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Abstract

This thesis investigates relations over a category C relative to an (€, M)-factori-
zation system of €. In order to establish the 2-category Rel(C) of relations over €
in the first part we discuss sufficient conditions for the associativity of horizontal
composition of relations, and we investigate special classes of morphisms in
Rel(C). Attention is particularly devoted to the notion of mapping as defined
by Lawvere. We give a significantly simplified proof for the main result of
Pavlovi¢, namely that € ~ Map(Rel(C)) if and only if € C RegEpi(C). This
part also contains a proof that the category Map(Rel(C)) is finitely complete,
and we present the results obtained by Kelly, some of them generalized, i.e.,
without the restrictive assumption that M C Mono(C).

The next part deals with factorization systems in Rel(C). The fact that
each set-relation has a canonical image factorization is generalized and shown
to yield an (&, M)-factorization system in Rel(€) in case M C Mono(C). The
setting without this condition is studied, as well. We propose a weaker notion of
factorization system for a 2-category, where the commutativity in the universal
property of an (&, M)-factorization system is replaced by coherent 2-cells.

In the last part certain limits and colimits in Rel(C) are investigated. Co-
products exist in Rel(C) and are given as in € provided that C is extensive. How-
ever, finite (co)completeness fails. Finally we show that colimits of w-chains do
not exist in Rel(C) in general. However, it turns out that a canonical construc-
tion with a 2-categorial universal property exists if C has well-behaved colimits
of w-chains. For the case & C Epi(C) we give a necessary and sufficient condition
that forces our construction to yield colimits of w-chains in Map(Rel(C)).
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List of symbols

The following tables contain some of the symbols that are used most frequently
Of course, it is far from being complete. However, it should
contain all the symbols that are used more than only locally, that means more
than in one section. For each symbol there is a short explanation and a reference

in this thesis.

to its definition or first place of occurrence.

Classes of morphisms

Iso(C)
Mono(@)
Epi(C)
Sect(C)

ExtrMono(C@)

ExtrEpi(C)

StrongEpi(C)

RegEpi(C)

Eq(B)
&M

Ml

, M

by

the class of isomorphisms of the category C
class of monomorphisms of €

class of epimorphism of C

class of sections of € (morphisms with a left
inverse)

class of extremal monos of € (A monic arrow m
is called extremal if m = fe with e epic implies
that e is an iso.

class of extremal epis of € (dual notion of ex-
tremal mono)

class of strong epis of € (An epimorphism is
called strong if it has the unique diagonaliza-
tion property w.r.t. all monos.)

class of regular epis of € (An arrow is a regular
epi if it is the coequalizer of a parallel pair of
arrows.)

class of equivalences of the 2-category B
classes of morphisms that form an (€, M)-struc-
ture

classes of relations induced by the canonical
factorization of relations

abbreviation for € N Mono(C)

Note that we have the following chain of inclusions:

Def. 2.1

Prop. 2.7
Prop. 2.4
Prop. 2.4

Prop. 2.4

Cor. 2.5

Cor. 2.5

Prop. 2.7

p. 62
Def. 2.1
p- 53

Sec. 6.1

Iso(€) C Sect(€) C RegMono(€) C StrongMono(€) C ExtrMono(C).

By duality, the same is true for the respective classes of epimorphisms.

Categories and 2-categories

Span(A, B)
Rel(A4, B)
Span(C)
Rel(C)
Map(Rel(C))

Set
CAT

category of spans between objects A and B
category of relations between objects A and B
2-category of spans over the category C
2-category of relation over the category C
subcategory of maps (1-cells with a right ad-
joint) of Rel(€)

category of sets and functions

(2-)category of (small) categories, functors
(and natural transformations)

viii

Sec. 3.1
Sec. 3.2
Sec. 3.1
Sec. 3.3
Def. 4.2,
Cor. 4.9
Ex. 3.1

Ex. 3.15



Top

Top,
X, XKp

Reg
RK, RK,

category of topological spaces and continuous
functions

category Ti-spaces and continuous functions
2-categories of finitely complete categories with
a (proper) stable (€, M)-structure

full sub-2-category of regular categories in X
2-categories of 2-categories of relations over
categories in X and X,, respectively

Other symbols

im

= I
boa
oA

sor
LA

rASs

symbols for natural, rational, and real numbers
notation for the unique arrow C' : A x B induced
bya:C—Aandb:C — B

notation for the unique arrow A+ B — C induced
byc:A—Candd:B—C

kernel pair of an arrow f

notation for arrows of M (of an (€, M)-structure)
in diagrams

notation for arrows of £ (of an (&, M)-structure)
in diagrams

constant (2-)functor

functor im : Span(A, B) — Rel(A, B) given by
(€, M)-factorizing

image and inverse image of relations

composite of the spans a and b

identity span given by (14,14): A — Ax A
composite of the relations r and s

identity relation given by image im(d4) of an iden-
tity span

opposite of the relation r

local product of the relations r and s

notation for pointwise calculus of relations

graph im(1, f) of an arrow f, graph functor

simplified notation for 2-cells in Rel(C) if M C
Mono(€)

ix

Ex. 3.2

Ex. 4.24
Sec. 6.4

Sec. 6.4

Sec. 3.1
Sec. 8.4

Sec. 4.2

Prop. 2.8,
Sec. 8.2
Sec. 3.3

Def. 3.3
Sec. 3.1
Sec. 3.1
Sec. 3.3
Sec. 3.4

Sec. 3.5
Sec. 3.5
Prop. 3.17
Def. 4.4,
Sec. 4.4
Sec. 5.1



1 Introduction

1.1 A bit of history

Relations between sets as well as the equivalent concept of multi-valued func-
tions have been an important tool in mathematics for a long time. The calculus
of binary relations played an important role in the interaction between algebra
and logic since the middle of the nineteenth century. The first adequate de-
velopment of such calculi was given by de Morgan and Peirce. Their work has
been taken up and systematically extended by Schréder in [24]. More than 40
years later, Tarski started with [26] the exhaustive study of relation algebras,
and more generally, of Boolean algebras with operators.

Categorial generalizations of calculi of relations have been playing a role in
many works for quite a while, too. Traditionally the relation R C A x B defined
set theoretically is substituted by a monomorphism r : R — A X B in a category
C, where, moreover, r often lies in a special class M of monomorphisms belong-
ing to a pullback stable (&, M)-factorization system of the category €. The first
categorial treatment of relations is due to MacLane (cf. [18]). He axiomatizes
additive relations between (left) modules over a fixed ring. His results appear
at about the same time as the axiomatization of relations in Abelian categories
of Puppe (cf. [23] and [4] for a more extensive treatment). The notion of rela-
tions relative to a factorization system first appears in [15], still with slightly
distorted terminology. It is fully developed with the introduction of the bicate-
gory Rel(C) of relations over a category € for the first time in [20]. However,
both of these papers impose conditions on the (€, M)-factorizations system of
C, namely & C Epi(C) and additionally M C Mono(C) in the first paper. It
seems that most of the later investigations on relations, like for example, in [14]
and [10], always use one or both of these assumptions. But as the interest of
theoretical computer science in relations grew, these conditions became a great
obstacle for considering certain important examples.

In his important work [21], Pavlovi¢ shows how to obtain a reasonable theory
avoiding all assumptions on € and M other than necessary. Admittedly, this had
to be done at the cost of making the proofs quite involved, and finally it resulted
in an even more general treatment of relations relative to regular fibrations in
the sequel [22] of [21] by the same author.

Meanwhile, the work of Freyd and Scedrov (cf. [8]) led to an axiomatization
of relations over regular categories, the so-called allegories. Some authors have
used this setting to investigate relations further. A very recent example of this
is [27]. Here we shall mainly stick to relations relative to an (€, M)-factorization
system.

1.2 About this thesis

This thesis starts by recalling a few basic facts about (€, M)-factorization struc-
tures in categories. In the third section the results of Pavlovié ([21]) and
Jayewardene and Wyler ([10]) will be used to define the 2-category Rel(C)
of relations over an (€, M)-structured category €. We shall investigate two suf-
ficient conditions for associativity of the horizontal compositions of relations.
One of these is that € is stable under pullback. The other one is a weaker con-
dition. These conditions are known to be equivalent in case € C Epi(C). As a



new result we add that they are necessary for the associativity in this case.

The fourth section is devoted to the notion of a mapping as defined by
Lawvere, i.e. the class of 1-cells with a right adjoint. Of great interest is the
question under what circumstances the category € can be recovered via the
isomorphism

C ~ Map(Rel(C)).

The answer to this is that these categories are isomorphic precisely when & C
RegEpi(€). In principle this section presents the main result of [21]. However,
it was possible to significantly simplify the proofs and to remove an error in
the argument for the main result and its technical lemma. Parts of the credit
for this has to go to Pavlovié¢ himself since his more general main result of [22],
which characterizes maps, has a very easy proof in our setting, as we shall show
here. The last part of the section adopts a proof from the theory of allegories
(cf. [8]) and shows that the category Map(Rel(C)) is finitely complete; hence,
we generalize a similar result of Jayewardene and Wyler (cf. [10]), and of Kelly
(cf. [14]) respectively.

