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THE TREEWIDTH BOUNDEDNESS PROBLEM FOR AN INDUCTIVE
SEPARATION LOGIC OF RELATIONS
MARIUS BOZGA ©®*, LUCAS BUERI ®“, RADU IOSIF ®“, AND FLORIAN ZULEGER ®°

% Univ. Grenoble Alpes, CNRS, Grenoble INP, VERIMAG, 38000, France

® Institute of Logic and Computation, Technische Universitit Wien, Austria

ABSTRACT. The treewidth boundedness problem for a logic asks for the existence of an
upper bound on the treewidth of the models of a given formula in that logic. This problem
is found to be undecidable for first order logic. We consider a generalization of Separation
Logic over relational signatures, interpreted over standard relational structures, and describe
an algorithm that decides the treewidth boundedness problem for this logic. Furthermore,
our algorithm can give an estimate of the bound of the models of a given formula, in case
there is a finite such bound.

1. INTRODUCTION

The treewidth of a graph is a positive integer measuring, informally speaking, how far a graph
is from a tree. For instance, trees have treewidth one, series-parallel graphs (i.e., circuits
with one input and one output that can be either cascaded or overlaid) have treewidth two,
whereas k x k square grids have treewidth k, for any k& > 1. The treewidth parameter is a
cornerstone of algorithmic tractability. For instance, many NP-complete graph problems
such as Hamiltonicity and 3-Colorability become polynomial-time, when restricted to inputs
whose treewidth is bounded by a constant (see, e.g., [FG06, Chapter 11] for a survey of
classical treewidth-parameterized tractable problems).

Structures are interpretations of relation symbols that define the standard semantics of
first and second order logic [vD94]. They provide a unifying framework for reasoning about
a multitude of graph types e.g., graphs with multiple edges, labeled graphs, colored graphs,
hypergraphs, etc. The notion of treewidth is straightforwardly generalized from graphs to
structures. In this context, bounding the treewidth by a constant sets the frontier between
the decidability and undecidability of monadic second order (MSO) logical theories. A
result of Courcelle [Cou90] proves that MSO is decidable over bounded treewidth structures,
by reduction to the emptiness problem of tree automata. A dual result of Seese [See91]
proves that each class of structures with a decidable MSO theory necessarily has bounded
treewidth. Since MSO is the yardstick of graph specification logics [CE12], these results
show that treewidth bounded classes of structures are tantamount to the existence of decision
procedures for important classes of properties, in those areas of computing where graphs are
relevant such as, e.g., static analysis [JM82], databases [ABS00] and concurrency [DNMOS].
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This paper considers the treewidth boundedness problem, which asks for the existence
of a bound on the treewidths of the models of a formula given in input. We show that for
first-order logic (and implicitly MSO) the problem is already undecidable. This negative
result for classical logics motivates our focus on substructural logics that have, in addition to
boolean conjunction, a conjunction-like connective, for which Gentzen’s natural deduction
rules of weakening and contraction do not hold. We prove the decidability of this problem
for a generalization of Separation Logic to relational signatures, interpreted over structures.

Separation Logic (SL) [I001, Rey02, CGGO02] is a first order substructural logic with a
separating conjunction x that decomposes structures. For reasons related to its applications
to the deductive verification of pointer-manipulating programs, the models of SL are finite
partial functions, called heaps. In SL, the separating conjunction stands for the union of
heaps with disjoint domains.

When combined with inductive definitions [Acz77], SL gives concise descriptions of the
recursive data structures (singly- and doubly-linked lists, trees, etc.) used in imperative
programming (e.g., C, C++, Java, etc.). The shape of these structures can be described
using only existentially quantified separating conjunctions of (dis-)equalities and points-to
atoms. This subset of SL is referred to as the symbolic heap fragment.

SL is a powerful tool for reasoning about low-level pointer updates. It allows to describe
actions locally, i.e., only with respect to the resources (e.g., memory cells, network nodes)
involved, while framing out the part of the state that is irrelevant for the action. This
principle of describing mutations, known as local reasoning [COY07], is at the heart of scalable
compositional proof techniques for pointer programs [CDOY11, CDNQ12, DPJ08, BCOO06].

The Separation Logic of Relations (SLR) is the generalization of SL to relational
signatures, interpreted over structures. This logic has been first considered for relational
databases and object-oriented languages [KR04|. Here the separating conjunction splits the
interpretation of each relation symbol from the signature into disjoint parts. For instance,
the formula r(zq,...,z,) describes a structure in which all relations are empty and r consists
of a single tuple of values x1, ..., x,, whereas r(x1,...,x,) *r(y1,...,Yyn) says that r consists
of two distinct tuples, i.e., the values of z; and y; differ for at least one index 1 < i < n.
Moreover, when encoding graphs by structures, SLR allows to specify edges that have no
connected vertices, isolated vertices, or both. The same style of composition is found in
other spatial logics interpreted over graphs, such as the GL logic of Cardelli et al [CGGO02].

Our motivation for studying the models of SLR arose from recent work on deductive
verification of self-adapting distributed systems, where Hoare-style local reasoning is applied
to write correctness proofs for systems with dynamically reconfigurable network architectures
[ABIK22, BBI22a, BBI22b]. The assertion language of these proofs is SLR, with unary
relation symbols used to model nodes (processes) of the network and relation symbols of
arity two or more used to model links (communication channels) between nodes. Just as
user-defined inductive predicates are used in SL to describe data structures (lists, trees, etc.),
SLR inductive predicates are used to describe common architectural styles (e.g., pipelines,
rings, stars, etc.) that ensure correct and optimal behavior of many distributed applications.

The decidability result from this paper defines the class of SLR formulse whose models
are treewidth bounded and provides a reasonable estimate on the bound, in case one exists.
On one hand, this algorithm answers the question does the set of structures defined by
a given system of inductive definitions have a decidable MSO theory? 1If this is the case,
problems such as, e.g., Hamiltonicity, k-Colorability, Planarity, etc. are decidable on this set
of structures. Another application is the decidability of the entailment problem [¢] 5 C [¢] A
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asking if each model of a formula ¢ is also a model of another formula 1, when the predicate
symbols in ¢ and v are interpreted by a set of inductive definitions A. In principle, the
decidability of this problem depends on (i) ¢ having only treewidth bounded models, for
a computable upper bound, and (ii) both ¢ and v being MSO-definable [IRS13]. The
algorithm described in the paper provides a key ingredient for defining fragments of SLR
with a decidable entailment problem, which is tantamount to automating proof generation
in Hoare logic [BBI22a, BBI22b).

1.1. Related work. One of the first fragments of SL with a decidable entailment problem
relied on an ad-hoc translation into equivalent MSO formulae, together with a static guarantee
of treewidth boundedness, called establishment [IRS13]. More recently, the entailment
problem in this fragment of SL has been the focus of an impressive body of work [CHO"11,
K720, EIP21a, EIP21b, LL23|. In particular, the establishment problem “is a given set of
inductive definitions established” has been found to be co-NP-complete [JKM™17]. Moreover,
lifting the establishment condition leads to the undecidability of entailments, as showed
in [EIP22]. The establishment problem can, in fact, be seen as the precursor of the treewidth
boundedness problem studied in the present paper.

The treewidth parameter showed also in a recent comparison between the expressivity of
SLR with inductive definitions and that of MSO [IZ23]. When restricting the interpretation
of the logics to treewidth bounded graphs, SLR strictly subsumes MSO, i.e., for each MSO
formula ¢ and integer k > 1, there exists a formula v of SLR that defines the models of
¢ of treewidth at most k. Moreover, the logics are incomparable for classes of graphs of
unbounded treewidth.

1.2. Motivating examples. We introduce the reader to SLR and the treewidth boundedness
problem by means of examples. Figure 1 (a) shows a chain, defined by an unfolding of the
inductive predicate A(x1,x2). The chain starts at z; and ends at x3. The elements of the
chain are labeled by a unary relation symbol a and the neighbours are linked by a binary
relation r. Each unfolding of the inductive definition A(zy, z2) < Jy . a(x1)*r(z1,y)*A(y, z2)
instantiates the existential quantifier to an element distinct from the existing ones. This
is because every instantiation of an existential quantifier is placed into a set labeled by a
and the semantics of the separating conjunction requires that these sets must be disjoint in
each decomposition of a model of a(x1) xr(x1,y) * Ay, z2) into models of a(z1) * r(x1,y) and
A(y,x2). Then, each model of Jx13xs . A(x1,x2) is a possibly cyclic chain, because nothing
is enforced on xo, which can be mapped back to a previous instantiation of y. Hence each
model of this sentence has treewidth two at most.

Figure 1 (b) shows a family of models for a slightly modified definition of the chain
from Figure 1 (a), given by the recursive rule A(z1,x2) < Jy . r(z1,y) * A(y, x2), where the
instantiations of the existential quantifiers are not placed into any particular set. In this
case, one can fold a sufficiently large chain onto itself and creating a square grid, by using
the same element of the structure more than once to instantiate a quantifier. Then, the
sentence dx13xs . A(x1, z2) has an infinite set of models containing larger and larger square
grid minors, thus having unbounded treewidth.

Since placing every quantifier instance into the same set guarantees treewidth bounded-
ness, as in, e.g., Figure 1 (a), a natural question that arises is what happens when these
instances are placed into two (not necessarily disjoint) sets? The inductive definition of the
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predicate A in Figure 1 (c¢) creates an unbounded number of disconnected r-edges whose
endpoints are arbitrarily labeled with a and b, respectively. In this case, one can instantiate
a a-labeled (resp. b-labeled) variable with a new element or a previous b (resp. a) element
and build chains (or sets of disconnected chains), of treewidth two at most two. Again, this
is because a simple cycle with more than two elements has treewidth two.

r r r .L.—r. ... 0 e
:—.a—: .a ® a a,b a,b b
A(z1,x2) + Fy.a(z1) *r(z1,y) * Ay, x2) A() « FzTy. a(z) *r(z,y) * b(y) x A()
A(ml,l'g) <— 1 = X2 A() < emp
(@ ©
a a
N r a,b,c -= =~ a, b, b
et @ a,b,c a,b,C
. b b
. ]
Lot ' \\
e . : N _a a
r r r s a,b,c b ——-a a,b,c b
e ; 4 ) L ; a,b,C a, b, C
b b
Alz1,x2) 3y r(z1,y) * Ay, 22) A() « JzTy. a(z) *r(z,y) * b(y) * A()
Alz1,22)  21=22 A() « FzTy. b(x) *r(z,y) * c(y) x A()
A() + FzTy. a(z) = r(z,y) * c(y) * A()
A() < emp

() (d

Figure 1: Examples of bounded and unbounded treewidth models

Let us now consider three unary relation symbols a, b and ¢ and three types of dis-
connected r-edges (according to the labels of their endpoints) created by three recursive
definitions of Figure 1 (d), namely a-b, b-c and a-c edges. In this case, the sentence A(),
where A is a predicate symbol of zero arity, has models with unboundedly large square
grid minors, obtained by “glueing” these edges (i.e., instantiating several quantifiers with
the same element from different sets). The glued pairs are connected with dotted lines in
Figure 1 (d). Hence, these structures form a set of unbounded treewidth.

These examples highlight the main ideas behind an algorithm that decides the existence
of a bound on the treewidths of the models of a given formula, with predicates interpreted
by set of inductive definitions. First, one needs to identify the definitions that can iterate
any number of times producing building blocks of unboundedly large grids (modulo edge
contractions). Second, these structures must connect elements from different sets, e.g., a,
b or c in Figure 1. A complication is that these sets can be defined not only by monadic
relation symbols, but also by n-ary relation atoms where all but one variable have the same
values for any occurrence. For instance, the variable zo in Figure 1 (a) has the same value in
an arbitrarily long unfolding of A(z1, z2) and we could have written r(z1, z2) instead of a(xy)
in the first rule, with the same effect, while avoid using ‘a’ altogether. Last, the interplay
between the connectivity and labeling of the building blocks is important. For instance,
in Figure 1 (d), the building blocks of the grid are structures consisting of six elements,
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that connect three ‘a’ with three ‘b’ elements. In fact, as we shall prove, a necessary and
sufficient condition for treewidth-boundedness is that any two such “iterable” substructures
that connect at least three elements must also place these elements in at least one common
set (e.g., a, b or ¢ in our example).

2. THE SEPARATION LOGIC OF RELATIONS

This section defines formally the Separation Logic of Relations (SLR) and its corresponding
treewidth boundedness problem. It also introduces most of the technical notions used
throughout the paper.

Let N be the set of positive integers, zero included and N = N\ {0}. Given integers i
and j, we write [i..j] for the set {i,i+ 1,...,7}, assumed to be empty if i > j. For a set A,
we denote by pow(A) its powerset. The cardinality of a finite set A is card(A4). By writing
S = S1 WSy, we mean that S7 and Sy partition S, i.e., that S = S; U Sy and S1 NSy = 0.

Multisets are denoted as {a,b,...} and all set operations (union, intersection, etc.) are
used with multisets as well. In particular, a binary operation involving a set and a multiset
implicitly lifts the set to a multiset and returns a multiset. The multi-powerset (i.e., the set
of multisets) of A is denoted as mpow(A).

For a binary relation R C A x A, we denote by R* its reflexive and transitive closure
and by R~ the smallest equivalence relation that contains R, i.e., the closure of R* by
symmetry. For a set S C A, we denote by R|s the relation obtained by removing from R
all pairs with an element not in S. A binary relation R C A x B is an A-B matching iff
{a,b} n{a’, '} =0, for all distinct pairs (a,b), (a’,b") € R.

2.1. Structures. Let R be a finite and fixed set of relation symbols, of arities #r > 1, for
all € R. A relation symbol of arity one (resp. two) is called unary (resp. binary).

A structure is a pair S = (U, o), where U is an infinite set called the universe and
o : R — pow(UT) is an interpretation mapping each relation symbol r into a finite subset
of U#'. We consider only structures with finite interpretations, because the logic under
consideration (defined below) can only describe sets of finite structures. The support
supp(o) = {u; | (u1,...,ug) € o(r), i € [L..#r]} of an interpretation is the (necessarily
finite) set of elements that occur in a tuple from the interpretation of a relation symbol.
The support of a structure is the support of its interpretation.

Two structures (Ui, o1) and (Ug, 02) are locally disjoint iff o1(r) N oa(r) = 0, for all
r € R and disjoint iff supp(oy1) Nsupp(oz) = (). Two structures are isomorphic iff they differ
only by a renaming of their elements (see, e.g., [EF95, Section A3] for a formal definition of
isomorphism between structures).

We consider the composition as a partial binary operation between structures, defined
as pointwise disjoint union of the interpretations of relation symbols:

Definition 2.1. The composition of two locally disjoint structures (Uy,o1) and (Uz, o2) is
(U1, 01) @ (Ug, 02) = (Up U Ug, 01 Waa), where (o1 8 a2)(r) = o1(r) W oa(r), for all r € R. The
composition is undefined if (U1, 01) and (Us, 02) are not locally disjoint.

For example, Figure 2 shows the composition of two structures Sy and Se, whose interpre-
tations are represented as hyper-graphs with edges denoting tuples from the interpretation of
relation symbols a, b and ¢, of arities 3, 2 and 2, respectively. Note that S; and So are locally
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disjoint but not disjoint, for instance the elements uo and uz are present in the support of
both structures.

Ul : ug : ul ueg
b : :

a : b a b
: Uq : Uq
‘ —

us uz ° U2 a : us u2 a

‘ w-

Sy U3 U3 So 3 5165

Figure 2: Composition of structures

2.2. Treewdith. A graph is a pair G = (N, ), such that N is a finite set of nodes and
E C N x N is a set of edges. A (simple) path in G is a sequence of (pairwise distinct)
nodes vy, ..., Uy, such that (v;,v;41) € &, for all ¢ € [1..n — 1]. We say that vi,...,v, is an
undirected path if {(vi,vit1), (Vit1,0i)} NE # O instead, for all i € [1.n — 1]. A set of nodes
S C N is connected in G iff between any two nodes in S there is an undirected path in G
that involves only nodes from S. A graph G is connected iff N is connected in G.

Given a set Q of labels, a Q-labeled unranked tree is a tuple T = (N, &,r, \), where
(N, E) is a graph, r € N is a designated node called the root, such that there exists a unique
simple path from r to any other node n € A\ {r} and no path from r to r in (N, €&). The
mapping A : NV — Q associates each node of the tree a label from (.

Definition 2.2. A tree decomposition of a structure S = (U, o) is a pow(U)-labeled unranked
tree T = (N, &, 7, \), such that the following hold:

(1) for each relation symbol r € R and each tuple (u1,...,ux,) € o(r) there exists a node
n € N, such that {u1,...,ug} C A(n),

(2) for each element u € supp(c), the set of nodes {n € N' | u € A(n)} is nonempty and
connected in (N, E).

The width of the tree decomposition is wd(T') = max,ec card(A(n)) — 1. The treewidth of
the structure o is tw(o) = min{wd(7T) | T is a tree decomposition of o}.

Note that, since we consider only structures with finite support, tree decompositions
are finite trees with finite sets as labels, hence the treewidth of a structure is a well-defined
integer. A set of structures is treewidth-bounded iff the set of corresponding treewidths is
finite and treewidth-unbounded otherwise. We assume basic acquaintance with the notions of
grid and minor. It is known that a set of structures having infinitely many minors isomorphic
to some n x n grid is treewidth-unbounded [Bod98|.

2.3. Separation Logic of Relations. The Separation Logic of Relations (SLR) uses a set
of variables V = {x,y,...} and a set of predicates P = {A, B, ...} with given arities #A > 0.
A predicate of zero arity is called nullary.

The formule of SLR are defined by the syntax in Figure 3 (a). A variable is free if it
does not occur within the scope of an existential quantifier and fv(¢) denotes the set of free
variables of ¢. A sentence is a formula with no free variables. For a formula ¢, we denote by
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¢ the sentence obtained by existentially quantifying its free variables. A formula without
quantifiers is called quantifier-free.

Instead of the standard boolean conjunction, SLR has a separating conjunction x. The
formulee x # y and A(x1,...,x4a) are called disequalities and predicate atoms, respectively.
To alleviate notation, we denote by A the predicate atom A(), whenever A is nullary. A
formula without predicate atoms is called predicate-free. A gpf formula is both quantifier-
and predicate-free.

¢:=emp|z=ylzFy|rry,. .., 25) | A@,....25a) | dx¢ |32 .
(a)

(U,o) 5\ emp <= o(r)=0, forallreR

U,o) FA\ =~y <=  (U,0) E5 emp and s(z) ~ s(y), for ~ €{=,#}

(U,0) EX r(z1,...,2k) <= o(r)={{s(z1),...,5(zx))} and o(r') = 0, for ¥ € R\ {r}

(U,0) BEX A, .. un) <= o EX oT1/y1, .., Tn/yn), for some A(z1,...,2,) < ¢ € A

(U,o) E\ o1*d2 <= exist structures (U;, 0;), where (U,0) = (U1, 01) @ (U, 02)
and (UZ‘,O'Z') ‘:SA gbi, for both i = 1,2

(U,o) E\ Fz.¢ < o ):Z[xgu] ¢, for some u € U

(b)

Figure 3: The syntax (a) and semantics (b) of the Separation Logic of Relations

Definition 2.3. A set of inductive definitions (SID) is a finite set A of rules of the form
A(x1,...,x4p) < ¢, where x1,..., x4 are pairwise distinct variables, called parameters,
such that fv(¢) C {z1,...,z4a}.

The semantics of SLR is given by the satisfaction relation (U, o) =5 ¢ between structures
and formulee, parameterized by a store s and a SID A. We write s[x < u| for the store that
maps z into u and agrees with s on all variables other than x. By [z1/y1, ..., %y /yn] we denote
the substitution that replaces each free variable x; by y; in a formula ¢. The result of applying
the substitution [x1/y1, ..., Zn/yn] to the formula ¢ is denoted as ¢[x1/y1, ..., Tn/yn], where,
by convention, the existentially quantified variables from ¢ are renamed to avoid clashes
with y1,...,yn. Then =% is the least relation that satisfies the constraints in Figure 3 (b).

Note that the interpretation of equalities and relation atoms differs in SLR from first-
order logic, namely z = y requires that the structure is empty and r(z1, ..., 24 denotes the
structure in which all relations symbols are interpreted by empty sets, except for r, which
contains the tuple of store values of x1, ..., x4 only. Moreover, every structure (U, o), such
that (U,o) =5\ ¢, interprets each relation symbol as a finite set of tuples, defined by a finite
least fixpoint iteration over the rules from A. The assumption that each structure has an
infinite universe excludes the cases in which a formula becomes unsatisfiable because there
are not enough elements to instantiate the quantifiers introduced by the unfolding of the
rules, thus simplifying the definitions.

If ¢ is a sentence (resp. a predicate-free formula), we omit the store s (resp. the SID A)
from S =% ¢. For a SLR sentence ¢, let [¢], = {S|S FEa ¢} be the set of A-models of ¢.
If ¢ is, moreover, predicate-free we say that ¢ is satisfiable iff [¢] # 0.
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For a qpf formula ¢, we write = ~, y (resp. = #, y) iff x = y is (resp. is not) a logical
consequence of ¢, i.e., s(x) = s(y) for each store s and structure S, such that S =° ¢. Note
that = %, y is the negation of = ~, y, which is different from that x # y is implied by ¢.
We define several quantitative measures relative to SIDs:

Definition 2.4. Let A be a SID. We denote by:

> maxVars(A) the maximum number of variables that occur, either free or existentially
quantified, in a rule from A,

maxRelAtoms(A) the maximum number of relation atoms that occur in a rule from A,
maxPredAtoms(A) the maximum number of predicates that occur in a rule from A,
maxRelArity(A) the maximum arity of relation symbols occurring in A,

predNo(A) the number of predicate symbols occurring in A,

relNo(A) the number of relation symbols occurring in A.

vV vV VvV VvV V

2.4. Simplifying assumptions. In the rest of this paper, we simplify the technical de-
velopment by two assumptions, that lose no generality. The first assumption is that no
equalities occur in the given SID (Lemma 2.6).

Definition 2.5. A formula is equality-free iff it contains no equalities nor predicate atoms
in which the same variable occurs twice. A rule A(zq,...,z,) + ¢ is equality-free iff ¢ is
equality-free. A SID is equality-free iff it consists of equality-free rules.

Lemma 2.6. Given a SID A, one can build an equality-free SID A', such that [A] A = [A] s
for each nullary predicate A. Moreover, all quantitative measures (Definition 2.4) of A’ are

the same as for A, except for predNo(A’) < predNo(A) - maxVars(A)maxvars(A)_

Proof. See [1Z23, Lemma 9]. The construction of A" considers predicates Ay, . r,, where A
is a predicate symbol that occurs in A and I} W... W I, = [1..#A] is a partition. Since the
number of partitions of [1..#A] is asymptotically bounded by #A#A < maxVars(A)maxVars(a)
we obtain the bound on predNo(A’). ]

The following notion of unfolding is used to define several technical notions and state
the second simplifying assumption. Let ¢ and v be formulae and A be a SID. We denote by
¢ = ¥ the fact that 1 is obtained by replacing a predicate atom A(y1,...,y,) in ¢ by a
formula p[x1/y1,...,%n/yn], where A(xq,...,2,) < pis a rule from A. A A-unfolding is a
sequence of formulae ¢1 =4 ... =4 ¢p. The A-unfolding is complete if the last formula is
predicate-free. The following statement is a direct consequence of the semantics of SLR:

Proposition 2.7. Let ¢ be a sentence, A a SID and S a structure. Then S € [¢] o iff
S E° 1, for a store s and complete A-unfolding ¢ =% Jx1 ...z, . ¢, where ¥ is a qpf
formula.

Proof. “<” By induction on the definition of the satisfaction relation =% . “=" By induction
on the length of the A-unfolding. ]

The second assumption is that any A-unfolding of a nullary predicate by the given SID
yields a predicate-free formula that is satisfiable. Again, this assumption loses no generality
(Lemma 2.9).

Definition 2.8. A SID A is all-satisfiable for a nullary predicate A iff each predicate-free
formula ¢ which is the outcome of a complete A-unfolding A =% ¢ is satisfiable.
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Lemma 2.9. Given a SID A and a nullary predicate A, one can build a SID A all-satisfiable
for A, such that [A] o = [A]lx. Moreover, all quantitative measures (Definition 2.4) of A" are

the same as for A, except for predNo(A) < predNo(A) - relNo(A) - maxVars(A)MXRelArity(A),

Proof. For space reasons, this proof is given in subsection A.1. []

2.5. The treewidth boundedness problem. We are ready to state the main problem
addressed in this paper. Before, we state two technical lemmas that state several relations
between qpf formulae and the upper bounds on the treewidth of their models:

Lemma 2.10. Let ¢, ¢ be qpf formule, xg,x1,x2, ...,z variables and r a relation symbol
of arity k. Then, the following hold:

(1) tw([(6 by zo = 20)"D) < tw([07]), _

(2) tw([¢7]) — 1 < tw([(¢# kg wo # 2i) [) < tw([67]) if ¢+ kg 2o # a; satisfiable,
(3) tw([]) — 1 < tw([(¢ *r(z1,...,21)°]) < tw([¢7]) + k if ¢ * r(x1, ..., a1) satisfiable.
(4) tw([(¢*¥)7]) < tw([¢7]) + card(fv(v))) if ¢ contains only relation atoms.

Proof. For space reasons, this proof is given in subsection A.2. L]

Lemma 2.11. Let ¢ and ¢ be qpf formule and F = fv(¢) Nfv(y), such that ¢ * ¢ is
satisfiable and x %, vy, for all z,y € F. Let n = X v yeF, enyyT =Y. Then, tw([(¢ = 77)3]]) <

tw([(¢*¥)7]) + card(F).
Proof. For space reasons, this proof is given in subsection A.3. []
The main result of this paper is a decidability proof for the following decision problem:

Definition 2.12. The TWB® problem asks whether the set [¢], is treewidth-bounded,
for an SID A and SLR sentence ¢ given as input.

This result is tightened by a proof of the undecidability of the treewidth-boundedness
problem for first-order logic (section 5), that further improves our understanding of the
relation between the expressivity of classical and substructural logics. The decidability proof
proceeds in two steps. First, we show the decidability of the problem for sentences of the
form A, where A is a nullary predicate symbol, and a class of SIDs having a particular
property, called ezpandability, defined below (section 3). Second, we show how to reduce the
treewidth-boundedness problem for arbitrary sentences and SIDs to the problem for nullary
predicate atoms and expandable SIDs (section 4).

3. EXPANDABLE SETS OF INDUCTIVE DEFINITIONS

This section introduces the formal definitions of canonical models and expandable SIDs,
needed for the first part of the proof of decidability of the TWBS*® problem. The main result
of this section is that the treewidth boundedness problem is decidable for the sets of models
of a nullary predicate defined by an expandable SID.

For simplicity, in the rest of this paper we shall represent sentences ¢ by nullary predicate
atoms A. This loses no generality since [¢], = [A] Ay (Ao} provided that A is not defined
by any other rule in A. In the rest of this section we fix an arbitrary SID A and nullary
predicate A.
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3.1. Canonical models. Intuitively, a A-model of A is canonical if it can be defined using
a store that matches only those variables that are equated in the outcome of the complete
A-unfolding of A that “produced” the model, in the sense of Proposition 2.7. A rich canonical
model records, moreover, the disequalities introduced during the unfolding.

Definition 3.1. A store s is canonical for ¢ iff s(z) = s(y) only if x =, y, for all z,y € fv(¢).
A rich canonical A-model of a sentence ¢ is a pair (S,0), where S = (U, 0) is a structure
and 0 C U x U is a symmetric relation, such that there exists a complete A-unfolding
¢ =% Jx1... 3z, . ¢, where ¢ is qpf, and a store s canonical for v, such that S E=° ¢ and
9(u,v) iff there exist variables z € s 1(u), y € s~ (v) and the disequality = # y occurs in 1.
We denote by [¢]'y the set of rich canonical A-models of ¢ and [¢]% = {S | (S,2) € [¢]'n}
the set of canonical A-models of ¢. If ¢ is predicate-free, we write [¢]° (resp. [¢]") instead
of [¢]A (resp. [¢]A)-

A store s is injective over a set of variables x1, ..., z, iff s(x;) = s(x;) implies i = j, for
all 4,j € [1..n]. Note that the canonical A-models of an equality free SID A can be defined
considering injective, instead of canonical stores. Nevertheless, this more general definition
of canonical models using canonical stores will become useful later on, when predicate-free
formulee with equalities will be considered.

Canonical models are important for two reasons. First, their treewidth is bounded:

Lemma 3.2. tw(S) < maxVars(A) — 1, for any S € [A]}.

Proof. Let S = (U,0) € [A]y be a canonical A-model of A. We define a tree decomposition
T = (N,E,r ) of S as follows. The graph of T is any derivation tree of A whose outcome is
S. This is a tree labeled with rules from A, whose parent-child relation is defined as follows:
if n is a node labeled with a rule p, for each predicate atom B(z1,. .., z4g) that occurs in p,
there is exactly one child m of n whose label is a rule that defines B. The bag A(n) contains
exactly those elements that are the store values of the variables occurring free or bound in p.
We check that T is a tree decomposition of S by proving the two points of Definition 2.2:

(1) each tuple (u1,...,ug,) € o(r) occurs in S because of a relation atom r(z1, ..., z4,) that
occurs in the label of a node n from the parse tree. Then uy,...,uy € A(n), by the
definition of T'.

(2) let n,m € N be nodes of T and u € A\(n) N A\(m) be an element. Then the label of each
node on the path between n and m in the parse tree contains a variable whose store
value is u, hence the set {p € N' | u € A(p)} is non-empty and connected in T []

Second, any model is obtained via an internal fusion of a rich canonical model. The
internal fusion is a unary operation that takes as input a structure and outputs a set of
structures obtained by joining certain elements from its support. This operation is formally
defined as quotienting with respect to certain equivalence relations:

Definition 3.3. Let S = (U, 0) be a structure and &~ C UxU be an equivalence relation, where
[u]~ is the equivalence class of u € U. The quotient S/ = (U/x,0/x) is Ujn = {[u]~ | u € U}
and 0/~ (r) = {([ut]x, - -, [ug]x) | (u1, ..., uge) € o(r)}, for all r € R.

For example, Figure 4 (a) shows the outcome of quotienting a structure with respect to
an equivalence relation, whose equivalence classes are encircled with dashed lines.

A fusion operation glues elements without losing tuples from the interpretation of a
relation symbol. For this reason, we consider only equivalence relations that are compatible
with a given structure and define internal fusion as the following unary operation:
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Definition 3.4. An equivalence relation ~ C U x U is compatible with a structure S = (U, o)
iff for all r € R and any two tuples (u1, ..., ux), (V1,...,v4) € o(r), there exists ¢ € [1..#r]
such that w; % v;. An internal fusion of S is a structure isomorphic to S/, for an
equivalence relation ~ compatible with S. Let IF(S) be the set of internal fusions of S and
IF(S) = Uses IF(S), for a set S of structures.

For example, Figure 4 (b) shows a possible internal fusion of a structure. Note that the
equivalence relation from Figure 4 (a) is not compatible with the structure and cannot be
used in a fusion.

Figure 4: Quotient (a) and internal fusion (b)

For technical reasons, we introduce also the internal fusion of a rich canonical model,
as quotienting with respect to an equivalence relation that does not violate the disequality
relation:

Definition 3.5. An equivalence relation ~ C U x U is compatible with a rich canonical model
(S,0) iff it is compatible with S = (U, 0) and 9(u, v) only if u % v. We denote by IF(S,?)
the set of structures isomorphic to S/, where ~ is some equivalence relation compatible
with (S, ).

