkh(J), we distinguish neither &/~ from U™ nor the axis A from the other lines.
— The concatenation of two disjoint SJ-hedges.

Let Hy = (N1, <1,C1,U1) and Hy = (N2, <9,C9,U2) be disjoint SJ-hedges. Their “hori-

zontal” concatenation is:

Hy ® Hy .= (N1 W Ny, <1 W<, C, U H’JZ/{Q) where

rCy<=csCiyVeroyV(ze N Ay € Na).
We let F” be the 2-sorted signature {e, ®, ext, mkh, s, Qp} whose operation types are:

o:txt—t, Q- t, ext : h x h —t,

®:h xh— h, Qp : h, mkh : t — h.

In addition, we have, as in Definitions 3.13 and 3.26:

— Forgetting the structuring: If J = (N, <,C, A,U~,UT") is an SOJ-tree, then fgs(J) :=
(N, <,C) is the underlying OJ-tree.

Definition 4.9 (The value of a term). If u is an occurrence of a binary symbol in a term ¢,

we denote by s1(u) its first son and by s2(u) the second one (cf. Definition 3.15). The value
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val(t) = (N, <,C, A,U~,Ut) of a term ¢t € T®(F"); is an SOJ-tree defined in a similar
way!® as for t € T (F')¢, cf. Definitions 3.15 and 3.28:
— N := Occ(t, ext),
— <y <=1 < w <, y for some w € N such that w =~ y,
— A := Max(t, ext,¢),
where = is the equivalence relation on N defined as in Definition 3.15(a):
— U™ is the set of equivalence classes of ~ of nodes in Max(t, ext, s1(u)) for some occurrence
u of ext,
— U™ is the set of equivalence classes of ~ of nodes in Max(t, ext, sa(u)) for some occurrence
u of ext. - -
Hence, U(z) e U™ if x <¢ 51(U(z)) and U(z) € UT if <4 59(U(x)).
Next we define z C y :<= x < y or Ly (L is relative to <, not to <;) and we have
one of the following cases:
(i) = U y is an occurrence of ® or ext, © <; s1(x Uy y) and y <; so(x Uy y),
(ii) = U; y is an occurrence of o, z <; s1(x L; y) and y <; s2(z) where z is the unique
maximal occurrence of ext such that y <; z <; sa(z L y),
(iii) = Uy y is an occurrence of e, y <; sj(x U y) and = <; s1(z) where z is the unique
maximal occurrence of ext such that z <; z <; so(x L y).
If t € T°(F")p, its value val(t) is (N, <,C,U) with (N, <,C) defined as above and U as in
Definition 3.28.

Claim. (1) The mapping val is a value mapping T(F") :— SOJT.
(2) The transformation « of |¢| into (N, <,C) is an MS-transduction.

Proof. (1) is clear from the definitions and (2) holds because the conditions of Definition 4.9
are expressible in |t] by MS formulas. ]

Example 4.10. We now illustrate this definition. Figure 6 shows a term T where A, B, C
and D are subterms of type t and E, F and G are subterms of type h. They contain
occurrences of ext that define nodes xz, 2, y,y',w, z and 2’ of val(T).

The OJ-tree val(T) is shown on Figure 7, where we designate by A, B, ..., G the trees
and hedges defined by the terms A, B, ...,G. We have the following comparisons for <:
- {z,2',u} < v, because {z,2'} <p v, u <jep v and u = v,
—{y,y',w} < u, because {y,y, w} <r u,
— x < {u,v} because z <7 a <je; {u,v} and a ~ u =~ v where a is the root position of A,
— v < 2’ if and only if 2’ is on X, the axis of B, because in this case, v &~ 2’ and otherwise v

and 7’ are incomparable with respect to <; in all cases we have v <je, 2.

