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CONNECTING MANY-SORTED THEORIES

FRANZ BAADER AND SILVIO GHILARDI

Abstract. Basically, the connection of two many-sorted theories is obtained by taking
their disjoint union, and then connecting the two parts through connection functions that
must behave like homomorphisms on the shared signature. We determine conditions under
which decidability of the validity of universal formulae in the component theories transfers
to their connection. In addition, we consider variants of the basic connection scheme. Our
results can be seen as a generalization of the so-called £-connection approach for combining
modal logics to an algebraic setting.

81. Introduction. The combination of decision procedures for logical theo-
ries arises in many areas of logic in computer science, such as constraint solving,
automated deduction, term rewriting, modal logics, and description logics. In
general, one has two first-order theories 77 and T over signatures ¥; and Yo, for
which validity of a certain type of formulae (e.g., universal, existential positive,
etc.) is decidable. These theories are then combined into a new theory T over a
combination ¥ of the signatures 31 and X5. The question is whether decidability
transfers from 77,75 to their combination T'.

One way of combining the theories T, T5 is to build their union 77 UT,. Both
the Nelson-Oppen combination procedure [23, 22] and combination procedures
for the word problem [26, 28, 24, 7] address this type of combination, but for
different types of formulae to be decided. Whereas the original combination
procedures were restricted to the case of theories over disjoint signatures, there
are now also solutions for the non-disjoint case [12, 31, 8, 13, 16, 4, 5], but they
always require some additional restrictions since it is easy to see that in the
unrestricted case decidability does not transfer. Similar combination problems
have also been investigated in modal logic, where one asks whether decidability of
(relativized) validity transfers from two modal logics to their fusion [19, 29, 32, 6].
The approaches in [16, 4, 5] actually generalize these results from equational
theories induced by modal logics to more general first-order theories satisfying
certain model-theoretic restrictions: the theories Ty, T must be compatible with
their shared theory Tp, and this shared theory must be locally finite (a condition
ensuring that finitely generated models are finite). The theory T; is compatible
with the shared theory Ty iff (i) To C T;; (ii) Tp has a model completion Tj;; and
(iii) every model of T; embeds into a model of T; U T§}.
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In [20], a new combination scheme for modal logics, called £-connection, was
introduced, for which decidability transfer is much simpler to show than in the
case of the fusion. Intuitively, the difference between fusion and £-connection
can be explained as follows. A model of the fusion is obtained from two models
of the component logics by identifying their domains. In contrast, a model
of the £-connection consists of two separate models of the component logics
together with certain connecting relations between their domains. There are
also differences in the syntax of the combined logic. In the case of the fusion,
the Boolean operators are shared, and all operators can be applied to each other
without restrictions. In the case of the £-connection, there are two copies of the
Boolean operators, and operators of the different logics cannot be mixed; the
only connection between the two logics are new (diamond) modal operators that
are induced by the connecting relations.

If we want to adapt this approach to the more general setting of combining
first-order theories, then we must consider many-sorted theories since only the
sorts allow us to keep the domains separate and to restrict the way function
symbols can be applied to each other. Let T7, T3 be two many-sorted theories that
may share some sorts as well as function and relation symbols. We first build the
disjoint union 77 WT5 of these two theories (by using disjoint copies of the shared
parts), and then connect them by introducing connection functions between the
shared sorts. These connection functions must behave like homomorphisms for
the shared function and predicate symbols, i.e., the axioms stating this are added
to T1 W T5. This corresponds to the fact that the new diamond operators in the
E-connection approach distribute over disjunction and do not change the false
formula L. We call the combined theory obtained this way the connection of T}
and T2.

This kind of connection between theories has also been considered in auto-
mated deduction (see, e.g., [1, 33]), but only in very restricted cases where both
T, and T; are fixed theories (e.g., the theory of sets and the theory of integers in
[33]) and the connection functions have a fixed meaning (like yielding the length
of a list). In categorical logic, this type of connection can be seen as an instance
of a more general co-comma construction, see for instance [34]. However, in this
general setting, computational properties of the combined theories have not been
considered yet.

This paper is a first step towards providing general results on the transfer of
decidability from component theories to their connection. We start by consid-
ering the simplest case where there is just one connection function, and show
that decidability transfers whenever certain model-theoretic conditions are sat-
isfied. These conditions are weaker than the ones required in [4, 5] for the case
of the union of theories. In general, these conditions are not weaker than the
ones in [16], although all the theories satisfying the conditions in [16] that we
have considered until now also satisfy our new conditions. Another advantage of
the connection approach over the fusion approach for combining theories is that
both the combination procedure and its proof of correctness are much simpler
than the ones in [16, 4, 5].
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The approach easily extends to the case of several connection functions. We
will also consider variants of the general combination scheme where the connec-
tion function must satisfy additional properties (like being surjective, an em-
bedding, an isomorphism), or where a theory is connected with itself. The first
variant is, for example, interesting since the combination result for the union of
theories shown in [16] can be obtained from the variant where one has an isomor-
phism as connection function. The second case is interesting since it can be used
to reduce the global consequence problem in the modal logic K to propositional
satisfiability, which is a surprising result.

This article is structured as follows. The next section introduces the notation
and gives some important definitions, in particular the formal definition of the
connection of two many-sorted theories. In addition, this section contains an
example that demonstrates that decidability does not transfer in general from
the component theories to their connection. §3 then introduces restrictions that
ensure such a decidability transfer. §4 shows the main decidability transfer result
for the case of one connection function and its extension to the case of several
connection functions, possibly going in both directions. This section also pro-
vides examples of several (classes of) theories to which these results apply. §5
treats the variant of the connection scheme where a theory is connected with
itself, and §6 the variants that impose additional restrictions on the connection
functions. §7 compares our algebraic approach for connecting many-sorted the-
ories with the notion of an £-connection, as introduced in [20]. §8 investigates
the algebraic restrictions required for our decidability transfer results in more
detail, and §9 uses the results of this section to provide alternative proofs for
these transfer results.

82. Notation and definitions. In this section, we fix the notation and give
some important definitions, in particular a formal definition of the connection of
two theories.

2.1. Many-sorted first-order logic. We use standard many-sorted first-
order logic (see, e.g., [14]), but try to avoid the notational overhead caused by
the presence of sorts as much as possible. Thus, a signature €2 consists of a
non-empty set of sorts S together with a set of function symbols F and a set
of predicate symbols P. The function and predicate symbols are equipped with
arities from S* in the usual way. For example, if the arity of f € F is 515293,
then this means that the function f takes tuples consisting of an element of
sort S7 and an element of sort S, as input, and produces an element of sort
S3. We consider logic with equality, i.e., the set of predicate symbols contains
a symbol =g for equality in every sort S. Usually, we will just use ~ without
explicitly specifying the sort. In this paper we usually assume that signatures
are countable.

Terms and first-order formulae over €) are defined in the usual way, i.e., they
must respect the arities of function and predicate symbols, and the variables
occurring in them are also equipped with sorts. An Q-atom is a predicate symbol
applied to (sort-conforming) terms, and an Q-literal is an atom or a negated
atom. A ground literal is a literal that does not contain variables. We use the
notation ¢(z) to express that ¢ is a formula whose free variables are among the
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ones in the tuple of variables z. An Q-sentence is a formula over 2 without free
variables. An Q-theory T is a set of Q-sentences (called the axioms of T). If
T,T" are Q-theories, then we write (by a slight abuse of notation) 7' C T to
express that all the axioms of T are logical consequences of the axioms of T".
From the semantic side, we have the standard notion of an Q-structure A,
which consists of non-empty and pairwise disjoint domains Ag for every sort
S, and interprets function symbols f and predicate symbols P by functions f4
and predicates PA according to their arities. By A (or sometimes by |A|) we
denote the union of all domains Ag. Validity of a formula ¢ in an Q-structure
A (A E ¢), satisfiability, and logical consequence are defined in the usual way.
The Q-structure A is a model of the Q-theory T iff all axioms of T" are valid in

A. If ¢(z) is a formula with free variables x = x1,... ,z, and a = a1,... ,a, is
a (sort-conforming) tuple of elements of A, then we write A | ¢(a) to express
that ¢(x) is valid in A under the assignment {z; — a1,...,z, — a,}. Note

that ¢(z) is valid in A iff it is valid under all assignments iff its universal closure
is valid in A.

An Q-homomorphism between two -structures A and B is a mapping p :
A — B that is sort-conforming (i.e., maps elements of sort S in A to elements
of sort S in B), and satisfies the condition

Al alay,...,a,) implies Bl a(p(ar),...,plan)) (1)

for all Q-atoms «(z1,...,z,) and (sort-conforming) elements aq,... ,a, of A.
In case the converse of (1) holds too, p is called an embedding. Note that an
embedding is something more than just an injective homomorphism since the
stronger condition must hold not only for the equality predicate, but for all
predicate symbols. If the embedding g is the identity on A, then we say that
A is a substructure of B. In case (1) holds for all first order formulae, then p
is said to be an elementary embedding. If the elementary embedding p is the
identity on A, then we say that A is an elementary substructure of B or that
B is an elementary extension of A. An isomorphism is a surjective embedding,
where the homomorphism p : A — B is surjective iff the restriction of p to Ag
and Bg is surjective for every sort S.

We say that ¥ is a subsignature of 2 (written ¥ C Q) iff ¥ is a signature that
can be obtained from 2 by removing some of its sorts and function and predicate
symbols. If ¥ C  and A is an Q-structure, then the X-reduct of A is the 3-
structure A|x; obtained from A by forgetting the interpretations of sorts, function
and predicate symbols from 2 that do not belong to . Conversely, A is called an
expansion of the Y-structure Ajx; to the larger signature 2. If 4 : A — B is an Q-
homomorphism, then the X-reduct of y1 is the ¥-homomorphism p s, : Ajx — Bjs
obtained by restricting p to the sorts that belong to X, i.e., by restricting the
mapping to the domain of As.

Given a set X of constant symbols not belonging to the signature €2, but each
equipped with a sort from ©, we denote by QX the extension of by these new
constants. If A is an Q-structure, then we can view the elements of A as a set of
new constants, where a € Ag has sort S. By interpreting each a € A by itself,
A can also be viewed as an Q4-structure. The positive diagram AL (A) of A is
the set of all ground Q4-atoms that are true in A, the diagram Aq(A) of A is
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the set of all ground Q4-literals that are true in A, and the elementary diagram
6(A) of A is the set of all Q4-sentences that are true in A. The subscript
Q in AG(A), Aq(A) and Ag(A) is sometimes omitted if there is no danger of
confusion.
Robinson’s diagram theorem [11] shows that there is a strong connection be-
tween diagrams and homomorphisms.

THEOREM 2.1 (Robinson). There is a homomorphism (embedding, elemen-
tary embedding) between the Q-structures A and B iff it is possible to expand
B to an QA-structure in such a way that it becomes a model of the positive dia-
gram (diagram, elementary diagram) of A.

2.2. Basic connections. In the remainder of this section, we introduce our
basic scheme for connecting many-sorted theories, and illustrate it with the ex-
ample of E-connections of modal logics. Let T, T be theories over the respective
signatures €21, 29, and let ¢ be a common subsignature of 2; and Q5. We call Qg
the connecting signature. In addition, let Ty be an Qp-theory® that is contained
in both 77 and Ty. We define the new theory T1 >1, T5 (called the connection of
Ty and Ty over Ty) as follows.

The signature Q of Ty >7, T, contains the disjoint union 23 W2y of the signa-
tures 21 and €5, where the shared sorts and the shared function and predicate
symbols are appropriately renamed, e.g., by attaching labels 1 and 2. Thus, if
S (f, P) is a sort (function symbol, predicate symbol) contained in both £
and s, then S* (f?, P?) for i = 1,2 are its renamed variants in the disjoint
union, where the arities are accordingly renamed. In addition, {2 contains a new
function symbol hg of arity S'S? for every sort S of Q.

The axioms of 1} >, T» are obtained as follows. Given an ;-formula ¢, its
renamed variant ¢’ is obtained by replacing all shared symbols by their renamed
variants with label 7. The axioms of T} >, T5 consist of

{o" |p e 1} U{o® | ¢ € To},

together with the universal closures of the formulae

hS(fl(xla e axn)) ~ fQ(hSI (31‘1), ooy hs, ($n>),
Pl(zy,...,2,) — P%(hs,(21),. .., hs, (2,)),

for every function (predicate) symbol f (P) in Qg of arity Sy ... 5,5 (S1...Sh).

Since the signatures 2; and {25 have been made disjoint, and since the addi-
tional axioms state that the family of mappings hg behaves like an y-homo-
morphism, it is easy to see that the models of T1 >, 15 are formed by triples of
the form (M, M2 hM), where M! is a model of Ty, M? is a model of Ty and
hM is an Qy-homomorphism

M, 1 2
h . M‘QD i MIQO
between the respective (p-reducts.
1When defining the connection of 11,75, the theory Tj is actually irrelevant; all we need

is its signature Qg. However, for our decidability transfer results to hold, Ty and the 7; must
satisfy certain model-theoretic properties.
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EXAMPLE 2.2. The most basic variant of an £-connection of modal logics [20]
is an instance of our approach if one translates it into the algebraic setting. As
shown in [4, 5], the large class of classical modal logics, which covers most of the
usual modal logics, corresponds to the class of Boolean-based equational theories
introduced in [4, 5]. The theory E is called Boolean-based equational theory iff
its signature ¥ has just one sort, equality is the only predicate symbol, the set
of function symbols contains the Boolean operators M,LJ,—, T, L, and its set of
axioms consists of identities (i.e., the universal closures of atoms s =~ t) and
contains the Boolean algebra axioms.

For example, consider the basic modal logic K, where we use only the modal
operator < (since O can then be defined). The Boolean-based equational theory
Ex corresponding to K is obtained from the theory of Boolean algebras by
adding the identities O(z U y) = O(z) U O(y) and O(L) ~ L.

We illustrate the notion of an £-connection on this simple example (see §7 for
a more general description of £-connections and their relationship to the notion
of a connection introduced in this article). To build the £-connection of K with
itself, one takes two disjoint copies of K, obtained by renaming the Boolean
operators and the diamonds, e.g., into M;, U;, —;, T4, L;,<; for ¢ = 1,2. The
signature of the £-connection contains all these renamed symbols together with
a new symbol <. However, it is now a two-sorted signature, where symbols with
index i are applied to elements of sort S; and yield as results an element of this
sort. The new symbol has arity S;.5.2 The semantics of this £-connection can
be given in terms of Kripke structures. A Kripke structure for the £-connection
consists of two Kripke structures K1, s for K over disjoint domains W; and
Ws, together with an additional connecting relation £ C W5 x W7. The symbols
with index ¢ are interpreted in /C;, and the new symbol < is interpreted as the
diamond operator induced by E, i.e., for every X C W; we have

OX)={zeWy|FyeW. (z,y) e EANy € X}.

This interpretation of the new operator implies that it satisfies the usual iden-
tities of a diamond operator, i.e., (2 Uy y) = <(z) Uz O(y) and O(Ly) = Lo,
and that these identities are sufficient to characterize its semantics. Thus, the
equational theory corresponding to the £-connection of K with itself consists of
these two axioms, together with the axioms of Fk, and Fk,.

Obviously, this theory is also obtained as the connection of the theory Fx
with itself, if the connecting signature 2y consists of the single sort of Fk,
the predicate symbol ~, and the function symbols LI, 1. As theory Ty we can
take the theory of semilattices, i.e., the axioms that say that LI is associative,
commutative, and idempotent, and that L is a unit for L.

EXAMPLE 2.3. The previous example can be varied by additionally including
M in the connecting signature, and taking as theory Ty the theory of distributive
lattices with a least element 1. It is easy to see that this corresponds to the case
of an &-connection where the connecting relation E is required to be a partial

2In the general £-connection scheme, there is also an inverse diamond operator ¢~ with
arity S251, but the algebraic approach presented in this article cannot yet treat this case (see
the conclusion for a discussion).



CONNECTING MANY-SORTED THEORIES 7

function (we call such an £-connection deterministic). Finally, if we addition-
ally include both M and T in the connecting signature, and take T to be the
theory of bounded distributive lattices (i.e., distributive lattices with a least and
a greatest element), then the equational theory obtained through our connec-
tion corresponds to the case of an £-connection where the connecting relation
E is a (total) function (we call such an E-connection functional). More details
regarding the relationship between deterministic (functional) £-connections and
connections with the theory of (bounded) distributive lattices as connecting the-
ory can be found in §7.

