A Categorical Semantics of
Relational First-Order Logic*

Wolfgang Schreiner
Research Institute for Symbolic Computation (RISC)
Johannes Kepler University, Linz, Austria
Wolfgang.Schreiner @risc.jku.at

Valerie Novitzka William Steingartner
Department of Computers and Informatics
Faculty of Electrical Engineering and Informatics
Technical University of KoSice, Slovakia
Valerie.Novitzka@tuke.sk
William.Steingartner @tuke.sk

March 11, 2019

Abstract

We present a categorical formalization of a variant of first-order logic. Unlike other texts
on this topic, the goal of this paper is to give a very transparent and self-contained account
without requiring more background than basic logic and set theory. Our focus is to show
how the semantics of first order formulas can be derived from their usual deduction rules.
For understanding the core ideas, it is not necessary to investigate the internal term structure
of atomic formulas, thus we abstract atomic formulas to (syntactically opaque) relations;
in this sense our variant of first-order logic is “relational”. While the derived semantics
is based on categorical principles, it is nevertheless “constructive” in that it describes
explicit computations of the truth values of formulas. We demonstrate this by modeling the
categorical semantics in the RISCAL (RISC Algorithm Language) system which allows us
to validate the core propositions by automatically checking them in finite models.
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1 Introduction

Most introductions to first-order logic first define the syntax of formulas, then formalize their
meaning in the form established in the 1930s by Tarski [19] (essentially what we today call
in programming language theory a “denotational semantics” [9]), then introduce a deduction
calculus, and finally show the soundness and completeness of this calculus with respect to the
semantics: if a formula can be derived in the calculus, it is true according to the semantics,
and vice versa. These relationships between truth and derivability have to be established,
because there is no self-evident link between the semantics of a formula and the deduction rules
associated to it. Historically, deduction actually came first; the soundness of a deduction calculus
was established by showing that it could not lead to apparent inconsistencies, i.e., that not a
formula and its negation could be derived. It was Tarski who first gave a meaning to formulas
that was independent of deduction.

However, like it did since the 1940s to many other mathematical areas, category theory [3, 6,
15], the general theory of mathematical structures, can shed an alternative light also to first-order
logic. It does so by considering logical notions as special instances of “universal” constructions,
where a value of interest is determined

* first, by depicting the core property that the value shall satisfy and
* second, by a criterion to choose among all values that satisfy the property a canonical one.

It was eventually recognized that by such universal constructions the semantics of the connectives
of propositional logic could be determined directly from their associated introduction and elimi-
nation rules. However, it took until the late 1960s until Lawvere gained the fundamental insight
that this idea could be also applied to the quantifiers of first-order logic [5], thus establishing a
direct relationship between its semantics and its proof calculus.

However, this insight has not yet got a foothold in basic texts on logic and its basic education.
A main reason may be that the corresponding material is found mostly in texts on category theory
and its applications where it is dispersed among examples of the application of categorical notions
without a clear central presentation. Furthermore, the general treatment of first-order logic with
terms and variables requires a complex machinery [4] which is much beyond the scope of basic
introductions. Reasonably compact introductions can be found, e.g., in Section 2.1.10 of [1],
in [7], in Section 1.6 of [2] (however, in the context of type theory rather than classical first-order
logic), in Section 9.5 of [3] (the treatment of quantifiers only), and in Section 7.1.12 of [15]
(again only the treatment of quantifiers).

The goal of the present elaboration is to give a compact introduction to a categorical version
of first-order logic that is fully self-contained, only introduces the categorical notions relevant for
the stated purpose, and presents them from the point of view of the intended application. For this
purpose it elaborates a simple but completely formalized syntactic and semantic framework of
first-order logic that represents the background of the discussion, without gaps and inconsistencies
(hopefully). As a deliberate decision, this framework does not address the syntax and semantics
of terms but abstracts atomic formulas to opaque relations; this allows to focus the discussion
on the essentials. However, to really describe a reasonably close relative of first-order logic,
this framework is (in contrast to other presentations) not based on relations of fixed arity, i.e.,



with a fixed number of variables; rather we consider relations of infinite arity, i.e., with infinitely
many variables. However, only finitely many variables may influence the truth value of the
relation, which represents the effect that a classical atomic formula can only reference finitely
many variables. The overall result is (as we hope) a slick and elegant presentation.

The remainder of this paper is structured as follows: In Section 2 we define a term-free
variant of first-order logic and give it a semantics in the usual style on the basis of set-theoretic
notions. In Section 3, we introduce those categorical notions that are necessary for understanding
the following elaboration and discuss their relationships. The core of this paper is Section 4
where we elaborate the categorical formulation of the semantics of our variant of first-order
logic. In Section 5 we demonstrate that this semantics is constructive by modeling it in the
RISCAL system [8], which allows us to automatically check the core propositions in finite
models. Section 6 concludes our presentation and gives an outlook on future work.

2 A Relational First-Order Logic

In this section, we introduce a simplified variant of first-order logic that abstracts from the
syntactic structure of atomic formulas and thus copes without the concept of terms, constants,
function symbols, predicate symbols, and all of the associated semantic machinery. Towards this
goal, atomic formulas are replaced by relations over assignments (maps of variables to values)
that are constrained to only depend on a finite number of variables; we will call such relations
“predicates”. Consequently also the semantics of every non-atomic formula is a predicate.

We begin with some standard notions.

Axiom 1 (Variables and Values). Let Var denote an arbitrary infinite and enumerable set; we
call the elements of this set variables. Furthermore, let Val denote an arbitrary non-empty set;
we call the elements of this set values.

Definition 1 (Assignments). We define Ass := Var — Val as the set of all mappings of variables
to values; we call the elements of this set assignments. Thus for every assignment a € Ass and
every variable x € Var, we have a(x) € Val.

Definition 2 (Updates). Let a € Ass be an assignment, x € Var a variable, and v € Val a value.
We define the update assignment a[x — v] € Ass as follows:
v ifx=y

alx —» v](y) := {a[X] otherwise

Consequently, a[x +— v] is identical to a except that it maps variable x to value v.

Proposition 1 (Update Properties). Let a € Ass be an assignment, x,y € Var variables, and
v, v1, v € Var values. Then we have the following properties:

alx > a(x)]=a
alx > vi][x > va] = alx — v;]
x #y = alx > vi][y > va] =aly = v][x — vi]



Proof. Directly from the definitions. O

The properties of assignments listed above (and only these) will be of importance in the
subsequent proofs.
Now we turn to the fundamental semantic notions.

Definition 3 (Relations). We define Rel := P(Ass) as the set of all sets of assignments; we call
the elements of this set “relations”. Consequently, a relation is a set of assignments.

Definition 4 (Variable Independence). We state that relation R € Rel is independent of vari-
able x € Var, written as R L x, if and only if the following holds:

VYa € Ass,vi,vp € Val.a[x — vi]€e R e a[x — v] €R

Consequently, if R L x, the value of x in any assignment a does not influence whether a is in R.
We say that R depends on x if R 1L x does not hold.

We transfer the central syntactic property of atomic formulas (they can only refer to finitely
many variables) to its semantic counterpart.

Definition 5 (Predicates). A relation R € Rel is a predicate, if it only depends on finitely many
variables. We denote by Pred the set of all predicates and by Pred, := {P € Pred | P L x} the
subset of all predicates that are independent of x.

Now we are ready to introduce the central entities of our discourse.

Definition 6 (Abstract Syntax of Formulas). We define For as that smallest set of abstract syntax
trees in which every element F' € For is generated by an application of a rule of the following
context-free grammar (where P € Pred denotes an arbitrary predicate and x € Var denotes an
arbitrary variable):

F:=P|T|L
|—|F|F1/\F2|F1VF2|F1—>F2|F1(—>F2
| Vx. F|3x. F

We call the elements of this set formulas.

In this definition, the role of a classic atomic predicate p(ti,...,#,) with argument terms
t, ..., tr in which n variables xi, . . ., x,, occur freely is abstracted to a predicate P that depends
on variables xi, .. ., x,.

Now we establish the relationship between the syntax and semantics of formulas.



Definition 7 (Semantics of Formulas). Let F € For be a formula. We define the relation
[ F] € Rel, called the semantics of F, by induction on the structure of F:

[P]:={acAss|acP}
[T] :={a € Ass|true}
[L] :={a € Ass | false}
[-F]:={acAss|a¢[F]}
[FiANFR]:={acAss|ac|[F]andac [F]}
[FivF,]={acAss|ac[F]orac[F]}
[Fi > F] :={acAsss|a¢[Fi ]orac[F]}
[FiloR]:={acAss|(ac[Fi]andae [F])or(a¢[F]anda¢[F:])}
[Vx. F]:={a€Ass|alx—v]e[F], forallv € Val}
[3x. F]:={a €Ass|a[x — v] e [F], for some v € Val}

Above definition is well-defined in that clearly every formula denotes a relation. To show that
formulas indeed denote predicates some more work is required.

Proposition 2 (Quantified Formulas and Variable Independence). For every variable x € Var
and formula F € For, we have [Vx. F ]| L x and [3x. F] L x, i.e., the semantics of quantified
formulas does not depend on x.

Proof. We prove this proposition by reductio ad absurdum.

First assume that [Vx. F ] depends on x. Then we have some assignment a € [Vx. F]
and some values vi,v, € Val such that a[x — v|] € [Vx. F] and a[x — ] ¢ [Vx. F].
From a[x — v;] ¢ [Vx. F] we have some v € Val with a[x +— w][x — v] ¢ [ F] and thus
alx — v] ¢ [ F]. However, a[x +— v;] € [Vx. F ] implies a[x > v;][x — v] € [ F ] and thus
alx +— v] € [ F], which represents a contradiction.

