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Expressiveness Results for an Inductive Logic of
Separated Relations

Radu Iosif!' and Florian Zuleger?

1 Univ. Grenoble Alpes, CNRS, Grenoble INP, VERIMAG, 38000, France
2 Institute of Logic and Computation, Technische Universitit Wien, Austria

Abstract. In this paper we study a Separation Logic of Relations (SLR) and com-
pare its expressiveness to (Monadic) Second Order Logic [(M)SO]. SLR is based
on the well-known Symbolic Heap fragment of Separation Logic, whose formule
are composed of points-to assertions, inductively defined predicates, with the sep-
arating conjunction as the only logical connective. SLR generalizes the Symbolic
Heap fragment by supporting general relational atoms, instead of only points-to
assertions. In this paper, we restrict ourselves to finite relational structures, and
hence only consider Weak (M)SO, where quantification ranges over finite sets.
Our main results are that SLR and MSO are incomparable on structures of un-
bounded treewidth, while SLR can be embedded in SO in general. Furthermore,
MSO becomes a strict subset of SLR, when the treewidth of the models is bounded
by a parameter and all vertices attached to some hyperedge belong to the interpre-
tation of a fixed unary relation symbol. We also discuss the problem of identifying
a fragment of SLR that is equivalent to MSO over models of bounded treewidth.

1 Introduction

The theory of finite (hyper-)graphs is important for many areas of computing, such as
e.g., static program analysis [36]], database theory and knowledge representation [[1].
Graphs are naturally encoded as logical structures over finite signatures of relation
symbols. Graph properties are traditionally expressed in classical second-order logics,
where quantifiers range over either individuals or relations. The most prominent logics
in this class are the Monadic Second Order Logics, where quantification is over vertices
only (MSOQ)), or both vertices and edges (MSO5), and sets thereof [22]]. These logics
are quite powerful, since properties as e.g., Hamiltonicity, 3-colorability, planarity, etc.
can be expressed.

The MSO; » logics have been instrumental in establishing equivalences between
definability and recognizability, which are cornerstones of formal language theory. For
words [13] and ranked trees [26] definability and recognizability coincide, whereas the
situation is more complex for graphs: definable sets are always recognizable, but there
are recognizable sets of graphs that are not definable [[19]. The equivalence between
definability and recognizability for graphs can be recovered by considering only those
sets of graphs that are inductively defined by (i.e., are components of the least solu-
tions of) a finite set of recursive equations with set variables, written using an algebra
of hyperedge-replacement operation [2046]. Moreover, these are exactly the sets of

3 A hyperedge replacement substitutes a graph for a hyperedge in another graph.



graphs in which the treewidth (a positive integer that indicates how close the graph is to
a tree) is topped by a fixed constant (see e.g., [22, Theorem 2.83]).

Another way of describing graph properties is to extend first-order logic with a spa-
tial connective that decomposes graphs [16.34/46]. Intuitively, a formula ¢ * ¢ denotes
graphs that can be decomposed into subgraphs satisfying ¢ and , respectively, whose
sets of edges are disjoint and the only common vertices are denoted by variables or
constant symbols from the signature.

It is known that first-order logic can only express local properties of graphs [32]],
whereas the interplay of spatial and boolean connectives allows to describe certain non-
local properties, such as reachability between vertices [23/10]]. A general way of spec-
ifying non-local properties of finite graphs is adding a least fixpoint operator [44] or
inductive definitions [2]. A most prominent example is the Separation Logic (SL) of
Ishtiaq, O’Hearn [34] and Reynolds [46], where inductive definitions are used to define
the shapes of datastructures in the heap memory of a program. For instance, the rules

(D) Is(x,y) +x=y (2) Is(x,y) + Jz . x = zx1s(z,y)

define finite singly-linked list segments, that are either (1) empty with equal endpoints,
or (2) consist of a single cell x separated from the rest of the list segment Is(z,y). The
graphs used in the semantics of SL are described as finite partial functions from vertices
to sequences of vertices of a fixed length k, called k-heaps (k = 1 in the example above).

In general, most recursive datastructures (singly- and doubly-linked lists, trees, etc.)
can be defined using only existentially quantified separated (spatial) conjunctions of
atoms, that are either equalities x = y, disequalities x ## y and points-to propositions
x— (¥1,...,y). This simple subset of SL is referred to as the Symbolic Heap fragment.
The decision problems of model checking [[12], satisfiability [11], robustness properties
[35] and entailmenﬂ [[18437029130443] for this fragment have been extensively studied,
yielding a detailed map of decidability and complexity results.

Extending SL beyond heaps to general relational signatures has been first consid-
ered in the context of role logic [38]], to describe properties of relational databases and
type systems of object-oriented languages. Another, quite recent, application has been
writing Hoare-style proofs of correctness of dynamically reconfigurable distributed sys-
tems [4L709]]. In this logic, called Separation Logic of Relations (SLR), the separating
conjunction is understood as splitting the interpretation of each relation symbol from
the signature into disjoint parts. For instance, R(x1,...,%,) *R(y1,...,y,) means that R
is interpreted as a relation consisting of two distinct tuples i.e., that values of x; and y;
differ for at least some 1 <i < n. Note the interpretation of a relation atom R(x,...,x,)
as a singleton relations consisting of the tuple of values of x1,...,x,, respectively, that
matches the denotation of a SL points-to atom x — (y,...,y) as a singleton heap.

Relation between SLR and SL In general, symbolic heaps with inductive definitions
are at least as expressive for SLR as for SLE} For instance, the previous definition of a
list segment can written in a relational signature having at least a unary relation D and
a binary relation H, as follows:

rel_Is(x,y) «—x=1y rel_ls(x,y) < 3z . D(x) * H(x,z) * rel_Is(z,y)

4 Since symbolic heaps do not have negation, entailment cannot be reduced to satisfiability.
5 Except for the functionality of the heap, which cannot be expressed without negations.
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Table 1. A comparison of SLR, MSO and SO in terms of expressiveness, where v/ means that
the inclusion holds, x means it does not and ? denotes an open problem, with reference to the
sections where (non-trivial) proofs are given.

Note that the D(x) atoms joined by separating conjunction ensure that all the vertices
are pairwise disjoint, except for the last one denoted by y. In contrast, the rules:

fold_Is(x,y) «—x=y fold_Is(x,y) < 3z . H(x,z) xfold_Is(z,y)

describes “foldable” lists in which any two vertices can be fused into one. Moreover,
SLR can describe graphs of unbounded degreeﬂ such as stars with a central vertex and
outgoing binary edges E to frontier vertices, all belonging to a set N:

star(x) <~ N(x)*node(x) node(x)<—x=x node(x) <« Jy.E(x,y)*N(y)*node(x)

Such definitions are typically beyond the reach of standard SL symbolic heaps, because
k-heaps can only represent graphs of (out-)degree bounded by k.

Our contributions We compare the expressiveness of SLR with (monadic) second-
order logic (M)SO. Strictly speaking, by MSO we understand the fragment of MSO;
[22], without cardinality constraint (we consider the extension of our results to cardi-
nality constraints an interesting question left for future work). In this paper, we are only
interested in finite relational structures, and hence only consider Weak (M)SO, where
quantification is restricted to finite sets of tuples of vertices (in MSO; quantification is
over sets of vertices). In the remainder, (M)SO will always refer to Weak (M)SO.
TableT]summarizes our results. For a set £ of logical formula written using a finite
set X of relation and constant symbols, we denote by [[L]] the set of sets of graphs that
are models of a formula ¢ from L. For a unary relation symbol © not in X, considered
fixed in the rest of the paper, we say that a graph is guarded if all vertices attached to
some hyperedge belong to the set denoted by ©. Then [[L]]lgD denotes the set of sets of
guarded models of treewidth at most k of a formula from L, where the signature of L is
extended with ©. With this notation, [£; }]k@ C [[£2]) means that the logic L5 is at least as
expressive as L1, when only guarded models of treewidth at most & are considered. Note
that [L]% C [[£] is not a trivial statement, in general, because it asserts the existence
of a formula of L that defines the set of guarded graphs of treewidth at most .
The most interesting results of our comparison are that:
1. SLR and MSO are incomparable on unguarded graphs of unbounded treewidth i.e.,
there are formule in each of the logics that do not have an equivalent in the other,
2. SO is at least as expressive as SLR, when considering unguarded graphs of un-
bounded treewidth,
3. SLR is strictly more expressive than MSO, when considering guarded graphs of
bounded treewidth; this result is probably the most interesting, as it gives a sense
of the expressive power of SLR, with emphasis on the treewidth parameter.

6 The degree of a graph is the maximum number of hyperedges involving a vertex.
7 The cardinality of a set variable equals p modulo g, where 0 < p < ¢ are constants.



Note that, when considering SLR-definable sets of bounded treewidth, we systemati-
cally assume these graphs to be guarded. We state as an open problem and conjecture
that every infinite SLR-definable set of graphs is necessarily guarded, in a hope that
the guardedness condition can actually be lifted. Similar conditions have been used to
e.g., obtain decidability of entailments between SL symbolic heaps [33l37] and of in-
variance for assertions written in a fragment of SLR for describing distributed networks
[9]. Moreover, the problem of checking if a given set of inductive definitions defines a
guarded set of graphs is decidable for these logics [3548].

A further natural question asks for a fragment of SLR with he same expressive
power as MSO, over graphs of bounded treewidth. This is also motivated by the need for
a general fragment of SLR with a decidable entailmenﬂ problem, that is instrumental in
designing automated program analyses. Unfortunately, such a definition is challenging
because the MSO-definability of the sets defined by SLR is an undecidable problem,
whereas treewidth boundedness of such sets remains an open problem.

For space reasons, the proofs of technical results are given in Appendix [A]

Related work The problem of comparing the expressiveness of SL [46] with that of
classical logics received a fair amount of attention. For instance, a first proof of un-
decidability of the satisfiability problem for first-order SL [15] is based on a reduc-
tion to Trakhtenbrot’s undecidability result for first-order logic on finite models [27].

This proof relies on 2-heaps to encode arbitrary binary relations as R(x,y) 3z
(x,y) *true. A more refined proof for 1-heaps was given by Brochenin, Demri and Lozes
[LO]. In particular, they show that SO has the same expressivity as SL over 1-heaps. A
related line of work, pioneered by Lozes [40], is the translation of quantifier-free SL
formula into boolean combinations of core formule, belonging to a small set of very
simple patterns. This enables a straightforward translation of the quantifier-free frag-
ment of SL into first-order logic, over unrestricted signatures with both relation and
function symbols, that was subsequently extended to two quantified variables [24] and
restricted quantifier prefixes [28]. Moreover, a translation of quantifier-free SL into first-
order logic, based on the small model property of the former, has been described in [14].

The above references focus exclusively on fragments of SL without inductive defi-
nitions, but with arbitrary combinations of boolean (conjunction, negation) and spatial
(separating conjunction, magic wand) connectives. A non-trivial attempt of generalizing
the technique of translating SL into boolean combinations of core formule to reacha-
bility and list segment predicates is given in [25]. Moreover, an extensive comparison
between the expressiveness of various models of separation i.e., spatial, as in SL, and
contextual (subtree-like), as in Ambient Logic [[17], can be found in [42].

An early combination of spatial connective for graph decomposition with (least
fixpoint) recursion is Graph Logic (GL) [[L6], whose expressiveness is compared to that
of MSQ; [23]]. For reasons related to its applications, GL quantifies over the vertices and
edge labels of a graph, unlike MSQO; that quantifies over vertices, edges and sets thereof.
Another fairly subtle difference is that GL can describe graphs with multiple edges that
involve the same vertices and same label, whereas the models of MSQO, are simple
graphs. Without recursion, GL can be translated into MSO; and it has been showed that

8 The entailment problem ¢ =5 y asks if every model of ¢ is also a model of y, when the
inductive predicates in both ¢ and y are interpreted by a given set of definitions A.



MSQO; is strictly more expressive than GL without edge label quantification [5]]. Little
is known for GL with recursion, besides that it can express PSPACE-complete model
checking problems [23]], whereas model checking is PSPACE-complete for MSO [47].
The separating conjunction used in SLR has been first introduced in role logic [38]],
a logic designed to reason about properties of record fields in object-oriented programs.
This logic uses separating conjunction in combination with boolean connectives and
first-order quantifier (ranging over vertices) and has no recursive constructs (least fix-
points or inductive definitions). A bothways translation between role logic and SO has
been described in [39]]. These translations rely on boolean connectives and first-order
quantifiers, instead of least fixpoint recursion, which is the case in our work.