2.3. The decidability transfer problem. In this paper, we are interested
in deciding the universal fragments of our theories, i.e., validity of universal for-
mulae (or, equivalently open formulae) in a theory T'. Usually, in mathematical
logic, when a first-order theory T is said to be decidable, this means that one can
decide whether a given elementary sentence is true in all models of T'. However,
in computer science applications, more attention is often paid to fragments of
the whole elementary language: such fragments may be better behaved or more
tractable, while still offering sufficient expressive power. This is, for instance,
one of the main reasons of the success of Description Logics and Modal Logics in
Computer Science and Artificial Intelligence applications. When using an alge-
braic approach, as in the present paper, the inference problems that are relevant
in these applications (such as the subsumption problem in Description Logics)
are well within the universal fragments of the first-order theories corresponding
to these logics.

The main problem this article is concerned with is the following:

Under what conditions does decidability of the universal fragments of
Ty, T5 imply decidability of the universal fragment of the connection
T1 >T1 TQ?

In this section we show that some condition is indeed needed since there are
theories whose universal fragment is decidable, but whose connection has an
undecidable universal fragment.

First note that it is well-known that the problem of deciding the universal
fragments of T' is equivalent to the problem of deciding whether a set of literals
is satisfiable in some model of T. We call such a set of literals a constraint. By
introducing new free constants (i.e., constants not occurring in the axioms of
the theory), we can assume without loss of generality that such constraints are
ground. In addition, we can transform any ground constraint into an equisatis-
fiable set of ground flat literals, i.e., literals of the form

a= f(ar,...,a,), Plai,...,a,), or —P(a,...,a,),

where a,ay,... ,a, are (sort-conforming) free constants, f is a function symbol,
and P is a predicate symbol (possibly also equality).

For a one-sorted first-order theory T, let us denote with 7T°° the theory T
augmented with axioms saying that the domain of models is infinite. Obviously,
T° is again a one-sorted first-order theory. The following lemma and its proof,
which we give here for the sake of completeness, are taken from [10]:
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LEMMA 2.4. There exists a (universal, one-sorted) first-order theory T such
that the universal fragment of T is decidable, but the universal fragment of T>°
is undecidable.

PROOF. Let Q be the signature containing (in addition to the equality pred-
icate) an infinite set® of propositional letters {Pen) | e;n € N}. We denote by
k:Nx N — NU{oo} the function associating with each pair (e,n) the number
k(e,n) of computation steps of the Turing Machine with index e on the input n
(where k(e,n) := oo if the computation does not halt). Notice that the function
k(e,n) is not computable, but the ternary predicate Ry := {(e,n,m) | k(e,n) <
m} is decidable (because we can run the machine e on input n for the first m
steps and check whether it halts or not). The infinite (but recursive) set of
axioms for 7T is given by

{Pen) = Vo1 VEp,. \/ z;~z;|lenmeNANk(e,n) <m}. (2)

1<i<j<m

These axioms say that, if the Turing Machine e halts in less than m steps on
input n, then the cardinality of the domains of models of T" in which P ;) is
true is smaller than m.

To show that the universal fragment of T is decidable, consider a constraint I"
consisting of ground flat literals over a suitably expanded signature 2%, where g
is a finite set of free constant symbols. First, guess a set of literals 'y containing,
for every a,a’ € a, either a ~ a’ or a % da/. Clearly, I" is satisfiable in a model
of T iff there is such a set 'y such that I' UT is satisfiable in a model of T'.
Then, check the set of equations and inequations from I' U Ty for satisfiability
in the pure theory of equality, which is known to be decidable. Suppose the
satisfiability check succeeds; let m be the number of equivalence classes for the
equivalence relation = over a induced by the equations in I'g, i.e., a = o iff
a ~ a € I'y. Note that this is indeed an equivalence relation since we have
a % a €Ty whenever a =~ a' ¢ 'y, and the satisfiability test succeeded. Then
m is the minimal cardinality of a candidate model for I' U T'y. Clearly, I' U T’y
is unsatisfiable if it contains both P ,) and =P ,) for some e,n € N. Assume
that this is not the case. We claim that

['UTy is satisfiable iff P ,) € I implies m < k(e,n).

Note that the condition on the right-hand side of the iff-statement is decidable
since the predicate Ry is decidable. Thus, to show that the universal fragment
of T is decidable, it remains to prove the claim.

First, assume that I' U Ty is satisfiable and that P ,) € I'. The cardinality
of the model of T satisfying I' Uy is at least m, and thus the definition of T’
implies that we cannot have k(e,n) < m. Conversely, assume that Pen €T
implies m < k(e,n). We consider the structure M of cardinality m that has
the equivalence classes of = as elements, interprets the constants from a by
their respective class, and makes the predicates P ) true if they belong to I'.
Obviously, M satisfies the equations and inequations from I' U Ty, and it also

3Thus, € is an infinite signature. By modifying the definition of the theory T given in (2),
it is also possible to prove the lemma for a theory over a finite signature (see [10]).
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satisfies all the literals in I' involving the predicates P ). It remains to show
that it is a model of T'. Thus, consider an axiom of the form

Py — V-V, \/ x; =~ x; where k(e,n) < p,
1<i<j<p
and assume that P ,) is true in M. By the definition of M, this implies that
Py € T, and thus our assumption yields m < k(e,n) < p. Since M has
cardinality m, this shows that the above axiom is true in M.

To see that T°° does not have a decidable universal fragment, notice that
the atom P, is satisfiable in a model of T iff k(e,n) = oo, i.e. iff the
Turing Machine with index e does not halt on input n. The latter is obviously
undecidable since it is the complement of the Halting problem. B

To show that decidability need not transfer to the connection, we use a con-
struction that will turn out to be useful also later on. Let T" be a theory over the
signature 2. We build the signature (2™ and the theory T as follows: for every
n-ary predicate symbol P of €2, the signature 27 extends €2 by the additional
new n-ary predicate symbol P~, and the theory T contains in addition to the
axioms of T the axioms

SP(ar,. .. ) o Po(a, ),

which define each P as the negation of P.

The difference between T and T is not relevant at the level of models: every
model of T can be expanded in a unique way to a model of 7. It is also not
relevant w.r.t. the decidability of the universal theory: every 27-constraint can
obviously be transformed into an equi-satisfiable {2-constraint by replacing P~ by
- P, and every 2-constraint is satisfiable in 7" iff it is satisfiable in 7. However,
there is a remarkable difference at the level of homomorphisms: a homomorphism
between models of T is just an embedding between the corresponding models
of T. This difference is exploited in the proof of the main result of this section.

THEOREM 2.5. There exists theories Ty, Ty, To such that Ty is contained in T}
and Ty and the universal fragments of Ty, T1, T are decidable, but the universal
fragment of Th >, I3 is undecidable.

PRrROOF. Let T{ be the (one-sorted) theory of pure equality, i.e., the theory
whose signature contains no function symbols and equality as the only predicate
symbol, and which is axiomatized by the empty set. It is well known that the
universal fragment of T} is decidable. Let T] be a theory having only infinite
models and a decidable universal fragment,* and let 7% be a theory satisfying the
conditions of Lemma 2.4, i.e., Ty is one sorted, the universal fragment of T} is
decidable, but the universal fragment of 75 is not decidable. Let us consider the
theories Ty := T}, Th :=T] ', and Ty := Ty ". Clearly, the universal fragments
of these theories are also decidable, and Tp is contained in 77 and T5. Models
of Ty >1, Ty are now formed by triples of the form (M?', M2 h), where M! is a
model of T}, M? is a model of T, and

h:M"— M?

4There are many theories satisfying this requirement, e.g., Presburger Arithmetic [27] or
the theory of acyclic lists [25].
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is an injective function. Consider now a T} >r, Ts-constraint I' that consists of
Yo-literals: such a constraints is T} >, Ts-satisfiable iff it is satisfiable in an
infinite model of T5, and thus in an infinite model of T4. The latter problem is
undecidable by our choice of Ty. !

We shall comment on the peculiarities of the theories introduced in the proof
of Theorem 2.5 in more detail in Example 4.10 below.

83. Positive-existential model completions and compatibility. In or-
der to transfer decidability results from the component theories 17,75 to their
connection Ty >, T» over Tp, the theories Tp, 11, T» must satisfy certain model-
theoretic conditions, which we introduce below. The most important one is
that Ty has a positive-existential model completion.® Before we can define this
concept, we must introduce some notions from model theory.

The formula ¢ is called open iff it does not contain quantifiers; it is called
universal iff it is obtained from an open formula by adding a prefix of universal
quantifiers; and it is called geometric iff it is built from atoms by using con-
junction, disjunction, and existential quantifiers. The latter formulae are called
“geometric” in categorical logic [21] since they are preserved under inverse image
geometric morphisms among toposes.

The main property of geometric formulae is that they are preserved under
homomorphisms in the following sense: if y : A — B is a homomorphism between

Q-structures and ¢(x1,... ,x,) is a geometric formula over 2, then
A= $lar,... an) mplies Bl= ¢(u(ar), . , plan))
for all (sort-conforming) aq,... ,a, € A.

Open formulae are related to embeddings in various way. First, they are
preserved under building sub- and superstructures, i.e., if A is a substructure of
B, ¢(x1,...,x,) is an open formula, and ai,...,a, € A are sort-conforming,
then A E é(ay,...,a,) iff B E é(a1,...,a,). The following lemma is well-
known [11]:

LEMMA 3.1. Two Q-theories T, T’ entail the same set of open formulae iff
every model of T can be embedded into a model of T' and vice versa.

Since a theory entails an open formula iff it entails its universal closure, the
lemma also says that two theories T,T’ entail the same universal sentences iff
every model of T' can be embedded into a model of 77 and vice versa.

The theory T is a universal theory iff its axioms are universal sentences; it
is a geometric theory iff it can be axiomatized by using universal closures of
geometric sequents, where a geometric sequent is an implication between two
geometric formulae. Note that any universal theory is geometric since open
formulae are conjunctions of clauses and clauses can be rewritten as geometric
sequents.

5In the conference version of this article [3], we used the name “positive algebraic com-
pletion.” However, when preparing the present extended version, we changed this and other
names (e.g., the “positive co-algebraic completions” of [3] are now called “positive-universal
model completions”). We think that these new names are more intuitive.
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DEFINITION 3.2. Let T be a universal and T* a geometric theory over . We
say that T* is a positive-existential model completion of T iff the following
properties hold:

1. TCT*;
2. every model of T embeds into a model of T*;5

3. for every geometric formula ¢(z) there is an open geometric formula ¢*(x)
such that T* = ¢ < ¢*.

It can be shown that the models of T are exactly the positive-existentially
closed models of 7.7 In particular, this means that the positive-existential model
completion of T" is unique, provided that it exists.

When trying to show that Property 3 of Definition 3.2 holds for given theo-
ries T, T*, then it is sufficient to consider simple ezxistential formulae ¢(z), i.e.,
formulae that are obtained from conjunctions of atoms by adding an existential
quantifier prefix. In fact, any geometric formula ¢ can be normalized to a dis-
junction ¢1 V...V ¢, of simple existential formulae ¢; by using distributivity
of conjunction and existential quantification over disjunction. In addition, if
T* = ¢; < ¢F for geometric open formulae ¢ (i =1,...,n), then ¢ V...V ¢}
is also a geometric open formula and T* = (91 V...V ¢,) < (7 V...V @L).

The following lemma will turn out to be useful later on.

LEMMA 3.3. Assume that T,T* satisfy Property 1 and 2 of Definition 3.2. If
o(z) is a simple existential formula and ¢*(x) is an open formula, then T* =

¢— " iff TE¢— o

This is an immediate consequence of the fact that ¢ — ¢* is then equivalent
to an open formula, and hence Lemma 3.1 applies.

The first ingredient of our combinability condition is the following notion of
compatibility, which is a variant of analogous compatibility conditions introduced
in [16, 4, 5] for the case of the union of theories.

DEFINITION 3.4. Let Ty C T be theories over the respective signatures Qg C
Q1. We say that T is Ty-positive-existentially compatible iff Ty is universal, has
a positive-existential model completion T, and every model of T embeds into a
model of T UT{.

The second ingredient ensures that all finitely generated models of Ty are
finite. We adopt the following effective variant of a condition known as local
finiteness (see e.g. [16, 4, 5]).

DEFINITION 3.5. Let Ty be a universal theory over the finite signature €.
Then Ty is called effectively locally finite iff Qg is finite and, for every tuple of
variables x, one can effectively determine terms ti(x),...,tx(x) such that, for
every further term wu(z), we have that Ty = u =~ t; for somei=1,... k.

6Equivalently, " and T* entail the same universal sentences.
7See §8 for a definition of positive-existentially closed models, and proofs of this and other
model-theoretic properties of positive-existential model completions.
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84. The main combination results. Recall that we are interested in de-
ciding the universal fragments of our theories, i.e., validity of universal formulae
(or, equivalently open formulae) in a theory T.% As shown in Section 2.3, we
can restrict the attention to deciding the satisfiability of constraints consisting
of ground flat literals, i.e., literals of the form

a= f(ar,...,an), Pai,...,an), or —=P(ay,...,an),

where a, a1, ... ,a, are (sort-conforming) free constants, f is a function symbol,
and P is a predicate symbol (possibly also equality).

In the following, we first treat the case of a basic connection, as introduced in
§2. Then, we show that the combination result can be extended to connections
with several connection functions, possibly going in both directions. Finally, we
give examples of theories satisfying our combinability conditions.

4.1. Basic connections. In this subsection, we provide sufficient conditions
under which decidability of the universal fragments of T7,T5 transfers to their
connection 17 >, Tb.

THEOREM 4.1. Let Ty, T1, and Ts be theories over the respective signatures
Qo, 1, and Qso, where Qg is a common subsignature of Q1 and Q. Assume that
To C Ty and Ty C Ty, that Ty is universal and locally finite, and that Ty is Ty-
positive-existentially compatible. Then the decidability of the universal fragments
of Th and Ty entails the decidability of the universal fragment of Th >1, Ts.

To prove the theorem, we consider a finite set I' of ground flat literals over the
signature  of Ty >r, T» (with additional free constants), and show how it can
be tested for satisfiability in 7} >, T5. Since all literals in I' are flat, we can
divide T" into three disjoint sets I' = To UT'; UTy, where T'; (i = 1,2) is a set of
literals in the signature €; (expanded with free constants), and T is of the form

FO = {h(al) ~ blu ey h(an) ~ bn}
for free constants a1, b1,... ,an,bn.

The next proposition will allow us to specify the decision procedure for T >,
T, required by Theorem 4.1.

PROPOSITION 4.2. The constraint I' =g ULy ULy is satisfiable in Ty >1, T
iff there exists a triple (A, B,v) such that

1. A is an Qy-model of Ty, which is generated by {af', ..., a*};

2. B is an Qo-model of Ty, which is generated by {b5, ... b5};

3. v:A— Bis an Qo-homomorphism such that 1/((134) = bjB forj=1,...,n;
4. T1 U Aq,(A) is satisfiable in Ty;

5. To U Aq, (B) is satisfiable in Ts.

PROOF. The only-if direction is simple. In fact, as noted in §2, a model M of
Ty >, Ty is given by a triple (M, M2 hM), where M! is a model of Ty, M?
is a model of Ty and M : M‘lﬂo — MIQQO is an Qp-homomorphism between the
respective Qp-reducts. Assume that this model M satisfies I'. We can take as
A the substructure of Mllﬂo generated by (the interpretations of) ai,...,an, as

8This is the decision problem also treated by the Nelson-Oppen combination method, albeit
for the union of theories.
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B the substructure of M‘QQU generated by (the interpretations of) by, ..., b, and

as homomorphism v the restriction of A to A. It is easy to see that the triple
(A, B,v) obtained this way satisfies 1.-5. of the proposition.

Conversely, assume that (A, B, v) is a triple satisfying 1.-5. of the proposition.
Because of 4. and 5., there is an ©;-model N of T} satisfying I'y UAq, (A) and an
Qo-model N7 of T satisfying I's U A, (B). By Robinson’s diagram theorem, A’
has A as an Qg-substructure and N has B as an {g-substructure. We assume
without loss of generality that A/ is at most countable and that N’ is a model
of T, UT§. The latter assumption is by Tp-positive-existential compatibility of
T5, and the former assumption is by the Lowenheim-Skolem theorem since our
signatures are at most countable. Let us enumerate the elements of N as

C1,C25+ -3 Cny Crgly .-

where we assume that ¢; = af* (i = 1,... ,n), i.e., c1,... ,c, are generators of A.
We define an increasing sequence of sort-conforming functions vy, : {c1,...cx} —

N" (for k > n) such that, for every ground Q({)cl""’ck}—atom a we have
Na, E aler,...,ex) implies N | a(vi(cr),. .., vi(er)).

