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DIFFERENCE-RESTRICTION ALGEBRAS OF PARTIAL
FUNCTIONS: DISCRETE DUALITY AND COMPLETION

CELIA BORLIDO AND BRETT MCLEAN

ABSTRACT: We exhibit an adjunction between a category of abstract algebras of
partial functions and a category of set quotients. The algebras are those atomic
algebras representable as a collection of partial functions closed under relative
complement and domain restriction; the morphisms are the complete homomorphisms.
This generalises the discrete adjunction between the atomic Boolean algebras and the
category of sets. We define the compatible completion of a representable algebra, and
show that the monad induced by our adjunction yields the compatible completion of
any atomic representable algebra. As a corollary, the adjunction restricts to a duality
on the compatibly complete atomic representable algebras, generalising the discrete
duality between complete atomic Boolean algebras and sets. We then extend these
adjunction, duality, and completion results to representable algebras equipped with
arbitrary additional completely additive and compatibility preserving operators.

KEYWORDS: Partial function, complete representation, duality, compatible comple-
tion, completely additive operators.

1. Introduction

The study of algebras of partial functions is an active area of research that
investigates collections of partial functions and their interrelationships from an
algebraic perspective. The partial functions are treated as abstract elements
that may be combined algebraically using various natural operations such as
composition, domain restriction, ‘override’, or ‘update’. In pure mathematics,
algebras of partial functions arise naturally as structures such as inverse
semigroups [41], pseudogroups [31], and skew lattices [32]. In theoretical
computer science, they appear in the theories of finite state transducers [10],
computable functions [21], deterministic propositional dynamic logics [20],
and separation logic [18]. Many different selections of operations have been
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2 C. BORLIDO AND B. MCLEAN

considered, each leading to a different class/category of abstract algebras
[38, 11, 40, 39, 6, 19, 20, 17, 3, 22]. (See [34, §3.2] for a guide to this
literature.) Recently, dualities for some of these categories have started to
appear [28, 29, 27, 30, 31, 35, 2, 26], opening the way for these algebras to be
studied via their duals, as has been done successfully for the algebraisations
of classical and many non-classical propositional logics [14, 9, 7, 13].

In [5], we initiated a project to develop a general and modular framework
for producing and understanding dualities for such categories. For this we are
inspired strongly by Jénsson and Tarski’s theory of Boolean algebras with
operators [24] and the duality between them and descriptive general frames
[4, Chapter 5: Algebras and General Frames|. Our central thesis is that in
our case the appropriate base class—the analogue of Boolean algebras—must
be more than just a class of ordered structures but must record additional
compatibility data. This reflects the fact that the union of two partial functions
is not always a function (and this determination can not be made solely from
the inclusion/extension ordering).

In [5], we investigated algebras of partial functions for a signature that
we believe provides the necessary order and compatibility structure. The
signature has two operations, both binary: the standard set-theoretic relative
complement operation and a domain restriction operation. We gave and
proved a finite equational axiomatisation for the class of isomorphs of such
algebras of partial functions [5, Theorem 5.7].

In the present paper we continue our project with an investigation of ‘dis-
crete’ duality—a term used for dualities requiring no topological information
on the duals. A secondary component of our thesis relates specifically to such
dualities. Recall the prototypical discrete duality between complete atomic
Boolean algebras and sets, and that this extends to a duality between com-
plete atomic Boolean algebras with completely additive operators and Kripke
frames. A first observation is that these dualities are just specialisations of
(contravariant) adjunctions, where we drop the completeness requirement
on the algebra side. A second observation is that for Boolean algebras, the
‘atomic’ condition that remains is an intrinsic/first-order characterisation
of the more extrinsic/semantic condition of being completely representable
(arbitrary cardinality joins/meets become unions/intersections, respectively).
Hence we posit the general principle that the correct class to use for a discrete
adjunction is always the class of completely representable algebras.
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Following this reasoning, in [5] we identified the completely representable
algebras of our class. Just as for Boolean algebras, they are exactly the
atomic ones [5, Theorem 6.16]. The main results of the present paper are the
elaboration of a discrete adjunction between this class of atomic representable
algebras and a certain class of set quotients (Theorem 3.9) and the extension
of that theorem to algebras with additional operators (Theorem 5.6). We also
show that, as for Boolean algebras, the monad induced by the adjunction gives
an appropriate form of completion (the compatible completion) of algebras
(Theorem 4.12/Corollary 5.14) and that the adjunction restricts to a duality
on the compatibly complete algebras (Corollary 4.13/Corollary 5.15).

Structure of paper. Section 2 contains preliminaries, including formal defini-
tions of the classes of representable and of completely representable algebras.
We recall the axiomatisations of these two classes as presented in [5].

In Section 3, we present and prove our central result: the adjunction
between the atomic representable algebras and a category of set quotients
(Theorem 3.9).

Section 4 concerns completion. We define the notions of compatibly complete
(Definition 4.3) and of a compatible completion (Definition 4.7), and we prove
that compatible completions are unique up to isomorphism (Proposition 4.11).
We prove that the monad induced by our adjunction yields the compatible
completion on atomic representable algebras (Theorem 4.12), and we conclude
that the adjunction restricts to a duality on the compatibly complete atomic
representable algebras (Corollary 4.13).

Section 5 concerns additional operations. We define the notion of a com-
patibility preserving completely additive operator (Definition 5.1) and extend
the adjunction (Theorem 5.6), completion (Corollary 5.14), and duality
(Corollary 5.15) results of the previous two sections to representable algebras
equipped with such operators.

2. Algebras of functions

Given an algebra 2, when we write a € 2l or say that a is an element of 2,
we mean that a is an element of the domain of 2. Similarly for the notation
S C A or saying that S is a subset of 2. We follow the convention that
algebras are always nonempty. If S is a subset of the domain of a map 6 then
0[S] denotes the set {A(s) | s € S}. We use > and ][] respectively as our
default notations for joins (suprema) and meets (infima).
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We begin by making precise what is meant by partial functions and algebras
of partial functions.

Definition 2.1. Let X and Y be sets. A partial function from X toY is
a subset f of X XY walidating

(x,y) € fand (z,2) € [ = y==z.

If X =Y then f is called simply a partial function on X. For a partial
function f C X XY, if (x,y) belongs to f then we may write y = f(x). Given
such a partial function, its domain is the set

dom(f) ={rxe X |TyeY: (x,y) € f}.

For any binary relation R C X x Y, we write R™* for the relation {(y, z) |
(x,y) € R}. Notice that a partial function f C X XY is injective if and only
if 71 4s also a partial function. Finally, for any binary relations R C X xY
and S CY x Z, we denote by S o R (or simply SR) the composition of R
and S':

SoR={(x,z)) e X xZ|JyeY: (r,y) € Rand (y,2) € S}.
When R and S are partial functions, this is their usual composition.

Definition 2.2. An algebra of partial functions of the signature {—, >}
is a universal algebra A = (A, —, ) where the elements of the universe A are
partial functions from some (common) set X to some (common) set Y and
the interpretations of the symbols are given as follows:

e The binary operation — s relative complement:

f—g={(z,y) e X xY [ (2,y) € fand (z,y) & g}

e The binary operation > is domain restriction.” It is the restriction
of the second argument to the domain of the first; that is:

frg={(r,y) € X xY |z edom(f)and (z,y) € g}.

Note that in algebras of partial functions of the signature {—, >}, the set-
theoretic intersection of two elements f and g can be expressed as f— (f — g).
We use the symbol - for this derived operation.

*This operation has historically been called restrictive multiplication, where multiplication is
the historical term for composition. But we do not wish to emphasise this operation as a form of
composition.
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We also observe that, without loss of generality, we may assume X =Y (a
common stipulation for algebras of partial functions). Indeed, if A is a {—, >}-
algebra of partial functions from X to Y, then it is also a {—, >}-algebra
of partial functions from X UY to X UY. In this case, this non-uniquely-
determined single set is called ‘the’ base. However, certain properties may
not be preserved by changing the base. For instance, while a partial function
is injective as a function on X if and only if it is injective as a function on X',
this is not the case for surjectivity.

Definition 2.3. An algebra A of the signature {—, >} is representable (by
partial functions) if it is isomorphic to an algebra of partial functions. An
1somorphism from A to an algebra of partial functions is a representation

of .

Just as for algebras of partial functions, for any {—, >>}-algebra 2, we will
consider the derived operation - defined by

a-b:=a—(a—0b).

In [5] it was shown that the class of {—, >}-algebras that is representable by
partial functions is axiomatised by the following set of equations.
(Ax1)a—(b—a)=a

(Ax2)a-b=b-a

(Ax.3) (a—b)—c=(a—c)—0

(Ax4) (a>c)-(b>c)=(a>b)>c

(Ax.B5) (a-b)>a=a-b

Theorem 2.4 ([5, Theorem 5.7]). The class of {—, >}-algebras representable
by partial functions is a variety, ariomatised by the finite set of equations

(Az.1) - (Az.5).

