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On the Universality of Atomic and Molecu-
lar Logics via Protologics

Guillaume Aucher

Abstract. After observing that the truth conditions of connectives of
non—classical logics are generally defined in terms of formulas of first—
order logic, we introduce ‘protologics’, a class of logics whose connec-
tives are defined by arbitrary first-order formulas. Then, we introduce
atomic and molecular logics, which are two subclasses of protologics that
generalize our gaggle logics and which behave particularly well from a
theoretical point of view. We also study and introduce a notion of equi-
expressivity between two logics based on different classes of models. We
prove that, according to that notion, every pure predicate logic with
k > 0 free variables and constants is as expressive as a predicate atomic
logic, some sort of atomic logic. Then, we prove that the class of proto-
logics is equally expressive as the class of molecular logics. That formally
supports our claim that atomic and molecular logics are somehow ‘uni-
versal’. Finally, we identify a subclass of molecular logics that we call
predicate molecular logics and which constitutes its representative core:
every molecular logic is as expressive as a predicate molecular logic.

Mathematics Subject Classification (2010). 03, 03B, 03C.
Keywords. Universal logic, expressivity, first-order logics, non-classical
logics.

1. Introduction

A wide variety of non—classical logics have been introduced over the past
decades, such as relevant logics, linear logics and Lambek calculi, to name
just a few. On the one hand, this diversity is an asset since each logic is rel-
evant to a specific purpose, and one can select, and resort to, some of them
when reasoning about a given applicative issue [32]. On the other hand, and
from a theoretical point of view, this plurality can be felt as problematic be-
cause it threatens the unity and the unifying power of logic. Even if all logics
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2 Guillaume Aucher

already have in common the same terminology and notions, non—classical log-
ics are still disorganized and scattered and lack a common formal ground. In
response to that situation, a number of attempts have been made by various
logicians to introduce a genuine unity to logic as witnessed, for example, by
the development of abstract model theory and “institutions” [7, B0, 20], the
“labelled deductive systems” of Gabbay [I8] or the “basic logic” of Sambin
& al. [40] (see [8, [I7] for details and more examples). This led to the rise of
a research thread sometimes referred to (nowadays) as “Universal Logic” [§].
According to Béziau, “Universal logic is a general theory of logical systems,
studying the relations between them, comparing them and combining them”
[A.

We share the ideal and the objectives of “Universal Logic”. In this arti-
cle, we propose a novel and simple approach to address that grand problem.
Our starting point will be the observation that the truth conditions of non—
classical connectives are often defined in terms of first-order formulas (without
functions). This will lead us to introduce protologics, a class of logics whose
connectives are defined by arbitrary first—order formulas. Even if protologics
are quite general and capture a wide range of non—classical logics, they do
not lend themselves naturally to a systematic exploration of their theoretical
properties. The truth conditions of their connectives are arbitrary formulas
of first—order logic and, as such, do not yield us much information about their
associated theoretical properties. To overcome this difficulty we will introduce
atomic and molecular logics, a subclass of protologics whose connectives are
of a specific form and which are particularly well-behaved from a theoretical
point of view. They are a generalization of polyadic modal logics that take
into account some sort of monotonicity in the truth conditions of their con-
nectives. They generalize our gaggle logics [4] [5]. We will show that atomic
and molecular logics are ‘paradigmatic’ logics or ‘normal form’ logics in the
sense that they can capture a very wide range of non—classical logics. We
will prove in this article that first-order logic with k£ > 0 free variables and
constants is as expressive as a specific atomic logic and that every protologic
is as expressive as a molecular logic. That result supports our claim that
atomic and molecular logics are (somehow) ‘universal’.

Structure of the article. We start in Section [2| by recalling first-order logics
and some of the most well-known non-classical logics: that is, modal logic, the
Lambek calculus, modal intuitionistic logic, temporal logic and many-valued
logics. In Section [3] we also study and introduce a notion of equi-expressivity
between logics based on different classes of models. Then, in Section [4] we in-
troduce protologics: that is, logics whose connectives are defined by arbitrary
first-order formulas, as well as atomic and molecular logics. We show that
modal logic, many-valued logics and the Lambek calculus are atomic logics
whereas modal intuitionistic logic and temporal logics are molecular logics.
In Section [§, we prove that first-order logic is as expressive as an atomic logic
and that the class of molecular logics is as expressive as the class of pro-
tologics. In Section [6] we introduce predicate molecular logics and we show
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that the class of molecular logics is as expressive as the class of predicate
molecular logics. We conclude in Section [7}

2. Classical and Non-Classical Logics

In this section, we recall first-order logic (FOL) and some of the most well-
known non—classical logics. Logics will always be semantically presented by
following a tri-partite representation: language, class of models, satisfaction
relation.

2.1. Classical Logics

We deal with FOL without function symbols. The set P = {Ry,...,R,,...}
is a set of predicate symbols of arity ki,...,kn,... respectively (one of them
can be the identity predicate = of arity 2), V = {v1,...,vn,...} is a set of
variables and C = {c1,...,¢Cn,...} is a set of constants. Each of these sets
can be finite or infinite. vy, v9,vs,... are the names of the variables and we
use the expressions z,x1,Zs2,...,Y,Y1,Y2,- .-, 2, 21, 22, . . . tO refer to arbitrary
variables or constants, which can be for example v42,vs, c101,C21, - - -

The first-order language £7F)O|_ is defined inductively by the following
grammars in BNF:

L¥S it = c
Lo m=Rt...t | L] (¢g=¢) | Yap

where z € V, c € C, t € LX§, and R € P. Elements of LY, are called terms
and elements of Efo,_ are called first-order formulas. Formulas of the form
Rtqi...ty are called atomic formulas. If ¢ € EEOL, the Boolean negation of
©, denoted -, is defined by the abbreviation - = (p - 1). We also use
the abbreviations T £ =1, (¢ V) 2 (=¢ = V), (pAY) 2 =(-p Vv —1) and
(p <) 2(p—1v)A (Y > p) as well as the abbreviations Jzp £ V-,
Vey...xpp2Vey.. . Ve,e, 321 .. 2pe 2 321 ... Jzp and Vop 2 Vo ... xpp
if T=(x1,...,2,) is a tuple of variables.

Let p € £7FDO|_. An occurrence of a variable z in ¢ is free (in ¢) if, and
only if, = is not within the scope of a quantifier of ¢. We say that a formula of
LT, is a sentence (or is closed) when it contains no free variable. We denote
by ¢(z1,...,z1) a formula of LE; whose free variables or constants coincide
exactly with z1,...,xr. We assume that these variables and constants are all
distinct. In doing so, we depart from the literature in which this notation
means that the free variables of ¢ are included in {x1, ...,z }. Free variables
may be used to bind elements of two different subformulas. For example, the
formula Ryx v R'zz with free variables z,y, z will be evaluated in a structure
in such a way that x will be assigned the same element of the domain in the
two subformulas Ryz and R'zz.

We denote by LF,, (T) the fragment of LF, whose formulas all contain
at least one free variable or constant and by LI (@) the set of sentences
of LT, . For all k e N* and T = (21,...,2) € V¥, we denote by LI, (T, k)
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the fragment of LE,, whose formulas all contain ezactly k free variables or
constants and these variables or constants are Z. Note that Ly, (Z) can be
partitionned into sublanguages of the form L5 (T, k).

A structure is a tuple M = (W, {Ry,...,Ry,...,¢1,...,Cn,...}) where:

e W is a non-empty set called the domain;

e Ri,...,R,,...arerelations over W with the same arity as Ry,...,R,,...
respectively;

® Ci,...,Cn,... € W are elements of the domain called distinguished ele-
ments.

An assignment over M is a mapping s : YV UC — W such that for all
ci € C, s(c;) = ¢;. If s is an assignment, s[z := w] is the same assignment
as s except that the value of the variable x € V is assigned to w. A pair of
structure and assignement (M, s) is called a pointed structure. The class of
all pointed structures (M, s) is denoted Mggy.

The satisfaction relation ): FoL € MpoL x ,CEOL is defined inductively as
follows. Below, we write (M, s) = ¢ for ((M,s),y) € = FoL.

(M,s) =1 never;

(M,s) ERity...tp iff  (s(t1),...,s(tx)) € Ry;

(L) (oo ) i (M,5) g then (M.s) = v
(M,s) = Vap iff (M, s[z:=w]) = for all weW.

In the literature [11], (M, s) = ¢(x1, ..., x)) is sometimes denoted M = o(z1,
cooymp)[wi, . wk], M E plwy [z, ... wiJxg] or simply M = o[ws, ..., w],
with wy = s(z1),...,wk = s(zx). Some other times [16], it is denoted M = p(z1,
cooywp)[s], M,s = ¢(x1,...,2,) or simply M = ¢[s]. In that case, we say
that (M, s) makes ¢ true. We say that the formula ¢ € ,C7F’O|_ is realized in M
when there is an assignment s such that (M, s) = .

We depart from the literature by treating constants on a par with vari-
ables: the denotation of constants is usually not dealt with by means of as-
signments. In doing so, we can avoid to introduce distinguished elements in
the very definition of a structure. Two (pointed) structures are elementarily
equivalent when they make true the same sentences, and for all k£ € N* and all
Z = (71,...,71) € V¥ we write (M, s) =7 (M’,s) when for all p € LE, (T, k)
it holds that (M, s) = ¢ iff (M',s") | ¢.

If EroL is a class of pointed structures, the triple (ﬁfOL,SFOL, = Fo._) is
called pure predicate logic (associated to Epoy ), the triple (ﬁfOL(f), EroL, = Fo._)
is called pure predicate logic with free variables and constants (associated to
Eror) and the triple (EEOL(E,IC),EFOL, = FoL) is called pure predicate logic
with k free variables and constants (associated to Eror ). When Epor is Mo,
they are simply called respectively pure predicate logic and pure predicate
logic with (k) free variables and constants.
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2.2. Non-Classical Logics

The examples of non—classical logics that follow are among the most well-
known and most studied non—classical logics.

In this section, A is a set of propositional letters which can be finite or
infinite.

2.2.1. Modal Logic. Let I be a set of indices which can be finite or infinite.
The multi-modal language Ly is defined inductively by the following gram-
mar in BNF:

Lur: w ==p | -p | (pre) | (pve) | Ojp | O
where pe A and j eI

We present the so-called possible world semantics of modal logic. A
Kripke model M is a tuple M = (W, {Ry,...,Rmn,...,P1,...,Pp,,...}) where

e W is a non-empty set whose elements are called possible worlds;

e Ri,...,Rp,... €W xW are binary relations over W called accessibility
relations;
e P....,P,,... € W are unary relations interpreting the propositional

letters of P.

We write w € M for w € W by abuse and the pair (M, w) is called a pointed
Kripke model. The class of all pointed Kripke models is denoted &y -

We define the satisfaction relation = wL € EmL x LmL inductively by the
following truth conditions. Below, we write (M, w) = for (M, w), ) € = L.
For all (M, w) € Eur, all v, € Ly, all p; € P and all j e,

(M, w) = p; iff  P;(w) holds;

(M, w) = -p; iff P;(w) does not hold;

(Mw) = (pay) iff (Mw) = ¢ and (M,w) = 1

(M,w)):(@wﬁ) iff (M>w)):500r (Mvw)Fi/%

(M,w) E Cje iff there exists v € W such that R;wv and (M,v) = ¢;
(M,w) EOjp iff for all v e W such that Rjwv, (M,v) | .

The triple (LmL, EmL, = ML) forms a logic, that we call modal logic.