2 Definitions

For a set A, we denote by pow(A) its powerset and Al d:efA, AL Al A, foralli>1,

where x is the Cartesian product, and A" o U1 A% The cardinality of a finite set A
is denoted by ||A||. Given integers i and j, we write [i,j] for the set {i,i+1,...,},
assumed to be empty if i > j. For a function f : A — B and a subset § C A, we denote
by dom(f) = A the domain of f and by f|s the restriction of f to S. A function f is
said to be effectively computable if there exists a Turing machine 9, such that, for any
a € dom(f), M computes f(a) in a finite number of steps.

Signatures and Structures LetY = {Ry,...,Ry,cy,...,cy } be a finite signature, where
R; are relation symbols of arity #R; > 1 and c; are constant symbols i.e., function sym-
bols of arity zero. Additionally, we assume the existence of a unary relation symbol 2,
not in X. Unless stated otherwise, we consider ¥ and ® to be fixed in the following.

A structure is a pair (U,G), where U is a non-empty set, called universe, and
6:X — UUpow(U™) is a function that maps each relation symbol R to a relation
6(R) C U™ and each constant c to an element 6(c) of the universe. We denote by
Str(X) (resp. Str(X,D)) the set of structures over the signature X (resp. XU {D}). To
give the statements of the results in this paper, we introduce the following notions:

Rel(6) <= {u | (u1,...,u,) € 6(Ry), i € [1,N], k € [1,#R;]}
Dom(c) & Rel(c)U{o(cy),...,0(cu)}
The structure (U,0) is locally finite if Dom(o) is finite (i.e., the interpretation of each
relation symbol from the signature is finite) and finite if U is finite. In this paper, we

consider only locally finite structures but allow the universe U to be infinite. Another
important class are the guarded structures, defined below:

Definition 1. A structure (U, ) € Str(X,D) is guarded if and only if Rel(c]y) C 6(D).
The spatial composition (composition for short) of structures is defined below:
Definition 2. Two structures (Uy,01) and (Ua,G2) are said to be:

1. compatible if and only if Uy = U, and 61(cj) = 62(c;), for all j € [1,M], and
2. disjoint if and only if 61(R;) N62(R;) =0, for all i € [1,N].



The composition of two compatible and disjoint structures is the structure (U},G1003),
where ((51 ° Gz)(Ri) = G](R,’) U GQ(R,') and (61 (] Gz)(Cj) = Gl(Cj) = Gz(Cj), for all
i € [1,N] and j € [1,M), undefined for structures that are not compatible or not disjoint.

In the following, we identify structures that differ by a renaming of elements from
the universe and consider only classes of structures that are closed under isomorphism:

Definition 3. Two structures (Uy,61) and (Ua,G2) are isomorphic, denoted (U;,G1) ~
(Ua,02) if and only if there exists a bijection h: Uy — Us, such that:
1. for each relation symbol R € ¥ and each tuple (uy,...,usR;) € UfR, we have:
<u17 .. .,M#R> € G](R) <~ </’l(1/t1)7 . ,h(u#R)> € GQ(R)
2. for each constant symbol c € X, we have h(c1(c)) = c2(c).

Graphs and Treewidth A (finite) graph is a pair G = (¥, E), such that ¥’ is a (finite)
set of vertices and E C V' x V is a set of edges. All graphs considered in this paper are
directed i.e., £ is not a symmetric relation. Graphs are naturally encoded as structures:

Definition 4. Each graph G = (V,E) is encoded by the structure (V,6¢) over the
signature T2 {V E}, where #V = 1 and #E = 2, such that 65(V)="Vandog(E)=E.

A pathin G is a sequence of pairwise distinct vertices vy, ..., v,, such that (v;,viy1) € E,
foralli€ [1,n—1]. We say that vy, .., v, is an undirected pathif {(vi,vit1), (Vit1,vi) }N
E # 0 instead, for all i € [1,n—1]. A set of vertices V C ¥ is connected in G if and
only if there is an undirected path in G between any two vertices in V. A graph G is
connected if and only if ¥ is connected in G. A clique is a graph such that each two
distinct nodes are the endpoints of an edge, the direction of which is not important. We
denote by % the set of cliques with n vertices.

Given a set A of labels, a A-labeled tree is a tuple T = (N, F ,r,A), where (N, F)
is a graph, r € A is a designated vertex called the root, such that there exists a path
in (A, F) from r to any other vertex v € AL\ {r}, r has no incoming edge (p,r) € F
and no vertex n has two incoming edges (m,n),(p,n) € F, for m # p. The mapping
A : AL — A associates each vertex of the tree a label from A.

Definition 5. A tree decomposition of a structure (U,G) over the signature X is a
pow(U)-labeled tree T = (N, F ,r, ), such that the following hold:
1. for each relation symbol R € ¥ and each tuple (uy,...,usr) € 6(R) there exists
n € N, such that {uy,...,usr} C Mn), and
2. for each u € Dom(0), the set {n € N |u € M(n)} # 0 is connected in (N, F).

The width of the tree decomposition is tw(T) < max,cq [|A(n)| — 1. The treewidth of

the structure 6 is tw(0) = min{tw(T) | T is a tree decomposition of G}.

It is clear that two isomorphic structures have the same treewidth. In the following, we
consider set of structures that are closed under isomorphism. Such a set is treewidth-
bounded if and only if the set of corresponding treewidths is finite and treewidth-
unbounded otherwise. A set is strictly treewidth-unbounded if and only if it is treewidth-
unbounded and any infinite subset is treewidth-unbounded. The following result can be
found in several textbooks (see e.g., [22]) and is restated here for self-containment:

Proposition 1. The set { X, | n € N} is strictly treewidth-unbounded.



3 Logics

We introduce two logics for reasoning about structures over a (fixed) relational signature
Y ={Ry,...,Rw,c1,...,cm}. The first such logic, called the Separation Logic of Rela-
tions (SLR), uses a set of first-order variables V1) = {x,y,...} and a set of predicates
A ={A,B,...} of arities #A, #B, etc. We use the symbols &,y € \YONY {c1y..-,cm}
to denote ferms i.e., either first-order variables or constants. The formula of SLR are
defined by the following syntax:

O:=8=x1E#%|RE,....&wr) | A1, .&ea) |00 | Tx . 0

The formulee & = and & #  are called equalities and disequalities, R(y, ..., Esr) and
A(&1,...,Eun) are called relation and predicate atoms, respectively. By atom we mean
any of the above atomic formule. A formula with no occurrences of predicate atoms
(resp. existential quantifiers) is called predicate-free (resp. quantifier-free). A variable is
free if it does not occur within the scope of an existential quantifier and let fv(¢) be the
set of free variables of ¢. A sentence is a formula with no free variables. A substitution
O[x1 /&1 ...x,/Ey] replaces simultaneously every occurrence of the free variable x; by
the term &; in ¢, for all i € [1,n].

The predicates from A are interpreted as sets of structures, defined inductively by
a finite set of rules. Before defining the semantics of SLR formula, we introduce the
rules that assign meaning to predicates:

Definition 6. A set of inductive definitions (SID) A is a finite set of rules of the form
A(x1,...,xzp) < &, where xi, ..., xaa are pairwise distinct variables, called parameters,
such that tv(¢) C {x1,...,xsa}. An atom o occurs in a rule A(xy,...,xsa) < O if and
only if it occurs in ¢.

Note that having distinct parameters in a rule is without loss of generality, as e.g., a rule
A(x1,x1) « ¢ can be equivalently written as A(xj,x2) < x; = x2 *$. As a convention,
we shall always use the names xy, ..., xxa for the parameters of a rule that defines A.

The semantics of SLR formula is given by the satisfaction relation (U,c) =} ¢
between structures and formulz. This relation is parameterized by a store v : vl 5 U
mapping the free variables of a formula into elements of the universe and an SID A. We
write V[x < u] for the store that maps x into u and agrees with v on all variables other
than x. For a term &, we denote by (o,v)(&) the value 6(&) if & is a constant, or v(§) if
€ is a first-order variable. The satisfaction relation is the least relation that satisfies the
following conditions:

(U,0) =X &ay, <= o(R) =0, forall R € ¥ and
(6,V)(&) 1 (6,V) (1), for all b {=, £}
(UvG) ':X R(&la e 7§#R) g G(R) = {<(G>V)(§1)v XE) (G7V)(§#R)>}
and 6(R’) = 0,for all R’ € £\ {R}
(U,G) ':X A(&[ . ,&#A) < (U,G) ):\A/ q)[xl/&l . ,x#A/EJ#A], for some rule
A(x1 o 7)C;th) <~ ¢ from A
(U,0) =X 01502 <= there exist structures (U, ;) and (U, 03), such that
6 =0je0sand (U,0;) =X ¢;, forall i=1,2
(U,0) =% 3r. 0 = (U,0) = ¢, for some u € U



Equivalently, the satisfaction relation can be defined by considering all finite unfold-
ings of the above rules, until no predicate atom is left. Note that this means that every
structure (U, 6), such that (U,6) =) ¢, for some formula ¢, is locally finite, since it is
defined by a least fixpoint iteration over the rules in A.

If ¢ is a sentence, the satisfaction relation does not depend on the store, in which case

(U, o) is a A-model of ¢, written (U G) =a 0. We define [¢|A] £ {(U,0) | (U,0) =4 0}
the set of A-models of ¢. By [[¢|A]]© we denote the set of guarded structures of treewidth

at most k from [[¢|A]. We write [SLR] & {[6|A] | ¢ is a SLR formula, A is a SID} and

[SLR]Y £ {[6|A]%, | ¢ is a formula of SLR, A is a SID}. A set is SLR-defined if it is of

the form [[¢|A]], for a formula ¢ and a SID A. By the result below, every set of SLR-
defined structures is a union of equivalence classes of isomorphism (Def. 3)):

Proposition 2. Given structures (U,6) ~ (U',0’), for any sentence ¢ of SLR and any
SID A, we have (U,G) =5 0 <= (U',0') =4 0.

The other logic considered in this paper is Weak Second Order Logic (SO) defined
using a set of second-order variables V?) = = {X,Y,...}, in addition to first-order vari-
ables. As usual, we denote by #X the arity of a second order variable X. Terms and
atoms are defined in the same way as in SLR. The formula of SO are defined by the
following syntax:

W::§:X|R(§1,...,a#R) ‘X(éla7§#X)|ﬂ\|’|‘|’/\\|’|3x“"3x‘|’

As usual, we write & 7 1 = <& =2 w1 V2 = (W1 A o) ¥ = ¥ oy Ve,
Vx . \u o 3. -y and VX . y e 3x . —\y. The Weak Monadic Second Order Logic
(MSO) is the fragment of SO restricted to second-order variables of arity one only.
The semantics of SO is given by a relation (U, o) IFY y, where the store v : V(1) U
v® s uu pow(U™) maps each first-order variable x € V() to an element of the uni-
verse v(x) € U and each second-order variable X € V(%) to a finite relation v(X) C U*X.

The satisfaction relation of SO is defined inductively on the structure of formulz:

(U,0) I &=y = (6,v)(§) = (0,V)(1)

(U,0) IV R(E1,....&4r) <= ((0,V)(G1),---,(0,V)(Gsr)) € S(R)

(U,0) I X (&1, &x) <= ((G,V)(&1),---,(0,V)(Gax)) € V(X)

(U,o)IFY 3X .y — (U,0) IF"[X“V] v, for some finite set V C U™

The semantics of negation, conjunction and first-order quantification is standard and
omitted for brevity. Note the difference between (dis-)equalities and relation atoms in
SLR and SO; in the former, (dis-)equality (relation) atoms hold in an empty (singleton)
structure, whereas no cardinality upper bounds occur in SO, in these particular cases.

If ¢ is a sentence, we write (U,6) |- ¢ instead of (U,6) IFY ¢ and define [[o]] &
{(U,0)|(U,0)IF¢} and [ ]]k for the restriction of [[¢]] to guarded structures of treewidth
at most k. We write [[(M)SO]] £ {[[0]] | ¢ is a (M)SO formula} and M)SO]% o {1015 |
¢ is a (M)SO formula}. A set is (M)SO-defined if it is of the form [[¢]], for a formula ¢ of

(M)SO. It is well-known (see e.g., [27]) that SO sentences cannot distinguish between
isomorphic structures (Def. [3).



The aim of this paper is comparing the expressive powers of SLR, MSO and SO,
with respect to the properties that can be defined in these logics. To ease the upcoming
technical developments, we consider only locally finite structures over a fixed infinite
universe U. This is because, in general, MSO and SO can express statements related
to an upper bound on the cardinality of the universe (i.e., there are most n elements
in the universe), whereas SLR can only express lower bounds. To avoid such technical
discrepancies, from now on we consider that the universe is fixed and infinite, in close
analogy with SL, where the set of memory locations is typically inﬁniteﬂ Further, from
now on, the notation is simplified by writing G instead of (U, o).