Algebras satisfying axioms (Ax.1) — (Ax.3) are called subtraction alge-
bras and it is known that in those algebras the - operation gives a semilattice
structure (which we view as a meet-semilattice), and the downsets of the form
a‘ = {x | x < a} are Boolean algebras [39]. In particular, the same holds for
representable {—, >>}-algebras.

It has long been known that in a representable algebra the operation > is
associative (see, for example, [43]). Moreover, the inequality a>b < b is valid
(an algebraic proof appears in [5]) and will be often used without further
mention.
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The next two definitions apply to any function between posets P and . So
in particular, these definitions apply to homomorphisms of Boolean algebras
and homomorphisms of representable {—, >>}-algebras. We denote meets and
joins in B by [] and > respectively, and meets and joins in Q by () and |
respectively.

Definition 2.5. A function h: B — Q is meet complete if, for every
nonempty subset S of B, if [[ S exists, then so does (\h[S] and

W] S) =()nls)

Definition 2.6. A function h: B — Q is join complete if, for every
subset S of B, if Y. .S exists, then so does | Jh[S]| and

h(d_S) = Jnls).

Note that S is required to be nonempty in Definition 2.5, but not in
Definition 2.6. For homomorphisms of Boolean algebras, being meet complete
is equivalent to being join complete, and in [5] we showed that the same
is true for homomorphisms of representable {—, >>}-algebras (Corollary 6.5
and Corollary 6.6 there). So in these cases we may simply describe such a
homomorphism using the adjective complete.]

Definition 2.7. A complete representation of an algebra of the signature
{—,>} is a representation 0, with base X say, such that 0 forms a complete
homomorphism when viewed as an embedding into the algebra of all partial
functions on X. An algebra is completely representable if it has a complete
representation.

Complete representations have been studied previously in the context of
various different forms of representability: by sets [8], by binary or higher-order
relations [15, 16], or by partial functions [33].

Definition 2.8. Let B be a poset with a least element, 0. An atom of B is
a minimal nonzero element of B. We write At(P) for the set of atoms of B.
We say that P is atomic if every nonzero element is greater than or equal to
an atom.

In [5], it was shown that a {—, >}-algebra is completely representable if
and only if it is both representable and atomic.

In the case of representations of Boolean algebras as fields of sets, the adjectives strong and
regular have also been used.
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Theorem 2.9 ([5, Theorem 6.16]). The class of {—,>}-algebras that are
completely representable by partial functions is ariomatised by the finite set
of equations (Ax.1) — (Ax.5) together with the Y3V first-order formula stating
that the algebra is atomac.

This theorem justifies our interest in the atomic representable algebras,
and also indicates that complete homomorphism is the appropriate notion of
morphism between these algebras.

This is a good place to define two further terms that we will use later.

Definition 2.10. Let B be a poset. A subset S of B is join dense (in‘B) if
each p € P is the join YT of some subset T of S. The poset B is atomistic
if At(P) is join dense in P.

Of course, atomic implies atomistic, for any poset. For representable {—, > }-
algebras, the converse is also true [5, Lemma 6.13], generalising the same
statement for Boolean algebras.

3. Discrete adjunction for atomic representable algebras

In this section we exhibit a contravariant adjunction between the atomic
representable algebras, AtRepAlg, and a certain category Setq whose objects
are quotients of sets.

We use — to indicate a (total) surjective function between sets, and we
use — to indicate an embedding of algebras. The notation — indicates a
partial function. We may at times use a bracket-free notation for applications
of functors to morphisms, for example, F'h in place of F'(h).

Before giving the claimed adjunction, we define the two categories involved.

Definition 3.1. We denote by AtRepAlg the category whose objects are
atomic {—,>}-algebras representable by partial functions, and whose mor-
phisms are complete homomorphisms of {—, > }-algebras.

Definition 3.2. We denote by Setq the category whose objects are set quo-
tients (that is, surjective functions between sets) m: X — Xy, and where a
morphism from w: X — Xg to p: Y — Yy is a partial function p: X —Y
satisfying the following conditions:

(Q.1) ¢ preserves equivalence: if both o(x) and o(z') are defined, then

m(x) =7n(z") = ple(z)) = ple(a’).
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In particular, ¢ induces a partial function ¢: Xy — Yy given by

¢ = {(n(x), p(¢(x))) | = € dom(p)}.

(Q.2) ¢ is fibrewise injective: for every (zo,yo) € ¢, the restriction and
co-restriction of @ induces an injective partial map

P(xo,y0) - Wﬁl(xo) - pil(QO)a

(Q.3) v is fibrewise surjective: for every (xo,yo) € @, the induced partial
MaP P(zyy) 15 Surjective (that is, the image of Y(y,,) 5 the whole of

P~ (o) )F

In what follows, we define two functors F': AtRepAlg — Set,” and
G: Set”” — AtRepAlg, which we then show to form an adjunction (Theo-
rem 3.9).

Before defining F', we first recall some notation from [5].

Zo,Yo

Definition 3.3. Given a representable {—,>}-algebra A, the relation <y on
21 1s defined by
a=<9gb<— a<br>a

and is a preorder. We denote by ~qo the equivalence relation induced by =g,
and for a given a € A we use [a] to denote the equivalence class of a.

In the case that 2 is an actual {—, >}-algebra of partial functions, the
relation =g is the domain inclusion relation f <y g <= dom(f) C dom(g).}

The next result summarises some facts about <y that were proved in [5]
and will be used later.

Proposition 3.4. The following statements hold for a representable {—,>}-
algebra 2.
(a) The relation < is contained in =g, and [0] = {0}.
(b) The poset A/~g is a meet-semilattice (actually a subtraction algebra)
with meet given by [a] A [b] = [a > b].
(c) The relations < and =g coincide in each downset a*. Moreover, the
assignment b +— [b] provides an isomorphism between the Boolean
algebras a* and [a]*.

INote that in the context of partial maps, the conjunction of ‘injective’ and ‘surjective’ is not
‘bijective’ in the sense of a one-to-one correspondence.

§See [37] for axiomatisations for various signatures containing domain inclusion (as a fundamental
relation).
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3.1. The functor F': AtRepAlg — Set,".

We let F': AtRepAlg — Sety” be defined as follows. Given an atomic
representable algebra 2, the set quotient F'(2() is the canonical projection
mo: At(A) — At(A)/~g. This defines F' on the objects. By Proposi-
tion 3.4(c), for a Boolean algebra B, the relation ~g is the identity and thus
the restriction of F' to atomic Boolean algebras is simply At(_). For defining
F' on the morphisms, we let h: 2l — B be a complete homomorphism of
atomic representable algebras. By [5, Lemma 6.3], for each a € 2, the restric-
tion of A induces a complete homomorphism of (atomic) Boolean algebras
hq: at — h(a)*. We denote by ¢, : At(h(a)*) — At(a') its discrete dual.
Recall that ¢, is completely determined by the following Galois connection.

Vd €a, yeAt(h(a)) (puly) <d' <= y<h(a)) (1)
In particular, for every a € 2, the map h o ¢, is a closure operator.

Then Fh: At(B) — At(2) has domain By = |, At(h(a)¥), and for
y € At(h(a)Y), we set Fh(y) = vq(y). We observe that this is a well-defined
map, that is, if a;,as € A are such that y € At(B) is below h(a;) and
h(az), then @, (y) = ¢4, (y). Indeed, since h is a homomorphism, we have
y < h(ay - az), and by (1) this yields ¢,,(y) < a1 - az. Using again (1) twice,
we have

Pa,(Y) < 0a,(y) = ¥ < Wwa,(¥)) = 00, (Y) < P, ()

Similarly, we can prove the inequality ¢.,(y) < @4, (y), thereby concluding
that F'h is well-defined. As a consequence of h o ¢, being a closure operator
for each a, we have the following.

VyeBy y< (hoFh)(y) (2)

We now prove that F'h defines a morphism in Set, from mg to my. Let
Y1, Yo € By be ~y-equivalent, that is, y; = yo > y1 and ys = y1 > yo. Since
y; < (ho Fh)(y;), for i = 1,2, using the fact that > is order preserving in
both coordinates and the fact that A is a homomorphism, we have

y1 =42 > y1 < h(Fh(y2)) > h(Fh(y1)) = h(Fh(y2) > Fh(y1)).
We may apply (1) to obtain
Fh(y) < Fh(y2) > Fh(y1),

that is, Fh(y1) 2o Fh(ys). Likewise, we can show that Fh(ys) <o Fh(y1),
and thus Fh(y,) ~9 Fh(ys). This proves (Q.1).
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Finally, to conclude that F'h defines a morphism in Set,, we only need
to show that for every (yo,xo) € ﬁz, the partial map F'hy, ) : W%l(yo) —
Ty (7o) is both injective and surjective. (Recall that the subscript (yo, o)
indicates restricting and co-restricting to the fibres of yy and x( respectively;
see Definition 3.2(Q.2).) Injectivity of F'h(y ., is a consequence of Propo-
sition 3.4(c) together with the observation that if y;, yo € By are such that
x = Fh(y1) = Fh(ys), then y; and yo have the common upper bound h(z).