The following lemma relates the sets of models, canonical and rich canonical models of
a sentence, via the two types of internal fusion:

Lemma 3.6. [A], = IF([A]L) C IF([A]S)-

Proof. Tt is sufficient to prove [A], = IF([A]R), since IF(JA]) C IF([A]%) is immediate,
by Definition 3.5, because any equivalence relation that is compatible with a rich canonical
A-model (S,0) is also compatible with the canonical A-model S.

“C” Let S € [A] 5 be a structure. By Proposition 2.7, we have S |= 3y ... 3y, . ¥, where ¢
is a gpf formula, such that fv(v) = {y1,...,ym} and A =% Jy1 ... Jy,, . ¢ is a complete A-
unfolding. Then there exists a store s, such that S =° 1. Let S = (U, &) be a structure and 5
be an injective store over y1, . .., ym. Since A is equality-free, there are no equality atoms in ),
hence such a structure and injective store exist. We consider ~ C U x U to be the least equiv-
alence relation such that 5(y;) ~5(y;) <= s(y;) = s(y;), for all 1 <i < j < m. To prove
that a is compatible with S, consider two tuples (5(z1),...,5(24/)), (5(21), - .. ,5(2,)) €0(r),
for some r € R and suppose, for a contradiction, that §(z;) ~ §(z}), for all ¢ € [1..#r]. Then
r(z1, .o, zpe) * (2,0, z;%r) is a subformula of v, modulo a reordering of atoms. By the
definition of ~, we have s(z;) = s(z}), for all i € [1..#r], in contradiction with S |=° ¢ and
the semantics of the separating conjunction. Since S =° 1) and § is injective over y1, ..., Ym,
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we obtain that §|(,, .., is a bijection between {y1,...,¥n} and supp(c) hence 5! (u) is

a singleton, for each u € supp(7). Let 8 C U x U be the relation defined as d(u,v) iff the

disequality 5! (u) # 5~ '(u) occurs in 9. Then = is compatible with (S,0) € [A]y hence

S/~ € IF([A]). Finally, the mapping & : supp(c) — supp(7) defined as h(s(y;)) = [5(yi)]~,

for all i € [1..m] is shown to be an isomorphism between S and S, leading to S € IF([A]n),

by the fact that the set IF([A]}) is closed under isomorphism (Definition 3.5).

“D” Let S € TF([A]}) be a structure. Then there exists a rich canonical A-model (S, ) € [A]4,

where S = (U, ) and an equivalence relation ~ C U x U such that a is compatible with

(S,9) and S is isomorphic to S/~. Since (S,0) € [A], there exists a complete A-unfolding

A =% Fy1...3Jym . ¥, such that ¢ is qpf and a store s, injective over yi, ..., Ym, such that

S [=° ¢ and 9(s(2),5(2’)) for each disequality z # 2’ from 1. Let § be the store defined as

5(yi) = [s(yi)]~, for all i € [1..m]. We prove S/~ =° ¢ by induction on the structure of 1,

considering the following cases:

> ¢ = y; # y;: because ~ is compatible with (S,0), we have [s(y;)]~ # [5(y;)]~, hence
5(yi) # 5(y;)- B

> Y = r(Yiy, .- Yiy ) because S =° r(yi,...,¥iy, ), we have o(r) = {(s(yi,),---,5(Yiy )}
and 7 ~(r) = {([s(yi1)]~, - - -+ [8(¥iy, )]=) }, by Definition 3.3. -

> 1) = b x9: because S |=° 9 * 1y, there exist locally disjoint structures S; @ So = S, such
that S; =° ¢, for i = 1,2. Since ~ is compatible with S, the structures gl/z and §2/,~v
are locally disjoint, by Definition 3.4. Then their composition is defined and we have
S/~ = S1/~ ® S2/~. By the inductive hypothesis, we have S; /~ =7 14, for i = 1,2, thus
S/z ):E ¢1 * ¢2-

Hence S/~ € [A]5 and S € [A], follows, since the set [A], is closed under isomorphism,

see, e.g., [[Z23, Proposition 7] for a proof. O]

3.2. Expandable sets of inductive definitions. We introduce the notion of expandable
SID, a key ingredient of our proof of decidability for the TWB®® problem. A structure is a
substructure of another if the former is obtained from the latter by removing elements from
its support:

Definition 3.7. Let S; = (U;, 0;) be structures, for i = 1,2. Sy is included in Sq iff U3 C Us
and o1(r) C o9(r), for all r € R. Sy is a substructure of Sy, denoted S; C Sy, iff Sy C Sy and
o1(r) = {(u1, ..., ug) € oa(r) | ui,...,ug, €supp(or)}, for all r € R.

A SID is expandable if any set of canonical models of a sentence are all substructures of
the same canonical model of that sentence, that can be, moreover, placed “sufficiently far
away” one from another.

Definition 3.8. A SID I is expandable for a nullary predicate A iff for each sequence of

pairwise disjoint canonical models Sy = (Uy,01),...,S, = (Up,05) € [A]}, there exists a

rich canonical model (S,0) € [A]p, where S = (U, o), such that:

(1) Sye...0S, CS,

(2) 9(u,v) holds for no u € supp(c;) and v € supp(c;), where 1 <1i < j <n, and

(3) for no relation symbol r € R and tuples (ui,...,ux), (V1,...,v4) € o(r) there exist
1 <i<j<n,such that {ui,...,ug} Nsupp(o;) # 0, {v1,...,v4} Nsupp(o;) # 0 and
{ur, .., uge 0 {or, o ug } # 0.
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Example 3.9. The SID A from Figure 5 is expandable for A, because any choice of pairwise
disjoint canonical models of A (here S;, Sy and S3) can be embedded in a canonical model
of A, such that there are no pairs, in the interpretation of the binary relation symbol e, that
stretch from one such model to another (the pairs not entirely inside the support of either
S1, Sg or S3 are depicted in dashed lines).

Sis: e ' S2 . ad S3
A() - Ely B(y) a B'jé’.“ a a ar;’e’.“ Cat
B(z1) « Fy.a(z1) xe(z1,9) xBly) oo "o oo " o
B(:’Ul) <~ a(‘rl) P : ‘.a/ei : \.a/e; i

Figure 5: An expandable SID

Example 3.10. (continued from Example 3.9) Consider the SID A’ obtained from A by
changing its last rule into B(x1) - emp. A’ is not expandable for A, because the canonical
models of A are acyclic chains of elements, whose neighbours are related by e, such that
all but the last element is labeled by a. Then, two such structures S; and Sy cannot be
embedded in a third structure S as substructures, because of the last non-labeled element
of S that occurs in the middle of S and must be labeled by a. This violates the definition
of substructures (see Definition 3.7), in which the labeling of an element is the same in a
substructure and in its enclosing structure.

The external fusion is a binary operation that glues elements from disjoint structures:

Definition 3.11. An external fusion of the structures S; = (Uy,01) and So = (Ug, 09) is
a structure isomorphic to (S} @ S5)/~, where S, = (U}, o}) are disjoint isomorphic copies of
S; and ~C U} x U} is the smallest equivalence relation containing a nonempty supp(of)-
supp(o}) matching that is compatible with S| e S,. Let EF(S1,S2) be the set of external
fusions of Sy and Sy. For a set of structures S, let EF*(S) (resp. IEF*(S)) be the closure of
S under taking external (resp. both internal and external) fusions.

For example, Figure 6 shows the external fusion of two disjoint structures via a matching
relation (the equivalence classes of the matching relation are encircled with dashed lines).
Note that the conditions (2) and (3) of Definition 3.8 ensure that the external fusion of these
substructures is not hindered by their position inside the larger structure. For instance, any
matching relation between the supports of the substructures S;, So and S3 from Figure 5 can
be used to define an external fusion of these structures. This is because there are no pairs,
from the interpretation of the e relation symbol in S, that have an element in common and
the other non-common elements in the support of two different substructures. If such pairs
existed, the non-common elements could not be fused by an equivalence relation compatible
with S; @ S;, for any 1 <7 < j < 3.

The following lemma proves one direction of the equivalence between the treewidth
boundedness of [A], and that of the set of structures obtained by applying both internal

c

and external fusion to the canonical models from [A].

Lemma 3.12. Let A be an ezpandable SID for a nullary predicate A. Then, (1) IEF*([A]%) is
treewidth-bounded only if (2) [A] 5 is treewidth-bounded only if (3) EF*([A]) is treewidth-bounded.
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S1 I_T ******** ’ So (S1 '32)/%®

Figure 6: External fusion

Proof. “(1) = (2)” IF([A]%) € IEF*([A]%) holds trivially, by Definition 3.11, leading
to [A]5, € IEF*([A]4), by Lemma 3.6. “(2) = (3)” Let S = (U,0) € EF*([A]) be
a structure. It is sufficient to prove that S C S’ for another structure S’ € [A],, be-
cause tw(S) < tw(S'), in this case. Then there exist pairwise disjoint structures S; =
(U1,01),...,Sn = (Upn,0p) € [A] and an equivalence relation ~ C (U?zl Ui) X (U?Zl Ui),
that is compatible with S; e ... eS,,, matches only elements from different structures and
is not the identity, such that S is isomorphic to (S; e...eS,)/~. By Definition 3.8, there
exists a rich canonical model (S”,9) € [A]y, such that (1) S C S”, (2) 9(u,v) holds for
no u € supp(o;) and v € supp(o;), where 1 < i < j < n, and (3) for no relation symbol
r € R and tuples (ui,...,ug), (v1,...,v4) € o(r), there exist 1 < i < j < n, such that
{u, ..., ug Nsupp(o;) # 0, {v1,...,vg tNsupp(o;) # 0 and {u1, ..., ug N{v1, ..., v} # 0.
By the last two conditions, & is compatible with (S”,0), leading to S’/’% € IF([A]L) = [Al A
by Lemma 3.6. We conclude by taking S’ = S’/’z. ]

The missing direction EF*([A]) = IEF*([A]} ), that allows to establish the equivalence
of the three points of Lemma 3.12, requires the introduction of further technical notions. The
proof of the main result of this section relies on an algorithm for the treewidth boundedness
of sets EF*([A]’ ), obtained by external fusion of disjoint canonical A-models of A. By the
equivalence of the treewidth boundedness of the sets [A] o and EF*([A]%) (Lemma 3.12 and
Lemma 3.26), this is also an algorithm for the TWBS® problem for expandable SIDs.

3.3. Color schemes. Intuitively, the color of an element from the support of a structure
is the set of relation symbols labeling solely that element. For the given set R of relation
symbols, we define the set of colors as C < pow(R). The elements of a structure are labeled
with colors as follows:

Definition 3.13. The coloring of a structure S = (U, ¢) is the mapping Cs : U — C defined
as Cs(u) = {re R | (u,...,u) € o(r)}.

Moreover, we define an abstraction of structures as finite multisets of colors:

Definition 3.14. The multiset color abstraction S* € mpow(C) of a structure S = (U, o)
is S* £ {{Cs(u) | u € supp(c)}. For an integer k > 0, the k-multiset color abstraction
S#* C mpow(C) is S** £ {M C S* | card(M) < k}. These abstractions are lifted to sets S of
structures, yielding the sets of multisets S* = {S* | S € S} and S* = g5 S*.

Colors are organized in RGB color schemes, defined below:

Definition 3.15. A partition (C"¢¢, C97¢e", CY¢) of C is an RGB-color scheme iff:
(1) CiNGsy 75 @, for all C1,Cs € Cblue’

(2) C1NCy # 0, for all C; € CI™*" and Cq € CHlue,

(3) for all C; € C™? there exists Cy € CY"¢ such that C; N Cy = 0.
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Note that an RGB-color scheme is fully specified by the set C*“¢. Indeed, any color not
in CY“¢ is unambiguously placed within C™*¢ or C97¢°", depending on whether it is disjoint
from some color in C**¢. For example, Figure 7 shows several RGB-color schemes for the
relational signature R = {a, b, c}.

.C*""¢ a,b,c (C""¢ a,b,c L CPMea b e Cer
‘a,b b ac “a,b  b,c a,c: ‘ab bc Iac
TSN P S on 13 S
‘b2 eonoih Al e ooib naiic
R R NG
cred cred cred P

Figure 7: Examples of RGB color schemes

Because a fusion operation only joins element with disjoint colors, blue elements can
only be joined with red elements, green elements can be joined with green or red elements,
whereas red elements can be joined with elements of any other color, provided that they are
disjoint subsets of R. Moreover, a fusion operation can always join a pair of elements with
disjoint colors:

Lemma 3.16. Let S1 = (Uy,01) and So = (U, 02) be disjoint structures. Let uy € supp(oy),
ug € supp(o2) be elements such that Cs, (u1) N Cs,(uz) = 0. Then, the equivalence relation
on Uy UUqy generated by (u1,usz) is compatible with S, @ So.

Proof. We denote by = the relation {(u1,u2)}~ in the following. Let r € R be a relation
and let (ui1,u12,...,u1 %) € 01(r), (U22,u22,...,u24) € o2(r) be distinct tuples. If for
some index i € [1..#r] either uy; # u or ug; # up then uy; % us;, by the definition of ~.
Otherwise, if for all indices ¢ € [1..#tr] both w1 ; = u; and ug; = ug then r € Cs, (u;) and
r € Cs,(u2). This implies Cs, (u1) N Cs,(u2) # 0 and contradicts the hypothesis about the
choice of u1, us. Therefore, no tuples from S; and Ss respectively are merged by the fusion.
Finally, it is also an easy check that no tuples from S; (resp. Sgo) are merged, because when
restricted to Sy (resp. S2) the equivalence ~ becomes the identity. ]

The first ingredient of a decidable condition, equivalent to the treewidth boundedness
of a set EF*([A]} ), is conformance with an RGB color scheme, defined below:

Definition 3.17. A set S of structures conforms to (Cre?, C97een Cbue) if and only if:

(1) for all structures S = (U,0) € S, if Cs(u) € C™?, for some element u € supp(c), then
Cs(u') € CYe_ for all other elements v’ € supp(c) \ {u}, and
(2) SEnCIreen C {C,C | C € €I}, for all structures S € EF*(S).

Moreover, a structure S € S is said to be of either type:

> Rif S* € mpow(CY"¢ UC") and card(S*¥ M C"*d) = 1,

> G if S € mpow(Che U CIm¢™) and card(S* M C97¢¢™) > 0, and
> B if S* € mpow(CYue).

Conformance to some RGB color scheme is the key to bounding the treewidth of the
sets of structures obtained by external fusion of a treewidth bounded set of structures.
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An equivalence relation ~ is said to be generated by a set of pairs (uy,v1),. .., (ug, vg)
if it is the least equivalence relation, such that u; =~ v;, for all i € [1..k]. Furthermore, we
say that ~ is k-generated if k is the minimal cardinality of a set of pairs that generates =.

Lemma 3.18. Let § be a treewidth bounded set of structures conforming to an RGB color
scheme. Then, for any structure S € EF*(S), the following hold:
(1) S is of type either R, G or B,
(2) if S = (S1 @ S2) /~ for some S1,Sg € EF*(S) then evactly one of the following hold:
(a) ~ is 1-generated, or
(b) =~ is 2-generated and either (i) S1, So are of type R, or (ii) S1, Sa are of type G and
card(S;* M Co7¢e") = card(Syf M Co7een) = 2
(3) tw(S) < tw(S) + 1.

Proof. (1) By induction on the derivation of S € EF*(S) from §. Table 1 summarizes the
possible types of EF(S1,S2) on structures S; and Sq of types R, G or B, respectively.

EF(S1,S2) So of R type Sy of G type Sg of B type

S1 of R type R,G,B G,B B
Sy of G type G,B G,B L
S; of B type B 1 L

Table 1: The types of structures obtained by external fusion (L means none)

(2) We distinguish two cases:

> Sy is of type R: If Sg is of type B or G then S; and Sy can be fused only by equivalences
~ generated by a single pair, that contains the element from the support of S; with color
in C™*?, thus matching the case (1) from the statement. Else, if So is of type R then S;
and Sy can be fused by equivalences generated by at most two pairs, each containing an
element with color from C"*?, from either S; or Sg, thus matching the case (2(b)i) from
the statement.

> S1, So are both of type G: By contradiction, assume they can be fused by an equivalence
~ generated by three pairs of elements (w1, ugi)i=123. Let G1; = Cs, (u1i), G2; = Cs, (u2;)
be the colors from C97¢¢"™ of the matching elements in the two structures, for ¢ = 1,2, 3.
Then, we can construct structures using S1 and So where any of these colors repeat strictly
more than twice, henceforth, contradicting the conformance property to the RGB color
scheme. The principle of the construction is depicted in Figure 8. Finally, note that the
construction depicted in Figure 8 fuse actually only pairs of colors (Gy;, Ga;) for i = 1,2.
Henceforth, the conformance property is also contradicted if S; and So can be fused by a
2-generated equivalence relation =, such that the support of either Sy or Sy contains more
than three elements with colors in C97¢¢".

(3) The previous point shows that, under the hypotheses of the lemma, every structure in
EF*(S) is constructed by external fusion with matchings generated by one or two pairs of
elements. This result can be actually refined, i.e., we can consider only external fusions
where the 1-generated matchings are applied before the 2-generated matchings. That is,
assume S = ((S1 ® S2)/~, ® S3)/~, Where ~1, x5 are 1-, resp. 2-generated and Si, So,
Ss € EF*(S). Without loss of generality, assume moreover, ~; is matching some element
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N
CEE €9

Figure 8: External fusion of G structures by 3-generated matchings

of Sz with an element of S; (the other case is symmetric). Then, we can find 1-, resp.
2-generated matchings ~, ~ such that S = ((S1 S3)/~/ ®S2)/~;. That is, first fuse S; and
S3 by a single matching pair, then fuse the result with Se by two matching pairs. Therefore,
we can w.l.o.g. assume in the following that EF*(S) = EF5(EF;(S)), where EF} denotes the
external fusion using only k-generated matchings.

Given a tree decomposition T for a structure S = (U, o) and an equivalence relation
~ C Ux U, we denote by T/ the tree decomposition of the quotient structure S/, obtained
by the relabeling of elements u in the bags of T' by their representatives [u]~. We prove the
following facts:

Fact 3.19. tw(EF;(S)) < tw(S).

Proof. By induction on the derivation of S € EF;(S) from S.

Base case: Immediate, as for any S € S we have tw(S) < tw(S).

Induction step: Consider S = (S; @ Sp)/x where ~ = {(u1,u2)}~. Let T1, T> be tree
decompositions of respectively S1, S2 such that wd(7}), wd(72) < tw(S). We first build a
tree decomposition 19 of S; e So by

> transforming 7% into T by reversing edges such that a node ng containing us in 75 becomes
the root of T3 and
> linking the root of T3 to a node n; of T} containing u.

This ensures that T/~ is a valid tree decomposition for S, and moreover wd(Ty5/~) =
wd(T12) = max(wd(T1), wd(12)) < tw(S). ]

Fact 3.20. Let S = (U, 0) € EF5(EF;(S)) be a structure. Then, one of the following holds:

(A) tw(S) < tw(S),

(B) S is of type B, tw(S) < tw(S) + 1,

(C) Sis of type G and there exists T' = (N, &, 7, \) a tree decomposition of S such that
wd(T) <tw(S)+ 1 and Cs(u) € C9"°" implies u € A\(r), for all u € supp(o).

Proof. By induction on the derivation of S € EF;(EF;(S)) from EF;(S).

Base case: Immediate, as we already shown tw(S) < tw(S), that is, (A) for any S € EF}(S).
Induction step: Consider S = (S; @ Sg)/z where ~ = {(u11,u21), (u12,u22)}=. Since = is
2-generated, we know from the previous point (2) that either:

> Sq1, So are of type R: From the induction hypothesis on S; and Ss it follows that both
must satisfy (A), hence tw(S1) < tw(S), tw(S2) < tw(S) respectively. We are therefore
in the situation of composing two structures of type R by a 2-generated matching, hence
obtaining the structure S of type B. Without loss of generality consider Cs, (u11) € C™%,
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Cs, (u12) € C¥e Cs, (ug1) € CYUe Cs, (ugq) € CT®%. Let Ty, Ty be tree decompositions of

S1, So respectively. First, we construct a tree decomposition T for S; e Sy as follows:

— construct 7] from T3 by propagating the element u;; to all the nodes,

— construct Ty from T by propagating the element uas to all the nodes and then reverting
the edges such that a node no containing the element us; becomes the root,

— link the root node of T} to a node n; of 7] containing the element us.

This ensures that T}/ is a valid tree decomposition for S, and moreover wd(T}y/~) =

wd(T12) = max(wd(T7),wd(T3)) = max(wd(T1) + 1,wd(T3) + 1) < tw(S) + 1. This

completes the proof that S satisfies condition (B).

S1, Sy are of type G and card(S;* M C97¢€") = card(Sy* M CI7¢€") = 2: First, let us observe

that the structure S is either of type B or G. According to the induction hypothesis, we

consider the following two cases:

— both S; and Ss satisfy the condition (C), namely there exist the tree decompositions
Ty, Ty of width at most tw(S) 4+ 1 such that moreover all the elements with colors in
Caree™ are located at their root nodes. Then, we can construct a tree decomposition
Tio for S; e Sy by simply linking the root of Ty as a child to the root of T7. We
obtain that Tjy/~ is a valid decomposition for S and satisfies wd(T19/~) = wd(T12) =
max(wd(71),wd(T3)) < tw(S) + 1. Moreover, if S is of type G observe that all the
elements with colors in C9"“" are located at the root node of T'3/~. Therefore, in any
case, the structure S satisfies either (B) or (C).

— either one or both of S; or Sy satisfy the condition (A). Without loss of generality
consider tw(S1) < tw(S). We know however that S satisfies card(S;* M Co7een) = 2,
that is, it has exactly two elements with colors in C97¢¢". But then, we can show that
S; satisfies the condition (C) as well. That is, consider a tree decomposition T for Sy
such that wd(T1) < tw(S). Let u11, ui2 be the two elements with colors in C97¢“". We
can build a tree decomposition 77 fulfilling (C) by first propagating the element w1y to
all the nodes of T} and then reverting the edges such that some node containing the
element u12 becomes the root. Obviously, wd(7]) = wd(71) +1 < tw(S) + 1 and all the
elements with color in C97¢¢" are located at the root node. We can proceed similarly
with So. Then, the proof is completed as in the first case. L]

This completes the proof of the point (3) from the statement. (]

Moreover, conformance with RGB schemes allow us to infer a bound on the set obtained

by applying external fusion to a treewidth bounded set of structures:

Lemma 3.21. Let S be a treewidth bounded set of structures, that conforms to an RGB
color scheme. Then, we have tw(IF(EF*(S))) < tw(S) + 1.

Proof. EF*(S) is treewidth bounded as a direct consequence of Lemma 3.18, that establishes
the bounds for every type of structure from EF*(S). Moreover, IF(EF*(S)) is treewidth-
bounded because, using the tree decompositions 7" constructed for structures S in EF*(S) one
obtains tree decomposition 7" and treewidth bounds for any structures S’ =S /~ Obtained
by internal fusion, as follows:

>

if S is of type R then by internal fusion one glues the unique element u; with color in
Cre? to some other element in the structure. We know, from the inductive property used
in the proof of Lemma 3.18 (3) that if S is of type R then it must satisfies condition
(A) of Fact 3.20 that is, tw(S) < tw(S). Therefore, one can construct 7" from T' by
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replicating w; in all nodes and then T is a valid tree decomposition for S’. Obviously
wd(T") < wd(T) + 1 < tw(S) + 1.

> if S is of type G then by internal fusion one glue elements with color in C97¢“". As before,
using the same inductive property, we know that S satisfies either condition (A) or (C)
of Fact 3.20. If S satisfies condition (C), as all elements that could be glued are already
present in the root node, T~ is a valid tree decomposition for S’. Obviously, the treewidth
bound remains unchanged, that is, at most tw(S) + 1. If S satisfies condition (A) and two
of its nodes u1, us with colors in C97¢" can be fused, then two copies of S, respectively S,
S” can also be fused via the two-pair matching (u}, uf), (uf,u}). Henceforth, u; and us
must be the unique elements with colors in C97°*", otherwise contradicting the point (2)
of Lemma 3.18. But then, from the tree decomposition 7" of S such that wd(7T") < tw(S)
we can construct the tree decomposition 7" be simply propagating us to all other nodes
in T and hence, preserving the bound of tw(S) + 1.

> if S is of type B then no non-trivial internal fusion exists, and obviously, the treewidth
bound remains unchanged. ]

3.4. Connected structures. We shall check conformance with RGB schemes for sets of
mazimally connected structures, defined below:

Definition 3.22. A path from u to v in a structure S = (U, o) is a finite sequence of tuples:
(Uit Utny) € 0(r1), ooy (Uk1s .-, Uk p,) € 0(rg), for some ri,...,r, € R

where u € {ur1,..., Ut pn, }, v € {Up1, . Uk f and {1, o5 Ui JO{ Uik 1,1, - - Wi iy } 7
(), for all i € [1..k — 1]. The structure S is connected iff there exists a path from u to v, for
all u,v € supp(o).

Definition 3.23. A structure S; is a mazimal connected substructure of another structure
So, denoted S; L™ Sy, iff (i) S1 £ Sa (see Definition 3.7), (ii) S; is connected, and (iii) for
any connected substructure S| C Sy, we have Sy C S only if S; = S. For a structure S we
denote by split(S) = {S' | S’ £™¢ S} the set of maximally connected substructures, lifted
to sets of structures S as split(S) = Uscssplit(S).

Note that tw(S) = tw(split(S)) for any set of structures S. The next lemma shows
that both internal and external fusions preserve maximally connected substructures:

Lemma 3.24. For each set S of structures, the following hold:
(1) split(EF*(S)) = EF*(split(S)), and
(2) split(IEF*(S)) = IEF*(split(S)).

Proof. For space reasons, this proof is given in subsection B.1. L]

The core of our algorithm is a decidable equivalent condition for the treewidth bounded-
ness of a set obtained by applying external fusion to a set of connected structures. This
condition is that, in any of the structures produced by external fusion, there is no way of
connecting six elements uy, vy, w1 and wug, va, we, labeled with non-disjoint colors C; and
Co, respectively. Assume that this condition is violated by some structures S; and So with
elements w1, vy, w1 and usg, ve, wo, such that C; N Cy = (0. In this case, Figure 9 depicts the
construction of a structure with an n x n square grid minor, of treewidth at least n, for any
n > 1. Intuitively, C; N Cy = 0 allows to glue the elements u; with ug, v{ with vy and wq
with wa, respectively.
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Lemma 3.25. The following are equivalent, for any treewidth-bounded set S of structures:

(1) EF*(S) is treewidth bounded,
(2) {C1,C1,C1},{C2,Ca,Ca0} € (EF*(Split(S)))uS implies C1 N Cy # 0, for all C1,Cq € C,
(3) split(S) conforms to some RGB color scheme.

Proof. “(1) = (2)” If EF*(S) is treewidth-bounded then split(EF*(S)) is treewidth-bounded.
Using Lemma 3.24 the later set is equal to EF*(split(S)) and henceforth treewidth bounded
as well. By contradiction, assume that (2) does not hold. Then, there exist colors C1,Cs € C,
connected structures Sy,Se € EF*(split(S))) such that {C1,C1,C1} € Sq, {Cs,Co,Co}} € Sg
and moreover C; N Cy = (). We shall use S; and Sy to build infinitely many connected
structures containing arbitrarily large square grid minors. First, construct the connected
structure S1o € EF*(split(S)) by fusing one pair (uj,us) with colors Ci, Ca. Let vy, w;
resp. v, wy be the remaining distinct elements of S1o with color Cy, C2 from respectively
S1, S2. For arbitrarily positive n, consider n x n disjoint copies (S}3)ij=1.n of S12. Let a1
be {(u1, 0 7H}=, At be (', wi M)}, A9 be {0, 07, (wh?, wi )} for al
i,7 = 2,mn. Second, construct the grid-like connected structure X™" € EF*(split(S)):

X" = (. ((S1y @ 51’22)/%1,2 . 53’21)/%2,1 °o...0 Silg)/zi,j o...0S50") janm

where structures S}y are added to the fusion in increasing order of i + j. The construction is
illustrated in Figure 9. We can show that X™" contains an n X n square grid minor. Finally,
as n can be taken arbitrarily large, we conclude that EF*(split(S)) contains structures with
arbitrarily large square grid minors, it is not treewidth-bounded, contradicting (1).

Figure 9: The principle of grid construction

“(2) = (3)” We define a RGB color scheme by selecting:
ClMue = {C e C | {C,C,C} € (EF*(split(S)))*}

Since (2) holds, this is a valid definition for CY“¢, which induces a partitioning of the

remaining colors into C97°" and C"*?. We show that split(S) is conforming to this RGB

partitioning, by checking the two points of Definition 3.17:

(1) Let S € split(S) and prove that for any two colors C1,Cs € C, if {C1,Co}} C S* and
Ci € C then Cy € CYe. Since C; € C™?, there must exists a color Ci € Cblue
such that C; N C} = 0, by Definition 3.15. By the definition of C*“¢ in our RGB-color
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scheme, this further implies {C},C},C1} € (EF*(split(S)))*. Henceforth, there exists a
structure S’ € EF*(split(S)) such that {C},C},C} € S’*. We can now use §' and three
disjoint copies of S to build a new structure S” by gluing progressively, each one of the
three elements of color Cf in S’ to the element of color C; of S. Then, by construction,
the structure S” will also contain three elements of color Cs, one from each disjoint
copy of S. Therefore, {Ca,Cs,Co} € §”* and because S € EF*(split(S)) this implies
{Cy,C2,C2} € (EF*(split(S)))* and therefore Co € CHlue,

(2) By contradiction, let S € EF*(sp1it(S)) be such that S¥ mC9ee” ¢ {C,C | C € CIre"}.
Then there exists C’ € (S*NCI"")\{C,C | C € CI "} i.e.,C’' € CI™*" and {C',C’,C'} C
S, The latter implies {C’,C’,C'} € S* C (EF*(sp1it(S)))*. But this implies C' € Cblue
according to the definition of the RGB color scheme, contradicting C' € C97¢e™,

“(3) = (1)” By Lemma 3.21, EF*(split(S)) is treewidth bounded. Then, by Lemma 3.24,

split(EF*(S)) is treewidth bounded, thus EF*(S) is treewidth bounded. []

A first consequence of this result is the equivalence between the treewidth boundedness of
the sets [A] , and EF*([A]). The following lemma establishes this equivalence, by providing
the missing direction to Lemma 3.12:

Lemma 3.26. Given a SID A and a nullary predicate symbol A, EF*([A]) is treewidth
bounded only if IEF*([A]) is treewidth bounded.

Proof. For any set of structures S, we have IEF*(S) = IF(EF*(S)), because the operations
of internal and external fusion commute, namely EF(IF(S;),S2) C IF(EF(Sy,S2)), for any
structures S;,Se. By Lemma 3.25, EF*([A]}) is treewidth-bounded only if split([A]%)
conforms to an RGB color scheme. Then, IF(EF*(split([A]%))) = IEF*(split([A]})) =
split(IEF*([A]})) is treewidth-bounded, by Lemma 3.21 and Lemma 3.24. Thus, IEF*([A]%)
is treewidth bounded. [

Our algorithm that decides the treewidth boundedness of a set EF*([A]}% ) checks whether
the set (EF*(split([A]%)))" meets condition (2) of Lemma 3.25. For this check to be effective,
the latter set must be constructed in finite time from the description of A and A, provided as
input. This construction proceeds in three consecutive stages. First, we show that, for any
set S of structures, the k-color abstraction (**EF*(S)) can be built from S# by an effectively
computable abstract operator. Second, we build a SID I'" and a nullary predicate P, such
that [P]p = split([A]}), i.e., it encodes the set of maximally connected substructures from
some canonical A-model of A (subsection 3.6). Finally, we compute the k-multiset color
abstraction of [P]}. (subsection 3.7). We end this section with a proof of decidability for the
treewidth boundedness problem for expandable SIDs (Theorem 3.33).