ForC wehave: 2 CyCy CoeCwCul 2 Cvand 2/ C zif 2/ is to the left of X ;
otherwise v C /. All inequalities for < yield the corresponding inequalities for =. We now
compare z,v,y ,x,w, 2’ that are pairwise incomparable for <.
— By Case (i) of Definition 4.9, we get {y,4'} Cw,y C ¢ and z C 2/
— By Case (ii), we get # T w, {z,w} < 2’ and {y,y'} < w.
— By Case(iii) we get {z,y,v'} <z and z < {y,vy}.

15 Example 4.10 will illustrate this definition.
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Figure 6: Term 7" of Example (4.10).
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Figure 7: The OJ-tree val(T') of Example (4.10).

Finally, if 2/ is to the left of X, then Case (iii) gives 2’ C z, and if it to its right, then
Case (ii) gives z C «'.

Theorem 4.11. The following properties of an OJ-tree J are equivalent :
(1) J is regular,
(2) J is described by a regular SOJ-scheme,

31
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(3) J is MS definable.

Proof. The proof is similar to that of Theorem 3.21. We only indicate some differences.

(1)=(3): Follows from Proposition 4.7.

(2)==(1): As observed in Definition 4.9 (cf. the claim), the mapping « that transforms
the relational structure |t] for t in T (F"); into the OJ-tree (N, <,C) = fgs(val(t))
is an MS-transduction. Let J = (N, <,C) be an MS definable OJ-tree. It is, up to
isomorphism, the unique model of an MS sentence . The set of terms ¢ in T°(F")
such that a(|t]) = 5 is thus MS definable, hence, it contains a regular term. This term

denotes J, hence J is regular. ]

As in Corollaries 3.22 and 3.31, we deduce that the isomorphism problem for regular
OJ-trees is decidable.

Remark 4.12 (An alternative notion of SOJ-tree). We present a variant of Definition 4.2.
If J=(N,<,C, AU, U") is an SOJ-tree, Definition 4.2(c) shows that, for each z € N, the
partition (U NU™,U* NUT) of U is defined in a unique way from C and the structuring
U :={AY WU WU of (N, <), except if x has no central direction (cf. Proposition 4.3).
This partition is useful only when z is the minimal element of A, denoted by min(A)
when it exists. To see that, we consider J and another structuring of the same OJ-
tree, J' = (N,<,C, AU~ ,U'"), such that U'* = U* for each node r # min(A) and
UNU- AU NU if x =min(A). Let K be a nonempty SOJ-tree. Then K e J is not
equal to K e .J'.

We could thus define an SOJ-tree as a tuple S = (N, <, E,Z/{’,ng,blj{x) such that
(N,<,C) is an OJ-tree, U := U' WU, WU is a structuring of (N, <) with axis A (belonging
to U'), Uy, WUL = 0 if A has no minimal element, and, otherwise, U ;, WU L = U™"(A) and
UcU'forallU eU,, and U’ € qu- Then, the structure S corresponding to an SOJ-tree
(N, <,C, AU, U")is (N, <,C,U' Uy, UL,) where:

Uy, =U"N Ymin(4) and L{Xw = Ut NY™in(4) if A has a minimal element,
- Uy, = Uj{x := () otherwise, and, in both cases,
U = {AYuUT vUT — Uy, VUL).

It is not difficult conversely to construct (A,U~,UT) from (N, <, C,U’ ,ng,UXx) and
to redefine the operations of Definition 4.8 in terms of the structures S as above. This
alternative definition of SOJ-trees contains no redundant information. However, we found
the initial definition easier to handle in our logical setting.

5. QUASI-TREES

Quasi-trees can be viewed intuitively as “undirected join-trees”. As in [11], we define them
in terms of a ternary betweenness relation. Their use for defining rank-width is reviewed at
the end of the section.

Definition 5.1 (Betweenness).