In the fifth section we investigate other important classes of special relations
in the setting of [10], i.e., where M C Mono(C), and, in the second part of the
section, with the additional condition that & C Epi(€). That section presents
the result of [10] and some of [25].

The sixth section further investigates the category Map(Rel(€)) of map-
pings in Rel(C). Kelly proved in [14] that in the setting where € has a so-called
proper stable (€, M)-factorization system, so that M C Mono(C) and € C Epi(@)
is stable under pullback, there is an isomorphism

Rel(C) ~ Rel(Map(Rel(Q))).

Kelly’s proof of this is presented here, and we analyze where the conditions on
M and € are used. It turns out, that some of the results in [14] do not need
these conditions or only € C Epi(C).

In the seventh section we turn our attention to factorization systems in
Rel(C). It is well-known that any relation between sets factorizes through its
image when considered as multivalued function. We shall show that this can be
generalized. In fact, the factorization gives rise to classes & and M so that we
obtain an (€, M)-factorization system in Rel(C) provided that M C Mono(C).
Moreover, even without this condition a weaker 2-categorial universal property
still holds for the canonical factorization. However, the question whether there
is an (€, M)-factorization system in B := Map(Rel(C)) such that Rel(€) ~
Rel(B) without any condition on M remains open.

In the last two sections we investigate limits and colimits in the ordinary
as well as in the 2-category Rel(C). We shall show that the existence of well-
behaved coproducts in € implies the existence of coproducts in Rel(€). More
precisely, if € is an extensive category (cf. [6]), then the coproducts in Rel(C) are
given as in C. Moreover, Map(Rel(C)) is closed under coproducts in Rel(C).
Unfortunately, Rel(€) is not finitely (co)complete in general. As open problems
we leave the questions whether the coproducts in Map(Rel(C)) are extensive
and whether Map(Rel(€)) is cocomplete if € is so.

Last, but not least, we shed some light on colimits of w-chains. These are
of particular interest especially in theoretical computer science, because they
allow the iterative construction of initial algebras of w-cocontinuous functors.



Initial algebras can be used as a model for recursively specified data types. (cf.
[19]). Being able to construct initial algebras in a category of relations yields
a powerful tool for the specification of non-deterministic problems, for example
optimization problems (cf. [2]).

Unfortunately, the desired colimits do not exist in general in Rel(C). How-
ever, if we impose certain conditions on C, then there is a canonical construction
with a weaker (2-categorial) universal property. As in the case of coproducts,
these sufficient conditions simply say that colimits of w-chains in € must exist
and be well-behaved. To be precise, colimits of w-chains in € have to be univer-
sal and they need to commute with pullbacks. It is somewhat unfortunate that
the construction seems to force us to deal only with monic relations, so that M
has to consist of monomorphism. For maps, however, this is not a problem at
all because it is automatically true. Moreover, in case & C Epi(C) our canonical
construction yields colimits of w-chain in Map(Rel(C)). It remains an open
problem though, whether the condition & C Epi(€) is necessary for this result.

But now let us begin our treatment of relations in categories by quickly
recalling the basics about (€, M)-factorization systems.



2 (&, M)-structured categories

The (&, M)-structured categories discussed in this section give the appropriate
environment to derive a calculus of relations in categories. Therefore the most
important results about (€, M)-structured categories used in this thesis are listed
here. The definitions and theorems are all standard. The proofs are almost all
omitted. They can be found for example in [1].

Definition 2.1. Let € and M be classes of morphisms in a category C. (€, M)
is called a factorization structure for morphisms in € and C is called (€, M)-
structured provided that

1. each of € and M is closed under composition with isomorphisms, i .e.

e ifec &, helso(C), and if he exists, then he € €,
e ifmeM, he€lso(C), and if mh exists, then mh € M,

2. € has (&, M)-factorizations of morphisms; i. e., each morphism f in C has
a factorization f = me, with e € € and m € M, and

3. € has the unique (€, M)-diagonalization property; i. e., for each commuta-
tive square

A——B 1)
fl l
C——=>D

with e € & and m € M, there ezist a unique diagonal d : B — C' such that
de = f and md = g.

Note that if € is (€, M)-structured, then C°P is (M, &)-structured.
Proposition 2.2. If C is (§, M)-structured, then the following hold:

1. ENM = TIso(C),

2. each of € and M is closed under composition,

8. & and M determine each other via the diagonalization property; i.e., a
morphism m belongs to M if and only if for each commutative square of
the form (1) with e € & there is a diagonal*.

Proposition 2.3. If fg and f are both in M, then g is in M.

Proposition 2.4. In an (&, M)-structured category C with products of pairs of
objects the following are equivalent:

1. &€ C Epi(C),

2. ExtrMono(C) C M,

3. Sect(C) C M,

4. for each C-object A the diagonal 64 = (14,14) : A — A x A belongs to M,

1Note that uniqueness of the diagonal is not necessary here.



5. fg € M implies that g € M,

6. fe € M and e € € imply that e € Iso(C).
Corollary 2.5. If C is (€, Mono(Q))-structured, and has binary products, then
& = StrongEpi(C) = ExtrEpi(C).

The following results 2.6 and 2.7, which will be needed in Section 6 are taken
from [14]. Parts of them can also be found in [12].

Let € be a category with pullbacks, so that the strong epimorphisms coincide
with the extremal ones. Recall that the pullback of a pair x,y along a morphism
g is the limit

e (2)

of the diagram given by x, y and g. Since it is formed by taking three pullbacks

N
N
NN

NV

and setting h = pirg = qor1, u = poro, and v = q71, it follows that h is
epimorphic if every pullback of g is epimorphic.

Lemma 2.6. If mg has the same kernel-pair as g, and every pullback of g is
epitmorphic, then m is monomorphic.

Proof. Tt is easy to see that the pullback u,v of the kernel-pair x,y of m along
g as in (2) is the kernel-pair of mg. By hypothesis, this is the kernel of g. Thus
xh = gu = gv = yh, and therefore x = y since h is epic, whence m is monic. [

Now recall that in a category with pullbacks an epimorphism is regular,
precisely when it is the coequalizer of its kernel-pair.

Proposition 2.7. Suppose that C is a category in which pullbacks of extremal
epitmorphisms are epimorphic. Then

ExtrEpi(C) = RegEpi(C)
if C either
(a) admits coequalizers, or
(b) is finitely complete and (ExtrEpi, Mono)-structured.

Proof. (a) If e is an extremal epi and g the coequalizer of e’s kernel-pair, then
e = mg for some morphism m. By Lemma 2.6, m is monic, and therefore, by
extremality of e, an iso, whence e is a coequalizer of its kernel-pair.



(b) Let e be an extremal epi again, let ko, k1 be its kernel-pair, and let f be
a morphism with fko = fk;. Factorize (e, f) = (m,n)g. Clearly the kernel-pair
of mg = e coincides with that of (e, f), and since (m,n) is monic with that
of g. Hence, by Lemma 2.6, m is monic and, by extremality of e, an iso. So
f = ng = nm~'e, which shows that e is regular. O

Note that (b) implies that a finitely complete (ExtrEpi, Mono)-structured
category C is regular as soon as extremal epimorphisms are stable under pull-
back. From (a) we get that in every (&€, M)-structured category with M C
Mono(€) and & C Epi(C) stable under pullback (also called a category with
a proper and stable factorization system) the extremal epimorphisms coincide
with the regular ones, because ExtrEpi(€C) C &, by the dual of Proposition 2.4.

Proposition 2.8. In any (&, M)-structured category the class M (as a full
subcategory of C2) is closed under all limits.

Proof. Let € be an (&, M)-structured and D be a category. Further let F :
D — €Cand G : D — € be diagrams and let A : AA - Fandv: AB — G
respectively be their limits. Finally, let i : F — G be a natural transformation
which is pointwise in M.

We must show that the unique arrow f : A — B that makes the diagram

Ad 21 AB (3)
ST
F G

commutative lies in M. In order to see this (&, M)-factorize f = me. By the
diagonalization property there is a unique arrow d; : £ — F; for all i € D such
that the following diagram commutes:

A—2 > F (4)
d;

Ail g

vim

Note that, by uniqueness, the d; form a cone d : AE — F.

Therefore there exists a unique arrow h : £ — A such that A\- Ah = d. Then
since A = d - Ae and since A is a mono source, he = 14. To see that eh = 1,
recall that f = me is an (€, M)-factorization and consider the diagram

A——E
l // lm
E—— A,
where the lower right triangle commutes since
vifh = w \ih = p;d; = vym

by diagram (3) and diagram (4).
This proves that m is an isomorphism, whence f € M. O



Corollary 2.9. The class € is closed under all colimits in any (€, M)-structured
category.

Proposition 2.10. If C is (&, M)-structured then M is stable under the forma-
tion of pullbacks, i. e. given a pullback square

B
I
C

m ’

q
——

then g € M if m € M.