2.2.2. Lambek Calculus. The Lambek language Lic is the set of formulas
defined inductively by the following grammar in BNF:

Lic: ¢ u=p | (pop) | (¢fe) | (#\p)

where p € P. A Lambek model is a tuple M = (W, {R, Py,...,Py,,...})
where:
e W is a non-empty set;
o RcW xW x W is a ternary relation over W;
o P ..., P,,... €W are unary relations over W.
We write w e M for w e W by abuse and (M, w) is called a pointed Lambek

model. The class of all pointed Lambek models is denoted £ ¢c. We define
the satisfaction relation |= ot € ELc x Lic by the following truth conditions.
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Below, we write (M, w) |= ¢ for ((M,w),¢) € = Lc. For all Lambek models
M=(W/{R,Py,...,P,,...}),allwe M, all p,v € L, c and all p; € P,

(M,w) = p; if  P;(w) holds;
(M,w) = (por) iff there are v,u € W such that Rouw,
(M, ) = ¢ and (M, u) |- ¥
(M,w) = (p\vp) iff for all v,u € W such that Rwvu,
if (M,v) = ¢ then (M,u) = ;
(M,w) = (¢]p) iff  for all v,u € W such that Rvwu,
if (M,v) | ¢ then (M,u) = .

The triple (Lic,&Lc, = Lc) forms a logic, that we call the Lambek cal-
culus.

2.2.3. Modal Intuitionistic Logic. The modal intuitionistic language Ln is
defined inductively by the following grammar in BNF:

Line: o =T | L[p](prp)| (pve) | (p=9p) | Cp | Op

where p € A. A modal intuitionistic model is a tuple M = (W, {R, Ro, P, ..., Py,
..}) where:

e W is a non-empty set;

e Rc W xW is a binary relation over W which is reflexive and transitive
(R is reflexive if for all w e W Rww and transitive if for all u,v,w e W,
Ruv and Rvw imply Ruw);

o Ro €W x W is a binary relation over W

o P,...,P,, ... € W are unary relations over W such that for all v,w € W,
if Rvw and P, (v) then P,(w).

We write w € M for w € W by abuse and the pair (M, w) is called
a pointed modal intuitionistic model. The class of all pointed modal intu-
itionistic models is denoted &,;. We define the satisfaction relation = | €
Eint x Lint by the following truth conditions. Below, we write (M, w) = ¢ for
((M,w), ) € = nt. For all modal intuitionistic models M = (W, {R, R¢, P1,. ..
s Po,y...}), allwe M, all g, € Ly and all p; € P,

(M,w) =T always;
(M,w) =1 never;
(M,w) = p; iff  P;(w) holds;

(M,w) = (pnay) it (M,w) ¢ and (M,w) =

(M,w) = (pvy) it (M,w)Epor (M,w) =

(M,w) = (g =1) iff forall veW such that Rwv,if (M,v) = ¢
then (M, v) |= ¢;

(M,w) E Op iff ~ for all v e W such that Rwv,
for all u € W such that Rovu, (M,u) = ¢;
(M,w) = ¢ iff  for all v € W such that Rwv,

there is u € W such that Rovu and (M, u) = .

The triple (Lint, Eint, = 1nt) forms a logic, that we call modal intuitionistic
logic.
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2.2.4. Temporal Logic. The temporal language Lt is defined inductively by
the following grammar in BNF:

Lroips=T [ Llp|-pl(ere)| (pve) | Ulp e | See)
where p € A. A temporal model is a tuple M = (W, {<, P1,..., P,,...}) where:

e W is a non-empty set;

o <CW x W is a binary relation over W;

o P,...,P,,...c W are unary relations over W.

We write w € M for w € W by abuse and the pair (M,w) is called a
pointed temporal model. The class of all pointed temporal models is denoted
Eti. We define the satisfaction relation = 1L € E1L x L1 by the following
truth conditions. Below, we write (M,w) = ¢ for ((M,w), ) € = 1L. For all
temporal models M = (W, {<,Py,...,Py,...}), all we M, all p,¢ € L1 and
all p; e P,

(M,w) =T always;

(M,w) =L never;

(M,w) = p; if  P;(w) holds;

(M,w) = -p; if  P;(w) does not hold;

(M,w) = (pny) iff (M,w) = ¢ and (M, w) = 1);

(Mw) = (pvy) iff (M,w) = ¢ or (M,w) = ¢

(M,w) = U(p,9) iff there is v e W such that w <v and (M,v) = ¢
and for all u € W such that w < u < v, (M,u) = 1;

(M,w) = S(p,) iff there is v e W such that v <w and (M,v) | ¢
and for all uw € W such that v <u < w,(M,u) = 1.

The triple (L1, 7L, = 11) forms a logic, that we call temporal logic.

2.2.5. Many—valued Logics. Our presentation of many—valued logic is in-
spired by Priest [36] but is slightly different from the usual presentation.
V is a set called the truth values. Let D €V be a subset of designated val-
ues and let C = {x1,...,%,,...} be a countable set of connectives of arity
ki,...,km,.... The many—valued language Eﬁ,,v associated to C is defined
inductively by the following grammar in BNF:

Lov: @ 5=p | *(pr0rp)

where p € P and * € C. A many-valued model is a tuple M = (V,{R,,,...
yRu ...y P1y .., Py,...}) where:

e V is the set of truth values;
e R.\,...,R.,,... are relations over V of arity k1 +1,...,kn +1,..;
o P,...,P,,...cV are unary relations over V.

The relations R, are obtained from the usual truth functions f of many—
valued logics by the connection R,ws ... wiw iff f(wy,...,wg) =w. We write
w € M for w e W and the pair (M, w) is called a pointed many-valued model.
The class of all pointed many—valued models is denoted Eyy. We also define a
designated many—valued model as a pair (M, D) where M is a many—valued
model (and D is the set of designated values). We define the satisfaction
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relation = mv € Emv x £§,|V by the following truth conditions. Below, we
write (M, w) = ¢ for ((M,w),¢) € = my. For all many—valued models M =
(Vi{Ruy, ..., Ruy s Py Py ), all w e M all gy, 5 € £y and
all p; e P,
(M,w) = p; it P;(w) holds;
(M,w) = *(¢1,...,0r) iff there are wy,...,wg € V such that R,w; ... wiw
and (M,w1) = 1 and ... and (M, wy) E ¢k

We extend the satisfaction relation ): mL to the set of designated many—
valued models (M, D) as follows: we set (M, D) k= ¢ iff there is w € D such
that (M, w) = .

Typically, a many—valued logic is based on a class of designated many—
valued models whose truth functions associated to the same connective are
the same in every model of the class. A class of designated many—valued
models satisfying this condition is called a many-valued class of designated
models. So, a many-valued logic associated to a set of connectives C and
designated values D is a triple (L, Efy. = mv) where EL\ is a many-valued
class of designated models. Fuzzy logic, the 3—valued logics of Kleene and
Lukasiewicz are examples of many—valued logics in which the unary predicates
P; are singletons. Our general approach also allows us to capture the logic of
first—degree entailment (FDE) since in that case the P;s are not necessarily
singletons (see for instance [36] for more details on many—valued logics).

2.3. Common Logical Notions

In the present section, we define a number of notions which are common to
all logics and in particular to the logics introduced beforehand. The way we
define logics is different from many proposals considered in universal logic
[8] such as pairs of Suzsko’s abstract logics, Tarski’s consequence operators
or logical structures. Often a logic is viewed as a pair of a language together
with a consequence relation on this language. Our approach to defining log-
ics is somehow more ‘semantic’ in that respect than the usual proposals. It
corresponds in fact to the “abstract logics” of Garcia-Matos & Véénénen [19]
and to the “rooms” of Mossakowski et al. [33].

We will say that a logic is a triple L = (£,&, =) where

e L is a logical language defined as a set of well-formed expressions built
from a set of connectives C and a set of propositional letters A;

o £ is a class of pointed models;

e = is a satisfaction relation which relates in a compositional manner
elements of £ to models of £ by means of so-called truth conditions.
Let L=(L£,€, =) bealogicandlet T € L, p € L and M € £. We write

M =T when for all ¢ € T', we have M = ). Then, we say that

e ¢ is true (satisfied) at M or M is a model of ¢ when M = o;

e 0 is a logical consequence of T, written I = L, when for all M € &, if
M =T then M k= ;

e ¢ is valid, written = Lo, when for all models M € &, we have M = ¢;
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e © is satisfiable when —¢ is not valid in &, i.e. when there is a model
M € € such that M = .

If T is a singleton ' = {¢}, we also write by abuse ¢ = ¢ for {¢} = .

A set of formulas of L is called a theory. A set A of formulas of £
is said to be a set of axioms for a theory I' iff T' and A have the same
logical consequences. A theory is called finitely axiomatizable iff it has a
finite set of axioms. A logic L is aziomatizable if its set of validities is finitely
axiomatizable.

3. On the Relative Expressivity of Logics

When two logics Ly = (£1,&, = 1) and Ly = (£2,€, = 2) are interpreted on
the same class of models &, there is a standard way to compare their relative
expressiveness. We say that L is at least as expressive as Ly, denoted Ly < L,
when there is a mapping T : L2 — L7 such that for all ps € Lo and all M € &,
M = @9 iff M |=T(ip2). These mappings naturally induce conservative trans-
lation morphisms between logics viewed as pairs of language and consequence
relation in the sense of Arndt & Al. [2] and yield a category of logics, which
are all based on the same class of models £.

When L; > Ly and Ly > Ly, we say that Ly is as expressive as Ly and
denote it Ly = L. In that case, the definition rewrites as follows:

e there is a mapping 73 : £1 - Lo such that for all ¢; € £1 and all M €&,

M = 1 iff M = Ti(p1);

e there is a mapping 15 : Lo - L1 such that for all ¢ € Lo and all M € &,

M = ¢y iff M = To(p2).

Now, given a logic (£,€, =), for all ¢, € L, we write ¢ =1 when for
all M € &, it holds that M = ¢ iff M = 1 and for all M, N € £, we write
M = N when for all ¢ € £, it holds M = ¢ iff N = ¢. If M,N €&, we write
M = N when for all M € M there is N € N such that M = N, and vice versa.
With these notations, that definition of equi-expressivity entails in particular
the following two facts: for all ¢y € £1 and all ys € Lo,

(MeE|MEpi}={MeE|METI(p1)}  w1=Ta(Ti(e1) (1)
(MeE|ME@}={MecE|METa(p2)}  w2=Ti(Ta(p2))  (2)

However, when two logics Ly = (£1,&1, = 1) and Ly = (£2,&, = 2)
are interpreted over different classes of models £; and &, there is no widely
accepted way to compare their relative expressiveness, even if some proposals
have already been made [19] 33] (we will come back to them at the end of
this section). We are now going to propose some notions to deal with that
issue. Our proposal is the following.

Definition 1 (Equal expressivity). A logic Ly = (£1,&1, = 1) is as expressive
as a logic Ly = (L2, &, = 2), written L; = Ly, when the following conditions
hold:
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1. there is a mapping 77 : L1 - Lo and a mapping ™ : & - &
such that for all p; € £1 and all M; € &, it holds that M; = ¢ iff
TM(My) = TY (1)

2. there is a mapping Ty : Lo — L£; and a mapping T3 : & — &
such that for all o € Lo and all My € &, it holds that Ms |= o iff
TQM(MQ) = T (2);

3. for all My € & and all My € &, it holds that T4 (TM(M,)) = M; and
TM(TM(My)) = M. .

Our third condition states that 7537 and T{¥ are inverse bijections of
each other (modulo some natural congruence =). Hence, our definition is
set in such a way that we compare the relative expressivity of each logic
by comparing them over their whole class of models, taking into account the
specificities of all the models of each logic in the comparison. This stems from
the surjectivity of T and T . Moreover, if two logics over the same class of
models are as expressive in the previous sense, they are also equi-expressive:
it suffices to take the identity mappings for T and T2¥. Our definition of
equi-expressivity entails also the following two facts, which generalize the two
previous expressions and : for all p1 € £1 and all g € Lo,

TM ({Mye& | Myl pr1}) = {Mae & | My ETY (01)} 012 T3 (TF (1))
T ({My e & | My |= pa}) = {My € & | My =T (92)} 02 = TY (T3 (02))

We canonically extend our definitions of equi—expressivity to classes of
logics.