(a) Let L = (X, <) be a linear order. Its betweenness relation is the ternary relation on X
such that B (z,y,z) holds if and only if z < y < z or z < y < z. It is empty if X has
less than 3 elements.
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(b) If T'is a tree, its betweenness relation is the ternary relation on Np, such that By (z,y, 2)
holds if and only if x, ¥y, z are pairwise distinct and ¥ is on the unique path between x
and z. If R is a rooted tree and T'= Und(R) is the tree obtained from R by forgetting
its root and edge directions, then Br(x,y,z) <= x,y, 2 are pairwise distinct and,
either t <py <pzxlUgrzorz<rpy<gpzxrlUgz.

(c) If B is a ternary relation on a set X, and z,y € X, then [z,y|p := {z,y} U{z € X |
B(z, z,y)}. This set is finite if B = By for some tree T.

Proposition 5.2 (cf. [11]).

(1) The betweenness relation B of a linear order (X, <) satisfies the following properties for
all z,y,z,u € X.

AL Bloy,2) > o Ay#zfo
A2: B(z,y,z) = B(z,y,z).

A3: B(z,y,z) = —B(z,2,y).

A4: B(x,y,z) N B(y, z,u) = B(z,y,u) A\ B(z, z,u).

A5: B(x,y,z) A B(z,u,y) = B(x,u,2) A B(u,y, 2).

A6: B(x,y,z) A B(z,u,2) = y=uV [B(z,u,y) AN B(u,y, 2)| V [B(z,y,u) A B(y, u, 2)].

ATz #y#z2#z= B(w y,2)V B(x,z,y) V B(y, z, 2).
(2) The betweenness relation B of a tree T' satisfies the properties A1-A6 for all x,y, z,u in
Nr together with the following weakening of A7’:
AT: x#4y#2#x= B(z,y,2)V B(x,z,y)V B(y,z,2) V .
Jw.(B(z,w,y) A B(y,w, z) A\ B(z,w, 2))

Proposition 5.3. Let B be a ternary relation on a set X that satisfies properties A1-A7’
for all x,y,z,u in X. Let a and b be distinct elements of X. There is a unique linear
order L = (X, <) such that a < b and By, = B. It is quantifier-free definable in the logical
structure (X, B,a,b).

Proof. Let X, B,a,b be as in the statement. Let us enumerate X as x1 = a, z2 = b,
X3y, Tp,... Let X :={x1,...,2n} for n > 3. Observe that B | X,, satisfies properties
A1-AT. We prove by induction on n the existence and unicity of a linear order L,, = (X, <)
such that a < b and By, = B [ X,,.

— Basis: n = 3. The conclusion follows from A7’.
— Induction case: We assume the conclusion true for n.

Claim. If B(z;, zp41, ;) holds for some i < j < n, then, there is a unique pair k,[ such
that k <1 <mn, B(xg, Tnt1, ;) holds and [zk, z1|r N Xpt1 = {@k, Tny1, 21}

Proof. Assume that x,, € [z, 2] N Xp41 — {@i, n41, 25}, which implies m < n. Then,
by A6, we have B(x;, n41,Tm) or B(Zm, Tnt1,2;) and we can repeat the argument with
(x4, ) Or (X, x;) instead of (i,7). Furthermore, the considered set, [z;, £ |, N Xp41 or
[m, 2], N Xpt1 has less elements than [z;, z;]r N Xp41.Hence, we must obtain &, such
that [z, 7] N Xpy1 = {Tk, Tnt1, 21} as desired. OJ

In this case, there is a unique way to extend L,, into L,41: we put x,+1 between xy
and x;. There is another case.

Claim. If B(z;, £p11,2;) holds for no i < j < n, then there is a unique % such that & < n,
B(zy, x, xp41) holds for some [ < n, and [z, ni1]r N Xpt1 = {@k, Tnt1}. The element
xy, is extremal in L,, that is, either maximal or minimal. ]
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The proof is similar. In this case, there is a unique way to extend L, into Lyy1: we
put xp41 after xy if it is maximal in L, or before it if it is minimal. By taking the union
of all orders L,,, we get the desired and unique linear order on X, that we will denote by
<4 - We now define it by a first-order formula.