In this paper, we are concerned with the problems [£,]] C [£2] and [£1]% € [£2],
where £; and £, are any of the logics SLR, MSO and SO, respectively. In particular,
for [[Ll}]k@ C [£z], we implicitly assume that £; and L, are sets of formule over the
relational signature XU {®©}. Table |l| summarizes our results, with references to the
sections in the paper where the proofs (for the non-trivial ones) can be found, and the
remaining open problems.

4 [SLR]Y Z [MSO]

We exhibit an SLR-definable set of structures of treewidth one that is not MSO-definable,
implying also that [SLR]] € [MSQ]. The idea is to encode words over a binary alphabet
A4 ={a,b} by lists whose vertices are labeled with symbols from 4. A list is connected
acyclic graph, in which each vertex has at most one incoming and at most one out-
going edge. A word w = qj ...a, is encoded by the guarded structure c,, € Str(X, D),
where £ = {E,P,,Pp,b,e}, 6,,(D) = {v1,...,vn}, 0w(E) = {(vi,viz1) | i € [1,n— 1]},
6y (Pa) ={vi|i€[l,n], ai=a}, forall @ € 4, 6,,(b) = v; and 6,,(e) = v,,. Note that
tw(o,,) = 1, for any word w € 4*.

A context-free grammar G = (N, X,A) consists of a finite set N of nonterminals,
a start symbol X € N and a finite set A of productions of the form 9 — w, where
9 € N and w € (NU A)*. Given finite strings u,v € (NU A4)*, the relation u[>v re-
places a nonterminal 9" of u by the right-hand side w of a production 9 — w and

>>* denotes the reflexive and transitive closure of t>. The language of G is the set

L(G) ¥ {we A" | X>*w}. A language L is context-free if and only if there exists

a context-free grammar G, such that L = £(G).

A language L is recognizable if and only if the equivalence relation u ~j v, de-
fined as uw € L <= vw € L, for all w € 2%, has finitely many equivalence classes.
A language is recognizable if and only if it is definable by an MSO formula over the
signature {p,,pp,5}, where pq is the set of positions from [1,n] labeled by o € 4 and
s(x,y) <= y = (x mod n)+ 1 [13]]. Every recognizable language is context-free but
not viceversa e.g., {a"b" | n € N} is context-free but not recognizable.

Proposition 3. Given a context-free grammar G = (N, X,A), there exists an SID Ag
and a binary predicate symbol Ax € def(Ag), such that w € L(G) <= O [=a,
Ax(b,e), for allw € 4*.

9 An exception is the finite version of SL with universal quantification and magic wand, but
without inductive definitions from [28]].



Let L be a non-recognizable context-free language and suppose that there exists
an MSO formula ¢y, over the signature {E,P,,Pp,b,e,©}, that defines the set 5 el
{ow | w € L}. Then there exists also an MSO formula ;. over the signature {p,,pp,5},
interpreted over finite words, that defines L. Note that y; can be obtained directly from
¢z, by replacing each atom E(&,%) by s(§) = % and each atom Py (&) by po(§). Then
the language L is recognizable, which contradicts with the choice of L. Moreover, we
have {tw(c) | 6 € 8.} = {1}, proving that [[SLR]]’;D ¢ [MSQ], for any given k > 1.

5 [msO] £ [SLR]

We prove that the MSO-definable set of cliques { &, | n € N} is not SLR-definable. Be-
cause MSO is a syntactic fragment of SO, this also implies [SO]| Z [[SLR]. First, ob-
serve that the set { %, | n € N} C Str({V,E}) is defined by the formula:

VaxVy . V(x) AV(y) Ax £y — E(x,y) VE(y,x)

Note that the quantifiers range over finite (singleton) sets, hence the above is a formula
of Weak MSO. As shown in Proposition [1} the set { % | n € N} is strictly treewidth-
unbounded. It is then sufficient to prove that SLR cannot define strictly treewidth-
unbounded sets. More precisely, for each SLR sentence ¢ and SID A, we prove the
existence of an integer W > 1, such that, for each structure ¢ € [[¢|A] there exists an-
other structure G € [[¢|A]), with tw(G) < W. Then each infinite set [¢|A] has an infinite
treewidth-bounded subset i.e., it is not strictly treewidth-unbounded (Proposition ).

A first ingredient of the proof is that each SID can be transformed into an equivalent
SID in which the variables that occur existentially quantified in the rules of A are not
constrained by equalities.

Definition 7. A rule A(x1,...,xga) < Jy1...3yn . W, where ¥ is a quantifier-free for-
mula, is normalized if and only if no equality atom x =y occurs in y, for distinct vari-
ables x,y € {x1,...,xga} U{y1,...,Yn}- An SID is normalized if and only if it consists
of normalized rules.

Lemma 1. Given an SID A, one can build a normalized SID A’ such that def(A) C
def(A’) and for each structure © and each predicate atom A(E;, ... ,Exn), we have G [=p

3Ei, ... 3, - AELL. . 8un) <= o=n i T8, AEL . Eva), where {E; L. 8 =
{§17-~'7§#A}0V(1).

A consequence of the above result is that, in the absence of equality constraints in
a normalized SID, each existentially quantified variable instantiated by the inductive
definition of the satisfaction relation can be assigned a distinct element of the universe.
For instance, the fold_Is(x,y) formula ( defines an infinite set of graphs whose edges
are given by the interpretation of a relation symbol H, such that there exists an Eulerian
path visiting all edges exactly once, and all vertices possibly more than once. Since
there are no equality constraints (except for the case of empty graphs), each model of
fold_Is(x,y) can be expanded into an acyclic list from x to y, that never visits the same



vertex twice, except at the endpoints. This latter graph has treewidth two, if the vertices
denoted by x and y coincide, and one otherwise.

Formally, we write G |:qu ¢ if and only if the satisfaction relation ¢ =) ¢ can
be established by considering stores that are injective over the interpretation of exis-
tentially quantified variables and map these variables into elements from an infinite set
U C U. More precisely, the inductive definition of |:XMI
of |=a (, except for the following cases:

is the same as the definition

G ':XMI 01 %0 <= there exist structures 6; ® 6, = ¢ and infinite sets U and U,
UWNU =0, U U C U,such that c; XMI" 0i, i=1,2
o FM 30 = o g, for some u € U\ V(Iv(9)\ {x})

Lemma 2. Given a normalized SID A, a predicate atom A(&y, ... ,Esn) and an infinite
set U C U, for each structure 6 and a store V, such that 6 =} A(&1,...,En), there

. U
exists a structure &, such that ¢ |:XU A(&1,...,&n) and |Dom(o)|| < |[Dom(c’)|.
We show that the models defined on injective stores have bounded treewidth:

Lemma 3. Given a normalized SID A and a predicate atom A(Ey,...,Exp), we have

tw(c) < W, for each structure G and store V, such that 6 |:XMI A&r,...,Eun), for
some infinite set U C U, where W > 1 is a constant depending only on A.

The proof of [MSO]| Z [SLR] relies on the following result:

Proposition 4. Given a SLR sentence ¢ and an SID A, the set [0|A]] is either finite or
it has an infinite subset of bounded treewidth.

6 [SLR] C [sO]

Since SLR and MSO define incomparable treewidth-unbounded sets of structures, it is
natural to ask for a logic that subsumes them both. In this section, we prove that SO is
such a logic. Since MSO is a syntactic subset of SO, we have [MSOJ| C [SO] trivially.

In the rest of this section, we show that [SLR] C [[SO] using the fact that each
model of a predicate atom in SLR is built according to a finite unfolding tree indicat-
ing the partial order in which the rules of the SID are used in the inductive definition
of the satisfaction relatio More precisely, the model can be decomposed into pair-
wise disjoint substructures, each being the model of the quantifier- and predicate-free
subformula of a rule in the SID, such that there is a one-to-one mapping between the
nodes of the tree and the decomposition of the model. We use second-order variables,
interpreted as finite relations, to define the unfolding tree and the mapping between the
nodes of the unfolding tree and the tuples in the interpretation of the relation symbols
from the model. These second-order variables are existentially quantified and the re-
sulting SO formula describes the model alone, without the unfolding tree that witnesses
its decomposition according to the rules of the SID.

10 Unfolding trees are for SIDs what derivation trees are for context-free grammars.



In the following, let X &t {Ri,...,Ry,c1,...,ca} be the signature of SLR and let

AY {r1,...,rr} be a given SID. Without loss of generality, for each relation symbol

Ri € X, we assume that there is at most one occurrence of an atom R;(y1,...,ysg,) in
each rule from A. If this is not the case, we split the rule by introducing a new predicate
symbol for each relation atom with relation symbol R;, until the condition is satisfied.

We define unfolding trees formally. For a tree T = (N[, ,r,A) and a vertex n € A,
we denote by T [n] the subtree of I whose root is n. For a quantifier- and predicate-free
formula ¢, we denote by ¢" the formula in which every relation atom R(xy,...,xsR)
is annotated as R"(xy,...,xsr). Atoms R"(x1,...,xsr) (and consequently formulas ¢")
have the same semantics as atoms R(xj,...,x4r) (resp. formulas ¢); these annotations
serve purely as explanatory devices in our construction (Proposition [3)) that keep track
of the node of the unfolding tree where a relation atom was introduced.

Definition 8. An unfolding tree for a predicate atom A(E;,...,Esa) is a A-labeled tree

T = (N, F,r,\), such that M(r) € defs(A) and, for each vertexn € N, if Bi (z1.1,--.,21.48, ),
<o Bu(zn,1s---,2n48,) are the predicate atoms that occur in M(n), then py,...,py are
the children of n in T, such that M(py) € defa(By), for all £ € [1,h]. An unfolding tree

T = (N, F,r,\) for a predicate atom A(Ey, ... ,Eusn) gives rise to a predicate-free for-
mula defined inductively as follows:

O(T A1, Em) &
(HY1 o Tym YK ?:]®(T[P€]>B€<Z€,l,n-,Zé,#B[))) [x1/&1,. .. x8n/Csnls

where M(r) = A(x1,...,x4a) = 3y1 ... Tym - Wk ?:IBg(zm,...,zg7#B€),fora quantifier-
and predicate-free formula\y, py,. .., p, are the children of the root r in I, correspond-
ing to the predicate atoms B1(z1,1,...,2148,),---,Bn(2n,1,- - 2048, ), respectively.

The unfolding trees of a predicate atom describe the set of models of that predicate
atom. The following lemma is standard and we include it for self-containment reasons:

Lemma 4. For any structure 6 and store v, 6 =% A(Ey,...,&un) iff there exists an un-
folding tree T = (N, F ,r,A) for A&y, ...,Eun), such that 6 =¥ O(T,A(&y,...,Esn)).

Without loss of generality, we build a SO formula that defines the models of a rela-
tion atom A(&y,...,Exa). This is because, for any formula ¢ with fv(¢) = {x1,...,x,},
one can add a new rule Ay(x1,...,x,) < ¢, for a predicate symbol Ay not occurring
in A. Let P be the maximum number of occurrences of predicate atoms in a rule from
Ay. We use second-order variables Yi,...,Yp of arity 2, for the edges of the tree and
Xo,...,Xg of arity 1, for the labels of the nodes in the tree i.e., the rules of A. Then
the SO formula T(x, {X;}{ |, {¥;}_,) is defined as the conjunction of SO formulz that
describe the following facts:

1. the root x belongs to X;, for some r; € defs(A),
the sets X1, ...,Xg are pairwise disjoint,
each vertex in X; U...U Xk is reachable from x by a path with edges Yy,...,Yp,
each vertex in X; U...UXg, except for x, has exactly one incoming edge,
x has no incoming edge,

AR



6. each vertex from X; has exactly & outgoing edges Y1,...,Y,, each to a vertex from

X, , respectively, such that rj, € defa(By), forall £ € [1,h], where By (z11,...,21.48, ),
- Bu(zn,1,-- -, zn48,) are the predicate atoms that occur in r;.
We build a SO formula §(&;,...,&n,x, {X,-}le,{Yj}le,{{Zu}ZE"l V_|) expressing

the relationship between the unfolding tree 7" and the relations 6(R;). We recall that,
for every node n of 7" and every relation atom R, there is at most one annotated relation
atom R}(&1,...,&r;) in O(T,A(&1,...,&4a)). The formula § now uses second-order
variables Z ¢, of arity two that encode (partial) functions mapping a tree vertex n to
the value of &, for the (unique) annotated atom R}(&1,...,&sr;) (in case such an atom
exists). The formula § is the conjunction of following SO-definable facts:

(i) each second-order variable Z; ¢ denotes a functional binary relation,

(i) for each tree node labeled by a rule r; and each atom R (&1, ...,&sr, ) occurring at
that node, the interpretation of Ry contains a tuple, whose elements are related to
the node via Zy 1, ..., Z R, :

Niet 8 ARy occurs in 1 VY - Xi(¥) = Fz1-.. Fzwry - Relzrs -, zR,) A Avepn wry) Zioe (05 20)

(iii) for any (not necessarily distinct) rules r; and r; such that an atom with relation
symbol Ry occurs in both, the tuples (from the interpretation of Ry) are distinct:

/\i,je[l,R] /\Rk oceurs in rj,r; vyv)/vzlvzll . 'vz#Rka;#Rk .
(X)) AXG (") A Neept arg Zie 30520) AZit (Y 520))) = Ve sy 20 7# 2

(iv) each tuple from a the interpretation of R; must have been introduced by a relation
atom with relation symbol Ry that occurs in a rule r;:

N Yz Var Re(zn.ozmr) =3y ) GO) AN Ze(nze)
ke[1,N] Ry, occurs in r; le[1#Ry]

(v) two terms &, and ), that occur in two relation atoms R (&1,...,&sr, ) and Re(X1, - - ., X#R,)
within rules r; and r;, respectively, and are constrained to be equal (i.e., via equal-
ities and parameter passing), must be equated:

Nieelt.n A Amel1 4R Nnel1 4R, TYIY'VZVZ

Ry, occurs in r;
Ry occurs in r;

(X)) AXG(") NISEy (05 AKX AV ) A Zim (30 2) N Z0a(y 7)) = 2=12
The formula isEqy. ¢ ., (v,Y' {Xi} 1, {¥;}/_,) asserts that there is a path in the
unfolding tree between the store values (i.e., vertices of the tree) of y and y/,

such that the m-th and n-th variables of the relation atoms Ri(z1,...,z4r,) and
Re(2),- .- ,z,@Ry) are bound to the same value.

