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INTERPOLATION AND THE EXCHANGE RULE
WESLEY FUSSNER, GEORGE METCALFE AND SIMON SANTSCHI

Abstract. It was proved by Maksimova in 1977 that exactly eight varieties of Heyting algebras have
the amalgamation property, and hence exactly eight axiomatic extensions of intuitionistic propositional
logic have the deductive interpolation property. The prevalence of these properties for substructural logics
and varieties of pointed residuated lattices (their algebraic semantics) is far less well understood. Taking
as our starting point a formulation of intuitionistic propositional logic as the full Lambek calculus with
exchange, weakening, and contraction, we investigate the role of the exchange rule—algebraically, the
commutativity law—in determining the scope of these properties. First, we show that there are continuum-
many varieties of idempotent semilinear residuated lattices that have the amalgamation property and
contain non-commutative members, and hence continuum-many axiomatic extensions of the corresponding
logic that have the deductive interpolation property in which exchange is not derivable. We then show
that, in contrast, exactly 60 varieties of commutative idempotent semilinear residuated lattices have the
amalgamation property, and hence exactly 60 axiomatic extensions of the corresponding logic with exchange
have the deductive interpolation property. From this latter result, it follows also that there are exactly 60
varieties of commutative idempotent semilinear residuated lattices whose first-order theories have a model
completion.

§1. Introduction. By a remarkable result of Maksimova [24], precisely eight
axiomatic extensions of intuitionistic propositional logic IPC have the following
deductive interpolation property: For any formulas «, ff of such a logic L, if a - f3,
then there exists a formula y, whose variables occur in both « and f, such that
a by and y | B.! Maksimova’s proof was essentially algebraic. First, she proved
that an axiomatic extension of IPC has deductive interpolation if and only if the
associated variety (equational class) of Heyting algebras has the amalgamation
property, and subsequently that there are precisely eight such varieties. This result
was later strengthened by Ghilardi and Zawadowski [18], who, building on Pitts’
theorem establishing uniform deductive interpolation for IPC [37], proved that all
eight axiomatic extensions of IPC with deductive interpolation have this stronger
property, and that the first-order theories of all eight varieties of Heyting algebras
with amalgamation have a model completion.
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Deductive interpolation is equivalent in this setting to Craig interpolation: For any formulas o, § of
L,if - a — pf.then there exists a formula y, whose variables occur in both @ and f, such thatk o — y
and F_ y — f. However, in other settings—in particular, for axiomatic extensions of modal logics or
substructural logics—these properties may diverge.
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FI1GURE 1. Basic structural rules.

Similar results have been established for normal modal logics. In particular,
Maksimova proved that between 43 and 49 axiomatic extensions of S4 have deductive
interpolation [25], while among axiomatic extensions of Godel-Lob logic GL, there
are continuum-many [26] that have this property. Less well-understood, however, is
the prevalence of deductive interpolation among substructural logics. These logics
are typically viewed as axiomatic extensions of the full Lambek calculus FL—a
sequent calculus presented in a language with binary operation symbols A, V, -, \, /
and constant symbols e, f—with algebraic semantics provided by varieties of pointed
residuated lattices (see Appendix A and [14, 31]). Interpolation results have been
obtained for a wide range of substructural logics (see, e.g., [15, 20, 23, 27-29,
32, 35]). but Maksimova-style descriptions of the axiomatic extensions of a logic
that have deductive interpolation are known only for a few cases. Notably, nine
axiomatic extensions of the logic R-Mingle with unit have deductive interpolation
(equivalently, nine varieties of Sugihara monoids have the amalgamation property)
[28]. and, using the fact that a variety of MV-algebras has the amalgamation
property if and only if it is generated by a single totally ordered algebra [34],
countably infinitely many axiomatic extensions of Lukasiewicz logic have deductive
interpolation.

Extending FL with the structural rules of exchange (e), weakening (i) and (o),
and contraction (c) depicted in Figure 1 yields a sequent calculus for IPC, where the
operations A and -, and likewise \ and /, can be identified. From an algebraic
perspective, adding combinations of (e), (i), (o), and (c) to FL yields sequent
calculi for varieties of pointed residuated lattices that are commutative, integral,
bounded, or square-increasing, respectively, i.e., satisfy x - y =~ y - x, x <e, f < x,
or x < x - x, respectively. In particular, pointed residuated lattices satisfying all
these equations are term-equivalent to Heyting algebras.

Examples of axiomatic extensions of the full Lambek calculus with exchange, FL.,
that have deductive interpolation are well known and abundant; indeed, continuum-
many such extensions have been described in [10]. For many years, however, it was an
open question as to whether exchange is derivable in every axiomatic extension of FL
that has deductive interpolation (see [20, Problem 5]). A counterexample showing
that this is not the case was given in [19]. Motivated by this result, we examine
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here the critical role played by exchange in determining the scope of deductive
interpolation in substructural logics.

As a natural starting point, we consider a sequent calculus in which exchange
is not derivable that deviates as little as possible from IPC. Since exchange is
already derivable in the presence of weakening and contraction, we replace the
weakening rules (i) and (o) with a less powerful variant, the mingle rule (m) (see
Figure 1), obtaining the full Lambek calculus with mingle and contraction, FL¢n,,
corresponding to the variety of idempotent pointed residuated lattices. Not only is
the exchange rule (e) not derivable in FL.,,. a growing body of work demonstrates
many semantic similarities between IPC and axiomatic extensions of this logic (see.,
e.g.. [6-8, 16, 17, 22]). The logic presented in [19] that has deductive interpolation
but does not derive exchange is an axiomatic extension of FL.,,, and we show here
that there are in fact continuum-many such logics.

Our proofis algebraic, following the approach of Maksimova. We use the fact that
an axiomatic extension of FL has deductive interpolation if the associated variety of
pointed residuated lattices has the amalgamation property, noting that the converse
holds in the presence of a local deduction theorem for the logic, or, equivalently,
the congruence extension property for the variety [29]. The proof therefore amounts
to exhibiting continuum-many varieties of idempotent pointed residuated lattices
that have the amalgamation property and contain non-commutative members. In
fact, these varieties have a rather special form. Their members satisfy e ~ f—and
are therefore referred to simply as residuated lattices—and are semilinear, that is,
representable as subdirect products of totally ordered algebras. Let SemRL,,, denote
the axiomatic extension of FL., associated with the variety of idempotent semilinear
residuated lattices, noting that this logic can also be presented as a hypersequent
calculus (see, e.g.. [30]). The first main result of this article is as follows.

THEOREM A.

(i) Continuum-many varieties of idempotent semilinear residuated lattices have the
amalgamation property and contain non-commutative members.

(ii) Continuum-many axiomatic extensions of SemRLcy,. in which exchange is not
derivable, have the deductive interpolation property.

As a natural next step, we consider how the picture presented in Theorem A
changes when exchange (algebraically, commutativity) is reinstated. To this end, let
SemRLe., denote the axiomatic extension of FL.,, associated with the variety of
commutative idempotent semilinear residuated lattices (corresponding also to the
hypersequent calculus for SemRL.,, extended with exchange [30]). The following
result demonstrates that in this setting, reinstating exchange reduces the number of
axiomatic extensions having deductive interpolation (algebraically, amalgamation)
from continuum-many to finitely many.

THEOREM B.

(i) Exactly 60 varieties of commutative idempotent semilinear residuated lattices
have the amalgamation property.
(ii) Exactly 60 axiomatic extensions of SemRLecr have the deductive interpolation

property.
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Since the first-order theory of a locally finite variety has a model completion® if
and only if the variety has the amalgamation property [39, p. 319, Corollary 1], we
also obtain the following result.

THEOREM C. There are exactly 60 varieties of commutative idempotent semilinear
residuated lattices whose first-order theories have a model completion.

Theorems B and C raise the obvious question as to whether we may cast our
net still wider and obtain similar results for a weaker logic than SemRL,,. With
respect to omitting semilinearity, the problem of whether only finitely many varieties
of commutative idempotent residuated lattices have the amalgamation property is
open and appears to be quite challenging. On the other hand, we show here that
we can drop the requirement that members of the variety satisfy e ~ f. Despite the
additional combinatorial complexities involved in dealing with the constant f, we
show that there are still only finitely many varieties of commutative idempotent
semilinear pointed residuated lattices that have the amalgamation property, and
hence finitely many axiomatic extensions of the corresponding logic that have
the deductive interpolation property. We do not give the precise number of such
varieties (equivalently, axiomatic extensions), but show that these number more
than 12,000.,000.

The article is structured as follows. In Section 2, we recall basic facts about
pointed residuated lattices and the relationship between deductive interpolation
and amalgamation in this setting. In Section 3, we present structure theory for
idempotent residuated lattices, in particular, the nested sum structure of *-involutive
idempotent residuated chains. In Section 4, we prove Theorem A, using the existence
of continuum-many pairwise incomparable minimal bi-infinite words over {0, 1} to
construct corresponding varieties of idempotent semilinear residuated lattices that
both have the amalgamation property and contain non-commutative members. In
Section 5, we prove Theorems B and C, using the structure theory of commutative
idempotent residuated chains to classify the varieties of commutative idempotent
semilinear residuated lattices that have the amalgamation property, and consider
also the (logic corresponding to) the variety of commutative idempotent semilinear
pointed residuated lattices.

§2. Preliminaries. In this section, we give a brief account of the relationship
between deductive interpolation and amalgamation in the setting of pointed
residuated lattices, referring to [2, 4, 29, 31, 36] for a more general presentation.