To see that F'hy FI

by the definition of F'h from F'h we know F'h is defined on at least one element
y of ' (o), and that Fh(y) ~g x. We show that Fh, .,)(y > h(z)) = .
Using (2) and then applying the fact that A is a homomorphism to Fh(y) ~g ,
we obtain y < (h o Fh)(y) ~x h(z), from which we obtain y <g h(x). By
[5, Lemma 6.14(b)], y > h(z) is an atom of B (hence of h(z)}), which is
~gp-equivalent to y. From y > h(x) < h(x) we obtain ¢, (y > h(x)) < x and
hence Fh(y > h(x)) = x. Since y>h(x) ~g y we have Fhy, .. (y>h(r)) =z,
as required.
To summarise, we have proved the following.

yo.ro) 18 surjective, take x € my' (). As Fh is defined on yp,

—

Proposition 3.5. There is a functor
F: AtRepAlg — Set "

that maps an atomic representable {—, > }-algebra A to the canonical projection

Ty - At(Ql) - At(m)/Nm

3.2. The functor G: Set,”* — AtRepAlg.

We now define the functor G: Set,”” — AtRepAlg. For a set quotient
m: X — Xj, we let G(m) = 2A; be the algebra of partial functions consisting of
all partial functions f: Xy — X that are asubset of 7! = {(7(2),2) | x € X}.
Since for every f,g € ., both f — ¢ and g > f are subsets of f, and 2 is
closed under subsets, f — g and g > f belong to 2.

Lemma 3.6. For every quotient m: X — Xy, the {—, > }-algebra 2, is atomic
and representable.

Proof: The algebra 2l is an actual algebra of partial functions, hence 2 is,
trivially, representable. The minimal element of 2, is of course the empty
function. The minimal nonzero elements are then precisely the singletons
{(m(z),x)}, for x € X. Every nonzero element of 2, includes one of these
singletons, and hence 2, is atomic. |
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Let us define G on morphisms. Given a morphism ¢ from (7: X — Xj)
to (p: Y — Y)) in Set (that is, a morphism from p to 7 in Set”), we let
Ge: A, — 2, assign to each partial function g € 2, the partial function
Go(g): Xo — X given by

Go(g) = {(r(z),r) e Xox X |y € Y: (2,y) € p and (p(y),y) € g}

Using the fact that ¢ is injective on each fibre of 7, it is easy to check that
G¢(g) is indeed a partial function and thus an element of 2(,. We remark
that since ¢ is a partial function, when (7(z), x) belongs to Gy(g) there is in
fact a unique y € Y, namely y = ¢(x), so that (z,y) € ¢ and (p(y),y) € g.
Thus, Gy may be alternatively described as

Ge(g) = {(m(x),2) [ = € dom(p) and (p(¢(x)), p(z)) € g}. (3)

Lemma 3.7. For every morphism o as above, the function Gy defines a
complete homomorphism of {—,>}-algebras.

Proof: The fact that Gy preserves — is a trivial consequence of (3). To see
that G¢ preserves >, it suffices to show that, for every x € dom(y) and
g € 2,, we have

p(p(z)) € dom(g) <= m(z) € dom(Gp(g)). (4)

Indeed, given any f,g € 2,, the two partial-function images Go(g > f)[Xo]
and (Gp(g) > Go(f))[Xo] are subsets of o~ (f[Yp]), and for all z € =1 (f[Yq])
(that is, for all € dom(p) such that (p(¢(z)),¢(x)) € f) we have z €
Go(g > f)[Xo] <= plp(z)) € dom(g) and x € (Gp(g) > Go(f))[Xo]
m(xz) € dom(Ge(g)). Thus the images of the injective partial functions
Go(g> f) and Go(g) > Ge(f) are equal provided (4) holds.

To prove (4), first suppose that p(p(z)) € dom(g). Then there exists
y € Y so that (p(o(x)),y) € g C p!, and since ¢ is fibrewise surjective
by (Q.3), there exists 2’ € dom(¢p) so that m(z') = n(z) and ¢(2’) = y. Then
(w(2"),2") € Gp(g), so w(x) = w(z') belongs to the domain of dom(Gp(g)).
Conversely, if w(x) € dom(G¢(g)), then there exists some 2’ € dom ¢ such
that w(x) = 7(2’) and (p(¢(2')), p(2')) € g. Using (Q.1), we have p(p(2)) =
p(p(z)), implying that p(p(z)) € dom(g) as required.

Finally, since infima in 20, and 2(, are given by intersections, by the defini-
tion of Gy we easily conclude that G is a meet-complete, hence complete,
homomorphism. |

We have proved the following.
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Proposition 3.8. There is a functor
G': Sety® — AtRepAlg

that sends a quotient w: X — Xy to the {—,>}-algebra A, consisting of all
partial functions included in 71 = {(n(x),z) | x € X}.

We can now prove that we have the claimed adjunction.

Theorem 3.9. The functors F': AtRepAlg — Set,” and G: Set," —
AtRepAlg form an adjunction. That is

FAG.

Proof: We only need to define natural transformations 7: Idatrepale ==
G o F and A: Idget, = F o G satisfying

F?]O)\F ZIdF and G)\OUG:Idg. (5)

Let us first define n. Notice that, if 2 is an atomic and representable
algebra, the algebra (G o F')(2) consists of all partial functions contained
in {([z],x) | = € At(A)}. Thus we take for ny the representation map of [5,
Corollary 6.17], that is,

nu(a) = {([z],z) | v € At(A) and = < a}.

In order to define A\, we observe that for a set quotient 7: X — X, since
the atoms of G(m) = 2 are precisely the singletons a, = {(7(z),z)}, for
x € X, we have (a,, ~g_ a,, <= w(z1) = 7(x2)), and thus (F o G)(7) is
a quotient isomorphic to m. Therefore A;: X — (F o G)(m) is simply the
identity (total) function on X (or, strictly speaking, the function that maps
r € X toa, € (FoG)(m)).

Finally, checking that n and A\ as defined are indeed natural transformations
satisfying (5) amounts to a tedious but routine computation. |

4. Compatible completion and discrete duality

In this section we first define the appropriate analogues of completeness and
completion for algebras with compatibility information. Then we show that,
similarly to the contravariant adjunction between atomic Boolean algebras
and sets, the monad induced by F': AtRepAlg - Set," : G gives precisely
the ‘completion’ of the algebra. In fact, our contravariant adjunction is a
generalisation of the one between atomic Boolean algebras and sets. Just
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like that adjunction, ours restricts to a duality of the full subcategory of
(compatibly) complete algebras.

In order to define analogues of completeness and completion in the pres-
ence of compatibility information, we first need to formalise this idea of
compatibility.

Definition 4.1. Let B be a poset. A binary relation C' on B is a compati-
bility relation if it is reflexive, symmetric, and downward closed in B X .
We say that two elements ay,as € R are compatible if a1Cas.

One can show that ‘reflexive, symmetric, and downward closed’ is an
axiomatisation of a rather general conception of compatibility in the following
sense.

Proposition 4.2. Let (P, <,C') be a poset equipped with a binary relation C'.
Then (P, <,C) is isomorphic to a poset (P, C,C") of partial functions ordered
by inclusion and equipped with the relation ‘agree on the intersection of their
domains’ if and only if C is reflexive, symmetric, and downward closed.Y

Proof: 1t is clearly necessary that C' be reflexive, symmetric, and downward
closed. Showing these conditions are sufficient can be proved with the map
sending each p € P to the partial function

0(p) ={{p'}.P) 1P < pt U{{P.a}.P) | P < pand p' ¢ q}.
These are indeed partial functions: a pair of type ({p/, q},p’) cannot also be
of type ({p'},p), for p' = ¢ contradicts p’ ¢' ¢; so we only need check that
6(p) never contains both the pairs ({p/,q},p") and ({9, ¢}, q), for p’ # q. But
containing both would imply p’ < p and ¢ < p, which by reflexivity and
downward closure of C' contradicts p’ ¢ gq.

That 0 is injective is ensured by pairs of the first type, for if p; # po then
without loss of generality p; £ po, so that ({pa}, p2) is in #(ps) but not 0(py).
It is clear that p; < po implies 0(p;) C 6(p2).

Lastly, we show that p; ¢ ps if and only if 6(p,) ¢ 0(py). Suppose p1 €' po.
Then in particular p; # ps. But by the supposition (and symmetry of the C'
relation) ({p1,p2}.p1) € O(p1) and ({p1,p2},p2) € 0(p2). So O(p1) and 0(p2)
disagree at the point {p1, p2}. Conversely, suppose 0(p;) ¢ 6(p2). Then the
disagreement can only be at points of cardinality two. That is, for some pf, p),

IThe relation €’ was introduced in [42] for semigroups of partial transformations, where it was
called semi-compatibility.
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we have ({p},p5},p}) € 0(p1) and ({p},ps},py) € 6(p2). But that implies
P} ¢ ph, which by downward-closure of compatibility gives p; €' ps. |

Definition 4.3. A poset B equipped with a compatibility relation is said to
be compatibly complete provided it has joins of all subsets of pairwise-
compatible elements. We say P is meet complete if it has meets of all
nonempty subsets.