Now assume that [3x. F'] depends on x. Then we have some assignment a € [3Ix. F]
and some values vi,v, € Val such that a[x — v|] € [3x. F] and a[x — ] ¢ [Ix. F].
From a[x — v;] € [3x. F] we have some v € Val with a[x + v{][x — v] € [ F] and thus
alx — v] € [ F]. However, a[x + v,] ¢ [3x. F ] implies a[x — v][x — v] ¢ [ F ] and thus
alx +— v] ¢ [ F ], which represents a contradiction. O

Proposition 3 (Formula Semantics and Predicates). For every formula F € For, we have
[ F] € Pred, i.e., the semantics of F is a predicate.

Proof. The proof proceeds by induction over the structure of F.
e If F=P,wehave [F] ={a€Ass|ac P} =P € Pred.

* If F € {T, L}, there are no x, a, v, v, such that a[x — v;] € [ F] and a[x — v,] ¢ [F ],
because for F = T the second condition must be false and for F = L the first one; thus F
does not depend on any variable.



* If F = —F}, by the induction hypothesis, we may assume that [ F} | depends only on the
variables in some finite variable set X. From the definition of [ F [, it is then easy to show
that also [ =F) ] depends only on the variables in X.

s IfFe{F\AF,FIV F,F — F, F| & F,}, we may assume by the induction hypothesis
that | F; | depends only on the variables in some finite set X; while P, only depends on
the variables in some finite set X,. From the definition of [ F [, it is then easy to show that
[ F ] depends only on the variables in the finite set X; U X.

o If F € {Vx. F;,3x. Fi}, we may assume by the induction hypothesis that [ F; ] only
depends on the variables in some finite variable set X. We are now going to show that [ F |
only depends on the variables in the finite set X\{x}. Actually we assume that this is not
the case and show a contradiction. From this assumption and Proposition 2, we have a
variable y # x A 'y ¢ X on which F depends; thus we have an assignment a and values
vy, vo such thataly — vi] € [F] and aly — v2] ¢ [ F].

If F =Vx. Fy, from aly — v;] ¢ [[F]]wehaveaveValw1tha[y+—>v2 xev]e[F]
and thus (since y # x) a[x — v][y = v] € [ Fi]. From a[y — v;] € [ F] we know
aly = vi][x — v] € [ F ] and thus a[x +— v][y +> v;] € [ F1 ]. Thus [ F; ]| depends on a
variable y ¢ X which contradicts the induction assumption.

If F = 3x. F}, from a[y +— v;] € [ F] we have a v € Val with aly > vi][x — v] € [ Fi ]
and thus (since y # x) a[x — v][y — vi] € [F;]. From aly — v;] ¢ [F] we know
aly = w][x — v] ¢ [ F; ]| and thus a[x — v][y > v,] € [ F1 ]. Thus [ F; ] depends on a
variable y ¢ X which contradicts the induction assumption.

This completes our proof. O
In the following we transfer the classical model-theoretic notions to our framework.

Definition 8 (Satisfaction). Let a € Ass be an assignment and F € For be a formula. We define
a |= F (read: a satisfies F) as follows:

alEF:sac|F]
Definition 9 (Validity). Let F' € For be a formula. We define |= F' (read: F is valid) as follows:
FF:oVacAss.alF F

Definition 10 (Logical Consequence). Let F, G € For be formulas. We define F |= G (read: G
is a logical consequence of F) as follows:

FEG:oVYacAss.alFF=al=G

Definition 11 (Logical Equivalence). Let F, G € For be formulas. We define F = G (read: F
and G are logically equivalent) as follows:

F=G:oVaeAss.aFF s alEG



Proposition 4 (Logical Consequence and Logical Equivalence). Let F, G € For be formulas.
Then we have the following equivalences:

s (FEG) o (FF—-G)
*(FEG e ([F]<[GD
s (F=G)e (FF <G
s (F=G) = ([F]=[G)])
Proof. Directly from the definitions. O

Thus logical consequence on the meta-level coincides with implication on the formula level
and with the subset relation on the semantic level. Furthermore, logical equivalence on the
meta-level coincides with equivalence on the formula level and with the equality relation on the
semantic level.

In the following, we establish a set-theoretic interpretation of the logical operations of our
formula language.

Definition 12 (Complement). We define the complement R € Rel of relation R € Rel as the
relation R := Ass\R. Consequently an assignment is in R if and only if it is not in R.

Proposition 5 (Propositional Semantics as Set Operations). Let F, Fy, > € For be formulas. We
then have the following equalities:

[Pl=P
[T] =Ass
[L]=0

[-F]=[F]
[FAB]=[FRA]n[F]
[FiVE]=[FR]JVU[F]
[Fi—R]=[FA]u[F]
[FloR]=(AIN[R)V[AINIR]
Proof. Directly from the definition of the semantics. O

While above results are quite intuitive, a corresponding set-theoretic interpretation of quantified
formulas is not. In the following we only state the plain result without indication of how it can
be intuitively understood; we will delegate this explanation to Section 4 where the categorical
framework will provide us with the adequate insight.

Proposition 6 (Quantifier Semantics as Set Operations). Let F' € For be a formula. We then
have the following equalities:

[Vx. F]=| J{PePred|PuLxAPC[F]}
[3x. F]=( (P ePred|PLxA[F]CP}



In other words, [Vx. F ] is the weakest predicate P (“weakest” in the sense of the largest set)
that is independent of x and that satisfies the property P C [ F | while [ 3x. F ] is the strongest
predicate P (“strongest” in the sense of the smallest set) that is independent of x and that satisfies
the property [ F | C P.

Proof. First we take arbitrary a € Ass and show
a€[Vx.F]| e (3P€Pred. PLxANPC[F]Aa€cP)
=: We assume a € [Vx. F ] and prove for P := [Vx. F |

P € Pred (a)
Pl x (b)
PC[F] ©)
aeP (d)

From Proposition 3, we have (a). From Proposition 2, we have (b). From a € [Vx. F] we

have (d). To show (c), we take arbitrary assignment ap € P and show ag € [ F ]. From g € P,

we know ap[x — v] € [ F] for v := ap(x). Since ag[x > ap(x)] = ag, we thus know ap € [ F].
<: We assume for some P € Pred

Pl x (1
Pc[F] @)
acP 3)

and prove a € [Vx. F ]. For this we take arbitrary v € Val and prove a[x — v] € [ F ]. From (2),
it suffices to show a[x + v] € P. From (1), we know

Yvi,vao € Val.a[x > vi] € P S a[x > v €P 4)

From (3) and a = a[x — a(x)], we know a[x +— vg] € P for vy := a(x). Thus with (4) we
know a[x — v] € P.
Now we take arbitrary a € Ass and show

ac[3x.Fle (YPePred PLxN[F]CP=acP)
=: We assume a € [ Jx. F ] and take arbitrary but fixed P € Pred for which we assume
P1x (5)
[F]cP (6)
Our goal is to show a € P. From a € [3x. F ], we know a[x — v] € [ F] for some v € Val.
From (6), we thus know a[x +— v] € P. From (5), we thus know a[x — a(x)] € P. Since

a[x — a(x)] = a, we thus know a € P.
<: We assume

VPePred. PLxAN[F]CP=acP @)

and prove a € [3x. F]. From (7) instantiated with P := [3x. F | and Propositions 3 and 2, it
suffices to prove [ F ] € [3x. F]. Take arbitrary assignment ag € [ F]J. Since ap[x — a(x)] =
a, we thus have ap[x — v] € [ F ] for v := a(x) and thus ag € [3x. F]. O



3 Category Theory

In this section we discuss those aspects of category theory that are relevant for the subsequent
categorical formulation of our relational first order logic.

Basic Notions We begin with the basic notions of category theory.
Definition 13 (Category). A category ( is is a triple (O, A, o) of the following components:
* A class O of elements called C-objects or just objects.

» A class A of elements called C-arrows or just arrows. Each arrow has a source object and
a target object from O; we write f: a — b to indicate that f is an arrow with source a and
target b. We write C(a, b) to denote the class of all arrows of A with source a and target b
(called the hom-class of all arrows from a to b). For every object x in O, A contains an
arrow id, : x — x called the identity arrow for x.

* A binary operation o on arrows called composition. For all arrows f: a — bandg: b — ¢
we have (g o f): a — c. Furthermore, the composition satisfies the following axioms:

— Associativity: (hog)o f = ho(go f), forallarrows f:a — b,g: b > c,h: c — d.
— Identity: idy, o f = f = f oid,, for all arrows f: a — b.

Example 1 (Category of Sets). We introduce the category SET which contains as objects all sets
and every triple (f4, A, B) as arrow f: A — B where f* is a (total) function from set A to set B.
The identity arrow id4: A — A is defined by id’}‘: A— A id’}‘(x) := x; composition is defined
by (go f)': A = C, (g o f)(x) := g(f(x)) for arrows g: B— Cand f: A — B. O

Example 2 (Category of Subsets). Given a set S we introduce the category SUB(S) which
contains as objects all subsets of S and every tuple (A, B) as arrow f: A — B for which A C B
holds; thus a unique arrow with source A and target B exists if and only if A C B. The identity
arrow is defined as id4 := (A, A); composition is defined as go f := (A, C) forarrows g: B — C
and f: A — B. 0

Categories are often depicted in the form of diagrams where
* every point in the diagram represents an object of the category;

* every arrow between two points in the diagram represents in the category an arrow between
the corresponding two objects.