Let us first recall some basic facts regarding (pointed) residuated lattices, referring
to [14, 31] for further details. A pointed residuated lattice is an algebraic structure
A= (4.A,V,-\./.ef) such that:

1. (4. A.V)is a lattice with induced order x < y <= x Ay =xforx.y € 4;
2. (A4,-.¢e) is a monoid;

2 A theory T* is a model companion of a theory T if every model of T embeds into a model of 7* and
vice-versa, and every embedding between models of 7* is elementary; it is a model completion of T if
additionally the theory of T* together with the diagram of any model of T is complete. A theory has at
most one model companion and if this exists, it is a model completion if and only if the class of models
of the theory has the amalgamation property.
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3. \ and / are left and right residuals of - with respect to <, i.e., for x, y,z € 4,
y<x\z <= x-y<z <= x<z/y

A residuated lattice is a pointed residuated lattice satisfying the equation f ~ e.
Because the constant f is redundant in residuated lattices, they are frequently
formulated in the definitionally equivalent language without f.

For readability, we often suppress the multiplication operation - and write xy in
place of x - y, adopting the convention that multiplication has priority over \, / and
that the latter have priority over A, V, dropping parentheses accordingly. Also, in
order to make our discussion more transparent and compact, we make frequent use
of several definable operations; in particular, we define for any pointed residuated
lattice A and x € A4,

x"=x\e, xt = e/x, and x*:= xtA X

Let I, H, S, P, and Py denote the class operators of taking isomorphic images,
homomorphic images, subalgebras, products, and ultraproducts, respectively.
A class of pointed residuated lattices is a variety if it is closed under H, S, and
P, or, equivalently, by Birkhoff’s theorem, if it is the class of models of a set of
equations. In particular, the class of all pointed residuated lattices is a variety. Given
any class K of pointed residuated lattices, V(K) := HSP(K) is the smallest variety of
pointed residuated lattices containing K, called the variety generated by K. The set
of subvarieties of a variety V (i.e., varieties contained in V) forms a lattice, ordered
by inclusion.

A pointed residuated lattice is called commutative, idempotent, or *-involutive® if
it satisfies xy =~ yx, xx =~ x, or x* = x, respectively; it is called totally ordered if
its underlying lattice order is total, and semilinear if it is isomorphic to a subalgebra
of a product of totally ordered pointed residuated lattices. Since every commutative
pointed residuated lattice satisfies x\y ~ y/x, the common value of x\ y and y/x is
in this case denoted by x — y, and the common value of x*, x¢, and x" is denoted
by x*. For the sake of brevity, we also refer to a totally ordered residuated lattice as
a residuated chain.

The set of congruences of a pointed residuated lattice A forms a distributive
lattice Con(A), ordered by inclusion. Residuated lattices are also e-regular in the
sense that their congruences are determined by the congruence classes of e, and these
congruence classes form subalgebras satisfying certain conditions. A subalgebra C
of aresiduated lattice A is called convex if whenever x, y € C,a € A,andx < a < y,
then a € C, and normal if whenever x € C and a € A, then a\xa Ae,ax/a ANe €
A. The convex normal subalgebras of a residuated lattice A form a lattice under
inclusion, denoted by NC(A), that is isomorphic to Con(A), as witnessed by the
mutually inverse order-preserving maps

Con(A) - NC(A); ® — {x € 4| (x,e) € O},
NC(A) — Con(A); C— {(x.y) € 42| x\y Ay\x € C}.

3In [8]. the notation x” is used instead of x*. and *-involutivity is called " -involutivity.
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Since the congruences of a pointed residuated lattice are the congruences of its f-free
reduct, the above characterization also applies to the pointed setting.

A pointed residuated lattice A is called simple if Con(A) contains only the least
congruence Ay := {(a,a) | a € A} and the greatest congruence A?%; if A is simple
and has no non-trivial proper subalgebras, it is called strictly simple. A pointed
residuated lattice A is called locally finite if every finitely generated subalgebra of A
is finite; it has the congruence extension property if for any subalgebra B of A and
® € Con(B). there exists a ® € Con(A) such that ® N B?> = @. A class of pointed
residuated lattices is said to have one of these properties if all of its members have
the property.

A span in a class K of pointed residuated lattices is a 5-tuple (A, B.C,ip.ic)
consisting of algebras A, B, C € K and embeddings iz: A — B, ic: A — C. A one-
sided amalgam in K of this span is a triple (D, jz, jc) consisting of some D € K, an
embedding jz: B — D, and a homomorphism j: C — D such that jzig = jcic:
it is called an amalgam in K of the span if also j¢ is an embedding. The class K is said
to have the (one-sided) amalgamation property if every span in K has a (one-sided)
amalgam in K.

ProrosiTION 2.1 [9, Corollary 3.5]. Let V be a variety of semilinear pointed
residuated lattices that has the congruence extension property. Then NV has the
amalgamation property if and only if the class of (finitely generated) totally ordered
members of V has the one-sided amalgamation property.

Next, let Fm denote the algebra of formulas constructed for the language of
pointed residuated lattices over a countably infinite set of variables. We write a:(X)
or T(X) to denote that the variables of a formula « or set of formulas 7', respectively,
belong to the set x. For convenience, we assume that X, y, etc. denote disjoint sets,
writing X,y to denote their union.

A consequence relation is associated with a variety V of pointed residuated lattices
by defining for any 7 U {a} C Fm,

T v a < forevery A € V and homomorphism /: Fm — A,
e<h(B)foralpc T = e<h(a).

Every axiomatic extension L of the full Lambek calculus FL (see Appendix A)
corresponds to a variety V| of pointed residuated lattices such that the deductive
system - coincides with =y, . Indeed. this correspondence gives a dual lattice
isomorphism between the lattice of axiomatic extensions of FL and the lattice of
varieties of pointed residuated lattices (see, €.g., [14, 31]). We say that L has the
deductive interpolation property if for any a(X. 7). f(7.Z) € Fm satisfying {a} =y,
p. there exists a y(7) € Fm satisfying {a} v, y and {y} v, B.

The following well-known results relate the deductive interpolation property for
an axiomatic extension L of the full Lambek calculus to the amalgamation property
for the corresponding variety V| of pointed residuated lattices.

ProPOSITION 2.2 (cf. [29, Theorem 22]). Let L be any axiomatic extension of the
full Lambek calculus.
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(1) If VL has the amalgamation property, then L has the deductive interpolation
property.

(i) If VL has the congruence extension property and L has the deductive
interpolation property, then V| has the amalgamation property.

§3. Idempotent residuated lattices. In this section, we present basic facts and
structure theory for idempotent (semilinear) residuated lattices, referring to [3, 7, 8,
17, 19, 38] for further details.

For convenience, we first give a useful criterion for homomorphisms between
residuated chains to be injective.

LemMa 3.1. Let A and B be residuated chains and let a € A be any subcover of e,
ie,a<eanda < b < eimpliesb = e. Then a homomorphism [ : A — B is injective

if and only if f(a) < f(e).

Proof. The left-to-right direction is immediate. For the converse, suppose
contrapositively that f is not injective. Let C be the convex normal subalgebra
of A with universe C := {x € 4 | f(x) = e}. Since f is not injective, there exists a
b € C\{e}. Moreover, we may assume that b < e, since otherwise e < b, sob\e < e
and b\e € C. But then, since a is a subcover of e and C is convex, a € C, yielding

f(a) =e. 5

Not every pointed residuated lattice has the congruence extension property,
but it is known that this property is satisfied under the assumptions of either
commutativity—reflecting the fact that every axiomatic extension of the full Lambek
calculus with exchange has a local deduction theorem (see, e.g., [31])—or, as
recorded below for convenience, idempotency, and semilinearity.

LemMma 3.2 [7, Corollary 4.4]. Every idempotent semilinear pointed residuated
lattice has the congruence extension property.

We will make free use of basic properties of idempotent residuated lattices (chains)
in performing computations, summarized in the following lemmas (for a detailed
account, see. e.g., [7, Section 3]).

LemMA 3.3. Let A be any idempotent residuated lattice. For any x,y € A,

(a) x Ay <xy < xVy;
(b) if xy < e. then xy = x A y;
(c) ife< xy.thenxy = x V y.

LemmA 3.4, Let A be any idempotent residuated chain. For any x.y € A,
= x ifye(x".x]lory € [x.x"]
v oifxe(iylorx €y yl

x'Vy ifx<y xtvy ifx<y
x\y=1_, . .oy/x=9, : .
"Ny ify<x XNy ify<x

A subset of A is therefore a subuniverse of A if and only if it contains e and is closed
under the operations x — x* and x — x".
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LemMA 3.5. Let A and B be any idempotent residuated chains. An injective map
h: A — B is an embedding if and only if it is order-preserving and satisfies h(e) = e.
h(x®) = h(x)t. and h(x") = h(x)". for all x € A.

If an idempotent residuated chain is also *-involutive, then its normal convex
subalgebras and congruences have a special form.

PROPOSITION 3.6. Let A be a *-involutive idempotent residuated chain, let C be a
convex normal subalgebra of A, and let ® := {(x,y) € 4> | x\y A y\x € C} be the
congruence corresponding to C. Then [x]e = {x} for all x ¢ C. In particular, every
quotient of A is isomorphic to a subalgebra of A.