(vi) a disequality & # x that occurs in a rule r; is propagated throughout the tree to
each pair of variables that occur within two relation atoms Ri(E;,...,&4r,) and

Re(X1,---,X#r,) in rules r;, and r;,, respectively, such that & is bound &, and x to
Xs by equality atoms and parameter passing:

Nty occurs in r; /\k,/fe[l,zv] A /\re[l,#Rk] /\se[L#RA YWy vy V2"

Ry occurs ‘1n ik
Ry occursinrj,

(X)X () A () A Ziy (s ) N Zos(y",2") A y
varEqe i (v, Y AX LAY L) AvarEqy (0, AXi} ) = 2 # 2"



The formula varEq i (x,y, {X; } 1, {Y;}/_, ) states that the variable § occuring in

the label of the unfolding tree vertex x is bound to the variable z, that occurs in a
relation atom Ry(z1,...,z4r;) in the label of the vertex y.

(vii) eachtermin A(E;,...,&4a) that is bound to a variable from a relation atom Ry (z1, . .., z#r,)
in the unfolding, must be equated to that variable:

/\ /\ Vsz . (Xi(x) AvarEqﬁj,k,r(xaya {Xi}fe:lv {Yj}ﬁ":l) /\Zk.,r(yvz)) — E-‘j =z
riedefy (A) jE[1,#A]

The formulz isEqy ; ,, ,(x, v, {Xi}X|, {Yj}5:1) and varEqe . .(x,, X, {Yj}f:l) above
are definable in MSO, using standard tree automata construction techniques, similar to
the definition of MSO formule that track parameters in an unfolding tree for SL, with
edges definable by MSO formul® over the signature of SL [33]. To avoid clutter, we
defer such definitions to a long version of this paper.

Summing up, the SO formula defining the models of the predicate atom A(&1, ..., Exa)
with respect to the SID A is the following:

ANEL,....Eua) = I Y HZ R 3 Ze 1R
T, XAV D) ATEL - B, XY L Ze RO )

The correctness of the above construction is proved in the following proposition, that
also shows [SLR] C [SO]:

Proposition 5. Given an SID A and a predicate atom A&, ..., Eun), for each structure
6 and store v, we have 6 =X A(&1,...,&sa) <= oY 912(2:;1 yeeerCan).

7 [MSO[j C [SLR]

We prove that, for any MSO sentence ¢ and any integer k > 1, there exists an SID A(k, §)
that defines a predicate Ay 4 of arity zero, such that [Ay 4()|A(k,0)]] = [[q)}]k@ i.e., the set
of guarded models of ¢ of treewidth at most k corresponds to the set of structures SLR-
defined by the predicate atom Ay () interpreted in the SID A(k, ¢). Our proof leverages
from a result of Courcelle [21]], stating that the set of models of bounded treewidth of
a given MSO sentence can be described by a set of recursive equations, written using
an algebra of operations on structures. This result follows up in a long-standing line
of work (known as Feferman-Vaught theorems [41]) that reduces the evaluation of an
MSO sentence on the result of an algebraic operation to the evaluation of several related
sentences in the arguments of the respective operation.

7.1 Courcelle’s Theorem

In order to explain our construction (given in §7.2)), we recall first a result of Courcelle.
Because this result applies to general structures (U,G), we do not assume the usual
U = U in this section. Courcelle gives a characterization of the structures of bounded
treewidth that satisfy a given MSO formula ¢ by an effectively constructible set of re-
cursive equations. This set of equations uses two operations on structures, namely glue
and fgest;, that are lifted to sets of structures, as usual. The result is developed in two



steps. The first step builds a generic set of equations, that characterizes all structures of
bounded treewidth. This set of equations is then refined, in the second step, to describe
only models of ¢.

Operations on Structures Let X; and X, be two (possibly overlapping) signatures.
The glueing operation glue : Str(X;) x Str(X;) — Str(X) UX;) is the union of struc-
tures with disjoint universes, followed by fusion of the elements denoted by constants.
Formally, given S; = (U;,0;), for i = 1,2, such that U NU, = 0, let ~ be the least
equivalence relation on U; UU, such that 6 (c) ~ 62(c), forall c € ZHZ’ Let [u] be the
equivalence class of u € U; U U, with respect to ~. Then glue(S) ,Sz) (U G), where

UE {[u] |u € U UU,} and 6 is defined as follows:

[ Wl ) | uns - unr) € 61(R) ifReX\Xp
o(R) ¢ {([ur],.. . [usr]) | (1. .. ,usr) € 62(R)}, ifRe %\,
{<[u1] [M#R]> | (ul,...7u#R> S Gl(R)UGz(R)}, ifReX N,

) ifce

o(c) def [o1(c)],

[ ( )] if c 622\21
Since we match isomorphic structures, the nature of the elements of U (i.e., equivalence
classes) is not important. The forget operation fgcst; : Str(X) — Str(X\ {c;}) simply
drops the constant c; from the domain of its argument.

Structures of Bounded Treewidth Let k > 1 be an integer, X = {Ry,...,Ry,ci,...,cp}
be a signature and IT= {cp41,...,Cu1i+1 | be a set of constants disjoint from X, called
ports. We consider variables Y;, for all subsets IT; C I1, denoting sets of structures over
the signature ¥ UTII;. The equation system now consists of recursive equations of the
form Yo O f(Y1,...,Y,), where each f is either glue, fgcsty,, ;, for any j € [1,k+1], or
a singleton relation of type R;, of type R;, consisting of a tuple with at most k+ 1 distinct
elements, for any i € [1,N]. We denote this set of equations by Tw(k). The structures
of treewidth at most k correspond to a component of the least solution of Tw(k), in the
domain of tuples of sets ordered by pointwise inclusion, see e.g., [22, Theorem 2.83].

Models of MSO Formulae We recall that the quantifier rank qr(¢) of an MSO formula

¢ is the maximal depth of nested quantifiers i.e., qr(¢) “10if ¢ is an atom, qr(—01) o
def

def
qr(91), qr(¢1 A ¢2) = max(qr(91),qr(¢2)) and gr(Ix . ¢1) = qr(IX . ¢1) = qr(¢1) + 1.
We denote by [F,s, the set of MSO sentences of quantifier rank at most r. This set
is finite, up to logical equivalence. For a structure S = (U,0), we define its r-type as
type” (S) = {¢ € Flyeo | S I 0}. We assume the sentences in fype’ (S) to use the signature
over which S is defined; this signature will be clear from the context in the following.

Definition 9. An operation f: Str(X1) X ... x Str(%,) — Str(Z,+1) is (effectively) MSO-
compatibl&{:r] iff type" (f(S1,...,Su)) depends only on (and can be effectively computed
from) type” (Sy),. .., type’ (S,) by an abstract operation f*: (pow(F5,s0))" — pow(Flc).

Courcelle establishes that glueing and forgetting of constants are effectively MSO-

compatible, with effectively computable abstract operations glueﬁ and fgcstﬁ,, +p for

T Also referred to as smooth operations in [41]].



i€[l,k+1],seee.g., [21l Lemmas 3.2 and 3.3]. Then one can build from 7w (k) a set of
recursive equations Tw? (k) of the form Y,° = f(¥",...,Y;), where Yo = f(Y1,...,Yy)
is an equation from Tw(k) and 7, ..., T, are qr(0)-types such that to = f¥(1y,...,1,).
Intuitively, each annotated variable Y™ denotes the set of structures whose qr(¢)-type
is T, from the Y-component of the least solution of Tw(k). The set of models of ¢ of
treewidth at most k is the union of the ¥*-components of the least solution of Tw*(k),
such that ¢ € 7, see e.g., [21, Theorem 3.6].

7.2 Encoding Types in SLR

We explain the proof for [[MSO]]% C [SLR]. Instead of using the set of recursive equa-
tions Tw(k) from the previous subsection, we give an SID A(k) that characterizes the
guarded structures of bounded treewidth (Figure [Th). The idea is to use the separating
conjunction for simulating the glueing operation. However, the separating conjunction
is interpreted as composition of compatible structures, so that the universes cannot be
disjoint, as required by the glueing operation. Note that this condition is stronger than
the disjointness of structures i.e., the disjointness of the interpretations of each relation
symbol from the signature (Def. [2).

This is also the place where we make use of the assumption that we only consider
guarded structures i.e., we use the unary relation symbol ® to enforce disjointness, by
means of composition. Intuitively, in the SID A(k), © “collects” the values assigned to
the existentially quantified variables created by rule (2)) and the top-level rule (@) during
the unraveling. In particular, the relation symbol © ensures that (i) the variables of a
predicate atom are mapped to pairwise distinct values and (ii) the composition of two
guarded structures is the same as glueing them.

To alleviate the presentation, the SID A(k) defines only structures (U, o) € Str(X, D)
with at least k + 1 distinct elements in 6(D) (rule[4) and 6(R) # 0 for at least one rela-
tion symbol R € ¥ (rule[3). The cases of structures such that |6(D)]| < k or Urex 6(R) =
0 can be dealt with easily, by adding more rules to A(k). We show below that A(k) de-
fines all structures of k-bounded treewidth (except for the aforementioned corner cases):

Lemma 5. For any guarded structure (U,G) € Str(X,D), such that |6(D)| > k+1 and
6(R) # 0, for at least some R € X, we have tw(c) < k if and only if (U,6) [Fau) Ak()-

The second step of our construction is the annotation of the rules in A(k) with qr(¢)-
types, in order to obtain an SID A(k, ) describing the models of an MSO sentence 0,

of treewidth at most k. For this, we consider the set of ports IT = {cas+1,- .-, Crrk+1}
disjoint from X, which we use to encode the values of the variables x1,. .. ,x¢4:

Definition 10. LetX={Ry,...,Ry,ci,...,cn} be a signature, I1={cp41,...,Cprk+1}
be a set of constants not in ¥, and V be a store mapping xi,...,Xy4+1 to elements

of U. For a structure (U,G) € Str(X,D) with (D) N{v(x1),...,V(xk+1)} = 0, we
define a structure encode(c,v) € Str(ZUIL D), with universe U, that agrees with G
over ¥ and maps cyyi 1o V(x;), for all i € [1,k+ 1), such that encode(c,v)(D) =
G(@) U {V(xl)a s 7v(xk+l )}

The correctness of our construction will rely on the fact that the composition acts
like glueing, for structures with universe U, whose sets of elements involved in some
relation may only overlap at the interpretation of the ports from IT:



A(x17"'7xk+l (—A()Cl, 7xk+1)*A(x17"‘7xk+l) (1)