Definition 4.4. When speaking about compatibility for representable {—,>}-
algebras, we mean the relation that makes two elements compatible precisely
when

a1 >as = as > aj.

It is clear that for an actual {—, > }-algebra of partial functions, two elements
are compatible exactly when they agree on their shared domain. This is the
easiest way to see that Definition 4.4 does indeed define a compatibility
relation.

Note that in the case that all pairs of elements are compatible, compatibly
complete is equivalent to complete. Boolean algebras provide examples of
representable {—,>}-algebras where every pair is compatible, if — is the
Boolean complement and we use > as the meet symbol. In the same way,
generalised Boolean algebras provide a more general class of examples.! Thus
‘compatibly complete’ is a coherent generalisation of ‘complete’ from situations
where there is no compatibility information, to those where there is.

In a poset equipped with a compatibility relation, if a subset S has an upper
bound u, then by reflexivity and downward closure of compatibility, S is
pairwise compatible. Thus compatibly complete =—> bounded complete. For
a similar reason, compatibly complete = directed complete. So ‘compatibly
complete’ subsumes these two preexisting order-theoretic concepts.

From now on, we focus exclusively on our specific case of interest: repre-
sentable {—, >>}-algebras.

Lemma 4.5. Let A be a representable {—,>}-algebra. If A is compatibly
complete, then it 1s meet complete. The converse is false.

Proof: Suppose 2l is compatibly complete, and take a nonempty subset S of
2A. Let S’ denote the set of lower bounds for S. Since S is nonempty, we have
A generalised Boolean algebra is a ‘Boolean algebra without a top’, that is, a distributive

lattice with a bottom and a relative complement operation, —, validating a A (b — a) = L and
aV(b—a)=aVh.
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an s € S. Then s is an upper bound for S, and so S is pairwise compatible.
Then by the supposition, S’ has a join. It is then straightforward to show
that this join is the meet of 5.

The three-element {—,>}-algebra consisting of the partial functions 0,
{(1,1)}, and {(2,2)} provides a counterexample for the converse statement. m

Lemma 4.6. Let 2 be a representable {—,>}-algebra. Then A is meet
complete if and only if for every a € A the Boolean algebra a* is complete.

Proof: The forward direction holds simply because for every nonempty subset
S C a* we have [, S = [[y S, and for the empty subset we have [[,, 0 = a.
For the converse, given a nonempty subset S C 2, fix a € S. Then [[y S =

[[{a-s|seS} m

Next we define what a compatible completion of a representable {—, >}-
algebra is. We are guided by completions of Boolean algebras. Just as for

Boolean algebras, completions will be unique up to isomorphism (Proposi-
tion 4.11).

Definition 4.7. A compatible completion of a representable {—,>}-
algebra A is an embedding v: A — € of {—,>}-algebras such that € is
representable and compatibly complete and [2A] is join dense in €.

The next lemma tells us in particular that compatible completions are
complete homomorphisms.

Lemma 4.8. Let 12 A — B be an embedding of representable {—, > }-algebras.
If 2] is join dense in B then ¢ is complete.

Proof: Suppose the join of S C 2 exists. Then the restriction ¢: (3 9)F —
t(>° S)* is an embedding of Boolean algebras with join dense image, so
just apply the corresponding known result for Boolean algebras, yielding
LD 8) = ZL(ZSw L[S] =2 g t[S]- u

The following technical results will be used, in particular, for the proof that
compatible completions are unique up to unique isomorphism. Given an n-ary
operation €2 on 2 and subsets S, ...,.S, C 2, we shall use Q(5,...,.5,) to
denote the set {Q(s1,...,8,) | s1 € S1,...,5, € S, }, and if one of the sets is
a singleton {a}, we may simply write a.

Lemma 4.9. Let 2 be a compatibly complete and representable {—, >>}-algebra
and S, T C A two subsets of pairwise-compatible elements.
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(a) The set S > T consists of pairwise-compatible elements, and

d S T=) (S>T).

(b) Suppose S is nonempty. Then for every a € A we have

Ha— —a—ZS

Proof: For (a): the fact that S > T is a set whose elements are pairwise
compatible follows from a repeated use of the equality a>b>c=0>a > c,
which is a consequence of (Ax.4). Fix an arbitrary element a € 2 be arbitrary
and, for the sake of readability, define sy := > S and ¢y := > T. We prove
the asserted equation in two steps: first we show that a >ty = > (ar>T) and
then that so>a = > (5> a). From there we have

Y S T=si>tg=) (so>T)=) (so>1)

teT

=> Y Sept)=> ) spt=) ST

teT teT scS

as required. (The last equality is a true property of suprema for any doubly
indexed set, when all the suprema exist.)

For a >ty = > (a>T), Proposition 3.4(c) states that for any ¢ € A, the
map b+ [b] provides an order isomorphism (c*, <) to ([¢]¥, <). So given that
to is an upper bound for both sides of a >ty = > (a > T'), and a is an upper
bound for both sides of so>a =) (S > a), it is actually sufficient to show
that [a > to] = D> (a>T)] and that [so > a] = [>_(S > a)].

By Lemmas 4.5 and 4.6, the poset té is a complete Boolean algebra, and so
[to]* is as well. The meets/joins in [to]* are written in A/V notation; in [to]*
we have that [b] A [¢] = [b> ¢] is valid (Proposition 3.4(b)). Being careful that
all terms rest in [to]*, we compute

[a>to] = [a>t) A T] = [at>to] A \/[1]

teT

=\ (axt]Al) = \lax 1] =Y (a1,

teT teT

with the central distributive equality being a valid property of any Boolean
algebra (provided the join on the left side exists) [25].
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Proving the equality so > a = > (S > a) is very similar. In [a]* we have

D (Sea)]=\/[s>d|.

ses

and then in [so]¥ we compute

Vis>al = \/(s] Alarso]) = (\/[s]) Ala>so] = [so] A [at> s0] = [s0 1> al.

ses ses ses

For (b): we first observe that in the complete Boolean algebra a‘, we have

H(a—S):H(a—a-S):a—Z(a-S),

where a - S denotes the set {a-s | s € S}, and the first equality holds because
a— (a-b) =a—bis a valid equation in any representable algebra. In turn, in

the complete Boolean algebra sé, we may compute

Z(a-S):Z(a-so-S):a-so-ZS:a-ZS.

Thus again by the validity of a — (a-b) = a — b the desired equality follows. m

Lemma 4.10. Let t: A — B and /: A — € be complete embeddings of
representable {—, >>}-algebras, and suppose that L[] is join dense in B, and
that € is compatibly complete. Then 0: b — > {/(a) | t(a) < b} is a well-
defined complete embedding of {—,>}-algebras from B to €, and ' =0 o ..

Proof: First we check 0 is well-defined. The set {c(a) | t(a) < b} is pairwise
compatible, as it is bounded above. Hence, by injectivity of ¢, the set
{a | t(a) < b} is pairwise compatible, and so {//(a) | ¢«(a) < b} is too. By
compatible completeness of €, the value Y {//(a) | ¢t(a) < b} exists. It is clear
that 6 is order preserving and that #o .= /.

Next we show that € is join complete, as a map between posets. For
simplicity, we treat 2 as a subset of 9. Suppose S C B and that > S € B
exists. Then since € is compatibly complete and 6(> ) is an upper bound for
g[S], the join > 0[S] exists, and 0(>_ S) > > 0[S]. For the reverse inequality,
let a € A be bounded above by >>S. Thena=a-) U, g{ar € A | a1 <
s} => Usegla-ar € A | a; <s}. So the latter join exists not only in B
but also in 2, since a € A. Hence /(a) = > U,cq{t/(a) - (1) € A | a1 < s},
as ¢/ is a complete homomorphism. Thus > 6[S] > /(a). As §(>_S) is by
definition the join of these ¢/(a), we are done.
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Now we show that 6 preserves —. Since 6 is order preserving, it is clear that
O(by - by) < O(by) - 6(b2). As by is the join of {b; - bg, by — by}, and 6 preserves
joins, we deduce that 0(by) < 0(by) - 0(bs) + 0(by — by). Thus, in the Boolean
algebra 6(by)*, we have 0(by) —0(by) = 0(b1) —0(by)-0(by) < O(by —bs). For the
reverse inequality, suppose a € 2l with a < by — by. Then using Lemma 4.9(b)
we have

O(b1) = 0(b2) = (b1) — Y '(as) = [] (B(br) = ¢'(a2))

as €A ax€eU
az<by a2<by
> T @@ = e = T ¢la—az).
as e aseA
as<by az<by

But when a < by — by and as < by, we know a — as = a (by an elementary
property of sets/partial functions). Hence 6(by) — 0(by) > /(a). As 0(by — bs)
is by definition the join of these ¢/(a), we are finished.