PROOF. Suppose toward a contradiction that (x, y) € @ withx, y ¢ C and x # y.
Assume further, without loss of generality, that x < y. From (x, y) € ©, we have
x\y A y\x € C, and, by direct computation, x\y A y\x = (x"Vy) A (»" A x).
Since A is totally ordered. either x"V y € C (in which case y < x" € C) or
¥" A x € C (in which case x > y" € C). Hence either x" € C or y" € C. Suppose
that x” € C.Thenalso x™ € C.By[8. Corollary 4.5]. either x"* = x or x* = x". But
x = x" e C contradicts x ¢ C.On the other hand, x* = x" implies x* € C. In this
case, x™ = x € C, since A is *-involutive, again a contradiction. The assumption
that y" € C similarly leads to a contradiction.

Clearly, the quotient A/® is obtained from A by collapsing the elements in C and
leaving the remaining elements uncollapsed. Using [§, Corollary 4.5], it is then easy
to see that the map /1: A/@ — A defined by /1([x]e) := xif x € C and h([x]e) := ¢
if x € C, is an embedding. =

We now introduce an operator for combining a family of residuated chains that is
especially well behaved for *-involutive idempotent residuated chains, and will play
a central role in our investigations below.

Let us say first that a residuated chain A is admissible if x\e,e/x ¢ {e} for each
x € A\{e}. Given a totally ordered set (I, <) whose greatest element (if any) is
denoted by T, we say that an indexed family (A;);c; of residuated chains is admissible
if A; is admissible for all i € I\{T}.

Let (1, <) be a non-empty totally ordered set and A; = (4;. A;. Vi, i, \i. /i, €) an
admissible residuated chain for each i € I'\{T}, assuming for simplicity of notation
that 4, N 4; = {e} fori # j. We define an algebraic structure BH;c;A; with universe
A = J,;c; 4i as follows. First, we let < be the smallest partial order on A4 satisfying:

1. <extends <; foreachi € I;

2.ifi<j,x€A;,y€Aj,and x <; e, thenx < y;

3.ifi<j,x€ed;,yed;,ande <; x, theny < x.

It is easy to see that < is a total order with lattice operations A and V. Next, for x €
{\./}.weletx xy:=x=*; yifx,y € 4;,andforx € 4;,y € 4; withi < j,letx *
y :=x*; e and y * x := e x; x. The resulting algebraic structure (4, A,V,-,\,/.€)
is denoted by H(; <)A;. and called a nested sum of (A;)icr. Note that we can always
assume that the chain (/, <) has a top element, since we can add T to / and set
A+ to be a trivial algebra. Moreover, we write EEf:lAi and A| B A, for, respectively,
I ={l.....k} and I = {1,2} with the standard total order. We also stipulate that
B*_, A, isatrivial algebra for k < 1. When each A; is integral, the nested sum is often
called the ordinal sum and has been used extensively in the study of totally ordered
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bi = azbl = dp

bi = agbl = d) bf = d]

bt = a e

e X

as =at = a5 =biar = by e a5 =al =a, =biay = b
by xI by

FIGURE 2. Labeled Hasse diagrams for idempotent residuated chains A (left), B
(middle), and their nested sum A B B (right). Note that the algebra A is *-involutive.

integral residuated chains (see, e.g., [1. 12]). The binary nested sum is associative
and has the trivial algebra as an identity. Intuitively, the nested sum A 8 B results
from ‘replacing’ the unit of A by the algebra B. See Figure 2 for an example depicting
a nested sum.

The following structural description is fundamental to the development of ideas
in subsequent sections. Parts (i) and (ii) follow from [8, Lemma 4.18] and part (iii)
is [8, Lemma 4.22].

LEMmAa 3.7.

(i) Every *-involutive idempotent residuated chain is admissible.
(ii) The class of *-involutive idempotent residuated chains is closed under nested
sums.
(i) Every *-involutive idempotent residuated chain is the nested sum of its
1-generated subalgebras.

The following result shows that embeddings between components of nested sums
lift appropriately to embeddings between the nested sums themselves.

ProrosiTionN 3.8. Let A =M <)A; and B =8, \B; be nested sums of idem-
potent residuated chains and suppose that f: I — J is an order-embedding with
f(T)=T and gi: A;i — By is an embedding for each i € I. Then the map
g: A — B, defined by g(a) := gi(a) for a € A; is an embedding. In particular, the
inclusion map is an embedding of B; into B for each j € J.

ProOF. The map g is clearly well-defined., injective, and satisfies g(e) = e. Hence,
by Lemma 3.5, it suffices to show that g is order-preserving and preserves the
operations x — x¢ and x — x”. That g preserves ¢ and " follows from the fact that
g(x*)=gi(x*) =gi(x)* =g(x)*, forany i € I, x € A;, and e € {£,r}, since the
operations of A and B extend the operations on A; and B (;), respectively, and g; is a
homomorphism. Finally, suppose that x,y € 4 with x < yand x € 4;, y € 4; for
i.j € I. There are several cases. If i = j, then g(x) = g;(x) < g;(y) = g(y). since
the order on B extends the order on B, ;) and g; is order-preserving. Otherwise,
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i#j. If x <e<y, then clearly g(x) = g;(x) <e < g;(y) =g(y). f x <y <e,
then i < j, yielding /(i) < f(j). Moreover, g;(x) <e, and g;(») < e. Hence, by
the definition of the nested sum, g(x) = g;(x) < g;(). Similarly, ife < x < y. then

glx) <g(y). -

In Section 5, we will make use of a structural description of finite commutative
idempotent residuated chains that involves a number of basic building blocks. An
odd Sugihara monoid is a commutative idempotent semilinear *-involutive residuated
lattice; a Brouwerian algebra is a residuated lattice satisfying xy =~ x A y, and a
Heyting algebra is a pointed residuated lattice satisfying xy ~ x Ay and f < x;
relative Stone algebras and Gdédel algebras are semilinear Brouwerian algebras and
semilinear Heyting algebras, respectively.

Let us also fix some useful notation:

e For n € N, we denote by G, the (n + 1)-element relative Stone algebra
with universe G, = {¢, < - < ¢] < e}, i.e., the (n + 1)-element commutative
idempotent residuated chain with x - y := x A y.

e For m,neN, we define a commutative idempotent residuated chain
Ctl = (Cl AV, \./.e) as follows. The universe and underlying order
of this algebra is given by C) :={b, <--<by<e<a, <--<ap}. For
multiplication, we let a;a; 1= aying; jy = ai V a;j. bby := byaxgiry = bk N by
and a;b; = bya; :=by for i,j €{0,....,n}, k.1 €{0,...,m}, where e is the
unit. The residual is uniquely determined by the order and definition of the
multiplication by setting x — z ;= max{y € C}} | xy < z}.

Note that, up to isomorphism, C8 is the three-element odd Sugihara monoid
and B C) is the totally ordered (2k + 1)-element odd Sugihara monoid. In
what follows we will always assume that in the nested sum EEIf.‘leﬁ;'i we have
Coi = {b},, < <bj<e<a, <--<a}}.

Lemma 3.9 [19, Proposition 3.4]. Let A be a finite commutative idempotent
residuated chain. Then there exists a k € N such that A contains an isomorphic copy
B ofB5_,C) with B = {a € A | a* = a}. Moreover. A is partitioned by the family of
intervals { By }yep. where B, :={a € A | a™* = b}.

We call the algebra B in the previous lemma the Sugihara skeleton of A.

Lemma 3.10. Let A be a finite commutative idempotent residuated chain. Then A
is isomorphic to a nested sum (EEf?:lCﬁ;'i) B G, withk,. p € Nand m;,n; € N for each
ie{l,... .k}

PrOOE. Let B =H¢_|C) be the Sugihara skeleton of A. with universe B =
(b} << bl <e<al < <al} Define m; := |B,;| - 1 and n; := |B,;| - 1 for
ie{l,...k} and p :=|B.| - 1. Also, for i € {1,...,k}, let 4; := Bb(,-) U {e} UBaé.
Then 4; = {b,,, < - <bj <e<a, <--<ag}. Itisnothard to see that the map
fit Gy — A; defined by f(e) :=e. fi(a;) :=a}. fi(b;) := b} is an embedding.
Moreover, for B. = {x, <--<x;<e} the map fo: G, = B, defined by
fole) :=e. and fo(c;) :=x; for each j € {1..... p} is an embedding. Defining
/o (8,C) BG, — A. by
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| filx) ifxe Gy
folx) ifx € G,
yields the desired isomorphism. Moreover, the embedding f is surjective, since A is
partitioned by {B; }rcp. -
LemMA 3.11. Suppose that (Br_C;i) B G, = (Bﬂi.ZIC;;) B G,. Then k =1 and
p=gq.andr; = m; and s; = n; foreachi € {1,.... k}.

PrOOF. Let A = (B ,C; ) BG, = (EE’/:lCij) B G,. Let B be the Sugihara
skeleton of A. Note first that 2k + 1 =[{a € 4 | a™ =a}| =2/ + 1. Hence k = [.
Similarly we have for B = {b} < - <bf <e<af <--<al} that m; = By | -

1=r,~,n,~=\Bu6|fl:si,andp:|Be|71:q. =

f(x)

We have therefore established the following structural description of finite
commutative idempotent residuated chains.

PrOPOSITION 3.12 (cf. [8, 19, 38]). Let A be any finite commutative idempotent
residuated chain. Then A is isomorphic to a unique nested sum (EEf.‘ZIC"mfl.) B G, with
k.p € Nandm;,n; € N foreachi € {1,....k}.

§4. Interpolation without exchange. Our main aim in this section is to prove the
following result.