These diagrams do typically not show the identity arrows and arrows whose existence is implied
by the composition of the depicted arrows. For example, take the following diagram:




The category depicted by this diagram has four objects a, b, ¢, d and nine arrows: the identities id,,,
idp, id., idg, the depicted arrows f: b — a, g: ¢ — a, h: a — d, and the implied arrows
(hof):b—>d,(hog):c—d.

Categorical propositions are often depicted in the form of “commutative diagrams” where
every connected “path” of one ore more arrows in the diagram represents in the category the
composition of these arrows; if two paths in the diagram have the same start point and the same
end point, they represent in the category the same arrow (i.e., the compositions denoted by the
paths yield the same result). For example, take the following commutative diagram:

fi 12
a ) > C
l/’ll lhz lh3
81 82
d—»e*»f

This diagram states the propositions /4, o fi = gy o hy and h3 o o = g o hy which imply the
proposition i3 o f> o fi = g 0 g; © hy.
Some more fundamental notions follow.

Definition 14 (Isomorphism). Let C be a category and a, b be C-objects a,b. Then we have
a = b (read: a and b are isomorphic) if there are C-arrows f: a — band g: b — a, called
isomorphisms, such that g o f = id, and f o g = id).

Definition 15 (Subcategory). A category C is a subcategory of category D if every C-object is
also a D-object, every C-arrow is also a D-arrow, every identity arrow in C is also an identity
arrow in D, and g oc f = g op f for all C-arrows f: a — band g: b — ¢, where oc denotes
the composition in C and op denotes the composition in D.

Object Constructions We are now introducing constructions of categorical objects that will
subsequently play an important role in the categorical formulation of relational first-order logic.

Definition 16 (Initial and Final Objects). Let C be a category. A C-object O is initial if for every
C-object a there exists exactly one arrow 0, : 0 — a. A C-object 1 is final if for every C-object a
there exists exactly one arrow 1, : a — 1.

The following diagram illustrates the arrows of an initial object 0 and a final object 1 with
respect to an arbitrary object a:

—_
Q

R e
=
Q

10



This construction of initial/final objects is “universal” in the sense that it describes a class of
entities (objects and accompanying arrows) that share a common property and picks from this
class an entity whose characterizing property is the existence of exactly one arrow from/to every
entity of this class. This defines the entity uniquely up to isomorphism. Further instances of
such constructions will be given later.

Example 3 (Initial and Final Object). In the category SET of all sets (introduced in Example 1),
the only initial object 0 is the empty set (), where arrow 04 : 0 — A is determined by the function
Oi: 0 — A, 0’}‘ := () that is not defined on any argument. Every singleton set {e} with arbitrary
element e is final with arrow 14: A — 1 determined by the function ljf‘ : A > {e}, l;l\(x) =e.
In the category SUB(S) of all subsets of set S (introduced in Example 2), the only initial object O
is the empty set 0 with arrow 04 := (0, A). The only final element 1 is the set S with arrow
14 :=(AS). O

Definition 17 (Product and Coproduct). Let C be a category. Then the triple {a X b, 7|, 1) is a
product of C-objects a and b if a X b is a C-object, the product object, with arrows 1 : axb — a
and 7y : a X b — b, the projections, such that for every triple {c, f, g) with C-object ¢ and arrows
f:c— aand g: ¢ — b there exists exactly one arrow (f, g): ¢ — a X b such that the following
diagram commutes:

T V)
a < axb > b

(f. 8

X
A
i
1
1
:
C

Dually, the triple (a + b, ¢1,t2) is a coproduct of C-objects a and b if a + b is a C-object, the
coproduct object, with arrows ¢;: @ — a + b and 1: b — a + b, the injections, such that for
every triple {(c, f, g) with C-object ¢ and arrows f: @ — c and g: b — c there exists exactly one
arrow [ f, g]: a + b — c such that the following diagram commutes:

——> g+ b = b

The product and the coproduct are thus defined by universal constructions analogous to those
of the final and the initial element, respectively; thus also products and coproducts are uniquely
defined up to isomorphism.

Example 4 (Product and Coproduct). In the category SET of all sets (introduced in Example 1),
a product object A X B is the set of all pairs {(a,b) | a € A A b € B} with the projections
determined by functions ﬂf((a, b)) := a and ﬁ;((a, b)) := b. A coproduct object A + B is the
disjoint union {{a, 1) | a € A} U {{b,2) | b € B} with the injections defined by the functions
v} (a) := (a, 1) and i5(b) := (b,2).

11



In the category SUB(S) of all subsets of set S (introduced in Example 2), a product object AX B
is the intersection AN B with the existence of the projections 7;: ANB — Aandm: ANB — A
expressing the facts AN B € A and AN B C B, respectively. A coproduct object A + B is the
union A U B with the existence of the injections ¢t;: A - AU Band ,: B — AU B expressing
the facts A C AU B and B C AU B, respectively. O

Definition 18 (Product Arrow). Let C be a category with products {(a; X ap, 71, m2) and (b; X
by, n{,m}) and arrows f: a; — by and g: ay — by, respectively. Then the product arrow
fXg:a Xay— by X by isthe arrow (f o 1, g o 7).

Definition 19 (Exponential). Let C be a category in which for all C-objects there exists a product
object. Then the tuple (b%, eval, ;) is an exponential of C-objects a and b if b* is a C-object, the
exponential object, with arrow eval, p: b® X a — b, the evaluation arrow, such that for every
C-object ¢ with arrow f: ¢ Xa — b there exists exactly one arrow curry;: ¢ — b, the currying
arrow, such that the following diagram commutes:

evaly p
b*xa——>b
A
curryy X idg |
' f
cXa

Since also the exponential is defined by a universal construction, it is uniquely defined up to
isomorphism.

Example 5 (Exponential). In the category SET of all sets (introduced in Example 1), for SET-
objects (i.e., sets) A, B, the exponential object B is the set { f: A — B} of all functions from A
to B. The evaluation arrow is defined by the function evaljg, g(f.a) == f(a)for f: A— Band
a € A, the currying arrow by the function curry;}(c) :=da.f(c,a)for f: CXA — Bandc € C.
Thus, given objects ¢ € C,a € A, b € B and function f: ¢ X a — b, we can construct a function
curry}(c) such that for arbitrary object a, we have eval//; B(curry;(c), a) = f(c,a).

In the category SUB(S) of all subsets of set S (introduced in Example 2), the exponential
object BA is the set AU B = (S\A) U B. The existence of the evaluation arrow evaly p :=
(BA N A, B) expresses the fact BA N A C B. The existence of the currying arrow defined as
curry; = (C, BA) states C C BA. Thus, given set C and f: C x A — B, i.e., a derivation goal
C N A C B, we can construct CUrryy: C — B4, ie., the “missing assumption” C C BA which
allows us to deduce C N A C B using evala g : BAN A — B, i.e., the “universal knowledge”
BA N A C B. Interpreting sets as propositions, B4 as the implication A — B, the intersection N
as the conjunction A, and the subset relation C as the “entails” relation |=, above elaboration
describes in a nutshell the inference rule

curryp: CrA—>B
I CANAFB

where the “universal knowledge”

evalgp: (A— B)ANA+ B

12



is essentially the modus ponens rule. O

Functors and Adjunction Moving on from individual categories, we will now discuss some
concepts that address relationships between categories.

Definition 20 (Functor). Let C and 9D be categories. A functor F: C — ‘D is a map that takes
every C-object a to a D-object F(a) and every C-arrow f: a — b to a D-arrow F(f): F(a) —
F(b) such that

* F(id,) = idp(q) for every C-object a, and
* F(goc f)=F(g)op F(f) forall C-arrows f:a — bandg: b — c.

Example 6 (Functor). We define the category I whose objects are the integer numbers, whose
arrows denote the “less than equal” relation <z over the integers (i.e., a unique arrow f: x — y
exists if and only if x <z y) and whose composition denotes the composition of this relation.
Analogously we introduce the category R whose objects are the real numbers, whose arrows
denote the “less than equal” relation <R over the reals, and whose composition operation denotes
relational composition.

Consider a functor R: I — R that maps the integers into the reals such that for every I-object i
(i.e., an integer number) R(i) represents an R -object, (i.e., a real number) and every [-arrow
i1 — ip is mapped to an R -arrow R(i;) — R(ip) (i.e., if i <y i, then R(i;) <R R(iz)). Thus R
may be any monotonous map from the integers to the reals. O

Definition 21 (Adjunction, Left and Right Adjoint). Let C and D be categories with functors
F:C— Dand G: D — C. Then we have F 4 G (read: (F,G) is an adjunction, F is a left
adjoint of G, G is a right adjoint of F) if for every C-object a and D-object b the arrow classes
D(F(a), b) and C(a, G(b)) are isomorphic, i.e., there exists a bijection between them. This is
equivalent! to saying that for every C-object a and D-object b there exist two surjective mappings
s1: D(F(a),b) = Cla,G(b)) and s2: C(a, G(b)) — D(F(a),b), i.e.,

* for every D-arrow g: F(a) — b we have a C-arrow f: a — G(b) with s2(f) = g and
o for every C-arrow f: a — G(b) twe have a D-arrow g: F(a) — b with s1(g) = f.

