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1. Introduction

“...when a logic is algebraizable, the powerful methods of modern algebra can be
used in its investigation, and this has had a profound influence on the development
of these logics.” (Wim Blok and Don Pigozzi, 1989).

In 1989 Blok and Pigozzi [4], following in the footsteps of Czelakowski [8]
and their own previous work [3], made precise for the first time the notion of
algebraizable logic. A bulk of work has been published since, influenced by this
“Memoirs monograph”, that has collectively come to be known under the name of
abstract algebraic logic. Contrasted with the “traditional” algebraic logic, abstract
algebraic logic deals with abstract deductive systems, rather than with specific
ones, and its main purpose is to study the framework for the algebraization of

* The research that led to the results presented in this paper began with the author’s doctoral
dissertation, written under the supervision of Professor Don Pigozzi of lowa State University. While
at lowa State University the author was partially supported by National Science Foundation grant
CCR-9593168.
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these systems and unveil general conditions under which wide classes of deductive
systems can be shown to be algebraizable. Another goal is to exploit algebraiz-
ability to study properties of an algebraizable deductive system or class of such
systems by studying corresponding properties of algebraizing classes of algebras
and vice-versa.

A deductive system 8 = (L, F-3) consists, roughly speaking, of a structural and
finitary consequence relation on the set of formulas Fm_(V) over some language
type £, built using a fixed denumerable set of variables V. Given a class K of
L-algebras, an algebraic deductive system 8x = (L, =) may be constructed,
whose consequence relation is now a consequence relation on the set of equations
Eq (V) over the type £, defined by

Ekx o~y iff
forall A = (A, £L2) € K,a € A®,
eMa) = e)(a), foralle; ~ e, € E, implies ¢™ (@) = v*(@).

In [5], the notion of a k-deductive system was introduced to unify these two no-
tions. A k-deductive system consists of a consequence relation on k-tuples of
L-formulas. Thus, a deductive system in the original sense is a 1-deductive system
and an algebraic deductive system is a 2-deductive system.

A deductive system 8 = (L, F4) is interpretable in an algebraic deductive
system 8¢ = (L, =k if there exists a finite set §(v) ~ €(v) = {§;(v) = €;(v) :
i < n} of n equations in one variable v, such that, for all ® U {¢/} € Fm_,(V),

sy iff (5(d) X e(@):d € D)=k (V) = e(¥).

In this case the set § ~ € is the set of defining equations for & and K.

On the other hand, the algebraic deductive system &g is interpretable in the
deductive system 4 if there exists a finite set A(v,u) = {A;j(v,u) : j < m}ofm
formulas in two variables v, u, such that, for all E U {¢ ~ ¥} € Eq,(V),

EkEgo~y iff {Aler,e)) :e1x ey € E} 5 Ald, ¥).

In this case the set A is the set of equivalence formulas for § and K.

It is worth noting, parenthetically, that to unify these two notions of inter-
pretability, the notion of k—l-interpretability was introduced in [6] applying to a
general k-deductive system being interpretable in a general /-deductive system.
Then, the first case considered above is the description of 1-2-interpretability and
the second of 2—1-interpretability. The generalized notion was, in turn, the main
inspiration for the definition of interpretability for institutions in [22].

The k- and the /-deductive system are then said to be equivalent if, in addition
to being interpretable in one another, the two interpretations are inverses of each
other. More precisely, if we start from a k-formula, apply the k—I-interpretation and
then apply the /—k-interpretation to the resulting set of /-formulas, we obtain a set
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of k-formulas that are interderivable with the original k-formula, with respect to
the k-consequence relation, and the same holds if we start with an /-formula and
apply the interpretations in the reverse order. Specializing to 1- and 2-deductive
systems again, we have that the deductive system 4§ is equivalent to the algebraic
deductive system 4 if, for every ¢ € Fm,(V) and ¢ ~ ¢y € Eq,(V), the systems
of defining equations é ~ € and equivalence formulas A are inverses of each other,
i.e., satisfy the following conditions:

¢ -5 A(9), €(¢))

and

¢~ Y =| Ex (AP, V) = (AP, ¥)).

A deductive system 4 is algebraizable in the sense of Blok and Pigozzi if there
exists a class K of [L-algebras, such that 4 is equivalent to 8. K is called the
equivalent algebraic semantics of 4. This notion was later generalized to cover
infinitary deductive systems [15]. (See also [16] and [17].) In this case the set of
equivalence formulas and the set of defining equations are allowed to be infinite.
Other generalizations can be found in [12, 1] and [20].

An easy example is that of Classical Propositional Calculus, viewed as a de-
ductive system CPC = (Lcpc, Fepe) over the language type Lcpe consisting of
the nullary connectives T, L, the unary connective — and the binary connectives A
and V. This system is algebraizable with equivalent algebraic semantics the class
BA of Boolean algebras (actually the two element Boolean algebra 2 suffices). In
fact, if ¢ — ¥, ¢ <> ¥ are defined by

¢ —> Y i=—d VY, PV =0@—>V)ANWY > ),
then there are translations § ~ € = {39(v) ~ €y(v)}, with §g(v) = v, €o(v) = T
from CPC to 8ga and A = {Ag(v, u)}, with Ag(v,u) = v <> u from $g, to

C P C. Note that this means that for all ® Uy € Fmg,.(V)and EU {¢p = ¢} C
Eq,CCPC(V),

Olcpcy iff {p~T:dpedbEppy~T,
ElEpaor¢y iff {eg < ex:e~ e € E}bcpe {¢ < V),
¢ dcpc{p < T} and ¢~y =|Epa{p < ¥y~ T}

This algebraization framework works well with all structural deductive systems.
However, to algebraize multiple signature logics with quantifiers such as equational
or first-order logic, it is necessary to first transform the original logic to a structural
sentential counterpart. It is briefly reviewed here how this transformation was ap-
plied to equational logic in [9] and to first-order logic without terms in Appendix
Cof [4].

The Hyperequational Logic of Czelakowski and Pigozzi. Czelakowski and Pigozzi
[9] view equational logic as a 2-deductive system 48q as follows: For a given
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language type £ = (A, p) and a given quasivariety Q over £, 8¢ contains the
axioms

e VRV,

e ¢ ~ i, for all identities ¢ ~  of Q,

and the following rules of inference

VU

urv’

VR, URW
vRw

o 0O Un=1 Py forall A € A, with p(A) = n,

AVQ, ey V1) RA(Ug, o Uy —1)

. "’0%‘00"'(1‘)’2’;‘%‘0"“ , for all quasi-identities (\,_, ¢; ~ ¥i) = ¢ ~ ¥ of Q.

The following 2-deductive system is based on the axiomatization of algebras of
clones of infinitary operations given by Feldman [10] and later simplified by Cir-
ulis [7]. It is the system HEQ,, over the language C.L, containing an infinite se-
quence S°, S!, ... of binary operation symbols and an infinite sequence vy, vi, . . .
of nullary operation symbols, defined by the following axioms for all n, m, ! < w,

o SU (u) ~ u,

o SIV) ~ u,

o SI(Vin) XV, ifn #m,

o SIS1,(2) ~ Sty (2),

® Sum/nSu(@ ~ Sgn
distinct.

m/l)(w)S’;(m/,)(z), where u(m/1) = Sy (u) and m, n, [ are all

All algebras of type C.L that satisfy these equations are called substitution algebras
and form the variety SA. SA is an equivalent algebraic semantics for equational
logic in the following sense: HEQ,, = 4sa and, conversely, every logic 4y, where V
is a variety, can be viewed as a theory of HEQ,,; more precisely, as the congruence
of the formula algebra Fme,({u) : A € A}) generated by imposing appropriate
rank restrictions on the generators u;, A € A, depending on the rank p(X) of
the operation symbol A, and by postulating that all identities of V hold (see the
appendix of [9] for more details).

The Structural Sentential Counterpart of First-Order Logic. This version of first-
order logic is based on its algebraization via the class of cylindric algebras [14]. It
is the deductive system PR, over the language consisting of

e the binary connectives V, A, —,

e the unary connective —,

e the nullary connectives T and L,

e the unary connectives co, cy, ..., corresponding to existential quantifications,
also known as cylindrifications, because of their role in the cylindric algebras of
sets, and
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e the nullary connectives dgg, do1, dio, d2o, d11, do2, - - ., corresponding to equali-
ties between variables, also known as diagonals, also because of their role in
cylindric set algebras.

PR, is defined by the axioms given below, under the following conventions: v, :=
Cry U ~ v, = d,,, Vv, := —3v,— and m, n, k natural numbers. Because of
this alias use of the v’s, x, y, z are now used to denote variables of this deductive
system. The axioms are:

e ¢ for every classical tautology ¢,

o Vu,(x = y) > (Vv,x — Vu,y),

e Yu,x — x,

e Yu,x — Vu,Yu,x,

e Ju,x — Vu,3vu,x,

e Vv, Vv, x — Yu,Vu,x,

vl’l ~ vl‘l’

Fvm (Vi = vp),

U XUy AUy RV — U, XYy,

(U ~ v, Ay (v, v, AX)) = x,ifm #n,

and there are two rules of inference

X, X—>y
y b
X
[} .
Yo, x

The study of all first-order theories in the standard sense can be reduced to the
study of the structural sentential logic PR,,. Its algebraization can be directly ac-
complished if one takes the class of cylindric algebras as the equivalent algebraic
semantics (see Appendix C in [4] for more details). This shows that, in this case,
construction of the algebraizing class precedes and paves the way for the transfor-
mation of the logic to its sentential counterpart, whereas intuition would demand
the reverse to happen. The logic must naturally give rise to its algebraizing class of
algebras.

The need for these artificial, ad-hoc transformations makes the use of this frame-
work for the algebraization of multisignature logics with quantifiers rather unsat-
isfactory. This had been realized by Pigozzi soon after the appearance of [4]. At
the same time, motivated by entirely different considerations, Goguen and Burstall
[13] introduced the model-theoretic notion of institution to formalize the notion
of a multisignature logic defined as a model-theoretic consequence relation. An
institution 4 = (Sign, SEN, MOD, |=) consists, roughly speaking, of an arbitrary
category Sign of signatures, a functor SEN from Sign into the category Set of
all small sets, giving, for each signature X, the set SEN(X) of X-sentences, a
functor MOD from Sign into the opposite category CAT? of categories, giving,
for each signature X, the category MOD(X) of X-models and, finally, for each
signature X, a X-satisfaction relation =y between X-models and X-sentences
that satisfies the satisfaction condition, which can be summarized in the slogan



536 GEORGE VOUTSADAKIS

“truth is invariant under change of notation” [13]. Both equational and first-order
logic (without terms) can be formulated to fit the institution framework. In the
first case signatures consist of function symbols and in the second of relation
symbols. In the examples presented later in the paper, including equational and
first-order logic, the signature category Sign is a Kleisli category of an algebraic
theory T in some appropriately chosen category C. Informally, C will be called
the “underlying category” of Sign. Fiadeiro and Sernadas [11] changed the for-
malism slightly, keeping in place multiple signatures but, at the same time, getting
rid of the model-theoretic framework. Thus, m-institutions were defined, which
provided an alternative structure to deductive systems, that can handle substitu-
tions at the language level rather than the metalanguage level. A m-institution
I = (Sign, SEN, {Cx}xcsign|) consists of an arbitrary category Sign of signatures,
a functor SEN : Sign — Set (as before) and, for each signature X, a closure
operator Cy on the set SEN(X) of X-sentences. The system {Cx } s sign| Satisfies a
generalized structurality condition. Structural k-deductive systems provide special
examples of -institutions and, also, every institution gives rise in a natural way to
a m-institution by defining the X-consequence relation model-theoretically in the
standard way. Following the previously adopted convention, if Sign is a category
with structure over some category C, C will be said to be the “underlying category”
of Sign. 7 -institutions will be used as the supporting structure in place of deductive
systems in the generalization of Blok and Pigozzi’s algebraizability framework to
accomondate, besides classical deductive systems, logics with multiple signatures
and quantifiers.