We first take v, to be v. To define vg11 (for k > n), let us consider the conjunc-
tion ¥ (c1, ..., Cpn, Crr1) of the Qécl"”’c"“}—atoms that are true in /\fl’QO: this con-
junction is finite (modulo taking representative terms, thanks to local finiteness
of Tp). Let ¢(x1,...,xy,) be Fxpi1.90(21, ..., T, Tnt1) and let ¢*(x1,...,x,) be
a geometric open formula such that Tj = ¢ < ¢*.

By Lemma 3.3, Ty |= ¢ — ¢, and thus we have N [= ¢*(c1,...,cx) and
also V¢, = ¢"(vk(c1), ..., vi(ck)) by the induction hypothesis. Since Njg, is a
model of 7§, there is a b such that N|¢, = v (vi(c1), - .., vi(cr), b) for some b. We
now obtain the desired extension vy of vy by setting vg1(ckt1) :=b. Taking
Voo = U,Qn v, we finally obtain a homomorphism v : M/flo — Mli/lo such that
the triple (N', N Vo) is a model of Ty >7, T that satisfies To UT; U Ts. -

The above proof uses the assumption that Tj is locally finite. By using heavier
model-theoretic machinery, one can also prove the proposition without using
local finiteness of Ty (see §9). However, since the proof of Theorem 4.1 needs
this assumption anyway (see below), we gave the above proof since it is simpler.

We can now conclude the proof of Theorem 4.1:

PROOF. Let us describe a non-deterministic decision procedure that effectively
guesses an appropriate triple (A, B,v) and then checks whether it satisfies 1.-5.
of Proposition 4.2. To guess an (2p-model of T that is generated by a finite set
X, one uses effective local finiteness of T to obtain an effective bound on the
size of such a model and guesses an ()p-structure that satisfies this size bound.

Once the Qg-structures A, B are given, one can build their diagrams, and use
the decision procedures for T7; and 75 to check whether 4. and 5. of Proposi-
tion 4.2 are satisfied. If the answer is yes, then A, B are also models of Ty: in
fact, if for instance I'y U Aq,(A) is satisfiable in the model M of T, then M
has A as a substructure, and this implies A | Ty because Ty is universal and
Ty C 1.
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Finally, one can guess a mapping v : A — B that satisfies V(a;-“) = bf, and
then use the diagrams of A, B to check whether v satisfies the homomorphism
condition (1). 4

4.2. Two-side connections. The proof of Proposition 4.2 basically shows
that our decidability transfer result can easily be extended to the case of sev-
eral connection functions, possibly going in both directions. For simplicity, we
examine only the case of two connection functions, going in the two opposite
directions.

The theory T} >7,< T3 is defined as the union of T} >g, T» and 15 >, T1.
Thus, a model of T} >7,< T3 is a 4-tuple given by a model M?! of Ty, a model
M? of T, and two homomorphisms

M . aq1 2 M . g 42 1
h M‘Qo _)M|QO and g M‘Qo —>M|QO
among the respective Qg-reducts.

THEOREM 4.3. Let Ty, T1, and Ty be theories over the respective signatures
Qq, Q1, and Qs, where Qg is a common subsignature of 1 and Q. Assume
that Ty € T1 and Ty C Ty, that Ty is universal and locally finite, and that
T1,T> are both Ty-positive-existentially compatible. Then the decidability of the
universal fragments of T1 and Ts entails the decidability of the universal fragment
Of T >7< 1.

To prove the theorem, notice that any finite set of ground flat literals (with
free constants) I' to be tested for T} >7,< Te-consistency can be divided into four
disjoint sets

F:®1U@2UF1UF2,
where T'; (i = 1,2) are sets of literals in the signature ; (expanded with free
constants), and

@1 = {h(al) ~ bla .. wh(an) ~ bn} and 92 = {g(bll) ~ alla s ag(b;n) ~ a‘;n}
Theorem 4.3 is an easy consequence of the following proposition.

PROPOSITION 4.4. The constraint ' = ©1 U O3 U Ty U Ty is satisfiable in
Ty >1,<Ty iff there exist two triples (A, B,v) and (A',B',v") such that

1. A is a Qo-model of Ty that is generated by {af\, ... a*}, B is a Qo-model of
Ty which is generated by {b%, ... b5} andv : A — B is a Qo-homomorphism
such that 1/(@34) = bf forallj=1,...,n;

2. A is a Qo-model of Ty that is generated by {a’lA/, e 7a;ﬂA/}, B’ is a Qo-
model of Ty that is generated by {b’lgl,...,b;nB/} and p : B — A’ is a
Qo-homomorphism such that u’(b;-B/) = a;-A/ forallj=1,...,m;

3. T1 UAq, (A)UAgq, (A') is satisfiable in Ty, and
Ty UAq,(B) U Aq,(B') is satisfiable in Ts.

PROOF. The only-if direction is again simple. To prove the if direction, assume
that for some v : A — Band u: B' — A, the set of literals T1UAq, (A)UAgq, (A)
is satisfiable in an Q1-model N’ of 71, and the set of literals [yUAgq, (B)UAgq, (B')
is satisfiable in an Qs-model N’ of T». By Robinson’s diagram theorem, N’ has
A and A’ as Qg-substructures, and N’ has B and B’ as Qp-substructures. We



CONNECTING MANY-SORTED THEORIES 15

assume without loss of generality that A" and N’ are at most countable models
of T4 UTy and Ty U T{, respectively.

Now, an argument identical to the one used in the proof of Proposition 4.2
yields the homomorphisms

. ! 11 o 11 !
Voo : Njg, = Mg, and v : Nig, = Njg,,
which are needed in order to obtain a full model of T >7,<T5. =

It should be clear how to adapt this proof to the case of more than one con-
nection function going in each direction.

4.3. Examples. When trying to axiomatize the positive-existential model
completion T of a given universal theory Ty, it is sufficient to produce for
every simple existential formula ¢(z) an appropriate geometric and open formula
¢*(z). Take as theory T the one axiomatized by Ty together with the formulae
¢ « ¢* for every simple existential formula ¢. In order to complete the job, it is
sufficient to show that every model of Ty embeds into a model of 7. It should
also be noted that one can without loss of generality restrict the attention to
simple existential formulae with just one existential quantifier since more than
one quantifier can then be treated by iterated elimination of single quantifiers.

In the next example we encounter a special case where the formulae ¢ «— ¢*
are already valid in 7j. In this case, we have Ty = T}, and thus the model-
embedding condition is trivially satisfied. In addition, any theory T" with Ty C T
is Tp-positive-existentially compatible.

EXAMPLE 4.5. Recall from [4, 5] the definition of a Gaussian theory. Let us
call a conjunction of atoms an e-formula. The universal theory Ty is Gaussian
iff for every e-formula ¢(z,y) it is possible to compute an e-formula ¥ (z) and a
term s(z, z) with fresh variables z such that

To = o(z,y) < (W(z) AJz.(y = s(z, 2))). (3)

Any Gaussian theory Ty is its own positive-existential model completion. In fact,
it is easy to see that (3) implies Ty = (3y.¢(z,y)) < ¥ (x), and thus Ty = T§}.

As a consequence, our combination result applies to all the examples of ef-
fectively locally finite Gaussian theories given in [4, 5] (e.g., Boolean algebras,
vector spaces over a finite field, empty theory over a signature whose sets of
predicates consists of &~ and whose set of function symbols is empty): if the uni-
versal theory Ty is effectively locally finite and Gaussian, and T3, T5 are arbitrary
theories containing 7 and with decidable universal fragment, then the universal
fragment of T >1, T» is also decidable.

EXAMPLE 4.6. Let Ty be the theory of semilattices (see Example 2.2). This
theory is obviously effectively locally finite. In the following, we use the disequa-
tion s C ¢ as an abbreviation for the equation sUt = t. Obviously, any equation
s &~ t can be expressed by the disequations s Ct At LC s.

The theory Ty has a positive-existential model completion, which can be ax-
iomatized as follows. Let ¢(x) be a simple existential formula with just one
existential quantifier. Using the fact that z; U ... U 2z, T z is equivalent to
z1 C2A ... Az, 2, it is easy to see that ¢(x) is equivalent to a formula of the
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form
Fy(WEL)A - AYCEt) Alur EsiUy) A Aum EspnUy)),  (4)

where t;, s;, us, are terms not involving y. Let ¢*(z) be the formula

n m
A A\ Cs;jut), (5)
i=1j=1
and let T be obtained from T, by adding to it the universal closures of all
formulae ¢ < ¢*.
We prove that 1§ is contained in the theory of Boolean algebras. In fact, the
system of disequations (4) is equivalent, in the theory of Boolean algebras, to

. (YEt)A - AYCEL)A(ur M1 TY) A A (U 178 E y), (6)
and hence to
(U1|_|_|81 Etlﬂ...ﬂtn)/\"'/\(umﬂ_@mEtlﬂ...ﬂtn). (7)

Finally, it is easy to see that (7) and (5) are equivalent.

It is well-known that every semilattice embeds into a Boolean algebra. This
can, for example, be shown as follows. Given a semilattice S = (S,U, L), just
consider the Boolean algebra B = (2%,1,S,U,0,(-)) given by the dual of the
usual Boolean algebra formed by the powerset of S: this means that as join in B
we take the intersection of sets, as the least element S, as the meet the union of
sets, as the greatest element (), and as the negation operation the set complement.
It is easy to see that the map associating with s € S the set {s' | s C ¢’} is a
semilattice embedding from S into B.

This shows that T is the positive-existential model completion of Tj. In ad-
dition, this implies that any Boolean-based theory T is Ty-positive-existentially
compatible since T is contained in 7. Consequently, Theorem 4.1 covers the
case of a basic £-connection, as introduced in Example 2.2 (see §7 for details).

EXAMPLE 4.7. Let us now turn to Example 2.3, i.e., to connections over the
theory Ty of distributive lattices with a least element . This theory is obviously
effectively locally finite, and it has a positive-existential model completion, which
can be obtained as follows. Every term is equivalent modulo Ty both to (i) a term
that is a (possibly empty) finite join of (non-empty) finite meets of variables, and
to (ii) a term that is a (non-empty) finite meet of (possibly empty) finite joins of
variables. A simple existential formula with just one existential quantifier ¢(x)
is then easily seen to be equivalent to a formula of the form

Fy. (N Eui) ANy E ) A N\(ok EyUwg)), (8)
i j k
where w;, t;, vk, wy are terms not involving y. Let ¢*(z) be the formula
/\(vk Quil_lwk)/\/\(vkl_ltj C wg U zj), (9)
ik Jsk
and let 7; be obtained from Tj by adding to it the universal closures of all
formulae ¢ < ¢*.
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We prove that Tff is contained in the theory of Boolean algebras. In fact, the
system of disequations (8) is equivalent, in the theory of Boolean algebras, to

Fy-(A\w Ew) A N\ E—t;0z) A N\(ok N —w Ey)), (10)
i j k
and hence to
/\(vk N-wy Cug) A /\(vk N —wy C —t; U z5). (11)
ik gk

Finally, it is easy to see that (11) and (9) are equivalent.

Since every distributive lattice with least element embeds into a Boolean al-
gebra,? this shows that T is the positive-existential model completion of Ty. In
addition, this implies that any Boolean-based equational theory T is Ty-positive-
existentially compatible since 7§ is contained in 7'. Consequently, Theorem 4.1
covers the case of a basic deterministic £-connection, as introduced in Exam-

ple 2.3 (see §7 details).

ExAMPLE 4.8. The previous example can be slightly varied, by considering
the theory Ty of bounded distributive lattices (i.e., distributive lattices with a
least and a greatest element). Let us prove that its positive-existential model
completion is the theory T axiomatized by Ty together with the (universal
closure of the) formula

Jy.((zNy=0)A(xUy~=1)).

Thus, T is simply the theory of Boolean algebras, formulated in a complement-
free signature. Since every bounded distributive lattice embeds into a Boolean
algebra, and since the theory of Boolean algebras coincides with its own positive-
existential model completion because it is Gaussian (see Example 4.5), it is
sufficient to show that every e-formula ¢ in the signature of Boolean algebras is
equivalent to an e-formula in the complement-free subsignature. In fact, we can
assume that ¢ is a conjunction of identities of the form

-z U Uz, Uy U Uy
these identities are in turn trivially equivalent to the inequations
MMy Cyr U Uy,

which can obviously be transformed into identities between term in the complement-
free subsignature.

Again this implies that every Boolean-based equational theory is Ty-compatible
and that Theorem 4.1 covers the case of a basic functional £-connection, as in-
troduced in Example 2.3 (see again §7 for details).

ExXAMPLE 4.9. Here we give an example with a non-functional signature. Let
Tp be the (obviously locally finite) theory of partial orders (posets). The positive-
existential model completion T of Ty is the theory axiomatized by Ty together

9t is well-known that distributive lattices with least and greatest elements embed into
Boolean algebras, and it is easy to embed a distributive lattice with least element into one
with least and greatest elements by just adding a greatest element.
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with the axioms

3z.(\(@  ai) A N\ E2)) = \b; £ an),
i j i,j
where i, j range over a finite index set and a;, b; are variables.

To embed a model (P,C) of Ty into a model of Tjf, just take the poset of
downward closet subsets of (P,C). A downward closed subset of P is a set
X C P such that € X and y C = imply y € X. These sets are ordered by set
inclusion. It is easy to see that this yields a model of Tj. In fact, it is enough
to show that, given downward closed sets A;, B; satisfying A, ;(B; C 4;), there
is a downward closed set X such that A,(X T A4;) A A\;(B; E X). Since the
union of downward closed sets is again downward closed, we can take the union
of the B; as the set X. The embedding of (P,C) into downward closed sets is
obtained by associating with a € P the cone a] := {b | b C a}. It is easy to see
that a Ca’ iff a] Cd'].

In order to obtain a Ty-positive-existentially compatible theory, we consider
again the theory T of semilattices, but now we assume that the symbol C belongs
to the signature, and satisfies the axiom « C y < z Ay = y. The theory T is
To-positive-existentially compatible since every model of T is a model of 7}: in

fact
Em(/\(a: Ca;) A /\(bj Cx))
i J
is equivalent (in the theory T') to

Elz(/\(x Ca;) A (|_| b; C x)),

K2
i.e., to
/\(|_| bj C a;)
(]
and thus to A, ;(b; € a;).
Other theories that extend T¢ (and are hence Ty-positive-existentially com-
patible) are theories that extend the theory of total orders, as is easily seen.

ExXAMPLE 4.10. Here we go back to the theories introduced in the proof of
Theorem 2.5 (which gives an example of theories Ty, T, 7% for which decidability
of the universal fragment does not transfer to their connection), and analyze
which of our conditions are violated by them. Let T{ be the one-sorted theory
of pure equality and let Ty := T}, be as in the proof of Theorem 2.5. Tt is easily
seen that Tp has a positive-existential model completion 7§, which is axiomatized
by using infinitely many sentences jointly saying that the domain is infinite. It
follows that a (one-sorted) theory T' O Tj is Tp-positive-existentially compatible
iff every model of T' embeds into an infinite model of 7'. This condition (in an
equivalent formulation) is known as stable infiniteness: it is the standard Nelson-
Oppen combinability requirement [23, 22] for disjoint signatures. Most theories
considered in Computer Science applications are stably infinite. However, notice
that, in a stably infinite theory, there is no difference between satisfiability of
a constraint in a model of T and satisfiability in an infinite model of 7. Thus,
theories satisfying the statement of Lemma 2.4 cannot be stably infinite. This
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shows that it is precisely the Tp-positive-existential compatibility requirement
for T5 that is violated in the example provided in the proof of Theorem 2.5.

85. A variant of the connection scheme. Here we consider a slightly
different combination scheme where a theory T is connected with itself w.r.t. a
subtheory Ty. Let Ty C T be theories over the respective signatures 2 C Q2. We
use T- 7, to denote the theory whose models are models M of T endowed with
a homomorphism A : M o, — Mq,. Thus, the signature Q' of Ts1, is obtained
from the signature Q of T' by adding a new function symbol hg of arity SS for
every sort S of €p. The axioms of T 7, are obtained from the axioms of T' by
adding

hs(f(z1,...,20)) = f(hs, (1), ..., hs, (zn)),
P(z1,...,24) — P(hg,(21),...,hg, (zn)),

for every function (predicate) symbol f (P) in Qg of arity Sy ... 5,5 (S1...S).

EXAMPLE 5.1. An interesting example of a theory obtained as such a connec-
tion is the theory Ek corresponding to the basic modal logic K. In fact, let T
be the theory of Boolean algebras, and Ty the theory of semilattices over the sig-
nature € as defined in Example 2.2. If we use the symbol < for the connection
function, then 7% 7, is exactly the theory Fxk.