Definition 2 (Equal expressivity of classes of logics). Let L; and Ly be two
classes of logics. We say that L, is as expressive as Lo, written L; = Ly, when
for all Ly € IL; there is Ly € Ly such that Ly =Ly, and vice versa. —

In a sense, our definition of equal expressivity can be viewed as a partial
solution to the so—called “identity problem” of universal logic [§] for logics
which are defined semantically by triples like in the previous section. Our
proposal is different from the one of Garcia-Matos & Vaananen [19], although
they deal with a more general notion of embedding between logics based on
different classes of models, that is an embedding in only one direction, of one
logic into another. If two logics L; and Ls are equally expressive in our sense
then there exist two “model-expansive corridors” from L; to Ly and from
Lo to Ly in the sense of Mossakowski et al. [33] (with the proviso that the
surjection holds modulo the congruence =). So, our notion of equi-expressivity
is more demanding and stronger than their notion. On the other hand, our
“logics” can in fact be seen as institutions [33]. In that case, one can prove
that two logics are “equally expressive” in our sense if, and only if, they are
“equivalent” in the sense of institutions [34, Definition 3.5, p. 118]E|

11 thank Peter Arndt for checking and proving that result.



On the Universality of Atomic and Molecular Logics 11

4. Protologics, Atomic and Molecular Logics

Non-classical logics have common features: their syntax is defined by means
of connectives, like A, v, -, —, 0,0, 0,\,/,=,...; there is not any explicit vari-
able quantification and no variables appear in formulas; they can be given a
Kripke-style relational semantics by means of specific structures; the seman-
tics of their connectives are defined by means of truth conditions.

Our overall approach is based on the observation that we can view truth
conditions as formulas of first-order logic and that the models considered are
very often specific kinds of structures. We revisit below the definitions of
non-classical logics of Section [2| and provide the first-order formula *(x) or
¢(x) with one free variable = corresponding to the respective truth condition
of the non-classical connective. These first-order formulas are written in a
specific form that will be explained and become clear later in the article.

o (M,w) = O;p iff for all v e M, if Rywv then (M,v) =p

*1(x) = Vy(Py v =Rizy)
(M,w) k= po q iff there are v,u € M such that Rvuw, (M,v) = p and
(M,u) = q

*xo(x) 2 Jyz(Py A Qz A Ryzz)
(M,w) = p\q iff for all v,u € M such that Rwvu, if (M,v) |= p then
(M,u) = q

*o(x) 2 Vyz(-Py v Qz v -Rzyz)
(M,w) [= q/p iff for all v,u € M such that Rvwu if (M,v) = p then
(M,u) = q

xo(x) 2 Vyz(-Py v Qz v -Ryzz)
(M, w) = *(¢1,...,¢y) iff there are wy, ..., w, € W such that R,w; ... w,w
and (M,w1) = 1 and ...and (M,w,) = ¢,

*p() 2 3xy .oy (Prxg A AP ARZY L. 20 T)
(M,w) | Op iff for all v € W such that Rww, for all u € W such that
Rovu, (Mﬂu) ): P

c1(z) 2 Vy(Vz(Pz v =Royz) v -Rzxy)
(M,w) = U(p,) iff there is v € W such that w < v and (M,v) | ¢
and for all u € W such that w <u <wv, (M,u) =

ca(x) 23z (PzAVy (Quv-(z<y<z))Az<z)

4.1. Protologics

In this section, P is a set of predicates symbols and the set of constants of
first-order logics is empty, C = @.

Definition 3 (Abstract connectives). The abstract propositional letters P* are
a subset Q ¢ P of the predicate symbols P and the abstract connectives C*
are the formulas of LF, () together with a non-empty sequence of distinct
predicate symbols that occur in each formula. That is,

P2 Q
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C*= {(x(®),(Q1,..-,Qn)) | x€LEL(T) and
Qy,...,Qp € Q all distinct appear in x}

Let p be an abstract propositional letter whose arity as a predicate symbol
is k. Then, the arity of p is 0 and its type is k. Let * = (x(z1,...,2k), (Qq,
...,Qy)) € C* where yx is a formula with k free variables and such that the
predicates Qq,...,Q, are of arity kq,...,k, respectively. Then, the arity of
* is m, its type signature is (k,ki,...,ky) and its output type is k, denoted
k(*). The predicate symbols of x(Z) which do not belong to {Qq,...,Q,}
are called the parameter predicates. -

One needs to explicitly specify the predicates Qq,...,Q, for each ab-
stract connective because a predicate symbol Q could in principle be used
both as an abstract propositional letter and as a parameter predicate.

Example 1. Let us consider the formula x(z) = Vy(V2(Qzv-Reyz)v-Rey) or
equivalently x(z) = Vy(Rzy — V2(Royz = Q(z))) corresponding to the truth
condition of the box operator of modal intuitionistic logic. The connective
(x(2),(Q)) of C* of arity 1, of type signature (1,1) and of output type
1 corresponds to the connective of modal intuitionistic logic. Its parameter
predicates are R and Re. We could define other connectives based on x(x)
such as (x(z), (Ro,Q)) and (x(x), (R,Re,Q)) of arities 2 and 3 and of type
signatures (1,1,1) and (1,1,1,1) respectively, possibly with the predicates
ordered differently in the tuples. The parameter predicate in (x(z), (Ro,Q))
is R and there is none in (x(z), (R,R¢,Q)). =

Definition 4 (Protolanguage). The protolanguage L is the smallest set that
contains the abstract propositional letters and that is closed under the other
abstract connectives, while respecting the type constraints:
o P*c L;
e for all x € C* of type signature (k,k1,...,k,) and for all ¢1,..., ¢, € L
of respective types ki,...,k,, we have x(¢1,...,¢,) € L. The type of

* (1, 0n) is k.

If C* ¢ C* is such that C®* nP* # @, then an element of Lca is an
element of £ that contains only connectives of C*. In the sequel, we always
assume that all C* ¢ C* are such that C* NnP* # @. Elements of £ are called
protoformulas and are generally denoted ¢, v, a. -

Example 2. If we want to recover the language of modal intuitionistic logic
with only the box modality then we consider the set of connectives C =
{p, (x(2),(Q)) | p e Q is of arity 1} where x(z) is the formula of the previous
example. A

Definition 5 (C*—model). Let C* ¢ C® be a set of connectives. A C*—model is a
structure M = (W, R) for LEy, (Z) where W is a non-empty set and R is a set
of relations over W such that each predicate Q € Q is associated to a relation
Q of the same arity as Q and such that the parameter predicates {Ry,...,R,,}
of each connective » = (x(Z), (Q1, ..., Q,)) € C* can be associated to a subset
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of the relations R, = {Ry,..., R} € R interpreting the predicates Ry,..., R,
(possibly with some overlap for different connectives).

A C*-assignment for M is a tuple of W*, generally denoted w, where
k = k() for some * € C*. The set of all C*~assignments for M is denoted
w(M,C"). A pointed C*~model (M,w) is a C*~model M together with a C*~
assignment w for M. The class of all pointed C*—models is denoted M®. —

Example 3. If we resume our previous example, a modal intuitionistic model
M = (W,{R,Rs,P1,...,P,,...}) is a C-model. The parameter predicates
{R,Ro} of (x(z),(Q)) are associated to the relations { R, R¢ } and the pred-
icates p,, € Q@ are associated to the relations P,. —

Definition 6 (Model M[Q; := W;]). Let C* € C* be a set of connectives, let
M be a C°~model containing relations Q1,...,Q,, of arity ki,...,k, respec-
tively and let W, € P(Wkt), ..., W, € P(W*»). We define the C*~model
M[Q; = W;] as the C"~model M where (the interpretation of the predi-
cates Qi,...,Q, by) the relations Q1,...,Q, are replaced by the relations
Wi, ..., W, (viewed as sets) respectively, all the rest being the same. A

Definition 7 (Truth function associated to a connective of C%). Let » =
(x(®),(Q1,...,Qy)) € C* be a connective of type signature (k,k1,...,k,)
and let M = (W,R) be a C*-model such that (x(Z),(Q1,...,Q,)) € C*.
The (k,ki,..., k) —ary truth function f, : P(W*)x...x P(Wk») - P(W*)
associated to » on M is defined as follows:

e ifn=0and x=Q, f. £Q;
e if n >0, then for all Wy e P(Wk1), ... all W,, e P(W"") we define

FoWVry o W) 2 {(wr, - wg) € WP | MIQs = Wil b= x[a fws, - e fwi ]}
.

In the above definition, M is really taken as a structure of first-order
logic. The choice of the assignment s in the evaluation does not play a role
in the determination of f, since the only value of variables that matter for
that, (z1,...,zx), are given by the definition.

Example 4. One can easily check that the truth functions associated to the
connectives (x1(z), (Q)), (*2(2), (Q1,Q2)), (*3(2), (Q1,Q2)) and (x4(x), (Qu,
Q2)) at the begining of Section 4] correspond to the truth conditions of the
connectives defined above each of them respectively. For example, for the
case of modal intuitionistic logic, if x = (x(z),(Q)) then f.(W7) = {w «
W | M[P:=Wi]Ex(@)}={weW | M[P:=W]E Vy(Vz(Qz v -Royz) v
=Rzy)[x/w]} = {w e W | for all v e W such that Rwv, for all w € W such that
Rovu, ue Wi}, .

Definition 8 (Protologic). Let C* ¢ C* and let M = (W, R) be a C*—model.
The eatension function of Lc= in M, denoted []M : Lco — w(M,C%), is
defined inductively as follows: for all p e C* nIP* and all x € C* of arity n >0
and type signature (k,kq,..., k), for all ¢1,...,¢, € Lco of respective types
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[p]™ Ip
[x(1,- . on)IM Fe(lead™, - Ton]™)

where f, is the truth function associated to the abstract connective x.

If Eca is a class of pointed C*—models, we define the satisfaction relation
|- < &ce x Lco as follows: for all ¢ € Lca and all (M, w) € Ece, we set
(M, w) | ¢ iff w € [p]*™. The triple (Lce,Eca, |- ) is called the protologic
associated to Eca and C*. -

> l»

When the type of ¢ does not match the size of the assignment w €
w(M,C") of a pointed C*~model, then it is not the case that ((M,w),¢) € |-
That is, (M,w) | ¢ does not hold. In that case, we do not say that ¢ is
“undefined” or “false” at the pointed C*~model (M,w); what only holds is
that the pair ((M,w),¢) does not belong to the relation | .

One may argue that protologics do not really deserve their qualification
of being somehow ‘primal’ since they seem at first sight to be able to encode
only two—valued logics. This is not the case, as the following example shows.

Example 5 (Many—valued logics). Many—valued logics associated to a set of
connectives C are examples of protologics. The first—order formulas x(z) €
LT, (Z) on which they are based and that define the connectives are of the
form Jz1... 2, (Quz1 A ... AQuzpy AR Ty ... 2pT). ~

4.2. Atomic Logics

Atomic logics are protologics whose connective skeletons are defined by first-
order formulas of the form Vay...2,(£1Qiz1 V...V £,Quzpn vV £Rzy ... 2,2)
or 3x1 ... xn(£1Quz1 A ... A £, Qpxn A tRxy ... 2, 2) Where the +;8 and + are
either empty or —. Likewise, propositional letters are defined by first-order
formulas of the form +Rz. We will represent the structure of these formulas by
means of so—called skeletons whose various arguments capture the different
features and patterns from which they can be redefined completely. Atomic
logics are also generalizations of our gaggle logics [4} [5] with types associated
to formulas.

We recall that N* denotes the set of natural numbers minus 0 and that
for all n e N*, &,, denotes the group of permutations over the set {1,...,n}.
Permutations are generally denoted o, 7, the identity permutation Id is some-
times denoted 1 as the neutral element of every permutation group and o~
stands for the inverse permutation of the permutation o. For example, the
permutation o = (3,1,2) is the permutation that maps 1 to 3, 2 to 1 and 3
to 2 (see for instance [39] for more details).

Definition 9 (Atomic skeletons and connectives). The sets of atomic skeletons
P and C are defined as follows:

P2&; x {+,-} x{V,3} x N*

C2PU U St x {+, -} x {¥, 3} x N7 x {4, -1}

neN*
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P is called the set of propositional letter skeletons and C is called the set of
connective skeletons. They can be represented by tuples (o, +, &, k, ;) or
(0,4, /, k) if it is a propositional letter skeleton, where & € {V,3} is called
the quantification signature of the skeleton, k = (k,k1,...,kn) € N*"™ g
called the type signature of the skeleton and £; = (£1,...,4,) € {+,—}" is
called the tonicity signature of the skeleton; (E,E,?j) is called the signature
of the skeleton. The arity of a propositional letter skeleton is 0 and its type
is k. The arity of a skeleton * € C - P is n, its input types are kq,...,k, and
its output type is k.