3 Spans and Relations

The introduction into relations given in this section and the discussion on maps
in Section 4 in principle follow the work of Jayewardene and Wyler (cf. [10])
and Pavlovié (cf. [21]) respectively. However, the proofs presented here may
differ from the original papers and the material is presented in a different or-
der. Moreover, some of the results have been refined here and others are new.
Different proofs and refined or new results will be indicated where they appear.
Now let us begin by introducing spans.

3.1 Spans

Let € be a finitely complete category. For objects A and B of € we form the
category Span(A, B) ~ C/A x B consisting of equivalence classes of isomorphic
objects of €/A x B. Hence, an object of Span(A, B) can be represented by a
pair of arrows r = (rg,r1) : R — A x B, which will be denoted by r : A+- B.
We will also take the freedom and refer to such an arrow as a span, instead of
considering the equivalence classes.

Arrows in Span(A, B) are denoted by a : r — s, for spans r: R — A x B
and s : S — A x Bj; hence, « is represented by an arrow «g : R — S such that
r = sag.

To compose spans r : A4+— B and s : B+— C horizontally, one forms a
pullback as shown in the next diagram

Po P P1 (5)
RN
70 R T1 So S S1
N N
A B C

and puts s o r >~ (ropg,s1p1). This composition is clearly functorial and
associative, up to isomorphism at the level of morphisms in €, hence strictly
so at the level of equivalence classes. The identities are represented by the
diagonals
5A:<1A,1A>:A—>AXA.

It is easy to check that we obtain a 2-category Span(C). Its O-cells are the
objects of C, its 1-cells are the spans and its 2-cells are the arrows of the hom-
categories Span(4, B).

Example 3.1. Consider the bicategory Span(Set). A function f: X — Y in
Set can be viewed as a functor F' : Y — Set assigning to each object of the
discrete category Y its preimage under f. Hence, a span r = (rg,r1) can be
represented by a set-valued matrix
_ (=1
M= (r (a,b))ggg.
Composition of M : A4+- B and N : B+ C then resembles matrix multiplica-
tion:
(NO M)ac = ZMab X Npe.
beB



The identity on A is of course represented by the identity matrix whose entries
are singleton sets containing the elements of A along the diagonal, and whose
other entries are empty.

Let us close this section with the remark that a calculus of spans, and more
generally a calculus of relations as presented below, does not depend on the
existence of binary products in €. Assuming that they exist forces C to be fi-
nitely complete, since the existence of pullbacks is required to define horizontal
composition. However, dropping the existence requirement for binary products
in C greatly increases the technical effort necessary to discuss relations. There-
fore we will always assume that € has binary products, and that it is therefore
finitely complete.

3.2 Relations relative to a factorization system

Let € be any (&, M)-structured category. For an object X we denote by M/ X the
full subcategory of €/X formed by the arrows of M. By considering equivalence
classes of isomorphic elements of M/ X we get the equivalent category sub(X) of
M-subobjects of X. Rather than using these equivalence classes we shall refer to
elements of M/X as M-subobjects in lieu of the equivalence classes represented
by them, and we write m ~ n for m,n € M/X if there exists an isomorphism i
of € with mi = n. Note that if M C Mono(€), then M/X becomes a preordered
class with respect to the order defined by

m<n < dj:nj=m.

Furthermore, in this case sub(X) is a partially ordered class.

Now let € be a finitely complete (€, M)-structured category. For objects A
and B of € let us form the category of relations from A to B as Rel(4, B) =
sub(A x B). Note that (Iso, All) where All denotes the class of all morphisms
and Iso denotes the class of isomorphisms of €, is a factorization structure for
every category C. Thus Span(A4, B) is a special case of a category of relations
from A to B. We therefore adopt all the notation introduced in 3.1 for relations.
As for spans we shall refer to objects of M/A x B as relations, again meaning
the equivalence class represented by them.

Finally observe that although our definition of relations and their composi-
tion follows [21] notationally, it in fact is slightly different since Pavlovié¢ does
not work with equivalence classes but rather with objects of M/A x B.

3.3 Composition of relations
For objects A and B of € the (£, M)-factorization system gives rise to a functor
im : Span(A, B) — Rel(A, B),

which assigns to an object of Span(A, B) represented by s : S — A x B the
object of Rel(A, B) obtained by (&, M)-factorizing s. This is clearly well-defined
and functorial. We denote by in the inclusion functor. In order to compose
relations one uses the adjunction im - in : Rel(A, B) — Span(A, B) as shown



in the diagram

Span(A,B) —— C/Ax B
im l—(T in img l—{T ing
Rel(4,B) ——— M/A x B.

The functors imgy and ing are obtained by choosing representatives of the
equivalence classes in Span(A, B) and Rel(A, B) respectively.
The composite of two relations r : A4+— B and s : B4 C' is thus defined as
follows:
sor=im(sor) (6)

This means that first a pullback is formed as in diagram (5), and then the
image of (ropo, s1p1) is taken. Note that composition clearly defines a functor
from Rel(B,C) x Rel(A, B) to Rel(A4,C). Moreover, any 2-cell a : r — 1’/
in Rel(4, B) induces an arrow a : (ropo, s1p1) — (r(pp, s1p;) in Span(A4,C),
where (p{,, p}) is obtained from r’ and s in a diagram like (5). The 2-cell soa :
sor — sor is now the arrow im(a) : im(ropo, s1,p1) — im(ropy, s1ph) in
Rel(A, B).

Given 3 : s — &, the 2-cell Bor : sor — s’ or is obtained similarly. The
constructions s o (—) and (—) o r are easily seen to be functorial. Furthermore
a and 3 are natural in the sense that

(Bor)(soa)= (s oca)Bor) (7)

holds. This is taken to be the 2-cell 3o a.

From now on, we will no longer distinguish between im and imgy. For ex-
ample, the notation r» ~ im(f), where f € C/A x B represents a span and
r € M/A x B represents a relation, shall be used frequently.

Taking as its objects the objects of C, as its hom-categories the categories
Rel(A, B) and the horizontal composition as defined above, the only ingredi-
ents missing to make Rel(€) a bicategory would be associativity and the identity
laws. Unfortunately it turns out that, without any restrictions on (€, M), asso-
ciativity fails, so that Rel(C) is in general not a bicategory. An example will
be given in Section 3.4. However, once associativity and the identity laws are
established, Rel(C) will even be a 2-category. Nevertheless, we shall refer to it
as a bicategory of relations.

3.4 Associativity and identity relations

Composition of relations is in general not associative. We will first give an
example for this (which is due to Klein [15]) and then derive sufficient conditions
for relational composition to be associative, with identities given by

ta :=1m(d4).

In the following example the opposite relation of a relation r = (rq,r;) shall
be denoted by r° = (r1,79).

10



Example 3.2. Consider the category Top of topological spaces and continuous
functions. Every morphism f : X — Y of Top factors

X

N o

f(X)

where e has dense range and m is a closed embedding. Taking M to be the class
of closed embeddings and € the class of continuous maps with dense range, it is
not difficult to check that Top is (€, M)-structured.

Denote by T'f the relation im(1, f). Let ¢ : @ — R be the usual embedding
of the rationals into the real line. Clearly i € €. Further let j : @ — R be
defined by j(x) = ax for some fixed irrational number a. Note that we do not
need to take images for any of the relations I'i, I'j and Jg since R is Hausdorff,
which implies that graphs are closed. Now clearly I'i o (I'i)° ~ dg, and then
(Tio (I'i)°) oT'j ~ T'j. On the other hand we clearly get (I'i)° o I'j = (ig, iq) :
0 — @ x Q, where again taking images is not necessary since the empty set is
closed in @ x Q. But then I'io ((I'i)° o T'j) ~ (ig, ir) : 0 — Q x R which is in M.
Recall that T'j = (1, j) is clearly not the empty relation from @ to R. Therefore
(Tio (T0)°) oy £ Tio ((T'e)° o T'y).

For the more restrictive setting of a proper (&, M)-factorization system, i.e.,
with M € Mono(€) and € C Epi(€), it has been shown by Klein in [15] that
associativity of relational composition is equivalent to € being stable under all
pullbacks. Note that in this setting the identities are given as in Span(C) by
the diagonals 64 : A — A x A since & C Epi(C) is equivalent to all diagonals
being in M (see Proposition 2.4).

Pavlovié¢ in [21] claims that in the general case with no restrictions on € and
M pullback stability of € is still necessary and sufficient for relational composi-
tion to be associative and the identities on A to be im(d4). He only proves a
very small part of this statement and does not prove necessity of the condition
at all.

Jayewardene and Wyler analyse the situation much more thoroughly in [10].
They prove stability of € is still sufficient but that a weaker condition also
suffices. The results of the next two subsections except 3.9 and 3.10 are due to
[10].

3.4.1 Images and inverse images of relations

Definition 3.3. Given an arrow f : A — B of C and relations r =
(ro,r) : A4+> C and s = (sg,s1) : B+ C, we define the image functor
f7 :Rel(4,C) — Rel(B,C) by

f_>’l" = im(f’l“o, T'1>.