The formal definitions of a deductive system, of an institution and of a m-
institution are presented in the next section. There, it is also shown how one can
perceive a k-deductive system as a m-institution, therefore showing the reason
why deductive systems are very simple special cases of the -institution structure.
Some more elaborate examples of institutions are also provided. First, the one that
corresponds to equational logic over multiple signatures, followed by the one that
corresponds to first-order logic without terms. In the first case, signatures consist
of operation symbols whereas in the second they consist of relation symbols. As
mentioned before, both of these logics can be algebraized under the deductive sys-
tem framework, after their transformation to structural sentential counterparts. The
last example in Section 2 provides an institutional logic which is diagram- rather
than string-based. Its sentences will be arrows of a category and the consequence
relation will correspond to the equational consequence relation induced by the class
of all small categories.

In Section 3, some material pertaining to algebraic theories, also known as
monads or triples, from categorical algebra, and their connection to adjunctions is
reviewed. Since the notion of a m-institution is categorical in flavor, it is expected
that the role of the equivalent algebraic semantics K in the present context will be
taken by a subcategory of the category of algebras of some appropriately chosen
algebraic theory. This theory is extracted by an adjunction between the signature
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category of the m-institution under consideration and its “underlying category”. To
all the examples of m-institutions that are given in Section 2 there is naturally asso-
ciated an adjunction from the “underlying category” of their signature category to
the signature category. This adjunction gives rise in a standard way (to be reviewed
in Section 3) to an algebraic theory in this underlying category. It is easily shown
in all cases that the signature category is the Kleisli category of the adjunction and
that the original adjunction is the Kleisli adjunction of this theory.

Subsequently, a subcategory Q of the Eilenberg—Moore category of the theory
will be chosen and, in Section 4, it will be shown how an institution is obtained
based on this subcategory and a sentence functor EQ : L. — Set on some full
subcategory L of the Kleisli category of the algebraic theory, whose construction
is based on a prespecified functor E : C — Set on the category C. This institution
will be said to be an (L, E, Q)-algebraic institution. More precisely, let C be a
category, T an algebraic theory in C, L a full subcategory of the Kleisli category
Cr of T in C and Q a subcategory of the Eilenberg—Moore category CT of T in C.
Given a functor E : C — Set, giving, for each C € |C|, the set of C-formulas, an
(L, E, Q)-algebraic institution {1, z,q) = (L, EQ, ALG, =) has, for each L € |L|,
as L-sentences pairs of C-formulas, as L-models T-algebras in Q together with
mappings from L to their underlying objects, “pinning down” the fundamental op-
erations inside the clone of operations, and satisfaction of an equation by a model is
determined as with ordinary algebras after C-formulas are interpreted according to
the interpretation of their fundamental operations. Examples of institutions of this
kind, based on the algebraic theories obtained by the adjunctions of the equational,
first-order and equational categorical logic institutions, will also be provided in
Section 4.

Finally, in Section 5, the notion of equivalent institutions introduced in [21] (see
also [22]), which generalizes the notion of equivalence of deductive systems, will
be used to define the notion of an algebraizable institution. Roughly speaking, an
arbitrary institution 4 will be said to be algebraizable if there exists a category C,
and an algebraic theory T in C, such that [ is equivalent to an (L, E, Q)-algebraic
institution for some full subcategory L of the Kleisli category Cr, a functor E :
L — Set and a subcategory Q of the Eilenberg—Moore category CT of T-algebras
in C.

2. Institutional Logics

A language type £ = (A, p) is a pair whose first component is a set of operation
symbols and whose second component p : A — o is a function giving the arity
of each operation symbol in A. Given a language type £ and a set of variables V,
by Fm,(V) is denoted the set of all L-formulas with variables in V. This set is
the universe of the absolutely free «£-algebra, which will be denoted by Fm_ (V).
A mapping o : V — Fmg(V) is called an assignment (of formulas to variables),
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also denoted by o : V — V, and can be uniquely extended, by the freeness of
Fm_(V), to a homomorphism o* : Fm,(V) — Fm,(V), called a substitution.

An [L-logic 4§ is a pair 8 = (L, Fg), where F5C P (Fm,(V)) x Fm,(V) is
such that, forall ', A € Fm,(V), ¢ € Fm,(V),

1) I'tg ¢, forall¢p € T,

) F'Fys¢pand ' € A imply A 4 ¢,
(i) 'y ¢pand A 4 y,forall y € T', imply A 5 ¢.

The logic 4 is called structural if, in addition,

(iv) T’ 4 ¢ implies o (I') -4 o (¢), for all substitutions o,
and it is called finitary if, in addition,

(v) T k4 ¢ implies T 5 ¢, for some I'" C¢ T

The definition of an §-logic may be restated in terms of closure operators. Given a
set X, a closure operator C on X is a mapping C : (X) — J(X) such that, for
allY, Z Cc X,

1) Y CCI),
(i) Y € Z implies C(Y) € C(Z) and
(i) C(C(Y)) € C(Y).

A closure operator on Fm (V) is called structural if, in addition, for all ' U {¢} C
Fm,(V),

(iv) ¢ € C(I') implies o (¢p) € C(o (")), for all substitutions o,
and it is called finitary if, in addition,
(v) ¢ € C(I') implies ¢ € C(I"), for some I'" C¢ T

Given an J[L-logic 8 = (L, I-4), denote by Cy the closure operator on Fm(V)
defined by

Cs(I) ={¢p € Fme(V) : T k5 ¢}
and, given a closure operator C on Fm(V), define a logic 8¢ = (L, -¢) by
F'kco iff ¢ eC).

Then the mappings 4 — Cjs and C +— 4¢ define a bijective correspondence
between logics and closure operators on Fm_(V'), which restricts to a bijective
correspondence between structural finitary logics and structural finitary closure
operators. A structural finitary logic is usually referred to as a sentential logic or a
deductive system.

In [4] the notion of an algebraizable sentential logic was introduced and a the-
ory of algebraizability developed. The formalism of sentential logics cannot handle
directly the case of multi-signature logics with quantifiers, like equational logic
over multiple signatures and first-order logic. The general theory of algebraizable
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sentential logics may be applied to these logics but only after their transformation
to sentential counterparts in a rather artificial and ad-hoc way. This transformation
was carried out for equational logic in [9] and for first-order logic in Appendix
C of [4] and was reviewed briefly in the Introduction. The main purpose of the
present paper is to give a general formalism for handling directly the algebraization
of multi-signature logics with quantifiers without the need to first perform this
artificial transformation which essentially alters the spirit of the original logic.

To lay the foundations for this framework, the structure of a sentential logic
must be replaced by a more general structure that can accomondate miltiple signa-
tures. A structure that has proven to be very efficient in this respect is the model-
theoretic structure of an institution, introduced in [13] and later modified to that of
a m-institution in [11] to directly generalize structural logics and at the same time
accomondate multiple signatures.

An institution J = (Sign, SEN, MOD, =) is a quadruple consisting of

(i) a category Sign whose objects are called signatures and whose morphisms
are called assignments,

(i1) a functor SEN : Sign — Set from the category of signatures to the category
of small sets, giving, for each X € |Sign|, the set of X-sentences SEN(X)
and mapping an assignment f : X; — X, to a substitution SEN(f) :
SEN(Z;) — SEN(X),),

(iii) a functor MOD : Sign — CAT from the category of signatures to the op-
posite of the category of categories giving, for each signature X, the category
of X-models MOD(X),

(iv) for each signature X, a satisfaction relation =y C [MOD(X)| x SEN(X),
such that, for all f : ¥; — X, € Mor(Sign),¢ € SEN(X;) and m €
IMOD(X,)|, the following satisfaction condition holds

MOD(f)(m) =x, ¢ iff m [=5, SEN(f)(9).

Pictorially, this condition may be illustrated as follows:

MOD(f)(m) [=s, ¢
MOD(f) 1 - SEN(f)
m s, SEN(f)(¢)

A m-institution J = (Sign, SEN, {Cx}sc|sign|)» On the other hand, is a triple with its
first two components exactly the same as the first two components of an institution
and, for every X € |Sign|, a closure operator Cy, : P (SEN(X)) — P (SEN(X)),
such that, for every f : ¥; — X, € Mor(Sign),

SEN(f)(Cx,(I')) € Cx,(SEN(f)(I')), forallI' € SEN(X).

Given an institution { = (Sign, SEN, MOD, ), define, for all ¥ € |Sign|, [ C
SEN(Z), M € IMOD(Z)],

I={meMOD(X)|:mEx '} and M*"={¢ € SEN(X): M =5 ¢}
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and set Cx(I') = I'*, forall ¥ € |Sign|, ' € SEN(X). Then 7 ({) = (Sign, SEN,
{Cs}sesign)) 18 @ w-institution, called the m-institution associated with the institu-
tion { and denoted by 7 ({).

A few examples of institutions and m -institutions that will also serve to illustrate
the theory in the following sections come next.

2.1. DEDUCTIVE INSTITUTIONS

Let £ be a language type. An L-equation is a pair (¢, V) of L-formulas, usually
written ¢ = . With the motivation to incorporate equational logics into the sen-
tential logic formalism, the notion of a k-deductive system was introduced in [5].
Given a positive integer k, a k-deductive system § over L is a pair § = (L, ),
where, now, -5 C 2 (Fm*.(V)) x Fm*.(V), satisfying all five conditions that a sen-
tential logic must satisfy with k-tuples of formulas and sets of k-tuples of formulas
taking the place of formulas and sets of formulas, respectively.