Example 7. We introduce between the set Z of integer numbers respectively the set R of real
numbers the functions

real: 7 — R, real(x) := x
ceil: R —> Z, ceil(x) :=min {y € Z | x <g real(y)}
floor: R — Z, floor(x) := max {y € Z | real(y) <gr x}

IThis equivalence is a consequence of the Cantor—Schroder—Bernstein theorem which states that there exists a
bijective function between sets A and B if there exist injective functions f: A — B and g: B — A. This implies
that such a bijective function also exists if there exist surjective functions f’: A — B and g’: B — A because
from these we can define the injective functions f(a) := such b. g’(b) = a and g(b) := such a. f’(a) = b. While
the theorem has been formulated for sets, it can also be generalized to classes.
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where real(x) denotes the “embedding” of integer x to real, ceil(x) denotes the least integer
greater equal x, and floor(x) denotes the greatest integer less equal x.

Now consider the categories I and & introduced in Example 6. Above functions induce
corresponding functors over these categories, the “embedding functor” R: I — R, the “ceiling
functor” C: R — I, and the “floor functor” F': R — I, where for every R -object x we have
R(x) = real(x) and for every I-object x we have C(x) = ceil(x) and F(x) = floor(x). Since
function real is monotonic, R maps I-arrows, i.e., inequalities on Z, to R -arrows, i.e., inequalities
on R; thus R is indeed a functor. Likewise, since also functions ceil and floor are monotonic,
also C and I are indeed functors.

Above functions satisfy the following properties (we will prove this claim below):

VxeR y€eZ.ceillx) <z y © x <R real(y) ey
Vx €Z,y € R. x <z floor(y) © real(x) <r y 2)

As a consequence of property (1), we have for every I-arrow f: C(x) — y (with & -object x and
I-object y) exactly one R -arrow g: x — R(y) and vice versa, i.e., the arrow classes I(C(x), y)
and R (x, R(y)) are isomorphic. As a consequence of property (2), we have for every I-arrow
f: x — F(y) (with I-object x and R -object y) exactly one R -arrow g: R(x) — y and vice
versa, i.e., the arrow classes R (R(x), y) and I(x, F(x)) are isomorphic. Thus we have

CARARAF

i.e., the ceiling functor is a left adjoint of the embedding functor and the floor functor is a right
adjoint, respectively.

It remains to prove (1) and (2). The definitions of functions ceil and floor immediately give
us the following properties:

ceillx) =y (x <rrealy) ANy €Z : x <greal(y’) = y <z y') 3)
floor(x) =y & (real(y) <R x AVy' € Z : real(y’) < x = y' <z y) 4)

Furthermore we clearly have the following properties:

Vx1, X2, x3 € R. X1 <R X2 A X2 <R X3 = X1 <R X3 (5
Vx,x' € Z. x <z x’ = real(x) <R real(x") 6)

To prove (1), we take arbitrary x € R and y € Z and show ceil(x) <z y © x <R real(y).
First we assume ceil(x) <z y (7) and show x <R real(y). From (3) and (7), we know x <gr
real(ceil(x)); from (6) and (7), we know real(ceil(x)) <g real(y); from (5) we thus have the goal.
Next we assume x <g real(y) (7) and show ceil(x) <z y which follows directly from (3) and (7).

To prove (2), we take arbitrary x € R and y € Z. and show x <z floor(y) & real(x) <r y.
First we assume x <z floor(y) (7) and show real(x) <r y. From (6) and (7), we know
real(x) <R real(floor(y)); from (4), we know real(floor(y)) <r y; from (5), we have the goal.
Next we assume real(x) <r y (7) and show x <z floor(y) which follows from (4) and (7). [

Proposition 7 (Equivalence of Adjunctions and Universals). Let C and D be categories with
functors F: C — Dand G: D — C. Then the condition F 4 G is equivalent to each of the
following two conditions:
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1. Forevery C-object a there is a C-arrow u: a — G(F(a)), the “universal arrow”, such that
for every D-object b and C-arrow f: a — G(b) there exists a D-arrow gp ¢ : F(a) — b:

a—2 - G(F(a)) F(a)

7 l G(gn.r) igb,f

G(b) b

2. For every D-object b there is a C-arrow v: F(G(b)) — b, the “couniversal arrow”, such
that for every C-object a and D-arrow g: F(a) — b there is a C-arrow fu o: a — G(b):

G(b) b ~—— F(G(b))
s AR
a Fla)

Proof. See the proof of Propositions 6 and 7 in [2].

]
Example 8. Consider the categories ® and I with functors C: X — I, R: I — R, and

F: R — I introduced in Example 7. For these we have C 4+ X and R 4 ¥.
We consider C 4 K_and apply the first part of Proposition 7:

* First, for every & -object a, i.e. a € R, we have u: a — R(C(a)), i.e., a <R real(ceil(a)).

* Second, for every I-object b and R -arrow f: a — R(b),i.e., b € Z with a <z real(b), we
have an I-arrow g, r: C(a) — b, i.e., ceil(a) <z b.

In other words, the following proposition holds:

a <p real(ceil(a)) ANVb € Z.. a <z real(b) = ceil(a) <z b

which is equivalent to property (3) in Example 7 and can be stated more succinctly as

ceil(a) =min{b € Z | a <R real(b)}
which is the defining equation of ceil.

Now we consider X 4 F and apply the second part of Proposition 7:
* First, for every R -object b, i.e. b € R, we have v: R(F (b)) — b, i.e., real(floor(b)) <R b.

* Second, for every I-object a and R -arrow g: R(a) — b, i.e., a € Z with real(a) <z b, we
have an R -arrow f, o: b — F(a),i.e., b <z floor(a).
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In other words, the following proposition holds:
real(floor(b)) <r b AVa € Z. real(a) <z b = b <z floor(a)
which is equivalent to property (4) in Example 7 and can be stated more succinctly as
floor(b) = max {a € Z | real(a) <R b}
which is the defining equation of floor. O

As Example 8 demonstrates, Proposition 7 states in a nutshell that a left adjoint uniquely
defines a function by taking as its result the “least” element for which the application of the right
adjoint does not yield a value that is “less” than the argument; dually a right adjoint uniquely
defines a function by taking as its result the “greatest” element for which the application of the
left adjoint does not yield a value that is “greater” than the argument.

Object Constructions by Adjunction We conclude this section by demonstrating that the
previously described object conjunctions can be also considered as applications of functors that
are determined as left respectively right adjoints to certain basic functors.

Proposition 8 (Initial and Final Object by Adjunction). Let 1 be the “singleton” category with
a single object * (and consequently a single arrow id,: * — *); this category is uniquely defined
up to isomorphism. Let C be a category with the constant functor C: C — 1, also this functor
is uniquely defined up to isomorphism. Then the following holds:

o Let C-object 0 be initial and the “initial object functor” Iy: 1 — C be defined by Iy(x) := 0
and 1y(id,) = idy. Then we have Iy 4 C, i.e., the initial object functor is a left adjoint of
the constant functor.

o Let C-object 1 be final and the “final object functor” Fy: 1 — C be defined by Fy(*) := 1
and Fy(id,) := id|. Then we have C 4 F}, i.e., the final object functor is a right adjoint of
the constant functor.

Proof. For showing the first statement, we take the initial object 0 with initial object functor Ij.
We show Iy 4 C, i.e., that C(Io(x), a) and 1(*, C(a)) are isomorphic, for arbitrary C-object a.
This follows from 1(x, C(a)) = 1(x, ), C(Io(*), a) = C(0, a), and the fact that there exists exactly
one 1-arrow id,: * — = and, since O is initial, exactly one C-arrow f: 0 — a.

For showing the second statement, we take the final object 1 with final functor ;. We show
C 4 Fy,i.e., that 1(C(a), *) and C(a, F}(*)) are isomorphic, for arbitrary C-object a. This follows
from 1(C(a), *) = 1(*, %), C(a, F1(x)) = C(a, 1), and the fact that there exists exactly one 1-arrow
id,: = — = and, since 1 is final, exactly one C-arrow f: a — 1. O

Proposition 9 (Product and Coproduct by Adjunction). Let C be a category. Let the “product
category” C X C be the category whose objects (a, b) are pairs of C-objects a and b, whose
arrows (f, g) : (a,c) — (b, d) are pairs of C-arrows f: a — band g: ¢ — d, where the identity
arrows are pairs of identity arrows, and where composition is component-wise composition. Let
the “diagonal functor” A: C — C X C be defined by A(a) = (a,a) for every C-object a and
A(f) = (f, f) for every C-arrow f: a — b. Then the following holds:
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e Assume that every pair of C-objects a and b has a product a X b and let the “product
Sfunctor” P: C X C — C be defined by P(a,b) :== ax b. Then we have A 4 P, i.e., the
product functor is a right adjoint of the diagonal functor.

e Assume that every pair of C-objects a and b has a coproduct a + b and let the “coproduct
functor” C: C — C X C be defined by C(a,b) := a + b. Then we have C 4 A, i.e., the
coproduct functor is a left adjoint of the diagonal functor.

Proof. For showing the first statement, we take arbitrary category ¢ and functor P satisfying
the stated assumption. We show A 4 P, i.e., that for arbitrary C-objects p, a, b the arrow classes
(C x C)(A(p), (a, b)) and C(p, P(a, b)) are isomorphic. Since A(p) = (p, p) and P(a, b) = a X b,
it suffices to find surjections s;: (C X C)((p, p), (a, b)) — C(p,a X b) and sp: C(p,a X b) —
(Cx CO)p, p), (a, b)). First, we define s((f, g) := (f, g) where (f, g): p — a X b is the unique
C-arrow given to us by Definition 17 with property f = m; o (f, g) and g = mp o {f, g). Now we
show that for every C-arrow h: p — a X b there exist some C-arrows f: p — aandg: p — b
with s1(f,g) = h. Wetake f := 7y o h and g := mp o h. Due to the uniqueness of {f, g), the
equalities f = ;o hand g = mp o himply h = (f, g) and thus s,(f, g) = h. Second, we define
so(h) := (my o h,my o h). Now we show that for every (C x C)-arrow (f, g): (p,p) — (a, b),
i.e., for all C-arrows f: p — a and g: p — b, there exists some C-arrow h: p — a X b with
so(h) = (f, g),i.e.,myoh = fand ny o h = g. Definition 17 gives us this .