Further we define the inverse image functor f : Rel(B,C) — Rel(4,C)
by
JTs= <367 Slf,>7

11



where sy and f' are obtained by forming a pullback as in

ASS/ . \f’.
}N SV ‘1
B C.

Note that (8) is a pullback if and only if

’
[ ] [ ]

<56’81f'>l ls

Ax(C——Bx(C
fxle

is a pullback. That means that we need not take images in the last definition
since M is stable under pullback.
Let us now note some properties of the functors just defined.

Proposition 3.4. (i) f~ - f for any C-arrow f.
(i) If gf is defined in C, then (9f)” ~ g~ o f~ and (gf)” =~ f og—.
(#ii) For relations r = (rg,r1) : A4+>B and s : B4>C we have sor ~ry°r; s.

Proof. Ttems (ii) and (iii) are immediate consequences of the definitions. For (i)
where f: A — Blet r = (ro,m1) : A+>C and s = (sg,81) : B4+>C. We must
show that

X =hom({rg,r1), f{s0,81)) = hom(f " (rg, 1), (s0,51)) =Y

is a natural isomorphism. To a given k : r — f“ s assign k — f'k: (fro,r1) — s
of Span(B, (), where f’ is obtained as in (8). This yields a natural isomorphism

X ~hom({fro,r1), s).

Then use the adjunction
im —in
to get a natural isomorphism

hom({frg,r1),s) =Y.

3.4.2 Legs and leg-stability

Definition 3.5. For a relation r = (ro,r1) : A+> B we call ro and r1 the legs
of . We say that C has stable legs, or that C is leg-stable, if € is stable under
pullback along legs of relations.

Observe that (8) shows legs to be pullback stable. Further note that since
C is assumed to have products, legs are composites mm of a projection 7 of a
binary product and an arrow m € M. Therefore the following result holds:

12



Proposition 3.6. C is leg-stable if and only if
(i) For eg,e1 € &, the product ey X ey is in E.

(ii) € is stable under pullback along M-arrows.

The next result gives us sufficient conditions for composition of relations to
be associative, with identities im(d4).

Theorem 3.7. For a finitely complete, (€, M)-structured category C the follow-
ing are equivalent:

(i) roim(a) ~ im(r ¢ a) for all spans a and relations r.

(ii) im(b) or ~ im(bor) for all spans b and relations r.
(#ii) r oim(ag, a1) ~ ag aj r for all spans a = {(ag,a1) and relations r.
(iv) e~ e~ r ~r for all relations r and all e € €.

If these conditions are satisfied, then composition of relations is associative
with identities 14 =1m(d4) : A+ A.

Proof. Considering opposite relations it is clear that (i) and (ii) are equivalent.
Using these we shall prove the statements at the end about relational composi-
tion. In (i) and (ii) choose a and b to be identity spans. Then

roim(dq) ~r ~im(ég)or (9)

for any relation » : A+— B. To see associativity of relational composition
consider

to(sor) ~toim(sor) ~im(to(sor)) ~im((tos)or) ~ im(tos)or ~ (tos)or.
Now in (iii) let ai r = (up,u1). Then s (ap,a1) ~ (agug,u1) and
im(r ¢ (ag, a1)) = im{agug, u1) = ag ajy r.

Therefore if (i) is true, then the left-hand side is equal to 7 o im{ag,a1). Con-
versely, if (iii) is true, then the right-hand side is equal to r o im(ag, a;). This
shows that (i) and (iii) are equivalent.

Finally, consider e € € with codomain A. Then im(e,e) = im(d4). So
if (iii) holds then (9) implies (iv). Conversely, let (ag,a1) = (so,s1)e be an
(&, M)-factorization. Then

agay r~ sy e e sy r sy sy r~=ro(sy,s1) ~roimag,ar),
i.e., using (iv), (iii) is shown. O
Now let us investigate how leg-stability of € is connected to the last result.
Theorem 3.8. If C is leg-stable, then
im({bg, b1) ¢ {ap,a1)) ~= im(bg, b1) o im{ag, a;) (10)

for all spans a = {(ag,a1) and b = (bg,b1) such that the composition is defined
and a1 or by is a leg. Furthermore 3.7 (i)-(iv) are valid.
Conversely if M C Mono(C) and 3.7 (i)—(iv) are true, then C has stable legs.
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Proof. Conditions (i) and (ii) of 3.7 are clearly special cases of (10).
To prove (10) let (ag,a1) = (ro,r1)eq, and (bo,b1) = (so,s1)ep be (&, M)-
factorizations. Further let all squares in the diagram

(11)

be pullbacks. Now observe that a b = (roeqqouo, s1€pq3u1). Recall that legs of
relations are pullback stable. Hence, py and p; are legs, and then ¢; and ¢y are
in € by leg-stability of €.

If a1 = r1e, is a leg, then piq; is a leg and therefore ug is in €. But then

im(b o a) ~ im{ropg, s1p1) = s or ~ im(a) o im(d).

An analogous argument applies if by is a leg.
Conversely, let » = (rg,r1) : A4— B be a relation, and let ¢ € E have
codomain A. Now form a pullback square in C:

R
A.

e e r =im(epy,r1p1) = im(rop1, r1p1)-

p1
E—

—_—
e

Thus we have

By 3.7 (iv), this is isomorphic to r. Hence, there is an (&, M)-factoriza-
tion (rop1,m1p1) = (ro,r1)€e’. Since we assume that M C Mono(€) this implies
p1 = e € E. Therefore C has stable legs. O

Corollary 3.9. For a finitely complete (€, M)-structured category C with &
stable under pullback the image functor satisfies

im(bo a) ~ im(b) o im(a)

for spans a and b such that the composition is defined. In particular, the com-

position “o” of relations is associative, with identities given by 14 : A4+ A.

Proof. Considering diagram (11) we have, by pullback stability of &, that wuyg,
u1, q1 and ¢o are in €. As before this implies the result. O

Corollary 3.10. If &€ C Epi(C), then composition of relations is associative if
and only if € is stable under pullback.
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Proof. One direction is 3.9. For the converse note that &€ C Epi(C) implies that
all arrows of the form (1, f) lie in M. Suppose

is a pullback square with e € €. It is easy to see that

D1
e

_
€

r:={e,1)o ((1,e) o (f, 1)) =~ im{epy, p1) =~ im{fp1,p1)-

On the other hand (e, 1) o (1,€) ~ §, which implies that r ~ (f, 1) by associativ-
ity. Hence, (fp1,p1)e’ = (f,1) for some e’ € €. Since (f, 1) is monic, p1e’ = 1,
whence p; lies in €. O

The last result shows that if & C Epi(€), then leg-stability of € is equivalent
to pullback stability of £. Moreover, observe that the results obtained essentially
generalize those of Klein (cf. [15]).

If € does not consist of epimorphisms, then it is possible that & is not stable
under pullback but C is still leg-stable (see [10], 1.8.1 for an example). However,
there remain two unsolved problems:

1. Can relational composition be associative, with identities ¢4, but 3.7 (i)—
(iv) not valid?

2. Can 3.7 (i)—(iv) be valid if € does not have stable legs?

3.5 Structure of Rel(C)

The hom-categories Rel(A, B) of the bicategory of relations Rel(€) are finitely
complete. Pullbacks are lifted from €. The terminal object is 14xp : A X B —
A x B which clearly is in M. The product of r : A4— B and s : A4— B in
Rel(A, B) is denoted by r A s and is given by forming the pullback

o ———>0

L)

.?AXB

By the pullback stability of M (see Proposition 2.10) the arrow r A s is in M.
Composition of relations can be presented using the local product just de-
scribed and the global product of C:

sor=1im (7((1a x s) A (r x 1¢))) (12)

where m : A x B x C — A x C denotes a projection. To see this note that
(14 x 8) and (r X 1¢) are in M, recall diagram (5) and consider the following
diagram:
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P\4>/ATS>S
l(umwrmc) 1axs ls\*
Po RxOr—leAxBxC—>B><C’L>C,
R Ax B B
A

where the 4 inner squares are pullbacks.
Every bicategory of relations is self-dual. Consider the global assignment

(-)° : Rel(€)°” — Rel(€)

that leaves the objects and 2-cells unchanged, while taking an M-relation r =
(ro,m1) : R — A x B into the opposite relation r° = (ry,rq) : R — B X A, which
indeed is in M since A x B ~ B x A. It defines a functor for each hom-category.
Furthermore composition of 1-cells is preserved. So (—)° is a bifunctor.

In any bicategory Rel(C), where € is (&€, M)-structured with & stable under
pullback, Freyd’s Modular Law (cf. [8]) holds true, in the sense that for any
relations r: A+ B, s: B4>C and t : A+> C there exist a 2-cell

sorAt—so(rAs’ot).

The relation on the left-hand side is obtained by factorizing the arrow P’ —
A x C obtained by forming the pullback

p T r

P—>A><C

)
(ropo,s1p1)

where (ropo, s1p1) is obtained as in diagram (5). Now let us consider s° o t,
which is obtained using

q0 Q q1
VRN
t(J T tl S1 S S0
YN N
A C B.
To get r A s° ot we form the pullback

/

Q' R
Q AXx B.