We first observe a particularly simple case. If there are no u,v € X such that B(u,b,v)
holds, we have x <, y <= =y Vy =bV B(x,y,b)). A similar description can be given
if there are no u,v such that B(u,a,v) holds. From (X, B, a,b) as in the statement, we
define the following binary relation:

Z(z,y) <= x#YyA
[(B(z,a,b) N—B(y,z,a))V (x =aA-B(y,a,b)) V (B(a,z,b) N -B(y,z,b)) V
(x =bA B(a,b,y)) V (B(a,b,z) A B(b,z,y))].

It is easy to see that x <, y implies Z(x,y). In particular, Z(a,b) holds by the clause
x =aA-B(y,a,b) with y = b. For the converse, assume that Z(x,y) holds and = <, vy
does not. Then, we have y <, ; * because <, is a linear order. By looking at the different
relative positions of z,y,a and b, we get a contradiction. Hence z <, y if and only if
x=1yV Z(x,y), which is expressed by a quantifier-free formula &(a, b, x,y). ]

Remark 5.4. If there are no u,v € X such that B(u,b,v) holds, then:
Z(x,y) <=z #yN[(B(z,a,b) N=B(y,z,a)) V (x = a AN =B(y,a,b))V
(B(a, z,b) A ~B(y, z,b))]
which is equivalent to y = bV B(x,y,b)) as one can (painfully) check by using axioms A1-A7".

Definition 5.5 (Quasi-trees).

(a) A quasi-tree is a structure S = (N, B) such that B is a ternary relation on NNV, called
the set of nodes, that satisfies conditions A1-A7 (a definition from [11]). To avoid
uninteresting special cases, we also require that IV has at least 3 nodes.

Lemma 11 of [11] shows that in a quasi-tree, the four cases of the conclusion of
AT are exclusive and that, in the fourth one, there is a unique node w satisfying
B(z,w,y) AN B(y,w, z) A B(xz,w, z), which we denote by Mg(x,y, 2).

A leaf (of S) is a node z such that B(z, z,y) holds for no z,y. A line is set of nodes L
such that [z,y]p C Lif x,y € L and (L, B | L) satisfies A7". We say that S is discrete
if each set [z,y|p is finite. A quasi-tree S = (N, B) is a subquasi-tree of a quasi-tree
S" = (N', B’), which we denote by S C S, if N C N’ and B = B’ | N. This condition
implies that Mg = Mg | N.

(b) From a join-tree J = (NN, <), we define a ternary relation By on N by:

Bj(z,y,z) <= ax#y#z#zand (r<y<zUz)V(z<y<zUz).

Proposition 5.6.

(1) The structure qt(J) := (N, By) associated with a join-tree J = (N, <) having at least 3
nodes is a quasi-tree. Every line of J is a line of qt(J). If J is a subjoin-tree of J', then
qt(J) is a subquasi-tree of qt(J').

(2) Every quasi-tree S is qt(J) for some join-tree J.

(3) A quasi-tree is discrete if and only if it is qt(J) for some rooted tree J.

Proof.

(1) Let J = (N, <) be a join-tree with at least 3 nodes.
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If it is finite, then it is (Np, <7) for a finite rooted tree T', and ¢t(J) is a finite
quasi-tree by Proposition 5.2(b).

Otherwise consider distinct elements x, y, z, uw of N. We want to prove that they satisfy
A1-A7. Thereis aset N’ C N of cardinality at most 7 that contains z, y, z, u and is closed
under L. Then J' = (N’, <[ N’) is a finite join-tree, J' C J and ¢t(J') = (N', By [ N')
is a quasi-tree by the initial observation, so that z,y, z, u satisfy A1-A7 for B = B
hence, also for B;. (The node w that may be necessary to satisfy A7 may have to be
chosen in the set {z Uy, zUz,zUu,...}). As x,y, z,u are arbitrary, A1-A7 hold for
By and all z,y, z,u € N. Hence, (N, By) is a quasi-tree.