THEOREM A.
(i) Continuum-many varieties of idempotent semilinear residuated lattices have the
amalgamation property and contain non-commutative members.
(ii) Continuum-many axiomatic extensions of SemRLcy, in which exchange is not
derivable have the deductive interpolation property.

The second part of Theorem A follows from the first part, using Proposition 2.2
and the fact that the variety of idempotent semilinear residuated lattices is an
equivalent algebraic semantics for SemRL,. To prove the first part, we make use
of a construction of continuum-many atoms in the lattice of varieties of idempotent
semilinear residuated lattices given in [13]. Each of these atoms is generated by
a single infinite non-commutative algebra Ag, and, as we show here, has the
amalgamation property.

Forany S C Z.let As :=={a; | i € ZYyU{b; | j € Z} U {e}. and totally order the
elements of this set by stipulatingb; < b; <e < a; < a;.foranyi, j € Zwithi < j.
For the multiplication, let e be the multiplicative unit and, for any i, j € Z, let
a;a; = amingijy- bibj = bmingijy. and

a; fi<jori=jeS by ifj<iori=je§
aib; = o . bja; = o
by ifi>jori=j¢8§ ai ifj>iori=j¢S.
It is straightforward to check that this multiplication is residuated, and hence that
the residual operations \ and / satisfy for all x, y € As,
x\y =max{z € 4s | xz < y}, y/x =max{z € Ag | zx < y}.

We denote the residuated chain obtained in this way by Ag.
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Lemma 4.1[13, Corollary 5.2]. Let S C Z. Then Ag is a strictly simple idempotent
residuated chain, and hence generated by any element x € Ag\{e}.

The algebras Ag encode some of the dynamics of bi-infinite words. A word over
{0, 1}isafunctionw: W — {0, 1}, where W is an interval of Z; it is said to be finite
if |W| is finite and bi-infinite if W = 7. A finite word v: W — {0, 1} is a subword
of a word w if there exists a k € Z such that v(i) = w(i + k) for all i € W. For
any S C Z, we will often consider the bi-infinite word given by the characteristic
function of S,

ws:Z—{0,1}; i— ! %fl.ES
0 ifi¢gs.

Indeed, every bi-infinite word is of the form wg for some S C Z. We define a pre-
order C on the set of all bi-infinite words by setting w; C w; if and only if every finite
subword of w; is a subword of w,. For bi-infinite words wy, w,. we write w; = wy
if and only if w; C w; and wy C w;. A bi-infinite word w is said to be minimal if it
is minimal with respect to the pre-order C, i.e., if w’ E w for some bi-infinite word
w’, then w’ = w.

ExampPLE 4.2. Let E be the set of even integers and O the set of odd integers.
Clearly, wg (i) = wo(i + 1) for any integer i, and it follows easily that wg = wg. The
algebra Ag is depicted in Figure 3.

The following lemma collects some facts about the algebras Ag that will be
needed in what follows, summarizing portions of Lemma 5.1, Theorem 5.4, and
Corollary 5.5 of [13].

Lemma 4.3 [13]. Let S, T C Z.

(i) V(Ag) C V(A7) if and only if ws T wr if and only if As embeds into the
ultrapower Al;l /U for every non-principal ultrafilter U over N.
(ii) Every non-trivial 1-generated totally ordered member of V(Ag) is isomorphic
to an algebra of the form Ag: for some S’ C Z with wg C ws.
(iil) Ifws is minimal, then V(Ag) is an atom in the lattice of varieties of idempotent
semilinear residuated lattices.

By part (i) of thislemma, V(Ag) = V(A7) ifand onlyif ws = wz. Combining part
(iii) with the fact that there exist continuum-many pairwise incomparable minimal
bi-infinite words (see [33]) therefore yields the following result.

ProrosiTiION 4.4 [13, Corollary 5.6]. There are continuum-many atoms in the
lattice of varieties of idempotent semilinear residuated lattices of the form V(Ag) for
some S C 7 such that ws is minimal.

Hence it remains to show that V(Ag) has the amalgamation property for any
S C Z such that wg is minimal. To this end, we prove several technical lemmas.

LemmaA 4.5. Let S C 7Z. Then Ag is a *-involutive idempotent residuated chain; in
particular, each Ag is admissible.
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Ao, =d b,z

a| = b,]a,l
ay) = aobo
ar = byay
a = axb;
® ¢
by = bra,
b] = a1b1
bo = boay
b,] = a,lb,l
b,z = b,za,z

FIGURE 3. Labeled Hasse diagrams for the algebra Ag.

ProOOF. Direct computation shows that, for each i € Z,

_{bi ifi e S ,_{b,- ifigs

~=

by itigs T b ifies
bt — a; lfl¢S b — a; ifiesS
" la, ifies’ Y ay ifi ¢S

As a consequence, b} = a; Aa;y1 = a;41 and af =b; Nb;y =b;y for all i € S.
It follows that b/* = af | = b1 =b; and a;* = b} | = a(;_1); = a;. Hence
x* = x for all x and Ag is *-involutive. That Ag is admissible is immediate from
part (i) of Lemma 3.7. 4

Now, for S C Z, let Vg := V(Ag) be the variety generated by Ag and define
Ks :==I({Ar | wr C ws}).

It follows from parts (i) and (ii) of Lemma 4.3 that Kg consists of the non-trivial
1-generated algebras of Vg. Moreover, since Vg satisfies x** ~ x, by Lemma 4.5,
each totally ordered member of Vg is isomorphic to a nested sum of algebras from
Ks by part (iii) of Lemma 3.7.
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LemMA 4.6. Let (I, <) be a chain, (A;);c; an admissible indexed family of
idempotent residuated chains, and U an ultrafilter over some set X. Then the map
12 B (AY/U) = (B <A)Y/U: [aly — [a]y is an embedding.

Proor. First note that if an idempotent residuated chain A is admissible, then so
is every ultrapower of A, since admissibility can be expressed by the quasiequations
xt~e= x~eandx" ~e= x ~e Hence (AX /U),c; isalso admissible. The map
1 is well defined, since for each i € I and any a = (ay)vex.b = (by)rex € AY,

[aly =[PluinA} /U <= {x € X |a,=b} €U
= [a]y = [b]y in (EE(Lg)Ai)X/U-

Moreover, 1 is clearly injective. To see that 1 is order-preserving, consider
any [a]y.[bPlu € EEU_Q(AI.X/U) with [a]y < [b]y. There are three cases: either
abe Al orac Al andb € A withi < j,ora € A} andb € A withi > j.

If a,b € AY for some i € I, then {x € X | ay, <b,} € U, so also 1([a]y) <
1([b]y). Otherwise we may assume that [a]y. [b]u # [€]u.

Suppose next that a € A4 and b € A7 with i < j. Then [a]y < [b]v < [e]v
or [aly <[elu < [blu. If [aly <[blu <[e]lu, then {x € X |a, <e},{x € X |
by <e} € U. But then also {x € X | a, <e.b, <e} € U. Hence, since i < j, by
definition of the nested sum, {x € X | a, <e.b, <e} C {x € X | a, < b,}, ie.
{xeX|ay<b}eU,soulaly) <i([bly). If[aly < [e]lu < [b]u.then {x € X |
ay <e},{x € X | e <b,} € U. Hence clearly also :([a]v) < i([e]y) < :([b]v).

Suppose finally that @ € 4} and b € A7 with i> j. Then, similarly to the
previous case, i([a]y) < 1([p]y) in (B;<)A;)*/U. Also i([e]y) = [e]y. To show
that 1 preserves ¢ and ”, consider any a = (a,).ex € A; for some i € I. Then
1([als) = 1([(a%)xex]v) = [(a’)rex]u = [al% . and similarly for . Hence the claim
follows from Lemma 3.5. o

LemMMA 4.7. Let S C Z.
(i) HSPy(Ag) is the class of totally ordered members of V.
(i) Ifws is minimal, then HSIPy (Ag) is closed under nested sums, and, in particular,
the totally ordered members of Vs are exactly the nested sums of members of Kg.

Proor. (i) Each member of HSPy(Ag) is totally ordered by Y.o§ Theorem
and Proposition 3.6. Conversely, every totally ordered member of Vg is finitely
subdirectly irreducible, and hence contained in HSPy (Ag) by Jonsson’s lemma.

(ii) Suppose that wg is minimal. Since every member of HSPy(Ag) is a nested
sum of members of Kg, every nested sum of members of HSPy(Ag) is a nested
sum of members of K. It therefore suffices to prove that HSPy(Ag) contains every
nested sum of members of Kg. Since every algebra embeds into an ultraproduct
of its finitely generated subalgebras, every nested sum of members of Kg embeds
into an ultraproduct of finite nested sums of members of Kg. Hence it suffices to
show that every finite nested sum of members of {Ar | wr C ws} (recalling that
Ks :=I({A7r | wr C wg})) is contained in HSPy(Ag).

Consider first any non-principal ultrafilter U over N. Since A{/U € HSPy(As).
there exists a chain (7, <) and an indexed family (Ar,);c; of members of K such
that AY/U = B; < )Ar,. Note that, since Ag is infinite. AY/U is uncountable. by
[5, Theorem 1.28]. and hence, since each A7, is countable, / must be infinite.
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Now let Sj..... S, be any subsets of Z such that wg,. ..., ws, E ws. The chain
{1 <2< --<n} can be considered as a subchain of (I.<) and H/_Ar, €
HSPy(As). By assumption, wg is minimal. So ws, = ws = wy, and there
exists an embedding f;: Ag, —>A§{I_/U, for each i € {l,...n}, by part (i) of
Lemma 4.3. Hence there exists an embedding f: B? | As, — EE;’ZI(A%/ U), by
Proposition 3.8. But also, by Lemma 4.6, there exists an embedding : 7
(A%/U ) — (B"_,A7,)N/U and composing the two maps yields an embedding
1o f: B, As, — (B7_,A7,)V/U. showing that B ,Ag, € HSPy(Ag). -

LEMMA 4.8. Let S be any subset of 7 such that ws is minimal. Then Vs has the
amalgamation property.