(toqo,s0q1)
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Now observe that t1p’ = sypiz. So there is a unique arrow h : P’ — @ with
{qo, q1)h = (p', p1z). Now (toqo, Soq1)h = (top’, sop1z) = rpox. Hence, there is
a unique arrow h' : P’ — Q' with yh/ = h and ¢’h' = pgz. Finally, consider the
diagram

u U u
YN
roq’ Q/ rq’ /S s
SN
A B c,

which induces the relation so (r A s®ot). Then r1¢'h’ = spq1h = sop1z, whence
there exists an arrow

(rog'h', sipra) = tp’ — (roq'uo, syur),

which gives us the desired 2-cell by the universal property of the (€, M)-facto-
rization system.

Finally, note that a bicategory of relations need not yield an allegory in the
sense of Freyd and Scedrov (cf. [8]) if we want the local product to coincide with
the “intersection” of relations (see Example A.3 in Appendix A).

3.6 Rel(C) as symmetric monoidal closed 2-category

It is well-known that Rel(Set) can be viewed as a symmetric monoidal closed
2-category with the tensor given by the cartesian product. This fact can be
generalized. For every (&, M)-structured category € with & stable under pull-
back, Rel(C) is symmetric monoidal closed. For the definition of a symmetric
monoidal closed category consult [13].

In Rel(C) the tensor

® : Rel(C) x Rel(C) — Rel(C)

is given by the binary product on €, that means that A® B := A x B on objects
and r®s := (ro X sg,r1 X 81) : AQ B — A'® B’ for relations r = (rg,7) : A+ A’
and s : (sg, s1) : B+ B’. Clearly ® is 2-functorial since products commute with
pullbacks in € and € and M are closed under products by stability. Note that
the unit object is the terminal object 1 of C. Associativity and symmetry of
® as well as the necessary coherence conditions follow now easily from those of
X : € x € — C. As for closedness note the following result.

Proposition 3.11. The functor — ® A : Rel(€) — Rel(C) is self-adjoint for
every object A of Rel(C).

Proof. The components of the counit ep : (B x A) x A+ B are given as ep :=
im(lg X da,m), where 7y : B x A — B is a product projection in €. For any
relation 7 : ({rg,r1),72) : Cx A4> B we define A(r) := (ro, (r2,71)) : C+>Bx A.
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In order to see that e o (A(r) ® t4) ~ r consider the following diagram

R (13)
<1,1”1> <7‘2,T1>
Rx A Bx A
y <\7’2,T1)X\1 L/lxéA/ Y
CxA (BxA)x A B,

where the square is evidently a pullback. As for the uniqueness of A(r) suppose
that s = (s, (s2,$1)) : C+> B x A is a relation with eo (s® 14) ~ r. Note that
the left-hand side of this is formed as in (13) with all r; replaced by s;. Hence,
({s0,81), 82) ~ r, which means that s ~ A(r) by associativity of x in C. O

Clearly we cannot be satisfied with the universal property as shown in the
last result in a 2-category. But unfortunately we have to impose a condition
either on M or on € to obtain the universal property for 2-cells.

Corollary 3.12. The 2-functor — ® A is self-adjoint for every object A, if
M C Mono(C) or & C Epi(C).

Proof. Suppose t = ((to,t1),t2) : C x A4> B is a relation and « : t — r with
r as above is a 2-cell. Then « : A\(t) — A(r) is a 2-cell with ego (@ ®t4) = «
because the 2-cell on the left-hand side of this equation can be formed by pulling
back a x 14 along (1g,r1). But clearly the square

T R (14)

<1,t1>l l(l,’l"1>

TxA——RxA
axl,

is a pullback.

Uniqueness is clear for M C Mono(€). If € C Epi(€) and 5 : A(t) — A(r) isa
2-cell with ego(B®0d4) = a, then, since r®d 4 is given by (rox1a, (ro,r1)x14) :
C x A+> (B x A) x A without taking an image, the composite eg o (8® d4)
must be given by a pullback like (14) with o x 14 replaced by 3 x 14. But then
o = (3 is obvious. O

Note that the conditions on M and & respectively are only used to show the
uniqueness of the 2-cell A(t) — A(r).

3.7 A calculus of relations using elements

Under certain circumstances it is possible to obtain a convenient calculus of
relations using generalized elements. The convenience of this lies in the fact
that relations may be treated almost as if they were relations between sets by
referring to their elements.

This has for example been observed by Kelly in [14] for the case of a category
C with a stable proper (€, M)-factorizations system. Kelly’s results however may
be further generalized, by dropping the condition € C Epi(C).

But first let us clarify what is meant by an element or generalized element.
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Definition 3.13. Let C be an (&, M)-structured category and B an object of C.
(i) An arrow b: X — B is called an X-element of the object B.

(i) If m : M — B is an M-subobject of B we say an X -element b belongs to
m if there exist an arrow x : X — M such that b= mz.

The next proposition is the key observation that allows us to develop a
calculus of relations using elements.

Proposition 3.14. Let C be an (&, M)-structured category with M C Mono(C).
Then any M-subobject is determined by the knowledge for all objects X of the
X -elements that belong to it.

Proof. First observe that the elements of an M-subobject do not depend on the
representation of that subobject. Let m : M — B and m’ : M’ — B represent
the same subobject, i.e., there is an isomorphism ¢ : M — M’ with m’i = m.
Now if b : X — B belongs to m, that means that mz = b for some arrow
z: X — M, then m’iz = b, whence b belongs to m/.

Note that every M-subobject m belongs to itself. To complete the proof
suppose that m and m’ have the same X-elements for every object X. In
particular m’ belongs to m and vice versa. That means there exist arrows
it : M — M and j : M’ — M such that m’c = m and mj = m’. Using
M C Mono(C), it is easy to see that m ~ m’, whence m and m’ represent the
same M-subobject. O

The second part of the proof of the previous result does not in general remain
true if the condition M C Mono(C) is dropped, as the following example shows.

Example 3.15. Consider the category CAT of (small) categories and functors
between them equipped with a factorizations system as follows. Let € be the
class of functors that are bijective on objects and let M be the class of full and
faithful functors. Then clearly every functor F' : A — B factors through the cat-
egory C which has the same objects as A and with C(4;, A2) := B(F A1, FAs).
Obviously F' gives rise to functors £ : A — Cin € and M : C — B is M with
F = ME. It is furthermore easy to check the universal property. Finally note
that CAT is finitely complete and that € is stable under pullback. So CAT
admits a calculus of relations. Observe however, that neither & C Epi(C) nor
M C Mono(€) hold true.

To see that the second part of the previous proof fails, consider the functors
M :2 —1and Id; : 1 — 1 where 1 denotes a discrete category with one object
and 2 is the category given by

BN
Istietiol
~
i1

Clearly both functors are in M, hence represent different M-subobjects since
obviously 2 is not isomorphic to 1. However, Id; and M have the same X-
elements. Clearly all X-elements of Id; belong to M since 1 is a subcategory
of 2. Moreover if B : X — 1 belongs to M, then B belongs to Id;, too, since
B =1d;B.
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Proposition 3.16. Let C be an (€, M)-structured category with & stable under
pullback. Then an X -element b of B belongs to the image of an arrow f : A — B
if and only if there is an arrow p:Y — X in € and an Y -element a of A such

that the square

2 x

b

<

H.B

!

commutes.

Proof. Let f = me be an (&, M)-factorization of f. If b belongs to m, that
means that mi = b for some arrow 4, then pulling back e along i yields the
desired p and a.

Conversely, if we have a square fa = bp with p € &, then the universal
property of the factorization systems gives an arrows ¢ with mi = b so that b
belongs to m. O

The previous result holds true, whenever € is stable under pullback. If
M C Mono(C), then the statement is even equivalent to stability of € under
pullback. In fact, suppose that

is a pullback square with e in €, then f belongs to the image of e. So if we
have p in € and an element a with ea = fp we get a unique h with gh = a
and e¢’h = p, whence ¢’ € £ by the dual of Proposition 2.4. For the rest of this
section we assume that & is stable under pullback.

Now let us introduce some more notation. An element (a,b) : X — A x B
belongs to a relation r : R — A x B if and only if there is an z : X — R with
(a,b) = rz. In this case we shall write b(r)a.

Proposition 3.17. Let r : A+> B and s : B4 C be relations and let {(a,c) :
X — A X C be an X-element. Then c(sor)a if and only if there exist an arrow
p:Y — X in & and an Y-element b with c¢p(s)b and b(r)ap.

Proof. (=) The composite s or is obtained by forming a pullback as shown in
the diagram

Po P p1
/ \
70 R T1 So S S1
N Y NS
A B C.

Let me = (ropo, s1p1) be an (€, M)-factorization. Now if ¢(s o r)a, then there
is an arrow x with ma = (a,¢). Form the pullback of e along x to obtain an
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arrow p: Y — X in € and an arrow y : Y — P as shown in the diagram

y 5= x

RS

P—>e—> AXxC.