That every line of J is a line of ¢¢(.J) follows from the definitions. (The converse does
not hold.) The assertion about subjoin-trees is also easy to prove.

(2) Let S = (N, B) be a quasi-tree and r be any element of N. We define = <, y :<=y €
[z,7]p. Then (N, <,) is a join-tree J with root r and S = ¢t(.J) by Lemma 14 of [11].
(3) A quasi-tree S = ¢t(J) is discrete if J is rooted tree. Conversely, if S is a discrete
quasi-tree, then S = ¢t(T") for some tree T' by Proposition 17 of [11]. By choosing any
node as a root, one makes T into a rooted tree, and its betweenness relation is that
of T. ]

We say that a quasi-tree S is described by an SJ-scheme if this scheme describes a
join-tree J such that gt(J) = S. It is regular if it is ¢t(J) for some regular join-tree J.

Proposition 5.7. A quasi-tree is MSg,-definable if it is described by a regular SJ-scheme.
Proof. We first prove a technical result.

Claim. There exists a first-order formula u(L,a,b,u,v) such that, for every join-tree
J = (N,<),if S = ¢t(J) = (N, B), then there is a subset L of N and elements a,b of N
such that, for every u,v € N, (N, B) = u(L,a,b,u,v) if and only if u < v.

Proof of the claim. The formula p(L,a,b,u,v) will be defined as u=v V pui1(L,a,b,u,v) vV

wa(L,a,b,u,v) so as to handle two exclusive cases relative to J = (N, <).

— Case J = (N, <) has a root . Then, u < v if and only if v = r or B(u,v,r). Hence, we
define p1(L,a,b,u,v) as L=0Aa=bA (v=>bV B(u,v,b)).

— Case J has no root. It has a line L that is upwards closed, i.e., such that y € Lif z <y
and x € L. This line has no maximal element (otherwise its maximal element would be a
root of J) and is infinite. Moreover, for every u € N, we have u < z for some x € L (to
prove that, consider v Uy where y is any element of L). For all u,v € N we have:

u<v<= 3dx,y € Ljx <y A B(u,v,z) A B(v,z,y)].

If u < v we have u < v < z < y for some z,y in L. Hence, we have B(u,v,x) A B(v,z,y).
Assume for the converse that z < y A B(u,v,z) A B(v,z,y) for some z,y in L. We first
prove that u,v < x. Since B = By, B(v,z,y) <= v <z <ovlUyVy <z < yUv. Asz <y,
we must have v < z. Axiom A4 gives B(u,z,y), from which we get similarly v < . From
B(u,v,x) we get u < v <ullzorz<v<zUv. Asv <z, we have u < v. Let a,b € L
such that a < b. Proposition 5.3 is applicable to (L, B | L) that satisfies Conditions
A1-A7’. Hence the quantifier-free formula &(a,b, z,y) defines © <, y for z,y € L. We
define pa(L,a,b,u,v) as I,y € Lla,b € L N{(a,b,x,y) A B(u,v,x) A B(v,z,y)].
We now complete the proof. If J = (N, <) has a root r, we choose L=0Aa=0b=r,
u2(L,a,b,u,v) is false and pi(L,a,b,u,v) is equivalent to u < v. If J has no root, we let L
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be an upwards closed line, and a,b € L such that a < b. Then (L, a,b,u,v) is false and
u2(L,a,b,u,v) is equivalent to u < v. ]

We let u/(L,a,b,u,v) be u=vV u(L,a,b,u,v). For proving the main assertion, we let
S = qt(J) be a quasi-tree defined from a regular join-tree J and 1 be the MSy;, sentence
expressing that a structure (N, <) is a join-tree isomorphic to J; this sentence exists by
Theorem 3.30. Let ¢ be the MSy;,, sentence expressing that a structure (D, B) is a quasi-tree
that satisfies 3L, a, b(¢’A“B is the betweenness relation of the order relation < defined by
w””) where 9 is obtained from 1 by replacing each atomic formula x <y by u/(L, a,b, z,y).