Let us show that 6 preserves >. We now treat 2l as a subset of both B
and €, conflating { with its images under ¢ and /. For by,by € B define
Ay ={ay €A ay <b} and Ay = {as € A | ay < by}. We calculate

0(b1) > 0(by) = Z Aq > Z Ay by the definition of 0
= Z (A; > Ay) by Lemma 4.9(a)
= Q(Z(Al > A)) as 0 is join complete
= 9(2 A > Z Aj) by Lemma 4.9(a)
= Q(bl%D b2) : by density of 2 in B.

It remains to show that @ is injective. We claim that since 6 is a homomor-
phism, injectivity of § amounts to having #71(0) = {0}. Suppose §71(0) = {0}.
Then given a,b € A we have #(a) = 0(b) = 0#(a —b) =0=0(b—a), and
hence a —b = 0 = b — a. By an elementary property of sets/partial functions,
this implies @ = b, proving the claim. Now to show 071(0) = {0}, let b € B
satisfy (b) = 0. By the definition of , this means that ¢/(a) = 0 whenever
t(a) < b. But since ¢/ is injective, if //(a) = 0 then a = 0 and so, ¢(a) = 0.
Since ¢[2l] is join dense in B, we may conclude that b = 0, as required. =
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Now we can show that compatible completions are unique up to unique
isomorphism.

Proposition 4.11. If t: A — € and //: A — & are compatible completions
of the representable {—,>}-algebra A then there is a unique isomorphism
0: &€ — & satisfying the condition 0 o =1,

Proof: For uniqueness, suppose we have an isomorphism 6: € — €’ satisfying
Oor=1". As /[?] is both join dense in € and a subset of 0[€], by applying
Lemma 4.8 to 6 we see that 6 is complete. Then as each ¢ € € is equal to
Y H{ula) | a € A and t(a) < ¢}, our # must be given by 0: c— > {/(a) | a €
2A and ¢(a) < c}.

For existence, we argue that 6: c— > {/(a) | a € A and t(a) < ¢} indeed
works. As compatible completions are complete homomorphisms, we can
apply Lemma 4.10 to ¢ and (. Hence 6 is a well-defined complete embedding
of {—, >>}-algebras. By symmetry, there is a complete embedding ¢': €' — €
with 6’ ot/ = ¢. Then €' o 0 is complete and fixes ¢[2(]. So by join density of
t[2l], the homomorphism ¢’ o 6 is the identity on €. Similarly, 6 o § is the
identity on €. Thus € is an isomorphism. |

Hence if an algebra has a compatible completion then that compatible com-
pletion is ‘unique’, for which reason we may refer to a compatible completion
as the compatible completion. We may also, as is common, refer to € itself as
the compatible completion of 2, when ¢: 2 — € is a compatible completion.

Next, we show how to explicitly construct the completion of any atomic
representable algebra, by showing that the monad on atomic representable
algebras induced by the adjunction of Theorem 3.9 gives precisely the com-
patible completion of the algebra. As a corollary, we obtain a duality for
compatibly complete atomic representable algebras. Recall from Section 3.1
that, for every atomic representable algebra 2A, we use my to denote the
canonical projection At(2() — At(2()/~g (see also Definition 3.3).

Theorem 4.12. For every atomic representable {—, >}-algebra 2, the homo-
morphism

A — (Go F)(RA) = {f+ At(U)/~a — AtRA) | f Sy}
a— {([z],z) | z € At(2() and = < a}

1s the compatible completion of 2.
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Proof: For injectivity, suppose ng(a) = ny(b). Then as 2 is atomic, it is
atomistic. (Recall Definition 2.10 and the following remark.) So we have

a=) {zeAt@) [z <a} =) {zecAt()|x<b}=b

For compatible completeness of (G o F')(2l), let S be a pairwise-compatible
subset of (G o F))(2(). Then as (G o F')(2) is an algebra of partial functions,
all pairs of elements of S agree on their shared domains. That is, | S is a
partial function. Given that f C 7751 for each f € S, we have | J.S C ﬂil. So
S € (Go F)(R) and is the least upper bound of S.

For join density of ny[2], it suffices to note the join density of ny[At(A)]. =

As a consequence we have the following corollaries.

Corollary 4.13. There is a duality between CAtRepAlg and Sety, where
CAtRepAlg s the full subcategory of AtRepAlg consisting of the compati-
bly complete algebras.

Proof: Clearly G maps every set quotient 7 to a compatibly complete algebra.
Thus, G co-restricts to a functor Setq” — CAtRepAlg. Moreover, as
observed in the proof of Theorem 3.9, the functor F'oG is naturally isomorphic
to the identity functor on Sety. To conclude that CAtRepAlg and Sety are
dually equivalent, it only remains to argue that 7 restricted to CAtRepAlg
provides a natural isomorphism from Idcatrepalg to G o F'. It suffices to
show that g is an isomorphism (algebraically speaking) for every compatibly
complete 2 (given that isomorphisms, and hence their inverses, are complete
homomorphisms). For this we just note that if 2 is compatibly complete then
the identity map 2 — 2l is a compatible completion of 2, and then apply
Theorem 4.12 and Proposition 4.11. |

Corollary 4.14. The category CAtRepAlg is a reflective subcategory of
AtRepAlg.

Proof: We saw in the proof of Corollary 4.13 that the restriction of G o F' to
CAtRepAlg is naturally isomorphic to the identity. It is a direct consequence
that G o I, viewed as a functor AtRepAlg — CAtRepAlg, is left adjoint
to the inclusion CAtRepAlg — AtRepAlg. |

We have now achieved all our main objectives for this section. However,
in order to better situate these results, it is worth being precise about
which category our definition of compatible completion inhabits. Thus we
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will specify that Definition 4.7 defines a compatible completion in RepAlg,
where RepAlg is the category of representable {—, > }-algebras with {—, >}-
homomorphisms. So Proposition 4.11 says that compatible completions in
this category are unique, and Theorem 4.12 shows how to construct them
for atomic algebras. If now we replace RepAlg with the category RepAlg_
of representable {—, i>}-algebras with complete {—, >}-homomorphisms, we
obtain the following definition.

Definition 4.15. A compatible completion in RepAlg. of a repre-
sentable {—,>}-algebra A is a complete embedding 1: A — € of {—,>}-
algebras such that € is representable and compatibly complete and ([2] is join
dense in C.

Given Lemma 4.8 and the fact that isomorphisms are complete homo-
morphisms, we can also claim that Proposition 4.11 says that compatible
completions in RepAlg_ are unique, and that Theorem 4.12 shows how to
construct them for atomic algebras.

For Boolean algebras, several equivalent definition of completions are possi-
ble [1]. The same is partially true for compatible completions in RepAlg,.

Proposition 4.16. Let 1: 2l — € be a complete embedding of representable
{—, >}-algebras. Consider the following statements about ¢.

(a) € is compatibly complete, and the image of A is join dense in €.

(b) € is the ‘smallest’ extension of A that is compatibly complete. That
is, € is compatibly complete, and for every other complete embedding
k: A — B into a compatibly complete and representable {—,>}-
algebra B, there exists a complete embedding k: € — B making the
following diagram commute.

At

r\/\
p: 'R

‘B

(c) € is the ‘largest’ extension of A in which the image of A is join dense.
That is, t[2A] is join dense in €, and for every other complete embedding
k: A — B into a representable {—,>}-algebra B in which the image
of A is join dense, there exists a complete embedding k: B — € making
the followning diagram commute.
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K

A—— B

X ~

¢

Then (a) = (b), and (a) = (c), and if A has a completion then all three
conditions are equivalent.

Proof: For (a) = (b), apply Lemma 4.10 to ¢ and &, using join density of
t[2l] in €. For (a) = (c), apply Lemma 4.10 to s and ¢, using compatible
completeness of €.

For the last part, suppose 2 has a completion x: 2 < 9. If (b) holds for
@, then it can be applied to k: A — B. Then & is surjective, since now x|
is join dense in B and & is complete. Hence the embedding % is in fact an
isomorphism, and so (a) holds.

Similarly, if (c) holds for €, then apply it to x: 2 < B to obtain k: B — €.
Then as the image of 2 is also join dense in B we similarly have 1: € — B
commuting with the embedding of 2. Both compositions k o7 and 7o k are
complete homomorphisms fixing the embedded copies of 2 (which are join

dense), hence both compositions are the identity. So & is an isomorphism and
(a) holds. m

In light of Proposition 4.16, it would be interesting to know which algebras
in RepAlg,. (beyond the atomic ones) have compatible completions and how
to construct those completions. We leave this as an open problem.

Problem 4.17. Which representable {—, > }-algebras have a compatible com-
pletion in RepAlg. ¢ Describe a general method to construct these comple-
tions.

A set of implications similar to those in Proposition 4.16 is not possible for
compatible completions in RepAlg, as the following example shows.