Define b := r1poy = sop1y. Then observe that (ap,b) = (ropoy, r1Poy) = rpoy
and (b, cp) = (sop1y, s1p1y) = sp1y. Hence, ¢p(s)b and b(r)ap.

(«=) Conversely, suppose we have cp(s)b and b(r)ap, which means that there
are artows ¢ : Y — Rand y : Y — S with ra = {(ap,b) and sy = (b,cp). So
rix = b = sgy, whence there is a unique h : Y — P with poh = x and p1h = y.
Thus we obtain a commutative square

y — o> x

h l(a@

PWAXC7

where p € €. Thus, by Proposition 3.16, (a, ¢) belongs to m, i.e., ¢(sor)a. O

Note that the second part of the result still holds if we omit p. To be precise,
¢(s)b and b(r)a imply ¢(s o r)a but in general not conversely. Also observe that
b(r)a implies bz (r)ax for all arrows x such that the composition is defined and
conversely bp(r)ap implies b(r)a if p € € using the universal property of the
factorization system.

Having established an “elementwise” calculus of relations one can now easily
prove associativity of relation composition similar as in Rel(Set). This is a
straightforward computation which may be done in 4 lines by the Reader.

To illustrate the strength of this calculus let us reprove Freyd’s Modular
Law, which needed quite a bit of diagram chasing, when we proved it in the
general case (see 3.5). First note that for any relations z and y, b(z A y)a if
and only if b(x)a and b(y)a. Now let r: A+~ B, s: B4+>C and t : A+ C be
relations. In order to show

sorAt<so(rAs’ot),

it is sufficient to show that b(sor At)a implies b(so (r As®ot))a. But this can be
checked easily enough. If b(s o r At)a, then b(s or)a and b(t)a. By Proposition
3.17, there is a p € € and an element ¢ such that bp(s)c and c(r)ap. Clearly
bp(t)ap, whence ¢(s° ot)ap, which implies ¢(r A s® ot)ap. Finally, by Proposition
3.17, b(so (r As®°ot)a.
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4 Maps

In Subsection 4.5 below the categorical notion of totality and single-valuedness
of a relation will be introduced. One of the standard results about regular
categories, i.e., categories that are (RegEpi, Mono) structured, is that every
total and single-valued relation (also called a map) of Rel(C) corresponds to a
unique arrow of C. That means that every regular category is isomorphic to its
category of maps:

C ~ Map(Rel(C)).

In [21] Pavlovié¢ gives a condition for an arbitrary (€, M)-factorization system
to allow an isomorphism like this. The condition is simply that & must consist
of regular epis. Although easily stated, the proof of this result is quite involved.
Here we present Pavlovi¢’s results in a slightly different order, which enables us
to simplify some of his proofs. Moreover, it was possible to remove an error in
the proof of the main result of [21] and its technical lemma. We give a proof
of the main result of [22] for our setting. This result turns out to be useful for
many subsequent results. Finally, note that the results of Section 4.7 do not
appear elsewhere in this form.

For this section it is assumed that, for a given finitely complete (&,M)-
structured category C, the class € is stable under all pullbacks. Corollary 3.9
then allows us to form the bicategory Rel(C). Before we start let us just note
a rather simple but very useful result. Its proof is immediate and therefore
omitted.

Proposition 4.1. Let C be an (€, M)-structured category with & stable under
pullback. Further let

be a commutative square where the inner squares are formed by taking (€, M)-
factorizations of f and g and then using the universal property of the factoriza-
tion to obtain d.

Then the outer square is a pullback if and only if the two inner ones are.

Now let us follow Pavlovi¢ and investigate maps in such a bicategory of
relations.

4.1 Maps in arbitrary bicategories

Definition 4.2. (Lawvere) A 1-cell in a bicategory is called a map if it has a
right adjoint.

That means for a map r : A+ B that there exists a 1-cell r* : B4+ A and
2-cellsn:tqg — r*orand €:ror* — g such that the adjunction equations

(or)(ron) = (15)
(roe)(mort) = r (16)
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hold.

Note that in every bicategory the maps form a subbicategory—they are
closed under composition and contain the identities. Now let us prove a very
useful lemma showing that two maps become isomorphic as soon as they are
connected by a 2-cells commuting with the adjunction structure.

Lemma 4.3. Let B be any bicategory. Let r,s € B(A, B) be maps with right
adjoints r* and s*, units n,. and ns, and counits €, and es. Furtherleta:r — s
and o : r* — s§* be 2-cells such that

(@ o)y = s, (17)
es(a*oa) = & (18)

are satisfied. Then « is an isomorphism so that v and s are isomorphic to each
other. (Dually o* is an isomorphism.)

Proof. First of all, let us show that « is split monic. Consider the diagram

TO’W eror

r——=rorfor———>7r (19)
\L l(xof’ or T
S o sorfor —=>sos*or

o«

The right-hand square of this commutes by condition (18), the left-hand
square simply by the bicategorial naturality law ((7) on page 10). The adjunc-
tion r - r* says that (¢, o7)(r on,.) = 1,.. Therefore

a:=(esor)(soa*or)(somn,)
is a left inverse of a. Since s - s*, a diagram dual to (19) yields a left inverse
a* of o™ defined by

Q" = (r*oes)(r*oaos*)(n,0s").

Then a third version of (19) obtained by switching r and s and replacing a by
@ and o™ by a* yields a left inverse of &. In this diagram the commutativity
of the left-hand square will again just be naturality. In order to prove that the
right-hand square is commutative, one has to show that

er(@od™) =es.

To see this start with €,(& o @*) and plug in the definitions of @ and &*. Then
use naturality, condition (17) and the adjunction equations (15) and (16), the
former in the form 7, = (r* o, or)(n, o Ny-).

Finally, since & has both a left and right inverse, it must be an iso. Thus «
is an iso, too. O

4.2 Induced relations

Before we further investigate maps in a bicategory of relations, let us divert
for a while and introduce the notion of a graph of an arrow of € and list some
properties that will simplify our investigation.
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Firstly, some prerequisites. Recall that a kernel of an arrow f: A — Bis a
pair of arrows ker(f) = (ko, k1) : K — A x A obtained by pulling back f along
itself. That means that ker(f) is a mono-subobject of A x A. Then, of course,
kernels of arrows with the same domain are partially ordered. Furthermore it
is easy to see that

ker(f) < ker(g) if and only if (fz = fy= gz = gy)

for all x, y.

Definition 4.4. For any arrow f € C(A, B), the relation T'f := im(1, f) is
called the graph of f or the relation induced by f.

First note the following result, which will be needed in the proof of Lemma
4.6. It is a generalized version of 4.1(b) in [21].

Lemma 4.5. If f is monomorphic in C and f = me is an (€, M)-factorization,
where & is stable under pullback, then m is monomorphic, too.

Proof. We shall show that the kernel pair of m consists of two equal isomor-
phisms. In order to see this let f : A — B be monic and consider the diagram

e’ ki
A—s0 —> A
C//\L e/l el
e’ k1
o —> K ——> e f
kél kol ml
A—>e—>0D,

where all the squares are pullbacks. By stability of the factorization, kg lies in
M. Since kje” =1, k{ € & by the dual of 2.3. But then, since kpe’ = ek, ko
lies in € for the same reason. Hence, kg is an isomorphism. Being a kernel pair,
ko and k1 have a common right inverse. Thus, kg and k1 must be equal. O

The next lemma lists some important properties of graphs. Note that item
(iv) is due to [10], that no proof of item (i) appears in [21] and that for (ii) we
use the more general Lemma 4.5.

Lemma 4.6. (i) For any C-morphism f, T'f is a map.

(i) As an arrow of C, a graph is always monic. In particular, every identity
relation « = im(1, 1) is monic.

(iii) Any relation v = (ro,m1) : A4— B can be written as the composite r =
T'ry o (T'rg)°.

(iv) For any C-morphism f and for relations r and s the following hold:
fTr=ro(f)° and fTs=solf,
and dually

Tfor=(f"r°° and (Tf)°os=(f"s%)°.
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Proof. (i) We shall show that (I'f)° is a right adjoint of I'f in Span(C), i.e.
(1, f) 4 (f,1). Then the result follows from the fact that the image functor im
is a homomorphism of bicategories.

Note that (f,1) o (1, f) = (ko,k1) = ker(f) : K — A x A. The common
right inverse of kg and k; will be the unit n: §4 — (T'f)°oT'f of the adjunction.
The counit ¢ : T'f o (T'f)° — 0p is simply e = f : (f, f) — dp viewed as 2-cell.

Let us check the adjunction equation

(eoTf)(ITfon) =Tf.

It is easy to see that T'f o (T'f)°oT'f = (ko, fk1). Then we get that Tfon=mn:
<1, f> — <I€07fk1> and EOFf = ko : <I€07fk1> — <17f> But k’o?] = 1A~
The second adjunction equation

(L) ee)no (Tf)) = Tf)°

holds by self-duality of Span(C€) simply because the first holds.

(ii) For any arrow f of €, (1, f) is monic. Hence, I'f = im(1, f) is monic by
Lemma 4.5.