For showing the second statement, we take arbitrary category C and functor C satisfying the
stated assumption. We show C 4 A, i.e., that for arbitrary C-objects a, b, ¢ the arrow classes
C(C(a, b), c) and (C x C)((a, b), A(c)) are isomorphic. Since C(a, b) = a + b and A(c) = (¢, ¢), it
suffices to find surjections s1: C(a+b,c) — (CxC)((a, b),(c,c))and s2: (CxC)((a, b), (¢, c)) —
C(a + b, ¢). First, we define s1(h) := (h o 1, h o 15). Now we show that for every (C X C)-arrow
(f,2): (a,b) = (c,c), i.e., forall C-arrows f: a — cand g: b — c, there exists some C-arrow
h:a+b— cwith si(h) = (f,g),i.e, hot = fand h o1, = g. Definition 17 gives us this A.
Second, we define s>(f, g) := [f, g] where [f, g]: a + b — c is the unique C-arrow given to us
by Definition 17 with property f = [f,g] o¢; and g = [f, g] o to. Now we show that for every
C-arrow h: a + b — c there exist some C-arrows f: a — c and g: b — ¢ with s2(f, g) = h.
Wetake f := hot; and g := h o ty. Due to the uniqueness of [ f, g], the equalities f = ho¢; and
g =houwimply h = [f, g] and thus s3(f, g) = h. O

Proposition 10 (Exponential by Adjunction). Let C be a category in which for every pair of
C-objects a and b there exists a product object b X a and an exponential object b®. For every
C-object a, let the “(unary) product functor” P,: C — C be defined by P,(b) := b X a and the
“(unary) exponential functor” E,: C — C be defined by E,(b) := b*. Then we have P, 4 E,,
i.e., the exponential functor is a right adjoint of the product functor.

Proof. We take arbitrary category C, C-object a, and functors P, and E, satisfying the as-
sumption. We show P, 4 E,, i.e., that for arbitrary C-objects b, ¢ the arrow classes C(P,(c), b)
and C(c, E4(b)) are isomorphic. Since P,(b) = bxa and E,(b) = b“ it suffices to find surjections
s1: Cle X a,b) = C(c,b?) and s2: C(c, b*) — C(c X a, b). First, we define 51(f) := curryy.
Now we show that for every C-arrow g: ¢ — b® there exists some C-arrow f: ¢ X a — b with
s1(f) = g, i.e., curry; = g. We define f := eval,p, o (g X id,) and show curry, = g. From the
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mp IMPp

forall, FORALL,
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Figure 1: A Categorical Semantics of Relational First-Order Logic

definition of f, we know that the C-arrow g: ¢ — b satisfies the equality f = eval, p o (g Xid,).
However, Definition 19 implies that the only such C-arrow is curry; thus curry, = g. Second,
we define s2(g) := evalyp o (g X id,;). Now we show that for every C-arrow f: cxa — b
there exists some C-arrow g: ¢ — b with sp(g) = f, i.e., eval,p o (g X id,) = f. We define
g := curryy from which Definition 19 proves the goal. O

We are now ready to discuss the central aspects of categorical logic.

4 A Categorical Semantics

Based on the concepts introduced in the previous sections, this section elaborates a categorical
semantics of our relational version of first order logic. We advise the reader to consult Figure 1
to grasp the overall framework and the relationship between its various categories and functors.

Syntactic Category and Formula Functors We start by introducing the “syntactic category”
SYN = (For, A, o) as follows:

* The objects of this category are the formulas in the set For which was introduced in
Definition 6.

* The arrow class A consists of all pairs (Fi, F>) of formulas F, F, for which F} |= F, holds,
i.e., for which F; is a logical consequence of Fj, as described in Definition 8. The source
object of such an arrow is F1, its target object is F>. The existence of an arrow f: F; — F;
thus indicates F] |= F,. The identity idp : F — F indicates the fact F' |= F.

* The composition o denotes relational composition: forall arrows f: F; — Fyandg: F) —
F3, the existence of the arrow (g o f): F| — F3 indicates the transitivity of the relation |=.
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For every variable x, S9\(, is that subcategory of SYA’ whose objects are formulas whose
semantics is independent of x (see Definition 4).

For reasons explained below, we will exclude from the syntactic category negations and
equivalences, i.e., formulas of form (=F) and (F; < F;). We may do so by considering them as
the following syntactic shortcuts:

(=F)=(F —> 1)
(Fi o B)=(FI = P))ANF, - F)

The validity of these shortcuts can be easily shown by proving the corresponding logical equiva-
lences. Consequently negations and conjunctions need subsequently not be considered any more
and their semantics need not be explicitly defined.

For the other kinds of formulas, we introduce the following (families of) “formula functors”
where 1 is the “singleton” category with a single object * (see Proposition 8):

true: 1 — SYN
false: 1 — SYN
and: SYN X SYN — SN
or: SYN X SYN — SIN
IMpE cpor: SN — SYN
forall, cy,,.: SYN — SYN
existsxevar: SYN — SIYN

These functors map formulas to formulas, and logical consequences to logical consequences.
The formula mappings are naturally defined as follows:

true(*) := T
false(x) := L
and(F\, F») := Fi AN F
or(Fl,F) =F VF
impp, (F2) == Fi > B
forall (F) :=Vx. F
existsy(F) := 3x. F

As for the mapping of consequences, we notice that all functors are covariant in their SYN
arguments?, i.e., we have for all formulas F, Fi, F;, G, G1, G, and every variable x the following

tis exactly for this reason that negation and equivalence (which do not enjoy covariance in their arguments) are not
modeled as formula functors and that implication (which is only covariant in its second argument) is not modeled
by a binary functor but by a family of unary functors.
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(easy to prove) properties:

(F1 = G1) A (F2 [ G2) = and(F, F») | and(G1, G2)
(F1 £ G1) A (F2 [F G2) = or(Fy, F2) | or(Gy, G2)
(F2 |F G2) = impp, (F2) |= impp, (G2)

(F = G) = forall (F) = forall .(G)

(F |= G) = existsy(F) |= exists(G)

Therefore the object maps of these functors naturally induce the necessary logical consequences.

Semantic Category and Predicate Functors Next we introduce the “semantic category”
SEM = (Pred, B, o) as follows:

* The objects of this category are the predicates in the set Pred which was introduced in
Definition 5 (thus SEM -objects are relations, i.e., sets).

* The arrow class B consists of all pairs (Pj, P;) of predicates Py, P, for which P; C P,
holds, i.e., for which P; is a subset of P,. The source object of such an arrow is Py, its
target object is P,. The existence of an arrow f: Py — P, thus indicates P; C P,. The
identity idp: P — P indicates the fact P C P.

e The composition o denotes relational composition: for all arrows f: P — P, and
g: P, — Pj, the existence of the arrow (g o f): P; — Ps indicates the transitivity of the
relation C.

For every variable x, SEM , is that subcategory of SEM whose objects are predicates that are
independent of x (see Definition 4).

Corresponding to the various kinds of formula constructions, we will have the following
“predicate functors” (respectively families of functors):

TRUE: 1 — SEM
FALSE: 1 — SEM
AND: SEM X SEM — SEM
OR: SEM X SEM — SEM
IMPpcprea: SEM — SEM
FORALLcvy: SEM — SEM
EXISTS xcvar: SEM — SEM

These functors map predicates to predicates and subset relations to subset relations (their detailed
definitions will be given later). As we will see, these functors are covariant in their SEM -
arguments, i.e., we have for all predicates P, Py, P, O, Q1, Q> and every variable x the following
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properties:

(P1 € Q1) A (P2 € Q2) = AND(Py, P2) C AND(Q1, Q2)
(P1 € 01) A (P2 € Q2) = OR(Py, P2) € OR(Q1, Q2)
(P2 € Qo) = IMPp,(P;) C IMPp,(Q2)

(P C Q) = FORALL,(P) € FORALL,(Q)

(P C Q) = EXISTS.(P) € EXISTS,(Q)

Therefore the object maps of these functors (defined by the respective predicate operations)
naturally induce appropriate arrow maps (the corresponding subset relations).

The Semantic Functor Now we introduce the “semantic functor” [ [: S9N — SEM defined
as follows:

* For every SO\(-object F, i.e., formula F, [ F ] denotes the semantics of F as defined in
Definition 7, which according to Proposition 3 is a predicate, i.e., indeed a SEM -object.

* For every SO\ -arrow f: Fy — F3, i.e., every pair of formulas F; and F> with F| | F>,
we have the SEM-arrow [ f]: [Fi1] — [F2], ie., the fact [F1] € [F>], which is a
direct consequence of Definition 10 which introduces the |= relation.