PrOOF. Since Vg has the congruence extension property, by Lemma 3.2, it suffices,
using Proposition 2.1, to show that the class of totally ordered members of Vg has
the one-sided amalgamation property. In fact, we show that the class of totally
ordered members of Vg has the amalgamation property.

Let A,B.C be totally ordered members of Vg, and assume without loss of
generality that A is a subalgebra of B and C, considering the span (A, B, C) with
inclusion maps implicit. Then A, B, C are nested sums of 1-generated totally ordered
members of Vg, by Lemma 4.7, and we write

B=H;<)B. C=H,<,C,.

where each B;, C; is 1-generated. Further, we may assume without loss of generality
that 7 NJ consists of exactly those indices where A; = B; = C; is a 1-generated
subalgebra of A. Take any total order < on K := I UJ extending <; U <;. For
each k € K, define

1. D, :=Arifkelnd;
2. D, =By lkaI\J,
3. Dy ZZCkikaJ\I.

Then D = H g <)Dy is an amalgam (again, with inclusion maps implicit) of the span
(A.B.C),and D € Vg, by Lemma 4.7. -

ProoF oF THEOREM A. (i) By Proposition 4.4, there are continuum-many atoms
in the lattice of varieties of idempotent semilinear residuated lattices of the form
V(Ag) for some S C Z such that wg is minimal. Moreover, each such variety V(Ag)
contains a non-commutative member Ag, and, by Lemma 4.8, has the amalgamation
property.

(i) Immediate from (i). -

We conclude this section by showing that there are continuum-many axiomatic
extensions in which the exchange rule is not derivable that lack the deductive
interpolation property.

PROPOSITION 4.9.

(i) Continuum-many varieties of idempotent semilinear residuated lattices contain
non-commutative members and do not have the amalgamation property.

(ii) Continuum-many axiomatic extensions of SemRLcy, in which exchange is not
derivable do not have the deductive interpolation property.
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Proor. The proof of [8, Theorem 5.2] provides a span (A, B, C, ip, ic) of finite
idempotent residuated chains A, B, C such that no idempotent semilinear residuated
lattice is an amalgam for this span. For each S C Z. let Wy be the variety generated
by Vs U {B.C}. It is not hard to see, using Jonsson’s lemma and the existence of
continuum-many pairwise incomparable minimal bi-infinite words, that there are
continuum-many distinct varieties of the form Wg, where wg is minimal. Each W
is a variety of idempotent semilinear residuated lattices, so the span (A, B, C.i3. ic)
has no amalgam in Wy. This proves part (i), and part (ii) follows as in the proof of
Theorem A. o

§5. Interpolation with exchange. In this section, we prove the following theorem.

THEOREM B.

(i) Exactly 60 varieties of commutative idempotent semilinear residuated lattices
have the amalgamation property.
(ii) Exactly 60 axiomatic extensions of SemRLecm have the deductive interpolation

property.

THEOREM C. There are exactly 60 varieties of commutative idempotent semilinear
residuated lattices whose first-order theories have a model completion.

The second part of Theorem B follows from the first part, using Proposition 2.2
and the fact that the variety of commutative idempotent semilinear residuated
lattices is an equivalent algebraic semantics for SemRLc.,. Since commutative
idempotent semilinear residuated lattices are locally finite [38, Theorem 18] and
the first-order theory of a locally finite variety has a model completion if and only
if and only if the variety has the amalgamation property [39, p. 319, Corollary 1],
this result also implies Theorem C. The main challenge of this section is therefore
to prove the first part of Theorem B.

For a class K of algebras, let Kg, denote the class of finite members of K, and for
a variety V of idempotent semilinear residuated lattices, let V§  denote the class of
finite totally ordered members of V. The following lemma allows us to restrict our
attention to embeddings between finite commutative idempotent residuated chains.

LemmA 5.1. Let V be a locally finite variety of idempotent semilinear residuated
lattices. Then \ has the amalgamation property if and only if Vi has the one-sided
amalgamation property.

Proor. Note first that V has the congruence extension property by Lemma 3.2.
Moreover, the class of finitely subdirectly irreducible members of V consists of the
totally ordered members of V, and is closed under subalgebras. Hence V has the
amalgamation property if and only if every span of finitely generated totally ordered
members of V has a one-sided amalgam in the class of totally ordered members of
V, by Proposition 2.1. Since V is locally finite, its finitely generated totally ordered
members are exactly the members of V§ . -

Our proof of part (i) of Theorem B will consist of two parts. First, we describe
several classes of finite commutative idempotent residuated chains that have the one-
sided amalgamation property, corresponding to generating classes for varieties of
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commutative idempotent semilinear residuated lattices that have the amalgamation
property. Second, to show that these are all the varieties of commutative idempotent
semilinear residuated lattices with the amalgamation property, we exhibit a number
of closure properties—results guaranteeing that if a variety V of commutative
idempotent semilinear residuated lattices has the amalgamation property and V
contains certain algebras, then V must also contain certain other algebras.

REMARK 5.2. Instead of appealing to the one-sided amalgamation property, the
arguments in this section could alternatively be framed in terms of the essential
amalgamation property discussed in [11, 12], which is well-suited to the study of
amalgamation in semilinear varieties of residuated lattices.

We first develop some technical tools that will be used in the proof. For the first
part of our proof, the next lemma will be useful to characterize the classes V§ for
the varieties V of commutative idempotent semilinear residuated lattices that have
the amalgamation property.

LemmA 5.3 [21, Theorem 2.3]. Let V be a locally finite variety and let K C V be a
class of finite algebras such that HS(K) = K. Then (HSPy(K))s, = K.

Recall that the algebras G, and C?, (n,m € N) are defined in Section 3.

Lemma 5.4.

(i) An injective map f: G, — G, is an embedding of G, into G if and only if it
is order-preserving and f (e) = e.

(i) An injective map f: C — C? is an embedding of C, into CS if and only if it
is order-preserving, f(ag) = ao. f(by) = by. and f(e) = e.

PrOOF. (i) Note that x* =e and y* =e¢ for all x € G, and y € G,. The claim
therefore follows from Lemma 3.5.

(ii) Note that {x € C | x* = x} = {by < e < ag} for all n,m € N. Hence every
embedding f: C?, — CS satisfies f(ag) = ap and f(by) = by, while the other
required properties are immediate. Conversely, let f: C2 — C; be an injective
order-preserving map such that f(ag) = ag. f(by) = bo. and f(e) =e. Since f
is order-preserving, e < f(a;) for each i € {1,....n}. So f(a;*) = f(by) = by =
f(a;)", and, similarly, f(b;*) = ay = f(b;)" for each j € {1,....,m}. Hence f is a
homomorphism, by Lemma 3.5. =

LEMMA 5.5. Suppose that A = (B/_ C,i.) B G, and B = (Eﬂilef;) B G,. Then
there is a one-to-one correspondence between embeddings h: A — B and triples
(f.g. {h,-}f.‘zl) such that f: {1,....k} = {1.....1} is an order-embedding, g: G, —
G, is an embedding, and h; : CZ;'I. — C,S{,E;; is an embedding for each i € {1, ... . k}.

ProoF. Let (f.g.{h:}* ,) be a triple such that f: {l.....k} — {1.....1} is
an order-embedding, g: G, — G, is an embedding, and #;: C,i, — C,S%; is an
embedding for each i € {1.....k}. By Proposition 3.8, the following map is an
embedding of A into B:

hi(a) ifa € Cpl

h:A— B; aw .
gla) ifacG,.
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Conversely, let #: A — B be an embedding. Then for each i € {1,...,k}, there is
a f(j) € {l.....1} such that h[C,] C C;jf_"((i")). So there is a map f: {l,....k} —
{1,....1} that is injective, since /i is an embedding, and order-preserving, since
otherwise the definition of the nested sum would yield a contradiction to the fact that
h is a homomorphism. Hence for each i € {1,..., k}, we can define the embedding
hi: Ci. — C;;Eii to be the restriction of & to C,;.. Note also that 2[G,] C G,. so we
can define the embedding g: G, — G, to be the restriction of /# to G,. Hence we
obtain the desired triple (/. g. {h:}*_,).

Finally it is straightforward to check that the two constructions are inverse to
each other. 4

We define the following classes of commutative idempotent residuated chains for
m,n,p€{0.1,w}:

[Gy] :=1({Gy | ¢ €N.q < p}).
[ChG,] =1{C.BG, | q.r.s e Nr <m,s <n,q <p})U[G,].

[(Ch)*G,] = H({(EEf—‘:lCﬁj) BG, | k.qrisiceNori <m.s; <n.q<p}).

Note that V([G,]) is the variety of relative Stone algebras, V([(C))*Gy]) is the
variety of odd Sugihara monoids, and V([(C%)*G,,]) is the variety of commutative
idempotent semilinear residuated lattices.

The next two lemmas follow easily from the definitions of the respective classes.