An atomic connective is a symbol generally denoted * to which is associ-
ated an atomic skeleton. A propositional letter is a symbol generally denoted
p to which is associated a propositional letter skeleton. Their arity, signa-
ture, quantification signature, type signature, tonicity signature, input and
output types are the same as their skeleton. By abuse, we sometimes identify
a connective with its skeleton. If C is a set of atomic connectives, its set of
propositional letters is denoted P(C).

Propositional letters are denoted p, p1, p2, etc. and connectives *, x1, xg,
etc. -

We need to distinguish between connectives and skeletons because in
general we need a countable number of propositional letters or connectives
of the same skeleton, like in some modal logics, where we need multiple
modalities of the same (similarity) type/skeleton.

Remark 1. The permutations ¢ mentioned in atomic skeletons do not really
play a role in this article. Permutations play an important role in the proof
theory of atomic logics, which is dealt with in [4, [5].

Definition 10 (Atomic language). Let C be a set of atomic connectives. The
(typed) atomic language Lc associated to C is the smallest set that contains
the propositional letters and that is closed under the atomic connectives.
That is,

° ]P’(C) c Lc;

e for all x € C of arity n > 0 and of type signature (k,kq,...,k,) and
for all ¢1,...,¢0, € Lc of types ki,...,k, respectively, we have that
*(p1,---,0n) € Lc and *(1,...,p,) is of type k.

Elements of L¢ are called atomic formulas and are denoted ¢, ¥, a, ...
The type of a formula ¢ € L is denoted k().

The skeleton syntactic tree of a formula ¢ € L¢ is the syntactic tree of
the formula ¢ in which the nodes labeled with subformulas of ¢ are replaced
by the skeleton of their outermost connective.

A set of atomic connectives C is plain if for all » € C of skeleton
(o,%, 8, (k,k1,...,kn),(%1,...,+,)) there are atoms p1,...,p, € P of types
ki,...,k, respectively. In the sequel, we assume that all sets of connectives
C are plain. - ~

Our assumption that all sets of connectives C considered are plain makes
sense. Indeed, we want all connectives of C to appear in some formula of Lc.
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If C was not plain then there would be a connective of C (with input type
k) which would be necessarily composed with another connective of C (of
output type k), if we want such a connective to appear in a formula of Lc.
Yet, in that case, we should instead view C as a set of molecular connectives
(introduced in the next section).

Definition 11 (C—models). Let C be a set of atomic connectives. A C—model
is a tuple M = (W, R) where W is a non-empty set and R is a set of relations

over W such that each n—ary connective * € C of type signature (k, k1, ..., ky)
is associated to a k1 + ...+ k, + k—ary relation R, € R.
An assignment is a tuple (wy,...,w;) € W* for some k € N*, generally

denoted w. A pointed C-model (M, w) is a C-model M together with an
assignment w. In that case, we say that (M,w) is of type k. The class of all
pointed C—models is denoted Mc. -

Note that a C—model can be canonically seen as a structure, for some
appropriate set of predicates P associated to the relations of R.

Definition 12 (Atomic logics). Let C be a set of atomic connectives and let
M = (W,R) be a C-model. We define the interpretation function of Lc in M,

denoted []M : Lc - U Wk inductively as follows. For all propositional let-
keN*

ters p € C, all connectives » € C of skeleton (o, +, &, (k, k1,...,kn), (£1,.-.,%n))
of arity n > 0, for all ¢1,...,¢, € Lc,

[P]M = =R,
[[*(3017"'5901’7,)]]]\/[ f*([[%ﬁ’l]]M77[[<Pn]]M)
where the function f, is defined as follows. For all W, e P(W*),... . W, €
PWEn), fo(Wh, ..o, W) 2 {Wper e W [C* (Wh,..., Wy, Wpa1) | where C* (W7,
ooy Wi, W) is called the truth condition of » and is defined as follows:

1>

o if E=V:
“Yw, e Wk @, e WF (W1 by Wi V...V Ty e Wi V REW, ... Wy Wns1);
o if E=13:
“Jwy e Wh ., e Wrn (W1 by Wi AL AW, i Wiy A REW) ... W, Wha1) 7
Ej € Wj if +; =+
Ej ¢ Wj if :l:j = -
RI°wWy ... Wyyy holds iff + R, W, (1) - . . Wo—(n+1) holds, with the notations
+R, £ R, and —R, £ Wktkit+kn _ R_1f & is a class of pointed C—models,
the satisfaction relation |~ € Ec x Lc is defined as follows: for all ¢ € Lc and
all (M, w) € &, ((M,w), ) € |- iff w e [¢]M. We usually write (M,w) |- ¢
instead of ((M,w),¢) € |- and we say that ¢ is true in (M, w).
The logic (Lc,&c, |- ) is the atomic logic associated to Ec and C. The
logics of the form (Lc, Mc, |- ) are called basic atomic logics. ~

where, for all j e [1;n], w; h; W; £ and

We stress that the + sign in R} is the + sign in (o, +, &, (k, k1, ..., kn), (£1

yeeeyEn)).



On the Universality of Atomic and Molecular Logics 17

Permutations of &9 H unary signatures ‘

T = (172) ty = (35 (lv 1)a+)
T2 = (271) o = (Va (13 1)a+)
t3 = (Va (13 1)3_)
ty = (3, (11 1)7_)

‘ Permutations of &3 H binary signatures ‘
o1 =(1,2,3) s1=(3,(1,1,1),(+,+))
02 = (3a2a 1) S2 = (V, (17 1, 1)a (+7_))
03 = (3’ 172) 83 = (V, (17 1, 1)a (_a+))
04 = (2a 173) S4 = (vv (17 la 1)a (+a+))
05 = (27371) S5 = (Elv (17 1, 1)7 (+a_))
o =(1,3,2) s6=(3,(1,1,1),(-,+))

87 = (37(17171)7(_7_))
88 = (V,(l,l,l),(—,—))

FIGURE 1. Permutations of &, and &3 and ‘families’ of
unary and binary signatures

Example 6 (Lambek calculus, modal logic, many—valued logics, multi-dimen-
sional modal logics). The Lambek calculus, where C = {p,o,\,/} is defined
in Section is an example of atomic logic. Here o,\,/ are the connectives
of skeletons (o1, +, s1), (05,—,83), (03, —, $2) (permutations o; and signatures
s; are defined in Figure . Another example of atomic logic is modal logic
where C = {p, T, L,A,v,<, 0O} is such that

e T, 1 are connectives of skeletons (1,+,3,1) and (1,-,V,1) respectively;

e A,Vv,<, 0 are connectives of skeletons (o1,+,81), (01,—,84), (T2,+,t1)

and (72, —,t2) respectively;
e the C-models M = (W, R) € Ec are such that R, = Ry, = {(w,w,w) |w €
W}, Ro=Rgand Ry =R, =W.

Indeed, one can easily show that, with these conditions on the C—models of
Ec, we have that for all (M,w) € &, (M,w) |~ A (¢,v) iff (M,w) |- ¢ and
(M, w) |- 4, and (M,w) [~ v (¢, ) iff (M,w) |- ¢ or (M, w) |- . The
Boolean conjunction and disjunction A and v are defined using the connec-
tives of C by means of special relations R, and R,. Many—valued logics are
also examples of atomic logics (see our presentation in Section . Many
more examples of atomic connectives are given in Figures [2| and |3l They are
in fact just examples of gaggle connectives since all gaggle logics [4, [5] are
also atomic logics. They are all of type signature (1,1,...,1). All the pos-
sible truth conditions of unary and binary atomic connectives of this type
signature are given in [4}, 5]. Multi-dimensional modal logics [29], such as ar-
row logic or the (temporal) modal logic of intervals, are atomic logics. Their
connectives are of type signature (k,k, ..., k), for some fixed k > 1 called the
‘dimension’, and of tonicity signature (+,...,+). However, multi-dimensional
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Atomic Truth condition Non-—classical connective
Connective in the literature
The existentially positive orbit
(7—1’+7t1) ® Jv (U € [[SDH /\va) <>7§0 m <>l m
(12,—,t2) ¢ | Vo(ve o] v-Ruwov) | Op [25]
The universally positive orbit
(11,+,t2) ¢ | Vo(ve[p] v Row) |+ [12] [14, p. 401]
(12,—t1) ¢ | v (ve[p] A—Ruwv) | [12]
The existentially negative orbit
(71, +,t4) © | Jv(v ¢ [¢] A Row) 7o [12][14, p. 402]
B1¢ [12][10, Def. 10.7.7]
(12,+,t1) ¢ | Jv(v ¢ [p] A Rwv) | 7, [12][I5] [14, p. 402]
Ba¢ [10, Def. 10.7.7]
The universally negative orbit
(11, +,t3) @ | Yo (v ¢ [p] v Row) | ot [12V13] ¢° [22]
S1¢ [10, Def. 10.7.2]
(72, +,t3) @ | Vo(vé ] v Rwv) |~ [21] “o [12, 3] °p [22]
So¢ [10, Def. 10.7.2]
The symmetrical existentially positive orbit
(t1,—t1) ¢ | v (ve[p] A-Row) | [12]
(12,+,t2) ¢ | Vu(ve[e] v Rwv) | +p [12] [14, p. 402
»* [10, Def. 7.1.19]
The symmetrical universally positive orbit
(T1,—t2) o | Vo(ve o] v-Row) | o7¢ [37] o, [12]
(12, +,t1) ¢ | Fv(ve[¢] A Rwv) O [25]
The symmetrical existentially negative orbit
(11,—,t1) @ | Jv(v ¢ [p] A-Row) | 2¢ [12][10, Ex. 1.4.5] ¢! [22]
(12,—t1) @ | v (v ¢ [¢] A-Rwv) | 7, [12] [10, Ex. 1.4.5] 1o [22]
The symmetrical universally negative orbit
(7—17 _vt3) ® Vo (U ¢ H(pﬂ v _va) m
(T2a _at3) @ Vo (’U ¢ [[‘pﬂ v —R’LU’U) “hp m BEH Ly m

FIGURE 2. The unary connectives of atomic logics of type (1,1)

modal logics do not allow connectives of type signatures (k, k1, ..., k) with
different k, k1, ..., kny. —
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Atomic connective

Truth condition

Non-—classical con.
in the literature

The conjunction orbit

¢ (01,+,81) P Jou (v e o] Aue Y] A Rouw) | porp [28], ¢ @31 [3]
¢ (02,—,82) ¥ Vou (v e [p] vu ¢ [¢] v-Rwuv)
¢ (03,~,52) V¥ Vou(ve o] vué [¢] v-Ruwv) | [ 28], ¢ < ¢ [3]
¢ (04,+,81) ¥ Jou (v € [p] Au € [¢] A Ruvw)
=¢ (01’+731) ¥
¢ (05,-,83) P Vou (v ¢ [¢] vue ] v-Rwou) | \ 28], ¢ 21 ¢ [3]
21/1 (023_782) 2
o (06,—,83) ¥ Vou (v ¢ [p] vue[¢] v-Rowu)
= (03,—,82) @
The not—but orbit
o (o1,+,56) ¥ FJou (v ¢ [p] Au e [¢] A Rouw) w>31 [3]
o (02,+,86) ¥ Jou (v ¢ [p] Au e [¢] A Rwuv)
o (03,—,54) ¥ Vou (v e @] vue ] v-Ruwv) | ¢ @y [3]
¢ (04,+,85) ¥ Jvu (v e @] Au ¢ [¢] A Ruvw)
:w (O—la+756) 2
© (05,+,85) ¥ Fou (v € o] Au ¢ [¥] A Rwou) =19 3
:1/} (02ﬂ+786) 2
¢ (06,—,84) ¥ Vou (v e o] vue ] v-Rowu)
=¢ (0'3’_734) ¥
The but-not orbit
o (o1,+,85) ¥ FJou (v € [p] Au ¢ [¢] A Rouw) v~z [3]
¢ (02,—,84) ¥ Vou (v e @] vue [¢] v-Rwuv)
¢ (03,+,56) ¥ Jou (v ¢ [@] Au e Y] A Ruwv) w>a ¥ 3]
¢ (04,+,36) Fou (v ¢ [p] Aue Y] A Ruwvw) | o [23, 3]
:w (01,+,S5) 2
o (05,—,84) ¥ You (v e [o] vue [¢] v -Ruwvu) | ¢ @ 23 B1]
:1/}(0-27_784)(10 (10@11/)“3“
¢ (06,+,55) P Jou(vep] Aué Y] A Rvwu) | ooy [23, B3]
=1l) (0'3,+,56) ®
The stroke orbit
@ (01,+,57) Jou (v ¢ [p] Aug [Y] A Rouw) | ¢ |5 ¢ [1L122]
¢ (o2,+,87) ¥ FJou (v ¢ [@] Au ¢ Y] A Rwuv)
o (o3,+,87) ¥ Jou (v ¢ ] Aué [¥] A Ruwv)
0 (04,+,87) ¥ Fou (v ¢ ] Aué [¥] A Ruvw)
:1/} ((71,+,S7) 2
@ (05,+,57) Jou (v ¢ [e] Aué [Y] A Rwvu) | o |y o [1L122]
= (09,+,87)
¢ (06, +,87) V¥ Fou (v ¢ o] Aué [¢] A Rowu) | ¢ |2 ¢ [122]
= (03,+,87) @