3.5. Color abstractions of externally fused sets. We describe now the effective construc-
tion of a k-multiset abstraction (EF*(S))* from the abstraction S** of a set S of structures,
for a given integer k > 1. First, as we are interested only in k-multisets color abstractions,
we can restrict external fusion to 1-generated matchings, with no loss of generality.

Definition 3.27. The single-pair external fusion of disjoint structures S; = (Uq,01) and
So = (Ug, 09) is the external fusion (Definition 3.11) induced by 1-generated matchings. We
denote by EF1(S1,S2) the set of structures obtained by single-pair external fusion of S; and
Sy. For a set of structures S, we denote by EF;(S) the closure of S under single-pair external
fusions.
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In general, the single-pair external fusion is strictly less expressive than external fusion,
yet it produces the same k-multiset color abstractions:

Lemma 3.28. (EF*(S))* = (EF{(S))™ for any set S of structures and integer k > 1.

Proof. “(EF%(S))™ C (EF*(S))"” This direction follows directly from EF}(S) C EF*(S).
“(EF*(S))* C (EF;(S))*™” We prove the stronger property:

VS € EF*(S). 35’ € EF:(S). Sf ¢ §7*
By induction on the derivation of S € EF*(S) from S.
Base case: Assume S € S. Then S’ = S satisfies the property.
Induction step: Assume S = (S; @ S2)/~ for some S1,Sy € EF*(S) and some equivalence
relation =, defined as {(u1;, ug;) | 7 € [1..n]}~, that conforms to the requirements of external

fusion for S1,Sg. Let Ci; = Cs, (u1;), Ca; = Cs,(ug;), for all i € [1..n]. According to the
definition of external fusion, S = (S; e Sg) /~ implies Cy; N Co; = (0 and moreover:

Sti = {{(Ch UCQZ') | 1€ [ln]} U (Sl111 \ {{(CM) | 1 E [1”]}) U (52ﬂ \ {{(Cgl) | 1€ [171]})

By induction hypothesis, for S1, Sy there exists §, S, € EF*(S) such that S;# C $'¥, S,f C SAF.
We use S} and n disjoint copies Sp ..., S5, of Sj to construct S" with the required property.
The idea is that, for every pair uj; ~ ug;, we fuse some element w}; with color Cy; from
S} with some element uj; with color Cy; from S ;. Such elements always exist, because

S\f C S/lﬁ, Sof C S’Qﬁ. Therefore, consider the equivalence relations ~}= (u};, u;)= for some
pair of elements as above, for all ¢ € [1..n] and define:

S = (... ((S1Sh1)/~; ®Sh0)/my @ ®Shn)n,

~1

Then S’ € EF}(S) and, moreover, we have Sf C S because:
S = {(CLi UCay) | i € [Ln]} U(SF\ {(Cu) | i € L)) U

Second, the closure (EF}(S))™ can be computed by a least fixpoint iteration of an
abstract operation on the domain of k-multiset color abstractions. As the later domain is
finite, this fixpoint computation is guaranteed to terminate.

SY*\ fCai}) O

ze[ln](

Definition 3.29. The single-pair multiset fusion is defined below, for My, My € mpow(C):
ef}(My, My) = {M € mpow(C) | 3C; € My. 3Cs € M. Cy N Ca = 0,

M = {Cl U CQ}} U Ui:l,Q(Mi \ {{Cz}})}

Given an integer k > 1, the single-pair k-multiset fusion is defined for M;, Ms € mpow(C),
such that card(M;) < k and card(My) < k:

efi"(My, Ms) = {M | IM’ € et} (M, Mz). M C M', card(M) < k}
For a set M of multisets (resp. k-multisets) of colors, let efi* (M) (resp. efi""(M)) be the
closure of M under taking single-pair fusion on multisets (resp. k-multisets).

Lemma 3.30. (EF;(S))" = efi""(S%), for any set S of structures and integer k > 1.

Proof. Abusing notation, we write M* = {M' | M’ C M, card(M’) < k}. Then, we have
(EF;(S))* = ((EF’{(S))u)ﬁk, by Definition 3.14. Using Definition 3.27 of single pair external
fusion and Definition 3.29 of single pair fusion of multisets, we can prove that for all
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structures Si,Se it holds (EF;(Sy, 5.2))jj = ef‘i(Slﬁ, Szﬁ). This immediately extends to their

respective closure, henceforth, (EF*(S))* = ef""(S%). Henceforth, we are left with proving

that (ef* (S))™ = ef#*(S*).

“(efﬁ*(Sﬁ))ﬁk C efi*(S*)” We prove that, for all M € ef}"(S*), we have M®* C ef!""(S*).

The proof goes by induction on the derivation of M € ef?"(S*) from S*.

Base case: Assume M € S%. Then M#* C (S%)™ = S* C eff™*(S).

Induction step: Assume M € ef ’i(Ml, My) for some multisets of colors My, My such that

My# My®* C ef**(S*). Then, there exists C; € My, C2 € My such that C; NCy = 0 and

M = (M1 \ {{61}) U (M2 \ {{CQ}}) U {{Cl U Cz}}, by Definition 3.29. Let M e Mﬁk7 that is,

M’ C M, card(M') < k. We distinguish several cases:

> M’ C M (the case M’ C My is symmetric): M’ € M, thus M’ € efi*"(S*).

> M' & M;, fori=1,2 and C; UCy & M’: M’ can be partitioned in two nonempty parts
M| C My, M} C My such that M = M{ W M}. As both parts are not empty, we have
M € My, MY € Ma¥ ', thus (M]U{C1}}) € My™, (MyU {Ca}}) € Ma*. It is an easy
check that M’ € ef{*((M] U {C1}), (M5 U {C2})). This implies M’ € ef{**(S**) as both
subterms belong to ef:" (S#).

> M'Z M;, fori=1,2 and C;UCy € M': we proceed as in the previous case but considering
a partitioning of M’ \ {C1 UCy}}. We obtain M’ € ef!"(S%), as well.

“eftt(SH) C (eff” (8%))"” We prove that, for all k-multiset M’ € efi""(S*), there exists
M € ef?*(S%), such that M’ C M, by induction on the derivation of M’ from S**.

Base case: Assume M’ € S* = (8)*. Then, there exists M € S* such that M’ C M.
Obviously, M € ef!"(S%).

Induction step: Assume M’ € ef{*(M], M}) for some k-multisets of colors M], M} €
ef’™*(S*). By the inductive hypothesis, there exists multisets My, My € ef!"(S*) such
that M{ C My, M} C M. Since Mj, M} can be composed such that to obtain (a superset
of) the multiset M’ one can use precisely the same pairs of colors to compose My, My and
henceforth to obtain the multiset M € ef?’ (S*), which is the superset of M’ []

3.6. Maximally connected substructures. Since we consider canonical models, we can
assume w.l.o.g. that the given SID A contains no disequalities (such atoms are trivially
unsatisfiable or valid). We represent the set of maximally connected structures split([A]})
as a set of canonical models [P]}, for a fresh nullary predicate P and a SID T', whose
construction is described next.

Given a qgpf formula 1, we define conn(¢)) C fv(¢)) x fv(¢)) to be the least equivalence
relation such that (y,z) € conn(v) if r(x1,...,24,) occurs in ¢ and y,z € {x1,...,Tue},
for some r € R. Intuitively, conn(1)) consists of the pairs of free variables of ¢ that are
connected by a path (see Definition 3.22) in each canonical model of .

Let B(yi,...,yxB) be a predicate atom, J = {j1,...,7,} C [1..#B] be a set of indices
ordered as j; < ... < jp, £ € J x J be an equivalence relation and B¢ be a fresh predicate
of arity p. In particular, #B¢ = 0 if £ = () is the empty relation. We define the shorthands:

tv,B(yr,- - yxe)) ={y; i€t €Bwi,...,yx) ={ (v, u) | (4, k) € &}
By, .- y#8) /e =B (yjis---,5,)
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We build definitions for the predicate atoms B (z;,, ..., x;,), by “narrowing” the definitions of

B(z1,...,24B), respectively. More precisely, every structure S € [BS(y;,, . . . ,yjp)a]]cA will cor-

respond to a set of maximally connected substructures in a structure S’ € [B(y1, .. ., y#B)H]] A
such that, moreover (i) for every such substructure, there exists an element associated with
yj, for some j € J, and (ii) y; and y; are mapped to elements from the same connected
substructure of S’ if and only if (j, k) € £&. In other words, the equivalence relation ¢ is used
to summarize the information about the maximally connected structures from any canonical
model of B¢,

We describe the construction of I' next. Consider a rule of A of the form:

Bo(xl, ... ,QZ#BO) < E|y1 ... Elym . 1/1 * *le Bi(zi,b .. .,Zi7#Bi) (31)

formuleae o', ¥, sets J; W J; = [1..#B;], equivalence relations & C J; x J;, for all i € [1..4], an
equivalence relation = C ({:pl, ooy ULy, . ,ym}) X ({:cl, oo, ULy, . ,ym}),
such that the following hold:
(1) ¥ = 9" % ¢"” modulo a reordering of atoms, such that fv(¢') Nfv(y") =
(2) fVJi(Bi(Zi7l, ... ,Zi’#Bi)) N fV(’lﬁ”) = () and

fvs. (Bi(zi1, - - -, ziB,)) NIv(Y') =0, for all i € [1..4],

(3) == (conn(w’) @] Ule fi(Bi(zm, e zi,#Bi))):'

Intuitively, the conditions (1)-(3) above guarantee that the models of B;(z;1, ..., 2 #8;) /e,
(recall, these are sets of maximally connected structures) compose with a model of ¢’ without
losing neither connectivity nor maximality, in the context of the rule (3.1). At this point,
we distinguish two cases:

> If there exist sets Jo W Jo = [1..#Bo], Jo # 0 and an equivalence relation & C Jo x Jo,
such that:
(4) fv,,(Bo(z1,...,248,)) N fv(ip”) 0 and fvz,(Bo(z1,...,z4B,)) Nfv(y') =0,
(5) fVJ()(BQ(.%'l,...,x#BO))ﬂfVJ Zzl,.. 217#31)) @ and
ijO(B()(a?l, e ,:L'#BO)) N fVJZ( (21,1, ce ,Z@#Bi)) = @, for all 7 € [1..6],
(6) for all y € (fv(¢') U U, v, (Bi(2i1, - zix8,) N Y1, -, Ym}
there exists x € fv,,(Bo(z1,...,24B,)), such that (z,y) € Z,
(7) 50(80(:61, .. ,x#BO)) = =] {21, 2 ypy ) U{(:C,.Z‘) ’ WS fVJO(B()(le, ... ,1‘#30))}
then we add to I' the following rule:

Bo(l‘l, ... ’x#BO)/ﬁo <— E|y1 ... Elym . d)/ * *ie[l..@,Jﬁé(D Bi(ZiJ, e ,Zi,#Bi)/& (32)

Intuitively, the conditions (4)—(7) identify the set Jy and the equivalence relation &, for
which the result of the composition becomes a model of Bo(z1, ..., 748, ) /¢, Altogether,
these lead to the definition of the rules of the form 3.2 which propagate the construction
of maximally connected structures in I.

> If (8) Z defines an unique equivalence class, and (9) (z,z) € = for all x € {z1,..., 24, }
then we add to I' the following rule:

P« E|y1 .. Elym . @D/ * *ie[lng]’(]ﬁé@ Bi(zi71, ey Zi,#Bi)/éi (33)

Intuitively, conditions (8)—(9) in addition to (1)—(3), ensure that by composing the models
of Bi(2i 1., 2 #B,) /¢; With amodel of 1)’ we obtain a single maximally connected structure
in the context of the rule (3.1), which is moreover not referred by any of the parameters
of By. Henceforth, the result of this composition is actually a model of split([A]%) and
consequently is added as a model of P by the rules of the form 3.3.
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Recall that A was assumed to be equality-free (Definition 2.5) and all-satisfiable for A
(Definition 2.8). Moreover, we assume that every predicate defined by a rule of A occurs on
some complete A-unfolding of A. Obviously, the rules that do not meet this requirement
can be removed from A without changing [A]%. The following lemma shows that the set of
canonical I'-models of P is a correct representation of the set of canonical A-models of A:

Lemma 3.31. For each equality-free SID A, which is all-satisfiable for a nullary pred-
icate symbol A, one can effectively build a SID I' and a nullary predicate P, such that

split([Alx) = [Plr-

Proof. For space reasons, this proof is given in subsection B.2. []

3.7. Color abstractions of canonical models. We compute the k-multiset color abstrac-
tion ([P]5)™ by a least fixpoint iteration in a finite abstract domain, defined directly from
the rules in the SID. The elements of the domain are composed of the colors of parameter
values and the k-multiset color abstraction of the elements not referenced by parameters.

A Ek-bounded color triple (X, c, M) consists of a finite set of variables X C V, a mapping
c¢: X — C, and a multiset M € mpow(C), such that card(M) < k. Since X and R are finite,
there are finitely many color triples. The following operations on color triples are lifted to
sets, as usual:

k-composition: (Xi,c1, M) e (X, co, M) =

{<X1 U X2, c12, M12) | c12(x) = cl(x) W CQ(.Z'), for all x € X1 N X5,
c12(x) = ¢i(x) for all x € X; \ X3_;, for all i € {1, 2},
Mis C My U M, card(Mlg) < k}
This operation is undefined, if ¢1(x) N ea(x) # 0, for some x € X7 N Xo.
substitution: (X, c, M)[s] = (Y,cos, M), for any bijection s : Y — X

k-projection: (X, c, M)|%¥= {(Y,c|y, M"Yy | M' C M U {c(z) | z € X\ Y}, card(M') < k},
forY C X.

For a qpf formula 1, let v(v)) = (fv(), Az € fv(¢)) . {r €R | r(w,...,z) occurs in ¥}, ().
Given a predicate B, we denote by (B)ﬁrk the least sets of k-bounded color triples over the

variables 1, ..., z4g, the satisfies the following constraints:
#
(Bodt' 2 (v(v) o @iy BT w1/ 2i1s - - b, /21BNy e ) (3.4)

one for each rule of I' of the form (3.1). Note that the operations on sets of color triples
are monotonic and the sets thereof are finite, since the arity of predicates is finite and k is
fixed. Henceforth, the least solution can be computed in finite time by an ascending Kleene
iteration. For a n-ary relation R, we denote by 7, (R) the set of elements that occur on the
k-th position in a tuple from R.

Lemma 3.32. ([P];)* = m3((P){), for any k > 1, SID T and nullary predicate P.

Proof. For space reasons, this proof is given in subsection B.3. []
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3.8. The expandable treewidth boundedness problem. We end this section with a
proof of decidability for the treewidth boundedness problem of the sets of A-models of a
nullary predicate A, provided that A is an expandable SID (see Definition 3.8). In case such
a bound exists, we provide the optimal upper bound, in terms of the input SID A. We recall
that maxVars(A) is the maximum number of variables that occur, either free or bound by
an existential quantifier, in some rule from A (Lemma 3.2).

Theorem 3.33. There exists an algorithm that decides, for each expandable SID A and
nullary predicate A, whether the set [A] A has bounded treewidth. If, moreover, this is the
case then tw([A] A) < maxVars(A).

Proof. Because A is expandable, by Lemma 3.12 and Lemma 3.26, [A] 5 is treewidth bounded
iff EF*([A]) is treewidth bounded. By Lemma 3.25, EF*([A]% ) is treewidth bounded iff
{{Cl,Cl,Cl}},{Cg,Cg,CQ} € (EF*(Split([[A]]CA)))ﬁS = C1NCy # (), for all C;,Co € C. The
latter condition can be effectively checked by computing the finite set (EF*(split([A]%)))".
By Lemma 3.28 and Lemma 3.30, we have (EF*(split([A]%)))" = ef{*"(split([A]%\)™).
By Lemma 3.31, one can effectively build a SID I' and a nullary predicate P, such that
split([A]%) = [P]g. Moreover, by Lemma 3.32, we obtain ([P]}.)” = m3((P)¥), hence
(EF*(split([A]4)))* = m3({P)}), which is effectively computable by a ascending Kleene
iteration in the finite domain of 3-bounded color triples.

For the upper bound, since [A], € IEF*([A]%) (Lemma 3.6), we have tw([A],) <
tw(IEF*([A]%)). By Lemma 3.21, tw([A] o) < tw([A]y) + 1 and, by Lemma 3.2, we obtain
tw([A] o) < maxVars(A). ]

The bound given by Theorem 3.33 is optimal, as shown by the following example:

Example 3.34. Let us consider the following SID:

A A<« Fyi1Fys . a(yr) xe(yr,y2) x A
A+ emp

This SID is expandable for A, because any canonical A-model S = (U, o) of A consists of
a set of pairs (u1,u2) € o(e), such that u; € o(a) and us ¢ o(a). Hence, any sequence of
canonical A-models of A can be embedded as substructures in a canonical A-model of A.
Moreover, maxVars(A) = 2 and any cyclic list of e-related adjacent elements labeled by a is
a A-model of A of treewidth 2.

4. THE REDUCTION TO EXPANDABLE SETS OF INDUCTIVE DEFINITIONS

This section completes the proof of decidability of the treewidth boundedness problem
TWB®R, by showing a reduction to the decidable treewidth boundedness problem for
expandable SIDs (Theorem 3.33). Moreover, an analysis of this reduction allows to compute
upper bounds on the treewidth of the set of models of an SLR sentence, provided that such
a bound exists. The core of the reduction is the following lemma:

Lemma 4.1. Let A be a SID and A be a nullary predicate. Then, one can build finitely
many SIDs T'1,...,T'y, that are expandable for a nullary predicate B, such that [A] 5 is
treewidth bounded iff each [B]y, is treewdith bounded, for i € [1..n].
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The rest of this section is concerned with the proof of this lemma. For technical reasons,
the construction of expandable SIDs with an equivalent treewidth boundedness problem
uses a representation of the SID as a tree automaton (subsection 4.1). This representation
allows to distinguish the purely structural aspects, related to the dependencies between rules,
from details related to the flow of parameters. An important class of automata distinguish
between the so-called 1-transitions, that occur exactly once, from the co-transitions, that
may occur any number of times on an accepting run. These automata are called choice-free
(Definition 4.5). Each automaton admits a finite choice-free decomposition that preserves its
language (Lemma 4.9).

Next, we consider tree automata whose alphabets are finite sets of qpf formulee (subsec-
tion 4.2). The trees recognized by these automata are representations of the predicate-free
formulee produced by the complete A-unfoldings of A. Since we assume that A is all-
satisfiable for A (Definition 2.8), each accepting run of an automaton “produces” a canonical
A-model of A (Lemma 4.13).

Furthermore, we define persistent variables, whose values are carried along each sequence
of oo-transitions of a choice-free automaton (Definition 4.14). Identifying and removing the
persistent variables from a choice-free automaton with an alphabet of qpf formulse constitutes
an important ingredient of the construction, because of point (3) of Definition 3.8, that
requires the embedded canonical models of an expandable SID to be placed sufficiently far
away one from another. In particular, this guarantees that the coloring (Definition 3.13) of
an element from an embedded substructure does not change in the larger structure. The
effective transformation of a choice-free automaton over an alphabet of qpf formulee into an
automaton without persistent variables is described in subsection 4.4. This transformation
does not preserve the language, nor the set of models corresponding to the trees recognized
by the automaton, but is shown to preserve the existence of a (computable) bound on the
treewidths of these models.

4.1. Tree Automata. Let A be a ranked alphabet, each symbol a € A having an associated
integer rank p(a) > 0. The elements of N are finite sequences of strictly positive natural
numbers, called positions. We write pq for the concatenation of p,q € N* and ¢ - P =
{qp | p € P}, for P C N*. A ranked tree is a finite partial function ¢ : N* — A, such that the
set dom(t) is prefiz-closed, i.e., for each p € dom(t), if ¢ is a prefix of p, then ¢ € dom(¢),
and sibling-closed, i.e., {i € N|pi € dom(t)} = {1,...,p(t(p))}, for all p € dom(t). The
frontier of t is the set fr(t) = {p € dom(t) | p1 € dom(¢)}. We denote by t|, the subtree of ¢
at position p € dom(t) i.e., t|, is the tree such that dom(t|,) = {¢ € N* | pg € dom(t)} and
t|p(q) = t(pq), for each q € dom(t|,). A tree u is embedded in t at position p € dom(t) iff
pq € dom(t) and u(q) = t(pq), for each ¢ € dom(u).

Definition 4.2. An (A-labeled tree) automaton is A = (A, Q,Z,6), where Q is a finite set of
states, Z C Q is a set of initial states (if Z is a singleton, we denote it by ¢ € Q), J is a finite
set of transitions 7 : o — (q1, . - - +Gp(a))- For a transition 7 : go 5 (qu,-..,q0) €6, let r = g
be the source and 7* = {{q1,...,q} the multiset of targets of 7. For a set of transitions
T Co,let T ={7|7eT}and T* = (J,or 7. For a set of states S C Q, let *S =
{r]7¢S, 7°NS#0}, S*={r|*re€S, *NS=0}and*S* = {7 |7 €S, 7°NS #0}.

The following notions concern the structure of automata. The relation ~~ C Q x Q is
defined as q ~ ¢’ iff there exists 7 € 0 such that ¢ = *r and ¢’ € 7°. A strongly connected



28 M. BOZGA, L. BUERI, R. IOSIF, AND F. ZULEGER

component (SCC) is a maximal set S C Q, such that ¢ ~* ¢, for all ¢,¢' € S. An SCC
S is nonlinear iff there exists a transition 7 € *S® such that card(7®*N.S) > 2 and linear
otherwise. The SCC graph of A is the directed graph &4 = (N, &), where A is the set of
SCCs of A and (S,5") € £ iff S # S’ and there exists ¢ € S and ¢’ € S’, such that g ~ ¢/,
for all S,S" € N. We write &, = (N, &,9) if &4 is a tree with root S € N.

The execution of automata is defined next. A run 6 of A over a ranked tree t is a
tree 6 : dom(t) — @ such that 6(p) LN (0(pl),...,0(pt)) € 0, for all p € dom(t), where
¢ = p(t(p)). Note that the frontier of a run is labeled by states ¢ such that there exists a
transition ¢ = () € §, in analogy to the final states of a word automaton. A weaker notion
is that of partial runs, where the previous condition holds for dom(t) \ fr(¢), instead of the
entire dom(t). A run 6 is accepting if 6(¢) € Z. The language of A is L(A) = U,z Lq(A),
where £,(A) = {t | A has a run 6 over ¢ and (¢) = g¢}.

An automaton is rooted iff Z = {1} and ¢ ¢ §°. For an automaton .4 one can build finitely
many rooted automata A, ..., A, such that £L(A) = J;_; £L(A;). A rooted automaton A
is trim iff ¢ ~* g and L£4(A) # 0, for each state ¢ € Q. Each automaton with non-empty
language can be transformed into a trim one with the same language, by a simple marking
algorithm. We use the following notions of simulation and refinement between automata:

Definition 4.3. Let A= (A, Q4,t4,04) and B = (A, Op,3,05) be automata. A mapping

h:Qa — Op is a simulation if and only if the following hold:

(1) h(tq) =g and

(2) g0 = (q1,-..,q0) € 4 only if h(qo) = (h(q1),...,h(q)) € g, for all qo,...,q € Q4.

A simulation h is a refinement if and only if, moreover:

(3) qp = (q},...,q,) € 6p only if there exist qo € h™1(q)),...,q € h™'(q}), such that
qo = (q1,--.,q0) €04, for all g € Q4 and qj,...,q) € Op.

If h: Q4 — Qp is a simulation then B simulates A. If h is a refinement then A refines B.

The key properties of simulations and refinements are stated and proved below:

Lemma 4.4. If B simulates A then L(A) C L(B). If A is a refinement of B then L(A) =
L(B).

Proof. Let A= (A,QA,t4,04), B= (A, Qp,t5,05) and h : Q4 — Qp be a mapping. “C”
Assume that h is a simulation. Let ¢ € £(.A) be a tree and 6 be an accepting run of A over
t. Then one shows that h o 6 is an accepting run of B over ¢, by induction on ¢, using points
(1) and (2) of Definition 4.3. “DO” Assume that h is a refinement. Let ¢t € £(B) be a tree
and 6 be an accepting run of B over t. We build an accepting run of A over ¢ by induction
on t, using points (1) and (3) of Definition 4.3. ]

The following structural property of automata is key for building expandable SIDs:

Definition 4.5. An automaton A = (A, Q,¢,6) is choice-free iff the following hold:
(1) the SCC graph of A is a tree & 4, = (N, &, Sp), where °S = {7} and card(7* N S) = 1, for
all S € N\ {So}, i.e., any non-root SCC is entered by one branch of a single transition,
(2) there exists a mapping A : N'UJ — {1,00} such that:
(a) for all S € NV, if S is linear and A(S) = 1 then card(S®) = 1.
(b) for all 7 € §, A(T) = 1iff 7 € S®, for some linear S € A such that A(S) =1,
(c) for all S e N, A(S) =11iff S =5 or °S = {7}, for some 7 € § such that A(T) = 1.
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90 = (90,q1) (00) @ (g2,q2) (00) 1{qo} {‘Zl}oo
@ (@) (o) @2 (g3)  (o0)

a1 = () (c0) @ (@) (o0)

a0 = (¢2) (1) g3 = () (c0) 1 @D (e (L) (s}
g0 = (q5) q = () (c0) OO@S/ \©00

%= () & {ad

Figure 10: A choice-free tree automaton and its non-choice-free extension

Let § = §' W 0%, where 6¥ = {7 € 6 | A(7) = k} and k € {1,00}, be the partition of the
set of transitions induced by the mapping A. A state ¢ € (61)° N *(6) is called a pivot
state. Let R°(A) denote the set of partial runs 6 of A, such that 0(¢) = ¢ and for all

p € dom(0) \ fr(6), there exists a € A such that 8(p) = (0(pl),...,0(pn)) € 5.

Intuitively, the structure of choice-free automata allows them to traverse a unique
sequence of linear SCCs, before entering a non-linear SCC. Note that the labeling A of
SCCs and transitions from Definition 4.5 is unique, because the SCC graph of a choice-free
automaton is a tree whose root is a 1-SCC, and A is determined by the linearity of the SCCs
in this tree. Hence, the partition of the transitions of a choice-free automaton into 1- and
oo-transitions is unambiguous.

Example 4.6. The automaton from Figure 10 is choice free. The linear (resp. nonlinear)
SCCs are labeled by L (resp. NL). The labeling of transitions and SCCs, resp. the SCC
graph by A are represented in Figure 10 (resp. right). The choice-freeness is violated by
adding the transitions go — (gs) and g5 = () (in red), because the linear SCC {go} is labeled
with 1 and has two outgoing transitions, thus contradicting point (2a) of Definition 4.5 (the
additional transitions are not labeled).

The transitions from ', called 1-transitions, are used to move from one linear SCC to
another, hence all of them occur exactly once on each accepting run:

Lemma 4.7. Let A = (A, Q,1,0) be a choice-free automaton, such that § = &' & 6
(Definition 4.5) and let @ be an accepting run of A over a tree t. Then, for each 1-transition
q = (q1,...,q) € 6 there ewists exactly one position p € dom(f), such that 6(p) = qo,
t(p) = a and 0(pi) = q;, for all i € [1..4].

Proof. For space reasons, the proof of this lemma is given in subsection C.1. []

The transitions from §°°, called co-transitions, can be applied any number of times on
some accepting run. This fact occurs as an easy consequence of the lemma below:

Lemma 4.8. Let A= (A, Q,1,6) be a choice-free automaton, where § = §* & 6> (Defini-

tion 4.5). Then, for any state q € ((6™) there exists a pivot state qy € (61)° N *(6>°) and

a partial run 6y € R%, (A) consisting only of co-transitions, such that 0y(p) = q for some

p € fr(6p) and either:

(1) {g, 90} € {6o(p) | p € fr(bo)}, i.e., if ¢ = qo then q occurs twice on fr(0y), or

(2) each partial run 6 € R°G(A) can be extended to a partial run 6" € R (A) such that qo
occurs on the frontier of 6.

Proof. For space reasons, the proof of this lemma is given in subsection C.2. []
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Moreover, any automaton can be decomposed into finitely many choice-free automata:

Lemma 4.9. Given an automaton A= (A, Q,,d), one can build finitely many choice-free
automata A; = (A, Qi,1i,06;), for i € [1.n], such that L(A) = U, L(A,) and, moreover,
card(6}) < max(card(Q), max{p(a) | a € AY*UD) for all i € [1..n].

Proof. For space reasons, the proof of this lemma is given in subsection C.3. []

Example 4.10. The choice-free decomposition of the automaton A from Figure 10 consists
of the following choice-free automata, with transitions labeled according to Definition 4.5:

4

g = (q0,q1) (00)
@ = (q1) (00)
a1 = () (00) g = (g0, q1) (00)
@0 = (g2) (1) a1 = (q1) (00)
A1 =12 @ = (¢2,q2) (o) A=< ¢1 = () (00)
¢ (g3)  (o0) @ () (1)
@ (q1) () a5 = () (1)
q:a = () (00)
1 () (00)

It can be seen that L’qo (A) = L4 (A1) U Ly, (A2) because A has the choice in gy between

taking the transition gy — (g2) or qo LN (g5). Since these transitions occur at most once
in each accepting run of A, the choice-free decomposition of A produces two automata in
which each such transition occurs exactly once on each accepting run.

4.2. Automata with Alphabets of Formula. The construction of the expandable SIDs
from Lemma 4.1 uses automata that recognize trees labeled with qpf formulse taken from a
finite set. We recall that every model of a sentence is defined by a complete unfolding that
replaces the predicate atoms with corresponding definitions, recursively. The steps of these
unfoldings can be placed into a tree labeled with predicate-free formulse from an alphabet 3,
reflecting the partial order in which the rules from the SID are applied. These unfolding
trees form the language of an automaton defined directly from the syntax of the SID. Dually,
from any ¥-labeled automaton one can build a SID whose unfolding trees form the language
of the automaton.

Definition 4.11. Let X be the set of qpf formule « of rank p(«) = ¢, such that:

(1) fv(a) C {;U[f]? oYUy e U Ule{x[f], ..,z for some m,ng,...,ng € N;
a variable x?] is called a i-variable, for all i € {e} U[1..4],

(2) :U[.i] %o ), foralli€ [1.0] and 1 < j <k <m,.

The characteristic formula of a X-labeled tree t is the qpf formula O(t) = Kpedom(t) t(P) e}

where the formulae t(p)P' are obtained from t(p) € ¥ by replacing each occurrence of a

variable z!¥ by z*9 for all p € dom(t).
Given a SID A, the X-labeled automaton Aa a £ (2, 9a, qa, 6A) is defined as follows:

> QA contains states ¢g, where B is a predicate occurring in A; each state has an associated
arity #q¢s = #B,
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> Ja contains a transition ga, 2o, (ga,s---,qn,), where o, is the symbol:
def. [e] e [e] € l ng el _ .l
ap_w[xl/xle7"'>$no/x'[/11)7 yl/y1€>"'7ym/y'[rr”**i:1 *j:l sz] _sz

of rank p(cy,) = £ that corresponds to the rule p € A, where 9 is a qpf formula:
p A()(J}l, ey .CCnO) < E|y1 e Elym . ¢ * *le Ai(zm, ceey Zi,ni)
Example 4.12. Let us consider the following SID:

A — Jyi13yeTys - B(yi,vy2,v3)
A=<¢ B(xy,z9,23) <« Fys.e(x1,x3)*e(x1,ys) * B(ya, z2, x3)
B(x17x27$3> — e(ZE’l,ZC3) *e(l'l,l’Q) *e($2,$3)

The automaton Aa a has the following transitions:

yge]:z[lu* y[;]:l[;]* y:[;]:z[gl]
qa (g8)
le] el le] , le] le]_ (], lel_ (], [e]_ [1]
_ e(acl e ) e(xl Yy ) Yy =T Ok Ty =Ty k Ty =Ty
A3A =1 g (g8)
e(z[f], a:ge]) * e(z[le], z[;]) * e(cc[;]7 zg,f])
g8 0
Dually, given an automaton A = (3, Q,¢,0), the SID A 4 consists of the following rules,
one for each transition qo — (q1,...,q) € 0:
[e] e] l 4] [4]
Ago (15 Tgpqo) <= 1o Fym - oy /w1, my [Tgge] * Koy A (i, ... ,x#qj) (4.1)

0 . .
def €] (€] 5] (5]
where {y1,...,ym} = fv(a) \ ({2} v T} Ul |j:1{x1’ ,...,xiqu})

The similarity between SIDs and ¥-labeled automata (Lemma 4.13) motivates the use

of similar terminology. For a ¥-labeled automaton A, we define [A] = Ucr (4 [e)7],
[A]° = Urec(a [©(1)7] and [A]" £ Urec(a) [©(t)7]". Moreover, a -labeled automaton A
is all-satisfiable if the formula O(t) is satisfiable, for all ¢ € £(A). The relation between
SIDs and ¥-labeled automata is formally stated below:

Lemma 4.13.