S

LEMMA 5.6. Suppose that B = (EIEI_[j:ler.)EIEIGq is a homomorphic image of
A= ,Cp)BG,. Then | <k, r; <max{mi.....m}. s; <max{ni,....nc},
and g < max{my, ..., my, p} foreach j € {1,...,1}.

LEMMA 5.7.

(i) HS([G,]) = [G,] for each p € {0.1, w}.
(ii) HS([CLG,]) = [C!,G,] and HS([(C)*G,]) = [(CL)*G,] for any m.n,
p €{0,1,w} with p > m.
(i) HS([C,Gol U [G,]) = [CLGo]UG,]  and  HS([(C})"Go] U [G,]) =
[(C2)*Go] U [G,] for any m.n. p € {0.1,w} with p > m.

The following lemma will be helpful in amalgamating components appearing in
nested sum decompositions of the pertinent algebras. We will often abbreviate a
span (A,B.C.ig.ic) by (ig.ic). or, more explicitly, (iz: A — B,ic: A — C).

Lemma 5.8.

(1) Every span (ii: Gy, — Gy,.12: G4, — Gy,) in [G,] has an amalgam in [G,].
forany p € {0.1,w}.

(ii) Every span (iy: C;l — C2.ir: C' — C33) in [C}G,] has an amalgam in
[CGpl. for any m.n, p € {0.1, w}.

ProoOF. Note first that, by [19, Lemma 6.5], the class of finite commutative
idempotent residuated chains has the amalgamation property.

(i) For p = 0, the claim is trivial. If p = 1, then, up to isomorphism, [G,] contains
just Gg and G1, and the only embeddings are Gy — Gy, Gy — G;. G| — Gy, so the
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claim follows. Finally suppose that p = w. By [19, Lemma 6.5]. the span (. i») has
an amalgam ((B_,C;.) B G,. /1. j) in the class of finite commutative idempotent
residuated chains. Hence ji[G,,] € G,, and j»[G4] € Gg,. by Lemma 5.5, so
(Gy,. j1. j2) is an amalgam of the span (i1, i>) in [G,].

(i) If m <1 and n < 1, then ry.rp, 13 < 1 and sy, 52,53 < 1. In this case, C",
together with the inclusion maps j;: C,; 2 Ch g C; 3 <s C" is an amalgam of
the span (i1, i2) in [C%,G,].

If m<1 and n=o. define f1:=iilp,: [e ag] = [e.ap] € C;? and [, :=
D20 [eag): [6:@0] = [e.a0] € G} Let ({e < ax < - < ao}. g1.g2) be an amalgam of
(f1. f>) inthe class of finite chalns Now define themaps ji : C;2 — Ck. ji(b;) := b;.
Jilai) == fi(a;) and jo: C3 — C,. jo(bi) i= by, jala;) = falas). By Lemma 5.4,
these maps are embeddings. Hence (Cf;, Jj1. j2) is an amalgam of the span (i, 7,) in
[C:,G,]. The case where m = w and n < 1 is very similar.

Finally, suppose that m = n = w. Then, by [19, Lemma 6.5], the span (i}, i) has
an amalgam ((EBk C, 1) B Gy. ji. j2) in the class of finite commutative idempotent
residuated chams Hence, by Lemma 5.5, there is an i € {l,...,k} such that
(CZ{/.,]'I, J2) is an amalgam of the span (i;. i») in [C,G,]. -

‘We have now assembled the necessary ingredients to prove the positive part of our
result. The following proposition shows that several families of varieties considered
in this section have the amalgamation property. Subsequently, we will show that
these are the only varieties of commutative idempotent residuated lattices that have
the amalgamation property.

PROPOSITION 5.9. The following varieties have the amalgamation property:
() V([G,) for any p € {0. 1, w}:

(b) V([CLG,]) for any m.n, p € {0,1,w} with p > m:

(c) V([(C m)*G,,]])for anym,n, p € {0, 1, w} with p > m;

(d) V([C",Go] U[G,]) for any m.n € {0.1,w}. p € {1,w} with p > m:
(e) V([(CH)*Go] U [G,]) for any n € {0.1.w}. p € {1.w}.

ProoOF. Let K be one of the generating sets of finite chains from (a) to (e). Then
HS(K) = K. by Lemma 5.7, and (HSPy(K))s, = K. by Lemma 5.3. Hence K consists
of the finite chains of V(K), and, by Lemma 5.1, it suffices in each case to show that
every span in K has a one-sided amalgam in K.

(a) Immediate from Lemma 5.8(i).

(b) Let m.n,p€{0.1,w} with p >m and let (i;: A— B,i: A— C) be a
span in [CZ, p]] Since [G,] has the amalgamation property, we can assume that
B.C ¢ [G,]. ie. B=C? EEGq and C = C2 B Gy, with rp.r3 <m. 55,53 <n,
g <p If A= qu then since [G,] has the amalgamation property, the span
(i1: Gy, = Gy,. 12t qu — G;) has an amalgam (G,,. f1. /). Also, by Lemma 5.8,
the span (g;: C) < C;2.g>: C) < C;3) has an amalgam (C;}. 1. ) in [C],G,].
Now, by Lemma 5.5, the maps ji: B — Gyt B Gy,. j1(x) = f1(x) for x € G,,.
ji(x) =h(x)forx € G}, jo: B— Ci) B Gq4s]2v( x) = fa(x)forx € Gg,. jo(x) =
hy(x) for x € C,} are embeddings and hence (C)4 B Gy,. ji. j2) is an amalgam of
the span (i1, i») in [C},G,].

If A=C!HG,. then, since [G,] has the amalgamation property, the span
(ih [qu : Gy, — qu,iz[qu : Gy, = Gg;) has an amalgam (Gy,. /1. f2). Also, by
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I
[CZ,Gol U [Go]

/

[CiGi] [C5Go) [CIGo] U [Go]

[C3G1] [CIGIU[Gi]  [CiGo] U [Go]

[C5Gw

[C1Go

\
/ N\

/X
X

[C5Go] U [G1]

[C5Go]
FIGURE 4. Classes of finite chains from (b) and (d) of Proposition 5.9.

Lemma 5.8, the span (ii] s : Gl = CZ. i[5 : G — C;) has an amalgam
n n

(Crt.g1.£2) in [C},G,]. Now, by Lemma 5.5, themaps j;: B — C,;} B G,. ji1(x) =
f1(x) for x € Gy,. ji(x) = gi1(x) for x € G}, ja: B — Cp} B Gy,. jo(x) = f2(x)
forx € Gg,. jo(x) = g2(x) for x € C;? areembeddings and hence (C;} B G,. /1. j2)
is an amalgam of the span (iy. i) in [C,G,].

(c) Very similar to part (b) by first amalgamating the summands and the index
sets and then using Lemma 5.5.

(d) and (e) Let m.n € {0,1,w}, p € {l,w}. The only spans that are not
covered by parts (b) and (c) are of the form (ij: Gy — B ,C.ir: Gy — G,)
and (i]: Go — G,.i}: Go — B*_ C;7). For these cases, define the one-sided amal-
gam (EEé‘:lC;‘.'f,jl,jz) with j]Z Hﬂf;l C;; — EHf:IC;i j](x) =X, jzl Gp — Eﬂfc:IC;:
J2(x) = e, and the one-sided amalgam (G, f1. f2) with f1: G, = G,. f1(x) = x.
f2: B, G = G, f2(x) = e. respectively. .

Note that in the previous proposition, case (a) accounts for three varieties, each
one of cases (b) and (c) accounts for an additional 18 varieties, case (d) accounts for
15 varieties, and case (e) accounts for six varieties. Hence, Proposition 5.9 identifies a
total of 3 + 18 + 18 + 15 + 6 = 60 varieties of commutative idempotent semilinear
residuated lattices with the amalgamation property. For a fixed n € {0, 1, w}, the
corresponding posets of the classes of finite chains from (b) and (d), and (c) and
(e), are displayed in Figures 4 and 5, respectively.
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[(C1)°G]
[(C5)°Go]
/ \
[(C})°G, ] [(C})G]
/ /
[(C5)"Gol U [6Go ] Gl

\m/

[(C5)*Go] U[G1]

[(C3)*Go]

FIGURE 5. Classes of finite chains from (c) and (e) of Proposition 5.9.

We now turn our attention to the closure properties used to show that the list of
varieties with the amalgamation property given in Proposition 5.9 is exhaustive.

LEMMA 5.10. Let V be a variety of commutative idempotent semilinear residuated
lattices and let A € Vi, . If ABC), € V§, . then ABG,, € V§ .

Proor. Clearly, every convex normal subalgebra of a C”, is also a convex normal
subalgebra of A HH C, by the definition of the nested sum. It is easy to see that the
interval [by. ap] is a convex normal subalgebra of C}, and, by direct computation,
that the congruence ® corresponding to this convex normal subalgebra satisfies
(x.y) € ®ifandonlyifx = yorby < x, y.foranyx, y € C",.Now,ifx, y € ABC,
with (x,y) € O, then by < x — y Ay — x < ayp. It follows from the definition of
the nested sum that x — y ¢ C?, if x ¢ C or y ¢ C,, so also (x,y) € © if and
onlyif x =y orby < x.y < ag for any x, y € AH CJ},. Hence we obtain A B G, =
(ABCp)/0 e V5, . -

LemmA 5.11. Let V be a variety of commutative idempotent semilinear residuated
lattices, let A, B € V§, . and suppose that V has the amalgamation property.