FIGURE 3. Some binary connectives of atomic logics of type

(1,1,1)
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4.3. Molecular Logics

Molecular logics are basically logics whose primitive connectives are com-
positions of atomic connectives in which it is possible to repeat the same
argument at different places in the connective. That is why we call them
‘molecular’, just as molecules are compositions of atoms in chemistry.

Definition 13 (Molecular skeleton and connective). The class C* of molecular
skeletons is the smallest set such that:

e Pc C* and C* contains as well, for each k,l € N*, a symbol z'df~C of type
signature (k, k), output type k and arity 1;

e for all x € C of type signature (k,k%,..., k%) and all ¢y,...,c, € C*
of output types or types (if they are propositional letters) k2, ... k2
respectively, ¢ = *(c1,...,¢,) is a molecular skeleton of C* of output
type k.

If c € C*, we define its decomposition tree as follows. If c=pePorc = idfc,
then its decomposition tree T, is the tree consisting of a single node labeled
with p or id} respectively. If ¢ = *(cq,...,c,) € C* then its decomposition
tree T, is the tree defined inductively as follows: the root of T, is ¢ and it is
labeled with » and one sets edges between that root and the roots cy,...,c,
of the decomposition trees T, ..., T., respectively.

If ¢ 2 «(c1,...,¢,) is a molecular skeleton with output type k and
ki,...,ky, are the ks of the different idﬁcs which appear in ¢1,...,¢, (in an
order which follows the first appearance of the idﬁcs in the inorder traver-
sal of the decomposition trees of c,...,¢,), then the type signature of ¢ is
(k,k1,...,kn) and its arity is m. We also define the quantification signature
E(c) of c=*(cy,...,cn) by E(c) 2 E(x).

A molecular connective is a symbol to which is associated a molecular
skeleton. Its arity, type signature, output type, quantification signature and
decomposition tree are the same as its skeleton.

The set of atomic connectives associated to a set C of molecular connec-
tives is the set of labels different from idfc of the decomposition trees of the

molecular connectives of C. —
Every atomic connective * of type signature (k,k1,...,k,) can be seen
as the (specific) molecular connectives ¢ = *(idil,...,idzn). Note that the

same label (atomic connective) may appear several times in a decomposition
tree. Note also that the vertices of a decomposition tree are molecular con-
nectives. One needs to introduce the connective z'dfC to deal with molecular
connectives whose skeletons are for example of the form *(p, zdé) where pe P
or molecular connectives in which the same argument(s) appear at different
places, like for example in *(id},...,id;) which is of arity 1.
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Example 7 (Modal intuitionistic logic). Let us consider the skeletons ¢, ¢/, x1, x5, *3
defined by the following first—order formulas.

() £ ¥y (Rey » ¥z (Royz » Q(2)))
d(x) £ Vy (Rry - 32 (Royz A Q(2)))
*1(z) = Vy (Rey -~ Q(y))
xo(x) 2 Vz (Rozz = Q(2))
x3(z) 23z (Rozz A Q(2))

These first—order formulas can be naturally represented by molecular skele-
tons. Then, xq,*9,*3 are atomic skeletons and the connectives associated
to ¢, are molecular connectives. Indeed, ¢ is the composition of *; and *o,
¢ =%1(x2), and ¢’ is the composition of x; and *3, ¢’ = x1(x3). Equivalently, ¢
and ¢’ will have the same semantics as ¢ = 1 (*2(id})) and ¢’ = 1 (*3(id})).
The connective associated to ¢ corresponds to the connective O of modal
intuitionistic logic and the connective associated to ¢’ corresponds to the
connective < of modal intuitionistic logic [35] defined in Section .

Definition 14 (Molecular language). Let C be a set of molecular connectives.
The (typed) molecular language Lc associated to C is the smallest set that
contains the propositional letters and that is closed under the molecular con-
nectives while respecting the type constraints. That is,

e the propositional letters of C belong to Lc;

e for all x € C of type signature (k,k1,...,ky) and for all ¢1,...,0m € Lc
of types ki,...,kn respectively, we have that *(¢1,...,pm) € Lc and
*(P1,- -5 0m) 1s of type k.

Elements of L¢ are called molecular formulas and are denoted ¢, ¥, a, . ..
The type of a formula ¢ € L is denoted k(). We use the same abbreviations
as for the atomic language. -

Definition 15 (Molecular logic). If C is a set of molecular connectives, then

a C-model M is a C'~model M where C’ is the set of atomic connectives

associated to C. The truth conditions for molecular connectives are defined

naturally from the truth conditions of atomic connectives. We define the in-

terpretation function of Lc in M, denoted [J : Lc — kUN W*, inductively
e

as follows: for all propositional letters p € C of skeleton (o, +, /E, k), all molec-
ular connectives *(ci,...,c,) € C of arity m > 0 and all k,] € N*, for all

gaagpla"'agmeECa

[{p]]MéiRp
ﬂidk(w)ﬂijé[[«?]]M Ny y
[[*(Clw--,cn)(4101,--~7<Pm)]] éf*([[01((,0%,...7§0211)ﬂ 7,[[Cn(<p7f;,(p?n)]] )
where for all j € {1,...,n}, the formulas gp{, e ,(pgj are those ¢1, ..., @, for

which there is a corresponding idfc in ¢; (the gag s appear in the same order
as their corresponding idgﬂs in ¢;).
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If & is a class of pointed C—models, the triple (Lc,&c, |- ) is a logic
called the molecular logic associated to Ec and C. —

As one can easily notice, every atomic logic can be canonically mapped
to an equi-expressive molecular logic: each atomic connective » of type signa-
ture (k,k1,...,ky) of the given atomic logic has to be transformed into the
molecular connective of skeleton *(idy, ,...,idy ).

Example 8 (Temporal logic). Temporal logic is an example of logic in which
one needs to resort both to our types and to combine basic connectives in
order to be able to express the truth conditions of its connectives. Let us
consider the skeletons defined by the following first—order formulas:

x1(x) 23yz2" (Py A Qz2’ A Ryzz2'z)
*1(x) 23yz2" (Py A Qz2’ A Rxzz'y)
ea(,2%) 2¥y (Py v ~Syza’)

x1, *; and o are atomic skeletons (this is independent from the defini-
tions of R and S). The connectives of skeletons ¢ = *;(id}, *2(id?)) and
¢ = | (id}, *2(id?)) are molecular connectives. Together with some propo-
sitional letters, truth constants, Boolean conjunction and disjunction, they
form a set of molecular connectives C. If we choose the class of C—models
appropriately, the molecular connectives ¢ and ¢’ then correspond to the con-
nectives ‘until’ U and ‘since’ S of temporal logic respectively. Let us be a
bit more precise. Let M = (W, {<, P}) be a temporal model. We represent
this temporal model by the C-model MY° = (W, {R, S, P}) such that for all
y, 2,2 ,xeW,

Ryzz'ziff x<y,z=zand y=2' (3)
Syzz' iff z<y<a. (4)

One can show that for all ¢ € L7 and all w e W, (M, w) = ¢ iff (MY5 w) |-
T(¢) where T': L1 - Lc is defined inductively on the formulas of L1 in such

a way that T(U(,v)) = c(T(), T(1)) and T(S(p,1)) = (T (), T(¥))-
Indeed, the standard translation of the until and since operators are:

ST (U(p,9)) = 3y(z <y A ST, () AV2(z <2<y - ST.()))
ST (S(p,9)) = Fy(y <z A ST, () AV2(y <z <z > ST.())) 5

4.4. Boolean Connectives

Note that atomic and molecular logics do not include Boolean connectives as
primitive connectives. Boolean conjunction and disjunction can be defined in
terms of specific atomic connectives as we showed in Example [] We could
in the same manner introduce specific atomic unary connective(s) to define
Boolean negation(s) (for each type k). For example, the Boolean negation
- of type 1 could be defined by one of the atomic skeletons (71,+,t4) ,
(12,+,t4) , (11,—,t3), (72,—,t3) of Figure |2|interpreted in any model over
the identity binary relation R_ = {(w,w) | w e W}.



On the Universality of Atomic and Molecular Logics 23

It turns out that Boolean negation can also be simulated systematically
at the level of atomic connectives by applying a transformation on them.
The Boolean negation of a formula then boils down to taking the Boolean
negation of the outermost connective of the formula. This transformation is
defined as follows.

Definition 16 (Boolean negation). Let * be a n—ary connective of skeleton
(0,4, B, k,+1,...,+,). The Boolean negation of = is the connective —x of
skeleton (o, —+,~M, k,~+1,...,~+,) where -& £ 3 if B =V and -/F = V
otherwise, which is associated in any C—model to the same relation as . If
@ = *(p1,...,p,) is an atomic formula, the Boolean negation of ¢ is the
formula —p 2 - x (p1,...,0n)- -

Proposition 1. Let C be a set of atomic connectives such that —x € C for all
x € C. Let 9 € Lc of type k and let M = (W, R) be a C—model. Then, for all
weWk wel[-o]™ iff wé¢ o] M.

5. Relative Expressivity of Protologics, Atomic, Molecular and
First—order Logics

In this section, we are going to investigate the relative expressivity of proto-
logics, atomic, molecular and first—order logics: atomic logics versus FOL in
Section [5.1] and protologics versus molecular logics in Section [5.2

5.1. Atomic Logics versus FOL

Definition 17 (Predicate atomic connectives). Let P be a set of predicate
symbols. The set of predicate atomic connectives associated to P is c? =
{1} U{Ryx | R € P of arity k and fF o [1;K] - [1;1] is surjective with [ <
k}u{lok]s &, 2k Vi | k e N* op € S} u{Vo} where
e 1 has skeleton (Id,-,V,1);
Rflk has skeleton (Id,+,V,1) for all k,l € N* (such that [ < k);
[ok] has skeleton (Id, -, V, (k,k),+), for all k € N*;
lx has skeleton (Id,—,V, (k+1,k,1),(+,+));
o, has skeleton (Id,-,V, (k,k, k), (-, +));
Vi has skeleton ((2,3,1),—,V,(k,1,k+1),(+,+)), for all ke N*;
Vo has skeleton (Id,—,V,(1,1),+). ~

Note that all predicate atomic connectives have the quantification sig-
nature V and that all tonicity signatures are positive +, except for the con-
nective o5 which contains a negative tonicity —. This exception is crucial.
It somehow encodes the whole Boolean negation. Existential quantification
signatures may then indirectly reappear in the formula through a combina-
tion of this tonicity — and a connective of universal quantification signature
V. Moreover, we could have replaced our connective |, with a connective
& whose skeleton would be (Id, +, 3, (k + 1,k,1), (+,+)) and with the same
associated relation, and likewise for other connectives. Doing so, we would
obtain the same results.
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Remark 2. Instead of the atomic connectives ||, we could also have taken the
molecular connectives ||, (idi, 1) as primitive connectives. The former are in
fact definable from the latter together with the other connectives [o%], ok, L.
Yet, in doing so, FOL would be as expressive as a molecular logic instead of
a simpler atomic logic.