This semantic functor establishes the relationship between the previously introduced formula
functors and predicate functors by the following identities on SEM -objects, i.e., predicate
identities, that will hold for all formulas F, Fy, F, and every variable x:

[ true(x)] = TRUE(x)

[false(x)] = FALSE(x)

[and(F\, F2)] = AND([ F1 ], [ F2])
[or(Fi, F2)] = OR([ F1 |, [ F>])
[impr, (F2)] = IMPF, ([ F2])
[forall (F)] = FORALL,([ F])
[exists,(F)] = EXISTS ([ F])

We are now going to elaborate in detail the semantic functors from which all of above can be
shown; this elaboration is inspired from and indeed directly derived from the well-known logical
inference rules of first order logic. The resulting definitions are based on the categorical notions
introduced in Section 3, i.e., final and initial objects, products and coproducts, exponentials,
and left and right adjoints, respectively. This gives us for every logical operation a “universal”
definition of its semantics. Nevertheless this semantics is also “constructive” in the sense that it
is explicitly defined from well-known set-theoretic operations.
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Logical Constants The role of the logical constants in reasoning is exhibited by the following
two “rules” which follow directly from Definition 8 (these rules are propositions that are valid
for every formula F; they mimic the corresponding inference rules of first order logic):

FET LEF

In other words, T is a logical consequence of every formula F, i.e., T is the “weakest” formula.
Dually, every formula F is a logical consequence of L, i.e., L is the “strongest” formula. This
implies that true(x) = T is the final object of category SO\’ and false(x) = L is its initial one
(see Definition 16). Then Proposition 8 implies C gy 4 frue and false 4 Cgyny, i.€., functor rrue
is the right adjoint of the constant functor Cyn 1 SYAL — 1 while functor false is its left one.

Correspondingly TRUE(x) is the final object of category SEM (the “weakest” predicate, i.e.,
the predicate which is a superset of every predicate) and FALSE(x) is its initial object (the
“strongest” predicate, i.e., the predicate which is a subset of every predicate). By Proposition 8
we then have Cgzgs H TRUE and FALSE + Cggyy, i.e., functor TRUE is the right adjoint of the
constant functor Cgzqs: SEM — 1 while functor FALSE is its left one.

Therefore, corresponding to above rules for formulas, we have the following rules for every
predicate P:

P C TRUE(+)  FALSE(x) C P

Since final and initial objects are unique, these rules actually represent implicit but unique
definitions of TRUE(x) and FALSE(*) which can be explicitly written as

TRUE(x) := |_J{P | P € Pred}  FALSE(x):=( [{P| P € Pred}

i.e., TRUE(x) is the union of all predicates and FALSE(x) is their intersection. Thus we have
derived alternative characterizations [ T] = TRUE(x) and [ L] = FALSE(x) that are both
constructive and universal (Property 5 gives us [ T] = Ass and [ L ] = 0 from which it is easy
to verify these equalities).

Conjunction and Disjunction The role of conjunction in reasoning is exhibited by the follow-
ing rules for arbitrary formulas Fj, F;, F (the first two ones mimic the logical inference rules of
“elimination”, the last one mimics the inference rule of “introduction”):

FiANF |= F
FiANF |= F
(FEFR)ANFER)=FERAFR)

Dually we have the following rules for disjunction:

F |= FiVvF
F |= Fi Vv F
(FERA)ANREF)=(FIVEREF)

These rules (whose soundness can be established with the help of Definition 8) state that (| A F3)
is the “weakest” formula F' for which both (F' |= F) and (F |= F;) hold and that (F} V F,) is the
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“strongest” formula F for which both (F| |= F) and (F;, |= F) hold. Thus and(F, F;) = (Fi A F»)
is the product of the SYA -objects F| and F, and or(Fy, F») = (Fy V F) is their coproduct
(see Definition 17). Furthermore, by Proposition 9, we have Agyn, 4 and and or 4 Ay ice.,
functor and is the right adjoint of the diagonal functor Agyn: S9N — SYA x SO while
functor or is its left one.

Correspondingly AND(P;, P;) is the product of the SEM -objects P and P, (the “weakest”
predicate P for which both (P C P;) and (P C P;) hold) and OR(Py, P») is their coproduct (the
“strongest” predicate P for which (P; € P) and (P, C P) hold). By Proposition 9, we then
have Agzqs 4+ AND and OR A Agzqy ie., functor AND is the right adjoint of the diagonal functor
Agrar: SEM — SEM x SEM while functor OR is its left one.

Thus we have, corresponding to the rules for formulas, the following rules for all predi-
cates Py, Py, P:

AND(Py, P;) C Py
AND(P,P;) C P
(PC P))A(P C Py)= (P CAND(Py, Py))
Dually we have
P1 C OR(P1, Py)
P> C OR(Py, P)
(P S P)A(P, S P)= (OR(P1,P;) C P)

Since products and coproducts are uniquely defined, these rules actually represent implicit but
unique definitions of AND(Py, P>) and OR(P, P>) which can be explicitly written as follows:

AND(Py, P,) := U{P € Pred|P C Py AP C P}
OR(P, P,) := ﬂ{P € Pred | P, C P AP, C P}

This gives us alternative characterizations [ Fi A Fo| = AND([Fi [, [F:]) and [Fi V F2] =
[Fi]J]U[F:] = OR([ Fi],[ F2]) that are both constructive and universal (Proposition 5 implies
IfAB]=[FA]Nn[FR]and[F Vv F] =[F]U[F:] from which it is not difficult to verify
these equalities).

Implication The role of implication in reasoning is exhibited by the following rules for arbitrary
formulas Fi, F», F (the first rule mimics the logical inference rules of “implication elimination”
or “modus ponens”, the last one mimics the inference rule of “implication introduction’):

(Fi->FB)ANF EFR
(FANFIER)=(FEFEFR - FR)

These rules (whose soundness can be established with the help of Definition 8) state that (F; —
F3) is the “weakest” formula F* for which (F A Fy |= F») holds. Thus impg, (F2) = (Fi — F2)
is the exponential of the SYA(-objects F; and F> (see Definition 19). Proposition 10 then
gives us andp, : impg,, i.e., functor impy, is the right adjoint of the unary conjunction functor
andp, : SYN — SYN x SYN with object map andp, (F>) := and(Fy, F2) = Fi A F;.
Correspondingly IMPp,(P;) is the product of the SEM -objects P; and P, (the “weakest”
predicate P for which (P N P; € P,) holds; Proposition 10 then gives us ANDp, 4 IMPp,, i.e.,
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functor IMPp, is the right adjoint of the unary functor ANDp, : SEM — SEM X SEM with
object map ANDp, (P2) := AND(P,, P;) = P; U P;.
Thus, corresponding to above rules for formulas, we have the following rules for all predi-
cates Py, Py, P:
IMPP1 (Pz) NPy CP
(PN Py CP)= (P CIMPp(P))

Since exponentials are uniquely defined, these rules represent an implicit but unique definition
of IMP p,(P>) which can be explicitly written as follows:

IMPp,(Py) := | _J{P € Pred | P\ Py C P2}

This gives us an alternative characterization [ Fi — F> ] = IMP[ ([ F2]) that is both construc-

tive and universal (Proposition 5 implies [ F1 A F, | = [ F; ]| U [ F> ] from which it is possible to
verify this equality).

Universal and Existential Quantification The role of universal quantification in reasoning
is exhibited by the following rules for arbitrary formulas F, G provided that the semantics [ G |
of G does not depend on x (see Definition 4):

Vx.F | F
(G F)= (G | Vx. F)

The first rule mimics the logical inference rule of “universal elimination”, the second one mimics
the inference rule of “universal introduction” (except that our version of first-order logic does not
involve terms and variables and thus copes without variable substitutions). This pair of rules in
a nutshell says that (Vx. F) is the “weakest” formula G from which F is a logical consequence
and whose semantics does not depend on x. Dually we have for existential quantification the
following pair of rules:
FE3x. F
(FIFG)= 3x.FEG)

These rules state that (3x. F) is the “strongest” formula G that is a logical consequence of F and
whose semantics [ G || does not depend on x.

We are now going to derive appropriate categorical characterizations of the corresponding
functors forall,, .y, : SYN — SYN, and existsyevar: SYN. — SYN . from the category SN
of all formulas to the subcategory SYA(, of all those formulas whose semantics does not depend
on x. For this we may notice that above rules the relations (G |= F) and (F |= G) involve two
kinds of relations, a more general relation F that may depend on x and a more special relation G
that is independent of x. In order to bring all relations to the “same level”, we introduce a
syntactic “injection” functor I, : SYN, — SO\’ whose maps are just identities, i.e., I,(G) = G
and I,(f: F — G) = f: F — G. This allows us to express above rules as

L(forall (F)) = F
(Ix(G) F F) = (G [ forall ((F))
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and dually
F |= L(existsy(F))
(F | 1x(G)) = (existsx(F) = G)

Now the first set of rules matches the assumptions of the second part of Proposition 7 for F := I
and G := forall, (considering that the satisfaction relation |= denotes the existence of an arrow
in categories SO respectively SYA(,); thus we have I, 4 forall,. Likewise, the second set of
rules matches the assumptions of the first part of that proposition for F := exists, and G := I;
thus we have exists, 4 I,. Summarizing, the universal functor forall, is the right adjoint of the
injection functor I, while the existential functor exists, is its left adjoint.

These considerations can be easily transferred to categorical characterizations of the corres-
ponding functors FORALLcvyr: SEM — SEM  and EXISTSxcvar: SEM — SEM . from the
category SEM of all predicates to the subcategory SEM , of all those predicates that do not
depend on x with the semantic “injection” functor Jy: SEM, — SEM whose maps are just
identities, i.e., Jx(Q) = Q and Jy(f: P — Q) = f: P — Q. We then have

Jo(FORALL.(P)) C P
(Jx(Q) € P) = (Q € FORALL«(P))

and dually
P C J(EXISTS,(P))
(P € J.(Q)) = (EXISTS,(P) C Q)

Now the first set of rules matches the assumptions of the second part of Proposition 7 for F := J,
and G := FORALL, (considering that the subset relation C denotes the existence of an arrow in
categories SEM respectively SEM ,); thus we have J, 4 FORALL,. Likewise, the second set of
rules matches the assumptions of the first part of that proposition for F' := EXISTS, and G := Jy;
thus we have EXISTSy 4 J,. Summarizing, the universal functor FORALL, is the right adjoint
of the injection functor J, while the existential functor EXISTS, is its left adjoint.