5.1. A non-deterministic combination procedure. In this subsection
we state the main decidability transfer result. The approach is analogous to the
one chosen in §4, and it leads to a non-deterministic combination procedure.
In the next subsection we show that, under certain additional restrictions, this
non-deterministic procedure can be replaced by a deterministic one.

THEOREM 5.2. Let Ty, T be theories over the respective signatures g, 2, where
Qo is a subsignature of Q. Assume that To C T, that Ty is universal and locally
finite, and that T is Ty-positive-existentially compatible. Then the decidability of
the universal fragment of T entails the decidability of the universal fragment of
T>T0 .

To prove the theorem, we consider a finite set I' U I'g of ground flat literals
over the signature Q' of T 1;,, where I is a set of literals in the signature Q of T
(expanded with free constants), and Iy is of the form

Lo ={h(a1) = b1,...,h(an) = by}

The theorem is an easy consequence of the following proposition, whose proof is
similar to the one of Proposition 4.2.

PROPOSITION 5.3. The constraint I' ULy is satisfiable in T, iff there exists
a triple (A, B,v) such that

1. A is an Qy-model of Ty, which is generated by {as*, ... a};
2. B is an Qo-model of Ty, which is generated by {b5, ... bE};
3. v: A— Bis an Qo-homomorphism such that V(a;‘) = b? forj=1,...,n;

4. TUAq,(A) U Agq,(B) is satisfiable in T
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PRrROOF. The only-if direction is again simple. To prove the if direction, assume
that there is a triple (A, B,v) satisfying 1.—4. of the proposition. In particular,
this means that T'U Ag,(A) U Ag,(B) is satisfiable in a model A/ of T. We
can assume without loss of generality that A is an at most countable model
of TUTg. By Robinson’s diagram theorem, A, B are Qp-substructures of N.
Using the same argument as in the proof of Proposition 4.2, we can extend the
Qg-homomorphism v : A — B to an Qy-endomorphism v, : MQO — Nq,- The
pair (N, Vs ) yields a model of T, that satisfies T'U . -

Obviously, this proposition gives rise to a non-deterministic decision procedure
for the universal fragment of T\ r,, which is analogous to the one described in
the proof of Theorem 4.1

Applied to the connection of the theory BA of Boolean algebras with itself
w.r.t. the theory of semilattices considered in Example 5.1, the proof of The-
orem 5.2 shows that deciding the universal theory of Fx can be reduced to
deciding the universal theory of BA. It is well-known that deciding the universal
theory of Fk is equivalent to deciding global consequence in K, and that decid-
ing the universal theory of BA is equivalent to propositional reasoning. Thus, we
have shown the (rather surprising) result that the global consequence problem in
K can be reduced to purely propositional reasoning. However, if we directly ap-
ply the non-deterministic combination algorithm suggested by Proposition 5.3,
then the complexity of the obtained decision procedure is worse then the known
ExpTime-complexity [29] of the problem. The deterministic combination proce-
dure described below overcomes this problem.

5.2. A deterministic combination procedure. As pointed out in [25],
Nelson-Oppen style combination procedures can be made deterministic in the
presence of a certain convexity condition. Let T be a theory over the signature
Q, and let Qg be a subsignature of Q. Following [30], we say that T is Q-
conver iff every finite set of ground QX-literals (using additional free constants
from X) T-entailing a disjunction of n > 1 Qff-atoms, already T-entails one
of the disjuncts. Note that universal Horn ()-theories are always -convex. In
particular, this means that equational theories (like BA) are convex w.r.t. any
subsignature.

Let Ty C T be theories over the respective signatures ), 2, where  is a
subsignature of Q. If T" is Qg-convex, then Theorem 5.2 can be shown with the
help of a deterministic combination procedure. (The same is actually also true
for Theorem 4.1 and Theorem 4.3, but this will not explicitly be shown here.)

Let T'UT'y be a finite set of ground literals (with free constants) in the signature
of T 1,; suppose also that I" does not contain the symbol h and that I'y =
{h(a1) =~ by,...,h(a,) =~ b,}. We say that T" is T'g-saturated iff for every Q-
atom «(zq,...,z,), TUL Eala,...,a,) implies «(by,...,b,) €.

THEOREM 5.4. Let Ty, T be theories over the respective signatures €, 2, where
Qo is a subsignature of Q. Assume that Ty C T, that Ty is universal and locally fi-
nite, and that T is Qy-conver and Ty-positive-existentially compatible. Then the
following deterministic procedure decides whether I' U Ty is satisfiable in TS,
(where I',T'y are as in Proposition 5.3):

1. I'g-saturate T';
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2. check whether the T'g-saturated set T obtained this way is satisfiable in T.

PROOF. The saturation process (and thus the procedure) terminates because
To is locally finite (it should be clear that saturation is done modulo Tp). In
addition, if I' U 'y is satisfied in a model M of T\ r,, then the reduct of M to
the signature ) obviously satisfies T.

Conversely, if the I'p-saturated set T is satisfiable in T, then we use T to
construct a triple (A, B, v) satisfying 1.—4 of Proposition 5.3. Since [ is satisfiable
in T, and T is Qg-convex, the following two finite'® sets of literals are both
satisfiable in Ty (where a abbreviate aq,...,a, and let b abbreviate by, ..., by,):

To = {a(@)|TUTa(@} U {-a()| TUT i ala)},
I, = {a@®)|TUTa®)} U {-a®)|TUT £ ab)},

where a(z) ranges over {2g-atoms (modulo Tp). In fact, assume (without loss of
generality) that I', is not satisfiable in Tp. This means that

Tyu{ala) [TUT Fa(@}kE  \/  ala),

TUTfea(a)

Since Tp € T and T is Qp-convex, this implies that 7'U{a(a) | T'U T'Eal)} =
o/(a) for some Qg-atom o (z) such that T UT £ o/(a). However, T U {a(a) |
TUT = a(a)} E o/ (a) obviously implies TUT E o/(a), which yields the desired
contradiction.

Pick a pair of models of T satisfying I', and I';, and let A, B be their Q-
substructures generated by (the interpretatiz)ns of) a and b, respectively. Since T
is universal, A and B are models of Ty. Moreover, by construction, for every o-
atom a(z) we have that TUT = a(a) iff A = a(a) and, similarly, TUT = a(b) iff
B |= a(b). As a consequence, the I'p-saturatedness of I' and Robinson’s diagram
theorem guarantee that the map associating b; with a; can be extended to a
homomorphism v : A — B.

It remains to show that I'U Ag, (A) U Ag, (B) is satisfiable in T (since I' C T,
this implies that T'UAq, (A) UAq, (B) is satisfiable in T'). Taking into considera-
tion the p-convexity of T" and the fact that [ is satisfiable in T, satisfiability of
TUAq, (A)UAgq, (B) in T means that for no atom «(a) false in A (a(b) false in B)
we have that TUTUAS, (A)UAY (B) | a(a) (TUTUAS, (A)UAY (B) | a(b).M!
However, as remarked above, TUT = a(a) holds iff A = a(a) holds (and sim-
ilarly for B). This means that T U T U Af ,(AU A ,(B) is the same theory
as TUT. But then the claim that “for no atom a(a) false in A (or a(b) false
in B) we have that TUT = a(a) (T UT |= a(b))” becomes trivial, once again
because T UT = a(a) is equivalent to A = a(a) (T UT | a(b) is equivalent to
B a(b). E

101t goes without saying that “finiteness” here means “finiteness modulo Tp;” see the defi-
nition of local finiteness.
M Recall that Ago (A) denotes the positive diagram of A, i.e., it consists of those atoms true

in A. Also note that ~a(a) € Ag,(A) \ Ago (A) iff the atom a(a) is false in A.
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Example 5.1 (continued) Let us come back to the connection of T := BA
with itself w.r.t. the theory Ty of semilattices, which yields as combined theory
the equational theory Fk corresponding to the basic modal logic K. In this
case, checking during the saturation process whether T UT = a(a) amounts
to checking whether a propositional formula ¢r (whose size is linear in the size
of T') implies a propositional formula of the form 1 < 19, where 1,19 are
disjunctions of the propositional variables from a. Since propositional reasoning
can be done in time exponential in the number of propositional variables, and
there are only exponentially many different formulae of the form ¢y < 15, the
saturation process needs at most exponential time. The size of the I'g-saturated
set T may be exponential in the size of I', but it still contains only the free
constants a. Consequently, testing satisfiability of TinTis again a propositional
reasoning problem that can be done in time exponential in the number of free
constants a.

Consequently, we have shown that Theorem 5.4 yields an ExpTime decision
procedure for the global consequence relation in K, which thus matches the
known worst-case complexity of the problem.

§6. Conditions on the connection functions. Until now, we have con-
sidered connection functions that are arbitrary homomorphisms. In this section
we impose the additional conditions that the connection functions be surjective,
embeddings, or isomorphisms: in this way, we obtain new combined theories,
which we denote by Tj >§~T 15, Ty >}O 15,1 >§§00 Ty, respectively. This defines
the combined theories in a model-theoretic way. One can also give an axiomatic
description of Ty >4 Ty, Th >7, Tz, and Ty >§§00 T5. For example, the axioms of
T >5To T, are obtained from the ones of T7 >, T5 by adding axioms expressing
that h is surjective, i.e., for every sort S in 2y we add the axiom

Vy.3x.hg(z) =y,

where z is a variable of sort S' and y a variable of sort S2.

For these combined theories one can show combination results that are analo-
gous to Theorem 4.1: one just needs different compatibility conditions. To treat
embeddings and isomorphisms, we use the compatibility condition introduced
in [16, 4, 5] for the case of unions of theories. Following [16, 4, 5], we call this
condition Ty-compatibility in the following.

In order to define this notion of compatibility, we need to introduce the notion
of a model completion. The definition given below differs from the one given in
[16, 4, 5]. However, the two notions can be shown to be equivalent for universal
theories (see Proposition 8.4 in §8), and we will apply the definition only to
theories that are universal. The reason for giving an alternative formulation
is that it makes the connection between a model completion and a positive-
existential model completion more transparent.

DEFINITION 6.1. Let T be a universal 2-theory and let T* be an Q-theory. We
say that T™ is a model completion of T iff the following conditions are satisfied:

1. TCT*;

2. every model of T embeds into a model of T*;
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3. for every formula ¢(x) there is an open formula ¢*(z) such that
T o g

It can be shown that the models of T* are just the existentially closed models
of T (see [11] or §8).

DEFINITION 6.2. Let Ty C T be theories over the respective signatures g C 2.
We say that T is Ty-compatible iff Ty is universal, has a model completion 1§,
and every model of T embeds into a model of T U T} .

The notions of a model completion and of Tp-compatibility can actually be
viewed as special cases of the notions of a positive-existential model completion
and of Ty-positive-existential compatibility. To show this, we employ a notation
introduced in Section 2.3. Recall that, given a theory T over the signature €2, the
theory T over the signature 27 is defined as follows: for every n-ary predicate
symbol P of (2, the signature (2™ extends 2 by the additional new n-ary predicate
symbol P, and the theory T contains in addition to the axioms of T" the axioms

—P(x1,...,2n) & P (21,...,2p).

The following proposition states some relevant facts about the connection be-
tween T" and T

PROPOSITION 6.3. Let T' be a universal Q-theory, and Ty C T a theory over
the subsignature Qg of 2.

1. The theory T™ is a universal 2™ -theory.

2. The universal fragment of T is decidable iff the universal fragment of T~
18 decidable.

3. T has a positive-existential model completion iff T has a model completion.

4. T™ is Ty -positive-ezistentially compatible iff T is Ty-compatible.

PROOF. The first two facts follow immediately from our definitions.

To prove the third fact, first assume that 7™ has a positive-existential model
completion T7*. It is easy to see that the theory T* obtained from 77" by
replacing all predicates P~ by —P is a model completion of T'. To see this, note
that one can eliminate quantifier from arbitrary formulae as soon as one can
eliminate quantifiers from existentially quantified conjunctions of literals (see
[11], Lemma 1.5.1). In addition, atoms in 7"~ correspond to literals in T'.

Conversely, assume that 7" has a model completion 7. It would be tempting to
claim that 7" is a positive-existential model completion of T™. However, recall
that we require the positive-existential model completion of T to be a geometric
theory. This need not be the case for 7% since the model completion T of T'
need not be a geometric theory. In order to define the positive-existential model
completion of 77, we recall from Section 4.3 that it is enough to (i) produce
for every simple existential formula ¢(z) an open and geometric formula ¢*(z);
(ii) extend T~ to T7* by adding the formulae ¢(z) < ¢*(z) for every simple
existential formula ¢(z); and (iii) show that every model of T~ embeds into a
model of T7*.

Given a simple existential formula ¢(z) in the signature Q7 of T, we can
first replace all predicates P~ in ¢(x) by =P, which yields a formula ¢'(z) in the
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signature 2 of T'. Since T* is a model completion of T', we know that there is an
open formula ¢'*(x) over the signature € such that T* = ¢/(z) < ¢'"(z). Let
¢*(z) be the formula obtained from ¢'*(z) by replacing all negated predicates
=P by P7, and let T™" be the theory obtained from T~ by adding the formulae
d(z) <« ¢*(x) for every simple existential formula ¢(z).

To show that every model of T~ embeds into a model of T7%, let A~ be a
model of 7. Then the reduct A of A™ to Q can be embedded into a model B
of T*. Let B™ be the expansion of B to 27 that interprets the predicates P~
by the complements of the interpretations of the predicates P. Then B~ is a
model of T, and obviously A~ embeds into B~. In addition, for every simple
existential formula ¢(z), the facts that T* |= ¢/(z) < ¢'*(z), that B is a model
of T*, and that B~ is a model of T imply that B~ is a model of ¢(z) < ¢*(x).
This shows that A~ embeds into the model B~ of T7*.

Finally, the fourth fact is an easy consequence of the third. Basically, the only
additional things to prove are the embedding conditions. One direction is again
simple, and the other can be shown similarly to the proof of the embedding
condition above. —

6.1. Embeddings as connection functions. Let us first investigate the
case of connection functions that are embeddings.

THEOREM 6.4. Let Ty, T1, and To be theories over the respective signatures
Qo, Q1, and Qs, where Qg is a common subsignature of 1 and Q. Assume
that Ty C Ty and Ty C Ts, and that Ty is universal and locally finite. If Ty is
To-compatible, then the decidability the universal fragments of Ty and T entails
the decidability of the universal fragment of Ty >3 1.

PRrROOF. This theorem is an easy consequence of Theorem 4.1 and Proposi-
tion 6.3. In fact, by Proposition 6.3, the preconditions of the theorem imply
that the theories T, 17", 15" satisfy the preconditions of Theorem 4.1. Thus, we
know that the universal theory of 77" >7-T5" is decidable.

Let © be the signature of T7 >3 T, and Q27 the signature of 77" > T5". To
show decidability of the universal fragment of T} > T5, it is sufficient to show
that an ()-constraint is satisfiable in a model of 77" >z~ T3 iff it is satisfiable
in a model of 71 >%" T>. However, the models of T}" >~ Ty are of the form
(M, M2, g), where M! is a model of T;", M? is a model of Ty, and g is an
Qy-homomorphism. The reducts N1, N2 of M!, M? to the signatures €y,
are models of T7, Ty, respectively, and the reduct h of g to Qg is an Qg-embedding.
Thus, (M, N?,h) is a model of Ty > Ty, which obviously satisfies the same Q-
constraints as (M!, M2, g). Conversely, every model of T} >3 Ty can uniquely
by expanded to a model of T7" >7~ T3 that satisfies the same Q-constraints
by defining the interpretations of the predicates P~ as the complement of the
interpretations of the predicates P. B

Of course, Theorem 6.4 can also be proved directly by using an approach
analogous to the one employed in the proof of Theorem 4.1. Assume that the
constraint I' consists of ground flat literals over the signature 2 of T} >4 T3
(with additional free constants). Since all literals in I" are flat, we can divide I'
into three disjoint sets ' = 'y UT'; UTy where I'; (i = 1,2) is a set of literals in
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the signature ; (expanded with free constants), and I'g is of the form
FO = {h(al) ~ bl; ey h(an) ~ bn}

for free constants aq,bq1,...,an,b,. Theorem 6.4 easily follows from the next
proposition, which in turn is an easy consequence of Proposition 4.2 and Propo-
sition 6.3.