Definition 18 (Predicate atomic logic). Let P be a set of predicate symbols.
A predicate C¥ —model is a CP—model M = (W, R) such that:

e for all [ € N*, the connectives R s are associated to [—ary relations Rflk
over W,

e the connective 1 is associated to the 1-ary relation R, = W;

e for all k € N* and all oy, € &, the connectives [0 ] are associated to the
2k-ary relation R?* such that R7*w; ... wiw] ... wy, iff for all ¢ € [1; ],
Wi =W, K (8)

e for all k € N*, the connectives |; are associated to the 2(k + 1)-ary
relation Ry 1 € W2(k+1) guch that for all wy € Wk, all wy € W and all
ws € Wk+1, we have that Rk71ﬁ1w2@3 iff wsy = (@1711)2);

e for all k € N*, the connectives o are associated to the 3k—ary relation
Ry, € W3 such that for all wy € W¥, all ws € WF and all w3 € WF, we
have that Rk@1@2@3 iff @1 = EQ = @3;

e for all k € N*, the connectives V are associated to the 2(k + 1)-ary
relation Ry 1 as defined for ||;

e Y is associated to the 2—ary relation Ry, £ w2,

The class of all pointed predicate C”-models is denoted Mcr. The
satisfaction relation |~ € McpxLc» is then defined following Definition (12} If
L c Ler and € € Mr then the triple (£, &, |- ) is called the predicate atomic
logic associated to £ and £. We also define Ler (k) 2{peLcr | k(p) =k}. If
L = Lcr (k) and all pointed CP-models are of type k then (£,&, |- ) is a
predicate atomic logic of type k.

Moreover, for all (M, w), (N,v) € Mcr, we write (M,w) =, (N,v) when
for all ¢ € Lcr (k) it holds that (M, w) |- ¢ iff (N,v) |- . —|

Definition 19 (Translation from FOL to predicate atomic logics). Let P be a
set of predicate symbols.
Syntax. For all k € N and all 7 = (z1,...,2;) € V¥, we define the mappings
Ts : LT (T, k) » Ler (k) and Ty : L5 (2) — L (1) inductively on the
formula (1, ...,7;) € LEy, (with or without free variables) as follows.
First, for all ¢ € Lc» of type k1 € N* and all k; € N*, we define
the formula ||k, k, (¢, L) inductively as follows: ||k,.1 (¢, L) =[x, (¢, 1) and
||k1,7€2+1 (@J-) é||/€1'*"€2 (Hkhkz ((pal)7l)'
e if ¢ = 1 then we define Ti(1) £ L;
e if o =Ryy...y; and {y1,...,y1} = {ziy,...,2;,} is of cardinality k <
(some variables can be the same) with z;,,...,x;, all distinct and in the
same order of appearance as in yi,...,¥y;, then there is a unique surjec-

tive function f" : [1;1] - [1; k] such that (y1,...,y) = (xl-fk_(l), o vxi,»k-(l))'
1 1
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Then, we define the permutation o on [1;%] by the condition that for
all j € [1;K], iy, ;) = j. Finally, we define
T#(Ryy...y1) = [Jk]Rflk;
o if p=(p1 = ¢3) where 1 and @ are both sentences, then we define
To(p) 221 (To(91), Tz (2))
if ¢ = (p1 = wa(x)) where ;1 is a sentence, then we define
T(ay () 221 (T (1), Ty (92(2)))
if o = (¢1(x) = p2) where @ is a sentence, then we define
T2y () 221 (T(ay (01.(2)), T (02))
if o =(p1 > pa(x1,...,2)) Where ;1 is a sentence and k > 1 , then we

define

TT(SO) é:)k (HLk—l (Tz(wl)a J—) 7T(w1,...,wk)(502(x17 ) Ik)))
if o = (p1(x1,...,2K) > p2) where po is a sentence and k > 1, then we

define
T(9) 225 (Tl ) (01 (21, -y 21)), b1 (T(02), 1))
if = (p1(ziy,s -5 @iy, ) = 92(Yjys -5 )y, ) then we define

Tz () 225 (Expz(@1 (i, - -5 iy, ), Expr(pa(@yy, -, 25,,)))
where

T(acl,...,mk)((pl(xin ceey Ly, ))

. itk =k
sz(QOl (5511, cees Ty, )) [gk] ||k1,k—k1 (T(wi1,~~~7aiik1 )((,01 (:Cil, ey Ty )), J_)
if k1 <k
where o}, is a permutation defined as follows. First, we complete the in-
dices 1,...,1g, with indices ig,11,...,% such that {‘ri17"'7xik1 s Lig, 10
oy it =A{x1,. .., 2k }. Second, we define the permutation o such that
for all ] € [[1;/42]], iak(j) =j.
The definition is similar for Expz(¢2(2j, , ..., 7;,,)), one only needs

to replace ¢ by j and ky by ko.
e if ¢ = Vap(x) where @ is a sentence, then we define
Ty(0) = VoT(2)(¥());
if o =Va(xy,..., o, x) with k > 1, then we define
Tj((ﬂ)évk(L,T(ml _____ zk’x)(¢($1,...,$k,x))).
Semantics. Let M = (W, {Ry,...,Rn,...,¢1,--,Cn,-..}) be a structure with-
out functions. We define the C¥~model T'(M) = (W, R) as follows:

e the k—ary relation Rflk is defined from the [-ary relation R of M as-
sociated to each R € P as follows: for all wy,...,w; € W, we have that
Rflk’u)l oW iff walk(l) . .U)flk(l);

e the other relations of R are defined like in Definition [[8

IfZ = (x1,...,21) is a tuple of k variables then we define Tx(M, s) = (T'(M),
(s(x1),...,8(xx))) and Tx(M,s) = (T(M),(s(xo))) for an arbitrary xg €
V. -

In the syntactic part, the definitions may leave some freedom concerning
the exact determination of the permutations oy, for the implication case (more
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precisely in the choice of indices for the remaining variables). This is not
problematic and does not impact the results as the proof of the next lemma
shows. Permutations are introduced so that the same variables which appear
in different places in a formula be evaluated at the same points in the domain
of the structure. Moreover, our definitions are set in such a way that for any
sentence ¢, we will have that Ti(p) will always be a formula of type 1.

Example 9. We provide two examples of translations.

e If P is a 8-ary predicate, then T, 5, »,) (Pr3w3z121200217222) = [03]Py
where f(l) = 1’f(2) = 1’f(3) = 27f(4) = 27f(5) = 37f(6) = 27f(7) =
3,f(8) =3 and o3 = (2,3,1) because here (z;,,x;,, %y ) = (3,71, %2).

e Tz (V2 (Pzz - Ryzz) - V2Qzz)

=29 (T(I’y) (Vz(Pzz - Ryzx)), |1 (Ty (V2Qz2) ,L))

=Dy (Vg (L, T(z,y,) (Pzz - Ryzx)) NI (VOT(Z) (Qz2) ,L))

=25 (V2 (L,23 ([(1,3,2)] |2 (T(a.2y (P22) , L), T(0 ) (Ryz))),

I (Yo (Qzz), 1))

=29 (V2 (1,23 ([(17 3, 2)] [l2 ([(2, 1)]P7 1), [(3a 1, 2)]R)) )

I (Vo[1d]Qy, 1))

where f(1)=1and f(2)=1. =

Lemma 1. Let ¢ € £7F)0L, let T be the tuple of free variables of ¢ (possibly
empty) and let (M,s) be a pointed structure. Then, we have that

Proof: By induction on ¢. Let T = (x1,...,2;) € V¥ and let (M,s) be a
pointed structure of domain W.

o If ¢ = | then the result trivially holds.

o If o =Ryy...y; and {y1,...,y} = {®4y,..., 25, } is of cardinality k < {
with x;,,...,z;, all distinct and in the same order of appearance as in
Y1,-..,Y;. Let flk :[1;1] - [1; k] be the unique surjective function such
that (y1,...,u) = (xiflk(l)7 . ’$iflk(1) ). Then,

Tw(M, s) |- Tz(p)
iff (T(M),(s(z1),...,s(zk))) |- [O'k]Rflk.'I}il c Xy,
iff (T(M),(s(x4,),---,8(x:.))) |- Rflkxil C Ty
iff Ry s(xs,)...s(z, ) holds by definition
ifft Rs(x; , )...s(x; , ) holds by definition
FLIE) Fw

iff Rs(y1)...s(y;) holds by definition of f}*
iff (M,s)E=Ry;...y
iff (M,s) E .
o If v =1 > wao(x) then
iff Ty (M, 5) |- 21 (Tz(¢1), Ty (p2(x))) by definition

iff T(0y(M, ) |- Tp(p1) implies Ty (M, 5) [ Ty (2(2))
by definition of 51
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iff Tp(M, s) | T (1) implies Ty (M, s) |- Tizy (p2(z))
because the truth value of Ty (1) is the same at all states
iff (M, s) = 1 implies (M, s) = @2, by Induction Hypothesis
iff (M,s) E .
o If p=p1 > wo(x1,...,25) with k> 1 then
Tw(M, s) | Tx(e)
iff T(M, s) = 2k (I1,5-1 (Tz(91), 1), Ta(p2(F))) by definition
iff T5(M,s) = |l1,6-1 (To(p1), 1) implies T5(M, s) = Tr(2(T)))
by definition of oy,
T (T(M), (5(21), .- 5G)) |- st (To(r), 1) implies
(M, s) = @2, by definition of T and Induction Hypothesis
iff ((T'(M),s(x1)) |- Tz(p1) implies (M, s) |= 2, by definition
of [|1,5-1
it (T(M), 5(21)) |- To(gr) implies (M, 5) - »
iff Tp(M, s) |- Tp(1) implies (M, s) = @2
iff (M, s) = ¢y implies (M, s) = @2, by Induction Hypothesis
iff (M,s) E .
o If p=p1(Tiy,-. s Tiy, ) > 2(Yjrs -+ Yjy,, ) then
— if k1 =k then {z;,,..., 25 } = {x1,..., 2} and in that case
Tz(M, s) Hﬁ Expz(¢1 (i, - - 7xik))
iff (M, s) |- Tz(1)
iff (M, s) = ¢1 by Induction Hypothesis.
— if k1 < k then
T(M, s) |- Expz(pr(@i - -, @i, )
[ok] iy bty (T(157117---;17'ik1)(gpl(xil’ ... ,xikl)),i) by definition
iff (T(M)7 (S(xh)? s 7S(xik1 )’ S(x(r*(kprl))v ce S(xcf*(k)))) Hﬁ
iy o=ty (T(%il,«--7$7'k1)(wl(w'h?"'"Tikl))’l)7 by definition of [o%]
because for all j € [1; k], since i,(;) = j, we have i; = 07 (j)
iff (T(M)7 (S(xi1)7 T 7s(xik1 )) Hﬁ T(Ixi17---7$ik1)((p1(xil yeee Ligy ))
by definition of |5, k—k,
iff (T(M)> (S(xh)v tee 7s(xik1 )) Hﬁ T(JCil,---,xqtkl)((pl(xil yee ey Ligy ))
iff (M, s) = ¢1 by Induction Hypothesis
So, we have proved that
(M, S) ): ‘pl(xilv‘ <oy Ly, ) iff Tf(MVS) Hﬁ EXpE((pl(xiu sy Ly, )) (*)
Likewise, we can prove that
(Ma S) ): 302(xj1’ s 7xjk,2) iﬁTf(Ma S) Hﬁ EXpE(@ZC”jN <o Ly, )) (**)'
Then, we have that
T(M, s) |- Tz (¢)
lﬁ‘Tf(Mv 3) Hﬁ Sk (Expf((pl(xh e Liggy ))7EXP§(@2(xj1 e gy, )))
iff Tw(M, s) |- Expz(¢1(wi,, - - -, 2, ) implies
Tz(M,s) |- Expz(wa(jy, - - 75, ), by definition of o
iff (M, s) = ¢y implies (M, s) = @2 by (%) and (**)
iff (M,s) E .
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o If o =Vaip(x) then
To(M. 5) |- To()
i (T(M), 5(20)) [ To()
iff (T'(M),s(x0)) |- VoT(s)((x)), by definition of Ty for an
arbitrary xg € V
iff (T(M),w) |- T(zy(¢(x)) for all w e M, by definition of Vg
iff Tpy (M, sz := w]) |- T(yy (¥(x)) for all w e M,
by definition of T\,
iff (M, s[z:=w]) = (z) for all we M, by Induction Hypothesis
iff (M,s) E .