Then qt(J) satisfies ¢ by the claim. If conversely, (D, B) satisfies ¢ for some L, a and b,
then (D, <) is a join-tree J', where x < y is defined in (D, B) by ¢/(L,a,b, z,y) (because 1’
holds), (D, B) = ¢t(J’) (because B is the betweenness relation of <) and J' ~ J (because
of ¢'). Hence, (D, B) ~ qt(J). Hence ¢t(J) is characterized by ¢ up to isomorphism. [

The next theorem establishes a converse. As algebra for quasi-trees, we take the algebra
SJT of join-trees together with the (external) operation ¢t (similar to fgs) that makes a
join-tree into a quasi-tree.

Theorem 5.8. The following properties of a quasi-tree S are equivalent:
(1) S is regular,

(2) S is described by a regular SJ-scheme,

(3) S is MSg, definable.

Furthermore, the isomorphism problem of reqular quasi-trees is decidable.

Proof.

(1)=(2): The proof is similar to that of Theorem 3.21.

(2)=(3): By Proposition 5.7.

(3)=(1): The mapping « that transforms the relational structure [¢| for ¢ in T°°(F"); into
the quasi-tree S = q¢t(fgs(val(t))) is an MS-transduction by Definitions 4.9 (cf. the
claim) and 5.5(b). The proof continues as in Theorem 3.21.

The decidability of the isomorphism problem is as in Corollary 3.22. L]

We make these results more precise for subcubic quasi-trees: they are useful for defining
the rank-width of countable graphs, as we will recall.

Definition 5.9 (Directions). Let S = (IV, B) be a quasi-tree and = a node of S.

(a) We say that y,z € N — {z} are the same direction relative to x (or of x) if, either
y=zor B(y,z,z) or B(z,y,z) or B(y,u,x) A B(z,u,x) for some node u (a definition
from [11]). Equivalently, y U, z <; x (<, is as in Proposition 5.6(2)). Hence, if
B(y,x,z) holds, then y and z are in different directions relative to x. This relation is
an equivalence, denoted by y ~, z, and its classes are the directions of .

(b) The degree of x is the number of classes of ~,. A node has degree 1 if and only if it is
a leaf. We say that S is subcubic if its nodes have degree at most 3. If S = ¢t(T) for a
tree T', then a direction of z is associated with each neighbour y of x and is the set of
nodes of the connected component of 7' — {z} that contains y.

(c) If S = qt(J) for a join tree J = (N, <), then, the directions of z in S are those of z in
J together with the set N —]—oo, z] if it is not empty. It follows that S is subcubic if
J is a BJ-tree.

Lemma 5.10. Every subcubic quasi-tree is qt(fgs(J)) for some SBJ-tree J.
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Proof. Let S be a subcubic quasi-tree. Then S = ¢t(J) for some join-tree J. We choose
a maximal line L of J and a,b € L such that a < b. By Proposition 5.7, the partial order
< of J is defined by p/(L,a,b, z,y). The method of Proposition 3.5 with Uy := L, gives
structuring K of J, making it into an SBJ-tree as defined in Definition 3.8. ]

Theorem 5.11. The following properties of a subcubic quasi-tree S are equivalent :
(1) S is regular,

(2) S is described by a regular SBJ-scheme,

(3) S is MS definable.

Proof. By Lemma 5.10 and Proposition 3.19, every subcubic quasi-tree S is gt(fgs(val(t)))
for some term ¢ € T°°(F).

Property (1) means that S = gt(fgs(val(t))) for some regular term in T°°(F”)¢. Let (17)
mean that S = ¢t(fgs(val(t))) for some regular term in 7°°(F'). Then (1’)==(2) by the
similar implication in Theorem 3.21.