)
A(xp, ..ok rr) < Ty - D) xAlxr, .. xk1)xi/y], forall i € [1,k+1] 2)
A(xp,...,xk11) < RO1,. . y8r), forall R € Eand yy,...,ysR € {x1,..., X421} 3)
Ak() = Bxp By - D) kD () * AKX ) )
(@)
AT(x1, . xpt) = A% (xr, X 1) * AR (X, xeg 1), where T = glue (t1,1) (5)
A%(xp, .. xppr) <3y - D) * AV (xr, oy Xkp 1) [xi /Y], forall i € [1,k+1], (6)

where T = glue’ (]‘gcstgw +i(T1),p;) for the type p; of some structure
S € Str({cp+i},D) with singleton universe and S I+ D (caz+i),

AT(x17'~'7xk+1) <~ R(y|7"'7y#R)7 for some yi,...,Y#R € {xlv"'vxk+1}7 (7)
where T = type®"(®) (S), SeStr(EU{cy+i,---rmarr1},®) and
SIERML, - Y4R)X/CHa 15+ Xk 1 /M1 %
* K <ic i<kt 1CM+i 7 M) * K 1<ick41D(Cmi)
Ak,¢() — dx; ...Elka . @(x])* . *’D(xk+1) *AT()C[,.. .,ka) ®)
forall tsuchthat g € T
(b)

Fig.1. The SID A(k) defining structures of treewidth at most k (a) and its annotation A(k,¢)
defining the models of an MSO sentence ¢, of treewidth at most k (b)

Lemma 6. For an integer r >0, a store v and disjoint compatible structures (U,61),(U,072) €
Str(E UII, @), such that Rel(Gl ) ﬂRel(Gg) - {G] (CM+1 ), ...,0] (CM+k+l)} and (G] (@) U
62 (D)) N{v(x;) | i € [I,m]} =0, we have:

type' (encode(G| ® Gy, V)) = glue* (type” (encode(c1,v)), type” (encode(cy,V)))

Let A(k,¢) be the set of rules from Figure (1| (b). The main property of this SID is
stated and proved below:

Proposition 6. Given k > 1 and an MSO sentence 0, for any guarded structure (U,0) €
Str(Z,D), we have: (1) (U,0) I ¢ and tw(c) < k if and only if (2) (U,6) FEak,e) Ako()-

The above result shows that SLR can define the guarded models 6 € Str(Z,D) of a
given MSO formula whose treewidth is bounded by a given integer. We do not know,
for the moment, if this result holds on unguarded structures as well.

The above construction of the SID A(k, ) is effectively computable, except from
rule [7| where one needs to determine the type of a structure S = (U, ) with infinite
universe. However, we argue in the following that determining this type can be reduced
to computing the type of a finite structure. This type can be determined by solving
finitely many MSO model checking problems on finite structures, each of which being
known to be PSPACE-complete [47]].

Given an integer n > 0 and a structure S = (U, 6) € Str(X), we define the finite struc-
ture §" = (U”,6), where U”" & Dom(6) U {uy, ...,u,}, for pairwise distinct elements
u,...,u, € U\ Dom(c). Then, for any quantifier rank r, the structures S and S> have
the same r-type, as shown below:

Lemma 7. Givenr > 0and S = (U,c) € Str(X), we have type (S) = type’ (S%).



8 The Remaining Cases

We present the results from Table[I] not already covered by §4] §5] §6]and

[[SO]}% ¢ [[MSO] First, [[SO]]]/ED ¢ [[MSO]J| follows from the fact that any non-recognizable
context-free word language, corresponding to a non-MSO-definable set of structures
can be defined in SLR (Proposition . Since [[SLR]] C [SOJ}, we obtain that [[SO}]];O Z
[MSQ]. Moreover, [SO]] £ [MSO] follows from the fact that our counterexample in-
volves only structures of treewidth one (i.e., lists encoding words as in §4).

[[SLF!}]];D C [[SsO] By applying the translation of SLR to SO from §|§I to A(k) (Fig. )
and to a given SID A defining a predicate A of zero arity, respectively, and taking the
conjunction of the results with the SO formula defining guarded structures{ﬂ we obtain
an SO formula that defines the set [[A() \A}]/f@, thus proving that [[SLR]]/‘D C [SOJ.

[[(M)SO]}]}_) C [[(M)SO] For each given k > 1, there exists an MSO formula 6y, that defines
the structures of treewidth at most k [22| Proposition 5.11]. This is a consequence of the
Graph Minor Theorem proved by Robertson and Seymour [45], combined with the fact
that bounded treewidth graphs are closed under taking minors and that the property of
having a given finite minor is MSO-deﬁnabl Then, for any given (M)SO formula 0,
the (M)SO formula ¢ A 6, defines the models of ¢ of treewidth at most k.

Open Problems The following problems from Table |1|are currently open: [[SLR]]k@ -
[SLR] and [[SO]]I:{D C [[SLR], both conjectured to have a negative answer. In particular,
the difficulty concerning [[SLR]]];3 C [[SLR] is that, in order to ensure treewidth bound-
edness, it seems necessary to force the composition of structures to behave like glueing
(see the definition of A(k) in Fig. ), which is however difficult to ensure without the
additional predicate symbol ©.

Since [[MSO]]% C [SLR] but [MSOJ] Z [[SLR], it is natural to ask for the exis-
tence of a fragment of SLR that describes only MSO-definable families of structures of
bounded treewidth. Unfortunately, since SLR can define context-free languages (Prop.
E]), the MSO-definability of the set of models of a SLR formula is undecidable, as a
consequence of the undecidability of the recognizability of context-free languages [31].
On the other hand, the treewidth-boundedness of the set of models of a SLR formula is
an open problem, related to the open problem [[SLR]% C [SLR] above.

9 Conclusions

We have compared the expressiveness of SLR, MSO and SO, in general and for mod-
els of bounded treewidth. Interestingly, we found that SLR and MSO are, in general,
incomparable and subsumed by SO, whereas the models of bounded treewidth of MSO
can be defined by SLR, modulo augmenting the signature with a unary relation symbol
used to store the elements that occur in the original structure.

12 /\Reval VAR - R(x17.,.7x#R) — /\ie[l,#R] @(xi).
13 The proof of Robertson and Seymour does not build 0, see [3] for an effective proof.
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Proofs

Proposition 1. The set { X, | n € N} is strictly treewidth-unbounded.

Proof (Proof 0. Let K, & (V,E), modulo isomorphism. We prove that

tw(%,) =n— 1, for all n > 2, by showing that, in every tree decomposition (A, F,r,A)



def

of &, = (V,E) there is a node p € A/, such that A(p) = V. By induction on n > 2,
the base case n = 2 follows immediately from point (I)) of Def. 5] For the inductive
step n > 2, let u € V be a vertex and let p € A be the node of least depth, such that
1 € M(p). By point (2) of Def.|5| this node is unique. Let {vi,...,v,_1} &= 9\ {u}. By
the inductive hypothesis, there exists a node m € A(, such that A(m) = {vi,...,v,_1},
because the restriction of (¥, E) to {vy,...,v,—1} is a clique and (A, F,r,A) is also a
tree decomposition of that clique. Since (u,v1),..., (4,v,—1) € E, by point (I) of Def.
there exists nodes gy, ...,q,—1 € A/, such that u,v; € A(g;), for all i € [1,n—1]. By the
choice of p, these nodes are all descendants of p, because u € A(g;), foralli € [I,n—1]
and p has the lowest depth among all such nodes. We distinguish two cases:

— m is not a descendant of p, then let g be the deepest common ancestor of m and p.
Since v; € M(g;) NA(m), we obtain v; € A(g), for all i € [1,n— 1], by point (2)) of
Def. This leads to u,vy,...,v,—1 € A(p), by the same argument.

- m is a descendant of p and let ¢},...,q,,_, be the deepest common ancestors of m
and q1,...,qn—1, respectively. Since v; € A(g;) NA(m), we obtain v; € A(q}), for all
i € [1,n—1], by point (2) of Def. [5| Since ¢1,...,q),_, are all ancestors of m, they
are linearly ordered by the ancestor relation and let ¢, be the deepest such node.
Then we obtain u,vi,...,v,—1 € Mgqy), by point (2) of Def.

Proposition 2. Given structures (U,6) =~ (U’,0’), for any sentence ¢ of SLR and any
SID A, we have (U,0) E=p 0 <= (U',0') =4 0.

Proof (Proof of [Proposition 2). By induction on the definition of the satisfaction re-
lation =4, we show that 6 =% y <= o =V v, for any store v and any bijection
h:U — U’, such that, for any relation symbol R € £, we have (uj,...,u,) € 6(R) <—
(h(uy),...,h(u,)) € 6'(R) and, for any constant ¢ € £, we have i(c(c)) = 6/(c), as in
Def. [3| We consider the following cases:

— o =E&pay, for e {=,#}: we prove only the case where & € V(1) and y € {cy,...,ci},
the other cases being similar. By the above point, for all <€ {=,#}, by the defini-
tion of /&, we have:

e 6(R)=0 < o'(R)=0, forall R€ X, and
e VE) m0(x) <= h(V(E)bah(6(1)) <= (hov)(E) = (1).

0= R, &) (G,V)(E)s . (0,9) (&) €O(R) = (h((G,V)(E1))s-..,
h((o,v)(EsR))) €0/ (R).IFEy ..., Eur € V), the latter condition is ((hov)(&y), ...,
(hov)(&sr)) € 6'(R). Else, if &, ..., &4 € {c1,...,cu}, the condition is (h(c (&),
...,h(c(E4r))) € &' (R). The general case &, ... . &g € V(D U{cy,...,cpr} is a com-
bination of the above cases.

- 0=A(&),...,E4na): this case follows by the induction hypothesis.

- 0=01%02: 6 |=) 91 *¢s if and only if there exists disjoint and compatible structures
G| ®0y = G, such that 6; =) ¢;, for all i = 1,2. We define the structures ¢/ and G
as follows, fori =1,2:

e 6/(R) = {(h(u1),...,h(ugr)) | (u1,...,usr) € c;(R)}, for all relation symbols
ReX,
e o/(c) = h(o;(c)), for all constant symbols ¢ € E.
Then &) and &) are disjoint and compatible and 6’ = G/ e 6,. Moreover, by the
inductive hypothesis, we have &, =X ¢;, for all i = 1,2, leading to ¢’ =} ¢1 * 0».



Vx<—u] ho(V[x«u])

— ¢ = Jx. y: by the inductive hypothesis, we obtain 6 |=, Y = 0 |=,
y = o VTl ey o ey 3y

Proposition 3. Given a context-free grammar G = (N, X,A), there exists an SID Ag
and a binary predicate symbol Ax € def(Ag), such that w € L(G) <= O [=a,
Ax(b,e), for allw € 4*.

Proof (Proof of [Proposition 3)). Assume w.l.o.g that the context-free grammar G does
not produce the empty word and that it is in Greibach normal form i.e., contains only

production rules of the form 9 — 9] ...9;, where 9, ...,9; € N, for some i > 0 and
some 0, € 4. For each nonterminal 9", we consider a binary relation symbol Ay (x1,x2)
and for each production rule as above, we consider a rule:

A%(JQ,XQ) — E|y1 ...E|yi . @(xl) * PQ(X])* E()C],y])*AD/l (y],yz) * E(y2,y3) *...
*E(yiflayi)*Af)’i(yiaXZ)

if i > 1 and Ay (x1,x2) <= D(x1) *Po(x1) ¥x1 = X2, if i = 0. Let A be the set of the rules
def

above and let Lo (G) = {we A" | Y >*w}, forall Y € N. Let w =ay...a, € A" be
any word and o, € Str({D,E,P,,Pp,b,e}) be the structure encoding w. We prove that
Y > w <= (04,V) =a Ay(x,y), for any word w € A4* and any nonterminal 9" € N,
where Vv is any store such that v(x) = 6,,(b) and v(y) = 6,,(e).

“=" By induction on the length n > 1 of the derivation of w from 9. The base case
n =1 corresponds to a production rule 9" — o in G that yields the rule Ay (x1,x2)
D (x1) %P (x1)*x1 =x7 in A and 6o =4 Ay (b, e) follows. For the inductive step n > 1,
we assume w.l.o.g. that the derivation is ordered such that each nonterminal is fully
expanded before another nonterminal from the same rule (every derivation of a context-
free grammar can be reordered in this way). Let 9 — o] ...9; be the first rule of
the derivation and let 9; >* w; be the sub-derivations of 91, ..., %, respectively. Then
w = ow ...w;. We can now choose structures Gpe G @ - - - # G; = Gy, such that 6y(D) =
{vo}. 00(Pa) = {vo}, 60(E) = {(vj,vjs1) [ j € [0,n—1]}, 60(b) = vo and So(e) = vy,
for some set of pairwise different universe elements vy,...,v, € U. We denote by G’j,
for 1 < j <, the structure that is identical to G; except that we set G}(b) =v; and
Gg(e) = vj;1, where we set v, = G,,(e). We recognize that G;» is isomorphic to Gy, .
By the inductive hypothesis, we have 6,,; =1 Ay;(b,e) for all 1 < j <i. By Prop.
we get that 6'; =4 Ay, (b, e). Let v be a store with v(y;) = v; forall 1 < j <i. We now
recognize that:

(6pecie...e0;,V) =aD(b)xPo(b) *E(b,y1) *Ag; (v1,¥2) *E(y2,¥3) *. .. xE(yim1,¥i) ¥ Ay (vi, €).