Let 8 = (L, ) be a k-deductive system over L. We construct the r -institution
ds = (Signg, SENjg, {Cx}xeisign,)) as follows:

(1) Signy is the one-object category with object V' and morphisms all assign-
ments f : V — V,ie.,, setmaps f : V — Fm, (V). The identity morphism
is the inclusion iy : V — Fm, (V). Composition g o f of two assignments f
and g is defined by go f = g* f, where, recall that g* : Fm;(V) — Fm,(V)
denotes the substitution extending the assignment g.

(i) SENg : Signg; — Set maps V to Fm’jC(V) and f : V. — V to (f9F :
Fm’jc( V) — Fm’jC(V). It is easy to see that SENy is a functor.

(ii1) Finally, Cy : J’(Fm’fC(V)) — J’(Fm’fC(V)) is the standard closure operator
Cy: J’(Fm’fC(V)) — J’(Fm’fC(V)) associated with the k-deductive system 4,
ie.,

Cy(®) = {¢p e Fm'.(V) : @ -5 ¢}, forall ® C Fm, (V).

Cy, defined in this way satisfies the conditions imposed in the definition of a -
institution. In fact, the last condition in the definition of a sr-institution is, in this
case, the structurality property of a deductive system that plays a central role in
the classical theory of algebraizability. Abstracting structurality and incorporating
substitutions in the object language, rather than handling them in the metalanguage,
in the context of multi-signature logical systems is one of the basic motivations for
the introduction of categorical abstract algebraic logic. {4 is thus a m-institution.
It will be called the deductive m-institution associated with the k-deductive system
4. Note that for k = 1 we obtain the deductive m-institutions associated with
deductive systems in the sense of [4] and for k = 2 we obtain, among others,
the m-institutions associated with the semantically defined equational 2-deductive
systems §x whose consequence relations Ck : J’(meC(V)) — J’(mec(V)) are
the equational consequence relations determined by some class K of J£-algebras.
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2.2. EQUATIONAL INSTITUTION

An w-indexed set or, simply, w-set A is a family of sets A = {A; : kK > 1}, where
it is assumed that A, N A, = @, for all m,n > 1,m # n. An w-indexed set
morphism or, simply, w-set morphism f : A — B, from an w-set A to an w-set
B, is a collection of set maps f = {fr : Ax — By : k > 1}. Given two w-set
morphisms f : A — B, g : B — C, define their composite gf : A — C by
gf = {grfi : Ar = Ci : k > 1}. With this composition, the collection of w-
sets with w-set morphisms between them forms a category, called the category of
w-sets and denoted by Q2Set.

Anw-setV ={V, : k > 1}, with V;, = {vy; : i < k}, called w-set of variables, is
fixed in advance. Given an w-set X, the w-sef of X-terms Tmyx (V) = {Tmx (V) :
k > 1} is defined by letting Tmy (V); be the smallest set with

® Vi € me(V)k,i < k,
o x(tg, ..., 1,—1) € Tmy(V),foralln > 1,x € X,,, tp, ..., t,—1 € Tmyx (V).

It is important for the reader to notice that X is not allowed to contain nullary
operation symbols, since this would spoil the disjointness of the different levels of
Tmy (V), which is required for Tmy (V) to be an w-set. This, as is well known,
does not harm the generality since nullary operations may always be replaced by
constant unary operations.

Given X, Y € |QSet|, f : X — Tmy(V) € Mor(Q2Set), let f* : Tmy (V)
— Tmy (V) be the QSet-morphism such that f(x(vko, ..., Vkx—1)) = fi(x), for
allk > 1, x € X, and f;(¢) is the Y -term obtained from ¢ by recursively replacing
each subterm x (o, ..., t,—1) of t by f,(x)(f*(t0), ..., fif(t,—1)). We write f :
X — Y to denote an Q2Set-map f : X — Tmy (V). Given two such morphisms
f:X —Yandg:Y — Z their composition g o f : X — Z is defined to be the
QSet-map g o f = g* f. With this composition, the collection of w-sets with the
harpoon morphisms between them forms a category, denoted by EQSig. Identities
in EQSig are the morphisms j}EQ : X — X, with j;?(x) = X(Vk0y « - - » Vkk—1)>
forall k > 1,x € Xi. The category EQSig will be the signature category of the
institution for equational logic.

Next, define the sentence functor EQSEN : EQSig — Set by

00 2

EQSEN(X) = (U TmX(V)k) ., forevery X € |[EQSig|,
k=1

and, given f : X — Y € Mor(EQSig), EQSEN(f) : EQSEN(X) — EQSEN(Y)

is given by

EQSEN(/)((s, 1) = (fi’ (), [ (@), if s € Tmx(V)y, 1 € Tmy(V),,

for all (s, ) € EQSEN(X). EQSEN is well-defined, because Tmy (V) NTmy (V),
= (), forall k,l > 1,k # [. We call an (s, ) € EQSEN(X) an X-equation and
denote it by s & t.
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The model functor EQMOD : EQSig — CAT of the equational institution
is described next. Given a set A, by CI(A) is denoted the w-set whose k-th level
Cl¢(A) consists of all functions f : A* — A. Given an w-set X, an X-algebra
A = (A, XA) is a pair consisting of a set A together with an QSet-morphism
XA X - Cl(A). If x € X4, following common usage, we write xA for X,f‘(x) €
Clx(A). Given two X-algebras A and B, an X-algebra homomorphism h : A — B
isasetmaph : A — B, suchthat, foralln > 1,x € X,,,a € A",

h(x*@@)) = x®(h(a)).

X-algebras with X-algebra homomorphisms between them form a category, de-
noted by EQMOD(X). Given an X-algebra A = (A, X*), define an QSet-morph-
ism A : Tmy (V) — CI(A) by letting v} : A¥ — A be the i-th projection function
in k variables and

X(toy oo st ) = X2, .. tr ), forall

n

n>1,xe X, ty,...,t,—1 € Tmyx (V).

Then, it is not difficult to define EQMOD at the morphism level. To this end, let
f : X — Y e Mor(EQSig). Then EQMOD(f)((A, YA)) = (A, XEQMOD(H) @A)y
for all (A, YA) € [EQMOD(Y)|, where xFQMOD(IA) — £ (x)A forallk > 1,x €
Xy, and, if b : (A, YA) — (B, YB) € Mor(EQMOD(Y)), then

EQMOD(f)(h) = h : (A, XEQMOD(f)(A)) — (B, XEQMOD(f)(B)>‘

h may be shown to be an X-algebra homomorphism and, hence, EQMOD( f) is
well-defined at the morphism level.
Finally, for the satisfaction relation, we have, for every X € |EQSig|,

AbExs~r iff s* =,

for all A € [EQMOD(X)|, s = t € EQSEN(X). It is not very hard to verify that
the satisfaction condition holds and that §@Q = (EQSig, EQSEN, EQMOD, ) is
an institution.

Details of the constructions presented in this section will be given in the forth-
coming [23].

2.3. INSTITUTION FOR FIRST-ORDER LOGIC WITHOUT TERMS

A hierarchy of sets or, simply, an h-set A is a family of sets A = {Ay : N € Pr(w)},
where Pr(w) = {N : N <y w}, such that Ayyny = Ay N Ay, forall M, N C; w.



CATEGORICAL ABSTRACT ALGEBRAIC LOGIC 543

By a morphism of h-sets or an h-set morphism f : A — B from an h-set A to an
h-set B we mean a family of set maps f = {fy : Ay = By : N € P(w)}, such
that the following diagram commutes, for all N € M ¢ o,

ANL>BN

I

A =7~ Bu
where by i : Ay — Ay andi : By — By, are denoted the inclusion maps. Given
two h-set morphisms f : A — B and g : B — C, their composite gf : A — C
is defined by gf = {gnfnv : Ay = By : N C; w}. With this composition the
collection of A-sets with A-set morphisms between them forms a category, called
the category of h-sets and denoted by HSet.

By £ in this section will be denoted the set of symbols {—, A} U {T; : k € w},
used as connectives and quantifiers, respectively, in the construction of formulas.
Given a set X, by X will be denoted an isomorphic copy of X constructed in some
canonical way. X denotes then the copy of x € X in the set X. Given an h-set X,
the h-set of X-formulas Fmy(X) = {Fmg(X)y : N € Pr(w)} € |HSet| is defined
by letting Fm_¢(X)y be the smallest set with

e X € Fm,(X)y, forevery x € Xy,

o —p,p1 Ay € Fmp(X)y, forall ¢, ¢y, ¢ € Fme(X)y,
e 3¢ € Fm(X)n, for every ¢ € Fm o (X)yugr)-

Given X, Y € |HSet|, f : X — Fmg(Y) € Mor(HSet), let f* : Fm¢(X) —
Fm_(Y) be the HSet-morphism such that f3 (x) = fy(x),forall N S w, x € Xy,
and f5 (¢) is the Y-formula obtained from ¢ by recursively replacing each subfor-
mula of ¢ by its image under fy, except for subformulas following a quantifier
J which are replaced by their image under fy - Write f : X — Y to denote
an HSet-map f : X — Fm,(Y). Given two such morphisms f : X — Y and
g 1 Y — Z their composition g o f : X — Z is defined to be the HSet-map
go f = g*f. With this composition the collection of i-sets with the harpoon
morphisms between them forms a category, denoted by FOSig. Identities in this
category are the morphisms j§0 : X — X, with j§2 (x) =x,forall N Crw, x €
X . The category FOSig will serve as the signature category of the institution for
first-order logic without terms.
Next, define the sentence functor FOSEN : FOSig — Set by

FOSEN(X) = Fm,(X)y, forevery X € |FOSig|,

and, given f : X — Y € Mor(FOSig), FOSEN(f) : FOSEN(X) — FOSEN(Y)
is given by

FOSEN(f)(¢) = f;(¢), forall ¢ € Fme(X)g.
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A ¢ € Fm,(X)y is called an X-sentence.

The model functor FOMOD : FOSig — CAT® of the institution is described
next. Given a set A, by Rel(A) is denoted the h-set whose N-th level Rely(A)
consists of all relations r € A® that depend only on the individual variables in-
dexed by the elements of N. Given X € |HSet|, an X-structure A = (A, X*) is a
pair consisting of a set A together with an HSet-morphism X4 : X — Rel(A). If
x € Xy, following common usage, we write xA for X Q (x) € Rely(A). Given two
X-structures A and B, an X-structure homomorphism h : A — B is a surjective
setmap h : A — B, such that, forall N S w, x € Xy,

aex® iff h@) e xB.

X-structures and X-structure homomorphisms between them form a category, de-
noted by FOMOD(X). Given an X-structure A = (A, X), define an HSet-morph-
ismA : Fm,(X) — Rel(A) by letting

o XA = x4, forall x € Xy,

o (—)* = AY — P, (1 A P = ¢ NP2, forall ¢, ¢y, ¢y € Fme(X)y,
e (FP)A=1{b:bj=a;Vi#kanda € ¢*}.