(1) Given a SID A and a nullary predicate A, one can build an automaton Aa a such that
[AlA = [Aaa]. Moreover, if A is all-satisfiable for A, then Aa a is all-satisfiable.

(2) Given an automaton A= (X, Q,t,9), one can build a SID A 4, such that [A] = [A]A
and [A]" = [AJ'A . for a nullary predicate A.

A

Proof. For space reasons, the proof of this lemma is given in subsection C.4. []

4.3. Persistent Variables. The second ingredient of the construction of the expandable
SIDs from Lemma 4.1 are the persistent variables of a ¥-labeled choice-free automaton. These
are variables introduced by the 1-transitions of the automaton, whose values propagate via
equalities throughout each run of the choice-free automaton. We define persistent variables
using the notion of profile:

Definition 4.14. Let A = (£, Q,t,6) be a choice-free automaton, where § = 6 & §*
(Definition 4.5). A positional function P : Q — pow(N) associates each state ¢ with a set
PB(g) C [1..#4q]. The profile of A is the pointwise largest positional function 3, such that,
for each transition qo — (q1,...,q) € 0%, each k € [1..£] and each r € B, (qx), there exists
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5 € Pa(qo), such that =5 ~, z¥'. A variable :c?] that occurs within the label of a transition
q — (q1,...,qe) € J is said to be persistent iff j € P.(q;), for all i € [0..4].

Intuitively, P 4(q) is the set of indices of those variables, associated with a state, that
will be equated, through a chain of equalities in the characteristic formula O(t), to the
same variable associated with the corresponding pivot state (Lemma 4.8) in every run of
oo-transitions of A over t. Note that the profile is computable by a finite greatest fixpoint
Kleene iteration over each SCC of the automaton (see the proof of Lemma 4.18 for an
explicit statement of that fixed point).

Without loss of generality, we assume that a X-labeled automaton does not have trivial
SCCs, i.e., consisting of a single state, with no transitions that are both outgoing and
incoming to that state. The profile associated with such state ¢ would be the interval [1..#¢]
and any variable in the label of an incoming or outgoing transition would be unnecessarily
considered persistent. The trivial SCCs of a ¥-labeled automaton can be eliminated by a
pre-processing step which combines the labels of the incoming and outgoing transitions and
renames the variables according to the convention (Definition 4.11).

Example 4.15. (continued from Example 4.12) The profile of the automaton Aa a, that
corresponds to the SID A from Example 4.12 associates ga with the empty set and gg
with the set {2,3}. Note that #ga = 0 and #¢g = 3. The first and third transitions in
Example 4.12 are 1-transitions, whereas the second transition is an co-transition. The
variables ' and xg ! from the label of the second transition (co) are persistent.

A context 6pq is a partial run over a tree t such that p € fr(f,q), 0pyg(p) = ¢
and Oy 4(r) o, (), for all r € fr(6pq) \ p, i.e., the partial run has exactly one “open”
frontier position p that is labeled with a state q. A key property of automata is that
equalities between non-persistent variables vanish in contexts consisting of co-transitions

only (Lemma 4.18). These contexts, called resets, are formally defined below:

Definition 4.16. A context 0., € R%(A) over a tree t is a g-reset iff (1) q:gf] Rom xg?]’

for all j € P.a(q), and (2) x;ﬂ %o m}:], for all j,k € [1..#4], such that k & B .4(q). The path
between € and p in 0, is called a reset path.

Example 4.17. (continued from Example 4.12) For instance, in the context 61, 4, that
consists of the second transition gg — gg of the automaton in Example 4.12, we have
x[f lat, x[f]. Then, the value of x[f l'is “forgotten” along any run that iterates this transition
at least twice.

Lemma 4.18. Let A= (3,Q,¢,6) be a trim automaton. Then, there exists a q-reset for
(1) each pivot state ¢ € (61)° N %6>), and (2) each state g € °(5) N (6>, i.e., that is the
origin of both a 1-transition and a co-transition of A.

Proof. By Definition 4.14, P 4 is the greatest fixpoint of the monotone function F on the
domain of positional functions B : Q@ — pow(N) , defined below:

F(PB) = Aq - ﬂ {re[l.#q]|3s € P(q) . 5 ~, z.M}
40— (q1 5-+,q0) €6°°

q=qr€{q1,.-.,q¢}

Namely, we have P, = F(T) = F/(T), for a sufficiently large i > 1 and any j > i, where
T is the positional function Ag . [1..#¢]|. Now consider the following “big-step” function G
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on the domain of positional functions:

G(F) =g N {r € [Lgta] | 35 € P(a) - 2 mog 2,7}
0ER (A) partial run over t
p€&fr(0), such that 0(p)=q

We prove the following:
Fact 4.19. gfp(F)(q) = gfp(G)(q), for any pivot state g of A.

Proof. “C” Each partial run 6 € R (A) such that 6(p) = g, for some p € fr(#) corresponds
to a finite sequence of transitions from §°°. “2” Since q is a pivot state we have ¢ € *(§°°),
thus necessarily ¢ = qg, where gqg € ((51)' is the state whose existence is stated by Lemma 4.8.
Then every oo-transition incoming to g belongs to a partial run ¢ € R% (A), such that ¢
occurs on the frontier of 6. L]

Back to the proof, we prove the two points of the statement below:

(1) Let g be a pivot state of A. By Fact 4.19, we have B, (q) = G*(T)(q) for a sufficiently
large finite integer 7 > 0. We show that the latter condition is equivalent to the existence of
a g-reset Oy q € R%(A).

“«<" Assume that there exists a g-reset § € R (A) over some tree t. Then G(T)(q) =
{j € [1.#4] | 3k € [L.4q] . 7' o) 2™} = PBala)

“=” Assume there exists ¢ > 0, such that G*(T)(q) = P.(¢) and let ¢ be the smallest such
integer. Then T,G(T),G?(T),...,G¥(T) is a strictly decreasing sequence hence, for each
J € [1..4], there exists a partial run 0; € R°(A) over some tree t; and a position p; € fr(t;),
such that 6;(p;) = ¢ and {r € [L.4q] | Is € G7"1(T)(q) . z, S z, P} € GITH(T)(q).
We compose these partial runs 61, ...,0; by appending each 6; to 6,_1 at position p;_1 €
fr(0;_1), for all j € [2..7] into a partial §” € R (A). We define a context 6,4 by appending
to each position r € fr(6) \ {p;} a complete run starting in 0(r). By the fact that A is
trim, such a run exists. The context 6., satisfies condition (2) of Definition 4.16, but not
necessarily (1). Let 7 : P 4(¢q) = Pa(qg) be a permutation defined as (i) = j iff x; =o@ xj,
there 7 is the tree recognized by the partial run 6,,., of A. Note that the choice of j is not
unique, but one exists, by Definition 4.14. Then we define the g-reset 6,,., by appending
gpieq to itself at position p; a number of times equal to the order of 7. Then, one can check
that 60,,., satisfies both conditions of Definition 4.16.

(2) Let S be the SCC of ¢ in A. Since ¢ = °r, for some transition 7 € §', it must be the case
that S is a linear SCC, by Definition 4.5. Also ¢ € (6°°) thus, by Lemma 4.8, there exists
a pivot state ¢p in S and let #° € R%(A) be a partial run from ¢ to go with transitions
from °S* C §°°. From point (1) above we obtain a go-reset 6, , . € R (A) such that
xg»e] Rom) y,[:ﬂ, for all j,k € P4(qo) and azgf] Zor) y,[fl], for all 5,k € [1..#qo], k & P.a(qo)-

Moreover, there exists another context 9;2 g € R%,(A). By the choice of the pivot state qo,

there exists a position py € fr(6°) such that 6°(po) = go. Let p = pop1p2 and O, be the
context consisting of #° to which we append, in this order:

> @' on position py,

> 62 on the position pops,

> to any other position 7 € (fr(6°)\ {po})U (po-fr(6)\ {p1}) U (pop1 - fr(6%)\ {p2}) a complete
run starting in:

— 0%(r) if r € fr(6°) \ {po},
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— 0L(+") if r = por’ and ' € fr(0) \ {p1}, and

— 6%2(r") if r = pop1r” and 7" € fr(6?) \ {p2}.

Such runs exist by the assumption that A is trim. Moreover, these runs use only oco-
transitions, because their states are from co-SCCs (Definition 4.5).

It is easy to check that @ satisfies condition (2) of Definition 4.16. In order to satisfy condition
(1), in addition to (2), we append 6 to itself at position p, using the same idea as in the
construction at point (1). []

The purpose of introducing resets is proving that any sequence of partial runs consisting
of oo-transitions can be embedded in a complete run, such that each two such partial runs are
separated by any number of resets. This is a key ingredient for the proof of the “embedding”
property of the canonical models of expandables SIDs (Definition 3.8).

| Block 6

Case 2

Initial run 6

Figure 11: Embedding of a partial run 6; in ¢

Lemma 4.20. Let A be a trim choice-free automaton. Given partial runs 61 € R (A),
ooy O € RS (A) and an integer k > 1, there exists an accepting run 6 of A such that:

(1) 6; is embedded in 6 at some position p; € dom(0), for each i € [1..n],

(2) pi -dom(0;) Np; - dom(0;) =0, for all1 <i< j<n,

(3) the path between p; and p; in 0 traverses k times some reset path disjoint from \Jy_, pe -
dom(6y), for all1 <i < j<n.

Proof. Let 6 be an arbitrary accepting run of A. By Lemma 4.7, each 1-transition occurs
exactly once on 6, hence 6 visits each pivot state at least once. The partial runs 64, ...,60,
will be inserted into # one by one, as described next. First, for each 0; € R (A), we have

a pivot state ¢¥ and a partial run 6 € RO;’Q (A), satisfying condition 1 or 2 of Lemma 4.8.

Since q? occurs on ¢, we can insert in # a new partial run 6} € R";’i (A) defined next. By

Lemma 4.18 (1), there exists a gj-reset sequence 6;. € Rof;i (A). The partial run 6, is obtained
0

by composing 0% with itself k times, followed by 3. These compositions are possible, because
g occurs at the root of 62 and 6}, as well as the frontier of 6. Depending on which condition
of Lemma 4.8 is satisfied by ¢}, and ), we distinguish the following cases (see Figure 11 for
an illustration):



THE TWB PROBLEM FOR AN INDUCTIVE SEPARATION LOGIC OF RELATIONS 35

> condition (1) of Lemma 4.8 holds: in this case ¢; and ¢}, occur on different positions on

the frontier of 06, thus we append 6; on the position where g; occurs and the rest of 8 on
the position where g occurs.
> condition (2) of Lemma 4.8 holds: in this case only ¢ occurs on the frontier of 6}, thus

we continue with ;, which can be extended to reach g again, by Lemma 4.8. From this
second occurrence of g, we continue with 6.

We prove the points from the statement of the Lemma below:

(1) The runs 6y,...,0, are inserted into 6 at positions pi, ..., p,, respectively.

(2) Since 6y, ...,6, are inserted one after the other (the order is not important), we have
pz~dom(6)ﬂpj dom(§;) =0, forall 1 <i<j<n.

(3) By the definition of 0}, ..., 6/, the path between p; and p; traverses k times the 6% or ¢}
reset sequences that are, moreover, disjoint from each py - dom(0y), for k € [1.n]. [

4.4. Eliminating Persistent Variables. For the rest of this section, let Ax o = (£, Qa, qa,0A)
be the automaton built for the given SID A and nullary predicate A, by the construction of
Lemma 4.13. Since A was assumed to be all-satisfiable, the same can be assumed about
Aa A, by Lemma 4.13 (1).

Moreover, we can assume, without loss of generality, that Aa a is choice-free and let
da = 0A WX be the partition of the transitions of Aa o (Definition 4.5). If this is not the
case, we consider one of the finitely many automata in the language-preserving choice-free
decomposition of Aa o (Lemma 4.9).

The transformation proceeds in three stages, denoted (I), (ITI) and (IIT) below. The
result of each stage is one or more choice-free automata that are treewidth bounded if and
only if the set [Aa a] is treewidth bounded.

Example 4.21. We shall illustrate each stage of the construction on the following SID:

A <« JyiFyeTys . Ci(yi, 2, y3)
Ci(z1,22,23) < Jya . e(w1,ya) * e(x3,y4) * Ci(ya, x2, 73)
A (901,902,333) — Jys . e(w1,x2) * Co(x2, y5,23)
Co(z1,22,23) < Jys - e(w1,y6) * (23, y6) * Ca(ys, x2, 73)
Cg(xl,xg,xg) < e(ml,xg)

For simplicity, the existentially quantified variables are given pairwise distinct names. The
automaton Aa a has the following transitions:

( le]_[1] le]_[1] le]_[1]
Yi =T K Yy =Py K Yz =y
711 gA (QC1> (1)
e(av[le]7 y!le]) * e(w[;], y‘[f]) * y[e]:x[ll] * m[e]::c[;] * wge]:wg]
T qc (9c,) (o0)
le] [ ] le]_ [1] [ 1_.[ le] _[1]
e(zy”, ) * wy =zy " * Ty =Ty
AdAN 70 g, (9c,) (1)
) e(a:[le]7 yée]) * e(z[;], y([;]) * y([;]:z[ll] * z[;]:cv[;] * zge]:z.k[,}]
T4 4Cy (gc,) (0)
le] €]
e(acl ) Tg )
5 ogc, ———— () (1)

The A-models of A have the structure depicted in Figure 12 (a), with elements that are
values of persistent variables annotated by the name of the first occurrence of the persistent
variable during the run.
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Y3

*—eo—o—9o *—eo—0o—0—0
[ ——) - -
Cqy Co C Co
(a) (b)

Figure 12: Models of the Running Example for the Elimination of Persistent Variables

I. Removing relation and disequality atoms from 1-transitions. This step replaces
each symbol « that labels a 1-transition g9 — (q1,--.,qe) of AIA A With the symbol obtained
by removing all relation and disequality atoms from «. The outcome of this transformation
is denoted AIAA = (%, Qn,qa, 64).

Example 4.22. (continued from Example 4.21) The result of removing the relation and
disequality atoms from the 1-transitions of the choice-free automaton given in Example 4.21
is shown below:

yge]zz[ll] . yge]:z[;] . y;[;]:I;[gl]
T qA (9c,) (1)
) e(as[le]7 yLE]) * e(z[;], yLE]) * yA[f]:z[ll] * z[;]:z[;] * zge]:zl[,’ll
L] e (4c,)  (o0)
A o) i) -
’ T3 4G (QCQ) (1)
) e(z[le]7 yée]) * e(zge]7 yée]) * yée]:z[ll] * z[e]*z[;] * I[E] zgl]
T4t qc, (4c,) (0)
emp
T5 1 qCcy — () (1)

The formal properties of AIA’ A are stated and proved below. Note that AIA’ A is choice-free,
because An a is choice-free, i.e., the re-labeling of the transitions of Ax a does not change the
structure of its SCC graph. In the statement of this and the upcoming lemmas, we assume
addition and order within the set of natural numbers with infinity, i.e., n+ 00 = co+n = oo,
n < oo and oo < oo, for all n € N.

Lemma 4.23.

(1) AL A is all-satisfiable

(2) tw(7[[AIA7A]]) < tw([Aaa]) + card(d}) - (maxRelAtoms(A) + maxVars(A))
(3) tw([Aaal) < tw([[AIAA]]) + card(d} ) - maxVars(A)

Proof. For space reasons, the proof of the lemma is given in subsection C.5. []

II. Removing equalities involving non-persistent variables. At this point, the labels
of the 1-transitions of AIA A consist of equalities only. We now remove the equalities that
would be lost when addiné resets before and after 1-transitions that is, we forget equalities
involving non-persistent variables while keeping equalities between persistent ones. To this
end, we modify the label of each 1-transition qo — (q1,...,q¢) of AIAA in two steps:

(1) for each non-persistent e-variable m}s], ie., j € [1.#q] \‘BAIAA(qO), occurring in « in
some equality with a persistent i-variable, i.e., :CB-E] = xz], keR Al A(Qi)’ we substitute

xg.s] in « with a fresh variable y!9 ¢ fv(a),
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(2) remove each equality involving a non-persistent variable x , for i = e and j € [1..#qo],
ori € [1..4] and j € [1..#q;].

Example 4.24. (continued from Example 4.22) The profile of the automaton .AIA A from
Example 4.22 is ‘,BAIA’A((]A) = () and SBAIA,A (qc,) = ‘BAIAVA (gc,) = {2,3}. By removing the
equalities involving non-persistent variables, we obtain A]AI A from AIA A by transforming

only the 1-transition 73 into:
el
T30 4c (9c,) (1)
Since 17[11] is non-persistent, the equality m[;] = m[l] is removed from the label of the original
transition. Note that the equalities yé = :1;[21] and :Ug] = a::[;] are kept, because x[21], 3:3 and

wgl Iare persistent variables. Note that y I'is not persistent, because it is not associated with

a state in 75.

def

The result is the choice-free automaton AX AA = (3, QA qa, (52 ), whose properties are
stated and proved below:

Lemma 4.25.

(1) .AIA{A is all-satisfiable,

(2) tw([AY \]) < tw([AL A]) + card((65)") - maxVars(A),
(3) tw(lAL AD) < tw(lAX\]).

Proof. For space reasons, the proof of this lemma is given in subsection C.6. []

ITI. Removing persistent variables. We build from the choice-free automaton AIAI !

set of choice-free automata By, ..., B, having no persistent variables within the transition

labels, such that [ALY ] is treewidth bounded if and only if [B;] is treewidth bounded, for

each i € [1..m].

We recall that each 1-transition of a choice free automata occurs exactly once in each
accepting run over a Y-labeled tree ¢ and each such occurrence corresponds to one subformula
t(p)P of ©(t), for a position p € dom(t) (Lemma 4.7). Using renaming, if necessary, we can
assume that the e-variables that are not associated with the states of the transition have
distinct names between the labels of the 1-transitions of AIA{ A and let y = {y[f], .. ,yﬁﬂl
denote their set, in the following. For instance, we have ) = {y[f],y[;], y3 ,y5 1 in Example
4.22. The transformation is done in three steps:

(A) We annotate each state q of AY , With an injective partial function a : [1. #q] [1..M]
that maps each persistent variable :c] associated with ¢, to a variable y ) € Y, such
that x[ Now Y ( ;) holds for each tree t € L(AL .

(B) We spht the automaton obtained from the annotatlon of AL, into several choice-free
automata By, . .., By, such that E(AIA{A) =U, L(B;).

(C) The annotation of the states in each B; is used to replace each occurrence of a relation
atom r(zﬁel, . z;ﬂr) occurring within the label of an annotated transition (qo,ag) =
((q1,a1),. (qg,ag)), with a fresh relation atom rg(z[s] ,zi), where g : [1..#r] —

le]

[1..M] maps each persistent variable from the set {z;7,...,2 #r} to its corresponding
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variable from ) and {zl[él], e ,zzi]} are the remaining non-persistent variables. The

persistent variables are subsequently removed from « and the remaining variables are
renamed according to the conventions from Definition 4.11. Consequently, the arities
of the states (¢, a;), ¢ € [0..4] are changed as well.

Example 4.26. (continued from Example 4.24) Let us consider the automaton A4 , from
Example 4.24. The e-variables from the labels of 1-transitions, that are not associated
with states thereof, are y[f], y[; 3 yz[f ],yg], renamed as ) = {y[f],y[;], y:[; L yf}, respectively. We

recall that (,BAIA{A (ga) =0 and ‘BAJA{A(QQ) = mAIAI,A (gc,) = {2,3} is the profile of .AIA{A. The

automaton obtained by annotating the states of AIAI A With assignments is already choice-free
and the result of the elimination of persistent variables is shown below:

71 (ga,0) = ((gc,a)) (1)
le] L€l [€] lel _ 1]
e(xy, yy) * egyy ') * yy ==
| T2 (QCl,a) — - — ((qu,CL)) (OO)
emp
B§ 73 (qc,,a) = ((qcy5a)) (1)
le] el [€] lel__[]
e(zy ", yg ) * eglyg’) * yg =2
T (g, a0) ——————— ((4c,,a)) (o0)
T5 : (QC27a) —P> () (1)

where:

> a: [1..3] — [1..4] is the partial mapping defined as a(2) = 2, a(3) = 3 and undefined at 1,
> g [1..2] — [1..4] is the partial mapping defined as g(1) = 3 and undefined at 2.

Note that, because the equality between the persistent variables xfgf] and mg] has been kept
in AIAI A (see Example 4.24), both variables are mapped by ¢ to the same variable y:[)f ! hence

the same relation symbol e, replaces both e(x}, y{!) in 7 and e(z5, y) in 74. Figure 12 (b)

shows the shape of the structures from [[E]] Since all but the first elements in both the C;
and Cp chains are now labeled with the same unary relation symbol e,, these structures are

of treewidth at most two.
We recall that AIA{ A= (2, 0L, qa,01]) and describe the transformation formally:

—T ~ ~ :
(A) Let Aaa = (2, 9L, (qa,0),54) be the automaton, whose set of states is:
oL £ {(q,a) | g€ O, a:[l.#q] — [1..M] is a partial injective mapping}

— 11
The initial state of Ax A consists of the initial state ga of AIAI A annotated with the empty

@

mapping, because we have considered #ga = 0. The set gg contains a transition (qo,ag) —
((q1,a1),...,(qe, ar)) if and only if either one of the following holds (by Definition 4.5, these
conditions are exclusive):

> qo — (q1,---,q) € (5IAI)1: in this case, for all k € [1..{] and i € Pz (qx), we define:

ag (Z> = le]

« [ ao(j) 1if there exists j such that :z:g“] R~ x;f],
m else, if m is such that xg“] o Ym

Note that a; is well defined, because each i-variable is equated to a unique e-variable in
the definition of Ax o and this fact is unchanged by the constructions of .AIA A and .AIAI A

> qo — (q1,---,q0) € (6K)°°: in this case, for all k € [1..0] and i € [1..#qx], we define

[e]
J

ar(i) £ ag(4) if there exists j, such that =" ~, zJ and undefined, otherwise.
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The property of the first step of persistent variable elimination is summarized below:
I I
Lemma 4.27. L(Aaa ) = L(AxA)-

Proof. Let h : QIA — QL be the function defined as h((q,a)) = g, for all (¢,a) € @IA We

show that h is a refinement. By Lemma 4.4, we obtain E(mn) = E(AIA{A). We prove
the three points of Definition 4.3:

(1) h((ga,0)) = qa, by the definition of h.

(2) (qo0,a0) = ((q1,a1),.-.,(qe,a¢)) € gg only if g0 = (q1,...,qr) € 64, by the definition

— I
of A A
(3) Let g0 = (q1,...,q¢) € 6X be a transition and assume w.l.o.g. that AL, is trim
(if this is not the case, a trim automaton with the same language can be considered
instead). Then, there exists an accepting run 6 of AIA{ A> such that the transition
q0 — (q1,-..,q¢) occurs on 0. Each state ¢ on 6 can be annotated with an injective

I
partial mapping a : [1..#¢q] — [1..M] and the result is an accepting run of Aa a

Hence there exist injective partial functions a; : [1..#¢] — [1..M], for i € [0..4] such
that (go,a0) = ((q1,a1),-.-,(q,ar)) € 8. Moreover, (gi,a;) € h=*(g;), for each
i€ [0..4. []

1T
(B) The problem, at this point, is that Aaa is not necessarily choice-free, because
annotating the states of AIA{ A May cause several transitions to occur between different linear
SCCs. These transitions originate from the same 1-transition of .AIAI A and differ only in

— I
the annotations added at step (A). We circumvent this problem by decomposing Aa a

——1I

into choice-free automata By, . .., By, such that £(Aaa ) = U™, £(B;). To this end, we

choose sets g%, ...,0L such that:

> (87! = Uy, o}, and

> for each i € [1..m], the set 5;1 contains exactly one transition (qo, ag) — ((¢1,a1), - - -, (q¢, a¢))
from gg, for each transition go = (g1, ..., qe) from (6§)%.

Moreover, we define the set:

(6)™ = {(g0,a0) = ((q1,01),- -, (a6, a)) € 6K [ g0 = (a1, ---,q0) € (6K)}
For each i € [1..m], let B; £ (, Ok, (qa,0), 6! W 6>). We prove below that By, ..., B, is
indeed a choice-free decomposition of Jmll

Lemma 4.28.

(1) B; is all-satisfiable and choice-free, for i € [1..m)].
(2) L{(Aaa ) = Uiz, £(Bi).

Proof. For space reasons, the proof of this lemma is given in subsection C.7. []

(C) Let us fix a choice-free automaton B = (%, @IA, (ga,0),0" W 6) among Bi,...By.
Consider an arbitrary transition 7 : (qo,a0) = ((q1,a1),-- -, (qe, a¢)) € 81 W 6>, We denote

by Py & {IBE] | j € dom(ap)} U {y}el cfv(a) | T}, P = {:EBZ] | 7 € dom(a;)}, for i € [1..4]

and P = Uf:o P; the set of persistent variables occurring in . The goal of this step is
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to remove from « the variables from P. The outcome of this transformation of o will
be denoted as @. In order to guarantee the preservation of the naming conventions from
Definition 4.11, the remaining (non-persistent) variables from fv(«) \ P are renamed using

the injective mapping (; : fv(a) \ P — fv(a) defined as follows:

> Gr(z))) = xz]_p where p = card({x;i] |j<k}nP)foraliel[0.4, kel.n], 2} &P,
> CT(y};]) = y}j, for all k € [1..m], yl[;] ¢ Py
where m,ng, ..., ny are the numbers of y;d, :L'B.e], . ,x?],
Intuitively, the renaming shifts to the left the j indices of the 3:?] variables so that the
persistent variables indexed according to the assignments a; are ignored. The transformation
of o to @ is described for each atom of «, as follows:

> every relation atom r(2\7, ..., z;;]r) is replaced by ry((r (zl[i]), e QT(ZE)), where ry is a fresh

respectively (see Definition 4.11).

def

relation symbol of arity k such that {z;,..., 2, } = {z1,..., 24} \ Po and g : [1..4r] —
[1..M] is the partial function:

o\ def a ] N if Z[E] S P,
g(]) gl 0(]) 5 0 )
undefined, otherwise

Note that the arity of r, is at least one, for the following reason. Since relation atoms occur
only in oco-transitions, they can repeat arbitrary many times in characteristic formulse over
runs. Hence, if such an atom has only persistent variables, these characteristic formulee
will become unsatisfiable if the atom repeat more than twice. This contradicts, however,
the hypothesis that B; is all-satisfiable.

> every (dis-)equality atom 2 ~ y is replaced by (- (z) ~ (;(y) for ~€ {=,#} if {z,y}NP =
and removed otherwise. In particular, note that there is no equality in a between a variable
in P and another one not in P due to elimination of equalities with non-persistent variables
in 1-transitions and to the rule of propagation through oco-transitions. Moreover, this
transformation turns the label of each 1-transition into emp, because the labels of 1-
transitions contain only equalities involving persistent variables.

The result of this transformation of B; is denoted B;, for each i € [1..m]. Let B be

any of Bi,...,B,, and B be the corresponding automaton before the removal of persistent
variables. The properties of this transformation are stated and proved below:

Lemma 4.29.
(1) B is all-satisfiable and choice-free,

@) (B < (B,
(3) tw([B]) < tw([B]) + card(6') - maxVars(A).

Proof. For space reasons, the proof of this lemma is given in subsection C.8. []

4.5. Wrapping 1-transitions. In subsection 4.4 we have transformed a given automaton
Ap A into choice-free automata Bi,...,B,, without persistent variables. We can assume
w.l.o.g. that the 1-transitions of these automata are labeled by emp, because the only
remaining equalities are between variables y!?! not associated with states and non-persistent
variables x?] In the following, let B = (%, Q,¢,6) be any of By,...,B,, and § = 5w
be the partition of its transitions into 1- and oo-transitions (Definition 4.5). In order to
obtain an expandable SID from B, i.e., using Lemma 4.13 (2), we must be able to embed
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any sequence of runs of B into a single run of B. However, this is currently not possible,
because the labels of the 1-transitions cannot be viewed as labels of co-transitions. The
problem is shown by the following example:

Example 4.30. Consider two disjoint structures S; = (Uy,01),S2 = (Ua, 02) € [B]°, having
the shape depicted in Figure 12 (b). Each S; has all but two elements, call them ez1 and
e?, labeled with a unary relation symbol ey. Then, the composition S; @ So will have four
unlabeled elements ef,e?, el and e3. Since any structure S = (U,0) € [B]" has exactly
two unlabeled elements, the structure S; e Se is not a substructure of S, according to
Definition 3.7. This is because ef,e?,el,e3 € (supp(o1) U supp(os)) \ (01(eg) W 02(ey))
are pairwise distinct, hence card((supp(o1) Usupp(o2)) \ (o1(eq) Woa(ey))) = 4, whereas
card(supp(o) \ o(eq)) = 2, independently of the choice of S.

For a Y-labeled tree t, two positions p and s, such that p € dom(¢) (nothing is required

about s), and a sequence of variables x1, ..., zk, we define the formula:

Oy, ) ok {r(2f, L 2l e, 2 oceurs in ©(1), 2 meq, 2, Vi€ [1.E]}
o . em R

For simplicity, assume, for each transition qo —> (q1,...,q¢) € 6 of B, that qo, ..., g belong

to non-trivial SCCs. If some ¢; belongs to a trivial SCC, i.e., with no transitions from ¢; to
itself or other states in the same SCC, then #g¢; must be zero, because all parameters from
its profile have been removed by the previous transformation. In this case, the construction
below is adapted by replacing the formulee Qio/e and QZ? /9 by emp, for the corresponding
states that belong to trivial SCCs. The automaton B is obtained from B by replacing the
label of each such 1-transition with the following formula, for some trees ¢; corresponding to
resets 0 of B, for i € [0..4):

Pitqi

efe, ) Pj ) )
*il ..... ig€[1..#q0] Pty @iy zzﬁ**je[L.e], i, €lgtag] Py @i Ti)

9 (q1s---,q0)

Note that the existence of such resets is guaranteed by Lemma 4.18 and the previous
assumption. This construction is illustrated by the following example:

Example 4.31. (continued from Example 4.26) The outcome of applying the above trans-

formation to the automaton B from Example 4.26 is the automaton B given below:
(

L]
eg (z5)
T - (QA,Q)) — ((qu,CL)) (1)
le] €] [e] le] __[1]
e(zi ', yy ') * eglyy’) * yy ==
i (g¢y,a) ———————— ((4¢,,a)) ()
B = eg(z ! )
73 (qc,,0) —— ((gcy, @) (1)
e, ol « egufl) + o) =alV
T4 - (qC27 a) ((qc27 a)) (OO>
751 (qcy,a) = () (1)

The transformation adds the relation atoms eg(x[ll]) to the labels of 7 and 73, respectively.
Note that 7o and 74 are (gc,,a)- and (gc,, a)-resets, respectively. The added relation atoms
correspond to the relation atoms that label the x[ll] variable within the labels of these resets,
taken backwards. All elements from a structure S € [B]° are now labeled by e,, hence the
composition of any sequence of structures from [B]° can be embedded as a substructure of a
structure from the same set. In other words, the SID obtained from B using Lemma 4.13 (2)
is expandable (Definition 3.8).
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The formal properties of B are stated and proved below:

Lemma 4.32.