Example 4.18. We will show that (a) =~ (b) in Proposition 4.16, if we
drop the assumption of completeness of the homomorphisms. Let 2 := {0, 1},
and let § be the {—,>}-algebra consisting of the following partial functions
N—2:

e those with finite domain,

e those such that the inverse image of 0 is a cofinite set.
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It is straightforward to check that § is closed under — and >, so is indeed
a {—,>}-algebra of partial functions. This algebra § is atomic, and its
compatible completion § consists of all partial functions N — 2. Let {0, 1d}
be the cardinality 2 {—,>}-algebra of both partial endofunctions on some
singleton set, and let & = F x {0,1d}. Then & is also compatibly complete
(and evidently representable by partial functions). Define k: § — & by
k: f = (f,0) for f with finite domain and k: f — (f,1d) otherwise.

There does not exist a homomorphism &: § — & such that 1ok = k. For
suppose otherwise, and consider the constant functions 1: N — 2 belonging to

§ and 0: N — 2 belonging to both § and §'. Now

k(1) - (0,1d) = %(1) - k(0) = R(1) - ®(0) = (1 -0) = &(0) = (D) = (0, 0),
and hence the second component of ®(1) must be (). However
R(1)>(0,1d) = 5(1) > x(0) = %(1) >%(0) = ®(1>0) = ®(0) = x(0) = (0,1d),
indicating that the second component of (1) is Id—a contradiction.

Note that the issue in Example 4.18 cannot be overcome by restricting to
the full subcategory of algebras having joins for all finite pairwise-compatible
sets, as § already satisfies this finite compatible completeness condition.

5. Discrete duality for compatibly complete algebras with
operators

In this section we extend the adjunction, completion, and duality results of
the previous two sections to results allowing the algebras to be equipped with
arbitrary additional completely additive operators respecting the compatibility
structure. Unless specified otherwise, let 2 be an atomic representable {—, > }-
algebra.

First we introduce the class of operations we are interested in.

Definition 5.1. Let 2 be an n-ary operation on 2A. Then ) is compati-
bility preserving if whenever a;,a, are compatible, for all i, we have that
Qaq,...,a,) and Q(al, ..., al) are compatible.

The operation ) is completely additive if whenever the supremum S
exists, for S C A, we have

Q(al, ey, ZS, Ait1,y - - - ,CLn) = ZQ(al, e, i1, S, Ait1y - - .,an) (6)

for any i and any aq,...,a;_1,ai41,...,a, € 2A.
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It is worth being aware that in the literature on algebras ‘with operators’,
the term ‘operator’ is not merely a synonym for ‘operation’ but means finitely
additive operation, that is, (6) holds for all finite (possibly empty) S.

The operations we will treat are those that are both compatibility preserving
and completely additive. Hence the algebraic categories we consider in this
section take the following form, for a functional signature o (disjoint from

{_7 [>})
Definition 5.2. The category AtRepAlg(c) has

e objects: algebras of the signature {—,>} U o whose {—, >}-reduct is
atomic and representable, and such that the symbols of o are interpreted
as compatibility preserving completely additive operations,

e morphisms: complete homomorphisms of ({—,>} U o)-algebras.

For reference, we will briefly list concrete operations {2 on partial functions
according to whether or not they are compatibility preserving and completely
additive—by which we mean the completely representable {—, &>, (2}-algebras
are a (necessarily full) subcategory of AtRepAlg({Q}).”* Verifying that
such inclusions hold is a simple matter, achieved by checking the operation is
compatibility preserving and completely additive for actual algebras of partial
functions in which any joins are given by unions.

We can list the following compatibility preserving and completely additive
operations from the literature: composition (usually denoted ;), the unary D
(domain), R (range), and F (fizset) operations (the identity function restricted,
respectively, to the domain, range, and fixed points of the argument [17]), the
constant 1 (identity), and the binary <1 (range restriction). Intersection is of
course already expressible in our base signature.

The signature obtained by adding composition to {—, &>} has been studied by
Schein and the representation class axiomatised under the name of difference
semigroups [39]. The signature obtained by adding composition, domain, and
identity is term equivalent to {;,-, A}, for which the representation class is
axiomatised in [20] and the completely representable algebras axiomatised
n [33]. Adding range to this last signature we obtain {;,-, A, R}, and the
representation class is axiomatised in [17]. Axiomatising the completely
representable algebras for {;, -, A, R} is currently an open problem.

**Note this is not the same as the more subtle matter of whether ‘representable + {—, >}-reduct
is completely representable = subcategory’ (see, for example, the case of composition in [33]).
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Operations that fail to be compatibility preserving and completely additive
usually do so because they are not even order-preserving. We can list:
antidomain (identity function restricted to complement of domain) and its
range analogue antirange, similar negative versions of > and <1, which we might
call antidomain restriction and antirange restriction (antidomain restriction
is called minus in [3]), override (also known as preferential union) and update
(see [3]), mazimal iterate (see [23]) and opposite (converse restricted to points
with a unique preimage [36]). Converse is an operation that is completely
additive but fails to be compatibility preserving. An interesting future project
would be to extend the results of this section in a way that encompasses some
of these operations, in particular the several that are either order-preserving
or order-reversing in each coordinate. (An analogous extension of the theory
of Boolean algebras with operators can be found in [12].)

Starting with a compatibility preserving and completely additive n-ary
operation {2, we can define an (n + 1)-ary relation Rq on the atoms of 2 by

Rox.. Lpt1 Q(l’l, R ,Zlﬁ‘n) > Tp41- (7)

Next we introduce a class of relations on set quotients, which will turn

out to be precisely the relations obtained from operations in the way just
described.

Definition 5.3. Take sets X, Xy, and a surjection m: X — X, and let R
be an (n + 1)-ary relation on X. The compatibility relation C' C X x X
is given by xCy if and only if 7(x) = w(y) = x = y. Then R has the
compatibility property (with respect to 7) if given x:Cx, ..., z,Cx} and

/ / /
Rzxy...xp1 and Rxy. . .x), ., we have £, 1 Cay .

Observe that, in the case where 7 is the canonical projection my: At(2A) —
At (1) /~g for some atomic representable algebra 2(, the compatibility relation
C' coincides with the compatibility relation introduced in Definition 4.4
(restricted to atoms).

Given an R satisfying the compatibility property, we can define an n-ary
operation (2p on the dual 2, of m: X — X by conflating elements of 2
with their image, and then setting

Qr(X1,. .., X0) = R(X1, ..., Xn, ), (8)

where R(Xq,...,X,, ) = leexl,...,zneXn{an € X | Rxy...xy41}. Notice
that a subset X’ C X defines a partial function of 2, exactly when it
contains at most one element of each fibre of 7, that is, when xzC2a’ for
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every x,2’ € X'. So suppose that x,41,2) ., € Qr(Xi,...,X,). Then there
exist r1 € Xy,...,z, € X, with Rxy...x,41, and 2] € Xy,...,2, € X,
with Rx}...z,.,. Since Xj,..., X, are images of partial sections, we have
r1Cx), ..., x,Cz! . Then by the hypothesis that R has the compatibility
property, if 2,11 and z],,; lie in the same fibre they are equal. Therefore, Qp
is indeed a well-defined operation on 2.

Finally, we define conditions that morphisms of set quotients are required
to satisfy, when those set quotients are equipped with additional relations.

Definition 5.4. Tuke a partial function p: X —Y and (n+ 1)-ary relations
Rx and Ry on X and Y. Then ¢ satisfies the reverse forth condition
if whenever Rxxy...x,11 and @(x1),...,¢0(x,) are defined, then p(x,.1) is
defined and Ry (x1)...o(xn11). The partial map ¢ satisfies the back condi-
tion if whenever p(x,41) is defined and Ryy;.. . yno(Tni1), then there exist
x1, ..., T, € dom(p) such that p(x1) = y1,..., () = yn and Rxxy...Tpi1.

We are now ready to extend the adjunction F': AtRepAlg - Set, : G
to algebras with operators. We fix a functional signature o (disjoint from
{=,>}). We have already defined AtRepAlg(c).

Definition 5.5. The category Setq(o) has

e objects: the objects of Setq equipped with, for each Q2 € o, an (n + 1)-
ary relation Rq that has the compatibility property, where n is the arity
of €1,

e morphisms: morphisms of Setq that satisfy the reverse forth condition
and the back condition with respect to Rq, for every Q) € o.

We are required to note at this point that both the reverse forth condition
and the back condition are preserved by composition of partial maps (and
are also satisfied by identity maps); hence Setq (o) is indeed a category.

Theorem 5.6. There is an adjunction F': AtRepAlg(c) - Setq(o)® : G’
that extends the adjunction F' 4 G of Section 3 in the sense that the appro-
priate reducts of F'() and G'(m: X — Xj) equal F(A) and G(m: X — X)),
respectively.

The proof of this theorem takes up most of the remainder of the paper. The
reader is likely to have understood by now how to form F’ and G’. For F”:
given an atomic representable {—, > }-algebra 2 equipped with compatibility
preserving completely additive operators indexed by o, take F'(2() and equip
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it with, for each operation 2 on 2, the relation Ry defined according to
(7). For G': given a set quotient m: X — Xj equipped with relations, take
G(m: X — Xj) and equip it with, for each relation R, the operation Qp
defined according to (8). The proof consists therefore of establishing the
following facts.