(2)==(3) by the similar implication in Theorem 3.21 and the observation that, in a
quasi-tree S, the SBJ-trees J such that S = ¢t(fgs(J)) can be specified by MS formulas in
terms of a 5-tuple (A, Ny, N1, a,b) satisfying the formula ¢'(A, Ny, N1, a,b) of the proof of
Proposition 5.7.

(3)==(1") by the observation that the mapping « that transforms the relational structure
|t] for ¢ in T°°(F) into the subcubic quasi-tree gt(fgs(val(t))) is an MS-transduction. The
proof goes then as in Theorem 3.21.

The implication (1’)==(1) is trivial and (1) implies that S is MSg, definable by
Proposition 5.7. But a term ¢t € T°°(F) that defines S is MS definable, and the relational
structure representing a term has an MS definable linear order. It follows that S has an MS
definable linear order, hence that S is MS definable by the facts recalled in Section 2. []

We now review the use of quasi-trees for rank-width [11], a width measure first defined
and investigated in [21] and [22] for finite graphs.

Definition 5.12 (Rank-width for countable graphs). We consider finite or countable, loop-
free, undirected graphs without parallel edges. The adjacency matriz of such a graph
G is Mg : Vg x Vg — {0,1} with Mg[z,y] = 1 if and only if x and y are adjacent. If
U and W are disjoint sets of vertices, Mq[U, W] is the matrix that is the restriction of
Mg to U x W. The rank (over GF(2)) of Mq[U, W] is the maximum cardinality of an
independent set of rows (equivalently, of columns) and is denoted by rk(Mg[U, W)); it
belongs to NU {w}. We take rk(Mg[0, W]) = rk(Mg[U,0]) :== 0. If X WY is infinite, then
rk(Mg[X,Y]) = sup{rk(Mc[U,W]) | U C X, W CY and, U and W are finite}.

A discrete layout of a graph G is an unrooted tree T’ of maximal degree 3 whose set of
leaves is V. Its rank is the least upper-bound of the ranks rk(Mg[X N Vg, X¢ N Vi) such
that X and X¢:= Np — X are the two connected components of 1" minus one edge. The
discrete rank-width of G, denoted by rwd®*(G), is the smallest rank of a discrete layout.
If G is finite, this value is the rank-width defined in [21]. By using for countable graphs
G quasi-trees with nodes of maximal degree 3 instead of trees, one obtains their rank-with
rwd(G) (cf. [11] for details). We have rwd(G) < rwd?*(G). The notation G C; H means
that G is an induced subgraph of H.
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Theorem 5.13 (cf. [11]). For every graph G:

(1) if H C; G, then rwd(H) < rwd(G) and rwd® (H) < rwd®(G),

(2) Compactness: rwd(G) = Sup{rwd(H) | H C; G and H 1is finite},

(3) Compactness with gap : rwd®*(G) < 2-Sup{rwd(H) | H C; G and H is finite}.

The gap function in (3) is n — 2n, showing a weak form of compactness. The proof of
(2) uses Koenig’s Lemma, and consists in taking G as the union of an increasing sequence of
finite induced subgraphs. The desired layout of G is obtained from an increasing sequence
of finite layouts of finite induced subgraphs where nodes are successively added. The union
of these layouts is in general a quasi-tree and not a tree.

6. CONCLUSION

We have defined regular join-trees of different kinds and regular quasi-trees from regular
terms. These terms have finitary descriptions. Other infinite terms have finitary descriptions:
the algebraic ones [9] and more generally, those of Caucal’s hierarchy [5]. Such terms also
yield effective (algorithmically usable) notions of join-trees and quasi-trees. It is unclear
whether the corresponding isomorphism problems are decidable!.

The article [7] establishes that a set of arrangements is recognizable if and only if it is
MS definable. One might wish to extend this result to sets of join-trees and quasi-trees. An
appropriate notion of recognizability must be defined.
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