o If o =Vaip(ay,...,x5,2) then
Tf(Mvs) ‘F TE(QO)
iff To(M, s) | T=(Vzy (21, ..., 7k, )
iff Tx(M,s) |- V(L T(ay.... 00,0 (0(21, . .. 2, 2))) by definition
iff (T(M), ((9(331)7 RN S(Z‘k))) H* Vk(J_, T(zl,.,.,zk,z) (w(xl, ey Ty Z‘)))
by definition of T%
iff Vw e WY (wy, ..., wee1) € W (w e [L]pan v (w1, ..., wie) €
[[T(E,z) (w)]]T(M) \% —Rg’lw(wl, ces ,wk+1)(s(a:1), ey S(Z‘k))) where
7 is the permutation (2,3,1)
iff Yw € WV(wl, ce 7wk+1) € I/Vlﬁ—1 ((wl, ce ,wk+1) € [[T(E,z)(w)]]T(ZVI)
V- Ri1(s(x1),...,s(zk))w(w, ..., wks1))
iff Vw e WY (wy,...,wee1) € WL (wy, .. wg) = (s(21), ...,
s(xx)) and wy,1 = w then (wi, ..., wr1) € [T(z,2) ()] r(ar)
iff Yw e W, (S(‘Tl)7 LR S(Ik’)vw) € [[T(E,z) (w)]]T(M)
iff (T(M)7 (S(Il), ce 75(‘Tk)aw)) Hﬁ T(i,w) (7/}) for all we M
by definition
iff Tz 2y (M, s[z = w]) |- T(z,.) (¥) for all we M
by definition of T(z .
iff (M, s[z:=w]) E¥(z1,...,2x,) for all w e M, by Induction
Hypothesis
iff (M,s) = Va(xy,... 2k, z) by definition
iff (M,s) E .

The cases ¢ = p1(x) = p2 and ¢ = p1(x1,...,2L) > P2 with k > 1 are dealt
with like the cases ¢ = p1 - w2(z) and ¢ = 1 - wa(x1,...,Tk). O

Definition 20 (Translation from predicate atomic logics to FOL).

Syntaz. For all k € N* and all tuples T = (21,...,2x) of variables and con-
stants, we define the mappings ST5% : E’ép - £,7:DOL, where L(k:p is the set of
formulas of L7 of type k, inductively as follows:
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STE(Rflk) = R‘Tflk(l)xflk(l)
STz(1) = 1
STa(lowle) 2 ST,y (9)
STz(llk (p1,02)) (ST (<P1) v ST(I)(SDz)) if 7 = (g, )

STz(2k (p1,02)) (STz(p1) = STw(p2))
STz(Vi(p1,$2)) V(ST () (1) vV ST(z0)(p2))

ST(z) (Vo) VST ()
where ¢ is an arbitrary term of £E,, (we recall that v is here an abbreviation).
Semantics. Let (M, (wy, ..., wy)) be a pointed C¥~model of type k and let Z =
(x1,...,2%) be a tuple of free variables or constants of size k. The (pointed)
structure associated to (M,w), denoted STz(M,w) = (ST(M), s ), is defined
as follows. The assignment s¥ is such that for all i € {1,. k:} s(x;) = w;
and for all © € V - {z1,...,2%}, s(z) = w; and ST(M) is the structure
ST(M) = (W,ST(R)) where ST(R) is the set R to which we remove the
relations of the form R7*, Ry, Ry 1 and Ry, and replace the relations R £5 with
the [-ary relations R associated to each R e P, which are defined as follows:

{1 | T 112

for all wy,...,w; € W, we have that {wq,...,w;} = {v1,...,v;} for some
k <1 with vq,...,v; all distinct and in the same order as w,...,w;. There
is a unique surjective function fJ* : [1;{] - [1;k] such that (wy,...,w;) =
(’Uflk(l), . 7Uf,,"'(l))' Then, we set Rwy ...w; iff Rflwl Uk —

Lemma 2. Let (M,w) be a pointed predicate C” ~model of type k, let ¢ € Lcr
of type k and let T € V*. Then,

Moreover, for all pointed structures (M,s) without distinguished ele-

ments, we have that STy (Tz(M,s)) =z (M, s) and for all pointed predicate
C” ~model (M, W), we have that Ty (STe(M,W)) = (M, ).

Proof: The first part of the proof is by induction on ¢. The only difficult case
is for the propositional letters, we only deal with it. Let T = (1, ..., z3) € V.
If w = (wy,...,w) then

(Ma @) Hﬁ Rfl’C

iff Rflkwl W

iff wa}‘(l) Q,Uf )

iff (ST(M),s%) = R (1 - Tgr(r) because (s(z1),...,5(zx)) =

(wl, .. IUk)

iff (ST(M D) STx (Rfk)

ift ST5(M, W) = STz(Rx ).

Now, we prove the second part of the lemma. First, note that ST (T'(M))
= M (some relations are added and then removed). So, if w = (s(x1),. .., s(xx))
then (M,s%) = STH(T%(M,s)). Then, we have that (M,s2) =z (M,s) be-
cause W = (s(xl) ., 8(xk)), that is, STx(Tz (M, s)) =% (M 5). Second, note
that T(ST(M)) = M. Moreover, if W = (w1, . .., wy) then (sZ(x1),...,sZ(zg))
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= (w1, ..., wg). Therefore, Tx(STz(M,w)) = (M, w), so the result. ]

Theorem 1. Every pure predicate logic with k > 0 variables and constants is as
expressive as a predicate atomic logic. The class of pure predicate logics with
k > 2 free variables and constants is as expressive as the class of predicate
atomic logics of type k.

Proof: Let T € V¥ be a tuple of variables of size k > 0. If (,CEOL(E, k), EroL, = Fo._)

is a pure predicate logic with free variables and constants z, then it is as ex-
pressive as (Tx(LEo (T.k)), Ts(EroL), |- ), where T(LE (T, k)) = {Tx(p) |
e LE (%, k)} and Tr(Ero) = {T5(M, s) | (M, s) € EroL }. The translations
are, on the one hand, Tk (for formulas) and 7% (for models) and, on the other
hand, ST% (for formulas) and ST% (for models) where ST is defined as fol-
lows: STo(T5(M, s)) is a fixed and chosen pointed structure (M, s") such that
T5(M,s) =T5(M,s"). Then, we have that STo(T5(M,s)) =z (M, s) (*) and

Tz(M,s) = Te(STL(Tz(M, s))) by Lemmal[2(so Te(M, s) = Te(ST(TE(M, 5)))).

Moreover, we also have that (M, s) = ¢ iff T(M, s) |- Tz(¢) by Lemma
Likewise, Tx(M, s) |- T=(p) iff STe(T(M, s)) = STx(T(¢)) by Lemma
iff (M, s) = ST#(T=(v)) again by Lemma iff STLTH(M, s)) | STH(Tx(¢))
by (*). So, we have proved that (/j;o,_ (Z,k),EFoL, E FOL) is as expressive as
(Te(LEL (T, k), Te(EroL), ).

For the second part of the theorem, the proof that every pure predicate
logic is as expressive as a predicate atomic logic of type k is the same as in the
first part. Conversely, if (Lcr (k),Ec» (k), |- ) is a predicate atomic logic of
type k > 2, then (Lcr (k), Ecr (k), |- ) is as expressive as (Lo, (T, k), EroL, =
where this time EroL £ {STH(M,w) | (M,w) € Ecr(k)} for some fixed and
chosen tuple of variables Z € V¥. In that case, we use the plain translations
Ty and STy and Lemmas|[I] and 2] again. There is no ambiguity on the transla-
tions (whether we deal with sentences or formulas with a single free variable)
because k > 2. O

Since pure predicate logic can be split up into fragments with & > 0
free variables or constants, we could in principle embed pure predicate logic
into a predicate atomic logic (with C”-models of different types). In fact,
we can define a notion of equi-expressivity taking into account this possible
splitting into sublogics that would allow us to prove formally that the class
of pure predicate logics is as expressive as a specific class of predicate atomic
logics. That notion would be the following: a logic Ly = (£1,&1, = 1) would
be modularly as expressive as a logic Ly = (L2, &, ): 2) when it would be
possible to split up £1 x & and Ly x & into partitions £1 x & = thI(LZ1 x E1)

1€

and Lo x & = ¢ (E% X 55) such that for each i € I there is j € J such that
ieJ

(L1, &}, | 1) is as expressive as (£},E), = 2), and vice versa, and at least
one element of each partition is infinite (so that the partitions are not trivial

FOL)
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partitions into an infinite number of singletons or finite sets of pairs of mod-
els and formulas, because in that case it would always be possible to define
translation mappings). However, this notion of modular equi-expressivity is
not transitive in general. This said, this modular equi-expressivity result sup-
ports our intuition that the class of pure predicate logics is as expressive as
some class of predicate atomic logics.

Corollary 1. Let € [,7;0,_ and let T be the tuple of k > 0 free variables of .
Then, ¢ is valid (on the class of all pointed structures) if, and only if, Tz(p)
is valid on the class of all pointed predicate C” ~models of type k (of type 1 if
k=0). Moreover, p = STz(T%(p)).

Proof: 1t follows from the first part of Theorem [If and the expressions that
follow the definition of equal expressivity in Section O

Modalizing first-order logic. There have already been some attempts to ‘modal-
ize’ first-order logics; we briefly mention two of them here. Marx & Venema
obtain a result [29, Proposition 5.2.5] similar to our Corollary [I| for multi-
dimensional modal logics, but with respect to some restricted first-order log-
ics. Like here, they “wanted to identify assignments of the first-order se-
mantics with tuple-states in the modal framework” [29, p. 154]. However,
because multi-dimensional logics only allow atomic connectives of type sig-
nature (k, k, ..., k) for a fixed k > 0 (called the ‘dimension’), their results hold
with respect to fragments of first-order logics. They show for example that
their k-dimensional cylindric (multi-dimensional) modal logic corresponds to
a restricted first-order logic where the predicate symbols are all k-ary (and
with k variables).

Kuhn [27] introduces a multi-typed S5 modal logic PREDBOX and obtains
an equal expressivity theorem [27, p. 152] between PREDBOX and first-order
logic whose formulation is very close to our Lemmas|l|and [2| The formulas of
PREDBOX are also typed (sorted) but the tuples of states on which they are in-
terpreted do not always correspond to the denotations of some free variables.
Like [29], the translation in the modal framework of the first-order quantifi-
cation is different from here, it is expressed by an S5 modality. Moreover,
unlike the models of atomic logics, those of PREDBOX include infinite tuples
of states.

5.2. Molecular Logics versus Protologics

In this section, @ and P are sets of predicates such that @ ¢ P. We will
also use the equality predicate = so as to avoid formulas of the form Qzryz.
That is, we want all variables in the scope of a predicate to be different.
For example, Q;xyx will be translated into the logically equivalent formula
Vz(x = z » Q;zyz). This is because we do not want to change the predicate
symbols P into P £ like in Definition [18] Note that this preprocessing with
the equality predlcate could also be applied in the translation from first-order
formulas to predicate atomic logics in order to avoid the complication with
the introduction of P £ in Definition These two approaches are in fact
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equivalent in that previous case, but we refrained from doing so because we
did not want to introduce the equality predicate in the predicate atomic logic.