Hence, 6,, =A Ay (b, e), as required.

“«" By induction on the length of the unfolding that defines the satisfaction relation. In
the base case, we have 64 |= D (b) * Py (b) xb = e, leading to 9 >* a, for a rule 9" — o
of G. For the inductive step, assume that:

Oy =5 D(b)  Po(b) % E(b,y1) * Ay, (y1,¥2) * E(y2,y3) ... * E(yi—1,¥i) * Ay (i, €)

for some store v, where Ay; (x1,x2) <= 3y1 ... 3yi . V(x1)*Po(x1) *E(x1,y1) % Ao (v1,2) *
E(y2,¥3) * ... *xE(yi—1,¥i) * Ay (i, X2) is a rule of A, for some i > 1. Then G has a rule
Y — 09 ...9;. Moreover, there exist structures GyeG; ®...eG; = G,,, such that:



- 69 Y D(b) x Py (b) * E(b,y1) * E(y2,y3) * ... * E(vic1, 1),
- (Gj,V) ':A A%.(yj,yjﬂ), for all ] S [l,i— 1}, and
- (0:,V) Fa Ay (vise).

Let 6'; be the structures that agree with 6, except that 6’,(b) =V'(y;), 6(e) = v(yj+1),
forall j € [1,i — 1], and 6}(e) = G,,(e). It is easy to show that there exist words wy, ..., w;,
such that w = ow; ... w; and Gy, = (5’1., for all j € [1., i]. By Prop.. we obtain G, Ea
ij (b,e), hence 9 >*wj, by the inductive hypothesis, thus leading to 9" >* w.

Lemma 1. Given an SID A, one can build a normalized SID A’ such that def(A) C
def(A") and for each structure 6 and each predicate atom A(&1, ..., Eup), we have 6 =5

iy . 38i,  AGL - Eua) = oa 38, .. 38, AG - Gan), where (&, 6 b =
(&1, Eeat NV,

Proof (Proof of [Lemma 1)). Let A be an SID. For each predicate A € def(A) and each
partition {Iy,... I} of [1,#A], we consider a fresh predicate A;, _;, of arity k > 1, not
in def(A). Let A’ be the SID obtained from A by introducing, for each rule:

Axr,.xgn) < 3y Ty 0k 1 B (201, 2pype) €A )

where ¢ is a quantifier- and predicate-free formula and for each equivalence relation ~
on the set of variables {x,...,x4a} U{y1,...,ym} that is compatible with all equalities
in ¢ i.e., x =y occurs in ¢ only if x = y, the following rules:

A’l-,~-~-,lk(x]""7xk) <— (Elyjl ...Eiyjn LYk >|< IZ:]B% ][[ (Zr[,l"”7ZréJ[)) (10)

[xiy /X1, i, /]

A(xl,...,X#/_\) <—A1],,_,,lk(x,~1,...,xik) (11)

s

where:
— ~ induces the partitions {1, ...,l;} of [1,#A] and {J{,... ,Jfé} of [1,#B'], for each
0 € [1,k], ‘
- X and %, o are the first in their ~-equivalence classes, respectively, in the total
order x; < ... <xaa <y1 <...<Ym,
— VY is obtained from ¢ by replacing each variable x, such that x ~ x;; with x;,, respec-
tively each z, such that z =~ Zr, with Zr, o and removing the trivial equalities of the

form x = x,
— the quantifier prefix Jy;, ...3y;, is the result of eliminating from Jy;...dy,, the
variables that do not occur in fv(y) UU_; {z¢,,, - -- Zr, 4 1.

In particular, one can remove from A’ the rules containing unsatisfiable disequalities of
the form x # x, obtained from the above transformations. We are left with proving the
equivalence from the statement.

“=" Assume that 6 =X A(E;,...,E4a) for a store v, and let ~ be the equivalence
relation over {&;,...,&xa}, defined as & =~ §; <= (0,v)(&;) = (0,v)(§;). We now
prove by induction that ¢ =} A(&1,...,&4a) implies 6 =), Ay 1 (&), .., &;, ), where
{L,..., Iy} are the partitions of [1,#A] induced by ~ and the §;; are minimal represen-
tatives of /; in some fixed total order. Since 6 =} A(&;,...,Exa), there is a rule @]) inA,



a store V', that agrees with v over &;,...,Esa and structures Gy e ... @ 6;, = ©, such that
/o / _ _ def
oo =¥ ¢sand o; =) B (z4,1,..., 20 4p¢ )5, for all £ € [1,h], where 5= [x1 /&1, . /&)
is the substitution that replaces the formal parameters by terms. Let ~' be the equiv-
alence over x; < ... <xsa <yi < ... <yp defined as x =y <= Vv/(x) =V/(y). By
. . . ! —
the inductive hypothesis, we have o; [=), B§1 ry (zjm s Zryy )s, where z,,,, ... 1y
is the sequence of minimal representatives wrt &' Since ~' D =, there exists a rule
of type (10) in A’ allowing to infer that ¢ =), Ay, .1 (&), ..,&;,). We finally obtain

o =X AL, -, &ua), by arule of type (11).
”<=" Assume that 6 =), A(E1,...,&#a). Then, by a rule of type from A, we must

have s =), Ay, ...1, (&i, - -, &, ). We now prove by induction that =), Ay, 1, (&), -+, &)
implies that 6 =% A(&,...,E¢a), where V' is a store that maps each &; € V(I such

. . 1 _
that j € I}, into (o,V)(&;;). Assume that 6 =), (y* 3k 2‘:182’“.% (zrévl,...,zrmf))s,
by a rule of type (10), where V" is a store that agrees with v over &is...,&;, and
3¢ [x1/&i,...,x/Ei.] is a substitution. Then there exists structures Gy e ...®G; = G,

such that 6o =¥ s and o, |:X/,/ Bﬁ (2rpys--- \Zr, )5, for all £ € [1, h]. By the defini-

(O
1y
tion of A’, there exists a rule of type (@) in A and a corresponding equivalence relation ~
over x; < ...<xsa <y1 <...< ym, which induces the partitions {I;,...,I; } of [1,#A]
and {Jf,...,]ff} of [1,#B"], for each ¢ € [1,k], and xi; and z, , are the first in their

~-equivalence classes. We can now choose a store V', such that:

- (6,V")(§;) = (0,V")(&;;), for all j € [1,k], and

- (0,V")(25) = (6,V")(zr,,5) if j € JE forall £ € [1,h] and ¢ € [1,s"].
By the definition of y, we have Gy |:VW 0. By the inductive hypothesis, we obtain
oy ):Xm B[(Zg_rl,...,Z&#Bz), for all £ € [1,h]. Hence © |:Xm A(&1,...,Exn), by arule of
type ().
Lemma 2. Given a normalized SID A, a predicate atom A(E,,...,Esa) and an infinite
set U C U, for each structure 6 and a store v, such that 6 =X A(&1,...,Esn), there
exists a structure &, such that ¢ |:\A/Ml A(Eq,...,Eun) and [Dom(o)|| < |[Dom(c’)||.

Proof (Proof of . The structure 6’ is built inductively on the definition of
the satisfaction relation ¢ =) A(xi,...,x4a). Since no existentially quantified variable
is constrained by equality during this derivation, one can use the definition of I:ﬁ(u
instead, thus ensuring that ¢’ szwl A(xy,...,xza). Moreover, since the values of all

existentially quantified variables are pairwise distinct in &', it follows that | Dom(o)|| <
IDom(s")].

Lemma 3. Given a normalized SID A and a predicate atom A(Ey,...,Exn), we have

tw(c) < W, for each structure ¢ and store V, such that G |:XMI AEr,...,Eun), for
some infinite set U C U, where W > 1 is a constant depending only on A.

Proof (Proof of[Lemma 3)). Let W be the maximal number of variables that occurs free
or bound in the right-hand side of a rule from A. Given an infinite set U C U, we build
a tree decomposition T = (A[, F,r, L) of o, inductively on the definition of the satisfac-

tion relation & =5V A(E, ..., E4a), such that U,ca M(n) € UU{(6,V)(E1), -, (6,V) (Esa)}-



Assume that © ):XUZJ A(E1,...,Eua) is the consequence of a rule A(xy,...,xza)

Ayie3ym - Wk By(z], . 24g,) from A, where y is a quantifier- and predicate-
free formula, such that ¢ ):X/Ml E\ I MR TEE Bu(zt,... ,zﬁg[), where V' is the
store that maps x; into v(&;), for all i € [1,#A]. Then there exists a store V" that agrees
with v/ over xi,...,xga, such that v/ (y;),...,V"’(ym) € U are pairwise distinct, and
structures Gy G| e . .. ¢ Gy = G, such that 6o =¥ y and o, ):X”Ml‘ Bu(zt,. .. ,zﬁB{), for
all £ € [1,k], where Uy, ..., Uy is a partition of U into k infinite sets. Note that, because
U is infinite, such a partition always exists. By the inductive hypothesis, there exists a
tree decomposition 7y = (Ap, F¢,r¢, ) of 64, such that tw(Zy) < W and Uneng Ae(n) C
U U{V'(2]),..., V" (2hg, )}, for each £ € [1,K].

We define the tree decomposition T = (A, F,r,A) such that 7j, ..., Ty are the im-
mediate subtrees of the root and A(r) = {V"(x1),..., V' (xa) } U{V' (1), .-,V () }-
Then, for each relation atom R(z, . .., z4R) that occurs in W, the set {V"'(z;),...,V"(zsr) }
is a subset of the label of the root, thus fulfilling point (T]) of Def.[5] To check point (2) of
Def. let u € Ai(n;) NAj(n;), where n; € Aj and nj € Aj;, for some 1 <i < j < k. Since
o =L VUB(d Zhs,)- O = YU B (. Z4g,;) and U;NU; = 0, we obtain that u
is not the image of an existentially quantified variable via v’, hence u = Vv"(z), for some
ze{z, .., g} ﬂ{z{,...,zéBj} C{&,....&natU{y1,...,ym} Then u € A(r), thus
fulfilling point (2) of Def.|5| We have tw(7) = max{|A(r)|,tw(71),...,.tw(Tx)} <W,
since ||A(r)|| < #A+m < W, by the definition of A(r), and tw(Z;) < W, for all i € [1,k],
by the inductive hypothesis.

Proposition 4. Given a SLR sentence ¢ and an SID A, the set [0|A] is either finite or
it has an infinite subset of bounded treewidth.

Proof (Proof of[Proposition 4). Given a sentence ¢, we introduce a fresh predicate Ag

of arity zero and consider the rule Ay() <— ¢. Then, for each structure 6, we have 6 =4 ¢

if and only if 6 [=a, A¢(), Where Ag EAU {A¢() < ¢}. Let A be the normalized SID,
such that ¢ |= A, Ay(), by Lemma [I} Given an infinite subset U of U, there exists a

structure ¢’ and a store Vv, such that ¢ ’:Eﬂl Ay() and [Dom(c)| < [[Dom(c’)

. by
Lemma 2l By Lemma [3| we also obtain tw(c’) < W, where W depends only of Aﬁp
and hence of A and ¢. If Ay() has finitely many isomorphic models, there is nothing
to prove. Otherwise, consider an infinite sequence 61,02, ... of models of A¢(), such
that |[Dom(o;)|| < |[Dom(Git1)|. for all i > 1 (note that such a sequence always exists
as otherwise there would only be finitely many isomorphic model). Then there exists a
sequence of models 6/, 6%, ... of Ay (), such that [Dom(c;)|| < |[Dom(c})|| and tw(c}) <
W, for all i > 1. By going to a subsequence, if necessary, one can retrieve an infinite
treewidth-bounded set of models of ¢.

Lemma 4. For any structure G and store V, 6 =3 A(&1,...,&yn) iff there exists an un-
folding tree T = (N, F ,r,A) for A&y, ...,Eun), such that 6 =¥ O(T,A(&y,...,En)).