Now, it is not difficult to define FOMOD at the morphism level. Let f : X — Y €
Mor(FOSig). Then

FOMOD(f)((A, YA)) = (A, XFOMOD(N@A)y
for all (A, Y*) € [FOMOD(Y)],

where xFOMOD(NHA) — £ (x)A forall N S w,x € Xy, and, if h : (A, YA) —
(B, YB) € Mor(FOMOD(Y)), then FOMOD(f)(h) = h : (A, XFOMOD(H(A)y _,
(B, XFOMOD(H®)) 1 may be shown to be an X-structure homomorphism and there-
fore FOMODY( f) is well-defined at the morphism level.

Finally, for the satisfaction relation, we have, for every X € |[FOSig|,

AkExo iff ¢*=A°,

for all A € |[FOMOD(X)|, » € FOSEN(X). It is not difficult to verify that the
satisfaction condition holds and that # @ = (FOSig, FOSEN, FOMOD, k) is an
institution.

Details of the constructions presented here will be given in the forthcoming [24].

2.4. INSTITUTION FOR THE EQUATIONAL LOGIC OF CATEGORIES

The previous two institutions, of equational and of first-order logic, provide exam-
ples of logics that, from the algebraic logic point of view, can also be treated in
the sentential logic framework but only after they are first transformed to sentential
counterparts. Later in the paper, their algebraization will be carried out directly
without the need for this artificial transformation.
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The next example, although “trivial” in some sense, has something unique in
nature. The logic presented here is not a string-based logic, i.e., based on variables,
connectives and well-formed formulas inductively formed by these, but rather a
diagram-based logic. The role of signature objects is played by graphs and the role
of formulas is played by the arrows of the category freely generated by a given
graph. The example is “trivial” because it takes into account only the equational
aspect of the logic of categories and disregards other very important aspects, like
limits and colimits. The point to be made, however, is that this simple logic is
algebraizable in the sense of categorical abstract algebraic logic although there is
no direct way of expressing its algebraizability using the sentential logic framework
of universal abstract algebraic logic.

A (directed) graph G = (V, E,s,t) consists of a set V of nodes or ver-
tices, a set E of edges, and two functions s,¢ : E — V, associating with each
edge e its source vertex s(e) and its target vertex t(e), respectively. One writes
e : s(e) — t(e) in this case. Sometimes the notation V(G), E(G) is used to
denote the sets of vertices, edges, respectively, of a graph G. Let G = (V, E, s, t)
and G’ = (V', E’,s',t') be graphs. A graph morphism h : G — G’ is a pair
h = (hy, hy),withh; : V — V' and h, : E — E’ satisfying s'(hy(e)) = hi(s(e))
and t'(hy(e)) = hi(t(e)), for all e € E. Usually, the subscript 1 or 2 is sup-
pressed, since it is clear from context whether % is applied to a vertex or to an
edge, respectively. Given two graph morphisms f = (fi, f») : G — G, and
g = (g1,8) : Go» — G3, define their composite componentwise, i.e., gf =
(g1/1, & f2) : G1 — Gj3. With this composition, graphs with graph morphisms
between them form a category, denoted by Gph. A path p in a graph G is a
sequence p = (eg,e1,...,e,—1) of edges in E, such that t(e;) = s(e;+1), for
all i = 0,...,n — 2. Such a path is said to be from s(ey) to t(e,—1). Two paths
p = (ey,...,e,—1)and g = (fy, ..., fm—1) are said to be parallel if they are from
the same vertex to the same vertex, i.e., if s(ep) = s(fp) and #(e,—1) = t(fiu—1)-

Given a graph G, one may construct the free category or path category Pth(G)
on G. Its objects are the objects of G and, for all v,u € V, the collection of its
arrows from v to u is

Pth(G)(v,u) = {p : p is a path from v to u in G}.

Given two arrows p = (eg,...,e,—1) :u —>vandg = (fo, ..., fu_1) iV > w
in Pth(G), the composite arrow gp = (eg, ..., €n—1, fo,---» f—1) : U — W.
Identities are the empty paths. By Pth(G) will be denoted the underlying graph of
the category Pth(G).

Given G, G, € |Gph|, f : G; — Pth(G,) € Mor(Gph), let f* : Pth(G,)
— Pth(G,) be the Gph-morphism, that sends identities to identities, acts exacly
like f on single-edge paths and extends f “by juxtaposition” on paths of more than
unitary length. We denote a Gph-morphism f : G; — Pth(G,) by f : G| — G».
Given two such morphisms f : G; — G; and g : G, — G3, their compo-
sition g o f : G; — G3 is defined to be the Gph-map g o f = g*f. With
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this composition, the collection of graphs with the harpoon morphisms between
them forms a category, denoted by CSig. Identities in CSig are the morphisms
J§" G — G, with j§T(v) = v and j§) (e) = (e), forallv € V., e € E, where
G = (V, E,s,t) € |Gph|. The category CSig will be the signature category of the
institution for the equational logic of categories.

Next, define the sentence functor CSEN : CSig — Set by letting CSEN(G)
to be the set of all pairs of edges in Pth(G) for every G € |Gph|, i.e., the set
of all pairs of paths in G, and, given & : G; — G, € Mor(CSig), CSEN(f) :
CSEN(G|) — CSEN(G3) to be given by

CSEN()((p, q)) = (h*(p), h*(q)),

for all edges p, g in Pth(G).

The model functor CMOD : CSig — CAT® of the institution is described next.
Given a graph G, CMOD(G) is the category with objects all pairs (C, f), where C
is a small category and f : G — C € Mor(Gph), where C denotes the underlying
graph of C. Its morphisms % : (C, f) — (D, g) are functors & : C — D, such that
hf = g as graph morphisms from G to D.

/f\

Furthermore, given a morphism & : G; — G, € Mor(CSig), CMOD(k) :
CMOD(G,;) — CMOD(G) maps an object (C, f) € |CMOD(G,)| to the ob-
ject (C, fTk),

C

Gi— = Pth(Gy) —~C

where f : Pth(G,) — C is the natural extension of f : G, — C to paths
“by composition”, i.e., fT(ep, e1,...,e,—1) = f(en_1)f(en_2)... f(ep), for all
edges (ep, ..., e,—1) in Pth(G,), and an arrow 4 : (C, f) — (D, g) to the arrow
CMOD(k)(h) : (C, fTk) — (D, g'k), with CMOD(k)(h) = h. Note that, for all
e € Ey,if kp(e) = (eg, ..., e,_1) € Pth(G,), then

hf'k(e)=hfT(eo, ..., en_1)
=h(f(en-1) ... f(e0))
=h(f(en-1))-..h(f(eo))
=g(en-1)---g(eo)
=g"(eo, ..., en1)
=g"k(e),

and, therefore, / is a well-defined morphism in CMOD(G)).
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Finally, for the satisfaction relation, we have, for all G € |CSig]|,

(C,8) =c (e, ..., en—1) = (fo, ..., fm—1) iff
g'eo, . ven1) =8 (for vy fno1),

ie., if and only if g(e,—1)...g(e0) = g(fm-1)...8(fo), for all (C,g) €
|ICMOD(G)|, {(eg, - - -> €n—1), (fo, - -+ fm—1)) € CSEN(G). It is relatively easy, in
this case as well, to verify that C.L = (CSig, CSEN, CMOD, k) is an institution.

3. Adjunctions and Algebraic Theories

Let C be a category. An algebraic theory or monad or triple T = (T, n, u) in C
consists of a functor T : C — C and natural transformations n : Ic — T and
w: TT — T, such that, for every C € |C|, the following diagrams commute:

7€) "% 1(1(C) <" T(C) T(T(T(C))) """~ T(T(C))

. “‘C . T(uc) ne
IT(C) l/ IT(C)

T(C) I(T(C)) (&)

nc

The prototypical example of an algebraic theory is the algebraic theory T, =
(Tg,ne, p) in Set associated with the variety of all L-algebras for some lan-
guage type £L. T, : Set — Set sends a set X to the set Fm,(X), ng, 1 X —
Fm_(X) is the insertion-of-variables map and p,, : Fm (Fm,(X)) — Fm,(X)
is the map i;m x) extending the identity map on Fm_(X) (see [18] and [19] for
more details).

Given an algebraic theory T = (T, n, u) in a category C, a T-algebra is a pair
(C,&), where C € |Cland & : T(C) — C € Mor(C), such that the following
diagrams commute

c—5%T(©) T(T(C)) X~ T(C)
3 T (&) 3

C T(C)

: C

C is said to be the underlying object of (C, &) and & is its structure map.
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Given two T-algebras (C, &), (D, ¢), a T-algebra homomorphism h : (C,&) —
(D, ¢) from (C, &) to (D, ¢) is a C-morphism i : C — D, such that the following
diagram commutes

) " 1(D)

§ ¢

C

p D

T c-algebras are in bijective correspondence with L-algebras and T ,-algebra
homomorphisms are the usual £L-algebra homomorphisms.

In general, T-algebras with T-algebra homomorphisms between them form a
category C7, called the Eilenberg—Moore category of the algebraic theory T in C.
For every object C € |C|, (T (C), uc) is easily seen to be a T-algebra. The full sub-
category of CT with objects all T-algebras of this form, i.e., (T (C), uc), C € |C|,
is called the Kleisli category of T in C and denoted by Cy. The Kleisli category has
a better known description, which gives a category isomorphic to the one described
above: its objects are the objects of C, its morphisms f : C — D are C-morphisms
f : C — T(D) and composition of f : C — D and g : D — E is given by
gof=ueT@Qf

C—7TD) =y

Identities are the maps nc : C — C, C € |C]|.

Eilenberg—Moore categories of algebraic theories in the category of sets are
the same as varieties of single-sorted universal algebras, although with possibly
infinitary operations (see, e.g., [19]). However, algebraic theories are much more
general than universal algebra. They can be defined in arbitrary categories. They
capture, for instance, multi-sorted universal algebras. Another example is provided
by the category of topological groups, which is the Eilenberg—Moore category of
an algebraic theory in the category of topological spaces.

Algebraic theories in a category C are very closely connected to adjunctions
from C. A brief overview of some of the connecting features is given here. Again
the reader is advised to consult [18, 19] or [2] for more detailed accounts.

Let C and D be two categories. An adjunction from C to D is a quadruple
(F,U,n,€):C— D,where F : C—> Dand U : D — C are functors, n : Ic —
UF and € : FU — Ip are natural transformations and the following triangles
commute, for all C € |C|, D € |D|,

T(T(E)) —~ T (E)

F(©) ML FU(F(C))) U(D) "= U (F(U(D)))

. €F(C) . U(ep)
LF(C) Ly(D)

F(C) U(D)
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F is said to be left adjoint to U, U right adjoint to F, n is called the unit of the
adjunction and € the counit of the adjunction.