Definition 21 (Translation from protologics to molecular logics). Let C* be
a set of abstract connectives.

Syntazx. We define the mapping t from the abstract connectives of C® to
molecular connectives as follows:

e {(Q) = Q for all predicate Q € Q;

e For abstract connectives of the form (x(Z),(Qq,...,Q,)), we proceed
as follows. We first translate x(Z) into a logically equivalent formula
of first—order logic such that each predicate Q;xy ...z which occurs in
x has distinct variables x1,...,x;. This is possible using the equality
predicate =. For example, Q;xyzx is translated into the logically equiv-
alent formula Vz(z = z » Q;zyz) (or 3z(z = z A Q;zyz)). We obtain a
logically equivalent formula denoted x-(Z) in which the equality pred-
icate may occur. We can define this first transformation so that it is
injective because the equality predicate was not present in the initial
formulas.

Then, we translate x-(%) into predicate atomic logic using the
translation T% of Deﬁnition (the equality is simply viewed as a predi-
cate R_). We obtain a formula x’ = Tz(x=(Z)) of predicate atomic logic.
That second transformation is also injective.

That formula x’ is finally transformed into a molecular connective
c. The skeleton decomposition tree of that molecular connective is the
skeleton syntactic tree of x’ where the leafs labeled with the skeleton of
a predicate Q; are all replaced by the same skeleton symbol zdﬁC where
k; is the arity of each Q; and [ is a natural number which allows to
distinguish zdﬁC from the other symbols of the form zdg appearing in
the skeleton. The resulting molecular connective ¢ of arity n and type
signature (k, k1, ...,ky,) is denoted t(x(T), (Q1,--.,Qn))-

The resulting set of molecular connectives is denoted ¢(C”). Then, this
translation ¢ is extended to the whole language as follows: for all x € C* and all
@1, -, ¢n € Lco of appropriate types, t(x (@1, ..., ¢n)) = () (t(¢1), .., t(¥n))-
By construction, this transformation ¢ is injective.

Semantics. Let (M, w) be a pointed C*~model with M = (W, R). The pointed
t(C*)—model ¢t(M,w) is the t(C*)—model ((W,R'), w) where R’ is R together
with the relations of Definition [18| (except those of the first item) as well as
the equality predicate R- = {(w,w) |w e W}. -

Lemma 3. Let C* be a set of abstract connectives, let ¢ € Lo and let (M, W)
be a pointed C*—model where W is of size the type of p. Then, we have that

(M, @) |- ¢ iff t(M, @) |- t(p)

Proof: By induction on (. The base case holds trivially. For the induction
step, that is for abstract connectives of the form (x(Z),(Qq,...,Qx)), each
transformation of the formula y, into x-(Z) and then X', preserves its truth
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in any assignment w by Lemma |

Definition 22 (Translation from molecular logics to protologics). Let C be a
set of molecular connectives.

Syntar. We define the mapping st from molecular connectives to abstract
connectives inductively as follows:

e st(p) = p for all propositional letters p of C.

e For all molecular connectives of the form ¢ = x(¢q,...,¢,,) we proceed
as follows. First, we replace all symbols idﬁC appearing in ¢ by fresh and
distinct propositional letters (p1,...,pn). This yields a formula ¢ € L¢
of some type k. Then, we pick a tuple of free variables T of size k and
we define the first—order formula stz(¢) inductively as follows. If ¢ is a
propositional letter p then stz(p) = QT, where Q is a predicate symbol
of Q. If ¢ is of the form *(p1,...,¥m) then

—if x = (0,4,Y,k, (%1,...,%.,)) then

Stf(*(@h s 790m))

VYL (15t (01) VoV sty (0m) V ERTY LY T);
— if x = (0,%,3,k, (%1,...,%,,)) then

St?(*(cplv s ,@m))

£ 3y, ...9,, (j:lstgl((pl) Ao ANxpsty (om) AR L .ymf);

where yy,...,y, are fresh tuples of free variables and R is a predi-
cate symbol of P — Q. We recall that for all formulas ¢, +;1 stands
for ¢ if +; = + and for ¢ if +; = —, and that Ry, ... U, Ums1 =

Ryo"(l) . ‘?a‘(m)yo“(m+1)'
Finally, we define the abstract connective st(c) = (stz(v), (Q1, ...,
Q) where for all i € [1;n], Q; = st(p;).

The resulting set of abstract connectives is denoted st(C). Then, this
translation st is extended to the whole language as follows: for all € C and all

©1,---,n € Lc of appropriate types, st(x(¢1,...,9n)) = st(x)(st(p1),. ..,
st(vn)). By construction, this transformation st is injective. =

Lemma 4. Let C be a set of molecular connectives, let ¢ € Lc and let (M, w)
be a pointed C—model where w is of size the type of p. Then, we have that

(M, ) |- ¢ iff (M, W) |- st(p)

Proof: By induction on ¢. The base case holds trivially. The inductive case
is just a reformulation in first-order logic of the truth conditions associated
to each molecular connective. We do not need to introduce extra predicates
Ry like in the previous case, the ones needed are all already present in the
initial C—model. Therefore we keep the same C—model. O

Theorem 2. The class of protologics is as expressive as the class of molecular
logics.
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Proof: We have to prove that every protologic is as expressive as a molecular
logic, and vice versa. If (Lc,&c, |- ) is a molecular logic, it is as expressive
as the protologic (st(Lc),Ec, |- ), where st(Lc) = {st(¢) | p € Lc}. In that
case, the mappings for models are the identity mappings, the mapping from
Lc to st(Lc) is st and the mapping from st(L¢) to Lc is the inverse mapping
of st. It exists because st is injective. We then obtain the result thanks to
Lemma, [4]

Conversely, if (Lce,Ece, |- ) is a protologic, it is as expressive as the
molecular logic (t(Lce),t(Eca), |- ), where t(Lce) = {t(¢)|p € Lca} and
t(Ece) 2 {t(M,w) | (M,w) € Eca}. We define the mapping ¢~ from t(Ece) to
Eca by removing from any ¢(C*)—model all the relations which do not appear
in the initial C*~model before the translation ¢, we thus obtain the initial
C%-model. The mappings ¢ and ¢~ for models are therefore inverse bijections
of each other. The mappings for formulas are ¢t and the inverse of ¢; this in-
verse also exists in that case because t is injective. We then obtain the result
thanks to Lemma [3l i

Remark 3. The translation mappings between models are in fact inverse
bijections of each other in this result (and this entails Condition 3 of the
definition of equal expressivity). Hence, it holds also with the notion of equal
expressivity of Mossakowski et al. [33] (i.e. “model-expansive corridors”).
Moreover, the translation mappings for formulas are in fact ‘tighter’ than for
Theorem [1| because they operate at the level of connectives.

Example 10. We resume our example of modal intuitionistic logic. We con-
sider the abstract connective (x(x), (Q)) where x(z) = Vy(Raxy - Vz(Royz —
Q(2))). We show how this abstract connective is transformed into a molecular
connective. Applying T,), we obtain

Ty (x(2)) =V1(L, Tz ) (Rey = V2(Royz — Qz)))
=V1(L, 22 (Tay) (Rry), [(2, )] 1 (Tiy) (V2(Royz » Q(2))), 1))
=V1(L,22 (A]R, [(2, D] 11 (V1 (L, T(y,2) (Royz = Q(2))), 1))
=V1(L,22 ([Id]R, [(2, 1)] [Ir (V1(L,22 (T{y,2)(Roy2), [(2,1)] 11
(T(5)(Q2),1)))), 1))
=V1 (1,22 ([IA]R, [(2, 1)] [I+ (V1 (L, 22 ((1d]Re, [(2,1)] [I1
([1d]Q, 1)))), 1))

(The subscript mappings flk are removed since in our algorithm they are the
identity mapping.) Then we replace Q by idi and we obtain the following
molecular connective:

V1 (2,22 ([IA]R, 1 (Vi(L,22 ([1d]Ro, 1 (1, [Id]id1))). 1))

We could remove the connectives [Id]. It turns out that the molecular con-
nective that we obtain is quite different from the molecular connective that
was introduced in Example[7] Yet, they both have the same effect, the former
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on C-models and the latter on C¥~models when we consider only the part of
the information present in the initial C-model. =

So, it is possible that a protologic corresponds naturally to a molecular
logic but that its translation into a molecular logic using our algorithm of
Definition [2I] does not yield the expected natural outcome. However, the
two logics, the one expected and the one obtained thanks to our translation,
will be equally expressive. The pieces of information which are added in
CP-models (corresponding to the connectives [ox], ||k, 2k, V&) actually do
not increase the expressive power of the logic because the object language
cannot refer to their associated relations. Yet, they allow us to reformulate
it systematically under the form of an atomic or molecular logic.

6. Predicate Molecular Logics: the Core of Molecular Logics

The proofs of our previous theorems leads us to identify a subclass of molec-
ular logics that we will call ‘predicate’ molecular logics. This subclass of
molecular logics constitutes its ‘core’, in the sense that any molecular logic
is as expressive as a predicate molecular logic.

Definition 23 (Predicate molecular logic). A predicate molecular logic is a
molecular logic whose molecular connectives are built up from the predicate
atomic connectives {1,Yo} U {[ox], &, 2k, Vi | k € N* o) € S} of Definitions
and together with some set of (atomic) propositional letters (possibly
empty). =

Theorem 3. The class of predicate molecular logics is as expressive as the class
of molecular logics and therefore also as expressive as the class of protologics.

Proof: Tt follows easily from the proof of Theorem [2| and its lemmas. O

7. Conclusion

This article contributes to the systematic exploration of non—classical log-
ics. It shows in particular the central role played by atomic and molecular
logics in that study. They behave as ‘paradigmatic logics’: every logic whose
connectives are defined by first—order formulas — that is, every protologic —
is as expressive as a molecular logic, as proved by Theorem [2} This result
illustrates their (somehow) ‘universal’ feature.

The main advantage of our overall approach is that it provides a uni-
form and generic way to explore and study non—classical logics. Atomic and
molecular logics can be (somehow) seen as normal forms for logics. It is better
and easier to deal with atomic and molecular logics than with protologics di-
rectly, because of their specific shape and format. Indeed, one can define and
compute automatically notions of bisimulations for any atomic and molec-
ular logic. So, we can develop in a systematic way their model theory, and
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therefore, also develop, indirectly, the model theory of any protologic and
non-classical logic. In that respect, a number of results have already been
obtained in the model theory of atomic and molecular logics such as a van
Benthem type characterization theorem for molecular logics given by connec-
tives which are ‘uniform’ [6]E| Likewise, our approach based on atomic and
molecular logics allows us to develop in a systematic and uniform way the
proof theory of non—classical logics. Indeed, one can automatically compute
a display calculus for any gaggle logics, which are specific basic atomic logics
A 5[]

Through close analysis of the proofs of our results, we realized that ev-
ery protologic and every molecular logic is as expressive as a specific kind
of molecular logic, which resorts to the connectives 1, [o], |&, 2k, V&, Vo and
propositional letters. This class of molecular logics, that we called predicate
molecular logics, therefore constitutes the ‘core’ of the class of all logics since
our Theorem (3] states that any protologic and any molecular logic is as ex-
pressive as one of them. More work and study regarding that specific class of
molecular logics and its relationships with other logics is needed.

We have restricted our investigations in this article to non—classical
logics which are fragments of first—order logic. Yet, the same methodology
could be applied if we replaced in the truth conditions of connectives first—
order logic by second—order logic and, in fact, by any higher—order logic.
Indeed, we could consider logics whose connectives are defined by formulas
of second—order logic instead of first—order logic, like the modal mu-calculus
[24]. Following this research track, we may meet at some point the work on
higher—order logics of abstract model theory [7]. That said, the move from
first—order to second—order logic may be neither straightforward nor natural,
and may lead to some complexifications since we would need, for example,
to choose between a Henkin semantics and a standard semantics [41]. In
any case, we believe that our overall approach and methodology based on
that simple idea is the right track to follow if we want to explore and study
non—classical logics in a systematic and comprehensive way; in particular,
because it is grounded on a class and hierarchy of logics which are naturally
well-defined and articulated and which have already been well studied.
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