PROPOSITION 6.5. The constraint I' = Tg UT'y ULy is satisfiable in Ty >6TZ‘ 15
iff there exists a triple (A, B,v) such that
A is an Qo-model of Ty, which is generated by {af, ..., ai};
. B is an Qo-model of Ty, which is generated by {b5, ... b5};
. v:A— Bis an Qq-embedding such that V(aj‘) = bf forj=1,...,n;
. T1UAq,(A) is satisfiable in Ty ;
. Do UAq, (B) is satisfiable in Ty.

=W N

Ut

6.2. Surjective connections. To treat T} >‘9T0 T5, we must dualize the no-
tions “positive-existential model completion” and “positive-existential compati-
bility”. These notions are based on co-geometric formulae, which are the dual
of geometric formulae in the sense that existential quantification is replaced by
universal quantification. A co-geometric formula is a formula built from atoms
by using conjunction, disjunction and universal quantification. Similarly, a co-
geometric theory is a theory axiomatized by (universal closure of) implications
of co-geometric formulae.

DEFINITION 6.6. Let T be a universal Q-theory, and let T* be an Q)-theory.
We say that T™ is a positive-universal model completion of T iff the following
conditions are satisfied:

1. TCT*;

2. every model of T embeds into a model of T*;

3. for every co-geometric formula ¢(x) there is an open co-geometric formula
¢*(z) such that

The new notion of compatibility defined below differs from the one introduced

in §3 in that positive-existential model completions are replaced by positive-uni-
versal model completions.

DEFINITION 6.7. Let Ty C T be theories over the respective signatures Qg C
Q1. We say that T is Ty-positive-universally compatible iff Ty is universal, has

a positive-universal model completion Tj, and every model of T embeds into a
model of T UT{.

If the prerequisites of Theorem 4.1 hold and 7T is additionally Ty-positive-uni-
versally compatible, then decidability of the universal fragment transfers from
Ty, T5 to Ty >§10 Ts.

THEOREM 6.8. Let Ty, T1, and Ts be theories over the respective signatures
Qq, 1, and Qo, where Qg is a common subsignature of Q1 and Q. Assume that
To CTy and Ty C Ty, that Ty is universal and locally finite, that Ty is Ty-positive-
universally compatible, and that Ty is Ty-positive-existentially compatible. Then
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the decidability of the universal fragments of Ty and Ty entails the decidability
of the universal fragment of Ty >%, Ts.

To prove the theorem, let I' = T'gUT'; UT'5 be a finite set of ground flat literals
over the signature Q of T >3, T» (with additional free constants), where T';
(i =1,2) is a set of literals in the signature €2; (expanded with free constants),
and I'y is of the form

{h(CLl) ~ bl, ey h(a,n) ~ bn}’

for free constants ai,bs1,...,an,b,. The following proposition, whose formu-
lation is identical to the formulation of Proposition 4.2, immediately entails
Theorem 6.8.

PROPOSITION 6.9. The constraint I = T'g U Ty ULy is satisfiable in Ty >ST0 15
iff there exists a triple (A, B,v) such that

1. A is an Qq-model of Ty, which is generated by {a{‘, e 7a;:‘ ;

2. B is an Qo-model of Ty, which is generated by {b5, ... b5};

3. v: A— Bis an Qo-homomorphism such that V(a;-“) = bjB forj=1,...,n;
. 1 UAq,(A) is satisfiable in Ty ;

5. T'o U Agq,(B) is satisfiable in Ts.

’4; .

PROOF. The only-if direction is again simple. The proof of the if direction
requires now a back-and-forth argument. Suppose we are given A, B, v as in
1.-5. of the proposition, and let N’ be an Q1-model of T} satisfying I'y UAg, (A),
and N be an Qy-model of T3 satisfying I's U A, (B). We can assume without
loss of generality that A/, N’/ are both at most countable, that A" is a model
of the positive-universal model completion of Tg, and that A/’ is a model of the
positive-existential model completion of Ty. By Robinson’s diagram theorem,
N’ has A as an Qg-substructure, and N’ has B as an Qg-substructure. Let us
enumerate the elements of N as

C1,C35 -+, C2k41, - - -
and the elements of N as
dy,dy, . ... dop, . ..

(here we prefer, for uniformity, both lists to be infinite, so we may tolerate
repetitions in each list). We define an increasing sequence of sort-conforming
surjective mappings vy : Sy — T}, such that:

o S, is a finite subset of N/ including all the elements from A as well as cgj41,

for 25 +1 < k;
e T}, is a finite subset of N” including all the elements from B as well as da;,
for 25 < k;
e for all Qp-atoms C(x) we have
oo I Cla) implies Mg, E Clunla)) (12)

for every tuple @ from Sy.

Once this is settled, N7 and N together with the surjective homomorphism
Voo = Uk>n vy give, as usual, the desired model of T; >§«0 Ty satisfying T'.
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We first take vy to be v. To define v, (kK > 0), we distinguish the case in
which k is even from the case in which & is odd. In the latter case, we proceed
as in the proof of Proposition 4.2. As to the former case, let b = dg and let
a be a tuple collecting all the elements from Sy_;. We want to find a suitable
a € N’ in order to extend vi_; by defining vi(a) := b. For this purpose, it
is sufficient to show that N7 [~ Vy.¢(a,y), where ¢(z,y) is the disjunction of
all atoms C(z,y) such that N £ C(vg—1(a),b). In fact, if N7 £ Vy.¢(a,y),
then there is a (sort-conforming) a € N’ such that N/ | —¢(a,a), and we
can set vg(a) := b. Assume that C is an atom such that NY% = C(a,a), but

\/Sllo ¥ C(vi(a,a)) = C(vg—1(a),b). However, this means that C(z,y) occurs as
a disjunct in ¢(z,y), and thus N’ |= =¢(a, a) implies that N’ = —C(a, a), which
is a contradiction to our assumption that ./\/I’QO E C(a,a).

To show that N’ }£ Vy.¢(a,y), we consider the positive-universal model com-
pletion T of Tp. In this theory, Vy.¢(z,y) < ¢*(z) is provable for some
co-geometric (and thus also geometric'?) open formula ¢*(z). As usual, the
implication ¢*(xz) — Vy.¢(x,y) must already hold in Ty because Ty and its
positive-universal model completion 7 entail the same open formulae, and
¢*(z) — Vy.¢(z,y) is equivalent to the open formula ¢*(z) — ¢(z,y).

Since N’ is a model of T, and T = Vy.¢(z,y) — ¢*(x), it is enough to
prove that N’ [ ¢*(a). However, N” W~ Vy.¢p(vk—1(a),y), by the definition
of ¢. Since N is a model of Ty, and Ty = ¢*(z) — Vy.¢(z,y), this implies
N F£ ¢*(vg—1(a)). Finally, the induction hypothesis on the validity of (12)
yields N7} ¢*(a). B

The following example shows that there are natural theories Ty admitting both
a positive-existential and a positive-universal model completion.

ExXAMPLE 6.10. Consider the theory of join semilattices with a greatest ele-
ment. These are join semilattices as introduced in Example 4.6, but endowed
with a further element T such that x U T = T holds for all z. The positive-
existential model completion of this theory is axiomatized as in Example 4.6
above. In order to axiomatize the positive-universal model completion of this
theory, we need a theory that allows us to eliminate the universal quantifier from
formulae Vy.¢(z,y) of the form

Vy (yEt) V- V(Y Ctp) V(u EsiUy) V-V (um Csnly)),  (13)

where t;, s;, us, are terms not involving y. Let ¢*(z) be the formula
n m
V(ti=T)v\ (uCs)), (14)
i=1 j=1
and let T be obtained from Ty by adding to it the universal closures of the
sentences ¢ < ¢*. The theory T is included in the theory BA™ of atomless
Boolean algebras (recall that a Boolean algebra is said to be atomless iff it does
not have non-zero minimal elements): the axioms of T are in fact provable in
BA*, as it is evident from the quantifier elimination procedure for BA™ (see,
g., [17]). Since every join semilattice with a greatest element embeds into an

121n the open case, geometric and co-geometric formulae trivially coincide.
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atomless Boolean algebra,'® this shows both that T} is the positive-universal
model completion of Ty, and that the theory of Boolean algebras is positive-uni-
versally compatible with the theory of join semilattices with a greatest element.

Since the formulation of Proposition 6.9 coincides with the one of Proposi-
tion 4.2, we know that the universal fragments of T} >ST0 T, and T7 >7, T
coincide if the conditions of Theorem 6.8 are satisfied.

COROLLARY 6.11. Let Ty, T1, and Ty be theories over the respective signatures
Qq, 1, and Qo, where Qg is a common subsignature of Q1 and Q. Assume that
To CTh and Ty C Ty, that Ty is universal and locally finite, that Ty is Ty-positive-
universally compatible, and that Ty is Ty-positive-existentially compatible. Then
the universal fragments of T >, T> and T} >5‘T(J T5 coincide.

6.3. Isomorphisms as connection functions. Finally, let us consider the
problem of deciding the universal fragment of 71 >7°T5.

THEOREM 6.12. Let Ty, T1, and T be theories over the respective signatures
Qo, 1, and Qa, where Qg is a common subsignature of Q1 and Q. Assume that
Ty C Ty and Ty C Ty, that Ty is universal and locally finite, and that Ty, T are
both Ty-compatible. Then the decidability of the universal fragments of Ty and
Ty entails the decidability of the universal fragment of Ty >§§0" Ts.

This theorem follows from the corresponding theorem for surjective connection
functions (Theorem 6.8) due to Proposition 6.3 and the following analogous
proposition for the positive-universal case.

PROPOSITION 6.13. Let T be a universal Q2-theory, and Ty C T a theory over
the subsignature Qg of Q.

1. T has a positive-universal model completion iff T has a model completion.
2. T™ is T -positive-universally compatible iff T is Ty-compatible.

Both, the proof of this proposition and the proof of Theorem 6.12, are similar
to the corresponding proofs given in Section 6.1. Of course, Theorem 6.12 can
again be proved directly. As before, we consider a a finite set of ground flat
literals over the signature 2 of T >iTs(]0 Ty (with additional free constants), which
is of the form I' = Ty UT; U Ty, where I'; (i = 1,2) is a set of literals in the

signature ; (expanded with free constants), and T’y is of the form

{h(al) ~by,..., h(an) ~ bn}7
for free constants ai,b1,...,an,b,. The following proposition, whose formu-
lation is identical to the formulation of Proposition 6.5, immediately entails

Theorem 6.12. The proposition itself is an easy consequence of the Proposi-
tions 6.9, 6.13, and 6.3.

PROPOSITION 6.14. The constraint I' = T'oUT'y Ul is satisfiable in T >§?;)° Ts
iff there exists a triple (A, B,v) such that

130ne can embed a join semilattice with greatest element into a bounded distributive lattice
by taking the dual of the lattice of non-empty upward closed subsets; that bounded distributive
lattices embed into Boolean algebras, and that Boolean algebras embed into atomless Boolean
algebras are standard lattice-theoretic facts.
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. A is an Qo-model of Ty, which is generated by {af, ... alt};

. B is an Qo-model of Ty, which is generated by {5, ... b5};

v: A— B is an Qg-embedding such that u(a;“) = bf forj=1,...,n;

. 1 UAq,(A) is satisfiable in Ty;

. ToUAq,(B) is satisfiable in Ty.

Since the formulation of Proposition 6.14 coincides with the one of Propo-

sition 6.5, we know that the universal fragments of 71 >%" T> and Ty >§fo" Ty
coincide if the conditions of Theorem 6.12 are satisfied.

O W N~

COROLLARY 6.15. Let Ty, T1, and Ty be theories over the respective signatures
Qq, 1, and Qo, where Qg is a common subsignature of Q1 and Q. Assume that
To € Ty and Ty C Ts, that Ty is universal and locally finite, and that Ty, T5
are To-compatible. Then the universal fragment of Th >3 T coincides with the
universal fragment of Ty >3;,§0" Ts.

It is easy to see that the problem of deciding the universal fragment of T} >§§0"
T is interreducable in polynomial time with the problem of deciding the universal
fragment of T3 UT5. Consequently, the proof of Theorem 6.12 yields an alternative
proof of the combination result in [16].

The main reason for this is that there is a close connection between models
of T1 UTy and T} >§‘fg’ T5. In fact, if M is a model of T7 U T5, then it can be
turned into a model (M*', M2, v) of T} >¥° T, by taking as M* the reduct of
M to Qy, as M? the reduct of M to Qs, and as isomorphism v the identity
mapping on the domain of the reduct of M to €. Conversely, if (M, M2 v) is
a model of Tj >§§O" T5, then one can turn it into a model of 77 UT5 by adapting
the well-known fusion construction [31] to the many-sorted case.

Now, given a conjunction I' of (sort-conforming) literals to be tested for sat-
isfiability in T3 >§§0" T, we can simply remove the connection function h and
the superscripts introduced through the renaming done in the construction of
Ty >§§00 T>, and test the resulting conjunction I' of literals for satisfiability in
Ty UTy. If M is a model of T} U T satisfying I, then it is easy to see that
the corresponding model (M', M? v) of Ty >%° T, satisfies I'. Conversely, if
(M', M?,v) is a model of Ty >30T, satisfying I, then it is easy to see that the
model M of T7 UT5 obtained from this model by applying the fusion construction
satisfies TV.

Conversely, given a conjunction I' of ground flat literals to be tested for sat-
isfiability in T3 U T, we can partition I' into I' = I'y U I'; where I'; is over the
signature 27 and I's is over the signature 25. For every free constant ¢ occur-
ring in T, we introduce two free constants ¢! and ¢2. We replace c in I'; by ¢!
and c in T'y by ¢2, and also do the appropriate renamings of the shared function
and predicate symbols. In addition, we add the equation ¢? ~ h(c!) for each free
constant ¢ occurring in I'. Let I be the conjunction of literals over the signature
of Ty >§§0° T> obtained this way. Again, it is easy to see that I' is satisfiable in
Ty U T, iff IV is satisfiable in T >§‘?OO Ts.

COROLLARY 6.16. Let Ty, T1, and Ty be theories over the respective signatures

Qq, 1, and Qo, where Qg is a common subsignature of Q1 and Q. Assume that
To C Ty and Ty C Ty, that Ty is universal and locally finite, and that Ty, T> are
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both Ty-compatible. Then the decidability of the universal fragments of T and
Ty entails the decidability of the universal fragment of T1 U Ts.

§7. The connection to £-connections. The purpose of this section is to
give a more detailed comparison between the notion of an £-connection, as in-
troduced in [20], and our notion of a connection of many-sorted theories.

First of all, note that [20] consider connections that are more general than ours,
in the sense that more complex modalities (n-ary modalities, inverse modalities,
Boolean combinations of modalities, counting modalities, etc.) can be used as
connection functions. Using such sophisticated modalities as connection function
is, currently, beyond the scope of our methods, but they will be the subject of
future research.

Here, we will content ourselves with examining the special case of plain unary
modalities as connection functions, which is the most basic case of an £-connection
considered in [20]. However, even with this restriction, there are still significant
differences between our approach and the approach in [20]. The main difference
is that, seen from the modal logic point of view, our approach for defining the
connection is syntactic (or algebraic), in the sense that we consider an equational
axiomatization of the logic. In contrast, in [20] the emphasis is on the model-
theoretic side, meaning that £-connections are defined at the semantic level as
enrichments of suitable Kripke-like structures. Because of this difference, it is
not a priori clear that our results specialize to decidability transfer results for £-
connections defined in the framework of [20] (even within the limitation to plain
unary modalities as connection functions). In this section, we show that this is
indeed the case (but this proof turns out to be not entirely trivial). To simplify
matters further, we will not consider abstract description systems in their full
generality (as used in [20] as the components of £-connections), but restrict our
considerations to normal modal logics and to standard uni-modal Kripke frames
(most of these further restrictions are, however, without loss of generality; they
are assumed just for the sake of simplicity of presentation).

Propositional modal formulae are built using the Boolean connectives and a
diamond operator <. A Kripke frame is a pair F = (W, R), where W is a
non-empty set, the set of possible worlds, and R is a binary relation on W, the
transition relation. A Kripke model is a triple M = (W, R, V'), where (W, R) is
a Kripke frame and V is a map, called valuation, associating with each proposi-
tional letter a subset of W. The forcing relation w =™ «, which expresses that
the modal formula « is true in the Kripke model M at world w, is defined in
the standard way (see, e.g., [9]).