Above rules say that FORALL,(P) is the weakest predicate Q that does not depend on x for
which (Jx(Q) € Q) holds while EXISTS,(P) is the strongest predicate Q that does not depend
on x for which (Q C J,(Q)) holds. Since left and right adjoints are uniquely defined, these
rules represent implicit but unique definitions of FORALL,(P) and EXISTS,(P) which can be
explicitly written as follows:

FORALL,(P) := U{Q € Pred, | Jx(Q) C P}
EXISTS,(P) := ﬂ{Q € Pred, | P C J(Q)}

From J,(Q) = Q and Q € Pred, & Q € Pred A Q 1L x (see Definition 5), this can be also
written as follows:

FORALL,(P) := U{Q €Pred|Q LxAQC P}
EXISTS,(P) := ﬂ{Q €Pred|Q L xAPCQ}

Thus we have derived alternative characterizations [Vx. F ]| = FORALL,([ F]) and [3x. F | =
EXISTS,([ F]) that are both constructive and universal. Actually, this is exactly the characteri-
zation whose correctness we have proved in Proposition 6.
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Summary We summarize the categorical semantics of our relational version of first-order logic
by giving for each logical operation (logical constant, connective, and quantifier)

* the original set-theoretic definition of its semantics,
* an equivalent formulation by the application of a predicate functor,
* the logical “rules” associated to the operation,
* the corresponding rules for the predicate functor,
* the categorical semantics of the functor derived from the rule, and
* the characterization of the functor as a left or right adjoint of one of the following functors:
Corar: SEM — 1, Cypgr(P) := %
Agrar: SEM — SEM X SEM, Agzar(P) := (P, P)

ANDp, cpreq SEM — SEM, ANDp (P2) =P NP,
Jerar: SZMx - SZ:M, Jx(F) =F

[ T] = Ass = TRUE(x)

FET
P C TRUE()
TRUE(x) = U{P | P € Pred}
Cypar A TRUE

[T] =0 =FALSE(x)

L|EF
FALSE(x) C P
FALSE(x) = ﬂ{P | P € Pred}
FALSE 4 Cyzay

[[Fl /\Fzﬂ = [[Fl]] N [[Fz]] ZAND([[FI]],[[Fz]])

FiIANFE |= F
FiANF, |= F,
FEF)NFER)=>(FEFERANFR)

AND(P1, P») C P,
AND(PI, Pz) -y )
(P C Pi)AN(P C Py) = (P CAND(Py, Py))

AND(Py, P) = |_J{P € Pred | P C Py AP C P2}
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[[F1 VFzﬂ = [[Fl]] U [[Fz]] = OR([[Fl]],[[Fz]])

iRV E
F |= v E
(FiLEFANEREF)=EFEVEREF)

P, C OR(Py, P>)
(P S P)A (P, € P)= (OR(P),P2) C P)

OR(Py, P,) = ﬂ{P € Pred | P, C P AP, C P}
OR + AS’EM

[F1 — F2] = [F1] U [F2] = IMP(,|([F2])
(Fi—>KB)ANF EF
(FANFiER)=>(FEFEFR—>FR)

IMPp, (P)NPy C Py
(PN Py CPy)= (P CIMPp,(P))

IMPp,(P2) = |_J{P € Pred | P01 Py C Py}
ANl)pl h HWPP1

[Vx.F]| ={acAss|alx —»v]e[F], forallv € Val} = FORALL,([F])
Vx.F | F
(G = F) = (G = Vx. F)

FORALL,(P) C P
(O € P) = (Q € FORALL,(P))

FORALL,(P) = U{Q €Pred|Q LxAQCP)}
Jy 4 FORALL,

[3x.F] ={a € Ass|a[x — v] € [F], for somev € Val} = EXISTS,([F])
Fl=3x. F
(FIEG)= (3x. F £ G)

P C EXISTS,(P)
(P C Q) = (EXISTS.(P) C Q)

EXISTS(P) = [ {Q € Pred | Q 1L x A P C O}
EXISTS, - Jy
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RISC Algorithm Language (RISCAL) - o x

File Edit Help

File: catlogic.txt: Analysis-
[ =] 2P0 b e &
L/ - o i .
2// The Categorical Semantics of a First Order Relational Logic Translation: [_| Nondeterminism Default Value: o Other Values: | |=|
3// (c) 2019, SemTech, http://www.risc.jku.at/projects/SemTech/ -
B J] =emm e mmmmm e mmm e e e e meeeeemmnn Execution: [+ Silent Inputs: Per Mille: Branches:
6 // the model parameters (check with e.g. N=2, M=1 or N=1, M=2) Visualization: [ ] Trace [_| Tree Width: 4580( Height: 600
7val N:f; // variablex x0,..., xN
8val M:N; // values @,..., M Parallelism: [#4 Multi-Threaded Threads: 4 [_] Distributed ~ Servers:| ||
10 // the types e
11type Varyp= JIND; // a variable b=t & | And2(SetlArray[7]],Set[Array(Z]]) ~
12 type val = W[M]; // a value —
13 type Ass = Map[Var,vall; // an assignment of variables to values
14 type Pred = Set[Ass]; // a predicate as a set of assignments RISC Algorithm Language 2.6.4 (December 1@, 2018)
15 http://www.risc.jku.at/research/formal/software/RISCAL
16 // the set of all assignments (C) 2016-, Research Institute for Symbolic Computation (RISC)
17val Ass = { a | a:Ass }; This is free software distributed under the terms of the GNU GPL.
18 Execute "RISCAL -h" to see the available command line options.
19fun TRUE(): Pred = Ass; e e e eeeeeeeeseeea-oa--
20 theorem Truel() = Reading file /usr2/schreine/papers/Categoricallogic2019/catlogic.txt
21 YP:Pred. P = TRUE() = ¥Q:Pred. Q € P; Using N=2.
22 theorem True2() Using M=1.
TRUE() = /{ P | P:Pred }; Computing the value of Ass...
24 Type checking and translation completed.
25 fun FALSE(): Pred = 2[Ass]; Executing Truel().
26 theorem Falsel() = Execution completed (42 ms).
7 W¥P:Pred. P = FALSE() = ¥Q:Pred. P € Q; Executing Truez().
theorem False2() - Execution completed (11 ms).
FALSE() = |{ P | P:Pred }; Executing Falsel().
Execution completed (13 ms).
fun AND(P1l:Pred, P2:Pred):Pred = P1 n P2; Executing False2().
32 theorem Andl(Pl:Pred, P2:Pred) « Execution completed (3 ms).
33 ¥P:Pred. P = AND(P1,P2) = Executing And1(Set[Array[Z]],Set[Array[Z]]) with all 65536 inputs.
PCPLAPCP2AY0:Pred. QS P1LAQCP2=-0cCP; PARALLEL execution with 4 threads (output disabled).
theorem Apd2(Pl:Pred, P2:Pred) = 4181 inputs (3565 checked, 0 inadmissible, © ignored, €76 open)...
AND(P1,P2) = [J{ P | P:Pred with P € P1 A P € P2 }; 13093 inputs (12986 checked, @ inadmissible, ® ignored, 187 open)...
28032 inputs (22983 checked, 0 inadmissible, @ ignored, 5049 open)...
fun OR(P1:Pred, P2:Pred):Pred = P1 U P2; 32889 inputs (32730 checked, 0 inadmissible, © ignored, 159 open)...
39 theorem Orl(P1:Pred, P2:Pred) = 42490 inputs (42334 checked, @ inadmissible, @ ignored, 156 open)...
46  ¥YP:Pred. P = OR(P1,P2) = 51974 inputs (51705 checked, 6 inadmissible, © ignored, 269 open)...
41 PLs P AP2cPaVQ:Pred. PLcQAP2ZcQ=PcQ; 61183 inputs (66751 checked, @ inadmissible, © ignored, 432 open)...
42 theorem 0r2(P1:Pred, P2:Pred) = Execution completed for ALL inputs (15184 ms, 65536 checked, @
43 OR(P1,P2) = { P | P:Pred with PLC P A P2ZC P }; inadmissible).
44 Executing And2(Set[Array[Z]],Set[Array[Z]]) with all 65536 inputs.

Figure 2: The RISCAL Software

5 An Implementation of the Categorical Semantics

In this section we describe how the constructions that we have theoretically modeled in Section 2
can be actually implemented. For this purpose we use RISCAL, the RISC Algorithm Lan-
guage [10, 8], a language and associated software system for modeling mathematical theories
and algorithms in a specification language based on first order logic and set theory. Since the
domains of RISCAL models have (parameterized but) finite size, the validity of all theorems and
the correctness of all algorithms can be fully automatically checked; the system has been mainly
employed in educational scenarios [12, 11]. Figure 2 gives a screenshot of the software with the
RISCAL model that is going to be discussed below.