Another equivalent formulation is that there exists an isomorphism ¢¢ p :
D(F(C), D) = C(C, U (D)), for all C € |C|, D € |D|, that is natural in both
C and D, ie., for all ¢ € C(Cy,Cy),d € D(Dy, D;), the following rectangle
commutes

¢cy,D;

D(F(C2), D) — C(C,, U(Dy))
D(F(c),d) Clc,U@))
D(F(C), Dy) —= C(C1, U(D2))
C1.D,

where, for all f € D(F(C3), D), D(F(c),d)(f) = df F(c) and, for all g €
C(C,, U(Dy)), C(c,U(d))(g) = U(d)gc. Passage to ¢¢ p, given the adjunction,
is accomplished by setting, for all f : F(C) — D € Mor(D),

bc.o(f) =U(f)nc:C — U(D).

This ¢ is natural and its converse is given, for all g : C — U (D) € Mor(C), by

Ye,p(g) =€epF(g) : F(C) — D.

Conversely, if ¢c p : D(F(C), D) — C(C,U(D)) is given, then one obtains
nc : C — U(F(C)) by taking nc¢ = ¢c rc)(irc)), for all C € |C|, and €p :
F(U (D)) — D by taking ep = qb[;(lD)’D(iU(D)), for all D € |D|.

Yet another equivalent formulation states that the functor U : D — C has a left
adjoint if and only if, for all C € |C]|, there exists a free D-structure F(C) on C
along U. This means that there exists a map n¢ : C — U (F(C)) in C with the
universal mapping property, i.e., for all other map f : C — U(D) in C, there is a
unique D-map f’: F(C) — D, such that the following triangle commutes

C —~U(F(C))

p iU(f’)
U(D)

Given an algebraic theory T = (T, 1, u) in C, there are two very important adjunc-
tions that are associated with it. One is the FEilenberg—Moore adjunction
(FT,UT, %, €Ty : € — CT from C to the Eilenberg-Moore category of T in
C. FT sends C € |C]| to the T-algebra (T(C), uc), UT sends a T-algebra to its
underlying object, nT = 5 and G(Tc,g) AT (C), uec) — (C, &) is given by 6<TC,§> =£.

In the case of the algebraic theory T, = (T¢, ne, ie) associated with the
variety of all .£-algebras this adjunction is from Set to the category Set™, the
functor F* sending a set X to the algebra Fm,(X), the functor U* sending an
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algebra A to its universe, n5 : X — Fm_(X) being the insertion-of-variables map
and ejf : Fm;(A) — A being the map ij; that extends the identity on A to an
algebra homomorphism, using the freeness of Fm_(A) over A.

The second adjunction associated with an algebraic theory T = (T, n, ) in a
category C is the Kleisli adjunction (Fr, Uy, nt, €r) : C — Crp from C to the
Kleisli category of T in C. Fr sends C € |C] to itself and amap f : C; — C, to
the map n¢, f : C; = C,. Ur sends C to T(C) and amap f : C; — C; to the map
ne, T(f) : T(Cy) = T(C2). ny = n and, finally, ey, =iz, : T(C) —~ C.

In the special case of Tg, i.e., of the adjunction (Fp, Ug, ne, €¢) @ Set —
Setr,, F, maps a set X to itself and a morphism f : X — Y to Fz(f) : X —
Fm,(Y), which is f composed with the insertion-of-variables, U, maps X to
Fm,(X) and an assignment f : X — Fm(Y) to the substitution f* : Fm,(X) —
Fm,(Y) extending f, ne, : X — Fmg(X) is the insertion-of-variables and
€ry : Fms(X) — Fm,(X) is the identity on Fm,(X).

Conversely, every adjunction (F, U, n,€) : C — D gives rise to an algebraic
theory T = (T, n,u) in C by setting T = UF and u = Uep (see, e.g., [18,
p- 134]). Since adjunctions arise very naturally in many contexts, this way of con-
structing an algebraic theory is very popular. It will be exploited in the sequel to
construct the three algebraic theories on which the algebraization of equational,
first-order and categorical equational logics will be based.

3.1. THE ADJUNCTION OF EQUATIONAL LOGIC

The adjunction (Fgq, Ugq, 7Eq, €kq) : $2Set — EQSIg is defined as follows: Fgq :
QSet — EQSIig sends an w-set X to itself and an w-set morphism f : X — Y
to Feo(f) : X — Y, with Fgo(f) = jy2f. Ugg : EQSig — QSet sends X €
|[EQSig| to Tmy (V) and a morphism f : X — Y to f* : Tmx (V) — Tmy (V).
EQy = Jn 3, forall X € [QSet|, and egg, = itmy(v), for all X € [EQSig].

This adjunction yields the algebraic theory Tgq = (Tgq, nEqQ, MEQ) in 2Set,
with Tgq = UgqFrq and ugq = UEQGEQFEQ. Thus, Tgq sends an w-set X to
Tmy (V) and an w-set morphism f : X — Y to the morphism (ijf)* : Tmy (V)
— Tmy (V) extending j,EQf : X — Tmy(V), ngg, : X — Tmyx(V) is the
insertion-of-variables and pgq, : Tmry, v)(V) — Tmy (V) is the map extending
the identity map on Tmy (V). In this special case a Tgq-algebra is a pair (X, &),
where X is an w-set and & : Tmyx (V) — X is an w-set morphism, such that the
following diagrams commute

NEQ MEQ
X — Tmy (V) Ty vy (V) —= Tmy (V)
& Teq(é) &

X Tmyx (V)

X
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The Kleisli category QSetry, is exactly the category EQSig (its arrows were de-
noted by — anticipating this) and the adjunction (Fgq, Ugqg, nEQ, €kq) constructed
above is the Kleisli adjunction corresponding to this algebraic theory. There is
a special subclass of Eilenberg—Moore algebras of this algebraic theory that will
be singled out because it will play a major role later in the algebraization of the
equational institution. These are constructed as follows: Let A be a set. Denote by
CI(A) the w-set with Cl; (A) the set of all functions f : A¥ — A, forallk > 1. Now
define &4 : Tmgy4)(V) — Cl(A) by induction on the structure of a C1(A)-term as
follows:

o &4, (Vi) = pri, forall i < k, where py; : A¥ — A denotes the i-th projection
function,

oS4 (fto, - s ta-1)) = [f(Ga(0),...,84,(tu-1)), for all f € Cl,(A),
o, ..., lh—1 € Tmc1(A)(V)k.

(CI(A), £4) is a Tgq-algebra, for every set A, and the full subcategory of QSet'ee
with objects all algberas of this form will be denoted by FCln, a shorthand for full
clone algebras.

3.2. THE ADJUNCTION OF FIRST-ORDER LOGIC

In this section £ will again denote the language type consisting of the connectives
{=, A} U {3, : k € w} and Fm,(V) will denote the h-set of L-formulas with
variables in V. The adjunction (Fro, Uro, 1ro, €ro) : HSet — FOSig is defined
as follows: Fro : HSet — FOSig sends an /-set X to itself and an /-set morphism
f:X —> YtoFro(f): X — Y, with Fro(f) = ji°f. Uro : FOSig — HSet
sends X € |FOSig| to Fm;(X) and a morphism f : X — Y to f* : Fms(X) —
Fm,(Y). nro, = j§o,for all X € [HSet|, and €ro, = irm,(x), for all X € |[FOSig|.

This adjunction yields the algebraic theory Tro = (Tro, Nro, Lro) in HSet,
with Tgo = Ugo Fro and ugo = UFOGFOFFO‘ Thus, Tro sends an A-set X to Fm¢(X)
and an h-set morphism f : X — Y to the morphism (j5°f)* : Fm,(X) —
Fm,(Y) extending jf°f : X — Fm,(Y), nro, : X — Fm,(X) is the insertion-
of-variables and ppo, : Fmg(Fm,(X)) — Fmg(X) is the map extending the
identity map on Fm_(X). In this special case a Tgp-algebra is a pair (X, &), where
X is an h-set and £ : Fm¢(X) — X is an h-set morphism, such that the following
diagrams commute

NFOy

X ——Fm,(X) Fm(Fm,(X)) o Fm (X)
H Tro(§) §

X Fm(X)




552 GEORGE VOUTSADAKIS

The Kleisli category HSetr,, is exactly the category FOSig (its arrows were also
denoted by — anticipating this) and the adjunction (Fgo, Uro, Nro, €po) construc-
ted above is the Kleisli adjunction corresponding to this algebraic theory. There
is, in this case as well, a special subclass of Eilenberg—Moore algebras of this
algebraic theory that will be singled out because of its key role in the algebraization
of the institution of first-order logic. These are constructed as follows: Let A be a
set. Denote by Rel(A) the h-set with Rely (A) the set of all relations R € A“ that
depend only on the variables indexed by the elements of N, for all N &¢ w. Now
define £4 : Fm,(Rel(A)) — Rel(A) by induction on the structure of a Rel(A)-
formula as follows:

e £4,(X) =x, forall x € Rely(A),

o Say(—p) = AY — £4, (), forall ¢ € Fm(Rel(A))y,

® Eay (D1 A p2) = Eay (P1) NEay (@), for all ¢y, ¢, € Fmp(Rel(A))w,
o &4y (FHp)=1{beA®:aq; =bVi #kanda € Eanun (@)}

(Rel(A), &4) is a Tpp-algebra, for every set A, and the full subcategory of HSet"ro
with objects all algebras of this form will be denoted by FRIn, a shorthand for full
relation algebras.

3.3. THE ADJUNCTION OF EQUATIONAL CATEGORICAL LOGIC

The adjunction (Fcr, Ucr, nct, €ct) : Gph — CSig is defined as follows: Fer :
Gph — CSig sends a graph G to itself and a graph morphism f : G; — G, to
Fer(f) : Gi — Ga, with Fer(f) = j&) f - Ucr : CSig — Gph sends G € |CSig|
to Pth(G) and amorphism f : G; — Gy to f* : Pth(G,) — Pth(G2). ncr, = j§'
for all G € |Gph|, and ect; = ipm(), for all G € |CSig|. This is a well-known
adjunction, better-known by the freeness of the path category Pth(G) over G along
the forgetful functor from Cat to Gph associating with each category its underlying
graph.

This adjunction yields the algebraic theory Tcr = (Ter, ner, ter) in Gph, with
Ter = UerFer and per = UCTGCTFCT. Thus, Ter sends a graph G to Pth(G) and
a graph morphism f : G; — G, to the morphism (jngf)* : Pth(G,) — Pth(G»)
extending JCC;;F f 1 Gy — Pth(Gy), ncr; : G — Pth(G) is the insertion-of-arrows
and pucr,; : Pth(Pth(G)) — Pth(G) is the map extending the identity map on
Pth(G). In this special case a Tcr-algebra is a pair (G, &), where G is a graph and
& : Pth(G) — G is a graph morphism, such that the following diagrams commute

ncrg KCTg
G —=Pth(G) Pth(Pth(G)) —— Pth(G)

3 Ter(§) 3

Q

Pth(G)

G
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The Kleisli category Gphy,., is exactly the category CSig (its arrows were denoted
by — following the same convention) and the adjunction (Fcr, Uct, ncr, €ct)
constructed above is the Kleisli adjunction corresponding to this algebraic the-
ory. A special subclass of Eilenberg—Moore algebras of this algebraic theory will
be singled out in this case too because of its key role in the algebraization of
the institution of equational categorical logic. These are constructed as follows:
Let C be a category. Denote by G(C) the underlying graph of C. Now define
&c : Pth(G(C)) — G(C) as follows:

Ec((fo, f1s-os fu1) = fuot Su—2. .. fo,

for all (fo, fi,.-., fu—1) in Pth(G(C)). (G(C), &c) is a Tcr-algebra, for every
category C, and the full subcategory of Gph™cT with objects all algberas of this
form will be denoted by ACat, a shorthand for algebras of categories.