For a given class of Kripke frames C, the modal constraint problem for C is the
problem of deciding whether a finite set of modal formulae is satisfiable w.r.t. a
set of global constraints.!*

14 This is the kind of problem considered in [20], where satisfiability of an A-Box containing
many individual constants, with respect to a given T-Box, is taken into consideration. Notice
that, by contrast, relativized satisfiability as traditionally considered in modal logic concerns
local satisfiability of just one formula with respect to a global constraint formed by a finite set
of formulae, i.e., is is the special case of modal constraints for which m = 1.
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DEFINITION 7.1. A modal constraint is a pair of finite sets of modal formulae,
written as &, ..., & By .-y Bm (nym > 0); we say that such a modal constraint
is satisfiable in a Kripke model M = (W, R, V') iff there are worlds w1, . .., wy, €
W such that

1. w1 ':M 517 ceey, W ):M ﬁm;

2. forallv € W and for alli=1,...,n, we have v EM «.

The modal constraint aq,...,an;01,..., 0, is satisfiable in a class of Kripke
frames C iff it is satisfiable in some M = (W, R, V), for (W,R) € C.

Thus, the satisfiability of a modal constraint aq, ..., ay; 01, .- ., B means that
there is a model in which the (; are satisfied in some worlds w;, and in which
ai, ..., an hold globally, i.e., in every world.

In order to algebraize the above decision problem, let us introduce the signa-
ture Bjs: this is the single-sorted signature obtained by expanding the signature
of Boolean algebras by a new unary operator that we still call ¢. Notice that
there is an obvious bijective correspondence in this way between modal formulae
and terms of the signature By (thus, from now on, we identify modal formulae
and terms of the signature Bys). Also, a Kripke frame F = (W, R) can be con-
verted into a Bj-structure called B as follows: we take as underlying Boolean
algebra the powerset Boolean algebra P(WW) and interpret <& as the function
associating with X C W the subset of W given by

O(X) :={we € W | Jwy € W. (wa,w1) € RAwy € X}.

Valuations V of F correspond in an obvious way to assignments of variables to
elements of P(W). It is easy to see that, for any modal formula 6§, we have
w =WRY) g iff w belongs to the set obtained by evaluating the term 6 in Br
under the assignment V.

With every class of Kripke frames C we associate the Bjs-theory Te whose
axioms are the formulae

(= T)A-Alan=T) = (b= L)V V(Bn= 1), (15)
where aq,...,an;01,..., By are the modal constraints that are not satisfiable

in C. If F is a Kripke frame in C, then the corresponding Bjs-structure Br is a
model of T¢.

PROPOSITION 7.2. The problem of deciding satisfiability of modal constraints
in C is equivalent to the problem of deciding the universal fragment of the theory
Tc.

PROOF. First, notice that a modal constraint

alu"wan;ﬁla"'wﬁm (16)

is unsatisfiable in C iff the formula (15) is a logical consequence of T¢. In fact,
if (16) is unsatisfiable in C, then (15) is an axiom of T¢. Conversely, if (16) is
satisfiable in a frame F = (W, R) € C, then (15) cannot be a logical consequence
of T¢, because it it is easy to see that it is then false in the Bj/-structure Bg.
Given that, it is sufficient to observe that identities in T¢ are all equivalent!®
to identities of the kind o« = T as well as to identities of the kind § ~ L.

15Use Boolean bi-implication and complement to show this.
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Thus an arbitrary open formula in the signature By is in fact a conjunction
of formulae of the kind (15). Together with what we have shown about the
connection between such formulae and modal constraints, this implies the claim
of the proposition. -

Let us now show that this correspondence
Cr— TC

is compatible with building connections, where on the left-hand side the con-
nections are the £-connections as introduced in [20], and on the right-hand side
the connections are the connections of many-sorted theories as introduced in the
present paper. To show this, we need to recall the definition of an £-connection
(in the present simplified case of classes of Kripke frames).

For £-connections, we use two-sorted propositional modal formulae. The for-
mulae of sort 1 are just the standard propositional modal formulae (where, how-
ever, the modal operator < is renamed to <¢1); the formulae of sort 2 are built
from propositional variables'® of sort 2 and formulae of the form < g¢ where ¢ is
a formula of sort 1, by applying the Boolean connectives and the modal operator
O,

From the semantic side, suppose we are given two classes Cy,Co of Kripke
frames. The class of connection frames £(Cy,Cs) is formed by all triples F =
(.7:1,E‘7:,.7:2) such that F; = (Wl,Rl) € Cy, Fo = (WQ,Rz) € Cy and E” -
Wy x W1 is an arbitrary binary relation.

An &(Cy,Cq)-connection Kripke model is a 4-tuple M = (Fi, EZ, F,, V),
where F = (Fi,E",F,) € £(C1,C2) is a connection frame and V is a map
associating with propositional letters of sort 7 subsets of W; (i = 1,2). The
forcing relation w =™ «, which says that the modal formula « is true in M at
world w, is defined in the standard way (see [20]), where the only non-obvious
case is the following: for wy € Wy and for a formula « of sort 1, we have:

Wy |:M Cpa i (Fw; € Wy, (wa,wn) € E7 and w, |:M Q).

Now, &(C1,Cs)-satisfiability of a modal constraint aq,...,a,;01,...,Bmn is de-
fined as above (but notice that the «; and the 3; may be formulae of sort 1 or
2, indifferently).

When connecting the theories corresponding to two frame classes, we build the
two-sorted signature B%,: this consists of two renamed copies of the signature
By and, in addition, of the new unary function symbol g of arity S152 (where
S1, 52 are the single sorts of the renamed copies of Bys). Again, terms in the
signature B%, can be identified with the two-sorted modal formulae introduced
above; moreover any connection frame F = (F;, EZ, F,) can be turned into a
B2,-structure (which we still call Bx) by interpreting the two sorts by power-
set Boolean algebras, as described above, and by defining ¢g as the function
associating with X C Wj the subset of Wy given by

<>E(X) = {’LUQ e Wy | Jw, € W. (wg,wl) € E]:/\wl € X}

16Propositional variables of sort 1 are kept disjoint from propositional variables of sort 2.
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We can then build the theory Tg(c, ¢,), whose axioms are the formulae
(armT)A-A(an=T) = (bim L)V V(Bn = 1), (17)

where ayq, ...,an; 01, ..., Bm are the modal constraints that are not satisfiable in
E(C1,Cq). As in the proof of Proposition 7.2, it can be shown that the problem
of deciding satisfiability of modal constraints in £(Cy,Cs) is equivalent to the
problem of deciding the universal fragment of the theory T¢(c, c,)-

The following proposition states a precise relationship between £-connections
and our connections of many-sorted theories.

PROPOSITION 7.3. Let C1,Ca be classes of Kripke frames; Tgc, c,) coincides
with Te, >, Tc,, where Ty is the theory of semilattices.'”

PROOF. Both theories T¢(c, ¢,) and T¢, >, Te, are universal and relative to
the same signature B%,, so it is sufficient to show that a finite set of literals is
satisfiable in a model of one of them iff it is satisfiable in a model of the other.
First, note that a finite set of literals is satisfied in a model of T¢(c, ¢,) iff it
is satisfied in a model of the form Bx, where F = (Fy, E¥,F;) is such that
F1 € C1 and F3 € Cy. This can be shown by basically repeating the arguments
used in the proof of Proposition 7.2: every universal B3,-formula is equivalent
to conjunction of formulae of the kind (15), and (15) is a logical consequence of
the theory Tg(c, c,) iff the modal constraint (16) is unsatisfiable in frames of the
kind F = (F1, EZ,F,) (for F; € C; and F, € Co), i.e., iff (15) is true in models
of the kind B]:, where F = (.7:1,E‘7:,.7:2) is such that .7:1 S Cl and .7:2 S CQ.

Clearly, models of the form Bz for a connection frame F = (Fy, B, F,) are
models of T¢, >1, Tc,. However, the converse is far from being true: in fact,
models of T¢, >, Te, may interpret the two sorts S; and Sa by Boolean algebras
that are not powerset Boolean algebras. Moreover, in models of T¢, >1, T¢,, the
connecting diamond < is taken to be any semilattice homomorphism and, as
such, it need not preserve infinitary joins (as is the case, on the contrary, for the
interpretation of &g in all models of the kind Br).

Thus, the key point of the proof is to show that any finite set of B2,-literals I
satisfiable in a model of T¢, >1, T¢,, is also satisfiable in a model of the form Br,
where F = (Fy, E¥, F5) is a connection frame such that F; € C; and F; € Cs.

We can, as usual, replace variables with constants and assume I' to be flat,
so that we can divide I' into three disjoint sets I' = I'g U T'y U I'y, where T';
(i =1,2) is a set of literals in the i-th copy of the signature By, (expanded with
free constants), and T'g is of the form

FO = {<>E(a1) ~ bl, .. .,QE(CL”) =~ bn}
for free constants ay,by, ..., an,by.

This observation is not sufficient yet: we need to modify I'g UT'; UTy further.
Let © be the set of terms of the form

+a, M- M =*an,
where +a; is a; and —a; is @;. Notice that the equations

ai~| [{ol0coO, 6Ca;}

17See Example 2.2.
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are logical consequence of the Boolean algebra axioms, and hence are always
valid in our models (here 6§ C a; means that a; (and not @;) appears as conjunct
in 6).
Let T'; be any set of Bj,-literals obtained from I'y by adding either 6 ~ L or
0 % L for every 6 € ©. For any 6 € O, introduce a new constant ¢y and replace
FO with
Dy :={Cr(0) =cp| 0 € O}.

Finally, let
To(Ty) :=TyUfco~ L0~ Lel}U{(| | c)mbili=1,...,n}.

6Ca;

It is easily seen that I'g U 'y UT'y is satisfiable in a model of T¢, >7, Te, iff
there is a T’y such that Ty UT; UT, (f‘l) is satisfiable in a model of T¢, >1, Tt,.
The same observation applies to satisfiability in models of T¢ ¢, ¢,)- So, let us fix
aset ToUT; UTy(T';), and assume that it is satisfiable in a model of T¢, >, Te, .
We must show that it is satisfiable in a model of Tg(c, c,)-

Now, if Toul U f‘g(f‘l) is satisfiable in a model of T¢, >, T¢,, then I is
satisfiable in a model of Te, and T'y(T';) is satisfiable in a model of T¢,. By
the definition of T¢,, it follows that T; must be satisfiable in a model of the
form Bg,, where F; = (Wi, R;) € C; (i = 1,2). So we simply need to define
the interpretation EZ of the connecting relation E in such a way that also To
is satisfied in F = (Fy, E¥,F,). This is done as follows: pick s; € W; and
sy € Wa; we say that (sg,s1) € E7 iff so € 055718 where 6 is the unique
element!'® of © such that s; € #5871, This implies that, for every € O, we
have Og’r (6871) C csfz. For the converse inclusion, suppose that sy € csﬁ.
Then B, ¥~ co ~ L. By the definition of T'5(T';) and by the fact that either
@~ 1L eTl;orf« L eTly, we have that B, 6 ~ L. This means that
there is some s; € 6571 for such s; we have that (sa,s;) € E¥, ie. that
59 € OB7 (9B71). =

The above proposition, together with our main combination result (Theorem
4.1), and the fact that Boolean-based theories are positive-existentially compati-
ble with respect to the theory of semilattices (Example 4.6), immediately entails
the following result:

COROLLARY 7.4. Let C; and Cy be classes of modal frames. If the modal con-

straint problems for C1 and Cs are both decidable, then so is the modal constraint
problem for £(Cy,C2).

This decidability transfer result can be proved directly by an argument similar
to the one we used to prove Proposition 7.3. Notice, however, that Theorem 4.1
gives in fact more, as it applies to any Boolean-based theory, i.e., also to theories
that are not of the kind T¢ for a class C of Kripke frames.

18We use t572 to denote the interpretation of the ground term ¢ in the structure Bz, (and
similarly for F1).

9By the definition of ©, different elements of © are interpreted by disjoint sets in F7, and
the union of the interpretations of all elements of © in Fj is W7.
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Let us now turn to £-connections that correspond to connections of theories
where more than the theory of semilattices is shared. The frame classes £;(C1,C2)
and £¢(Cy,Cs) are defined similarly to £(C1,Cz): the only difference is that now
the connecting relation FE is respectively taken to be a partial function and a
function. For such deterministic or functional connections, we can show results
that are analogous to Proposition 7.3.

PROPOSITION 7.5. Let C; and Cy be classes of modal frames.

1. Te,(cy c) coincides with Te, >7, Te,, where To is the theory of distributive
lattices with a least element.

2. Tg,(cy,cy) coincides with Te, >, Te,, where Ty is the theory of bounded
distributive lattices.

PrOOF. Only slight modifications to the proof of Proposition 7.3 are needed.
When building fg(f‘l), we add also the atoms ¢y, Mey, = L, for 01 # 6. In the
case of a functional connection, we additionally add T ~ | |y co-

To define E¥, we now proceed as follows: first, the definition domain of the
partial function E7 is (| |ycq co)®72. Now notice that any sy in this definition

domain belongs to exactly one cfﬂ; moreover, if sy € cgﬁ, then Bz, Eco %6 L
and thus Bz, = 6 % L. Select just one s; € 571 and let E” (s3) := s;. This
definition of E¥ guarantees that Br = Opf =~ cy again holds for all § € ©. In
addition, in the case of a functional connection, the presence of T ~ | Jycq co
in T'5(T';) enforces that the definition domain of the partial function EZ is the
whole domain. B

Given the positive-existential compatibility of any Boolean-based theory with
respect to the theory of distributive lattices with a least element and with respect
to the theory of bounded distributive lattices (see Examples 4.7 and 4.8), we thus
obtain the following decidability transfer results:

COROLLARY 7.6. Let C; and Cy be classes of modal frames. If the modal con-

straint problems for C; and Cy are both decidable, then so are the modal constraint
problems for £4(C1,C2) and E5(C1,Cs).

§8. The theory of theory completions. In this section we develop some
model theory concerning the notions of completions of a theories introduced
above. The results of this section give further insights into the properties of
these important ingredients of our combination approach, though they are not
really needed in order to understand and justify our combination procedures.
We shall recall well-known classical results for model completions, and show
how they can be adapted to the case of positive-existential model completions
and positive-universal model completions.

Let us call a model M of a theory T

o positive-ezistentially closed iff every sentence of the kind Jz.(a1(a, ) A-- - A
an(a,z)), where a are parameters from M and the «;(y, z) are atoms, that
is satisfied in some N' 2 M with N |= T is satisfied in M itself;

e positive-universally closed iff every sentence of the kind Jz.(—aq(a, ) A---A
-, (a, z)), where a are parameters from M and the «;(y, ) are atoms, that
is satisfied in some N’ 2 M with N |= T is satisfied in M itself;
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o cxistentially closed iff every sentence of the kind Jz.(«;1 (g, 2)A- - ‘A, (a, x)),
where a are parameters from M and the a;(y, z) are literals, that is satisfied
in some N' D M with N |= T is satisfied in M itself.

The following lemma is taken from [18, 11]:

LeEMMA 8.1. If T is universal, then every model M of T embeds into an ez-
istentially closed (and thus also positive-existentially closed and positive-univer-
sally closed) model of T

PROOF. Take a well-order {¢; }i<q of the existential sentences with parameters
from M. Define a first chain {M;};~, of models of T, by letting M; to be an
extension of Uj<i M; in which ¢; is true (if this extension does not exists, M;
is just U, .; M;). Now let M be U, M;; repeating the construction,® we
produce a countable chain M C M! C M? C .... The union of this chain is
the desired existentially closed extension of M (notice that this argument works

because T is preserved under union of chains, being universal). B

PROPOSITION 8.2. Suppose that T has a (positive-existential, positive-univer-
sal) model completion T*. Then the models of T* are precisely those models of
T that are existentially (positive-existentially, positive-universally) closed.

PROOF. We give the proof just for the case of the positive-existential model
completion T*. (The proof for the case of the positive-universal model comple-
tion is analogous, and the one for the model completion can be found in [11].)

First, assume that M | T*. We must show that M is a positive-existentially
closed model of T'. Since T' C T by the definition of a positive-existential model
completion, M = T. To show that M is positive-existentially closed, assume
that A" 2 M is an extension of M that is also a model of T', and that N = ¢(a),
where ¢(a) is of the form Jz.(ay(a,z) A -+ A an(a,z)) for parameters a from
M and atoms «;(y,x). We must show that ¢(a) is also true in M. Obviously,
¢ is a geometric formula, and thus Definition 3.2 and Lemma 3.3 imply that
there is the corresponding geometric open formula ¢* with 7' = ¢ — ¢* and
T* |= ¢* — ¢. Consequently, we have N |= ¢*(a) and also M = ¢*(a) (because
N D M and ¢* is open). Since M is a model of T*, this implies that M = ¢(a).