(i) IfAB G, € V. then AB G, € VS, for every n € N0

(ii) If CYB CYEB € V¢, . then (B! C)) BB € V5 for every k € N>,
(iii) IfC" € VC , for somen € N, then C... G, € Vg, for every m € N.
(iv) IfC € V?m for some m € N, then C, € V§_ for every n € N.
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(v) IfCY,.Cp € V¢ for some m.n € N, then Cp, € VS, .

m>

(Vi) FABCYBB e VS, and Cly € VS, then ABC), BB € V§,.

m

(vii) IfAB Gy € VS, and G, € V§ . then AB G, € V5, .

Proor. Note first that, since V has the amalgamation property, by Lemma 5.1,
Vi, has the one-sided amalgamation property. In the following, we will use this
without mentioning it explicitly.

(i) Suppose that A B G, € V. We prove the claim by induction on n. For n = 1,
note that AH G; is a subalgebra of A H G;. Suppose that the claim holds for
neN> je. ABG, € V%, . Consider the span of embeddings ij: AHG; — A
G>. ij(c1) = ¢ and i1(x) = x for x € 4, and ir: AHG; - AHG,, ix(c)) =
and 7;(x) = x for x € A. Then there exists an algebra D € V§ . an embedding
j1: AH G; — D, and a homomorphism j,: AH G, — Dsuchthat j; oi) = j; 0.
Since ¢1 coversein A H G, and j>(c1) = j2(iz(c1)) = j1(i1(c1)) < e, by Lemma 3.1,
also j, is an embedding, so we have j>(c,) < --- < ja(c1) = ji(c2) < ji(e1) < e. Let
S =im(j;) Uim(j,). Then e € S and S is closed under *, by construction. Hence,
by Lemma 3.4, it is the universe of a subalgebra S of D which is clearly isomorphic
to AHG,4.

(ii) Suppose that Cg B Cg B B € Vi, . We prove the claim by induction on k. For
k = 1, note that C B Bis a subalgebra of C) & C{ B B. Suppose that the claim holds
fork € N0 ie., (B ,C)) BB € V¢ . and consider the span of embeddings i, : C{) B
B — C)BCYEB. i1(x) = x for x € B. ii(by) = b}. i1(ag) = aj and ir: C)EHB —
(B, CY) BB, ir(x) =x for x € B, ir(by) = bk, ir(ag) = a}. Then there exists
an algebra D € V{ . an embedding j; : Cg H Cg BB — D, and a homomorphism
Jjo: (B5,C) BB — D such that jj oij = j0i. Let S =im(j;) Uim(j>). Then
e € § and S is closed under *, by construction. Hence, by Lemma 3.4, it is the
universe of a subalgebra S of D. Since j, restricts to an embedding on C8 H B, by
Lemma 3.1, it is also an embedding. For each x € B,

Ja(by) < -+ < jo(bf) = ji(by) < ji(bg) < ji(x) = jo(x)

J2(x) < jilag) < jilag) = ja(af) < - < jalag).

and it is straightforward to check that S is isomorphic to (Elﬂf?jll Cg) H B.

(iii) Suppose that C; € V¢, forsomen € N. We prove the claim by induction on m.
First note that, since G,, is a homomorphic image of CJ,. it suffices to show that
C,, € Vi, for each m € N. For m = 1, note that CY is a subalgebra of C;. Suppose
that the claim holds for m € N> i.e.., C", € V§,- We consider the span of embeddings
i1: C = C4. ii(x) =xand ir: Cf — Cp. ir(b1) = by ir(x) = x for x # b;. Then
there exists an algebra D € V§ . an embedding j;: C; — D. and a homomorphism
J2: C": — Dsuch that j; oij = jr0ip. Let S =im(j;) Uim(j,). Thene € S and
S is closed under *, by construction. Hence, by Lemma 3.4, it is the universe of
a subalgebra S of D. Since j, restricts to an embedding on CY, by Lemma 3.1,
it is also an embedding and we get j,(hy) < - < jo(bm) = j1(b1) < j1(h2) and
jilai) = ja(a;) foreach i € {1.....n}. It follows that S is isomorphic to C, ;.

(iv) The proof is very similar to (iii).

(v) Suppose that CY,.Cpz € V¢ for some m.n € N and consider the span of

inclusions i : C) — C9,.ii(x) = xandi>: C) — C,.i»(x) = x. Then there exists an
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algebra D € V¢ . an embedding j;: C), — D, and a homomorphism j,: Cf — D
such that jjoi; = j,o01i,. Let S =im(j;) Uim(j,). Then e € S and S is closed
under *, by construction. Hence, by Lemma 3.4, it is the universe of a subalgebra
S of D. Since j, restricts to an embedding on CY, by Lemma 3.1, it is also an
embedding, so S is isomorphic to CJ;,.

(vi) Suppose that ABHC)HB €V and CJ, € V§ .We consider the span of
inclusions i1: C) - ABCJEBB, ij(x)=x and ip: C} — C7,. ir(x) = x. Then
there exists an algebra D € Vi, an embedding ji: AEEC8 BB — D, and a
homomorphism j,: C? — D such that j; oi; = jr0ip. Let S = im(j;) Uim(j,).
Then e € S and S is closed under *, by construction. Hence, by Lemma 3.4, it is
the universe of a subalgebra S of D. Since j; restricts to an embedding on Cg, by
Lemma 3.1, it is also an embedding and it is straightforward to check that S is
isomorphic to A H C, HB.

(vii) Suppose that AEHG; € V§_ and G, € V§ . For p = 1. there is nothing to
prove, so we may assume that p > 1. Consider the span of embeddings i : G; — G,,.
ij(x) =xandi: Gy — AH Gy.i>(x) = x. Then there exists an algebra D € V¢ . an
embedding j; : G, — D. and a homomorphism j,: A B G| — Dsuch that j; o i} =
Jaoir.LetS =im(j;) Uim(j,). Thene € S and Sis closed under *, by construction.
Hence, by Lemma 3.4, it is the universe of a subalgebra S of D. Moreover, since j,
restricts to an embedding on G, by Lemma 3.1, it is also an embedding and it is
easy to check that S is isomorphic to AHG,,. -

We finally arrive at the proof of part (i) of Theorem B, recalling that part (ii) and
Theorem C follow directly from this result.

ProorF oF THEOREM B(i). Let V be a variety of commutative idempotent
semilinear residuated lattices that has the amalgamation property. It suffices to
show that V is one of the varieties from Proposition 5.9. Let K= Vg . We
make a case distinction on whether algebras from the set {Gp, Cy. Cf;, Cg BG, |
m.n,p €{0,1,2}} U{C) B C)} are contained in K. noting that G; < Gy, C) <
C)<C.CI<Cl<C Cy<CiEC). C).G, < CiEBG,. and G,, € H(C),). by
Lemma 5.10.

If CJ¢K. then Ke{[G,]|pe{0 Lw}} vilding Ve{V(G,])|pe
{0.1.w}}. So we may assume that C) € K and let n:=sup{s € N| Cj € K}
assuming sup N = w. As n is fixed, our strategy is to show that K is one of the classes
in the posets in Figures 4 and 5. The two subsequent case distinctions traverse these
posets starting at the top.

For C) B C) ¢ K. there are 11 cases (see Figure 4):

1. If C.CJEBG; €K. then K= [C!G,]. by Lemma 5.11, yielding V =
V([C:,Go])-

2. If C§ ¢ Kand €Y, C) B G, € K. then K = [C}G,,]. by Lemma 5.11, yielding

3. If CY ¢ K and CYEB G, € K, then K = [C!G,,]. by Lemma 5.11, yielding
V = V([CIG,]).

4. If C9.G, ¢ K and C).C)HB G, € K, then K= [C/G,]. by Lemma 5.11.
yielding V = V([C'G]).

5. 1f €Y. G;, ¢ Kand C) B G, € K. then K = [C/G,]. by Lemma 5.11. yielding
V = V([C}G1]).
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. If ). Gy ¢ K. then K = [C}Gy]. by Lemma 5.11, yielding V = V([C}Go]).
If CQEG; ¢ K and C) € K, then K = [C2Go] U [G,]. by Lemma 5.11,

yielding V = V([C, Go] U [Go])-

I CYBG.CY) ¢ K and CJ. G, € K, then K = [C'Gy] U [G,,]. by Lemma

5.11, yielding V = V([C"Go] U [Go]).

I CYEG.CY ¢ K and G, € K. then K = [C]Go] U [G,,]. by Lemma 5.11,

yielding V = V([C;Go] U [G,]).
IfC)EG1.C). G, ¢ Kand C? € K. thenK = [C}Go] U [Gi]. by Lemma5.11,
yielding V = V([C}Go] U [G1]).
IfC) B G1.C). G, ¢ Kand G; € K, thenK = [CiGo] U [G1]. by Lemma 5.11,
yielding V = V([C1Go] U [G1]).

For C{ B C) € K, there are another 8 cases (see Figure 5):

1.
2.

3.

If C) € K. then K = [(C?)*G,,]. by Lemma 5.11, yielding V = V([(C?)*G,]).
If C5 ¢ K and CY, G, € K. then K = [(C})*G,]. by Lemma 5.11, yielding
V= V([(C)G,]).
If C) ¢ K and C) H G; € K. then K = [(C})*G,,]. by Lemma 5.11. yielding
V = V([(C5)*Go]).

. If €5.Gy ¢ K and C) € K, then K = [(C})*G4]. by Lemma 5.11, yielding

V= V([(C) G]).

. IfC).G, ¢ Kand C) B G, € K. thenK = [(C})*G,]. by Lemma 5.11, yielding

V = V([(C5)*Gi]).