Note that ACat is equivalent to Cat. This is the case since the forgetful func-
tor from Cat to Gph is monadic, or, equivalently, since every Eilenberg—Moore
algebra of that monad is isomorphic to an algebra of categories.

4. Algebraic Institutions

Let C be a category, T = (T, n, i) an algebraic theory in monoid form in C, L a
full subcategory of Ct, E : C — Set a functor and Q a subcategory of CT. Define
the (L, B, Q)-algebraic institution Ly, z gy = (L, EQ, ALG, k) as follows

(i) EQ: L — Setis given by EQ = ((E o Uy) [1)?, i.e.,
EQ(L) = E(T(L))*, forevery L € [L|,

and, given f : L — K € Mor(L),
EQ(/) (s, 1)) = (E(uk T (f))(s), E(uxT(f)(@)),
for all (s, 1) € B(T(L))?,

E(T (L) 5505, BT (T(K)) 5o E(T(K)).

)

(ii)) ALG : L — CAT is the functor that sends an object L € |L| to the category
ALG(L) with objects triples of the form ((X, &), f), (X, &) € |Q|, f : L —
X € Mor(Cry), and morphisms 4 : ((X, &), f) — (¥, ), g) Q-morphisms
h: (X, &) — (Y,¢),suchthat g =T (h)f.
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Moreover, given k : L — K € Mor(L), ALG(k) : ALG(K) — ALG(L) is
the functor that sends ((X, &), f) € |ALG(K)|to ({(X, &), fok) € |ALG(L)]
and h: ((X, &), f) = (Y, ), g) € Mor(ALG(K)) to

ALGU)(h) = h : (X, &), fok) — ((Y,¢), g o k) € Mor(ALG(L)).
(iii) =1, € [ALG(L)| x EQ(L) is defined by

(X, 8), f) L (s.r) it BEuxT(f))(s) = EGEuxT (/) (®),

TL) 5 TTX) (> TX) ——~ X

for all ((X, &), f) € |ALG(L)|, (s, t) € EQ(L).

THEOREM 1. .z q) is an institution.
Proof. EQ : L — Set is well-defined. Let f : L —~ K,g: K — M € Mor(L).
Then

EQ(go f) = E(unT(go f))* (by the definition of EQ)
= E(umT (unT (@) f))? (since go f = uuT () f)
= E(uuT (up)T(T ()T (f))* (since T is a functor)
= E(uupranT(T(@)T(f))* (by commutativity of

T(T(T (M) (T (M)

#T(M)‘/

T(T(M))

um )

T(M)

UM
= & (/LMT(g)MKT(f))2 (by commutativity of

T(T(K)) """ L 7T (T (M)))

KK l#r(m )

T(K) T(T(M))

T(g)
= E(uuT(@)*E(uxT(f))* (since E is a functor)
= EQ(g)EQ(f) (by the definition of EQ).

ALG : L — CAT is well defined at the morphism level. Indeed, if & : ((X, &), f)
— (¥, £), &) € Mor(ALG(K)), then

T(h)(fok) = THh)(uxT(f)k) (since f ok = uxT(f)k)
= uyT(T(h))T(f)k (by commutativity of
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T(T(X) "2 T(T(Y))

lux iﬂy )

T(X) TY)

T(h)
= uyT(T(h)f)k (since T is a functor)
= uyT(g)k (since h € Mor(ALG(K)))
= gok.

Thus, h : ((X, &), fok) — ((Y, ), gok) € Mor(ALG(L)). Finally, the satisfaction
condition holds, since, if k : L — K € Mor(L), (s,t) € EQ(L), ((X, &), f) €
[ALG(K)I,

ALG()(((X, &), 1) EL (s, 1)

iff ((X,€&), fok) L (s,t), by definition of ALG(k),

iff EEuxT(f ok))(s) = EEuxT(f ok))(r), by definition of =y,

iff EEuxT (uxT (HHKk)(s) = EEuxT (uxT (f)k)(@),
since f ok = uxT (f)k,

iff EEuxT (ux)T(T(NTK)(s) = EEuxT (nx)T(T(fNT K)(1),

since T is a functor,

iff EEuxurcoT(T(NTK)(s) = EEuxuraxT (T ()T (k))(@),

by commutativity of

T(T(T(X))) "L 7(T (X))

ILT(X)i il“X

I(T(X)) T(X)

nx

iff EEuxT(HHuxT k) (s) = EEuxT (HuxT k)(@),
by commutativity of

T(1(K) L7 (7(1(X)))

Mki iﬂT(X)

T(K) —= T(T(X)

iff EEuxT(EmxT k) (s)) = EEGEuxT (/) (E kT (k))(@)),
since E is a functor,

iff ((X,€), f) =x E(uxT(k))*((s,t)), by the definition of =,

iff (X, &), f) =Ex EQKk)({s,t)), by the definition of EQ(k),

as required. O

Of particular interest are the following special cases:
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(a) The category C has a terminal object 1 and the functor & : C — Set is the
covariant Hom-functor C(1, —). In this case

EQ(L) = C(1, T(L))?, forall L €|L|,
and, given f : L — K € Mor(L),

EQ(f)({s. 1)) = C(L, ux T(f)*((s. 1)) = (ux T(f)s, ux T (1)
Moreover, for L € |L|, ((X, &), f) € |ALG(L)|, (s, t) € EQ(L), we have

(X, 8), f) L (s.t) it EuxT(f)s =EuxT(f)r.

Algebraic institutions of this form are exactly the ones introduced in [21]. It
soon became apparent that they are far from sufficient for the algebraization
of such well-known institutions, as the institution of equational logic over
function symbols of fixed finite arities of Section 2 (see also [23]) and the
institution of first-order logic without terms with relation symbols of fixed
finite arities of Section 2 (see also [24]).

(b) (A subcase of (a)) Let C = Set, & : Set — Set the functor Set(1, —), which
is isomorphic to the identity functor. Then

EQ(L) = T(L)?, forevery L € |Set|,
and, given f : L —~ K € Mor(L),

EQ(f) (s, 1)) = (ux T (f)(s), nx T (f)(0)).
Further, if ((X, §), f) € [ALG(L)|, (s, 1) € EQ(L),

(X, 8), f) =L (s.r) it EuxT(f)(s) =EuxT(f)(@).

By the (L, E, Q)-algebraic m-institution, we will understand the m -institution (also
denoted by {1, = q)) associated with the institution 1, = gy in the sense of Section
2 (see also [22]). (There, it was denoted by 7 ({1, g,q)). The 7 is omitted to sim-
plify the notation, since it is usually clear from context which structure is under
discussion.)

4.1. ALGEBRAIC 2-DEDUCTIVE SYSTEMS

Let £ = (A, p) be a propositional language and V a countable set of variables.
Recall that Fm£(V) denotes the set of formulas constructed by recursion using
variables in V and connectives in £ in the usual way. Recall also that an assignment
of formulas to variables is a mapping f : V — Fm,(V), which is also denoted
by f : V — V, and that such an assignment can be extended uniquely to a
substitution, i.e., an endomorphism of the formula algebra Fm(V), denoted by
f*:Fmge(V) - Fmg(V).



CATEGORICAL ABSTRACT ALGEBRAIC LOGIC 557

Let K be a class of JL-algebras (in the usual universal algebraic sense). By
8k = (L, =k) we denote the 2-deductive system associated with K in the sense
of [5], i.e., 8k is the system whose formulas are the pairs (¢, V), ¢, v € Fm,(V),
and, for all £ U {{(¢, ¥)} C meC(V), E =k (¢, ¥), if and only if, for all A €
K,h:Fm; (V) — A,if h(e;) = h(ep), for all (ej, e;) € E, then h(¢) = h(¥).

Now, let 'V be the variety of all L-algebras. With this variety there is associ-
ated the algebraic theory T, = (T, 0., it¢) in monoid form in the category Set
(see the discussion in the previous section and also [19]). Let F denote the full
subcategory of Sett, with the single object V. (Its morphisms are the assignments
f V. — V and composition is the Kleisli composition.) Let Qg be the full
subcategory of Set™ with objects the T ;-algebras corresponding to the L-algebras
in K. Then, the (F¢, Iser, Qi )-algebraic institution 4, se,,.Qx) Will be called the
algebraic institution associated with 8.

4.2. EQUATIONAL ALGEBRA

Let Teq = (Trq. nEQ, MEQ) be the algebraic theory in 2Set that was described in
the previous section, 2Setr,, the Kleisli category of Tgq in 2Set and FCln the

full subcategory of QSet™ with collection of objects (CI(A), £4), as described
before.
Define the functor Egq : 2Set — Set as follows:

Epo(X) = JX;. forall X e |QSet],

i=1
and, given f : X — Y € Mor(QSet), Egq(f) : U;» Xi = ;> Yi is defined by
Ero(f)(x) = fu(x), forallx € X,.

Let l(QSetTEQ,EEQ,FCln) be the (2Setry,, Egq, FCln)-algebraic institution and de-
note by &4 the (QSetTEQ, Egq, FCln)-algebraic m-institution, i.e., the 7 -institu-
tion associated with 1<QSetTEQ.EEQ.,FCln>-

Briefly €A = (QSetr,,, EQga, {Cray} XE‘QSetTEQO has the following descrip-
tion:

1. its signature category is the Kleisli category QSetr,,,
2. its sentence functor sends an w-set X to the set of all equations s ~ ¢, with
s,t € J;»; Tmx(V); and an w-set morphism f : X — Y to the morphism

EQgeA(f) : (UiZl Tmy(V);)? — (Ul.Zl Tmy (V);)?, that maps an equation

2
s~ tin (U TmX(V)l-> , withs € Tmyx(V),, and t € Tmx(V),

i>1

to the equation f(s) ~ f(t) in (J;>, Tmy (V);)?, and, finally,
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3. its sentence closure operator

uns - 2(Utn) ) = 2((Utmean))

i~1 i>1
is given by
s ~t e Cpa,(E) iff
for all (CI(A), &4) € |[FCln|, f : X — CI(A),

(Eatteqe TeQ () (e1) = (Eatteqe,, TeQ(f))*(e2), foralle; ~e; € E,
implies

(EateQey s TeQ () (8) = (EaleQe TEQ(f))* ().