(1) B is all-satisfiable,

(2) tw([B]) < tw([B]) + card(gl) -maxVars(A),

(3) tw([B]) < tw([[B]])+card(51)-(1+maxPred/—\toms(A))-reINo(A)-maxVars(A)maXRe'A'itY(A).

Proof. For space reasons, the proof of this lemma is given in subsection C.9. []

4.6. The Proof of Lemma 4.1. We have collected all the ingredients needed to prove
the decidability of the treewdith boundedness problem, for SLR formuls interpreted over
general SIDs. The key point is the proof of Lemma 4.1, the main result being an immediate
consequence of this lemma and Theorem 3.33. To prove Lemma 4.1, we rely on Lemma 4.20,
which states that any sequence of oco-runs of a choice-free automaton can be disjointly
embedded into an accepting run of the same automaton, such that any two of the embedded
runs are separated by a given number of reset paths in the enclosing run.

Before proving Lemma 4.1, we state a property of the outcome of the above transforma-
tion of automata (Figure 14). This property uses the following notion:

Definition 4.33. Let A be a choice-free automaton. A view for A is a tuple (0,t,s,S),
such that 6 € R%(A) is a partial co-run over a Y-labeled tree ¢, s is a canonical store
for ©(t) and S is a structure, such that S =° ©(t). A structure S’ = (U’,0’) is encap-
sulated by the view (0,t,5,S) if (i) S’ C S, (ii) supp(o’) ﬂs({x[f],...,a::ge(e)}) = (), and

(iii) supp(o’) Ns({zl", ... ,ZL'qu ) = 0 if, moreover, the partial run 6 is a 6., context.

Intuitively, a structure is encapsulated by a view if it is a substructure of the structure
in the view and it does not “touch” the values of the variables from the root (resp. frontier)
point of the partial run in the view.

Let B be any choice-free automaton resulting from the transformation in Figure 14.
The following lemma shows that each canonical model from [B]° can be decomposed into
pairwise disjoint structures, each of which being encapsulated by a separate view for B:

Lemma 4.34. For each structure S = (U, o) € [B]°, there exist pairwise disjoint structures
Si,...,Sy and views (01,t1,51,5S7), ..., (On, tn,5n,S),) for B such thatS},...,S] are pairwise
disjoint, S=Sye...eS, and S; is encapsulated by (0;,t;,5;,S,), for each i € [1..n].

(2
Proof. Let B = (2,Q,1,6). Since S = (U,0) € [B]%, there exists a tree ty € L£(B) such
that S =0 ©(tp) for a store s, that is canonical for ©(¢g). Let 0y be an accepting run of
B over to. Because B is choice-free, 6y can be decomposed into (i) maximal partial runs
o1 € R, (B), ..., 00n € R%, (B) consisting of (arbitrarily many) connected oo-transitions,
and (ii) partial runs 71, ..., T, consisting of a single 1-transition each, such that r; is the
state at the root of fy; and ¢; is the left-hand side of a 1-transition, for each i € [1..n]. We
refer to Figure 13 (a) for an illustration of the decomposition.

For every i € [1..n] we define S; as the substructure of S constructed along the maximal
partial run 6y;. That is, S; contains all the relation atoms defined on oco-transitions in 6y; and
the relation atoms defined on the entering (and possibly exiting) 1-transition(s) involving
common variables for entering (resp. exiting) state(s). Intuitively, all these relation atoms
occur in the gray part in Figure 13 (a). Note that, since the 1-transitions of B do not equate

%

variables xg], for i € NU {e}, the structures S; are pairwise disjoint, and S=S;e...eS,,.
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ri-reset

0o

gi-reset

(a) (b)

Figure 13: Run decomposition

We build the views {(0;,;,5i,S}) }ic|1..n) as follows. For every i € [1..n], we define the
partial run 6; by extending the partial run fy; by the same r;- and g;-resets used in the
transformation of B into B (note that the g;-reset is needed only if fy; reaches a 1-transition).
This construction is illustrated in Figure 13 (b). Let ¢; be the X-labeled tree corresponding
to the run ;. Let s; be a canonical store for ©(¢;) constructed by extending s such that
s0(z") = s;(x) whenever p and p’ correspond to the same relative position within 6p;. In
other words, s; preserves the elements occurring in S; and associates new distinct elements
to all other variables introduced by the resets (in particular, all variables that are equated in
O(t;) are mapped to the same element). The store s; defines a structure S}, = (U, o)), such
that S, =% O(t;), as ol(r) = {(si(2"), .. s () | r(zPY, ..., 21 oceurs in ©(t;)}, for
each relation symbol r € R. We prove below that S; is encapsulated by the view (6;,¢;,5;,S/):
> By the choice of s;, that extends s as explained above, we have S; C S;. Moreover, no
tuples are added to S; by the inserted resets, because the labeling of 1-transitions in B is
constructed precisely from the resets that guarantee this property, i.e., the construction of
B guarantees that the set of relation atoms occurring in the reset was used to label the
1-transitions. Thus, we have S; C S).

> By the construction of the partial run 6;, the set of variables {z:!9,..., x4} in 6; are
not related by equalities to any of the variables at the root of 6y; in O(¢;). In particular,
this is ensured by the fact that B has no persistent variables. Since, s; is canonical for
O(t;), we obtain that supp(o;) N {s;({z}, ... ,:E;;]n})} = (). The same argument applies
to the set of variables occurring at the frontier position of 8;, i.e., when 6y; reaches the
left-hand side ¢; of a 1-transition, as in Figure 13 (b). (]

Dually, the following lemma gathers pairwise disjoint structures into a single rich
canonical model, that meets the conditions of expandability (Definition 3.8):

Lemma 4.35. Let Sq,...,S, be pairwise disjoint structures encapsulated by the views
(01,t1,51,57), -, (On,tn,5n,S)) for B, where Sy,...,S, are also pairwise disjoint. Then,
there exists a rich canonical model (S,0) € [B]', such that the conditions (1), (2) and (3)
from Definition 3.8 hold for S1,...,S, and (S,0).

Proof. Since B is a choice-free automaton, by Lemma 4.20, there exists an accepting run 6
of B over a tree t, such that the following hold:
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(a) each partial run 6; is embedded in 6 at some position r; € dom(6), for all ¢ € [1..n],
(b) 7; - dom(#;) Nr; - dom(f;) =0, for all 1 <i < j <n,
(c) each path between the positions 7; and r; traverses at least once some reset path,
disjoint from (J;_; % - dom(6y), for all 1 <7 < j < n.
For each i € [1..n], since (6;,t;,5;,S}) is a view, we have S, =% O(t;), hence s;(fv(O(t;))) C
supp(c’), where we assume w.l.o.g. that S, = (U, o}). By point (b) above, the subformulee

corresponding to the subtrees of ¢ with domains r; - dom(6;), for ¢ € [1..n], have disjoint sets
of free variables. We define a store s as follows, for each variable 2! € fv(O(t)):

> if p = rp’ and p’ € dom(t;), for some i € [1..n], then we set s5(z) = s5;(x),
> otherwise, we chose a fresh value s(z), such that s(z) & |, supp(o}) and s(z) #
5(2l"7), for each variable 2", such that 2l ¢, 2.

By the fact that supp(o}) Nsupp(o}) = 0, i.e., s;(fv(O(t;))) N s;(fv(O(¢5))) = 0, for all
1 <4 < j <n, and the construction of 5, we obtaln that s is canonical for ©(¢). The store s
defines the structure S = (U, 0), as follows.

o(r) = {(s(21),...,8(zgr)) | r(21,..., 24 ) occurs in O(¢)}, for all r € R
By the definition of S, we have S |=° ©(t). Moreover, we define the relation:

0= {(s(z),s(y)) | z # y or y # x occurs in O(t)}

We have obtained a rich canonical model (S,2) € [0(t)7] and, since ¢t € £(B), we have
(S,0) € [B]". We prove below the three conditions from Definition 3.8:

(1) By the construction of S, we have S} C S, for all ¢ € [1..n]. Since Sy, ...,S,, are pairwise
disjoint, their composition is defined, hence S;e...0S, CSje...eS/ CS. W.lo.g.,
let S; = (U,0;), for all i € [1..n]. To prove Sy e...eS,, C S, by Definition 3.7, we must
prove that:

o(NW...Wop(r) = {(ur,...,ug) €o(r) | u,... ,ug €supp(or) U...Usupp(o,)} (4.2)

The “C” direction follows from S;e...eS,, C S, hence we are left with proving the dual
“D7” direction. Let (u1,...,ux) € o(r) be a tuple, such that ui, ..., ug € U, supp(o;).
By the definition of o, there exists a relation atom r(z}", ... i]r) in ©(t), such that
s(z;) = w, for all i € [1..#r]. To simplify matters, we assume that the position of each
variable in the relation atom is the same, the case where these positions are either p
and pi, or pi and pj, for some p € N* and i # j € N is treated in a similar way and left
to the reader. Moreover, for each i € [1..#r], there exists a unique k; € [1..n], such that
u; € supp(oy,). Suppose, for a contradiction, that k; # k;, for some 1 < i < j < n. Then,
there exist paths between p and some positions s; € r; - dom(t;) and s; € r; - dom(t;),
such that 2" ~e, & il and z][-" ST §J[.Sj ! Consider the case where 6; and ¢; are runs
(the case where one of them is a context uses a similar argument and is left to the reader).
Since t; and t; are embedded in ¢ at positions r; and r;, respectively, at least one of these

paths, say the one from p to s;, contains the position r;. Then, there exists a variable :czi],

for ¢; € [1..#80;(¢)], such that s(z ”]) = ;. Hence, supp(a;) N s({z}? ...,x%i(e)}) =

supp(o;)Ns; ({217 ... ;ég © }) # (), in contradiction with the fact that S; is encapsulated
by (0;,t;,5:,S;), by condltlon (ii) of Definition 4.33. We obtained that k; = ... = kg,
hence w1, ..., uy, € supp(oy), leading to (uq,...,uy,) € oy(r), for some index k: € [1..n].
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This proves (4.2). Since the choice of r was arbitrary, we obtain that S;e...eS, TS,
by Definition 3.7.

(2) Suppose, for a contradiction, that there exists a pair (u,v) € 9, such that u € supp(az)
and v € supp(o;), for some indices 1 <7 < j < n. Then, there exists a disequality z!*! #
y! (or y # x, this case being symmetric) in O(t), such that s(z?) = u and s(y"') = v.
Since u € supp(0;), there exists a variable £ such that p; € r;-dom(t;) and 5(£"!) = «.
Since s is canonical for ©(t), we have  ~e, 7. Suppose, for a contradiction, that
p € ri - dom(¢;). Then, by a similar argument as the one used in the proof of point (1),
we obtain a contradiction with condition (ii) of Definition 4.33, hence p € r; - dom(t;).
Symmetrically, we obtain p € r; - dom(¢;), hence r; - dom(¢;) Nr; - dom(t;) # 0, which
contradicts point (b) above.

(3) Suppose, for a contradiction, that there exists a relation symbol r € R and tuples
(Wi, .o Usgpe), (U1, ..., V) € 0(r), such that {u, ..., ug tNsupp(o;) # 0, {vr, ..., v N
supp(oj) # 0 and {wi,...,ug} N {v1,...,v4} # 0, for some indices 1 < i <j<n.
Then, there exists two distinct relation atoms r(2""', .. ;ér )and r(2 .. #r 21) in O (t)

and variables f[si], s; € r; - dom(t;) and fj[.sj], sj €Erj ~dom( t;), such that 2" ~ve, €7

Zz o) f °3] , for some indices k,¢ € [1..#r]. For simplicity, we consider that the
pos1t10n of the Variables is the same in the above relation symbols, i.e., p; and po, respec-
tively. By an argument similar to the one used in the proof of point (2), we obtain that
p1 € r;-dom(t;) and pp € 7; - dom(t;). However, since {ul, coug N, v ) # 0,
there exist indices g, h € [1..#4r] such that zg w1l o) z . For simplicity, we con51der the
case where 0; and 0; are runs, the case Where at least one of them is a context uses a
similar argument being left to the reader. Then the path between 7; and 7; is contained
with the path between p; and ps. By point (¢) above, this path contains a reset path
disjoint from J;_, r - dom(&k) Since, moreover, B has no persistent variables, by

construction, we obtain zg Pl Zo zh 2l contradiction. []
AL B;
ALA f_ 1
) ) I ) IT i )
Asn A (Asa)— (Aan) —B, —= 5
Lemma 4.9 . Lemma 4.23 Lemma 4.25 Lemma 4.28 = Lemma 4.32
. Lemma 4.29 :
A B,
ALA m;

Figure 14: The Chain of Automata Transformations

We are now ready to prove Lemma 4.1:

Proof. Let Aa a be the ¥-labeled automaton corresponding to A and A, such that [A], =
[Aa ], by Lemma 4.13 (1). The chain of transformations depicted in Figure 14 produces
the set {B;-}ie[l”n}’ jell..mg) of choice—free and all-satisfiable automata, such that [Aa a] is
treewidth bounded if and only if [B}] is treewidth bounded, for each i € [1..n] and j €
[1..m;]. In particular, AIA A ,AZ a is the language-preserving choice-free decomposition

of Aaa (Lemma 4.9) and By, ..., B,

m; are obtained by removing the persistent variables
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from each automaton B¢ in the language-preserving choice-free decomposition of (sz)l I
(Lemma 4.28). We assume, without loss of generality, that the initial state of each Bj is
g and let I'; be the SID, such that [Bj] = [[B]]F§ and [B}] = [[B]]'F;, by Lemma 4.13 (2).
We are left with proving that F; is expandable for B, for each i € [1..n] and j € [1..m;].
Let I' be any of the SIDs I'1, ..., I'%, and B be the automaton such that [B]}. = [B]°, by
Lemma 4.13 (2). Let Sy,...,S; € [B] be pairwise disjoint structures. By Lemma 4.34,
for each i € [1..k] there exists a decomposition S; = S} e ... eS| into pairwise disjoint

structures, such that the structure S; is encapsulated by a view (9}, t§,5§,§;> for B, for

each i € [1..k] and j € [1..{;]. Without loss of generality, we assume that the structures
{gz-}ie[l”k], je1..¢;] are pairwise disjoint, hence the composition of Sh..., S7. is defined, thus
we obtain S;e...eS, =S{e... e S;,- By Lemma 4.35, there exists a rich canonical model
(S,0) € [B]', such that conditions (1), (2) and (3) from Definition 3.8 hold for Sy, ..., SZ
and (S,0). Since [B]" = [B]}, by Lemma 4.13 (2), I" is expandable for B. []

4.7. The Decidability of the Treewidth Boundedness Problem for SLR. The proof
of the main result (Theorem 4.36) uses a reduction of an arbitrary SID to a set of expandable
SIDs, having an equivalent treewidth boundedness status (Lemma 4.1). Since treewidth
boundedness is decidable for expandable SIDs (Theorem 3.33), this proves the decidability
of the problem, in the general case. We conclude this section with the proof of the main
result, that is the decidability of the TWB®® problem, for unrestricted SIDs:

Theorem 4.36. There exists an algorithm that decides, for each SID A and nullary
predicate A, whether the set [A] 5 has bounded treewidth. If, moreover, this is the case, then
tw([A]A) < maxVars(A) + N - M, where:

M =2 - maxVars(A) + (1 + maxPredAtoms(A)) - relNo(A) - maxVars(A)maXRelA”tY(A)
N £ max(K, maxPredAtoms(A))
K =predNo(A) - relNo(A) - maxVars(A)maxvars(AHmaXRelAritY(A)

Proof. By Lemma 4.1, the treewidth boundedness problem for the set [A] . can be effectively
reduced to finitely many treewidth boundedness problems for sets [B]r ;. .., [B]p, , where
I'y,..., 'y are expandable for B. The latter problem is decidable, by Theorem 3.33. The
upper bound follows from the sequence of transformations given in Figure 14. Let I" be any of
the expandable SIDs I'q,...,T'x. By Theorem 3.33, we have tw([B];) < maxVars(A). Note
that the maximum number of variables occurring in a rule is not increased by the construction
of T from A. By Lemma 4.23 (3), Lemma 4.25 (3), Lemma 4.29 (3) and Lemma 4.32 (3),
we obtain tw([A]A) < tw([B]p) + card(6') - M, where &' is the set of 1-transitions of the
choice-free automaton used to define I' (point (2) of Lemma 4.13) and M = 2- maxVars(A) +
(1 + maxPredAtoms(A)) - relNo(A) - maxVars(A)maxRelArity(A)  Note that card(s') - M is
the sum of the increases in the upper bounds of the treewidth along the transformation.
By Lemma 4.9, we obtain card(§') < max(card(Qa), maxPredAtoms(A)®d(QA)), where
O denotes the set of states of Aa Ao (Lemma 4.13). Since the entire construction was
done assuming that A is equality-free and all-satisfiable, by lifting these assumptions, we
obtain card(Qa) < predNo(A) - relNo(A) - maxVars(A)m@Vars(A)+maxRelArity(A) (1 o myma 2.6
and Lemma 2.9). ]
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Note that, unlike Theorem 3.33, that gives an optimal upper bound for the treewidths
of the structures described by an expandable SID, Theorem 4.36 does not provide such
an optimal upper bound. In particular, the upper bound of Theorem 4.36 grows doubly
exponential in the maxVars(A) and maxRelArity(A) parameters and simply exponential in
the predNo(A) and relNo(A) parameters. Finding an optimal bound for the general case is
considered as subject for future work.

5. THE TREEWIDTH BOUNDEDNESS PROBLEM FOR FIRST ORDER LOGIC

This section proves the undecidability of the treewidth boundedness problem for first-order
logic. This result places the frontier of decidability for this problem between the classical
first-order logic and substructural SLR with simple inductive definitions, i.e., using only
existentially quantified separating conjunctions of atoms.

We recall that the first-order logic (FO) is the set of formulee consisting of equalities and
relation atoms, connected by boolean conjunction, negation and existential quantification.
The semantics of first order logic is given by the satisfaction relation (U, o) IF* ¢ between
structures and formulae, parameterized by a store s : V. — U such that (U, o) IF° r(z1,. .., z4,)
iff (s(x1),...,8(z4)) € o(r). If ¢ is a sentence the store is not important, thus we omit the
superscript and write S IF ¢ instead. The set of models of a FO sentence ¢ is denoted as
[#] = {S | SIF ¢}. Although we use the same notation for the sets of models of FO and SLR
formulee, the underlying logic is clear from the context.

This section is concerned with the proof of the following theorem:

Theorem 5.1. The problem is [¢] treewidth-bounded, for a given FO sentence ¢ with at
least two binary relation symbols and several unary relation symbols, is undecidable.

Proof. We will reduce from the undecidability of the Tiling Problem [Ber66]. We first recall
its definition. Given a finite set of tiles S = {¢1,...,¢,} is there a tiling of the plane such
that the colors of neighbouring tiles match? (We note that rotating or reflecting the tiles
is not allowed.) In more detail: We assume the plane is given by integer coordinates (z,y)
with x,y € Z. We want to put a copy of a tile at every coordinate. We will require that
neighbouring tiles match. For this we assume to be given a relation H C S x S — specifying
which tiles match can be placed next to each other horizontally — and V' C § x .S — specifying
which tiles match can be placed next to each other vertically. We now require for every
tiling that (¢;,t;) € H, for all tiles ¢; and t; placed at coordinates (x,y) and (z + 1,y), and
(ti,t;) € V, for all tiles ¢; and t; placed at coordinates (z,y) and (z,y + 1). It is well-known
that it is undecidable whether such a tiling exists [Ber66]. In fact, it is known that is already
undecidable whether such a tiling exists for the upper-right quadrant of the plane, i.e., when
coordinates (z,y) are restricted to z,y € N.

We will now reduce the tiling problem to deciding whether a given first-order formula
has infinitely many non-isomorphic models of unbounded treewidth. We consider some
instance of the tiling problem. For encoding this problem, we define the signature R =
{up,right,N,S,E,W,I,Ty,...,T,} to consist of the binary relations up and right, the unary
relations S, E, W, N, I and the unary relations Ty, ..., T, (one for each tile in the tiling instance).
We then consider the following formula:

oE N AN o

where:
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> = Voe3Sly . right(z,y) A3Sly . right(y, ) states that right and right ! are partial
functions, 15 states that that up and up~! are partial functions,

> 3 = Va,y,z . up(z,y) A right(z, z) — Jw.up(z,w) A right(y,w) states that right and
up commute, 14 states that right™' and up commute, 15 states that right and up~!
commute and g states that right ™' and up~! commute,

> ¢y £ Vo . S(x) < -3y.up(y, ) states that south-labelled nodes are exactly the ones that
do not have incoming up edges, and g, 19, 119 define the analogous property for the
west, east, and north labels,

> 11 = Vo . I(x) < ~(S(z) VE(x) VN(z) V W(x)) states that internal nodes are exactly the
ones not labelled by south, east, north or west,

> 1o = Vo . I(z) — 3y . right(z,y) A Jy . right(y, x) states that internal nodes have
exactly one outgoing and exactly one incoming right edge, 113 states that internal nodes
have exactly one outgoing and exactly one incoming up edge,

> ¢1 =Vaz . /i, T;(x) states that every coordinate holds at least one tile,

> o =V . Niz; —Ti(z) V =T (z) states that every coordinate holds at most one tile,

> ¢3 = VaVy . right(x,y) — \/(ti,tj)eH T;(x) A T;(y) states that tiles, that are next to each
other horizontally, satisfy the horizontal matching constraint, and

> ¢y = VaVy . up(z,y) — V(ti,tj)ev T;(x) A T;(y) states that tiles, that are next to each
other vertically, satisfy the vertical matching constraint.

As usual, the formulee 35!z . ¢ stand for 3z . ¢ — Vy . ¢[z/y] — v = z. The proof will

make use of the fact that ¢ encodes grids and non-standard models of grids, which are
(disjoint unions of) grid-like structures. We will argue the following:

Fact 5.2. Each model of ¢ can be decomposed into (disjoint unions of) grids, cylinders, and
toruses, where grids have S,E,W,N borders, cylinders have either S,N or E, W borders, and
toruses do not have any borders and only consist of internal nodes.

Proof. We recall that we are only interested in finite models of first-order formulse. We
note that ¢ specifies that up and right are (partial) functions, and, hence, we will use
functional notation in the following. We now fix a model (U, o) of ¢ — as usual, we require
that U # (). We decompose (U, o) into its maximally connected components, connected
via up, right. We choose a representative uc, for each component C. We observe that
either there are j < 0 < i such that right/(uc) is W-labelled and right?(uc) is E-labelled,
or right'(uc) = uc, for some i > 0 (because the universe is finite and the functionality
of right and right~! ensures that the only possible loop returns to uc). An analogous
statement holds for up as well as the N and S labels. We now call a component C' a grid, if
uc reaches S,E, W, N via up, right and their inverses, a cylinder if uc reaches S,N or E, W via
up and its inverse resp. right and its inverse, or a torus, otherwise. []
We now justify the naming of these components:

Fact 5.3. Consider a grid component C' with representative uc such that right/ (uc) is

W-labelled, right?(uc) is E-labelled, up®(uc) is S-labelled and up(uc) is N-labelled, for some

71<0<iand k <0<I. We claim that:

(1) the elements right®(up®(uc)) exist, for all j < a <iand all k <b <1,

(2) an element right®(up®(uc)), for j < a < i and k < b < [, is E-labelled iff a = 1;
analogous claims hold for the labels S, W, N,

(3) the elements right®(up®(uc)) are internal nodes, for all j < a <i and all k < b < I,
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(4) the elements right®(up®(uc)) are pairwise different, for all j < a <i and all k < b <,

(5) all elements of the component can be represented as right®(up®(uc)), for some j < a <
and k < b <, and

(6) the component is isomorphic to a grid.

Proof. Ttems (1), (2) and (3) directly follow from the commutativity requirements. For (4), we
consider some j < a1,a2 < iand k < by, by < 1. We will show that a; # as resp. by # by imply
that right® (up” (uc)) # right® (up”(uc)). We will assume that right® (up® (uc)) =
right® (up®(uc)) and derive a contradiction. Let us assume that a; > ag (the other
cases are analogous). Then, we have right®**(up” (uc)) = right®**(up®(uc)) for
s =1i—a; > 0. However, right®*+*(up® (uc)) is E-labelled, while right®**(up®(uc))
is not, by (2), contradiction. For (5), we observe that every node reachable from u¢
connected via up, right and their inverses can be represented as right®(up®(uc)), because
of the commutativity requirements; further, we must have j < a < iand £k < b < [
because the S,E,W,N borders do not have outgoing edges. For (6), we observe that the
component is isomorphic to the structure with domain {(x,y) | =,y € [j,i],y € [k,I]},
where right is interpreted as {((z,y),(z + 1,y)) | € [j,i — 1],y € [k, ]} and up as

{((z,y), (z,y+1)) [z € [4,i],y € [k, I — 1]} []

Fact 5.4. Consider a cylinder component C' with representative uc such that right/(uc) is
W-labelled, right(uc) is E-labelled, and up”®(uc) = uc for some j <0 < i and k < 0, where
k is the smallest number with this property. (The properties stated below hold analogously
for N, S cylinders). We claim that:

(1) the elements right®(up®(uc)) exist, for all j < a <i and all 0 < b < k,

(2) an element right®(up®(uc)), for j < a <iand 0 < b < k, is E-labelled iff a = i; an
analogous claim hold for the label W,

(3) the elements right?®(up®(uc)) are internal nodes, for all j < a < i and all 0 < b < k,

(4) all the elements right®(up®(uc)) are pairwise different, for all j < a < i and all
0<b<k,

(5) all nodes of the component can be represented as right®(up®(uc)), for some j < a < i
and 0 <b < k, and

(6) the component is isomorphic to a cylinder, i.e., a grid for which the north-border connects
to south-border.

Proof. Ttems (1), (2) and (3) directly follow from the commutativity requirements. For (4),
we consider some j < aj,az < i and 0 < by,by < k. We will show that a1 # as
resp. by # by imply that right® (up® (uc)) # right®(up®(uc)). We will assume that
right® (up® (uc)) = right® (up”(uc)) and derive a contradiction. Let us first assume
that a; > az (the case a; < ag is symmetric). Then, we have right®**(up’ (uc)) =
right®+s(up®?(uc)) for s = i — a;. However, right®*(up® (uc)) is E-labelled, while
right®+5(up®(uc)) is not, by (2), contradiction. Now we assume a; = ap and by > by
(the case by < by is symmetric). Then, right® (up® (uc)) = right®(up®?(uc)) implies
that up” =2 (u¢)) = uc with 0 < by — by < k. However, this contradicts that k is the
smallest number with this property. For (5), we observe that every node reachable from
uc connected via up, right and their inverses can be represented as right®(up’(uc)),
because of the commutativity requirements; further, we can in fact choose 0 < b < k
because of commutativity and the assumption that upk(uc) = ug. Moreover, we must have
j < a < i because the E,W borders do not have outgoing edges. For (6), we observe that
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the component is isomorphic to the structure with domain {(z,y) | z,y € [j,4],y € [k, ]},
where right is interpreted as {((z,y), (z + 1,vy)) | x € [j,i — 1],y € [0,k — 1]} and up as
{((,y), (x,y +1)) | w € jil,y € [0,k =2} U{((z, k), (x,1)) | x € [j,]}- O

Fact 5.5. Consider a torus component C', with representative u¢ such that upk (uc) = uc
and right!(uc) = uc for some k < 0 and [ < 0, where k and [ are the smallest numbers
with this property. We claim that:

(1) the elements exists right®(up®(uc)), for all 0 < a < k and all 0 < b < [,

(2) the elements right®(up®(uc)) are internal nodes, for all 0 < a < k and all 0 < b < [,

(3) all nodes of the component can be represented as right®(up’(uc)), for some 0 < a < k
and 0 < b < [.

Proof. Ttems (1) and (2) directly follow from the commutativity requirements. For (3),
we observe that every node reachable from uc connected via up, right and their inverses
can be represented as some right®(up®(uc)) because of the commutativity requirements;
further, we can in fact choose 0 < a < k and 0 < b < [ because of commutativity and the
assumptions that up*(uc) = uc and right*(uc) = uc. We note that the right®(up®(uc))
are in general not pairwise different (e.g., we might have right®(uc) = up®(uc) for some
0<a<kand0<b<1). However, in our below argument we do not need to distinguish
whether all the elements right®(up®(uc)) of a torus component are pairwise different. []

The following claim reduces the treewidth boundedness problem for first-order logic to
the tiling problem for the first quadrant of the plane:

Fact 5.6. ¢ has models of unbounded treewidth iff there is a tiling of the upper-right
quadrant of the plane.

Proof. “<” Let us assume that there is a tiling of the upper-right quadrant of the plane.
Then, for every n € N, this tiling induces a square grid G,, of size n x n with G,, | ¢:
simply take the tiles at positions (z,y), with =,y € [1,n], from the tiling of the upper-right
quadrant, and verify that in this way we obtain a model of the formula ¢.

“=" We now assume that ¢ has models of unbounded treewidth, i.e., for every ¢ > 1 there is
a finite model (U, o) with tw((U, o)) > i. If any model (U, o) contains a torus component C,
we immediately obtain a tiling of the upper-right quadrant by unrolling the torus: we define
the tiling of the upper right quadrant by placing the tile of the element right®(up’(uc)) at
position (7,j). It is then routine to verify that the subformula /\?:1 ¢; of ¢ ensures that
the matching requirements of a tiling are satisfied. Hence, we are left with the case that no
model of ¢ contains a torus component.

We now observe that an n x m grid has treewidth min{n, m} and an n x m cylinder has
treewidth min{2n, m} resp. min{n,2m} for E,W resp. S, N cylinders. For the n x m grid, this
follows from the k-cops and robber game, defined as follows. A position in the game is a pair
(v,7), where v C [1..n] x [1..m], card(y) = k and r € [1..n] x [1..m] \ 7. The game can move
from (v;,7;) to (Yit1,7i+1) iff there exists a path between r; and 7;41 in the restriction of the
grid to [1..n] x [1.m] \ (75 N ~i+1). We say that k cops catch the robber iff every sequence
of moves in the game is finite. It is known that, if the treewidth of the graph is greater or
equal to k, then k + 1 cops catch the robber on a graph G [ST93]. Since min{n, m} — 1 cops
do not catch the robber (which can always move to the intersection of a cop-free row and a
cop-free column) it follows that the treewidth of the grid is greater than min{n, m} — 1. At
the same time, there exists a tree decomposition of width min{n,m}. For the n x m N-3
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cylinder (the case of the E-W cylinder is analogous), we need extra n cops to prevent the
robber escaping wrapping around the E-W axis, thus the treewidth is min{2n,m}.