(iii) This is immediate knowing that im(b ¢ a) = im(b) o im(a) for all spans
a,b.

(iv) This is again obvious from the definitions of f—, f, and relation
composition. Il

Note that (ii) is not restricted to graphs. By Lemma 4.5, every span that is
monomorphic in € induces a relation that is so.

4.3 Maps in the bicategory of relations

Observe that in light of Lemma 4.6(ii) every graph of an arrow can be the
codomain of at most one 2-cell. This already greatly simplifies Lemma 4.3 in a
bicategory of relations, namely conditions (17) and (18) are redundant.

Note that this result is not given in [21]. However, it simplifies the proofs of
the important results 4.8 and 4.9 significantly. The tedious checking of condi-
tions (17) and (18), which were omitted in [21], become obsolete, and the work
to prove 4.9 will be nil. This is the payoff for having first proved Lemma 4.6
about graphs, especially item (ii).

Corollary 4.7. Letr,s: A+ B be maps in a bicategory of relations with right
adjoints r* and s*, units n, and ns and counits €, and €. Furtherlet o :r — s
and o : r* — §* be 2-cells. Then « is an isomorphism.

Proof. Proceed exactly as in the proof of 4.3 to produce left inverses of & and
a* of o and o respectively. Note that condition (18) holds now automatically
since e4(cv 0 @*) and €, have monic codomain ¢p.

For the last step of the proof one no longer needs a lengthy diagram chase to
prove the right-hand side of the third version of (19) commutative. This time
the required equation

Er(& © ON[*) =E&s

holds automatically. ]
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The next result shows that in a bicategory of relations a map r has a canon-
ical right adjoint, namely its opposite relation r°.

Proposition 4.8. Ifr: A+- B is a map in the bicategory of relations Rel(C),
its right adjoint is r° : B 4- A.

Proof. For a simpler notation let us denote a given right adjoint of r by s : B+-
A. Dualizing r 4 s, we have s® 4 r° : B+— A. The plan is to construct 2-cells
a:s® —rand o : r° — s. Applying Corollary 4.7 we can then conclude that
r° ~ s, which is the result.

The 2-cell « : s° — r will be obtained by dualizing

a’:=(r’oe)(kos):s—r°0r0s —71° (20)

where ¢ is the counit of the adjunction r 4s. The 2-cell kK : 14 — 7° o r will be

induced by an arrow k: 04 — 7r° or in Span(A, A). So let us construct k.
The following diagram in € summarizes the construction:

- (21)
rAT H) (1A><To) T><1A
TN M
R — Ax B Ax Bx A
(m0,m1,70) ‘
es| vin |ee av) mo (111) moxla (V) ce

oA

Ax A
o \

Now let us analyse how this comes about. The arrow d in (I) is induced
using the universal property of the product » A r in Rel(A, B), which is given
by the pullback

’

q

R—,,,>A><B

Note that d is simply the diagonal (1,,1,). The arrow ¢ that makes (II) com-
mutative is then obtained using the universal property of the pullback in € that
forms the product (14 x 7°) A (r x 14) in €/A x B x C. Apply this property
o {po, morpo) : P — R x A and (morpo,po) : P — A x R where py is the left
projection of r A r and mg the left projection of A x B.

Square (IIT) is easily seen to be a pullback square. Squares (IV) and (V) are
now obtained forming an (&, M)-factorization of mor = rg and

(7TU X 1A)'((1A XTO)/\(T X lA)).
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Observe that by (12) on page 15 the latter indeed yields r° o r. Furthermore
(&, M)-factorize mo(r A r) to form (VII) and (VIII). In order to obtain d’ which
actually separates them, use the diagonalization property of the factorization
system. Finally use that property again to obtain ¢’.
Next we shall show that im(rg) has a section j. Having done this it is possible
to define
k:i=q¢dj:54a—1r°0r. (22)

In order to construct j we shall first construct an arrow p’ : sor — im(rg x
14). The following diagram shows this construction:

(1r,7T0

R > RxA  (23)
r rx1la
(IT)
///
AxB—>AxBxA
(m0,m1,70) x
€5 (V) 7o (I1T) moxla  (IV) €& (VIII) €&

im(ro)

Note that = denotes (14 X s) A (r x 14). The arrow p in (I) is one of the
projections of this product in €/A x B x A. Square (II) can easily seen to be a
pullback if extended to the right by the “left” product projections. Of course,
(III) is still a pullback square, and (IV) and (V) are again (€, M)-factorizations.
Furthermore, (€, M)-factorize (mg X 14)(r x 14) = (1o X 14) to get im(rg x 14).
The arrows w and p’ are finally obtained by using the universal property of the
factorization again. Observe that since (II) and (III) are pullbacks both squares
glued together form a pullback, too. Since (VI) is obtained by (&, M)-factorizing
two opposite sides of this pullback it is a pullback by 4.1.

The universal property of this pullback now produces the desired section j
of im(rg). Just let d4 = tae be an (&, M)-factorization of the diagonal and
consider the diagram

— v 5 (24)

/
p
im(rg) im(rox14)

il A Ax A<

A

A—€>IA

Recalling definition (22) we get k : 64 — r° or, whence k : 14 — 1° 071 of
(20).
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The other 2-cell a* : r° — s can be constructed similarly as

a*:=(so0e%)(xor?):r°—>s08°0r° — 3,
where x : tg — s0s°is derived from n° : 1ty — 1°0s° just as kK :14 — 1r%0T
was derived from n: 14 — sor. O

Corollary 4.9. Let r, s be maps in a bicategory Rel(C) of relations. If there
is a 2-cellr — s, then r ~ s.

Proof. We have r 4 7° and s - s° by 4.8. Now every 2-cell a : r — s induces a
2-cell a® : r° — s°. Thus by 4.7, r ~ s. O

Note that Proposition 4.8 significantly simplifies checking whether a relation
r is a map. Firstly r° is the only candidate for a right adjoint and secondly, one
has to check only one of the adjunction equations since (15) and (16) become
dual to each other:

(r?oe)(nor?) = ((eor)(ron))®.

The last result shows that maps in a bicategory of relations are absolutely
rigid. The only 2-cells between them are isomorphisms. Therefore the maps of
Rel(C) form even a category Map(Rel(C)). Its objects are the same as those
of Rel(€), and its arrows are equivalence classes of isomorphic maps in Rel(C).

Proposition 4.8 also allows a characterization of equivalences (or equivalently,
isomorphisms) of Rel(C) similar to 3.8 of [10], but generalized.

Proposition 4.10. A relation r is an isomorphism (necessarily with inverse
r°), if and only if r and r° are maps.

Proof. (=) If s in an inverse of r : A+4- B, then t4 ~ sr and rs ~ ¢g show r to
be a map with right adjoint s. Hence, by 4.8, s ~ r°. Moreover, r° is a map.
(<) Conversely, if r and r° are maps, then 7° o7 and r o 7° are maps, too.
But there are 2-cells: 14 — r°or and e : ror® — 1. Hence, by 4.9, 14 >~ r°or
and r o r° >~ 1, whence r is an isomorphism with inverse r°. O

4.4 Convergence and the graph functor

Corollary 4.9 and the remark following it give us a functor
I': ¢ — Map(Rel(C))

which maps objects identically and which takes an arrow f to the equivalence
class T'f = im(1, f).
The following notions are again relative to an (&, M)-factorization system.

Definition 4.11. A map r : A+ B is said to converge to an arrow f : A — B
of Cifr ~Tf.

An object B of C is separated if a map to it can converge to at most one
arrow; i.e., U'f ~Tg implies f = g for all f,g € C(A, B).

The next result will allow a characterization of the faithfulness of I' in terms
of a condition on the (€, M)-factorization system. It is a combination of the
results 4.6. and 4.9. of [21]. Item (ii) which is inherent in Pavlovié’s proofs is
stated separately here because it will be helpful for many subsequent results.
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Proposition 4.12. The following are equivalent:

(i) B is separated

(i) For the identity morphism tg = (Lo, (1), Lo = t1 holds.
(iii) The diagonal o5 is in M.

(iv) For any pair f,g € C(A, B) the existence of a 2-cell im(f, g) — tp implies
f=9

Proof. (i) = (ii): Form the kernel pair of tp as shown in the diagram

K L ° Ip
kol ll“to l(boabl)
IB IBXB—>BXB

<1 L1>

where both squares are pullbacks. Being a component of ker(tp), ko has a right
inverse h : Ig — K. Hence, in C/Ip X B, one has the morphism ph : (1,41) — Tt
and im(ph) : vy — T'ip by (€, M)-factorizing. Applying Corollary 4.9 we have
T'vyg ~T't;. Now, since B is separated, tg = ¢1.

(ii) = (iii): Because 0p = tpe is an (&, M)-factorization with some e € €,
15 = 1pe follows. Then consider the square

B—6L>IB
%
Ny \

B—)BXB

which clearly commutes. By the universal property of the factorization we must
have ety = 17,. So e is an iso, whence tp ~ dp, which means that g € M.