(1) The F” we wish to define is well-defined on objects. That is, the defined
relations Rq have the compatibility property (Lemma 5.7).

(2) F' is well-defined on morphisms. That is, for a morphism A in
AtRepAlg that preserves additional operations, the partial map F'h
satisfies the reverse forth and the back conditions with respect to each
pair of relations (Lemma 5.8).

(3) G’ is well-defined on objects: each defined Qp is a compatibility
preserving and completely additive operation (Lemma 5.9).

(4) G" is well-defined on morphisms: given a morphism H in Set,, the
defined operations are preserved by Gy (Lemma 5.10).

(5) The unit and counit used in Theorem 3.9 are still permitted families
of morphisms. That is, for each algebra 2, the map ny preserves the
additional operations, and for each set quotient 7, the map A, satisfies
the reverse forth condition and the back condition (Lemma 5.11).

Lemma 5.7. If an operation ) is compatibility preserving, then Rq has the
compatibility property.

Proof: Take ,Cx,...,z,Cz,, and Rox;...2y+1 and Rox) ...z, ;. Then
z;, x, € A are compatible, for each i. So since € is compatibility preserving,
Qzq,...,x,) and Q(2), ..., 2) are compatible. We have, by the hypotheses
and the definition of Rg, that Q(z1,...,2,) > x4 and Q(2, ..., 2]) > 2] ,4.
Hence x,41 and z;,, are compatible elements of 2A. Now C' is just the

restriction of compatibility to pairs of atoms, hence z,,4,Cz] ., , as required. m

Lemma 5.8. Let h: A — B be a complete homomorphism of atomic rep-
resentable {—,>}-algebras, and let Q* and Q% be compatibility preserving
completely additive n-ary operations on 2 and B respectively. If h validates

h(Qm(al, CeyGy)) = Q%(h(al), ...y h(ay)),

then F'h satisfies the reverse forth and the back conditions with respect to Rg»
and RQQ[.

Proof: We write Ry for Roa, and we write Ry for Rgs. For the reverse
forth condition, suppose Ry . . . yne1 holds and that Fh(yy), ..., F'h(y,) are
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defined. Denote Fh(y1),...,Fh(y,) by z1,...,x, respectively. By the def-
inition of F'h, we have h(z;) > v; for each i. Then h(Q¥(x1,...,2,)) =
QB (h(x1),..., h(xn)) > Q®(y1,...,yn), as QP is order preserving, since
it is completely additive. But Q®(yi,...,yn) > yns1 by the hypothesis
Ryy1 - .. Yns1 and the definition of Ry. Since h(Q*(z1,...,75)) > Yny1, We
have that Fh is defined at y,.1 and Q¥(x1,...,2,) > Fh(y,.1). By the
definition of Ry, the relation Ryx;. ..z, Fh(y,+1) holds, and the reverse forth
condition is established.

For the back condition, suppose that Fh(y,. 1) is defined and that the
relation Ryzy...x,Fh(y,+1) holds. Write z,,1 for Fh(y,.+1). Then by the
definition of Ry, the inequality Q¥(x1,...,,) > 2,1 holds. Hence

QP (h(z1), ..., h(zy)) = h(Q*(x1, ..., 20)) > M @pi1) > Yng1-

As B is atomic, it is atomistic. Hence by iterative application of the complete
additivity of Q% to each argument, we find

S LB Wrn e 9a) | Y1y € AUB) g1 < A1), < (@)} 2 Y.

Since y,.+1 is an atom, there are therefore some vyy,...,y, € At(*8) with
y; < h(x;) for each 4, such that Q® (y1,...,¥n) > yui1. Then by the definitions,
Fh(y;) = x; for each ¢, and Ryyy. . .yne1 holds; hence the back condition is
established. m

Lemma 5.9. If a relation R has the compatibility property, then Qg is
compatibility preserving and completely additive.

Proof: To see that 2 is compatibility preserving, let X;, X! € 2, be compati-
ble, for each i. Since Qr(X;UX], ..., X,,UX)) is (the image of) a well-defined
partial section, of which Qg(X7,..., X,,) and Qr(X],..., X)) are restrictions,
Qp(Xy,...,X,) and Qp(X],..., X)) are compatible.

To see that Qi is completely additive, let Xi,..., X, € %A, and 7 €
{1,...,n}, and suppose S is a subset of 2, whose join > S exists. So
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> S =JS. It is clear from the definition of {2 that

Qp(X1,. . X, S Xinn o X)) = | Qe(X0, . X2, X, X))
zeUS
=U UQRXla--- Zl,ZL‘Z,XZ‘+1,...,
TeS x;€T
= J (X1, Xi0 T, X1, ... X,)
TeS

and hence provides a supremum for {{J,s Qr(X1, ..., Xio1, T, Xit1, ..., Xy) |
T € S}, as required. m

Lemma 5.10. Let p: X — Y define a morphism in Setqy from (m: X — Xj)
to (p:Y - Yp), and let Rx and Ry be (n + 1)-ary relations on X and Y
respectively, both having the compatibility property. If ¢ satisfies the reverse
forth and the back conditions with respect to Rx and Ry, then the n-ary
operations Q. and Qg, validate

G¢<QRY(YV17 ce 7Yn>) = QRX(GQP(}/l)v T G(P(Yn))

Proof: Recall that we are identifying elements of G(7) and G(p)—partial
sections—with their images, and note that according to this view, G is given
by ¢! (inverse image). Let Y1,...,Y, € G(p).

First we show that

Qp_l(QRY(Yla s 7Yn)) C QRX (90_1(}/1)7 SRR w_l(yn))a

and later the reverse inclusion. So let z,,; be an arbitrary element of

0 1 (Qp, (Y1,...,Y,)). That is, ¢ is defined on x, 1, with value 3,1 say, and

there are some y; € Yi,...,y, € Y, such that Ry;...y,.1. So by the back

condition, there exist z1,...,x, € dom(y) such that ¢(z1) = y1,...,p(x,) =

y, and Ryxi...w,. 1. Then z; € ¢ 1(Y;) for each i < n. Hence by the

definition of Qp,, we have z,11 € Qp, (0 1 (Y1),..., 0 1(Y,)), as required.
Now we show that

Qpil(QRY(YVh s ?Yn)) 2 QRX((pil(le)n U wil(yﬂ))

Let x,.1 be an arbitrary element of Qg (¢ 1(Y1),...,¢ 1 (Y;,)), so there
exist z; € o 1{(Y1),..., 2, € o }V,) with Ryx1...2,41. (So in particular
o(x1),...,¢(x,) are defined.) Then by the reverse forth condition, ¢(z;,41)
is defined and Ry ¢(x1). . .¢(zn41). Since p(x;) € Y;, for i < n, we then have
©(xni1) € Qpy (Y1,...,Y,). Hence 2,11 € o (g, (Y1,...,Y,)). m



30 C. BORLIDO AND B. MCLEAN

Lemma 5.11. Let 2 be an atomic representable {—,>}-algebra and ) be a
compatibility preserving completely additive n-ary operation on 2A. Then the
map Ny used in Theorem 3.9 validates

77?((9(@17 s van)) - QRsz(nﬂ(al)v S 77791(@71))'
Let m: X — Xy be a set quotient, and R be an (n + 1)-ary relation on X

with the compatibility property. The map \; used in Theorem 3.9 satisfies the
reverse forth condition and the back condition with respect to R and Rq,,.

Proof: For the first part, we unwrap the definition of the right-hand side of
the equality. Identifying partial functions with their images, we have

Qg (mau(ar), .- maan)) = Ro(At(ay), ..., At(ay), ),
and by the definition of R, this set consists of all z,,11 € At(2) for which
there are x; € At(af), i=1,...,n, such that Q(z1,...,2,) > 1. Since ()
is completely additive and 2l is atomistic, such atoms x,, 1 are precisely those
in the downset Q(a1, ..., a,)*. Thus

Qro(ma(ar), ..., mulan)) = At(Q(aq, . .. ,an)¢),

which is precisely the definition of the left-hand side ny(2(aq, ..., a,)), so we
are done.

For the reverse forth and back conditions, since we saw in the proof of
Theorem 3.9 that m and (F o G)(7) are isomorphic via the correspondence
x — {z}, it suffices to show that every relation R C X" coincides with Rq,,
under this identification. And indeed, by definition, we have

Rop{z1} - Axnn} == Qe({z1), - o)) 2 {1}
<~ R.Tl....%'n+1. |

This completes the proof that F' 4 G’, and hence the proof of Theorem 5.6.
It is now straightforward to extend the completeness and duality results of
the previous section.

Definition 5.12. Let 2 be an algebra in AtRepAlg(c). A compatible
completion of A is an embedding 1: A — € of ({—,>} U o)-algebras such
that € is in AtRepAlg(o) and compatibly complete, and ([21] is join dense
n €.