We now consider some ¢ > 0 and some model (U,o) with tw((U,o)) > 2i that does
not contain torus components. Then, N decomposes into grid components and cylinder
components. Because of our assumption tw((U, o)) > 2i there must be some component C'
of N with tw(C') > 2i. Now, we can deduce that C' contains some square grid M of size i X i
as a substructure (this follows from 2i < min{n, m} for grids and from 2i < min{n,2m}
resp. 2i < min{2n, m} for cylinders). Hence, we can restrict our attention to models of ¢
that are square grids. Let My, My, ... be a sequence of models with M,, = ¢, where each M,
is a square grid of size n x n. We are now going to construct a sequence of models Gy, Ga, . ..
such that each G, is a square grid of size n with G,, = ¢, and each G, is included in Gy41,
where we say a model I of ¢ is included in a model J of ¢ if I resp. J are square grids
of size n x n resp. m x m, and we have that n < m and all tiles at positions (z,y), with
x,y € [1,n], are the same in both models. We construct the sequence G1,Ga, ... inductively,
maintaining an infinite sequence of models M7, M3, ..., for each n € N, such that G, is
included in all M*: Take G to be a model that consists of a single tile, which appears
infinitely often at position (1,1) in the models My, Ms,...; then we obtain the sequence
M}, M, ... as the restriction of M, Ma, ... to the models that include G;. Assume we have
already defined G,,. Choose some square grid G, 1 of size n + 1 that is included infinitely
often in models of the sequence M7, M3, ... (note that such a square grid must exist by the
pigeonhole principle); then obtain the sequence MI”H, Mg‘“, ... by restricting the sequence
to the M{*, MZ, ... to the models that include Gy, 1. With the sequence G, Gy, ... at hand
we now obtain a tiling of the plane: For position (i, j), with 7, j € N, simply take the tile at
this position in Gyax(; ;- We now verify that the horizontal resp. vertical requirements of a
tiling are satisfied. We verify only the horizontal requirement (the vertical one is symmetric).
Consider tiles at positions (7, j) and (i + 1, j). If ¢ # j, then both tiles have been defined
by Grax{i,j}, and the matching requirement is satisfied because Gyaxyi ;) is @ model of ¢.
If i = j then the tile at position (i,4) is defined by G; and the tile at position (i + 1,1) is
defined by G,11. Now we observe that the tile at position (7,4) in G; is the same as the tile
at position (4,4) in Gj4+1, because Gj is included in Gj;1, and the matching requirement is
satisfied because G;+1 is a model of ¢. ]

This concludes the proof of the theorem. ]

6. CONCLUSIONS

We have presented a decision procedure for the treewidth boundedness problem in the
context of SLR, a generalization of Separation Logic over relational signatures, interpreted
over structures. This procedure allows to define the precise fragment of SLR in which every
formula has a bound on the treewidth of its models. This fragment is the right candidate
for the definition of a fragment of SLR with a decidable entailment problem. Another
application is checking that each graph defined by a treewidth-bounded SLR formula satisfies
MSO-definable properties such as, e.g., Hamiltonicity, or 3-Colorability.
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APPENDIX A. PROOFS FROM SECTION 2

A.1. Proof of Lemma 2.9. Without loss of generality, we consider that A is equality-free
(Lemma 2.6). We propose a construction using an idea of Brotherston et al [BFPG14],
that characterizes the satisfiability of a predicate by an abstraction consisting of tuples of
parameters occurring in the interpretation of relation symbols. A similar abstraction has
been used to check satisfiability of SLR formulae [BBI22a].

Definition A.1. A base of is a mapping o : R — mpow (V™) of relation symbols r into
multisets of tuples of variables of length #r each. A base is satisfiable iff o(r) is a set, for
all r € R. Given a set of variables X C V| let SatBase(X) denote the set of satisfiable bases

whose images contain only variables from X and let SatBase = SatBase(V).

We consider three partial operations on SatBase. First, the composition is ag ®
O'g = O’% U ag if a% U O'g is satisfiable, and undefined, otherwise. Second, the substitu-

tion o*[x1/y1, ..., Tn/ys] replaces simultaneously each occurrence of z; by y; in o¥, for all
j € [1..n]. Third, given a set X C V of variables, the projection is:

FlxZE A {{z1, .. m) €0t () |21, 2, € X}
Finally, for a qpf formula ¢, we define:
Base(¢) = Ar . {{x1,...,2,) | r(x1,...,2,) occurs in ¢}

The predicates B of the SID A are obtained by annotating each predicate B that occurs
in A with a satisfiable base ¢f. The arity of each predicate B“* is the arity of B. Then A
contains the rules:

ol ¢ oot
BOO(azl, e 737#80) — Iy . Aym - Y % *i=1 Bil (2@1, ceey Zi,#Bi)
where Bo(z1,...,24B,) ¢ y1...Fym - ¢ * *le Bi(2i1,...,2i#B,) is a rule of A, ¢ is the
largest qpf formula from its right-hand side and, moreover, the following condition holds:

¢
of = (Base(u;) ® ®i:1 ofla1/zia, ... an#Bi/Zi,#Bi])J{11,4..,1#80}
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In addition, A contains a rule A + A”u, for each satisfiable base of € SatBase. Note that A
is finite, because A and SatBase are finite. We now prove the points from the statement of
Lemma 2.9:

“A is all-satisfiable for A” We prove the following, more general, fact:

Fact A.2. For each predicate B“* that occurs in A, each predicate-free formula ¢ such that
B’ =% ¢ and each injective store s over {x1,...,z4p}, there exists a structure S = (U, o)
such that S |=° ¢ and, for all r € R and tuples of variables (v, ..., 2, ) with ji € [1..#B]
for all k € [L..#r], we have (z;,,...,2;,,) € o%(r) if and only if (s(z},),...,s(xj,,)) € o(r).

Proof. We proceed by induction on the length of the unfolding B’ =% ¢. The first step of
the unfolding uses a rule:

: '
B? (1‘1, .. ,1‘#3) — E|y1 .. Hym . 1/) * *le B?Z(ZiJ, ceey Zi,#Bi)
#
and for all ¢ € [1..4], we have Bf‘ =% ¢;, such that

¢ =3y Fym xR ilwr )z, wp,2gs,)
modulo a reordering of atoms. Let s be an injective store that extends s over {y1,...,Ym}-
For all i € [1..4], we define s; over {z1,...,x4p,} by si(z;) = 5'(2;;) for all j € [1..#B;]. By
f

the inductive hypothesis applied to the unfolding B?" =% ¢;, there exists a structure S; =
(Uj, 07) such that S; = ¢; and (zj,,...,75,,) € of(r) if and only if (s;(7j,),...,8i(7),,)) €
oi(r). We can furthermore assume for all i; # is € [1..£] that supp(o;,) N supp(oi,) =
{s'(x1),...,8"(z4B),5"(y1),...,8 (ym)}. Since ¢ is equality-free, there exists a structure Sy,
such that S, |:5l 1, and Base(v)) is a satisfiable base. We then prove that the structure
S=(U,0) =S, eS;e...05,is defined and meets the requirements from the statement:

> Let r € R, and suppose, for a contradiction, that there exists a tuple (u1, ..., ux,) € o5, (r)N

04, (r) for i1 # iy € [1..£]. From the induction hypothesis and because s’ is injective, there ex-

its (21, .., 240) € 0F [21/ 20010 - 2y, /2008, )(0) 0 08 (21 201, - Ty, 2,08, ) (1)

with §'(z;) = ug for all k € [1..#r]. This contradicts that the following base composition:

of [21/200, - e, 2 8, ] © 0% [11/ 20, T, /2 48,

is defined. However, this must be the case, for the above derivation rule to exist in A.
Therefore, the composition Sy e...eSy is defined. The same type of argument can be used
if the tuple occurs in the intersection between the interpretation of a relation symbol in
Sy and S;, for some 4 € [1..¢], thus the composition S,, @ S; e ... S, is defined.

/ ot :
> SyeS;e... .05, =" 1« *¢ ) B, (2i1,-..,% #B,) by construction, thus S =° ¢.
> Let r € R and ji € [1..#B] for all k € [1..#r]. We omit relations that occur in v since this

is a simple case. Then (x;,,...,2;,,) € o*(r) if and only if (jr, - ,xj%é) € Ug(r) for some
i € [1..0] and @, = z; ; for all k € [1..#r], if and only if (s;(zy;), ... ,5i(xj;¢r)) € oi(r) by
induction hypothesis, if and only if (s(zj,),...,5(zj,,)) € o(r). L]
By taking any injective store s over {x1,...,z4a}, for every predicate-free formula ¢ such

that A°* =* ¢, we find a structure S such that S =° ¢, by Fact A.2. Therefore, A is
all-satisfiable for A.
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“IAlo = [A]x” The inclusion [A]x C [A], is immediate by simply removing the base
annotations from any derivation run on A. For the converse, we prove the following fact:

Fact A.3. For every predicate B of A, for every structure S € [B], and store s such that
S =° B(x1,...,x4B), there exists a satisfiable base of, such that S |=° B* (x1,...,x4B), and
(j, ... xj,,) € of(r) if and only if (s(xj,),...,s(x;,,)) € o(r) for all r € R and jj, € [1..#B]
for all k € [1..#r].

Proof. Let S € [B], and s be such that S =° B(x1,...,24g). The proof is by induction
on the derivation of S |=° B(x1,...,z4B). Assume that the first step of this derivation

uses a rule B(xy,...,x4B) < Jy1 ... Jym . Y * *le Bi(%i1,..., % #8,). Then, one can split

S=S,eS5;e...05, such that S ):5’ ¢ and S; = Bj(x1,...,xyB,), where §' extends

so and s;(z;j) = 6'(z; ;) for all i € [1..4] and j € [1..#B;]. By the induction hypothesis, for
of

each ¢ € [1..4], there exists a satisfiable base of, such that S; =" B, (x1,...,248,), and

(Tjyyenr Tjy) € ag(r) if and only if (s(xj,),...,5i(7j,,)) € o(r). We consider:

def Z
ot £ (Base(z/;) ® ®¢:1 Uf[xl/zi,l, S x#Bi/Zi,#BiDJ{ml,...,m#B}

and prove that of is properly defined above:

> ¢ is satisfiable, thus so is Base(y) = Ufb. Projections over base pairs do not change the
satisfiability, nor substitutions because A is equality-free.

> We check the satisfiability of the composition in the definition of o¥. Suppose, for a con-
tradiction, that there exists a tuple (z1,...,24,) € o*i(r) N Jf [@1/2i1, - 4B,/ %i48,](r)
for some i € [1..4] and 2z, € {z1,...,24B,V1,-..,Ym} for all k& € [1..#r]. Then there
exist ji,...,jxr € [1..#B;] such that (z;,,...,z;,,) € ag(r) and s;(xj,) = §'(z) for all
k € [1..#r]. Thus we obtain (s'(z1),...,8'(z4,)) € oy(r) N o;(r), which contradicts the
composition Sy, e S;. A similar argument ensures that no collisions occur between S;,
and S;,, for any i1 # i2 € [1..4].

The last part of Fact A.3 is similar to the proof of Fact A.2. []

Therefore, any model S of [A] 5 is a model of [A? N]]K with an appropriate base of. The upper
bound on predNo(A) is obtained by noticing that, for each predicate symbol A that occurs
in A, we introduce at most relNo(A) - #AMaxRelArity(A) < re|No(A) - maxVars(A)maRelArity(A)

new predicate symbols. []

A.2. Proof of Lemma 2.10. The proof follows a generic guideline. First, recall that for
any set of structures S we have

tw(S) = max tw(S) = max min{wd(7) | T' is a tree decomposition of S}.
€ €

Therefore, in order to prove an inequality of the form tw([¢7]) < tw([¢7]) + k for ¢, two
qpf formulae, we make use of the alternating max and min by proving the following:
for every structure S and store s such that S |=° ¢

there exists a structure S’ and a store §' such that S’ =° ¢ and

for every tree decomposition T' of S’
there exists a tree decomposition T of S such that wd(T) < wd(T") + k.
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(1) The first point is immediate since [(¢ % k¥, 2o = xz)a]] C [#7].

(2) Since [(¢ % k¥, 2o # xz)a]] C [¢7], we obtain immediately tw([(¢ * k5_, zo # xl)a]]) <
tw([¢7]). For the reverse inequality, recall that ¢ % k¥ | zo # z; is satisfiable. Then ¢
must also be satisfiable, so let S = (U, o) be a model and s a store such that S =°* ¢. We
distinguish two cases:

> if s(z0) # s(x;) for all i € [1..k] then let S' =S, &' = s hence S’ =% ¢ * k5| xg # x; and
tw(S) = tw(S).

> if §(xo) = s(x;) for some i € [1..k] then let us consider a new fresh element e € U and
define a new store s’ by §'(y) = e if y =, z9, and §'(y) = s(y) otherwise. We define
the S = (U U {e},0’) as follows. For every r € R, for every tuple (u1,...,ug,) € o(r),
there exists a unique relation atom r(yi,...,y#,) occurring in ¢ such that s(y;) = u;
for all j € [1..#r]. Then, add the tuple (s'(y1),...,8 (y#)) to o’(r). By construction
g }:5' ¢ * >I<f:1 xo # ;. Let T" be a tree decomposition of S’. We define T by removing
the element e from 7" and adding s(z¢) in every node of T". T is a tree decomposition of
S of width at most wd(T”) + 1. Therefore wd(7T") < wd(7”) + 1, hence the result.

In both cases we obtain the expected result tw([¢7]) < tw([(¢ * k¥, 2o # xl)a]]) + 1.
(3) We prove tw([(¢ * r(z1,...,2;))7]) < tw([¢7]) + k. Let S = (U,0) and s such that
S E® ¢xr(xy,...,21). Wedefine S’ = (U, ¢’) from S by removing the tuple (s(z1),...,s(zx))
from o(r). Let T' be a tree decomposition of S’. We define T' by adding the elements
s(x1),...,8(xk) to every node in T’. This construction does not break connectedness of
the subtree of T' containing any element, 1" still contains a node with all elements of any
relation in ¢/, and moreover (since 7" is not empty) T contains a node (in fact all nodes)
with elements s(z1),...,5(zg) simultaneously. Therefore T is a tree decomposition of S of
width at most wd(T”) + k.

We now prove that tw([¢3]) < tw([(¢ = r(z1,...,2%))°]) + 1. Recall ¢ % r(zq, ..., xp) is
satisfiable from the hypothesis. Let S = (U, 0) E° ¢, and we distinguish two cases:

> If (s(z1),...,5(xk)) ¢ o(r), then consider s’ = s and S’ obtained by adding the above
tuple to o(r). Then S’ =% ¢ r(x1,...,2;) and for any tree decomposition 7" of S’ we
have T =T" is also a tree decomposition for S hence ensuring wd(7T") = wd(T”).

> If (s(x1),...,8(xk)) € o(r) then, because ¢ * r(x1,...,xy) is satisfiable, there must exist
variables #/,..., 2} and j € [1..k] such that r(z],...,2}) occurs in ¢, s(x;) = s(x}), for
every i € [l..k], and moreover x; %, mg Let us consider a new fresh element e € U
and define a new store §' by s'(y) = e if y =, 2}, and s'(y) = s(y) otherwise. Let
S’ = (UU{e}, 0’) defined as follows. For every r’ € R, for every tuple (u,...,ugp) € o(r'),
there exists a unique relation atom r'(y1,...,yx.) occurring in ¢ such that s(y;) = u;
for all j € [1..#r']. Then, add the tuple (s'(y1),...,8 (y#r)) to o'(r). Finally, add the
tuple (s'(x1),...,8 (z1)) to o’(r). By construction S’ =% ¢ xr(z1,...,z1). Let T" be a
tree decomposition of S’. We define T' by removing the element e from 7" and adding

s(z}) in every node of T7". T'is a tree decomposition of S of width at most wd(7") + 1,
that is, wd(7T") < wd(7”) + 1.

In both cases we obtain the expected result, that is, tw([¢7]) < tw([(¢ * r(z1,...,z1))7]) +1.

(4) Similar to point (3), it generalizes the (right) inequality from formulee consisting of a

single relation atom to formulee consisting of arbitrarily many relation atoms. ]
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A.3. Proof of Lemma 2.11. Note that fv(n) C F C fv(¢) and henceforth, fv(¢ xn) = fv(¢).
We follow a similar strategy as in the proof of Lemma 2.10. Consider a structure S = (U, o)
and a store s, such that S E=° ¢ x 7. We build a store s’ and a structure S’ such that
S' =% ¢px1p and tw(S) < tw(S') + card(F). First, consider a store s, that is canonical for ¥
(Definition 3.1), and a structure S” = (U”, ¢”), such that S” =*" 1. Such store and structure
exist, because 1) is satisfiable. Assume without loss of generality that S” and S are disjoint
structures, that is, §”(fv(1)) Ns(fv(4)) = 0. Second, we define the store &', as follows:

s"(y) iy etv(y)
§(y) =< §"(y) ifyefv(e)\v(y) and there exists y € F such that y ~4 v/
s(y) otherwise

Note that the definition of s’ is consistent. In particular, for any y € fv(¢) \ fv(y)) there

exists at most one variable ' € F, such that y ~4 y/, because otherwise, the hypothesis

x %4 y for all z,y € F would not hold. We build now the structure S’ = (U’,¢’) where

U’ £ UUU"” and o'(r) is defined for every relation symbol r € R as follows:

> add each tuple (u1,...,ug,) € o”(r) to o’(r),

> for every tuple (uq,...,ug,) € o(r), there exists a unique relation atom r(yi,...,Yyx)
occurring in ¢, such that s(y;) = w; for all ¢ € [1..#r]; we add the tuple (s'(y1),...,5 (yzr))
to o'(r).

> nothing else belongs to o/(r).

This construction guarantees that S’ |:5/ ¢ * . Equality and disequality atoms in ¢ * ¢ are

satisfied, by the definition of §'. With regard to relation atoms, notice that no tuple is added

twice to ¢’(r) in the definition above. That is, if some (s'(y1),...,5 (yx,)) obtained from

o(r) exists also in o”(r), then ¢ * b would not be satisfiable. Let T" be a tree decomposition

of S’. We define a tree decomposition T' by:

> removing {s'(y) | y € fv(¢)} from every bag of 1",

> adding {s(y) | y € F} to every bag of T".

The result is a tree decomposition T' of S of width wd(7T') < wd(T") + card(F). Since the

choice of T" was arbitrary, we obtain tw(S) < tw(S’) + card(F'). Since the choice of S was

arbitrary, we obtain tw([(¢ * 7)7]) < tw([(¢ * ©)7]) + card(F). ]

APPENDIX B. PROOFS FROM SECTION 3

B.1. Proof of Lemma 3.24. (1) “EF*(split(S)) C split(EF*(S))” By induction on the
derivation of S € EF*(split(S)) from split(S).
Base case: Let S € split(S). We have:

35" € 8. S € split(S) = IS’ € EF*(S). S € split(S) = S € split(EF(S))

Induction step: Assume S = (S @ Sg) /» for some S1, Sy € EF*(split(S)) and ~ satisfying
the conditions of Definition 3.11 for external fusion of S; and So. Moreover, assume the
induction hypothesis S1,S2 € split(EF*(S)). Then

S1,S2 € split(EF*(S)), S = (S1S2)/x =
(357,55 € EF*(S). S1 TS, S5 £ Sh), S =(S1052) )~ =
351,55 € EF*(S). (3~ . SC™ (S} @S)) /nr) =
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35" € EF*(S). SC™ S’ = S € split(EF*(S))

In the above, the equivalence &' is taken as the extension by equality of ~ and henceforth
it satisfies the conditions of Definition 3.11 for external fusion of S}, Sf.
“split(EF*(S)) C EF*(split(S))” By induction on the derivation of S’ € EF*(S) from S.
Base case: Let S € split(S’) for some S’ € S. We have:

S € split(S') = S € EF*(split(S')) = S € EF*(split(S))

Induction step: Assume S € split(S’) for some S’ = (S @ S}) /s for some S, S5 € EF*(S)
and equivalence &' satisfying the conditions of Definition 3.11 for external fusion of S}, S}.
Assume the induction hypothesis, that is, split(S)), split(S) C EF*(split(S)). Then:

split(S}), split(Sy) C EF*(split(S)), S’ = (S1 0 Sh)/ar, S € split(S') =
split(S)), split(Sy) C EF*(split(S)), S’ = (S} ®Sy) /s, SE™ S
We distinguish two sub-cases:
e S is a maximally connected substructure of S} (the case of S} is symmetric) not affected
by the external fusion defined by ~/':
split(S)) C EF*(split(S)), (3S1. 51 TS}, S=51) =
split(S]) C EF*(split(S)), S € split(S}) = S € EF*(split(S))
e S is a connected structure including several maximally connected substructures, at least
one from each S, for i =1, 2:
split(S)), split(Sh) C EF*(split(S)),
dk > 1. 35171...3517]“. Sl,i cme Sll for all 7 € [1../€1],
dke > 1. 352,1...3527;@2. 527]' cme 5/2 for all j € [1..]{32],
(3~.S=(S110...05;;, 5210 ...05y;,) /), S connected =
split(S)), split(S5) C EF*(split(S)),
Jkq > 1. 3511...3S1 4, S1,i € split(S]) for all i € [1..k1],
Jkg > 1. 3S31...3S0 k,. S2,j € split(Sh) for all j € [1..k2],
(3~.S=(S119...0S;, S210...055;,) /=), S connected =
dks > 1. 351,1...3517]91. Sl,i S EF*(Split(S)) for all 7 € [1..k1],
dko > 1. 35271...3527]{2. SQJ‘ € EF*(Split(S)) for all j € [1..k‘2],
(3=.S=(S110...051;, ®S210...05:;,)/~), S connected = S € EF*(split(S))
In the above, the equivalence ~ is the restriction of &' to the substructures included in
the composition. As &' is conforming for external fusion of S}, S, and since the resulting
structure S is connected, it is always possible to obtain S as a sequence of external fusions
conforming to Definition 3.11 from the respective substructures.
(2) “IEF*(split(S)) C split(IEF*(S))” By induction on the derivation of S € IEF*(split(S))
from split(S). The induction proceeds as for (1), with one additional case in the induction
step.

Induction step: Let S = (S1)/~ for some S; € IEF*(split(S)) and equivalence relation
~ conforming to internal fusion of S;. Moreover, assume the induction hypothesis S; €
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split(IEF*(S)). Then
S1 € split(IEF*(S)), S= (S1)/x =
(38} € IEF*(S). 5, =™ S)), S= (S1)/x =
35| € IEF*(S). 3~ . ST (S))/a) =
38" € 1EF*(S), ST S’ = S € split(IEF*(S))
In the above, the equivalence ~' is taken as the extension by equality of ~ and hence
conforming for internal fusion of structure Sj.
7split(IEF*(S)) C IEF*(split(S))” By induction on the derivation of S’ € IEF*(S) from S.
The induction proceeds as for (1), with one additional case in the induction step.
Induction step: Let S € split(S’) for some S = (S))/~ for some S| € IEF*(S) and

equivalence ~' conforming for internal fusion of S|. Moreover, assume the induction
hypothesis split(S)) C IEF*(split(S)). Then

split(S)) C IEF*(split(S)), S' = (S})/as, S € split(S) =
split(S)) C IEF*(split(S)), ' = (S})/~r, SC™ S =
split(S)) C IEF*(split(S)),
Jk > 1. 3S11...3S1 4. S1; C™¢ S| for all i € [1..K],

(I3~.S=(S119...051})/~, S connected) =
split(S)) C IEF*(split(S)),
3k > 1. 3511...3S1 k. S1,; € split(S)) for all i € [1..K],
(3~.S=(S1,10...051})/~, S connected) =
Jk > 1. 3511...351 ;. S1; € IEF*(split(S)) for all ¢ € [1..k],
(3=~.S=(S1,19...051%)/~, S connected) = S € IEF"(split(S))

In the above, the equivalence = is taken as the restriction of ~' to the maximal connected
substructures included in the construction of connected S. Henceforth, ~ is conforming for
internal fusion as well. As the resulting structure S is connected, it is always possible to
construct it in IEF*(split(S)) i.e., first by using external fusion conforming to Definition 3.11
to connect all the included substructures and second, by using internal fusion to further
restrict the result if needed. []

B.2. Proof of Lemma 3.31. “split([A]y) C€ [I']p” We prove first the following fact:

Fact B.1. Let Bo(z1,...,248,) =A Fy1...3yn . ¢ be a complete A-unfolding, where
¢ is a gpf formula, s a store injective over {x1,...,z48,} U {y1,...,yn}, S = (U,0) a
structure such that S =° ¢ and S’ = (U’, ¢’) a structure, such that S’ C™¢ S and supp(c’) N
{s(x1),...,5(z4,)} # 0. Then, there exist a nonempty set Jy C [1..#Bg], equivalence
relation §y C Jy x Jo and complete T-unfolding Bo(w1,...,24By) /e, =¢ 1. Tyn - &,
where ¢’ is a qpf formula, such that S’ |=° ¢'.

Proof. By induction on the length of the A-unfolding. Assume the first rule in this unfolding
to be of the form (3.1), for a qpf formula 1)g. Then, there exist:

> unfoldings Bi(z1,...,z48,) = i, - W, - Gi» Where yj, oo Y5, € {Y1,-- . Yn}
and ¢; are qpf formulee, for all i € [1..4], and
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> structures Sg = (U, 09),...,S¢ = (Ug,0y), such that Spe...eS, =S, Sy =° ¢y and
S; ):5 ¢191, where 0; = [xl/zi,l, Ce ,:B#Bi/zi’#gi], for all 7 € [1£]
Since S’ E™¢ Sy e ... S, is a maximally connected structure, there must exist structures
0= o,09), S, = (Ui, 07)),...,S;, = (Uy, 07, ), for i1, ..., i € [1..£], such that:
> 5’25605210...05§k,
> supp(o;, ) N {s(2i,,1), -, 5(%i, 48, )} # 0 and S} C™¢S;,, for all h € [1..k],
> supp(o’) N{s(zi1),...,8(zi48,)} =0, for all ¢ € [1..0)\ {i1,..., i}

—1
Since S;, =° ¢, 0;,, we have S;, ):509% ¢i,, for all h € [1..k]. By the inductive hypothesis,
there exist nonempty sets J;, C [1.#B;,],...,Ji, € [1..#B;,], equivalence relations &;, C
Jiy X iy, ., &, € J4y, X J;,, and complete I'-unfoldings:

Bih (1,‘1, A ’x#Bih)/éih :>I>’i Elyj%l . Elyjihvk‘ih . QS;h

-1
such that S} =i ¢;, , for all h € [1..k]. Then, we define:

> sets J;, = [1..#B;] \ J,, for all h € [1..k],
> gpf formulee ¢, and ¢ satisfying points (1) and (2) from the construction of T,
> an equivalence relation Z = (conn(¢{) U Ulflzl &, (Biy (zip 1, - >Zih,#Bih))):~
We argue that the construction of the formulae ¢, and v is effective. There are no (dis-)
equalities in A, i.e., ¥ consists of relation atoms only. Each atom « of g, such that
fv(a) Nivy, (Biy (Zin,15- - -+ 2y 8,, ) # 0, for some h € [1..k], is added to ¢5. Moreover, each
atom « of 1y, such that fv(a) N ijZ,h(Bih (Zip,1s- - Zip, 8, ) = 0, for all h € [1..k] is added
to 1. Note that, each atom can only be added either to ¢, or ¢ but not to both, because
Si, £™¢S;, and S |=° ¢;, imply that no further element can be added to S , for all h €
[1..k]. The rest of the atoms a from ¢y, i.c., such that fv(a)Nfv,, (Bi, (21, - - 2,48, ) =0
and fv(a) N ijih (Bi,, (2, 15 - - - ’Zim#Bih)) = (), for all h € [1..k], are split between 1), and ),
by repeating the following steps until a fixpoint is reached:
> if fv(a) NEv(ey) # 0, then update ¢ as ¥} * a,
> else, update 1 as (] * a.
By construction, we obtain that fv (i) Nfv(¢y) = 0, as required at point (1).

Let Jo = {j € [1..#By] | s(x;) € supp(c’)}. Note that Jy # @ because supp(c’) N
{s(x1),...,8(z4B,)} # 0. We define the equivalence relation &y C Jy x Jy as follows:

(i,§) € & <= (wi,25) €2
Moreover, one can show that S{ =° (), by the construction of ¢, and (), hence & satisfies
the conditions (4)—(7) from the definition of ", hence I" contains a rule of the form (3.2), with
qpf formula ). Since S" =% o k¥ _, ¢;, On and ¢’ = g * X - ¢/, O, modulo a reordering
of atoms, we obtain that S’ =° ¢/. []

The proof is completed as follows. Let S’ € split([A]}) be a maximally connected
substructure of a canonical model S € [A]%. Then, there exists a complete A-unfolding
A =% Jy; ...y, . ¢ and a store s, injective over 1, ..., ym, such that S |=° ¢. Because S’
is connected, there exists a unique (i) predicate atom Bg(z1, ..., z¢g,), (ii) subformula ¢ of
¢ and (iii) structure S” C S, such that Bo(z1,. .., 248,) =% 3 ... Jyi, - ¢ is a complete
unfolding, supp(S”) N {s(z1),...,8(zx8,)} = 0, S” =° ¢ and S’ £ S§”. Without losing
generality, we assume that the above is the smallest A-unfolding with these properties
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and assume that the first rule of the A-unfolding is of the form (3.1), with a qpf formula
1. Then, because S’ is connected, the right-hand side of this rule contains zero or more
predicate atoms B, (i1, .- -, zi, #8,, ), for ip € {i1,... ix} C [1..4], such that supp(c’) N
{s(zip,1)s - 8(zi, 48, )} # 0. Accordingly, we decompose S” = Sg e ... e Sl such that
Sy E° ¥o and S} =° ¢y, where By, (2, 1, - - - s Zip 4B, ) = A Winy -+ - Wjn,m, - Pn are complete
unfoldings, for all h € [1..k]. This decomposition of S” induces a decomposition of S" C™¢ S”
as Spe...eS; =S such that S} C™° Sy and supp(oy,) N {s(2i,1), - - -, 5(zi, #8,, )} # 0, for all
h € [1..k]. Applying Fact B.1, we find nonempty subsets J, C [1..#B;, |, equivalence relations
&n € Jp x Jp, and complete I'-unfoldings B;, (zi, 1, - . - ’Zih»#Bihl/fh =t Wons - Wpn,, - o,
such that S} =° ¢}, for all h € [1..k]. We define the sets J, = [1..#B;,] \ J, and the
formulee ¥{, and 1§ such that conditions (1) and (2) are met. Let = = (conn(y() U
Uizl &, (Bi, (zip 1, - - ,zim#Bih))): be an equivalence relation. Since S’ is connected, we
argue that = has a single equivalence class. Moreover, (z,z) ¢ Z, for all z € {21,..., 248, },
since supp(S”) N {s(z1),...,8(z4B,)} = 0 and s is injective. Then, by definition, I contains
a rule of the form (3.3). This rule and the complete unfoldings B;, (zi,,1,-- -, 2, #8,, ) =T
Wi -+ Wi, - i, for all h € [1..k], are composed to make up a complete I'-unfolding
P =r 3yg .- Jyg - Uy * kE_ &, such that S' =5 ) * kF_, ¢}. Since yg,,...,yq €
{y1,...,ym} and s is injective over yi,...,ym, we obtain that S’ € [P]t.

“IT]s < split([A]a)” We prove first two related facts. First, let Bo(z1,...,748,)/¢, =7
Jy1 ... Jy, . ¢ be a complete I'-unfolding, where ¢ is a qpf formula, Jy C [1..#By] a nonempty
set and & C Jy x Jy an equivalence relation, s be a store injective over {z1,...,z4g,} U
{y1,...,yn} and S = (U, 0) be a structure such that S =° ¢. Given an equivalence class
I C Jy of &, we define the structure:

reachg(I) = (U, Ar . {(u1,...,ug,) € o(r) | Vj € [L.#r] Ji € I . 5(x;) connected to u; in S})
Fact B.2. reach3(l) C™¢S.