Proof (Proof of [Lemma 4). We omit the annotations from ¢”, in this proof and simply
write ¢ because the annotations are not relevant for this proof. “=" By induction on the



definition of the satisfaction relation 6 =% A(&1,...,E#a). Assume the relation holds
because: /
o =x sk [ Be(ze s z088,)S

for arule r: A(xi,...,x¢a) < Jy1...3ym - Y XK ?:1BZ(Z[,1,~--,ZA#B[) from A, where
V is a quantifier- and predicate-free formula, s &ef [x1 /&1, .., xun/Exa] is a substitution
and V' is a store that agrees with v over {€;,...,E4a} NV, Then there exist structures
Gpe O e...e0, = 0, such that 6 |="l s and oy |:‘A’/ Be(ze,15---,2048,)5, for all £ €
[1,A]. By the induction hypothesis, there exist unfolding trees Iy = (Ny, Fo,r¢,A¢) for
BZ(ZLI,---7Z£7#B£)§’ such that (Gg,vl) ':A @(%, Bg(zzﬁl,...,z&#B{,)E), for all ¢/ € [1,h].
Then T = (N, F,rA) is defined as AL E {r}UUL, Al F L {(rre) | L€ [1,h]}U
U?:l Frand A= {(r,r)}U UZ:] As, assuming w.l.0.g. that AyNAL =0, forall 1 </ <
k< hand r ¢ J!'_, Aj. The check that 6 = @(7T,A(Ey,...,Exa)) is routine.

”<" By induction on the structure of 7. Let py,..., p, be the children of r in 7. By
Def. [8] we have:

o =Y wssok ' O(T[pi],Belzin, - 2088,))5

where 5 & [x1/&1,-..,xsa/Esn] is a substitution, V' is a store that agrees with v over
{&1 g ,a#A}ﬂV“) and 7\,()’) = A(xl s ,X#A) — E|y1 N Eiym S * 2':1 Bg(zg’l, .. ,Zé’#Bk)
is arule from A. Then there exist structures Gy G; ®...e0) = 0, such that 6, }:V' s and
oy |:V/ O(T|,,,Be(ze 1, 2048,))s, for all £ € [1,h]. Since T'[p,] is an unfolding tree
for By(zs1,.- .- ,z¢48,)S, by the inductive hypothesis, we obtain 6, |:‘A’/ Be(ze1,---»2048,)S,
for all ¢ € [1,h]. Then, we have ¢ sz \EES S ?:1 Be(ze1,- .- 2048,)5, leading to 6 =)

AEr,...,Eun).

Proposition 5. Given an SID A and a predicate atom A&, ... ,Eun), for each structure
G and store v, we have 6 = A(&1,.... &) <= oIFY AR(E:,... . Epa).

Proof (Proof of| . “=" By Lemma@ there exists an unfolding tree 7 =
(17\[, f,r,K) OfA(§1 youn ,E_,#A), such that o ':v @('T,A(&l yeun ,&#A)). Let @(T,A(&] yeun 7€#A)) =
Jy1...3yk . P, where P is a quantifier- and predicate-free formula. Note that, by Def.
no second-order variables occur in ®(7,A(&;,...,Exa)). Hence there exists a store
V' that agrees with v over &1, ...,Eua, such that 6 ):V/ &. We define another store v,
that agrees with v and V' over &y, ..., Exa such that, moreover, we have:

-V'(x)=r,

- V'(X))={ne N | Mn)=r;}, foralli€[1,R],

- V'(¥j) = {(n,m) € AL x N[ | mis the j-th child of n}, for all j € [1, P]; we consider
that the order between the children of a vertex in an unfolding tree is the syntactic
order of their corresponding predicate atoms, in the sense of Def.[§]

= V"(Zrg) ={(n,(c,V")(&)) | n € N, R{(Ei,...,Exr, ) occurs in @}, forall k € [1,N]
and ¢ € [1,#Ry].

We have 6 IF" T (x, {X;}R |, {Yj}‘;:l) because 7 is an unfolding tree for A(1,...,Exa),
by Def.[§] The proof of o IF" (&1, Exa.x, (X}, ¥} {{Zed IR HY) fol-
lows from (o,V') |= @ and the definition of V", by the points from the definition
of §. We obtain 6 IFY A4 (&;,...,Ea) from the definition of 2.



”<" There exists a store V' that agrees with v over 1, ...,Exa, such that:

c H—V/S(x, {(XIE,, {Yj}le) (12)
o H_V/S(éh R 7E.o#A7x7 {Xi}leu {Yj}le’ {{Zk/}?ili iv:l) (13)

By we obtain an unfolding tree T = (A, F,r,A) for A(Ey,...,Exa), such that:

- N =UL V(%)

-F= U?:l v'(Y)),

- An)=r; < neVv'(X;),forallne A and i € [1,R].
Let ©(T,A(Ey,...,Ea)) = Ty1 ... Jyk . P, where P is a quantifier- and predicate-free
formula (Def. [8). By Lemma4] it is sufficient to show the existence of a store V" that
agrees with v over &1,...,Exa, such that ¢ ):"" ®. Let fi ¢ denote the partial mapping
defined by V'(Z (), for each k € [1,N] and ¢ € [1,#R], by point (i) of the definition of §.

For each r € [1,K], we define v/ (y,) & fiee(n) if y, occurs in or is constrained to be equal
to a term &, that occurs in an annotated relation atom R} (§1,. .., &4, ) from ®. Note that
there can be at most one such relation atom in @, because of the assumption that in each
rule from A at most one relation atom Ry (zj,... ,Z#Rk) occurs. Otherwise, if y, is not
constrained in @ to be equal to a term that occurs in a relation atom, V" (y,) is given an
arbitrary fresh value. Because the equalities and disequalities from & are taken care of
by points (v) and from the definition of §, it remains to check the satisfaction of the
relation atoms from ®. To this end, we define a decomposition ¢ = .ne% ke[1,N]On.k

such that 6, |:V” Rk(&1,...,&ur, ), for all relation atoms R} (&1, ... ,&sr, ) from @. Such
a decomposition is possible due to points (ii{jiv) from the definition of §.

Definition 11. A tree decomposition T = (N, F,r,\) of a structure (U,0) is said to
be reduced if and only if the following hold:

1. for each R € ¥ and each (uy,...,usr) € 6(R) there exists a leaf n € N such that
{ui,...,usr} C A(n), called the witness of (uy,...,usr) € 6(R),
every leaf witnesses exactly one tuple (uy,...,uzr) € o(R),
T is a binary tree i.e., a tree where each node has at most two children,
if n € A has two children my,my € N then M(n) = A(m;) = A(my),
if n € N has one child m € N then either M(n) = A(m) and m witnesses a tuple
(.., ag) € G(R), or [A() \A(m)]| = [A(m) \Am)] = 1,
6. |[AMn)| =k+1, foralln € N.

LR

Lemma 8. If a structure (U,G) has a tree decomposition of width k, then it also has a
reduced tree decomposition of width k.

Proof (Proof of [Lemma_8)). The properties (I}j6) can be proven directly from Defini-

tion[5] The main tool is the introduction of intermediate nodes into the tree decomposi-
tion. We list some of the cases. For @I) if a node witnesses more than one tuple, then we
introduce an intermediate node between itself and its parent that is labeled by the same
set of vertices. The intermediate node then becomes the witness for the this tuple. This
process can be iterated until every node witnesses at most one tuple. For (3)), if a node ny
has children my,- - - ,m; we can introduce new nodes ny,...,n;_; with A(mg) = A(m;),



and create a new tree decomposition which agrees with the old tree decomposition ex-
cept that we remove the edges from ng to the children my, - - - ,m; and add edges from n;
to m; and n;11 for all i < /— 1 and edges from n;_; to m;_ and m;. For @ note that we
always consider structures over some infinite universe. Hence, we can always extend
the labels of the tree-decomposition with some fresh vertices from the universe.

Lemma 9. Lerc € Str(X,9) be a structure and Vv be a store, such that G |:X(k) A(xiy. .o Xkt1)

and v(x;) € (D), for all 1 <i < k+ 1. Then, there exists a reduced tree decompo-
sition T = (N, F,r,A) of ©, such that tw(T) =k, Mr) = {v(x1),...,V(x+1)} and
An) Co(@)U{v(x1),...,V(xk+1)}, for alln € AL

Proof (Proof of[Lemma 9). We prove the claim by induction on the number of rule ap-
plications. The claim clearly holds for the base case, by rule (3). We now consider the
rule (1) i.e., we assume that ¢ |:X(k> A(xr, ..y Xgt1) *A(x1, ..., Xgt1)- Then, there exist
structures 6 and G, such that (G;,V) ):A(k) A(x1,...,X¢41), fori=1,2and 6 e, =0G.
We note that the latter implies that 61(D) N 62(D) = 0 (+). We now apply the in-
ductive hypothesis and obtain reduced tree decompositions Z; for 6; whose respec-
tive roots are labelled by {v(x1),...,v(x+1)} and A(n) Co(D)U{v(x1),...,V(xx+1)},
for all nodes n of Z; and all i = 1,2. We obtain a reduced tree decomposition for
6 by composing 7} and 7; with a fresh root node labelled by {v(x{),...,V(xk+1)}-
Note that 7 is indeed a tree decomposition because the only elements that may ap-
pear in labels of both 7; and Z; must belong to {V(x;),...,V(xx+1)}, by (). Clearly,
we have A(n) C 61(D)Uc2(D)U{v(x1),...,V(xz1)} =0(D)U{v(x1),...,V(xk+1) ]}
for all nodes n of the resulting tree decomposition 7. We now consider the rule
i.e., we assume that ¢ }:‘A’(k) Jy . D(y) * A(x1,. .., Xk+1)[xi/y]. Then, there is an ele-

ment u & {V(x1),...,V(xx+1)} such that ¢’ )zXEZT”D A(xi,...,Xk41), where the struc-

ture ¢’ agrees with o, except that 6(D) = ¢'(D) \ {u}. We now apply the inductive
hypothesis and obtain a reduced tree decomposition 7; for 6’ whose root is labelled
by ({V(x1),- Vi1 ) F\ V() 1) U fur} and M) € ((0() U V(1) V(e 1) 1)\
{v(x:)}) U{u}, for all nodes n of 7; (4). We can now obtain a reduced tree decomposi-
tion 7 for 6 by composing ‘7; with an additional root labelled by {v(x1),...,V(xgs1)}-
Note that 7 is indeed a tree decomposition because v(x;) & A(n) for every node n of
71, because of (), u # v(x;) and the assumption that v(x;) € (D). We have A(n) C
o' (D)U{v(x1),--.,V(xks1) U{u} = (D)U{Vv(x1),...,V(xkr1)} for all nodes n of the
resulting tree decomposition 7.

Lemma 10. Ler 6 € Str(X,D) be a structure with tw(c) < k witnessed by some re-
duced tree decomposition ‘T = (N, F,r,\), with Mr) = {u1,...,ur+1} and 6(D) =
Unea M) \{u1,...,uxy1}, and let v be a store with v(x;) = w;, for all i € [1,k+1].
Then, ¢ ':X(k) Axyy ..oy Xpt1)-

Proof (Proof of [Lemma 10). The proof goes by induction on the structure of 7. The
claim clearly holds for the base case, where T consists of a single leaf, by rule (3). Con-
sider first the case where the root of 7 has two children. The subtrees 77 and 7 rooted
in the two children induce substructures 6; and 6, of G, where (vi,...,vR) € ;(R)



iff (vq,...,vgR) is witnessed by some leaf of 7;, for i = 1,2. Because 7 is a reduced
tree decomposition, there is at most one leaf that witnesses a tuple (vi,...,v4Rr) €
6;(R). Hence, we have 6 = G ® 0,. From the inductive hypothesis we obtain o; »:X(k)
A(x1,...,Xk41), for i =1,2. Hence G| e G, ):X(k) AQxr, ..y xkr1) *A(xr, ... Xkt 1 ), thus
c |:X<k> A(x1,...,X%+1), by rule . Consider now the case where the root of 7 has
a single child which is not a leaf and consider the subtree 7 rooted at this child.
Then, there is an element u & {uy,...,ur4+1}, such that the root of 7 is labeled by
{u1,. . sui—1,u Uit 1, ..., urr 1} Let & be the structure that agrees with ¢ except that we

have 6'(D) = 6(D)\ {u}. By the inductive hypothesis, we obtain ¢/ Izz[&’f“] A(xr, -y Xkt1)-
Hence, ¢ ):X(k) Fy . D(y) *Alx1,. .., xk+1)[xi/y], thus © ):X(k) A(x1,...,X%41), by rule

@.