4.3. FIRST-ORDER ALGEBRA

Let Tro = (Tro, nro, ro) be the algebraic theory in HSet, described in the
preceding section, HSety,, the Kleisli category of Tro in HSet and FRIn the
full subcategory of HSet'* with collection of objects all full relation algebras
(Rel(A), &4), also defined in Section 3.

Define the functor Egg : HSet — Set as follows:

Ero(X) = Xy, forall X € |[HSet|,
and, given f : X — Y € Mor(HSet), Ero : Xy — Yy is defined by

Ero(f)(x) = fy(x), forall x € Xy.

Let JC(HSetTFO,EFO,FRln) be the (HSett,,, Ero, FRIn)-algebraic institution and de-
note by ¥ O A the (HSetr,,, Ero, FRIn)-algebraic x-institution, i.e., the m-ins-
titution associated with 1<HSetTFO,EFo.,FRln>-

Briefly, #OA = (HSetr,,, EQpa, {CFAx}XelHSetTFO\) has the following de-
scription:

1. its signature category is the Kleisli category HSetr,,

2. its sentence functor sends an /-set X to the set of all equations s ~ ¢, with s, t €
Fm_(X)gy, where, again, /£ consists of the connectives {—, A} U {3 : k € v},
and an h-set morphism f : X — Y to the morphism EQg, (f) : Fm, (X)% —
Fm, (Y )%, that maps an equation s & ¢ in Fm (X )%, to the equation fj(s) ~
Sy @) in Fm (Y )% and, finally,
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3. its sentence closure operator
Cray : P (Fme(X)p) — P (Fme(X)p)
is given by
s~ t e Cpa,(E) iff
for all (Rel(A), £4) € |FRIn|, f : X — Rel(A),

(§alroraw Tro(f))*(e1) = (Eattrogam Tro(f)) (€2), foralle; X es € E,
implies

(EatEoga Tro () (8) = (EalFoge s TFo ()" (1).

4.4. ALGEBRA OF CATEGORIES

Now, let Tcr = (Tcr, ner, er) be the algebraic theory in Gph, described in
Section 3, Gphy,, its Kleisli category in Gph and ACat the full subcategory of
its Eilenberg—Moore category Gph™cT with collection of objects all algebras of
categories (G(C), &c).

Define the functor Ect : Gph — Set as follows:

Ecr(G) = E(Pth(G)), forall G € |Gph|,

where, by E(G) is denoted the collection of edges of G, and, given f : G; —
G, € Mor(Gph), Ecr(f) : E(Pth(G;)) — E(Pth(G,)) is defined by

ECT(f)((eO7 5 PIRI en—l)) = (f(eo)a f(el)a ] f(en—l))a

for all (eq, ..., e,—1) € E(Pth(G))).

Let ‘I<GPhTCTvECT9 Acat) be the (Gphy .., Ect, ACat)-algebraic institution and de-
note by CA the (GphTCT, Ecr, ACat)-algebraic m-institution, i.e., the m-institu-
tion associated with JGpn, . Ecr.ACat)- A brief description of CA = (Gphy,,,
EQca, {Ccag}GeiGphy,.,|) follows:

1. its signature category is the Kleisli category Gphy,,
2. its sentence functor sends a graph G to the set of all equations

(€0 s en1) X (fo, -+ fu1) € E(Pth(G))?,

and a graph morphism / : G| — G, to the morphism EQc4 (h) : E(Pth(Gp)) —
E(Pth(G,)) that maps an equation (eg,...,e,—1) ~ (fo,..., fm—1) In
E(Pth(G))? to the equation (h(e), ..., h(e,—1)) ~ (h(fy), ..., h(fu_1)) in
E (Pth(G;))? and, finally,
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3. its sentence closure operator
Ccag : P(E(Pth(G))?) — P (E(Pth(G))?)
is given by
(€0, -.-sen—1) = (fo, ..., fm=1) € Cea, (E) iff
for all (G(C), &c) € |ACat|, f : G — G(C),
Ectctge Ter(f))*(p) = Ecterge Ter(f)*(q), forallp~q € E,
implies

(Ecteetge Ter(f) (e, .. en1) = Ectterge Ter () (for s fu—1).

5. Algebraizable Institutions

Recall that, given a positive integer k, a k-deductive system over a language type
L is defined in [5] to be a pair 8 = (£, -4), where F4C P (Fm*.(V)) x Fmk.(V)
is a structural and finitary consequence relation on the set of k-formulas Fm’fC(V).
In [6], given a k-deductive system 4 = (L, I4) and an [-deductive system T =
(L, ) over the same language type £, a k—[-translation T : 4 — T is defined

tobe aset T = {t(vy,..., 1) : i < n}of nl-formulas (v, ..., vk_1) =
(r]‘: (vo, « -+, Vk—1) : j < 1), in k variables vy, ..., vy_;. A k—I-translation is said to
be a k—I-interpretation if, for all ® U {¢p} C Fm’jc( V),

®Fg¢ ifandonlyif w(P) kg (). (n

The two systems 4§ and T are called equivalent if there exists a k—I-interpretation
7 : 4 — 7 and an /-k-interpretation o : T — 4, such that, for all ¢ € Fm’jC(V)
and ¢ € Fm'.(V),

o(t(¢)) A5 ¢ and (o (¥)) A5 Y. 2

In [22] these notions were extended to cover the case of institutional logics.
Let §; = (Sign, SENy, {Cs}sesign,|), 42 = (Sign,, SEN,, {Cx}xcsign,|) be two
m-institutions. A translation of {; in {, is a pair (F, «) : 4; — J, consisting of a
functor F : Sign, — Sign, and a natural transformation « : SEN; — PSEN, F.

A translation is called an interpretation if, in addition, for all X; € |Sign,|, ® U
{¢} € SEN; (%)),

¢ € CEI((D) if and only if Otz;l((f)) g CF(EI)(aEl((D))-

This condition corresponds to condition (1) in the case of a k—I-translation for
deductive systems. {; and J{, are called deductively equivalent if there exist inter-
pretations (F, «) : 41 — 4, and (G, B) : 4, — I, such that

1. (F, G, n,e€) : Sign, — Sign, is an adjoint equivalence,
2. forall ¥; € |Sign,|, £, € |Sign,|, ¢ € SEN (%), ¥ € SENy(X,),
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Corz))SEN1(nx) (@) = Cor(z)) (Brz) (as, (¢))),
Cs,(SENj(e5,) (ag(zy) (Bx, (V) = Cx, ().

These conditions correspond to (2), but they are more complex reflecting their
ability to handle the more intricate context of multiple signature logics. Two insti-
tutions are deductively equivalent if their associated m-institutions are equivalent
in the sense described above.

Blok and Pigozzi call a k-deductive system algebraizable in [4] if it is equiv-
alent to an algebraic 2-deductive system, i.e., one whose consequence relation is
the equational consequence relation corresponding to some class of L£-algebras.
Since equivalence of deductive systems corresponds to deductive equivalence of
m-institutions and algebraic 2-deductive systems correspond to algebraic m-ins-
titutions, the following definition naturally generalizes the definition for deductive
systems.

DEFINITION 2. A m-institution { = (Sign, SEN, {Cx}scsign|) is algebraizable
if it is deductively equivalent to an (L, &, Q)-algebraic m-institution. Similarly,
an institution J is algebraizable if it is deductively equivalent to an (L, B, Q)-
algebraic institution.

The examples of institutions provided in Section 2 will now be revisited and it
will be sketched how one establishes that the corresponding algebraic institutions
obtained in Section 4 can be used as their algebraic counterparts.

5.1. ALGEBRAIZABLE DEDUCTIVE SYSTEMS

Let £ be a language type and 8 = (L, -4) a k-deductive system over L. Recall
from Section 2 that to 4 there is associated the deductive m-institution g =
(Signy, SENy, {Cs}sesign,|)- Suppose, next, that 4 is algebraizable in the sense
of [4]. Thus, there exists a class K of J[-algebras, such that 4§ is interpretable in
the equational deductive system 8x = (L, =) via an interpretation t : 4 — Sk,
i.e., for all k-formulas (¢, ..., ¢r_1) and all  C Fm’fC(V),

Dby (Po,....¢—1) iff T(P) =k T(o, ..., Pr_1))s

4k is interpretable in 4 via an interpretation o : §x — 4, i.e., for all equations
¢ ~ ¢ and all E C Fm%(V),

EEx¢=y iff o(E)bs0(d,¥),
and, for all k-formulas (¢, ..., ¢r—1) and all equations ¢ =~ i,

(@0, .- k1) A5 0(T({o, ..., P—1))) and ¢~ =[ = (o (¢, ¥)). 3)

To the equational deductive system 8¢ = (L, =), considered as a 2-deductive
system, there is also associated in exactly the same way a m-institution g =
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Ls, = (Signg, SENg, {Cx}xeisign,|) and it is obvious, by the two constructions,
that Sign, = Sign.

Define the translation (F,«) : J5 — Jdg by F = Isjgn, and « : SENg —
PSENg by ay : Fm% (V) — £ (Fm?%(V)), with

ay(@o, - Pr—1) = T(¢o, .-, Px—1), forall (g, ..., 1) € FmL(V),

and the translation (G, B8) : dx — L5 by G = Isjgn, and B : SENg — P SENy
by By : Fm%(V) — £ (Fm.(V)), with

Bv (@, ¥) =0(¢, ), forallg =~y € Fmi(V).

Then (F, ) : 45 — Jg and (G, B) : Jx — J s are interpretations because t and
o are interpretations in the sense of [6] and it is true that

o (T (@0, Pe-1)) = (g0, ..., 1) and T(o (P, Y)Y = (¢, ¥),

for all (¢, ..., ¢x—1) € Fm*(V) and ¢ ~ ¥ € Fm%(V), in 45 and S, respec-
tively, since these conditions are, respectively, equivalent to the conditions in (3).
Thus 44 and { ¢ are equivalent m-institutions in the present sense. It is not difficult
to see that fx is the algebraic institution { (g, s, Q) associated with §x, whose
description was given in Section 4. Thus, if 4 is algebraizable in the sense of [4],
J 5 is equivalent to an algebraic m-institution and is, therefore, algebraizable in the
present sense.

The question remains open of whether 4 must be algebraizable in the sense of
[4] (or even [15]) if Jy is algebraizable in the present sense. If this question is
answered to the negative, then the current notion of algebraizability, when applied
to the deductive m-institutions J4, has the potential of changing the meaning of
algebraizability for deductive systems, giving rise to a properly wider class of
algebraizable deductive systems than the ones described in [4] and [15].