Conversely, suppose that M is a positive-existentially closed model of T'. We
must show that it is also a model of the geometric theory T*. Let ¢(a) be a
geometric sentence with parameters in M such that M = ¢*(a), where ¢* is
the geometric open formula corresponding to ¢. By 2. of Definition 3.2, M can
be embedded into a model A/ of T*. Since ¢* is open, M = ¢*(a) implies N |=
¢*(a), and thus T* = ¢* — ¢ yields N = ¢(a). Since the geometric formula ¢(a)
is obviously equivalent to a disjunction of existentially quantified conjunctions
of atoms, the fact that M is positive-existentially closed yields M = ¢(a). Thus
M [ ¢ < ¢* holds for all geometric formulae ¢ (the implication ¢ — ¢* being
already a logical consequence of T'). It is now easy to show that M = T*. Let
¢1 — ¢2 be a geometric sequent in the axiomatization of T*. We have that

ME ¢1 — ¢ iff M ¢7 — 03, and T* | 61 — ¢ implies T* = ¢ — ¢3.

20The construction needs to be repeated, in order to take care of existential formulae with
parameters from |M?|\ |M].
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Since T' and T* agree on open formulae (see 1. and 2. of Definition 3.2 and
Lemma 3.1), T* E ¢t — ¢5 thus yields T = ¢7 — ¢5. Hence, M = T
implies M = ¢} — ¢35, and this in turn implies M = ¢1 — ¢2. Thus, we have
shown that M satisfies every geometric sequent in the axiomatization of T*, i.e.,
MET™ 4

Notice that Proposition 8.2 implies that 7™, when it exists, is unique. Clearly,
not all universal theories T" have a positive-existential model completion or a
model completion: there is no general guarantee, for instance, that the class of
positive-existentially (existentially) closed models of T' is elementary (i.e., that
it is the class of models of some first order theory). In the next two subsec-
tions we consider conditions for the existence of model completions and positive-
existential model completions, respectively.

8.1. Model completions. A classical result from model theory says that a
universal theory T has a model completion iff T" has the amalgamation property
and the class of the existentially closed models of T is an elementary class (see,
e.g., [11]).

We say that a theory T has the amalgamation property (AP for short) iff for
every triple M, N1, N3 of models of T', for every pair of embeddings u; : M —
N1 and po : M — N, there are a further model N of T, and embeddings
vy : N1 — N and v, : Ny — N such that the square

M a2 N
M2 %1

N2>—>N

Vo

commutes, 1.e., V1 O 1] = V3 O 2.

THEOREM 8.3. The universal theory T has a model completion iff it has AP
and the class of existentially closed models of T is elementary.

Though not explicitly formulated as a result there, this theorem easily follows
from the results in [11]. In addition, due to the connection between model
completions and positive-existential model completions shown in Proposition 6.3,
and the obvious connection between AP and and the injection transfer property
IT introduced in the next subsection, it is also a consequence of Theorem 8.6
below.

We conclude this subsection with a proof of the fact that the definition of a
model completion given in Definition 6.1 above agrees with the standard def-
inition used in most textbooks and also in [16, 4, 5].2! Though this result is
known,?? we include its proof for the sake of completeness.

21The alternative definition suggested by Proposition 8.4 is in general preferable because it
conveniently applies also to theories which might not be universal. We adopted Definition 6.1
in the present article since it makes the connection between model completion and positive-
existential model completion (see Definition 3.2) clearer.

221t follows from the information reported in textbooks on model theory, though we could
not find an explicit statement of the result in a standard textbook; explicit proofs can, e.g., be
found in Appendix B of [15] and in [17].
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We say that a theory T™ admits quantifier elimination if it satisfies 3. of
Definition 6.1, i.e., for every formula ¢(z) there is an open formula ¢*(z) such
that T* k= ¢ < ¢*.

PROPOSITION 8.4. Let T be a universal Q-theory and let T be a further Q-
theory extending T. We have that T* is a model completion of T iff the following
two conditions are satisfied:

1. every model of T embeds into a model of T*;

2. for every Q-structure A that is a model of T, we have that T* U A(A)
is a complete QA theory, i.e., for every QAl-sentence ¢, either ¢ or its
negation follows from T* U A(A).

PROOF. First, assume that T is a model completion of T'. It is enough to
show that, for every model A of T, the theory T* U A(A) is complete. Thus,
let ¢(a) be an Ql-sentence. Since T* admits quantifier elimination, there is
an open formula ¢* such that T* | ¢ < ¢*. We have either A = ¢*(a) or
A |E —¢*(a). We show that in the former case T* U A(A) E ¢(a) and in the
latter T* UA(A) = —¢(a). We restrict the attention to the former case since the
latter can be treated analogously. Thus, assume that A = ¢*(a), and let M be
a model of 7% U A(A). We must show that M |= ¢(a). By Robinson’s diagram
theorem, we can assume without loss of generality that M is a superstructure
of A. Since ¢*(a) is open, A = ¢*(a) thus implies M = ¢*(a), and since M is
a model of T*, this in turn implies M = ¢(a).

To prove the other direction, suppose that T*UA(A) is a complete YMI-theory
for every model A of T*. We must show that 7* admits quantifier elimination.
Thus, let ¢(z) be an arbitrary formula. For new constants a consider the set of
sentences

O := T* U{6(a)} U{-(a) | ¢ is open and T* k= (a) — é(a)}.

If © is inconsistent, then we have T* = ¢(a) — ¥1(a) V -+ V ¢y (a) for open
formulae 11, ... , 1, implying ¢. Consequently, we have

T = ¢(z) < () V- - Vb (),

which shows that T admits quantifier elimination.

Thus, it suffices to show that © cannot be consistent. Suppose to the contrary
that © has a model, say M, and let A be the substructure of M generated by
the a. Thus, M is a model of T* U A(A) (by Robinson’s diagram theorem) that
satisfies ¢(a). Since T* U A(A) is complete, this implies

T UA(A) = ¢(a)-

By compactness, this means that, for some quantifier-free sentence ¢ (a) true in
A, we have that T* |= ¢(a) — ¢(a). According to the definition of ©, —)(a)
is true in M, and thus also in its substructure A (because it is quantifier-free),
which yields the desired contradiction. B

8.2. Positive-existential model completions. We are looking for a result
analogous to Theorem 8.3, but for the case of positive-existential model comple-
tions. To this aim, we need to identify the semantic properties playing the role
of amalgamation in this context.
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We say that a theory T has the injection-transfer property (IT for short) iff
for every triple M, N1, N3 of models of T', for every homomorphism p : M — N>
and for every embedding ¢ : M — N, there are a further model A of T, an
embedding ¢/ : N5 — N and a homomorphism p’ : N7 — N such that the square

M—L v A,
M w

N2>—/>N

L

commutes.

PROPOSITION 8.5. If the universal Q-theory T has a positive-existential model
completion T*, then T has IT.

PROOF. Let p : M — N3 be a homomorphism and let ¢+ : M — N7 be
an embedding, where M, N7, N3 are models of T. By 2. of Definition 3.2, we
can freely suppose that N3 is a model of T*. By Robinson’s diagram theorem,
it is sufficient to show the consistency of T'U AT (N7) U A(N3). Suppose this
set is not consistent. By compactness, there are 61 (m,n,),02(m, n,) such that
T U{01(m,n,),02(m,ny)} is inconsistent, where

e m are parameters from M;

e n,,n, are parameters from Nj, N2 (not belonging to the image of ¢, u,

respectively);

e 01(m,n,) is a conjunction of ground atoms true in N;

e 05(m,n,) is a conjunction of ground literals true in N5.

Let ¢(m) be Jy.01(m, y), and let ¢* be a geometric open formula such that T* =
¢ «— ¢*. We have N7 E ¢*(m) since ¢ — ¢* is already a logical consequence
of T (see Lemma 3.1). Since ¢*(m) is geometric and open, and thus preserved
under sub- and superstructures, we obtain that it is also true in M and in AN5.
Since the latter is a model of T*, this implies Vs = ¢(m). Consequently, A is a
model of T'U {¢(m), 02(m,ny)}. Since the parameters n,; have no fixed meaning
in N3, this implies that 7'U {61 (m,n,),02(m,n,)} is satisfiable in N5, which
contradicts our assumption that this set is inconsistent. B

Propositions 8.2 and 8.5 can be inverted, in the following sense:

THEOREM 8.6. The universal theory T has a positive-existential model com-
pletion iff it has IT and the class of positive-existentially closed models of T is
elementary.

ProOOF. The direction from left to right is covered by Proposition 8.2 and
Proposition 8.5.

Suppose now that T has IT and that there is a first-order theory 7" (in
principle, not necessarily a geometric one) such that the models of T” are exactly
the positive-existentially closed models of T. Let ¢(z) be a geometric formula
and let a be free constants. Define I' as the set of geometric, open, and ground
formulae in the signature Q% (where Q2 is the signature of T') that are logical
consequences of 7" U {¢(a)}.
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We first claim that TUT” |= ¢(a). To show this, consider an arbitrary model M
of TUT’. Let A~ (a) be the set of negative ground Q%-literals that are true in M.
The set T"U A~ (a) U{¢(a)} is consistent. In fact, otherwise compactness yields
finitely many elements —ayq, ... , a, of A~ (a) such that T/ U {-ay,... ,~a,} U
{#(a)} is inconsistent, i.e., 7" U {¢(a)} E a1 V...V a,. Since oy V...V a,
is geometric, open, and ground, it belongs to I', and thus M = a1 V...V ay,
which contradicts the fact that —aq,...,-q, are true in M. Hence, the set
T"U A~ (a) U {¢(a)} has a model, say N. Let A be the substructure of N
generated by the a. Notice that A is a model of T C T’ because T is universal.
In addition, there is a homomorphism from A into M since M satisfies the
positive diagram of A. In fact, assume that «(a) is an atom in the positive
diagram of A, but M [~ a(a). Then M = —a(a), and thus —a(a) € A™(a),
which implies that N' = —a(a). Since —a(a) is open, this yields A = —a(a),
which contradicts our assumption that «(a) belongs to the positive diagram of
A. By applying IT, we obtain the following commutative square:

A N
M w
M— N

From N | ¢(a), we get NV |= ¢(a) (since ¢ is geometric), and finally M =
®(a) because M is positive-existentially closed (since it is a model of 7”). This
completes the proof of the claim that ' UT" = ¢(a).

From the claim and compactness, we obtain that, for every geometric formula
¢, there is a geometric open formula ¢* such that

T'E¢—¢" and T Eo" — ¢

Let T* be the extension of T" axiomatized by the universal closure of the geo-
metric sequents ¢ — ¢* and ¢* — ¢. Thus, we have T C T* C T’ and T*
is a geometric theory. As every model of T" embeds into a model of T” by
Lemma 8.1, condition 2. of Definition 3.2 is satisfied for 7. Since condition 3.
of Definition 3.2 comes directly from the construction, 7™ is a positive-existential
model completion of T'. B

8.3. Positive-universal model completions. In this case, we need a prop-
erty that is, in a sense, dual to IT. Note that IT says that a partial homomor-
phism (i.e., one from a substructure M of N to N3) can be extended in the
co-domain (by extending N5 to N) so that it becomes totally defined in the
domain (i.e, in N7). Now we require that a partial homomorphism can be ex-
tended in the domain so that it becomes totally “defined” (namely surjective)
in the co-domain. In order to formalize this intuition, let us introduce partial
homomorphisms formally.

A partial homomorphism from A to B is a pair (m, h) given by an embedding
m : A" — A and a homomorphism h : A" — B (usually, m is an inclusion, so
that a partial homomorphism is a homomorphism from a substructure of A into
B). If such a partial homomorphism is given, A’ is said to be the domain of
(m,h) and B the co-domain of (m,h). A partial homomorphism (m, h) is total
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iff m is the identity map. We say that (m, h) is a partial homomorphism among
models of T if the structures A, B, A’ are models of T.

An extension of a partial homomorphism (m, k) to the partial homomorphism
(m, iL) is a triple ¢1, t2, t3 of embeddings such that the two squares in the diagram
on the left-hand side of Fig. 1 commute. In case ¢1 is the identity map, (1, fL)
is said to be a co-domain extension of (m,h) and in case ¢3 is the identity map,
(11, h) is said to be a domain extension of (m, h).

L1 ~
A A no ~
I I 3 A A
A R
~ m m
-A/ L9 -A/ , 2
~ A ny A
h h h\ /i}
BB B

F1GURE 1. Extensions of partial homomorphisms and the SL property.

We say that the universal Q-theory T has the surjection lifting property (SL
for short) iff any partial homomorphism among models of T can be extended in
the domain so that it becomes surjective in the co-domain, i.e., the property SL
means that, for every partial homomorphism (m,h) among models of T, there
are embeddings m,n1,no into models of T" and a surjective homomorphism h
such that the diagrams of models of T" and Q-homomorphisms shown on the
right-hand side of Fig. 1 commute.

Using this definition, we can prove results for the positive-universal case that
are analogous to the ones for the positive-existential case.

PROPOSITION 8.7. If the universal Q-theory T has a positive-universal model
completion T, then T has SL.

PROOF. Let (m,h) be a partial homomorphism with m : A" — A and h :
A" — B, where we assume without loss of generality that m is a substructure
inclusion mapping. Given the statement we want to prove, we can freely suppose
that A is a model of T*. Define A~ (B) to consist of the negative ground literals
—a(a’, b) satisfying the following three conditions:

e a' are parameters from |A'|,
e b are parameters from |B|\ h(]4'|),
e a(h(d),b) is false in B.

It is sufficient to show that
©:=TUA(A)UA™(B)

is consistent. In fact, if this set of (QU|A|U(|B|\h(].A’])))-sentences is consistent,
we can easily get the commutative diagrams shown on the right-hand side of
Fig. 1 by taking A to be a model of ©, and A’ to be the {)-substructure of A
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generated by |A'| U (|B] \ h(|].A]). By Robinson’s diagram theorem, .4 can be
embedded into A, which yields the embedding no. In addition, A’ is defined
as a substructure of A, which yields the embedding m. Since A satisfies the
diagram of A, it also satisfies the diagram of the substructure A’ of A, and since
A’ has the elements of |A’| as generators, it satisfies this diagram as well. This
yields the embedding n; from A’ into A’. To define h, we define the images of
the generators of A’ as follows: the elements a’ of |.A’| are mapped onto h(a’),
and the elements b of |B| \ h(].A’|) onto b. Obviously, already this mapping of
the generators into |B]| is surjective. To see that this mapping can be extended
to a well-defined homomorphism from A’ to B, it is enough to show that, for
any atom a(a’,b) (where @’ are parameters from |A’| and b are parameters from
IB|\ h(|A'])) that is true in A’, the atom a(h(a’),b) is true in B. This is an
immediate consequence of the fact that A’ satisfies A~ (B).

It remains to show that © is consistent. Thus, assume that © is not consis-
tent. Then there are open geometric sentences v (a’,a), ¢(a’,b), where a’ are

parameters from |A’|, a are parameters from |A| \ |A’|, and b are parameters
from [B] \ k(] A]) such that

e (d,a) is true in A,

o ¢(h(a'),b) is false in B; and

e TU{Y(d,a)} = ¢(d',b).
Since A is a model of T U {¢(a’,a)}, we obtain A = ¢(a’,b), and since the
components of b are free parameters for A, this yields A = Vy.¢(a',y). Since T*
is the positive-universal model completion of T, there is an open co-geometric
(and thus geometric) formula ¢* such that T* E ¢*(x) < Vy.¢(z,y). Since
A is a model of T*, we can infer that ¢*(a’) is true in A, and thus also in its
substructure A’ (since ¢* is open). Since ¢* is geometric, it is preserved under
homomorphisms, and thus ¢*(h(a’)) is true in B. This is contradictory to the
following three facts: (i) T' = ¢*(x) — ¢(z,y) (which holds by the dual version
of Lemma 3.3); (ii) B = ¢(h(a’),b); and (iii) B = T. =

THEOREM 8.8. The universal theory T has a positive-universal model com-
pletion iff it has SL and the class of positive-universally closed models of T is
elementary.

PRrROOF. The direction from left to right is covered by Proposition 8.2 and
Proposition 8.7.