Figures 3 and 4 list a RISCAL model of the categorical semantics over a domain of N + 1
variables (identified with the natural numbers 0, ..., N) with M + 1 values, for arbitrary model
parameters N, M € IN; all theorems over these domains are decidable and can be checked by
RISCAL. The RISCAL definition of domains, functions, predicates closely correspond to those
given in this paper; in particular we have a domain Pred of predicates (since the number of
variables is finite, by definition all relations are predicates) and predicate functions TRUE, FALSE,
AND, OR, IMP, FORALL, EXISTS. Different from the categorical formulation IMP is a binary
function, not a family of unary functions; likewise FORALL and EXISTS are binary functions
whose first argument is a variable. Furthermore, we introduce functions NOT and EQUIV for the
semantics of negation and conjunction and show by theorems Not and Equiv that they can be
reduced to the other functions.
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/e
// The Categorical Semantics of a First Order Relational Logic
// (c) 2019, SemTech, http://www.risc.jku.at/projects/SemTech/
/e e

// the model parameters (check with e.g. N=2, M=1 or N=1, M=2)
val N:IN; // variablex x0,...,xN
val M:N; // values 0,...,M

// the types

type Var = IN[N]; // a variable

type Val = IN[M]; // a value

type Ass = Map[Var,Val]; // an assignment of variables to values
type Pred = Set[Ass]; // a predicate as a set of assignments

// the set of all assignments
val Ass = { a | a:Ass };

fun TRUE(): Pred = Ass;
theorem Truel() &

VP:Pred. P = TRUE() & VQ:Pred. Q C P;
theorem True2() &

TRUEQ) = U{ P | P:Pred };

fun FALSE(): Pred = ([Ass];
theorem Falsel() &

VP:Pred. P = FALSE() & VQ:Pred. P C Q;
theorem False2() &

FALSEQ = N{ P | P:Pred };

fun AND(P1:Pred, P2:Pred):Pred = P1 N P2;
theorem Andl1(P1l:Pred, P2:Pred) &
VP:Pred. P = AND(P1,P2) <
P C Pl AP CP2AVQ:Pred. QCPI1 AQCP2=0QC
theorem And2(P1l:Pred, P2:Pred) &
AND(P1,P2) = |J{ P | P:Pred with P C P1 A P C P2 };

N
o

fun OR(P1:Pred, P2:Pred):Pred = P1 U P2;
theorem Orl1(Pl:Pred, P2:Pred) &
VP:Pred. P = OR(P1,P2) &
Pl C P AP2CPAVQPred. P1LCQAP2CQ=PCNQQ;
theorem Or2(Pl:Pred, P2:Pred) &
OR(P1,P2) = ({ P | P:Pred with P1 C P A P2 C P };

fun IMP(P1:Pred, P2:Pred):Pred = (Ass\P1) U P2;
theorem Impl(Pl:Pred, P2:Pred) &
VP:Pred. P = IMP(P1,P2) &
P NPl C P2 A VQ:Pred. Q NP1 C P2 = Q C P;
theorem Imp2(Pl:Pred, P2:Pred) &
IMP(P1,P2) = U{ P | P:Pred with P n P1 C P2 };

Figure 3: A RISCAL Model of the Categorical Semantics (Part 1)
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fun NOT(P:Pred): Pred = Ass\P;
theorem Not(P:Pred) & NOT(P) = IMP(P,FALSEQ));

fun EQUIV(P1:Pred, P2:Pred): Pred =
((Ass\P1)UP2) N ((Ass\P2)UP1);

theorem Equiv(Pl:Pred, P2:Pred) &
EQUIV(P1,P2) = AND(IMP(P1,P2),IMP(P2,P1));

pred independent(P:Pred, x:Var) &
Va:Ass, vl:Val, v2:Val.
(a with [x] =vl) € P © (a with [x] = v2) € P;

fun FORALL(x:Var, P:Pred):Pred =
{ a | a:Ass with Vv:Val. (a with [x] =Vv) € P } ;
theorem Foralll(x:Var, P:Pred) &
VQ:Pred with independent(Q,x). Q = FORALL(x,P) &
Q C P A VQO:Pred with independent(Q0®,x). Q0 C P = Q0 C Q;
theorem Forall2(x:Var, P:Pred) &
FORALL(x,P) = U{ Q | Q:Pred with independent(Q,x) A Q C P };

fun EXISTS(x:Var, P:Pred):Pred =
{ a | a:Ass with Fv:Val. (a with [x] =Vv) € P } ;
theorem Existsl(x:Var, P:Pred) &
VQ:Pred with independent(Q,x). Q = EXISTS(x,P) &
P C Q A VQO:Pred with independent(Q®,x). P C Q0 = Q C QO;
theorem Exists2(x:Var, P:Pred) &
EXISTS(x,P) = N{ Q | Q:Pred with independent(Q,x) A P C Q };

/e
// end of file

/] =

Figure 4: A RISCAL Model of the Categorical Semantics (Part 2)
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All other logical operations are first defined in their usual set theoretic form. Subsequently
we describe their categorical semantics by a pair of theorems: the first theorem claims that the
set theoretic semantics is equivalent to an implicit definition of the categorical semantics while
the second theorem claims equivalence to the corresponding constructive definition. Choosing
small parameter values N = 2 and M = 1 (i.e., relations with variables xg, x1, x and values 0, 1),
RISCAL can easily check the validity of all claims, as demonstrated by the following output:

RISC Algorithm Language 2.6.4 (December 10, 2018)
http://www.risc.jku.at/research/formal/software/RISCAL

(C) 2016-, Research Institute for Symbolic Computation (RISC)
This is free software distributed under the terms of the GNU GPL.
Execute "RISCAL -h" to see the available command line options.
Reading file /usr2/schreine/papers/CategoricallLogic2019/catlogic.txt
Using N=2.

Using M=1.

Computing the value of Ass...

Computing the value of TRUE...

Computing the value of FALSE...

Type checking and translation completed.

Executing Truel().

Execution completed (3 ms).

Executing True2().

Execution completed (1 ms).

Executing Falsel().

Execution completed (0 ms).

Executing False2().

Execution completed (1 ms).

Executing And1(Set[Array[Z]],Set[Array[Z]]) with all 65536 inputs.
PARALLEL execution with 4 threads (output disabled).

Execution completed for ALL inputs (18373 ms, 65536 checked, ® inadmissible).
Executing And2(Set[Array[Z]],Set[Array[Z]]) with all 65536 inputs.

PARALLEL execution with 4 threads (output disabled).

46273 inputs (36446 checked, ® inadmissible, ® ignored, 9827 open)...
Execution completed for ALL inputs (3576 ms, 65536 checked, 0 inadmissible).
Executing Orl(Set[Array[Z]],Set[Array[Z]]) with all 65536 inputs.

PARALLEL execution with 4 threads (output disabled).

Execution completed for ALL inputs (26889 ms, 65536 checked, O inadmissible).
Executing Or2(Set[Array[Z]],Set[Array[Z]]) with all 65536 inputs.

PARALLEL execution with 4 threads (output disabled).

42676 inputs (32887 checked, ® inadmissible, ® ignored, 9789 open)...
Execution completed for ALL inputs (3907 ms, 65536 checked, 0 inadmissible).
Executing Impl(Set[Array[Z]],Set[Array[Z]]) with all 65536 inputs.

PARALLEL execution with 4 threads (output disabled).

Execution completed for ALL inputs (48592 ms, 65536 checked, ® inadmissible).
Executing Imp2(Set[Array[Z]],Set[Array[Z]]) with all 65536 inputs.
PARALLEL execution with 4 threads (output disabled).

Execution completed for ALL inputs (9462 ms, 65536 checked, ® inadmissible).
Executing Not(Set[Array[Z]]) with all 256 inputs.

PARALLEL execution with 4 threads (output disabled).

Execution completed for ALL inputs (28 ms, 256 checked, ® inadmissible).
Executing Equiv(Set[Array[Z]],Set[Array[Z]]) with all 65536 inputs.
PARALLEL execution with 4 threads (output disabled).

Execution completed for ALL inputs (354 ms, 65536 checked, 0 inadmissible).
Executing Foralll(Z,Set[Array[Z]]) with all 768 inputs.

PARALLEL execution with 4 threads (output disabled).
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Execution completed for ALL inputs (1315 ms, 768 checked, ® inadmissible).
Executing Forall2(Z,Set[Array[Z]]) with all 768 inputs.

PARALLEL execution with 4 threads (output disabled).

Execution completed for ALL inputs (512 ms, 768 checked, ® inadmissible).
Executing Existsl(Z,Set[Array[Z]]) with all 768 inputs.

PARALLEL execution with 4 threads (output disabled).

Execution completed for ALL inputs (1299 ms, 768 checked, O inadmissible).
Executing Exists2(Z,Set[Array[Z]]) with all 768 inputs.

PARALLEL execution with 4 threads (output disabled).

Execution completed for ALL inputs (461 ms, 768 checked, ® inadmissible).

These values are, however, the largest ones with which model checking is realistically feasible;
choosing for example N = 3 and M = 2 gives for checking theorem And1 about 4 - 10° possible
inputs whose checking on a single processor core would take RISCAL more than two decades.

6 Conclusions

We hope that this paper, by its self-contained nature and by focusing on the core principles of
categorical logic rather than attempting an exhaustive treatment, contributes to a more wide-
spread dissemination of categorical ideas to students and researchers of logic, its applications,
and its automation; in particular it may provide an alternative view on the semantics of first-order
logic by complementing the classical formulation and thus help to gain deeper insights.

It remains to be shown, however, whether and how this view can be indeed helpful and
illuminating in educational scenarios, i.e., in courses on logic and its applications. In previous
work [16, 18, 17, 13], we have strived to improve the understanding of the formal semantics
of programming languages by developing corresponding tools with appropriate visualization
techniques, partially also based on categorical principles. Other work of ours [14] has extended
this work towards the visualization of the semantics of first-order formulas by pruned evaluation
trees, however, based on the classical formulation. Future work of us will investigate how the
categorical principles outlined on this paper can be transferred to corresponding novel tools and
visualization techniques for education in semantics and logic.
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