5.2. EQUATIONAL LOGIC

Recall from Section 2 the definition of the institution 6@ = (EQSig, EQSEN,
EQMOD, k) that represents the system of equational logic with multiple sig-
natures. Recall also from Section 4 the definition of the (€2Setr,,, Egq, FCln)-
algebraic m-institution EA = (QSetTEQ, EQga, {Ceay} XE‘QSetTEQO corresponding
to the (QSetTEQ, Egq, FCln)-algebraic institution l(QSetTEQ,EEQ’FC]n). As was poin-
ted out in Section 3, EQSig = SZSetTEQ and therefore the following translations
(F,a) : 6@ — &4 and (G, B) : §A — EQ may be legitimately defined:
F = Iggsig and @ : EQSEN — $EQg, is given, for all X € |[EQSig|, by
ay : EQSEN(X) — L (EQgx (X)), with

2
o0
ax(s ~1)={s~1t}, foralls~¢te (Ume(V)k> .

k=1
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Similarly, G = IQSetTEQ and 8 : EQga — SPEQSEN is given, for all X €
|2Setry, |, by Bx : EQga(X) — £ (EQSEN(X)), with

00 2
Bx(s ~ 1) ={s~1t}, foralls~te (Ume(V)k> .

k=1
It is trivial to check that « and 8 are natural transformations. It is also trivial to
check that the invertibility conditions

Bx(ax(s = 1)“? = {s ~ t}* and ax(Bx(s ~ 1))* = {s ~ 1}
are satisfied, for all X € |[EQSig|,s ~ ¢ € (U,fil Tmy (V);)?, since
Bx(ax(s = 1)) = ax(Bx(s ® 1)) = {s ~ 1}.

However, it is not trivial to show that « and g are interpretations, i.e., that, for all
X € [EQSig|, E U {s = 1} C (U;Z, Tmx (V)i)?,

s~ teEC iff sxte E®.

We sketch the steps of this proof below. Details will be provided in [23].
Let X € |EQSig|, k > 1,1 € Tmy(V);. Then, for all X-algebras A = (A, XA)
€ [EQMOD(X)],
1% = &4, (e XM (). )

This situation is depicted as follows:

X Cl(A) Tmgy4)(V),

XA

1NCI(A)

Tmy (V) —— Tm, V) —— CI(A).
x( ()ncuA)XA)* ciay (V) 0 (A)

Similarly, for all Tgq-algebras (CI(A), §4) € |[FCIn|, and all f : X — CI(A),

= &4, (fF (1), (5)
which is illustrated by

Tmy (V) T Tmcy4)(V) & Cl(A).

Suppose, now, that for £ U {s ~ t} C (U,fileX(V)k)z, s &t e E% We
need to show that s ~ t € E+, Since s ~ t € Ee, forall A = (A, XA) e
[EQMOD(X)|, @ € A®, EA(a) implies s*(a) = t*(a). But, then, if ((A, &), f) €
|[EAMOD(X)]|, such that £(f*(eg)) = £(f*(e1)), for all ey &~ e; € E, we have,
by (5), that E* holds, whence s* = t* and, by following the reverse reasoning,
E(f*(s)) = &E(f*(1)),i.e.,s =t € E+, as was to be shown. The converse follows
along the same lines except that (4) is used instead of (5).

Thus 7(6@) and A are equivalent r-institutions and, since &4 is an alge-
braic m-institution, 7 (§ @) is an algebraizable m -institution. Thus the institution of
equational logic £@ is algebraizable.
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5.3. FIRST-ORDER LOGIC WITHOUT TERMS

Recall from Section 2 the definition of the institution £ 9L = (FOSig, FOSEN,
FOMOD, =) that represents the system of first-order logic without terms over
multiple (relational) signatures. Recall also from Section 4 the definition of the
(HSett,,, Ero, FRIn)-algebraic m-institution FOA =  (HSety,,, EQga,
{Cray} XE\HSetTFO\> corresponding to the (HSetr,,, Era, FRIn)-algebraic institution

L (HSetry, . Eko. FRIn)-
Given X € |FOSign|, N C¢ w and ¢, v € Fm,(X)y, define

T(@)=—(A=¢), ¢—>Y=—(pA—Y) and
bV =0@—>V)AWY—>9).

Then, since as was pointed out in Section 3, FOSig = HSetr,,, the following
translations (F,a) : FOL — FOA and (G,B) : FOA — FOL may be
legitimately defined: F' = Iposig and @ : FOSEN — $EQg, is given, for all
X € |[FOSig|, by ax : FOSEN(X) — £ (EQpa (X)), with

ax(@) ={p =~ T(p)}, forallp € Fm,(X)y.

Similarly, G = Iysety,, and g : EQp — PFOSEN is given, for all X €
|[HSetr,, |, by Bx : EQga(X) — P (FOSEN(X)), with

Bx(¢~¥) ={p <y}, forallg~ ¢ € Tmx(V)j.

It is trivial to check that @ and B are natural transformations. According to [22]
we only need to show that « is an interpretation, i.e., that, for all X € |HSet|,
@ U {¢} € Fm(X)y,

¢ @7 iff p~T(P) e{y~THY): ¥ e }or (6)

and that the second of the invertibility conditions holds, i.e., that, for all X €
|HSet|, ¢, ¥ € Fm,(X)y,

{p = y}7ot ={¢p o b = T(p < P}t (7

The proofs are based on the following fact, which, together with other details,
will be elaborated on further in [24]: Let X € |HSet|, N <t w,¢ € Fme(X)y.
Then, for all (Rel(A), £4) € |FRIn| and f : X — Rel(A), the X-structure A =
(Rel(A), &4 f) satisfies

¢ = Eay (fy (D)) 8)
This situation pictorially is as follows:

Fm,(X) " Fm(Rel(A)) 0 Rel(A).
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To prove (6), let X € |HSet|, ® U {¢p} € FOSEN(X). If ¢ € ®°Fo£ then, for all
A € [FOMOD(X)|,

AEx ® implies A Eyx ¢.

Suppose that (Rel(A), £4) € [FRIn| and f : X — Rel(A) are such that £, (f*(¥))

= £,(f*(T(Y))), for all y € ®. Then, by (8), if A = (Rel(A), &4 f), Y* =
T (y)A, for all € ®. Therefore A =y v for all € ®, and, hence, A =x ¢. Re-

versing the steps above then yields &4 (f*(¢)) = Eo(f* (T (9))),1.e., = T(¢p) €
(v = TH) : v € ®}Fo+ as required. The reverse implication may be proved
similarly.

For (7) we have, for all ((Rel(A), &4), f) € [FAMOD(X)],

((Rel(A), &4), f) Ex ¢ < ¥ = T(¢p < V)
iff  E4(f* (P < V) =EA(fX(T (P < V)
iff (@< PA=T( < ¥v)* (by(8)
iff ¢ =y (since T (¢ < ¥)A = A?)
iff  E4(f*(9)) = Ea(f* () (by (8))
iff  ((Rel(A), &4), f) Ex & = 9.

Thus 7(FOL) and FOA are equivalent m-institutions and, since F QA is
an algebraic m-institution, w (¥ QL) is an algebraizable m-institution. Thus the
institution of first-order logic ¥ @ L is algebraizable.

5.4. EQUATIONAL CATEGORICAL LOGIC

Recall from Section 2 the definition of the institution CL = (CSig, CSEN,
CMOD, =) that represents the system of categorical equational logic, i.e., the logic
that governs derivations of arrow equalities from other valid arrow equalities in
categories. Recall also from Section 4 the definition of the (Gphy.. , Ect, ACat)-
algebraic m-institution CA = (GphTCT, EQca, {CCAG}GEIGPhTCT\> corresponding
to the (Gphr,.., Ect, ACat)-algebraic institution ‘1(GphTCT»ECT’ ACat)-

Since, as was pointed out in Section 3, CSig = Gphy, the following trans-
lations (F,a) : CL — Cs and (G, B) : CA — CL may be legitimately
defined: F = Icsig and o : CSEN — $PEQc, is given, for all G € |CSig|, by
ag : CSEN(G) — L (EQca(G)), with

O{X(((e()a ey en—l)v (f()’ e fm—l))) = {(e()a e en—l) ~ (fO’ R fm—l)}v

for all edges (e, ..., en—1), (fo,--., fiu—1) of Pth(G). Similarly, G = IGphTCT and
B : EQeca — PCSEN is given, for all G € [Gphy |, by Bc : EQca(G) —
P (CSEN(G)), with

Bo(p~q) ={(p,q)}, forall p~q e E(Pth(G))>.



566 GEORGE VOUTSADAKIS

It is trivial to check that @ and B are natural transformations. According to [22]
we only need to show that « is an interpretation, i.e., that, for all G € |Gph|,
P U{((eo, ... enz1), (fo, .- fu—1))} S Mor(Pth(Pth(G))?,

((eoys .-y en—1), (for--.s f—1)) € P iff )
(€0, ..-ven—1) = (for s fm=1) €{(po, ..., Px=1) = (qo, -, q1—1) :
((pOa s pk—l)a (q05 s %—1)) S P}CG‘A

and that the second of the invertibility conditions holds, i.e., that, for all X €
|Gphl, p, g € E(Pth(G)),

{p~q}c ={p=q}c. (10)

The last condition is trivial whereas the proof of (9) is based on the following fact:
Let G € |Gph|, C a small category, with C its underlying graph,and ¢ : G — C €
Mor(CSig). Then, for all paths (e, ..., e,-1) in G,

g'(eo, ... en_1) = (ciecre Ter(g)) (eo, - - - enm1). (11)
This situation is pictorially as follows:

Pth(G) ;= Pth(Pth(C)) > Pth(C) ——~C.

To prove (9), let G € |Gph|, P U {((eo, ..., ex-1). (fo, ..., fu-1))} S CSEN(X).
If ((eo, ... €n1), (fo. ..., fmu—1)) € P¢£, then, for all (C, g) € [CMOD(X)],

(Ca g) '=G P lmphes (Ca g) '=G ((607 ""en—l)’ (f()’ EI) fm—l))-
Suppose that (C, &c) € |ACat| and g : G — C are such that

(EcrcreTer(8)*(p) = cucereTer(g)*(q), forall p,q € P.

Then, by (11), g'(p) = £'(¢), whence g'(eo, ..., en-) = &'(fo.---, fu)-
Reversing the steps above then yields

(EcrcreTer(8)) (eos - - .y en—1) = (Ectere Ter(@)* (fo, - fu1)s

1e., (eg, ... €,—1) =~ (fo, .-, fm—1) € P+, as required. The reverse implication
may be proved similarly.

Thus 7 (CL) and CA are equivalent r-institutions and, since C+ is an alge-
braic m-institution, 7 (C L) is an algebraizable r -institution. Thus the institution of
the equational logic of categories C L is algebraizable.

An interesting open problem concerning the algebraizability of the institution
C L of the equational logic of categories is whether it is algebraizable via an alge-
braic institution based on an algebraic theory in the category of sets. This question
naturally arises from the well-known facts that categories are models (Eilenberg—
Moore algebras) of an algebraic theory in the category of graphs but not of an
algebraic theory in the category of sets.
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