Lemma 5. For any guarded structure (U,c) € Str(X,D), such that |6(D)| > k+ 1 and
6(R) # 0, for at least some R € X, we have tw(c) < k if and only if (U,6) [Fau) Ak()-

Proof (Proof of [Lemma 3). “="If ¢ has tree decomposition of width at most k, then
it also has a reduced tree decomposition 7" = (A, F,r,A) of width k, by Lemma
Let A(r) = {u1,...,ux41 } and v be a store such that v(x;) = u;, for all i € [1,k+1]. By
Lemma we get that ¢ |:X<k) A, X)) £ D (x1) # -+ D (xes1). Thus, © Fagy

Ax(), by rule ().
“<” By rule , there exists a store v with v(x;) = u;, forall 1 <i<k+1, and a
structure 6’ € Sir(X, D) that agrees with 6 on X such that ¢ ’:X(k) A(x1,-..,X+1) and

o' (D) =0(D)\{ui,...,ur+1}. By Lemma[9] there exists a reduced tree decomposition
T of ¢ of width k. Thus tw(c) < k, because 6’ agrees with ¢ on £ and we have 6’ (D) =

D)\ {ur,- v }.

Lemma 6. For an integer r > 0, a store V and disjoint compatible structures (U,c1), (U,0,) €
Str(XUTI, @), such that Rel(cl) ﬂRel(Gz) - {61 (CM+1)7 ...,0] (CM+k+1)} and (61 (@) U
02(D))N{v(x;) | i € [1,m]} =0, we have:

type' (encode(| ® Gy, V)) = glue® (type” (encode(c1,v)), type’ (encode(c,,V)))

Proof (Proof of[Lemma 6)). Let us consider 6} = encode(c,V) and 6} = encode(G5,V).

In order to apply glueing we will now consider two structures isomorphic to ¢} and 6,
respectively. We note that Dom(c}) N"Dom(c%) C {6%(cum, ), - - .,05(Cp+k+1)} because
of our assumption that Rel(c;) NRel(02) C {v(x1),...,V(xxs+1)}). We further note that
o) (cm;) = O5(cu,), for all i € [1,M + k+ 1], because 6| and o, are compatible and the
interpretation of the additional constants cjs+1,...,Cytk+1 has been chosen w.r.t. the
same store V. Hence, we can choose some partitioning U; W U, = U such that U; and
1L, are countably infinite, Dom(c}) C U and Dom(c}) \ {05(c1),...,05(Cpmtkr1)} C
1. We can now choose a structure 65 with Dom(c}) C 7 that is isomorphic to G
and that agrees with ¢) except for cj,...Cpx+1, Whose interpretation is chosen as
o5(c1),...,05(Cmtk+1) € U\ (Dom(c}) UDom(c%)). Then, (U, o) [resp. (1h,05)]
is isomorphic to (U,o;) [resp. (U,0,)]. In particular, they have the same type i.e.,
type" (U, o)) =type’ (U, o)) and type’ (s, %) = type” (U, 65 ). Moreover, we have that



glue(encode((U;,0)),v),encode((1h,05),V)) = encode(G| ® G2, V). We compute:

type” (encode(G| G2,V)) =

type’ (glue(encode((U;,0}),v),encode((Uh,65),V))) =

glue* (type” (encode((Uy,G)),V)), type” (encode((Ua,04),V))) =
glue* (type’ (encode((Uy, ), V)), type’ (encode(( U, 54),V))) =
glue (type’ (encode(c1,V)), type’ (encode(c,,V)))

Lemma 11. Letk > 1 be an integer, ¢ be an MSO sentence, 6 € Str(X,D) be a structure
and v be a store such that 6 I:X(k 9 AT(x1,. . x611), V() € 6(D) foralli € [1,k+1],

and v(x;) #V(x;) for all i # j. Then, type®"®) (encode(c,v)) =

Proof (Proof of[Lemma T1). We prove the claim by induction on the number of rule ap-
plications. The claim clearly holds for the base case, by a rule of type (7). We now con-

sider a rule of type , i.e., we have 6 |:X(k7¢) A% ey, 1) * AR (X, . X1 ), such

that T = glue* (T1,T2). Then, there are structures 6 and 6, with o; |:X( ko) A% (X1, Xkt 1),

fori = 1,2 and 6| #G; = 6. By the inductive hypothesis, we have that typed®) (encode(c;,v)) =
T;, for i = 1,2. Because every derivation of A(k,®) is also a derivation of A(k), ob-

tained by removing the type annotations from the rules in A(k,¢), we get that o; ):X< 0
A(x1,...,xks1), fori=1,2. By Lemma[9 we have that Rel(c;) C 6;(D)U{v(x1),...,V(xks1)},
fori=1,2. Since 6 = G; ® 52, we have that 61 (D) N62(D) = 0. We compute

1ype?®) (encode(c,v)) =
glue® (type®™®) (encode(c,V)), typed®) (encode(c7,Vv))) =
glueTj (t1,10) =1

by Lemma @ We now consider rules of type (@ i.e., we have & |:" Ely D(y) =

A" (x1,...,Xp+1)[xi/y], for some i € [1,k+ 1], such that T = glueﬁ(fgcstMH(Tl),p,) for
the type p; of some structure S € Str({cps }) with a singleton universe and S I- D (cpr+).
Then, there is an element u € U, such that ¢’ ):X[)ZEM] A" (x1,...,X%+1), where the
structure ¢’ agrees with o, except that © does not hold for u in ¢’. By the inductive
hypothesis, type”®) (encode(o’,v[x; < u])) = 1. Because every derivation of A(k,)
is also a derivation of A(k), obtained by removing the type annotations from the rules
in A(k,¢), we get that ¢ #Z%éf"] A(x1,...,Xx11). By Lemma@we have that Rel(c”) C
o (D)U{v(x1),.. -, Vs P\ {v(x;) } U{u}. Because of v(x;) # u (due to the assump-
tion v(x;) € 6(D)) and because of v(x;) # v(x;) for all i # j, we get that encode(c,v) =
glue(fgcstyy, j(encode(c V[x; < ul)),S’), where S’ € Str({cy4i}) is the structure with
singleton universe {v(x;)} and S’ I D (cp;). Because S is isomorphic to §', we obtain:

1ype? ¥ (encode(c,v)) =

typedr(®) (glue(fgcstyy, (encode(c’ ,V[x; < ul)),S5')) =

e (1ype® sty (encode(c v[x; « u]))), tpe®) (57)) =
gluejj (fgcst,uw”(typeqr(q’)(encode(c’,v[x,- —u))),type? (@) (S)) =
glue (fgestyy (1), pi) =



Lemma 12. Let k > 1 be an integer, T be some r-type, 6 € Str(X,9) be a structure of
treewidth tw(c) < k, witnessed by some reduced tree decomposition T = (N, F,r, L),
and v be a store with M(r) = {v(x1),...,v(k+ 1)} and v(x;) # v(x;) for all i # j, such
that 6(D) = Upeac Mn) \ {u1, ..., up11} and type’(encode(c,v)) = t. Then, we have
c )zX(m) AT(xp, ..o Xkrn)-

Proof (Proof of [Lemma 12). The proof proceeds by induction on the structure of 7.
Clearly the claim holds for the base case, by a rule of type (7). For the inductive step,
we assume first that the root of 7 has two children. The subtrees ‘7; and 7; rooted in
the two children induce substructures 6| and o, of G, where (vi,...,v4R) € 0;(R) if
and only if (v1,...,v4R) is witnessed by some leaf of the respective subtree. Because
T is a reduced tree decomposition, there is at most one leaf that witnesses a tuple
(v1,...,v4r) € 0;(R). Hence, we have 6 = G| @ G2. Because the only elements that
can appear as labels in 7} and 7; are v(x;),...,V(xx11) (as these are the labels of the
root of the tree decomposition), we get that Rel(c) NRel(c2) C {v(x1),...,V(xgs1)}-
Let t; = type”(encode(o;,V)), for i = 1,2. From the inductive hypothesis, we obtain

of |:X(k7¢) A% (x1,... xp41), fori=1,2. Let t ¥ glue® (11, 1,). By Lemma@ we obtain:

typeqr(¢> (encode(c,V)) = type?™®) (encode(c| 0 G1,V)) =

glue (rype?™®) (encode(c1,v)), type?™ ¥ (encode(c3,v))) = glue (t1,73) =1
Hence, we now get that ¢ |:A (k0) A%(x1,...,xk+1), by a rule of type . We now as-
sume that the root of 7 has a single child which is not a leaf. We consider the sub-
tree 7} rooted at this child. Then, there is an element u & {v(x;),...,V(x¢+1)}, such
that the root of 7 is labeled by {v(x1),...,V(xi—1),u,V(xit1),-..,V(xks1)}. Let 1y &
type’ (encode(o,v[x; < u])) and let 6’ be the structure that agrees with ¢ except that

we have 6'(D) = o(D) \ {u}. By the inductive hypothesis, we obtain that ¢’ ):Z[)ZEM]

AY(xy,.. . xpp1). Let T glueﬁ(fgcstM+i(rl),p,) for the type p; of the structure S €
Str({ca+i}) with singleton universe {v(x;)} and S I+ D (cp4;). Because of v(x;) # u and

V(x;) #Vv(x;) forall i # j, we have encode(c, V) = glue(fgcsty,, ;(encode(c’ ,V[x; < ul)),S).

We compute:
type” (encode(c,Vv)) =
type” (glue(fgcesty,., /(encode(c’,v[x; < u)),S)) =
glue* (type” (fcstyy i (encode(o’ Vlxi + u]))), type’ (S)) =
gluet (fgcstﬁ,Hi(typer(enCOde(G’,V[xi «—u]))),type’ () =
gluet (fgestiy i (71),pi) = T

Hence, we get that ¢ ):" i D(y)xAc(xr, .oy Xpr1)[xi /Y] i.e.,thatcﬂ:‘A’(k_q)> At(xq,...

by a rule of type (€).

Proposition 6. Given k > 1 and an MSO sentence ¢, for any guarded structure (U,0) €
Str(Z,D), we have: (1) (U,0) I ¢ and tw(c) < k if and only if (2) (U,6) FEa(r,0) Ako()-

Proof (Proof of [Proposition 6)). “(I) = @) Since tw(c) < k, there exists a reduced
tree decomposition 7 = (57\[ F,r,\) of width k, by Lemmal 8l Let v be a store such that

AMr) ={v(x1),...,v(x+1)} and v(x;) # v(x;) for all i # j € [1,k+1]. Let ¢’ be the
structure that agrees with 6 on X, and for which ¢'(D) = 6(D) \ {V(x1),...,V(xk+1)}-

akarl)



We observe that encode(o’,v) = ©. Thus, we obtain ¢ 'ZX(k‘q)) D(xp) ... xD(xp1) *
def

A%(x1,...,%k+1), by Lemma for T = typeqr(q’) (o) = typeqr<¢)(enc0de(6’ ,V)). Since,
moreover, we have assumed that 6 I ¢, we have ¢ € T def ryped(®) (). Then, we obtain
G Fa(k.0) Ako(), by arule of type .

“(2) = (1) Since 6 [=a(r9) Aro(), there exists a store v with v(x;) # v(x;) for all
i # j € [1,k+ 1], such that & ):X(m) D(xy)*...xD (1) *A¥(x1,. .., xk41), fOr some
type T with ¢ € T, by arule of type (8). Let 6’ be the structure that agrees with ¢ on X, and
for which 6’'(D) =o(D) \ {V(x1),...,V(xk+1)}. We observe that encode(c’,v) = 6. By
Lemmall 1, we obtain type®(®) (encode(c’,v)) = . With encode(c’,v) = 6 and ¢ € T we
then obtain ¢ IF ¢. Moreover, we have tw(c) < k, by Lemma because each derivation
of 6’ = (k9) Ako() corresponds to a derivation of 6 =4y Ax(), obtained by removing
the type annotations from the rules in A(k, 0).

Lemma 7. Given r >0 and S = (U,G) € Str(X), we have type (S) = type’ (8*').

Proof (Proof of [Lemma 7). We consider the r-round MSO Ehrenfeucht-Fraissé game:
In every round, Spoiler picks a vertex u or a set of vertices U in S or $2° and Duplicator
answers with a vertex or a set of vertices in the other structure. Duplicator wins iff
after r-rounds the substructures induced by the selected vertices are isomorphic. We
now sketch a winning strategy for Duplicator (as the argument is standard, we leave the
details to the reader): For vertices in Dom(c) the Duplicator plays the same vertices in
the respective other structure (this applies to single vertices as well as sets of vertices).
For the vertices that do not belong to Dom(c) the Duplicator selects vertices that do
not belong to Dom(G) in the other structure such that the selected vertices belong to
the same subsets played in the previous rounds; care has to be taken for the involved
cardinalities, if playing in $2° the Duplicator limits himself to at most 2" ~*~! vertices
that belong to any combination of previously played subsets or the complement of these
subsets, where k is the number of previously played rounds; this choice is sufficient such
that after r-rounds the substructures induced by the selected vertices are isomorphic.
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