JIf C.Gy ¢ K, then K=[(C})*Go]. by Lemma 5.11, yielding V=

V([(C)" Gol)-

. If CYB Gy ¢ K and G, € K. then K = [(C)*Go] U [G,,]. by Lemma 5.11,

yleldlng V= V([[(Cg)*GO]] U [[G(u]])

. IfC{B G|.G, ¢ Kand G; € K, then K = [(C})*Go] U [G1]. by Lemma 5.11,

yielding V = V([(C})*Go] U [G1]). =

We conclude this section by considering amalgamation in the setting of pointed
residuated lattices, i.e., without the additional assumption that e = f. There are
many additional cases to consider in this more general setting, and we just sketch
the key ideas here. Let V be a variety of commutative idempotent semilinear pointed
residuated lattices. Again, it is enough to consider the class V§_ of the finite totally
ordered members of V. For each algebra (4, A, V.-, —.e.f) =A ¢ Vi, one of the
following six conditions holds:

1.

2.

f'is on the Sugihara skeleton of A and

(a) f=einA, or

(b) f<einA, or

(c) f>einA.

fis not on the Sugihara skeleton of A and
(a) f<eandf* =ein A, or

(b) f<eandf* >ein A, or

(¢) f>einA.

Fori € {1,2} and x € {a, b, c}, we define the class

Vi) == {A € V§, | A satisfies condition 7.(x)}.

https://doi.org/10.1017/js1.2026.10198 Published online by Cambridge University Press


https://doi.org/10.1017/jsl.2026.10198

INTERPOLATION AND THE EXCHANGE RULE 25

Note that Py :={V;(,) | i € {1.2}, x € {a,b,c}} forms a partition of V§  such
that no algebra from one class embeds into an algebra from another class, since the
conditions are preserved by embeddings. Hence, to check if V has the amalgamation
property, it suffices to check if each of the classes in Py has the one-sided
amalgamation property. In particular, to show that there are only finitely many
varieties of commutative idempotent semilinear pointed residuated lattices with
the amalgamation property, it suffices to show that there are only finitely many
possibilities for Py such that each class in Py has the one-sided amalgamation
property. Let A be a pointed residuated lattice and B a residuated lattice. We will
write A ~ B if B is (isomorphic to) the f-free reduct of A.

For i € {1,2} and x € {a.b.c}, we define S;(, to be the smallest commutative
idempotent residuated chain satisfying i.(x). Note that S;(,) is well-defined and for
each algebra A satisfying i.(x) we have that Si(x) 18 isomorphic to the subalgebra of
A generated by f. In fact, the algebra S;(,) is just a trivial algebra, Sy, ~ C) with
f=bo. and S;(,) ~ C) with f = ay. Moreover, Sy,) ~ G| with f~ ¢, Sy ~ CY
with f = by, and SZ(C) ~ C(l) with f = a;.

In what follows, the nested sums A fH B and BH A of an idempotent pointed
residuated chain A with an idempotent residuated chain B are understood in the
obvious way, i.e., as the nested sum of the f-free reducts of A and B with constant f
from A.

LemmaA 5.12. Let V be a variety of commutative idempotent semilinear pointed
residuated lattices with the amalgamation property.

(i) Leti € {1,2}. x € {b. c}. If A is a commutative idempotent pointed residuated
chain that satisfies condition i.(x). then A is of the form Ay B A, B Az with
S € Ay and Ay = C},. Moreover, A € V,( if and only if Aj BS; () € Vy(y).
A € V,-(X), and Si(x) HA; e Vi(x)~

(ii) If A is a commutative idempotent pointed residuated chain that satisfies
condition2.(a). then A is of the form A B Ay withf € A, and Ay ~ G, for some
p > 0. Moreover, A € V() if and only if A B Sy, € Vo, and Ay € V().

PrOOF. The first parts of (i) and (ii) follow from Lemma 3.10 applied to the f-free
reducts. For the second parts, the left-to-right directions are trivial and the proof of
the right-to-left directions is very similar to the proof of Lemma 5.11. -

Let SemFLecm be the axiomatic extension of FL.., associated with the variety of
commutative idempotent semilinear pointed residuated lattices.

ProprosITION 5.13.

(i) There are only finitely many varieties of commutative idempotent semilinear
pointed residuated lattices that have the amalgamation property.

(ii) There are only finitely many axiomatic extensions of SemFleem with the
deductive interpolation property.

ProOF SKETCH. (i) Let V be a variety of commutative idempotent semilinear
pointed residuated lattices that has the amalgamation property. By the above
discussion, it suffices to show that there are only finitely many possibilities
for Py = {V;() | i € {1.2}. x € {a.b,c}} such that each class has the one-sided
amalgamation property. For V,(,), we have already classified all 60 possibilities.
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Fori € {1,2} and x € {b,c}, by Lemma 5.12(i), it is enough to separately classify
which algebras of the form A HS;(,)A; ~ C],, and S;(,) B Az are contained in V().
First we notice that, by adapting the proof of Lemma 5.11, there are essentially the
same 60 possibilities for the class {A € V;(,) | A= S, B A3} as in the case where
e ~ f, and similarly for the class {A € V v | A= A1 HS;(,)}. Moreover, it can
be shown by using similar* closure properties as in Lemma 5 1 1 that there are only
finitely many possibilities for the class {As € V() | Ay ~ C},, }. Hence for i € {1.2}
and x € {b.c}. there are only finitely many possibilities for V()

For i =2 and x = a, note that, by Lemma 5.12(ii), it is enough to separately
classify which algebras of the form A; HS,(,) and which algebras A, with A, ~ G,
and p > 1 are contained in V,(,). As above, it follows that for the class {A € V) |
A = A HS,,}. there are at most 60 possibilities and for the class {A € Vy(,) | A ~
G, for some p > 1} it can again be shown using similar closure properties as in
Lemma 5.11 that there are only finitely many possibilities. Hence there are only
finitely many possibilities for Vy,).

Part (ii) then follows from the fact that the variety of commutative idempotent
semilinear pointed residuated lattices is an equivalent algebraic semantics for
SemFLecm. =

If we let Vy(,) = [G,] with f interpreted as e and let V) be the class of all
commutative 1dempotent pointed residuated chains A with A ~ G, for some p € N
that satisfy 2.(a). then there are at least 60 choices for V). 60 choices for V(g
60 choices for V,y,). and 60 choices for V, ) such that the obtained classes together
form Py for some variety V that has the amalgamation property. That there are
60 choices in each case follows by considering the cases where all chains in the
respective class are of the form S;,) B A, where at least 60 suitable choices for
classes of algebras A may be found, as in the case for e ~ f. That these choices
actually form Py, for some variety V follows from the fact that a homomorphic image
of an algebra of the form S;(,) B A for x € {b.c} will always be either contained
again in V;(,), in V (), or in Vy(,). Finally. to show that these classes all have the
one-sided amalgamation property follows analogously as in the case where e ~ f.
Hence we obtain the following result:

ProposITION 5.14.

(i) There are at least 60* > 12,000,000 varieties of commutative idempotent
semilinear pointed residuated lattices that have the amalgamation property.

(ii) There are at least 60* > 12,000,000 axiomatic extensions of SemFLecm with
the deductive interpolation property.

§A. The full Lambek calculus. We restrict our attention in this appendix to
formulas constructed over a countably infinite set of variables using the binary
operation symbols A.V,-,\,/ and constants e, f, and define a sequent to be an
ordered pair consisting of a finite sequence I' of formulas and a sequence A of

4Roughly speaking. there are at most three places where extra points can be added to Si(x): Below f
in the ‘same block’, above f in the ‘same block’ (if f is not on the Sugihara skeleton), and below f* in the
block of f*. In each of these places, the possibilities are to either add no point, at most one point, or two
and more points, similarly to Lemma 5.11(i).
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_ I'=
f= (=) r=f =0
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= _— (=
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I.a. p.To=A : I'=a Fz=>ﬂ( )
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I'.a.I', = A r1.ﬁ,F2:>A(v ) I'=«a 1":»/)’( A
T.aVpl,=A - T=arf

FiGURE A1l. The full Lambek calculus FL.

at most one formula, denoted by I' = A. Concatenations of finite sequences are
denoted using commas, and empty sequences by an empty space. The full Lambek
calculus FL displayed in Figure Al consists of a set of sequent rules presented
schematically, where the (indexed) symbols I' and II stand for arbitrary finite
sequences of formulas, A for an arbitrary sequence of at most one formula, and « and
f for arbitrary formulas. Further well-studied sequent calculi are obtained by adding
the basic structural rules of exchange (e), weakening (i) and (o), contraction (c),
and mingle (m), depicted in Figure 1.

A derivation in a sequent calculus C of a sequent S from a set of sequents R
is a finite tree of sequents with root S such that each node is either a member of
R or constructed from its parent nodes using a rule of C. Given a set of formulas
T U{a},wewrite T ¢ «a if there exists a derivation of = « from the set of sequents
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{= p | p € T} In the case of FL and its extensions with basic structural rules, the
relation ¢ is a deductive system: a relation - between sets of formulas and formulas
that satisfies, for any set of formulas 7 U T’ U {a}:

l.ifaeT,then T F «;

2.if THaand T'+ fforevery f € T, then T’ - «;

3. if T + a, then ¢[T] + o () for any substitution o

4. if T + «, then there exists a finite 7y C T such that 7y - «.

Moreover, it is common, when no confusion may occur, to denote by C the deductive
system Fc induced by a sequent calculus C.
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