Suppose that T has SL and that the class of positive-universally closed models
of T is elementary, i.e., it is the class of models of a certain first-order theory
T DO T. Let ¢(z,y) be a given open geometric (and thus also co-geometric)
formula, take free constants a, and let

I := {—¢(a) | ¥(a) geometric and open s.t. T |= ¥(a) — Vy.o(a, y)}

Following a strategy similar to the one employed in the proof of Theorem 8.6,
we claim that T/ UT | Jy.—¢(a,y). To show this, consider an arbitrary model
A of T"UT. We must show that A = Jy.—~p(a,y). Since, as a model of 7", A is
positive-universally closed, it is sufficient to embed A into some model A of T
such that A = Jy.~¢(a,y). Let A’ be the substructure of A generated by a*,
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i.e., the interpretation of the components of a in A. The set
T'U{3y.—¢(a,y)} UAT(A)

is consistent since A’ is a model of I', and consequently it has a model B. By
Robinson’s diagram theorem, there is a homomorphism h : A" — B and by the
SL property we can fill the diagram on the right-hand side of Fig. 1, where we
can assume without loss of generality that the embeddings m,m,ni,ny in this
diagram are in fact inclusions. Since B | Jy.—¢(a,y) and since h is surjective,
we get A’ E Jy.—é(a,y), and finally A E Jy.—¢(a, y), as desired. This completes
the proof of the claim that 7" UT | Jy.—¢(a, y).

From the claim and compactness it follows that for every co-geometric formula
Vy.¢(x,y)?? there exists an open co-geometric formula ¢*(z) such that

T’ Vy.o(z,y) < ¢" ().

Let T* be the extension of T obtained by adding the co-geometric sequents
Vy.¢(z,y) — ¢*(z) and ¢*(z) — Vy.¢(z,y). Then T'C 7" C T" and T* is
a co-geometric theory. As every model of T embeds into a model of 77 by
Lemma 8.1, condition 2. of Definition 6.6 is satisfied for 7. Since condition 3.
of Definition 6.6 comes directly from the construction, T is a positive-universal
model completion of T -

§9. Alternative proofs. The proofs of our decidability transfer results were
all divided into two parts. First, a proposition that characterized satisfiability of
a constraint in the combined theory, based on the existence of certain models and
homomorphisms, and the satisfiability of certain constraints in the component
theories. Second, a non-deterministic algorithm that checks the conditions of the
proposition. For this algorithm to be effective, local finiteness of the connecting
theory Ty and countability of the involved signatures are required. We also used
these assumptions in the proofs of the propositions, but already mentioned there
that this is done just for the sake of simplicity. Here we give alternative proofs
of the relevant propositions from §4, §5, and §6, relying on the slightly deeper
model-theoretic machinery introduced in the previous section. The main feature
of these alternative proofs is that they use neither local finiteness of T nor
countability of the involved signatures.

We first need the following extended IT property, which is an interesting
consequence of Ty-positive-existential compatibility:

PROPOSITION 9.1. Let Ty C T be theories over the respective signatures Qo C
Q such that Ty is universal and T is Ty-positive-existentially compatible. Let
A, C be Qq-structures that are models of Ty, and let M be an Q-structure that
is a models of T. For every Qo-homomorphism p : A — M,q, and for every
Qo-embedding v : A — C, there are a further Q-structure N that is a model T,
an Q-embedding ' : M — N and a Qo-homomorphism ' : C — Nq, such that
the square

23Note that we can restrict the attention to such co-geometric formulae, i.e. co-geometric
formulae in prenex form.
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AL Mg,
L Liﬂo
C —— Na,

commutes. Moreover, if M =T UTg, then the embedding ' can be taken to be
elementary.

PRrROOF. Similarly to the proof of Proposition 8.5, we need to show that T"U
Af, (C)UAq(M) is consistent. Again, if this is not the case, we have that there
are formulae 6y (q, ¢),02(a, m) such that T U {0:(a,c),02(a,m)} is inconsistent,
where

e ¢ are parameters from A;

e ¢, m are parameters from C, M (not belonging to the image of ¢, i, respec-
tively);

e 61(a,c) is a conjunction of ground Qg *“-atoms true in C;

e 03(a,m) is a conjunction of ground Q%™-literals true in M.

Let ¢(a) be Jy.01(a,y), and let ¢* be the corresponding geometric open formula
with Ty = ¢ — ¢* and Tj = ¢* — é. Then C = ¢(a) implies C = ¢*(a)
since C is a model of Tj. Since ¢*(a) is geometric and open, we obtain that
this formula is also true in A4 and in M. The latter can be embedded into a
model My of T'U T§, which also satisfies ¢*(a). But then T§ = ¢* — ¢ implies
Mo E ¢(a), which is a contradiction since T'U {¢(a), 02(a, m)} was supposed to
be inconsistent. (Note that Mg |= 02(a, m) follows from M |= 03(a, m) because
6 is open.)

In case M is a model of T'U T, we can replace Aq(M) by the elementary
diagram Ag (M) of M and get an elementary embedding ¢/, because there is no
need of considering the extension Mg of M. =

Let us now give an alternative proof of Proposition 4.2. The only-if di-
rection is shown as in the proof given in §4. Using the proposition we have just
shown, the proof of the more interesting if direction is very simple. From the con-
ditions 1.-5. of Proposition 4.2, we obtain an ¢p-homomorphism v : A — B from
an g-substructure A of a model N’ of T} satisfying I'; to an Qg-substructure B
of a model N/ of Ty satisfying I'y (see the proof in §4). Proposition 4.2 is proved
if we can build an extension of v to an g-homomorphism 'M\,Qo — Njq,, where
N is a suitable Qo-superstructure of A"/ that is a model of Ty. (Note that N
then also satisfies I'y since constraints are open formulae.) But such an extension
is obtained by an application of Proposition 9.1: take as ¢ the inclusion of A into
N, and as p the composition of v with the inclusion of B into N/”’. -

In the remainder of this section we show that similar arguments give alternative
proofs of the other relevant propositions from §4 and §5. These proofs are a bit
more involved since an iteration of the simple argument from above is needed.

An alternative proof of Proposition 4.4 can be given as follows. We are
given models N°, MO of T}, T, respectively, where AV satisfies the constraint I';
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and MO satisfies the constraint I's; A0 has Qg-substructures A, A’, and M° has
Qo-substructures B, B’. We are also given ¢-homomorphisms v : A — B and
w:B — A. We can freely suppose that A%, M are also models of T, by the
positive-existential compatibility assumptions.

The proposition is proved if we succeed in producing elementary extensions
N, M of N, M endowed with Qp-homomorphisms

v :'N’r;?oo - M(\)SN /J’OO : M(\DSO - |?200
extending v and u, respectively. To this aim, we define elementary chains of
models

NCANYC.. and MOCMIC...
as well as homomorphisms

k. ark k+1 i A J

v 'MQO — M\Qo 5 /143 : M\Qo _)'/leo
(k >0, > 1) such that v C v*¥ C v**' and p C g/ C /1. Once these
chains are constructed, it is sufficient to take unions in order to get the desired
structures and homomorphisms A%, M, 1> 1,2 24 These chains can easily be
built by using Proposition 9.1. For instance, to get M7 and vy, it is sufficient to
fill the square

Aee MOy,

0 1
MQO 0 M|Qo
[0
where the top horizontal homomorphism is the composition of v with the inclu-
sion B C M(\)Qo‘ Note that we can get an elementary embedding of M° into M*

since MY |= T UTs. The fact that the embedding is elementary in turn implies
that M! is also a model of T§ U Ty (and not just of Tz). Thus, M! satisfies the
same conditions as M.

To get M7 and p1, we use Proposition 9.1 to fill the square

BN,

1 1
M\Qo 1 [Q0
[0

where the top horizontal homomorphism is the composite of 1 with the inclusion
A C /\/]?20 and the left vertical morphism is the composite inclusion B’ € Mg C
M. Again, the embedding of N into A'' can be assumed to be elementary
since NO = T UTY, and this implies that A is also a model of T§ U T;.

For the inductive cases, the same arguments can be applied. B

24Recall the elementary chain theorem [11], according to which the union of an elementary
chain of models is elementarily equivalent to each member of the chain.
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An alternative proof of Proposition 5.3 can be given as follows. Here
we are given a model MY of T that satisfies the constraint I', and a pair of
Qo-substructures A, B of M° together with an y-homomorphism v : 4 — B.
Again, we can assume without loss of generality that M° =T U T§.

The proposition is proved, if we succeed in producing an elementary extension
M> of M® endowed with an Qy-homomorphism

v Mg, — Mg,
extending v. To this aim, we define an elementary chain of models
MCc M-
as well as homomorphisms
vk Mfﬁo — Mﬁ;;l,

(k > 0) such that v C v* C ¥+ (once this is settled, it is sufficient to take
unions in order to get the desired structure M and homomorphism »*°). To
get M1 and vy, we use Proposition 9.1 to fill the square

A Ml

0 1
Mlﬂo —»M‘QO
i
Qo

where the top horizontal homomorphism is the composite of v with the inclusion
B C M?Qo‘ As in the previous proof, the embedding of M into M can be
taken to be elementary, and thus M! is again a model of T'U Tg.

To get inductively Myy1 and v, one proceeds in the same way. B

In order to give an alternative proof of Proposition 6.9, we first need to extend
the SL property, in the same way we have extended the IT property. However,
we do not need the extension of SL in its full strength: we can limit ourselves to
the case in which the partial homomorphism to be extended is a total one.

PROPOSITION 9.2. Let Ty C T be theories over the respective signatures Qg C
Q such that Ty is universal and T is Ty-positive universally compatible. Let A
be an Qq-structure that is a model of Ty, and let M be an Q-structure that is
a model of T. For every Qq-homomorphism v : M q, — A, there are a further
Q-structure N that is a model T, an Qq-structure B that is a model of Ty, an
Q-embedding v : M — N, Qq-embeddings m : Mg, — B, n: B — Njq, and a
surjective Qo-homomorphism p : B — A such that the diagram
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Niay
" ‘V
Migy— 2B
A

commutes. Moreover, if M | =Ty UT, then v can be taken to be elementary.

PRrROOF. Intuitively, the proposition says that the total 2g-homomorphism v
can be extended to a partial surjective 2p-homomorphism whose domain is an
Qg-substructure of an -superstructure of the domain of v. Similarly to the
approach used in the proof of Proposition 8.7, we define Ag_ (A) to consist of
the negative ground literals ~«a(m, a) satisfying the following three conditions:

e m are parameters from |M,q|,
e g are parameters from |A[\ v(|Mq,]),
e a(v(m),a) is false in A.

It is sufficient to show that

0 :=TUAg(M)UAg (A)

is consistent. In fact, if © is consistent then we can take as A/ a model of O,
and as B the Qg-substructure of N|q, generated by |A| U|M,q,|. To show that
the required embeddings m, n and the surjective homomorphism g exist, we can
proceed as in the proof of Proposition 8.7. Note that B is a model of T since
MQO is a model of Ty C T', B is an Qy-substructure of MQO, and Ty is universal.

Thus, assume that © is inconsistent. Then there are open geometric (and
co-geometric) formulae ¥(x,2’), ¢(z,y) (where 1 is over the signature 2 and ¢
is over the signature Q) and parameters m from |[Mq, |, m’ from M|\ [M,q,|
and a from |A] \ v(|Mq,|) such that

e ¢(m,m’) is true in M,

e ¢(v(m),a) is false in A; and

o TU{¢(m,m')} E #(m,a), which is the same as TU{¢)(m, m')} = Vy.¢(m, y)

since the parameters ¢ have no fixed meaning in M. B B

Since there is a positive-universal model completion 7;; of Tp, there is an open co-
geometric (and thus geometric) formula ¢* such that Tj | ¢*(2) < Vy.¢(z,y).
This implies that ¢*(m) is true in M: in fact, by Tp-positive universal com-
patibility of T', we can embed M into a model M’ of T'U Tjf, thus obtaining
M’ = ¢*(m) and finally M = ¢*(m) (recall that ¢(m,m’),*(m) are both
Boolean combinations of ground atoms and hence are preserved under building
sub- and superstructures).

Since ¢* is geometric, it is preserved under homomorphisms, and thus ¢*(v(m))
is true in A. This is contradictory to the following three facts: (i) Tp = ¢*(z) —
Vy.¢(z,y) (which holds by the dual version of Lemma 3.3); (ii) A ¥ ¢(v(m), a);
and (iii) A = Tp.
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In case M |= Ty U T, we can argue as above, but we replace Ag(M) in the
definition of © by the elementary diagram of M in the signature ) (the argument
in fact now works without introducing the model M’). =

In the alternative proof of Proposition 6.9, we again restrict the attention
to the nontrivial if direction. From the conditions of the proposition, we obtain
an g-homomorphism v : A — B from an Qg-substructure A of a model N
of T, satisfying I'y to an Qg-substructure B of a model M° of Ty satisfying
. We may also assume that N (MP) is a model of the positive-universal
(positive-existential) completion of Tj.

First, we apply Proposition 9.1 to the embedding from A into N° and the
Qo-homomorphism from A to M? obtained by the composition of v with the
embedding of B into M. This application yields an elementary extension M?
of M? and an Qy-homomorphism vy : J\f&o — /\/l|190 extending v. Since MY is a
model of Ty and the positive-existential completion of Ty that also satisfies I's,
the same is true for its elementary extension M?.

Second, we apply Proposition 9.2 to the 2g-homomorphism vy : M%O — Mllﬂo'
This application yields an elementary extension N'* of N0, a model A! of Tj that
is an Qg-superstructure of ¥ and an Qy-substructure of A'!, and a surjective Q-
homomorphism p; : A' — M‘lﬂo such that the commutation properties stated
in Proposition 9.2 are satisfied. The fact that A/° is a model of 77 and the
positive-universal completion of T that also satisfies I'y implies that the same
is true for its elementary extension N

Next, we can apply Proposition 9.1 to the embedding from 4! into N'! and
the Qp-homomorphism p; from A! to M1|QO, then Proposition 9.2 to the homo-
morphism vy obtained this way, etc. Continuing this way, we can construct the
following chains:

e an elementary chain of ;-structures N9 C N C ---;
an elementary chain of Qs-structures M C M! C ---;
a chain of Qg-structures

0 1 1 2 2 .
N, C AT C N, C A2 CNR s

e a chain of Qp-homomorphisms (for k& > 0)

. k k41,
Vi -MQO — M|QO ;

a chain of surjective Qg-homomorphisms (for & > 0)

prgr s AP — M
where the above homomorphisms satisfy the condition
vg Cpp Cvp C g ©-ee

Once these chains are constructed, we obtain elementary extensions N, M
of N9, M! endowed with a surjective Qg-homomorphism

0o . 00 00
v 'Mﬂo — M5,

extending 1y by taking the unions over the chains. B
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§10. Conclusion. We have introduced a new scheme for combining many-
sorted theories, and have shown under which conditions decidability of the
universal fragment of the component theories transfers to their combination.
Though this kind of combination has been considered before in restricted cases
[20, 1, 33], it has not been investigated in the general algebraic setting considered
here.

In this article, we mainly concentrated on the simplest case of connecting
many-sorted theories where there is just one connection function. The approach
was then extended to the case of several independent connection functions, and
to variants of the general combination scheme where the connection function
must satisfy additional properties or where a theory is connected with itself.

On the one hand, our results are more general than the combination results
for £-connections of abstract description systems shown in [20] since they are
not restricted to Boolean-based equational theories, which are closely related to
abstract description systems (see Example 2.2 and §7). For instance, we have
shown in Example 4.5 that any pair of theories 77,75 extending a universal
theory Tj that is effectively locally finite and Gaussian satisfies the prerequisites
of our transfer theorem. Examples of such theories having nothing to do with
Boolean-based equational theories can be found in [4, 5].

On the other hand, in the £-connection approach introduced in [20], one usu-
ally considers not only the modal operator induced by a connecting relation F
(see Example 2.2), but also the modal operator induced by its inverse E~1. It is
not adequate to express these two modal operators by independent connection
functions going in different directions since this does not capture the relation-
ships that must hold between them. For example, if < is the diamond operator
induced by the connecting relation F, and O~ is the box operator induced by
its inverse £, then the formulae + — O~ Oz and GO~y — gy are valid in the
E-connection.

In order to express these relationships in the algebraic setting without assum-
ing the presence of the Boolean operators in the shared theory, one can replace
the logical implication — by a partial order <, and require that z < r(¢(x))
and £(r(y)) < y hold for the connection functions r, ¢ generalizing the diamond
and the inverse box operator. If ¢, r are also order preserving, then this means
that £, r is a pair of adjoint functions for the partial order <. This suggests an
alternative way of connecting theories through pairs of adjoint functions. Again,
we can show transfer of decidability provided that certain algebraic conditions
are satisfied [2].

The approach in [2] can handle inverse connecting relations, and thus captures
(in an algebraic setting) more of the results from [20] than the one presented
here. It is, however, also less general than the approach presented here since it
requires the additional assumption that the theories to be connected are equipped
with a partial order and that the connection functions are adjoint functions
for this partial order. Intuitively, this makes the theories that can be handled
more similar to Boolean-based equational theories since something like logical
entailment is assumed to be present.
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