Corollary 5.13. Let 2 be an algebra in AtRepAlg(c). If 1: A — € and
/A — & are compatible completions of A then there is a unique isomorphism
0: € — € satisfying the condition 6 o1 =1'.
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Proof: Use the isomorphism 6 from Proposition 4.11. The fact that ¢[2] is
join dense in € and the complete additivity of the additional operations ensure
those additional operations are preserved by 6. |

Corollary 5.14. For every algebra A in AtRepAlg(o), the embedding
na: A = (G o F')(A) is the compatible completion of .

Corollary 5.15. There is a duality between CAtRepAlg(o) and Setq (o),
where CAtRepAlg(o) is the full subcategory of AtRepAlg(c) consisting of
the compatibly complete algebras.

Proof: Given Corollary 4.13, we only need to check that the families of
functions ng and A\, are still isomorphisms in the expanded categories, for
which it only remains to show that the functions ny' and A;! are valid
morphisms in the expanded categories.

We know 7y is a bijection and preserves additional operations, and it is
an elementary algebraic fact that this implies its inverse nil preserves those
same additional operations. Thus 779_11 is a morphism.

For A1, we must check that the reverse forth condition and the back
condition are satisfied with respect to additional relations. But we saw in the
proof of Lemma 5.11 that A, and therefore A\_!, preserves and reflects each
additional relation. As A-! is a bijection, it is then evident that the reverse

forth and back conditions are respected. |

Corollary 5.16. The category CAtRepAlg(o) is a reflective subcategory of
AtRepAlg(o).

References

[1] Bernhard Banaschewski and Gilinter Bruns, Categorical characterization of the MacNeille
completion, Archiv der Mathematik 18 (1967), 369-377.

[2] Andrej Bauer, Karin Cvetko-Vah, Mai Gehrke, Samuel J. van Gool, and Ganna Kudryavtseva,
A non-commutative Priestley duality, Topology and its Applications 160 (2013), no. 12,
1423-1438.

[3] Jasper Berendsen, David N. Jansen, Julien Schmaltz, and Frits W. Vaandrager, The axiomati-
zation of override and update, Journal of Applied Logic 8 (2010), no. 1, 141-150.

[4] Patrick Blackburn, Maarten de Rijke, and Yde Venema, Modal logic, Cambridge Tracts in
Theoretical Computer Science, Cambridge University Press, 2001.

[5] Célia Borlido and Brett McLean, Difference—restriction algebras of partial functions: axiomati-
sations and representations, preprint (2020), arXiv:2011.15108.

[6] Wiestaw A. Dudek and Valentin S. Trokhimenko, Functional Menger P-algebras, Communica-
tions in Algebra 30 (2002), no. 12, 5921-5931.



32

[7]

8]

[9]

C. BORLIDO AND B. MCLEAN

J. Michael Dunn, Mai Gehrke, and Alessandra Palmigiano, Canonical extensions and relational
completeness of some substructural logics, The Journal of Symbolic Logic 70 (2005), no. 3,
713-740.

Robert Egrot and Robin Hirsch, Completely representable lattices, Algebra Universalis 67
(2012), no. 3, 205-217.

Leo L. Esakia, Topological Kripke models, Doklady Akademii Nauk 214 (1974), no. 2, 298-301
(Russian).

Emmanuel Filiot and Pierre-Alain Reynier, Transducers, logic and algebra for functions of
finite words, ACM SIGLOG News 3 (2016), no. 3, 4-19.

Vladimir S. Garvac’kii, N-semigroups of transformations, Teoriya Polugrupp i ee Prilozheniya
2 (1971), 3-13 (Russian).

Mai Gehrke and John Harding, Bounded lattice expansions, Journal of Algebra 238 (2001),
no. 1, 345-371.

Mai Gehrke, Samuel J. van Gool, and Vincenzo Marra, Sheaf representations of MV-algebras
and lattice-ordered abelian groups via duality, Journal of Algebra 417 (2014), 290-332.
Robert Goldblatt, Metamathematics of modal logic, Part I, Reports on Mathematical Logic 6
(1976), 41-77.

Robin Hirsch, Completely representable relation algebras, Bulletin of the Interest Group in
Pure and Applied Logics 3 (1995), no. 1, 77-91.

Robin Hirsch and ITan Hodkinson, Complete representations in algebraic logic, The Journal of
Symbolic Logic 62 (1997), no. 3, 816-847.

Robin Hirsch, Marcel Jackson, and Szabolcs Mikulds, The algebra of functions with antidomain
and range, Journal of Pure and Applied Algebra 220 (2016), no. 6, 2214-2239.

Robin Hirsch and Brett McLean, Disjoint-union partial algebras, Logical Methods in Computer
Science 13 (2017), no. 2:10, 1-31.

Marcel Jackson and Tim Stokes, Partial maps with domain and range: extending Schein’s
representation, Communications in Algebra 37 (2009), no. 8, 2845-2870.

Marcel Jackson and Tim Stokes, Modal restriction semigroups: towards an algebra of functions,
International Journal of Algebra and Computation 21 (2011), no. 7, 1053-1095.

Marcel Jackson and Tim Stokes, Monoids with tests and the algebra of possibly non-halting
programs, Journal of Logical and Algebraic Methods in Programming 84 (2015), no. 2, 259-275.
Marcel Jackson and Tim Stokes, Qverride and update, Journal of Pure and Applied Algebra
225 (2021), no. 3, 106532.

Marcel Jackson and Tim Stokes, Restriction in program algebra, preprint (2021),
arXiv:2109.05643.

Bjarni Jonsson and Alfred Tarski, Boolean algebras with operators. Part I, American Journal
of Mathematics 73 (1951), no. 4, pp. 891-939.

Sabine Koppelberg, Handbook of Boolean algebras, vol. 1, North Holland, 1989.

Ganna Kudryavtseva and Mark V. Lawson, Boolean sets, skew Boolean algebras and a non-
commutative Stone duality, Algebra Universalis 75 (2016), no. 1, 1-19.

Ganna Kudryavtseva and Mark V. Lawson, A perspective on non-commutative frame theory,
Advances in Mathematics 311 (2017), 378-468.

Mark V. Lawson, A noncommutative generalization of Stone duality, Journal of the Australian
Mathematical Society 88 (2010), no. 3, 385-404.

Mark V. Lawson, Non-commutative Stone duality: inverse semigroups, topological groupoids
and C*-algebras, International Journal of Algebra and Computation 22 (2012), no. 06, 1250058.



[30]

[31]
32]

[33]

[41]
[42]

[43]

DIFFERENCE-RESTRICTION ALGEBRAS OF PARTIAL FUNCTIONS 33

Mark V. Lawson, Subgroups of the group of homeomorphisms of the Cantor space and a duality
between a class of inverse monoids and a class of Hausdorff étale groupoids, Journal of Algebra
462 (2016), 77-114.

Mark V. Lawson and Daniel H. Lenz, Pseudogroups and their étale groupoids, Advances in
Mathematics 244 (2013), 117-170.

Jonathan Leech, Recent developments in the theory of skew lattices, Semigroup Forum 52
(1996), no. 1, 7-24.

Brett McLean, Complete representation by partial functions for composition, intersection and
antidomain, Journal of Logic and Computation 27 (2017), no. 4, 1143-1156.

Brett McLean, Algebras of partial functions, Ph.D. thesis, University College London, 2018.
Brett McLean, A categorical duality for algebras of partial functions, Journal of Pure and
Applied Algebra 225 (2021), no. 11, 106755.

Brett McLean and Szabolcs Mikulds, The finite representation property for composition,
intersection, domain and range, International Journal of Algebra and Computation 26 (2016),
no. 6, 1199-1216.

Boris M. Schein, Relation algebras and function semigroups, Semigroup Forum 1 (1970), no. 1,
1-62.

Boris M. Schein, Restrictively multiplicative algebras of transformations, Izvestija Vyssih
Ucebnyh Zavedenii Matematika 95 (1970), no. 4, 91-102 (Russian).

Boris M. Schein, Difference semigroups, Communications in Algebra 20 (1992), no. 8, 2153~
2169.

Valentin S. Trokhimenko, Menger’s function systems, Izvestija Vyssih Ucebnyh Zavedenii
Matematika (1973), 71-78 (Russian).

Viktor V. Wagner, Generalised groups, Proceedings of the USSR Academy of Sciences 84
(1952), 1119-1122 (Russian).

Viktor V. Wagner, Transformative semigroups, Izvestija Vyssih Uéebnyh Zavedenii Matematika
1960 (1960), no. 4 (17), 36-48 (Russian).

Viktor V. Wagner, Restrictive semigroups, lzvestija Vyssih Uéebnyh Zavedenii Matematika
1962 (1962), no. 6 (31), 19-27 (Russian).

CELIA BORLIDO
CMUC, UNIVERSITY OF COIMBRA, DEPARTMENT OF MATHEMATICS, 3001-501 COIMBRA, PORTUGAL

E-mail address: cborlido@mat.uc.pt
URL: https://mat.uc.pt/~cborlido

BRETT MCLEAN
DEPARTMENT OF MATHEMATICS, GHENT UNIVERSITY, GHENT, BELGIUM

E-mail address: brett.mclean@ugent.be
URL: https://users.ugent.be/~bmclean