Proof. By induction on the length of the I'-unfolding. Assume that the first rule of the
unfolding is of the form (3.2), with a gpf formula 9. Then, there exist nonempty sets
Ji,, C [1..#B;,] and equivalence relations §;, C J;, x J;, , for some i1,. .., € [1..4] and all
h € [1..k] and an equivalence relation = C ({z1,..., 248, }U{y1, -, ym}) x ({z1, ..., 248, }U
{y1,...,ym}), that satisfy points (1)—(7) from the definition of I". By point (7), {z; | i € I}
is an equivalence class of Z[,,, ., and let X C fv(yp) U U’;izl{zih,lv .-y Zip 48, } De the
unique equivalence class of = that contains it. For each h € [1..k], let I}, C [1..#B;, ]| be the
equivalence class of §;, used to define X (3).

Let B;, (21, . .- ,:c#Bih) =t Wjn1 - Winm, - Pn be complete [-unfoldings, such that
¢ = Pl x kF_ onbn, where 0, = [x1/zi, 1, .- »T4B,, /%i,#8,, |, for each h € [1..k]. Since
S E° ¢, there exist structures So = (Up,00),...,Sk = (Uk, o) such that Sp =° ¢, and
Si =° ¢nbp, or equivalently, Sy =0 ' ¢y, for all h € [1..k]. By the inductive hypothesis, we

o -1
have reachﬁshah (I,) C™€ Sy, for all h € [1..k]. Since X is an equivalence class of Z, by point

(3) of the definition of I, we obtain that reachg(I) C™° S. ]

Second, let Bo(z1,...,248,) =A JY1...3Ym . ¢ be the complete A-unfolding obtained
by replacing each rule of the form (3.2) with its corresponding rule (3.1) in the above
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I-unfolding, such that ¢’ is a qpf formula and y1,...,y, € {y1,...,Ym}. Note that the latter
can be assumed w.l.o.g., if necessary, by a renaming of the quantified variables.

Fact B.3. There exists a store s, that is injective over y1, ..., yn and agrees with s over
Yl,...,Yn, and a structure S’ = (U, 0’), such that S’ =" ¢’ and reach(I) C™¢ S, for each
equivalence class I C Jy of &.

Proof. The store s is defined as:

> §'(y;) = s(yi), for each i € [1..n],

> s'(y;) is chosen from U \ {s(y1),...,5(yn)} such that, moreover, s'(y;) # s'(y;), for all
n+l<i<i<m.

Note that §' can be build, because U is infinite. Because of the assumption that each

predicate defined by a rule from A occurs on some complete A-unfolding of A, there exists a

complete A-unfolding:

A=A ...=4 Bo(zl,... ,Z#BO) *¢” =A (Hyl .. .Hym . qb’)[ml/zl,.. . ,.’B#BO/Z#BO] >I<¢H

where ¢ is a predicate-free formula, possibly containing existential quantifiers. Since every
complete A-unfolding of A yields a satisfiable formula, there exists a store s” that agrees

with §" o [21/21,. .., 248, /T4B,] OVEr Y1,...,Ym and a structure S”, such that:
S” ):5 (Ely1 Ce Hym . ¢/)[.%'1/Zl, Ce. ,x#BO/Z#BO] * ¢”
Note that, in the above construction, we have taken s” to agree with s’ over y1,...,¥ym,. This

is possible because there are no (dis-)equalities in A and the set of models of a qpf formula
is closed under isomorphism-preserving renaming of elements.

Let S’ and S be structures such that S” = S’ @ S, S =" ¢f[x1/21,. .., T4B,/74Bo);
or equivalently §' =% ¢/, and S |=°" ¢/. By induction on the length of the A-unfolding,
relying on by point (1) of the definition of I', one can prove that ¢ = ¢ * ¢, where ¢ is a qpf
formula, such that fv(¢) Nfv(¢) = 0. Since S’ =" ¢/, there exists a structure S = (U, ), such
that S’ = S @ S. Moreover, since s’ is injective over 1, ..., ¥m, by construction, we obtain
supp(co) Nsupp(@) = 0. Let I C Jy be an equivalence class of §. By Fact B.2, we have
reachg(I) C™ S. Since S’ = SeS and supp(o)Nsupp(a) = ), we obtain reachl(I) C™¢ S, []

The proof is completed as follows. Let S € [P]}. be a canonical I'-model of P, i.e., there
exists a complete '-unfolding P =} Jy; ...y, . ¢, where ¢ is a gpf formula, and a store
s injective over yi,...,y, such that S ° ¢. By the definition of I, the first rule of
this unfolding is of the form (3.3), with a qpf formula 9. Then there exist I'-unfoldings
Bi(w1, .-, 74B,) /e, =T Fji, ...Elyji’ml_ . ¢, for some sets J; C [1..#B;] and equivalence
relations & C J; x J;, for i € [1..4], such that:

¢ = o * Xicp1.0,7,20 0

where 0; = [ml/zi,l, - 7x#5i/zi7#31]’ 1€ [lé] Let {il, .. .,ik} = {Z S [16] ’ J; 7& (Z)} Then,
there exist structures Spe...eS; =S, such that So =° g and S; =° ¢;,0;,, for i € [1..4].
By the definition of ', there exists a complete A-unfolding:

Bo(.ﬁlfl,...,x#BO) =A Eyl . Hym . ¢6 * *le Bi(zi,l,.. . 7zi,#Bi) A -
=% .. Ty Yk ¢, 0 *
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for qpf formulee ¥y, ¢;,,...,¢; and predicate-free formula 7. Consider the equivalence

relation Z over {x1,..., 248, U{yi,...,ym} defined as:

— def k
E £ (conn(th) U szl FCHCTRUPNETS))

By point (8), = has a single equivalence class X such that:

> Xﬂ{l‘l,...,l‘#go} = @,

> the sets I; = {h € [L.#B;,] | z;,, € X} are unions of equivalence classes of &, namely
Ij =I;1®...W 1, , where [} are equivalence classes of &;, for all j € [1..K].

By Fact B.3, there exist a store s, that is injective over yi,...,y, and agrees with s over
Y1,---,Yn, and structures S, ..., S}, such that S}t = b z?nd reachglj (jn) E™e SL, for all
j € [1..k] and h € [1..q;]. We argue that S; = @}, reachg (I;,) E™¢ S;. Moreover, since
¢’ is injective over yi,...,yn, one can build a structure Sf;, such that S{; E=° 1. We define

=S, e @"_,S.. Thus, we have S C and we are left with showing tha can be
S'=S,e @S Th have S £™¢ S and left with showing that S’ can b
embedded in a canonical A-model of A.

By the assumption that each predicate defined by A occurs on some complete A-unfolding
of A, there exists another complete A-unfolding:

A=4...=aBo(201,-..,20,48,) *C
N (Eyl R s *le Bi(zi,l, R ,Zi7#Bi))[$1/ZO,17 ce 7$#Bo/20,#80] ¢
S =a Gy 3y xR G0+ )len/z00,- e 2080 *

for some predicate-free formula ¢ £ Jy,41 ... Jy, . n, for some variables Yy, 41, ..., ¥yp, such
that {Yn+1,-- -, Ypt N {Y1,...,yn} = 0 and a gpf formula n. Since this latter A-unfolding
yields a satisfiable formula, there exists a structure S” and a store §”, injective over y1, .. ., Yp,
that agrees with s’ over yi,...,yy, such that S” =" 7. Then, S’  S” € [A], and, since
ST S, we obtain S £ S’ e S” leading to S € split([A]}). []

B.3. Proof of Lemma 3.32. Without loss of generality, we can consider that I' is equality-
free (Lemma 2.6) and all-satisfiable for P (Lemma 2.9).
([P]5)** C m3({P)#)” We prove the following, more general, property:

Let Bo(z1,...,x4B,) =1 Fy1 ... 3yn . ¢ be a complete T'-unfolding such that ¢
is a qpf formula, s be a store injective over {x1,..., T4, }U{y1,...,Un}, S=
(U,0) be a structure such that S |=° ¢ and D C supp(o)\{s(x1),...,s(zx4B,)}
be a set such that card(D) < k. Then there exists ({x1,...,x4B,},c, M) €
(Bo)i such that Cs(s(z;)) = c(x;), for alli € [1..#Bg] and M = {Cs(u) | u € D}.

The proof is by induction on the length of the complete I'-unfolding. Assume w.l.o.g. that
the first rule applied in the unfolding is of the form (3.1), with a gpf formula 1. Then,

there exist structures So = (U, 09),...,S¢ = (Ug, 0¢), such that:

>S=Spe...e5,,

> So = o,

> there exists a complete I'-unfolding B;(zi1,...,2i#B,) =1 ;. - .3y, - ¢i, where

Jids- -2 Jik; € [1.n] and ¢; is a subformula of ¢, such that S; =° ¢;, and the indices j; m,
are pairwise distinct, for all m € [1..k;], for all 7 € [1..4].
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Let s; be the store such that s;(z;) = s(z ;) for all j € [1.#B;] and s; agrees with s
everywhere else, for all i € [1../]. Then, there exists a complete I'-unfolding:

Bi(z1, ... 7$#Bi) =1 (Eyjm cee Hyji,ki : gbi)[zi,l/xl’ B Zi»#Bi/x#Bi] = Hyjm cee Hyji,lci - Vi
such that S; =% v;, where v; is a qpf formula, for all ¢ € [1../]. We define the sets:

Dy £ D (supp(oo) UUS_ 1 {s(2i1), .- 5(zi08,)})
D; = (supp(o;) N D)\ {s(2i1),-..,8(2i48,)}, for eachi € [1..4]

and prove the following fact:
Fact B.4. D=DywW D W... WDy
Proof. The sets Dy, ..., Dy are pairwise disjoint, since:

Do < supp(on) U {s(zi1); -+ 5(zipm,)}
D; C supp(o;) \ {s(2i,1),...,5(2 #.,)}, for all i € [1..0]

and, moreover for all 1 <i < j < /£

> (supp(00) UUizy {5(2i,1), - -, 5(zi48,)}) N supp(i) € {s(zi1),- -, 5(zi48,))

> supp(ci) Nsupp(o;) € {s(zi1), .-, 8(zi48,)} N {s(z1), .-, 8(z48,)}

because s is injective over yi,...,y,. “D”7 We have Dow D1 W ... w D, C D because
D; C D, for all i € [0..4]. “C” Let u € D be an element. By the choice of D, we have
u € supp(o) \ {s(z1),...,5(z4p)}. Since S=Spe...eS,, we have supp(c) = Uf:o supp(oi),
hence u € supp(o;), for some i € [0..4]. If u € Dy we are done. Otherwise, u & Dy, hence
u & supp(og) and u € supp(o;), for some i € [1..4]. Moreover, u & {s(2;1),...,5(2i#8;)}
for all j € [1..4], hence u € D;. []

Back to the proof, since card(D;) < card(D) < k, for all ¢ € [1..], by the inductive
hypothesis, there exist ({z1,...,zup,},ci, M;) € (B;)i, for i € [1..4], such that:

> Cs(si(xj)) = c(xj), for all j € [1..4#B;],

Let (fv(¢0), co,0) = ~v(10) be a color triple. Since So E=° 19, we have Cs,(s(x;)) = c(x;),
for all j € [1..#Bg]. By definition, there exists a constraint of the form (3.4) for the
above rule (3.1). We prove that the e**-composition from the right-hand side of the
constraint is defined. Suppose, for a contradiction, that ¢;(z) N ¢j(x) # 0, for some
v € {zi1, - zips} N {z1,. -, 248, and 1 < i < j < L. Then Cs,(x) NCs,(z) # 0,
contradicting the fact that S; @ S; is defined. The same reasoning applies if co(x) N ¢;(x) # 0,
for some x € fv(¢)) N {zi1,..., 2 48, } and i € [1..£]. Then, there exists a color triple:

<X/a Clv M,> S <fV(1/JD)7 o, ®> .ﬁk .nkie[l_.g]<{$la o 7:’6#51'}7 Ci, Mi>[aj1/zi,lv cee 7$#Bi/zi,#Bi]

W.l.o.g. we can chose the tuple such that M’ = M; U ...U M,. This choice is possible
since card(M') = Zle card(M;) = Zle card(D;) < card(D) < k. Let (X,c,M) €

(X', ¢, M vy be such that M = M’ U {Cs,(u) | u € Do}. This choice is possible,

since card(M) < Zf:o card(D;) < k. We prove the points of the statement:
> Let i € [1..#Bp] be an index. By the definition of the e**-composition, we have:
12

Cs(s(2:)) = Csyo..as, (s(0)) = |, Cs, (w0)) = l4f_, esw) = () = cla)

> M =U_o{Cs,(u) | u € D;} = {Cspe...e5,(u) | u € Wiy Di} = {Cs(u) | u € D}
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"m3((PYI) C ([P]5)™” We prove the following, more general, property:

Let ({x1,...,xu8,}, ¢, M) € (Bo)i be a color triple. Then there exists a

complete I'-unfolding Bo(x1, ..., x4B,) =+ 31 ... yn . ¢, whose steps belong

to a complete I'-unfolding of P, such that ¢ is a qpf formula, a store s

injective over {x1,...,xu,} U{y1,...,yn}, a structure S = (U, o) such that

S E* ¢ and D C supp(o) \ {s(z1),...,s(xys,)}, card(D) < k, such that

Cs(s(x;)) = c(x;), for all i € [1.#By] and M = {Cs(u) | u € D}.
The proof is by induction on the length of the finite fixpoint iteration that produced
({z1,..., 248, },c, M). Assume that the last step of the iteration corresponds to a constraint
of the form (3.4), with a qpf formula vy. By definition, there exists a rule of the form (3.1)
in I'; with the same gpf formula . Then v is satisfiable, because each I'-unfolding of P
yields a satisfiable formula. Then there exists a color triple:

<X,7 Cla M/> S 7(¢0) .Jik .ukie[l..f} (Bi)?_ﬂk[-’ﬂl/zi,la e 71‘#81‘/'22',#3»;]
such that
<{$1,...,1’#BO},C,M> € <X/,C/7M/>J§I;1 ,,,,, T 4By}

M C Mu{d@)|zeX \{z1,...,248,}}

Then, there exist

(tv(vo), co,0) = ~(tho)
<{Zi,1, ... 7Zi7#Bi}7 C;, Mz> S (Bi)ur{g[aj‘l/Z@l, ... 733#81-/21',#81-]’ for all 7 € [15]

such that
<X/7 cl) M/> S (fv(w())) Co, ®> .uk .ﬁkie[lng] <{Zi,17 cee 7Zi,#Bi}7 C;;; MZ>

Hence, there exist ({x1,...,x48,},ci, M;) € (BZ)%’“ such that ¢ = ¢;o[x1/2i1,. .., 4B, /2 #8,],

for all 7 € [1..£]. By the inductive hypothesis, for all i € [1..4], there exist:

> a complete unfolding B;(z1, ..., z48,) =7 3y, - - - Elyjl.,ki . ; such that 1; is a qpf formula.
By applying an a-renaming, if necessary, we assume w.l.o.g. that the variables y;, , ... y;, by
are pairwise distinct and, moreover, distinct from x1,...,z4g,.

> a store s; that is injective over {z1,..., 48, } U{yji\,--. ), }- We assume w.lo.g. that
si(z;) = sk(xy) iff 2; ; and 2y, ,,, are the same variable in the rule (3.1), forall 1 <1i < k </,
J € [1..#B;] and m € [1..#Bg]. Note that this assumption does not contradict the fact
that s; is injective over {z1,..., x5, } U{yj 1 - s }-

> astructure S; = (U;, 0;) such that S; =% ;. We assume w.l.o.g. that supp(c;)Nsupp(c;) C
{si(w1), ..., si(xg,)}{sj(x1), ..., 5;(v4.,)}. Note that this is possible by the assumption
that T is equality-free.

> aset D; C supp(os) \ {si(z1),...,8:(xys,)}, such that card(D;) < k, Cs, (si(z;)) = ci(x;),
for all j € [1..#B;] and M; = {Cs,(u) | u € D;}.

We prove the points of the statement. Let 6; be the substitution [z1/z;1,. .., 4B, /2 #8,], for

each ¢ € [1..0], where B;(2; 1, ..., 2 #B,) is a predicate atom that occurs on the right-hand side

of the rule (3.1). A complete I'-unfolding Bo(z1,...,zxB,) =1 Y1 - .. Iyn . 1 is built from the

rule (3.1) above, with qpf formula g, followed by B;(x1, ..., 24, )0; =% 3yj,, - .- Yjix, - Vibi

for all ¢ € [1..£]. Hence 9 = 1)y * *le ;0; modulo a reordering of atoms. Let s, = s; 0 6;

and define the store s as follows:

> 5(2) £ §)(2), for each each z € fv(1;0;),
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> 5(z) & Ule s/ (fv(1;6;)), for each variable z € fv(1)p) \ Ule fv(1);0;) such that, moreover, s
is injective over fv(1)p). Note that this is possible because we assumed I" to be equality-free.

Then, we consider a structure So = (Up, 0¢) such that:

> So ':5 1/)0, and

> supp(og) Nsupp(o;) C s(fv()) Ns(fv(e;b;)), for all ¢ € [1..4].

Since 1)y is satisfiable, such a structure exists and we can consider w.l.o.g. that it satisfies the
above conditions, because I' is equality-free. It is easy to check that the structures Sg, ..., Sy
are pairwise locally disjoint, hence S = (U,0) = Sg e ... Sy is defined. Moreover, we have
S E° 4, because 1) = 1 * >l<f:1 V;i0;, So E° 1o and S; E° 1;6;, for all i € [1..4]. Further, for
all j € [1..#By], we have:

Cs(s(27)) = Cspe. s, (s(x0)) = o] eilg) = ¢ (a)) = ely)

We consider the set D = {u € supp(c) | Cs(u) € M}. Suppose, for a contradiction, that
s(x;) € D, for some i € [1..#Bg]. Then Cs(s(x;)) € M, hence c¢(x;) € M. Since M C
M'U{d(z) |z € X"\ {z1,...,x48,}}, we must have c¢(x;) € M’ C Ule M and let j € [1..0]
be such that c¢(z;) € M; = {Cs; | u € D;}, by the inductive hypothesis. Then there exists
k € [1.#B;] such that c(z;) = ¢j(xr) = Cs,(sj(zx)), thus s;(z) € D; C supp(oj) \
{sj(x1),...,5;(v4.;)}, contradiction. We obtained D C supp(c) \ {s(z1),...,5(r4B,)} and
are left with proving that M = {Cs(u) | v € D}. “O” Immediate, by the definition of D.
“C” Let C' € M be a color. Then either one of the following holds:
>C ={reR|r(z...,2) occurs in g} U Ule ¢i(z), for some z € fv(¢g): in this case,
C =Cs(s(z)) and s(z) € supp(c), hence s(z) € D.
> C € M;, for some ¢ € [1..4]: in this case, C' = Cs(u) = Cs, (u), for some u € D;, by the
inductive hypothesis. Then u € supp(o;) C supp(o), hence u € D. O]

APPENDIX C. PROOFS FROM SECTION 4

C.1. Proof of Lemma 4.7. Assume w.l.o.g. that A is rooted and let &, = (N, €&, Sp)
be the SCC graph of A. By Definition 4.5, & 4 is a tree and, moreover, Sy = {¢}, because
A is rooted. Let A : NUJ§ — {1,00} be the labeling from Definition 4.5. For every SCC
S e N\ {So}, let entry(S) be the unique state g such that {g} = 7°* N S, where {7} =S,
by point (1) of Definition 4.5, and entry(Sg) £ ¢. Moreover, each linear SCC S € A such
that A(S) =1 has a unique transition 7, such that S® = {7}, by point (2a) of Definition 4.5.
We prove first an invariant of 1-labeled linear SCCs:

Fact C.1. Let p € dom(f) be a position, such that 6(p) € S, for a linear SCC S € N,
such that A(S) = 1. Then there exists a descendant p’ € dom(6) of p, such that 6(p’) = so,

t(p') = B and O(p'i) = s;, for all i € [1..k], where S® = {so = (s1,...,5%)}.

Proof. Suppose, for a contradiction, that sg LN (81,...,8k) never occurs below p in 6. Then

every transition that occurs at some position below p in # must be from *S®. This, however,

cannot be the case for a transition 6(p’) SRR (), such that p’ € fr(#). Since, moreover, 6 is

an accepting run, such a transition must occur on the frontier of 6. []

The following facts prove the existence and uniqueness of a position labeled with the
entry state of each 1-labeled linear SCC:
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Fact C.2. For each SCC S € N, such that A(S) = 1, there exists a position p € dom(#),
such that 6(p) = entry(S).

Proof. Because & 4 is a tree with root Sy, we have that S is reachable from Sy in & 4 by a
path of pairs from &£. The proof goes by induction on the length n > 0 of this path. For the
base case n =0 (i.e., S = Sy) we take p = e. For the inductive step, let S’ be the parent
of S in & 4. By points (1) and (2c) of Definition 4.5, *S = {7} for some 7 € S’* N §!, such
that {entry(S)} = 7* N S. By the inductive hypothesis, there exists a position p’ € dom(6),
such that 6(p’) = entry(S’). By Fact C.1, there exists a descendant p of p’, such that
0(p) = entry(S). []

Fact C.3. For each SCC S € N, such that A(S) = 1, there exists at most one position
p € dom(#), such that 6(p) = entry(S).

Proof. Suppose, for a contradiction, that there exist two positions py,pe € dom(6), such
that 0(p1) = 0(p2) = entry(S). By induction of the length of p;, we prove the existence

of a sequence Sk, Tik;,---,51,Ti,1,5%0 = So such that 6(p;) € Sy, °Si; = 7, and
{mij} = Sij—1°®, for all j € [1..k;] and i = 1,2. Since p; # p2, there exists an SCC
S1,4, = S2,j, that violates condition (1) of Definition 4.5. ]

Let 7 : qo = (q1,...,q¢) be a transition, such that A(7) = 1. By point (2b) of
Definition 4.5, we have 7 € S*® for some linear SCC S € N, such that A(S) = 1. By Fact C.2
and Fact C.3, there exists a unique position p € dom(#), such that 6(p) = entry(S). By
Fact C.1, there exists a position p’ € dom(#), such that 0(p") = qo, t(p') = o and 0(p'i) = q;,
for all i € [1..£]. Suppose, for a contradiction, that this position is not unique, hence there
exists another position p” € dom(#), such that 6(p”) = qo, t(p") = @ and 0(p"i) = ¢;, for all
i € [1..]. Since O(p') = 0(p") = qo € S, there exists a transition 7/ with card(7'* N S) > 2,
in contradiction with the fact that S is linear. This concludes the proof L.

C.2. Proof of Lemma 4.8. Let us consider the SCC graph &, = (N, &,Sy) and the
mapping A : N'UJ§ — {1,000} with the properties stated in Definition 4.5 and let ¢ € %(5°°)
be a state. W.l.o.g., we consider that £(A) # () and that A is trim. Then ¢ is reachable
from Sy = {¢}, i.e., there exists a partial run ¢; on A and a position p; such that 6;(e) =
and 01 (p1) = ¢. Let pa be the longest strict prefix of p; such that the transition 7 : 01 (p2) —
(01(p2l),...,01(p2f)) is in 6 for some a € A and index £. This position py exists, by
Definition 4.5, because Sp = {¢} is linear, A(Sp) = 1 by condition (2c), card(Sy®) = 1 by
condition (2a), and the only transition 7o € {¢}* is in §! by condition (2b). This shows that
L ¢ *0> hence q # ¢ and 7 is a transition in 6! on the path from ¢ to ¢ in 61, with 7 being
the last one.

We decompose p; = parps for some index r € [1..£] and position p3 and define the partial
run 0y as fo(e) = 01 (por) and, for each u € N* and i € N such that porui € dom(6;) and paru
is a strict prefix of p1, by 02(ui) = 01 (paru). Then s starts from the state gg = 61 (par) € 7°
and p3 € fr(62) gives the state 02(p3) = ¢. Let S € N be the SCC in &4 such that ¢p € S.
Then A(7) =1 and 7 € S (hence °S = {7} by condition (1) of Definition 4.5), thus A(S) =1
by condition (2c) of Definition 4.5.

We distinguish three cases (see Figure 15 for an illustration):

> If S is not linear, there exists a transition 7/ € *S® such that card(7’* N S) > 2. Let ¢/ = *
and ¢”, ¢"" be the states such that {q”,¢”} C 7/* N S. Since qo,q’,¢",q" € S, we can
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construct a partial run 03 € R%, (A) with transitions taken from %5®, which reaches ¢’ from
qo, then applies 7/ and reaches g from both ¢” and ¢"”. This gives 03(ps) = 05(ps) = qo,
for two distinet positions ps,p; € fr(f3). We define 6y € R% (A) as the partial run
with domain dom(f3) U {psu | u € dom(fs)}, that extends 63 by 6p(psu) = 02(u), for all
u € dom(f2). Then 6 satisfies point 1 of the lemma because 6y (ps) = qo and 0y(psp3) = q,

with py # psps € fr(fo).
If S is linear and ¢ ¢ S, there exists a unique position pg and a transition:

o 92(]76) N <(92(p61), A ,92(p6k)> € 6

for some alphabet symbol « € A and some index k € N, such that 2(pg) € S. Moreover,
there exists an index r € [1..k] such that 02(psr) ¢ S and pgr is a prefix of ps. Then
A(7") = oo and, by condition (2b) of Definition 4.5, we have 7/ ¢ S°®, hence 7/ € °S*
and ¢’ = Oy(per’) € S for another index 1’ € [1..k] \ {r}. Then there exists a partial run
04 € R, (A) such that 04(p7) = go for some position p7 € fr(6s). We define the partial
run 0y € R%, (A) with domain dom(62) U {per'u | u € dom(6s)}, by extending 6 with
Oo(per'u) = 04(u), for all u € dom(fy). Then 6y satisfies point 1 of the lemma because
0o(per'p7) = qo and Oy(p3) = q, with per'py # ps € fr(6y).

If S is linear and ¢ € S, let 6 € R%(A) be a partial run. Then S® contains only one
transition in 8!, thus for every position v € dom() \ fr(#), such that 6(u) € S, the
transition 6(u) < (0(ul),...,0(uk)) belongs to °S®. Then, there exists an index i € [1..k]
such that #(ui) € S, and we can find a path in # which stays in S and reaches the frontier,
that is ¢ = 0(pg) € S, for some pg € fr(6). Hence, there exists a partial run 65 € R%/(A)
such that 65(pg) = qo, for some position pg € fr(f5). We now can extend 6 to some partial
run ¢' € R%(A) with domain dom(6) U {psu | u € dom(65s)}, as 6/ (psu) = 5(u) for all
u € dom(f5). The partial run 6’ satisfies point 2 of the lemma, because 0'(pgpg) = qo,
with pgpg € fr(6). []

Case 1 (S not linear) Case2 (¢ ¢ 9) Case 3 (g € 9)

Figure 15: The cases from the proof of Lemma 4.8
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C.3. Proof of Lemma 4.9. We assume w.l.o.g. that A = (A, Q,¢,0) is rooted. Let
&4 = (N,€) be the SCC graph of A, where N' = {Si,...,Su} is a topological ordering
of the SCCs i.e., if (5;,5;) € € then i < j, for all 4,5 € [1..M]. For each i =1,..., M, we
iterate the following transformation of A:

> let S; = U(Si,sj)es* S; be the set of states from any SCC reachable from S; in & 4,

> let k; = ng‘Si card(7® N S;) be the number of edges of &, incoming to S;,
> create k; copies of the transitions ¢ — (q1,...,q) € & such that {qo, g, - - 1 Qi =

{q0,...,q} N'S; ie., add a transition (qo,h) = (q1,--., (i, h), ..., (g, h),...,q) for
each h € [1..k;],

> connect these new transitions to the rest of the automaton by adequately changing the
states ¢ € 7* N S; for 7 € °S; to their corresponding copies (g, h), for all h € [1..k;].

It is easy to check that the resulting automaton fulfills condition (1) of Definition 4.5 and
has the same language as A, using Lemma 4.4. We can thus assume w.l.o.g. in the following
that &, = (N,&,S51) is a tree and let Si,...,Sy be a topological ordering of its nodes.
We associate a variable x; (resp. y;) ranging over {0,1, 00} with each SCC S; € N (resp.
transition 7 € §). Initially, the values of these variables are all zero. We iterate over the finite
sequence Sy, ..., Sy as follows. For each i € [1..N], we perform the following assignments in
this order:

. w |1, ifi=1
(i) let z; = { Y ress, Yr - card(T® N S;), otherwise

.. oC e def Oo,lf x; > 0
(ii) for each 7 € *S;°, let y, = { 0, otherwise

(iii) if 2; € {0,000} or S; is nonlinear, for each T € S;°, let y, = 0, otherwise

(iv) else (i.e., x; = 1 and S; is linear) chose for all {y,},cg,¢ some values from {0, 1}, such
that z; = ZTeSi' Yr.

Since, for each SCC S; € NV, there is at most one transition 7 € °S; and card(7* N S;) < 1,
each variable x; is assigned either 0, 1 or co at (i). Note that no variable is assigned twice in
the above iteration sequence, because every x; is assigned exactly once, every y,, for 7 € °S;
is assigned before x; and every y,, for 7 € °S;* U S;*® is assigned after z;. Furthermore,
we have °S;* N *S;* = 0 and S;*NS;* =0, for all 1 < ¢ < j < N, so that each y,, for
T € °5;°US;°®, is assigned exactly once. Moreover, since the choice at (iv) is finite, there
are finitely many outcomes of the above nondeterministic iteration, say (x1,y1),-- ., (X¢, ¥¢),
where x; = (T; ;) jen.n) and y; = (¥; r)res- For each i € [1..4], we define the automaton
A = (A, 9, L,(si), where Q; = U{S] ‘ Ty > 0, € [1]\7]} and §; = {7’ €d | ym > 0}. We
are left with proving the following facts:

def { OO,lf..'E@ >0

Fact C.4. Each automaton A; is choice-free, for ¢ € [1..]V].

Proof. We prove below the points of Definition 4.5:

(1) Let S}, be an SCC of A, such that @; ;, > 0 i.e., S}, is a vertex in the SCC graph & 4.
Since the variable xj, received its value T; j, at (i), either jo = 1 (in which case Z; j, = 1) or
there exists an incoming transition 7 € °Sj, such that g, . > 0. Let S;,, for some j; < jo be
the SCC such that *r € Sj,. Then 7; ;, > 0. Repeating the same argument for j;, we discover
a maximal finite sequence jo, . .., ji such that (S},.,,Sj,) € &, for all i € [0..k — 1]. Moreover,
it must be the case that jix = 1, or else the sequence could be extended, contradicting its
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maximality. Since & 4 is a tree, the path from S7 to S, must be unique and, since the choice

of Sj, was arbitrary, &, = (N;,&;, S1) is a tree as well. The second point from condition

(1) holds already for & 4, hence it must hold for &,,.

(2) The mapping A; : N; Ud; — {1,00} is defined as A;(S;) = @;; for each S; € N; and

Ai(7) =y, , for each 7 € §;. We check that A; verifies the conditions (2) from Definition 4.5:

(2a) if S; € N is linear and T; ; = 1 then the choice at step (iv) was 7, , = 1, for exactly
one transition 7 € S;°.

(2b) ¥, , = 1 iff the value of y, was set at step (iv) and 7 € S;* is the unique outgoing
transition for which a nonzero value was assigned to y,, for a linear SCC S; with

T = 1.
(2¢) 7;; = 1 iff the value of x; was set at step (i) and either j = 1 or for all but one
transitions 7 € °5; we have 7, . = 1. []

Fact C.5. L(A) = U'_, £(A).

Proof. “2” Since §; C §, we have L£(A;) C L(A), for all i € [1..4].

“C” Let t € L(A) and 0 be an accepting run of A over t. We show that there exists an
iteration (i)—(iv) leading to the values (x;,y;) such that, for each transition 7 occurring on 6
at some position p € dom(6) i.e., f(p) = °r, we have:
> T;; > 0, where S; is the unique SCC of A such that *r € S5}, and
> y; > 0.

By the second point above we obtain that 6 is an accepting run of A;. The proof is by
reverse induction on the size of the subtree of # rooted at p.

Base case: If p = ¢, the variable x; is always assigned the value 1 at step (i). We chose the
values for all {y,/},/¢cg,+, such that y, is assigned 1 and y, is assigned 0, for all 7/ € S;1°\ {7}
at step (iv).

Induction step: If p € dom(0) \ {e€}, since j # 1, by the inductive hypothesis, the variable
y, is assigned non-zero values, for at least one 7/ € °S;, thus we assign z; the value
ZT,E.SJ_ y - card(7* N S;) > 0 at step (i). If 7 € °S;°, then y, is assigned oo at step (ii).
Otherwise, it must be the case that 7 € S;* and we distinguish two cases. If S; is nonlinear,
then y, is assigned oo at (iii). Else, S; is linear and we can chose the value 1 for y, at step
(iv), because x; has been already assigned to 1. ]

Let i € [1../]. We prove the upper bound on card(d}), as follows. Since the SCC graph
of A; is a tree, the number of 1-transitions in A; equals the number of SCCs in A;. Due
to the expansion of the first step of the proof, we have card(d}) < max{p(a) | a € A}* <
max{p(a) | a € A}*HQ) where s < card(Q) denotes the number of SCCs in A. ]

C.4. Proof of Lemma 4.13. (1) For the first part, we prove the two directions of the
following equivalence: for all structures S and predicates B of arity n, there exists a store s
such that S =5\ B(z1,...,z,) iff there exists a tree t € L4, (Aa a) and a store 5§ such that
S =° O(t) and §(xg-€]) =s(x;) for all j € [1..n].

“=” We proceed by induction on the definition of S =} B(z1,...,2y). Then A contains

a rule p of the form B(z1,...,z,) < Jy1... Jym . ¢ * >I<f:1 Bi(zi1,-..,%in;) and we can
decompose the structure S = Sge...eS,, such that Sy ):5/ 1 and S; ):"Z/ Bi(zi1,. .., %in,) for
all 7 € [1..4], for a store §' that agrees with s over {x1,...,2z,}. For all i € [1..£], we consider

a store s; such that s;(z;) = §'(2;), for all j € [1.n;]. We have S; =% B;(z1,...,2y,)
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and, by induction hypothesis, there exists a tree t; € Eqsi (Aa.a) and a store §; such that
S; =% O(t;) and 5_1-(:5';-‘]) =s;(x;) for all j € [1..n;]. Let 5 be a store such that:

> §($§-€]) =s(x;), for all j € [1..n],
> 5(y7) = &'(yy) for all j € [1.m],
[

> 5(207) = §;(217), for all i € [1..£] and 2! € fv(O(t;)).

Note that & is well defined because §;(2*') = §;(z"1) = §'(zI"), for all 2l € fv(O(t;)) N
fv(O(t;)). We have S; =° O(¢;)" for all i € [1..] and Sp =° ), thus S =¥ O(t) where ¢ is the
tree consisting of a root labelled by «, and ¢ children ¢; for ¢ € [1..4]. Since t € Ly (Aa )
and 5(:556]) = s(x;), for all j € [1..ng], by definition, we obtain the result.

“«<"” The reverse implication is proven by induction on the structure of the tree t € Lg;(Aa A)
such that S |=° ©(t). Since t € L, (Aa a), there is a transition gg 19, (gBy5---,qB,) € 0A
such that t(e) = «,, for some rule p of the form above and t|; € Lgg (Aag) for all i € [1..0].
Meanwhile S =5 #(e) % 5k _, ©(t];)", thus we can decompose the structure as S = Spe...0S,,
such that So =° o, and S; E° O(¢;)"” * KL ” = a:?] for all ¢ € [1..4]. Note that the
additional equalities from «, are necessary to remember the links between the variables
from p. Let §; be a store, such that s;(z) = 5(zl*!), for all 2! € fv(O(¢|;)) and all ¢ € [1..4].
By the inductive hypothesis on t|;, there exists a store s; such that S; =% Bi(x1,...,zp,)
and s;(z;) = 51( 1), for all j € [1..n;]. We consider a store s’ such that s'(z;) = 5( [E]),

for all j € [1..n], and s'(y5) —s(y] ), for all j € [1..m]. For all i € [1..4] and j € [1..n;] we

have s;(x;) = si(x B]) 5(x m) 5(z FJ) =6'(2;;), because zz[; = ?] holds for § in the empty
structure. Therefore S; ):A Bi(2i1,...,%in;), for all i € [1..€]. Moreover Sy |:5/ 1, and by
composing the structures and using p, we obtain S ):“”A, B(x1,...,2n).

(2) To show [A] = [A,] 5, We prove the following equivalence: for all structures S and states
go € Q, there exists a tree t € L,(A) and a store s such that S |=° O(t) iff there exists a
store s such that S =} | Agy (21, ..., Tgg) and s(z;) = 5( 1), for all j € [1..#qo). )

“=" We reason by induction on the structure of the tree t € L4 (A), such that S =° ©(t).

Since t € L4,(A), there is a transition g 19, (ql, ...,q¢) € ¢ such that t|; € L, (A), for
all i € [1..f]. Meanwhile S |=° t(e) * 5k {_; O(t];)" thus, we can decompose the structure
S =2Spe...eS,, such that Sg |=° t(¢) and S; =° O(t|;)". Let 5; be a store, such that
§; (2P = §(2l7]), for all 2Pl € fv(O(t];)) and all i € [1../]. By the inductive hypothesis
on t|;, there exists a store s; such that S; ):ZA Agi(x1,...,Txq) and s;(z;) = 52( 1) for
all j € [1..#£¢;]. We consider a store s’, such that 5’(:17j) = 5( 9y, for all j € [1 ..#qo],
5’(1:?]) =s;(x;), for all ¢ € [1..4] and all j € [1..#4¢;], and §'(z) = 5(z ), for all other variables
z € fv(t(e)). Then S; |:5A,A A, (2l x#q) and So =% t(e )[;v[f]/:rl,...,:z:;gqo/x#qo] thus,
by composing the structures, we obtain S 'ZAA Ag(z1,. .., 2pq,)-

“«" The reverse is shown by induction on the definition of S =}, , Ag (1, ..., T44,). Then
there exists a rule in A 4 of the form (4.1) and we can decompose the structure S = Spe...eS,
such that So = afz! /1, ... 7375;](10/33#(10] and S; ‘:BA/A Ay (2l ,xﬁqi), for all i € [1..4],
where ¢’ is a store that agrees with s over {x1,...,244}. For all i € [1../], we consider a
store s; such that s;(z;) =5 ( 7). We have S; ):AA 0 (%1, ..., Tue) and, by the inductive
hypothesis, there exists a tree ti € L4,(A) and a store §; such that o; =" O(t;) and
5}(3,’;.6]) =s;(xj), for all j € [1..4#¢;]. Let 5 be a store such that:
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> §(xge) =¥1E ) for all j € [1..4#qo],
> E(yj[e) =5 ( 1), for all j € [1..m],
> 5(207) Z §;(2), for all i € [1..£] and all 2" € fv(O(t;)).

Note that s is well defined because §;(z ]) = 5;(z") = §/(zI"), for all 2l € fv(O(t;)) N
fv(O(t;)). We have S; =° O(t;)", for all i € [1..] and Sp =° a, thus S =° O(t), where t is
the tree consisting of a root labelled by « and children ¢;, for i € [1..£]. Since t € L4, (.A)
and E(xg-e]) = s(x;) for all j € [1..4#qo] by definition, we obtain the result.

To show [A]" C [AJ4 ,, let (S,0) € [A], where S = (U, 0) is a structure and 2 C U x U
is a symmetric relation. Then there exists a tree ¢t € L£L(A) and a store s canonical for
O(t), such that S |=° ©(t) and, for each (u,v) € 0, there exist variables z € s~ !(u) and
y € s 1(v) such that the disequality = # y occurs in ©(t). Let @ be the accepting run of A
over t. By a depth-first traversal of 6, we build a complete unfolding A, :>*AA @(t)a. Since
S =° O(t), we obtain (S,9) € [A] ,, by Definition 3.1. Conversely, to show [A]" 2 [A]}4,,
let (S,0) € [A]5,, where S = (U, 0) is a structure and @ C U x U is a symmetric relation.
Then, there exists a complete unfolding A, :*AA dxq...dx, . ¢, where v is a gpf formula,
and a store s canonical for 1, such that S |=° ¢ and, for all (u,v) € 0 there exist variables
r € s 1(u) and y € s~ (v), such that the disequality = # y occurs in 9. By induction on
the length of the unfolding, one can build an accepting run 6 of A, that recognizes a tree
t € L(A), such that ©(t) differs from ¢ by an a-renaming and permutation of atoms via
commutativity and associativity of the separating conjunction. Hence (S,?) € [[@(t)a]]r, thus

(S,0) € [A]".

C.5. Proof of Lemma 4.23. (1) Let ¢ € L£(AL ,) be a tree. Since AL A Was ob-
tained from Aa A by removing relation and dlsequahty atoms from the labels of its 1-
transitions, there exists a tree t € L(Aa), such that dom(t) = dom(t’) and O(t) =
O(t) =k ;‘:1 ri(2i1s -+ 2ig;) * K 721 yj1 # yj,2 modulo reordering of atoms, for some relation
symbols r; and variables z;1,..., 2k, Yj1,¥;2. By Lemma 4.13, ©(t) is satisfiable, hence
there exists a structure (U,o) and a store s, such that (U,o0) =° O(t). We define the
interpretation o’(r) = o(r) \ {(s(2i,1),...,5(zix)) | ¢ € [1.n], r; =r}, for all r € R. Tt is easy
to check that (U,o”) =° ©(t'), hence O(t') is satisfiable. Since the choice of ¢’ was arbitrary,
we obtain that .AIA a is all-satisfiable.

(2) Let t/ € E(.AIA,A) be a tree. By the construction of .AIAA from Aa a, there exists a
tree t € L(Aaa), such that dom(t) = dom(t') and ©(t) = O(t') * kL ri(zi1, .-, Zik;) *
>l<3-":1 Y;j1 # Y;2 modulo reordering of atoms, for some relation symbols r; and variables
Zidse ooy Zikiy Yil, Yj2- Let Y = UjZ1{9j,1, 52} be the set of variables occurring in disequality
atoms. By Lemma 4.7, each 1-transition of A a occurs exactly once in each accepting run,
hence n < card(d} ) - maxRelAtoms(A), card(Y) < card(d}) - maxVars(A). By Lemma 2.10
(2, 3), tw(O(t)7) < tw(0(t)?) + n + card(Y) < tw(O(t)?) + card(6) - (maxRelAtoms(A) +
maxVars(A)). Since the choice of ¢ was arbitrary, we obtain that [[AIA ] is treewidth bounded,
more precisely tw([[AIA,A]]) < tw([Aaa]) + card(d}) - (maxRelAtoms(A) + maxVars(A)).

(3) Let t € L(Aa a) be a tree. By the construction of AIA’A from Aa a, there exists a tree t’' €
E(AIA,A), such that dom(t') = dom(t) and ©(t) = O(') * Ky ri(zi1, -, 2ik) * K7Ly yj1 #
5,2 modulo reordering of atoms, for some relation symbols r; and variables z; 1,..., 2,
Yi1,Yi2. Let Y = U {2zi1,... 2} be the set of variables occurring in relation atoms.
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By Lemma 4.7, each 1-transition of Ax a occurs exactly once in each accepting run, hence
card(Y) < card(d}) - maxVars(A). By Lemma 2.10 (4) tw(0(t)7) < tw(O(')7) 4 card(Y) <
tw(O(t)7) +card(d )-maxVars(A). Since the choice of ¢ was arbitrary, we obtain that [Aa a]
is treewidth bounded, more precisely tw([Aa a]) < tW([[AIAA]]) +card(d}) - maxVars(A). [

C.6. Proof of Lemma 4.25. (1) Let ¢’ € E(AIA{A) be a tree. Since AIA{A was obtained
from AIA A by removing equality atoms from the labels of its 1-transitions (2), there exists a
tree t € L(AL »), such that dom(t) = dom(#') and O(t) = O(#') 1) where ¢ is a conjunction
of equality atoms. By Lemma 4.23 (1), O(t) is satisfiable, hence there exists a structure
S and a store s such that S =° O(t). We immediately obtain S =° O(t'), hence O(t') is
satisfiable. Since the choice of ¢ was arbitrary, we obtain that .AIA{ A is all-satisfiable.

(2) Let t' € L(AL,) be a tree and ¢ be an accepting run over #'. We shall build a tree
t € L(AL ,) related to ¢’ and ¢’ and show that tw([O(t)7]) < tw([0(t)7]) + K, where K is
constant that does not depend on the choice of . The idea of the construction of ¢ from

t' is to add resets before and after each 1-transition in the run #’, so that the equalities
removed by the transformation from 5IA to 5£I can be added back, without changing the

set of models of ©(# )H. To avoid unnecessary complications, we consider each 1-transition
separately (recall that there are finitely many 1-transitions in AIA{ A)-
We refer to Figure 16 for an illustration of this construction. For a given position

p € dom(t') such that 6'(p) LGN (0'(pl),...,0(pl)) € (5%)1, we separate the run 6’ into a

context O;Iite(p), before the 1-transition, and ¢ = p(¢'(p)) runs 61, ..., 0, after the 1-transition,
ie., G;I}i_te(p) (r) = 0'(r) for every r € dom(t') that is not a suffix of p, and 6;(r) = ¢ (pir) for

every ¢ € [1..£] and position r with pir € dom(¢).

Figure 16: Construction of ¢ from ¢’ (Lemma 4.25)

Then, we build ¢ and the associated run 6 by combining successive partial runs:
> start 6 with H;Ige(p), i.e., no change from 6’ above position p,
> add a 0'(p)-reset Oueor(p) € Rog,(p) (AIA A) at position p; such a reset exists by Lemma 4.18
because ¢'(p) € ((5%)1) N (0K, since @' (p) belong to a non-trivial SCC,
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> pursue at position pu with the transition €’(p) — (¢'(pl),...,0'(pf)) € (6[A)1 correspond-
ing to the original 1-transition from AIA A, after adding back the equalities removed by
the transformation, 7

> for every 4 € [1..£], introduce at position pui a 0'(pi)-reset 0y, gy € R, (pi) (AIA{ a); such

a reset exists by Lemma 4.18 since ¢ (pi) € ((521)1). N ((6K)™) is a pivot state,
> continue with 6; at position puiv;, for every i € [1..4].

Fact C.6. tw([O(t)7]) < tw([O(t)°])+ K1, where K; < maxVars(A) is the maximal number
of i-variables, i € NU {¢}, in any 1-transition of .AIA{ A

Proof. Let ¢ = %K, 1ot a prefix of » £ (1)7 % iredom(t) T (pir)P**i" wwhich corresponds to
the characteristic formula ©(t') without the 1-transition at position p, and with the new
position labels in t. Now ©(t) = ¢ * 1) where 1 is the separating conjunction of all ¢(pr)®"
with pr € dom(¢) and wiv; not the prefix of r for any i € [1..4] (position pr is either the
start of the 1-transition or part of one of the reset contexts). Let F = fv(¢) N fv(y) and
n=%{z=y|xy€Vszr,y}t Then, F contains the variables at the extremity of the
added part from ' to t, i.e., F = {z}’ | k € [L.#t(p)| }u{z""" | i € [1..0), j € [1.#t(puiv;)]}.
These variables exactly correspond to the parameters appearing in the 1-transition at
position p of ¢, i.e., F = {z}' | k € [L.#t(p)]} U {x;’”] | i€ [1..4],7 € [1..#t'(pi)]}, hence
card(F') < K7 < maxVars(A). By Definition 4.11 (2), ¢ does not induce equalities between
variables of F'. On the other hand, ¢ only induces equalities between persistent variables
of F', thanks to the introduced reset paths. These equalities 1 correspond exactly to
those occurring in #'(p), thus ¢ % 1) is equal to ©(¢'), modulo a renaming of the variables.
Now ¢ * 9 is satisfiable (since AIA a is all-satisfiable), thus by Lemma 2.11, we obtain
tw([O()7]) = tw([(¢+n)"]) < tw([(6+¥)"]) + K1 = tw([O()]) + K. O
After doing this transformation (¢’ to t) for all 1-transitions, the final tree t satisfies
t e E(.AIA,A) since all the added transitions (1-transition or reset) appear in d4. With
the inequality at each step (Fact C.6) and since each 1-transition of 5£I occurs exactly
once in the initial tree ¢ (Lemma 4.7), we get tw([O(#)7]) < tw([O(t)7]) + K, where
K = card((dg)l) K < card(((SIAI)l) -maxVars(A). As t' has been chosen arbitrary and
card((éIAI)l) = card((éi)l), we conclude that tw([[AIA{A]]) < tw([[AIAA]]) + card((éﬁ)l) .
maxVars(A).
(3) Let t € E(AIA,A). By the construction of AIA{A from AIAA, there exists a tree t’ € ,C(AIA{A)
such that dom(t) = dom(t') and O(t) = O(t') * ¢» where 1 is a conjunction of equalities.
O(t) is a qpf formula thus by Lemma 2.10 (1), we get tw([©(¢)7]) = tw([(O() * )7]) <
w([O(#')7]). As t has been chosen arbitrary, we obtain that tW([[AIAA]]) < tw([[.AIA{A]]).

11 11
C.7. Proof of Lemma 4.28. (1) By Lemma 4.27, L(Aaa )= £(AIA{A), hence Apa s

all-satisfiable, because AIA{ A is all-satisfiable, by Lemma 4.25 (1). Since B; is obtained by
—~1II

I -
removing zero or more transitions from Aa o , we have £(B;) C L(Aaa ), hence B; is
all-satisfiable.



76 M. BOZGA, L. BUERI, R. IOSIF, AND F. ZULEGER

Let 6% be any of the sets 8}’ e ,g}n We prove that B < (%, @IA, (qA,@),gl W goo) is
choice-free. To this end, we define the following labeling of transitions:

w | 1 ifred
A(T) = b
(7) { oo if 7€ 6™
Let h : QI — QXL be the function defined as h((g,a)) = g, for all (¢,a) € éIA For each
= II -
SCC S of B, we have h(S) C S, for an SCC S of AA,A’ by the definitions of Ax o and B.
Since AIA{A is choice-free, by Lemma 4.25 (1), we can extend the labeling A to the SCCs of

B , as follows:

GE 1 if h(S) C S, for some 1-SCC S of AIA{A
"~ | oo if A(S) C 8, for some 00-SCC S of AN,

We prove first the following fact:
Fact C.7. Let S be an SCC of B, such that A(S) = 1. Then h(S) is a 1-SCC of AIA{A

Moreover, h(S) is linear if S is linear.

Proof. By the definition of A, we have that h(g) C S, for a 1-SCC of AIA{A, hence, for the
first point, it suffices to prove that h(g’) = S. Suppose, for a contradiction, that there
exists a state ¢ € S\ h(9). Let ¢’ € h(S) be a state. Since S is an SCC of AL A

have ¢ ~* ¢ ~* ¢ in AIA{A. Since ¢ € h(S), there exists an injective partial mapping

a' : [1.#¢] — [1.M] such that (¢,a’) € S. By the construction of Z;,/AH, we obtain
(¢',d) ~* (¢g,a) in Z&/AH, for some injective partial mapping a : [1..#q] — [1..M]. To
show a contradiction, we prove that (g,a) ~* (¢,ad’) in mn’ hence ¢ € h(S). By the
construction of mll, there exist injective partial mappings aq, as, ... : [1..#4¢'] — [1.M],
such that (q,a) ~* (¢',a1) ~* (¢’,az) ~* ... Because the underlying transitions of AIA{A

along this path are oo-transitions, the mappings a1, as, ... are undefined everywhere except
for P AIAIA((]/ ), where they are defined. Because these transitions are from °S®, each of

these mappings can be obtained from the previous one by composition with a permutation
over ‘B AIAIA(q, ). Since all such permutations can be enumerated in this was, this leads to

—1II
(¢,a}) ~* (¢,a’) in Aap , i.e., contradiction.
For the second point, suppose, for a contradiction, that h(S) is not linear. Then, there
exists a transition gy = (g1, ..., q¢) such that qo, g;, ¢j € h(S), for some indices 1 < i < j < L.
Since h(S) is a connected component of AIAI A» We have ¢; ~* qo and ¢; ~* qo in AIA{A.

Let ag, ..., as be injective partial mappings, such that (qo, ao) ((q1,a1), ..., (qe,ap)) is a
transition of B. By the above argument, we obtain (¢i,a;) ~* (qo,a0) and (g;, aj) ~* (qo, ap),
hence S is non-linear, contradiction. []

Back to the main proof, we check the points of Definition 4.5 below:
(1) The SCC graph of Bis a tree, by the choice of the set St corresponding to B. Moreover,

each non-root SCC of B is entered by exactly one branch, since this is already the case for
the choice-free automaton AIA{ A
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(2a) Let S be a linear SCC of B, such that A(S) = 1. By Fact C.7, h(S) is a linear 1-SCC of
AY A» hence Card(h(S) ) = 1. Then, we obtain card(S’) =1

(2b) Let 7 = (g0, a0) < ((q1,a1), ..., (g, ar)) be a transition of B. Then A(F) = 1 iff
T E 51 by the definition of A. “=" Assume that 7 e ol Then the underlying transition
T =4q0 = (q1,...,q) is a l-transition of A AA- Since A A a is choice-free, we have that

7 € §°, for some linear 1-SCC S of AIA{A. Let S be an SCC of B such that A(S) C S. Then
A(S ) = 1, by the definition of A. Suppose, for a contradiction that ;SV is non-linear. Then,
h(S) is non-linear, hence S is non-linear, contradiction. Finally,N? € 5* follows from 7 € S°.
“«<” Assume that 7 € S°®, for a linear SCC S of B, such that A(S) = 1. Then A(S) is a linear
1-SCC of AIA{ a» by Fact C.7. Moreover, 7 € h(§ )., where 7 is the underlying transition of 7
from A[A{ A- Hence 7 is a 1-transition of AIA{ aand T e 51, by the choice of 5L,

(2¢) By Fact C.7, A(S) = 1 iff h(S) is a 1-SCC of AIA{A, for each SCC S of B. “=” Assume
that h(S) is a 1-SCC of AIA{A. Since AIA{A is choice-free, then h(S) is the root of the SCC
tree of AIA{A or S = {7}, for some transition 7 of B, such that A(7) = 1. In the first case,
h(§ ) has no incoming transition, hence S is the root of the SCC tree of B. In the second
case, h( S) = {7}, for a 1-transition 7 of AL, Then, 'S = {7}, for a transition 7, such that
A(T) = 1, by the definition of A. “<” If h(S) is the root of the SCC tree of A]AIA, then S
has no incoming transitions, hence it is the root of the SCC tree of B. If h( ) = {7}, for a
I-transition 7 of AL s We obtain 'S = {7}, for a transition 7 of B, such that A(7) =1, by
the definition of A.

(2) Since L(B;) € L(AY ), for each i € [1..m], we have |J; m L(B;) C L(AY A)- By the
definition of By, ..., B, for each accepting run 6 of .AAVAH, there exists ¢ € [1..m], such
that € is an accepting run of B;, thus E(AIA{A) cUr, L(By). ]

C.8. Proof of Lemma 4.29. First, we prove the following fact:

Fact C.8. Let t € £(B) be a tree, 6 be an accepting run of B over ¢ and p € dom(t) be a
position such that f(p) = (g,a). Then, 2V ~e, y[T(iJ), for each i € dom(a), such that r; is

the unique position where a variable y ( € Y occurs in O(t).
Proof. By induction on the structure of ¢. L]

(1) Let t € L(B) be a tree. By the construction of B, the accepting run 6 of B over  can
be transformed into an accepting run @ of B over a tree t, such that dom(t) = dom(Z), by
changing the labels @ back to the original labels . Since B is all-satisfiable, by Lemma 4.28
(1), the formula O(t) is satisfiable, and let (U, o) be a structure and s be a store such that
(U,0) =° ©(t). However, ©(t) is obtained from ©(t) by removing several (dis-)equalities

from the labels of 1-transitions and by changing each relation atom r(z%” ... ,zgz]r) into
a relation atom rg(CT(zz[’l’ ... ,CT(ZZ[Z 1)), according to the construction of B. Suppose, for

a contradiction, that there exist two distinct positions pi,pe € dom(¢) such that the
relation atoms rg(g}l( h, ... G (25, P11y and ry(Cry (2 [”]), NN [”])) occur in O(¢) and

Cﬁ(zl[’;l ) X Cr (2 [pQ]) for all j € [lk:] Then, there exist relation atoms r(z7", .. zilr])
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and r(z[lpz],...,zs[f]) that occur in ©(t), such that iq,...,9; € [1..#r] and, by Fact C.8
and properties of the renaming, we obtain that z][?l] Rom) z][-”], for all j € [1..#r]. This
however contradicts the satisfiability of ©(t), hence such relation atoms cannot occur in
O(t). Similarly, we obtain a contradiction if we suppose a disequality atom (- (x) # (- (y)
occurs in O(t) and (- (x) =er) (+(y). Then, O() is satisfiable and, since the choice of ¢ was
arbitrary, B is all-satisfiable.

(2) Let S = (U,) € [B] be a structure. Then, there exists a tree f € £(B) and a store §
such that S =° ©(%). Let t be the tree obtained from % by replacing back each label @ with
the original label «, according to the construction of B from B. Note that dom(#) = dom(?)
and let 0, 0 be two related accepting runs of B, B over it respectively. We define a store 5
over fv(@(t)) as follows. Let p be an arbitrary position in dom(t). Let (go, ao) be the state
assigned to p and 7 : (qo,a0) — ((q1,a1),-..,(qe, ap)) be the transition taken at p in the

run 6. Let (- be the renaming of variables as deﬁned in the transformation. The store § is
then defined by:

Syl & s(y) if T ¢ o
‘ u; if 7 € §! for some distinct values u; ¢ 5(fv(0(f))), i € [1..M]
w s« [ 5(@P) if i ¢ dom(ag) and ¢ (xf)) = m[e]
s(x)) = T :
Uqoiy if @ € dom(ap)

That is, the store 5 allocates fresh distinct values for all the persistent variables and re-uses
the already given values for the non-persistent ones in §, while taking into account their
renaming by (;. We now consider the structure S = (U, ), where o is the interpretation
that assigns to each relation symbol r the set of tuples (§(&1),...,8(Exr)) for every relation

atom r(&y, ..., &xr) in O(). We can now check that (U,5) =° ©(#). Any two tuples from
o(r) defined as above are necessarily distinct, unless the corresponding tuples restricted
to non-persistent variables from & (ry) are not distinct. Similarly, equalities on disequality
atoms on non-persistent variables only hold in ©(f) as they already hold in the renamed
form in ©(%). Finally, equalities and disequalities in ©(¢) involving persistent variables hold
by the construction of 5. But now, every tree decomposition of S is a tree decomposition
for S. Hence, tvyv(g) < tw(g ) and consequently, since the choice of S was arbitrary we have
w([B]) < tw(IB]). o
(3) Let S = (U,5) € [B] be a structure. Then, there exists a tree ¢ € L(B) and a store
5, such that S =° O(%). Let £ € £(B) be the tree obtained by changing each label a of ¢
into @, according to the construction of B. We consider the structure S = (U, ), where &
interprets each relation symbol r, by the set of tuples (5(¢ (21" ])), ,5(¢ (2 ]))>, such that
rg(¢-(2 [”]), oy G2 )) occurs in O(f). Let T be a tree decomp081t10n of S. We consider the
tree decomposition T obtained by adding the values E(yl[-”]), where r; is the unique position
where a e-variable y '€ Y occurs in @( ), to the label of each node in T'. Then, T is a tree
decomposition of S and moreover wd(T') < wd(T) + M. Since the choice of T was arbitrary
we obtain tw(S) < tw(S) + M. Consequently, since the choice of S was arbitrary and
M < card(6') - maxVars(A), we obtain that tw([B]) < tw([B]) + card(s') - maxVars(A). []
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C.9. Proof of Lemma 4.32. By hypothesis, B has no persistent variables and since the
relabeling of 1-transitions introduces no existential quantifiers, then B has no persistent
variables either.

(1) Let t € L(B) be a tree and let # be an accepting run of B over ¢. Let us consider
the run @’ of B obtained by replacing with emp the labels of the 1-transitions 75 : gy

(q1,-..,q¢) € 8'. We then define the run §” of B by replacing each occurrence of a 1-transition
T:q0 —> (q1,...,q) in & by the partial run 6, constructed by extending 7 with the resets

used in the definition of the transformation, namely:

> a pre- go-reset 69 € R%, (B) if qo € (6*) and,

Po<qo e
> a post- g;-reset 0, , . € R%, (B) for each i € [1..£] such that ¢; € *(0°°).

Figure 17: Expansion of 1-transitions

The relation between 7 from 6, is illustrated in Figure 17 (a,b). Note that the resets
exist according to Lemma 4.18. Then, it is easy to check that #” is indeed a run of B. Let
t" € L(B) be the tree accepted by #”. Since B is all-satisfiable, there exists a store s and
a structure S” such that S” ° ©(t"). Now, by the definition of B, the label a of each

transition 7 : go — (q1,...,qe) € 6* is actually wp * *?:1 w;, where:
wo = * il,...7ike[1..#qO] Q;ée(l‘i17 s 7xik)
D;/ .
wj = *il,...,ike[l..#qj] Qtj (@i, .-y ), for j € [1..4]
and tg, t1, ..., ty are the X-labelled trees of the corresponding resets, respectively 6g, 01,

..., 0. This construction is illustrated in Figure 17(c). Hence, there exists a substructure
S C S” such that S =° O(t). Actually, S is simply obtained from S” by removing all but the
tuples introduced by the relation atoms of wy, ..., wy, defined along the partial runs 6, of
0”. Since the choice of ¢ was arbitrary, B is all-satisfiable.

(2) Let t' € L(B) be a tree. Let t € L(B) be the tree obtained by ¢ be removing relational
atoms from the labels of 1-transitions, that is, reversing the transformation. As both B and
B are all-satisfiable, the characteristic formulse ©(¢') and ©(t) are satisfiable. They differ,
moreover, only by finitely many relational atoms. Henceforth, by using Lemma 2.10 (4), we

obtain that the difference between the treewidth of their models is bounded by the number
of free variables occurring on these atoms, that is, at most card(gl) -maxVars(A). Then
tw([O()7]) < tw([O(t)7]) + card(gl) -maxVars(A) and as the choice of ¢’ was arbitrary, we
obtain tw([B]) < tw([B]) + card(gl) - maxVars(A).

(3) Let t € L(B) be a tree. Let t' € L(B) be the tree obtained from ¢ by replacing the
emp-labels of 1-transitions by their corresponding formulese according to the transformation.
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As both B and B are all-satisfiable, the characteristic formulae ©(¢) and O(t') are satisfiable.
These formulee differ only by a finite number of relation atoms, that is, the ones inserted
in the labels of the modified 1-transitions. Henceforth, by Lemma 2.10 (3), we obtain that
the difference between the treewidth of their models is bounded by the number K of these
relation atoms. As the choice of ¢ was arbitrary, we obtain that tw(B) < tw(B) + K.

We can further obtain an upper bound on K as follows. First, note that for a relation
symbol r € R and m distinct variables there exists at most distinct m#" relation atoms.
Note that, in our context m < maxVars(A) and #r < maxRelArity(A). Second, such atoms

could be added for every 1-transition, for every one of its states ¢;. That is, overall we obtain
K < card(gl) - (1 4 maxPredAtoms(A)) - relNo(A) - maxVars(A)maRelArity(A) [
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