(ili) = (i): Note that for every arrow f : A — B, (14, f) can be obtained
by pulling back ép along f x 1. So if dp is in M, then (14, f) is in M, too.
Therefore T'f = (1, f). But now (1, f) ~ (1, g) easily implies f = g. Hence B is
separated.

(ili) = (iv): If 0p € M, then vp ~ dp. If further a : im(f,g) — dp is a
2-cell, then im(f, g) = (o, a). But then f = ae = g where (f,g) = im(f, g)e is

n (&€, M)-factorization.
(iv) = (ii): Take (f, g) = {(t0,¢1) to conclude tp = ¢1. O

The next result is in principle a corollary of Proposition 4.12. However, we
shall give an alternative proof due to an earlier preprint of [10], which does
not appear in the actual paper. Note that this proof does not use stability of
€ under pullback, as Proposition 4.12 does, but only the weaker condition of
Theorem 3.7(iv).

Corollary 4.13. For a finitely complete (€, M)-structured category C, the fol-
lowing are equivalent:

1. the graph functor I : € — Map(Rel(C)) is faithful,
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2. € C Epi(C).

Proof. (i) = (ii) Suppose fe = ge for e € €. Then

e (I'f) 2 T(fe) ~T(ge) ~ e (I'g)

by 4.6(iv). Applying e to both sides we get I'f ~ I'g by 3.7(iv), whence f =g
by faithfulness of I'. Thus e is epimorphic.

(ii) = (i) Let I'f and T'g be graphs. By 2.4, I'f ~ (1, f) for all arrows f of
C. Hence, I'f ~ I'g implies f = g. O
4.5 Total and single-valued relations

The notion of a map as a relation with a right adjoint tries to capture the idea
of total and single-valued relations being maps. Since the 2-cells in a bicategory
of relations generalize inclusion of relations, the following definitions emerge.

Definition 4.14. A relation r : A+4- B is called
(i) total if there is a 2-cell Ly — %o,
(i) single-valued if there is a 2-cell r or° — v,
(i4i) injective if r° is single-valued,
(iv) surjective if r° is total.

Clearly every map is total and single-valued. The units and counits provide
the needed 2-cells.

The following easy fact not given in [21] will again simplify the proof of the
forthcoming result of [21], and it will also be useful later.

Lemma 4.15. If r = (ry,r9) : R — A X B is a monomorphism, the following
are equivalent:

(i) ro is monic,
(ii) ker(rg) < ker(ry)

Proof. If rg is monic, the second statement clearly holds since ker(rg) =
(1r,1lR).
Conversely, suppose that ker(rg) < ker(r;). But this is equivalent to saying

o = ToY = T =T11Y
for all x, y. So since (rg,r1) is monic, rox = roy implies z = y. O
Proposition 4.16. A relation r = (rg,r1) : R— A X B is
(i) total if and only if im(rg) is a split epi,

(i) single-valued if ker(rg) < ker(r1); the converse holds true if and only if B
is separated.
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Proof. (i) A 2-cell n : 14 — r°or induces a section of im(rg) as shown in the
proof of Proposition 4.8. Just exactly repeat the construction shown in diagrams
(23) and (24) with s replaced by r°.

Conversely, let j be a section of im(rg). Note that the composite r7° o r is
given by im(rokg,r1k1), where (ko, k1) = ker(r1). That means that there is a
common right inverse h of ky and k;. Then we get a commutative square

e
R—O>o
Ve

ehl 47 l(im(T'o),im(T'o»
7
~

o ——>AXA,
Toor

where e and e are the coimages of (roko, r1k1) and ro respectively. The universal
property of the (€, M)-factorization system induces d so that the next diagram
is commutative, and 7 : t4 — r° or is again induced by the universal property
of the factorization system:

o — >
| N

im(ro) r°or \
Voo
J A6—>A x A |1n

A /
TIA LA /
s

A —
(ii) The statement ker(rg) < ker(r1) actually is equivalent to the identity
riko = riky

for (ko, k1) = ker(ro). In other words, there is an arrow r1kg : (r1ko,m1k1) — IB.
Applying the image functor yields

ror® =im(riko,m1k1) — im(ép) = tp.

Conversely, if there is a 2-cell im(rikg,r1k1) — g, then since B is separated
we have r1kg = r1ky by Proposition 4.12.

Finally suppose that single-valuedness of a relation r = (rg, 1) implies that
ker(rp) < ker(ri). In particular the identity relation tp = (10,¢1) is single-
valued. So ker(ig) < ker(¢1) and since ¢p is monic, o is monic by Lemma 4.15.
But ¢ is also a split epi because tg = im(dp), which shows that tpe = 15 = 1€
for some e € €. Therefore ¢( is an iso; hence, 1y = ¢;. Thus B is separated by
4.12. O

The last result is a slightly strengthened version of Lemma 5.2 of [21]. Note
that separatedness of B is not only sufficient but also necessary for the converse
of item (ii) to hold.

Using ideas of the previous proof we can add another property of graphs to
our list in Lemma 4.6.

Proposition 4.17. For an arrow f : A — B of C, the graph T f is injective if
f is monic. The converse holds true if A is separated.
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Proof. Our task is to find a 2-cell (IT'f)° oI'f — t4. Recall that (I'f)° o I'f
can be obtained as im((f,14) ¢ (14, f)) = im(ker(f)). But if f is monic, then
ker(f) = 64, whence im(ker(f)) ~ v4.

Conversely suppose that A is separated. Then 4 € M. So if there is a 2-cell
n:(Tf)°ol'f =im(ker(f)) — da, we have ker(f) = im(ker(f))e = Jane. So the
kernel pair of f consists of two morphisms that are equal. Thus f is monic. [

The characterizations of Proposition 4.16 show that not all total and single-
valued relations are maps. To see this consider the following result about spans
taken from [5]. We omit the proof because it will be a corollary of Theorem
4.20.

Proposition 4.18. A span r : (ro,r1) : A4+ B is a map in Span(C) if and
only if ro is an iso.

Proposition 4.16 shows that a span r = (rg,r1) is total and single-valued as
soon as 7o is a split epi and ker(rg) C ker(ry). This is clearly not enough to
make rg an iso. Take for example any non-monic split epi f. Then (f, f) is total
and single-valued but not a map in Span(C).

This means that in general maps cannot be reduced to total and single-valued
relations. Totality and single-valuedness have to be suitably connected by the
adjunction equations. However, a total and single-valued relation is a map as
soon as it is monic as an arrow of €. Moreover, it turns out that all maps are
monic arrows of €. This is essentially Theorem 5.3 of [22]. In this sequel of [21],
Pavlovi¢ works in an even more general setting than that of (€, M)-structured
categories, namely in the context of regular fibrations. Here we give an easy
proof of his result for relations relative to a factorization system.

Theorem 4.19. A relation r in Rel(C) is a map if and only if it is total,
single-valued, and monic as an arrow of C.

Proof. A total and single-valued relation that is monic is obviously a map since
(eor)(romn):r — r must be the identity.

Conversely, every map r : A—+— B is total and single-valued. We shall show
that r Ar is a map, too. The relation r Ar is given as the arrow p in the pullback

square
o T

R——AXxDB.

Furthermore, let d :  — 7 A7 be a diagonal in Rel(A, B). Then clearly,
mid = 1, for ¢ = 0,1. Define 2-cells by n, := (d° o d)n, : ta — p°op and
ep :=¢e(mpomy) : pop® — vp. Now consider the diagram

pﬂpopoopﬂp

Wil T;0mS o lm

—_— o —T.
r ron ror-or egor r

Note that since ¢p is monic in €, and therefore e(my o 7g) = (w1 o w¥), both
squares are commutative by definition for ¢ = 0,1. But the lower side of the
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whole rectangle is an identity since r is a map. Thus the upper side must be
an identity, too, since my, 71 are product projections in Rel(A, B). Hence, p is
a map. But now, mg : p — r is a 2-cell between maps, whence an isomorphism
by 4.9, which shows that my = 71, which implies that r is monic in C. O

In a posetal bicategory maps correspond exactly to the total and single-
valued relations because in a poset all arrows are monic. The hom-categories
Rel(A, B) are posets precisely if M C Mono(€) (cf. [20], 3.7). This setting will
be studied in Section 5.

The last theorem allows another characterization of maps. Note that this
result strengthens the technical Lemma 5.4 of [21] but has a much easier proof.

Theorem 4.20. Letr = (rg,r1) : A4> B be a relation. If rg € € and ker(ry) <
ker(ry), then r is a map; the converse holds true if and only if B is separated.

Proof. If 1o € € and ker(rg) < ker(ry), then r is total and single-valued by
Proposition 4.16. We shall show that r is monic as an arrow of C. It is well-
known that the kernel pair kg, k; of r is given by pulling back ker(rq) along
ker(r1), i.e., by forming the intersection of both kernels. But by hypothesis,
(ko, k1) = ker(r) = ker(rg). Being the pullback of r along itself, ky and k; lie
in M. But both arrows lie in &, too, since they also can be obtained by pulling
back ry along itself. Hence kg and k; are isomorphisms. Being a kernel pair,
ko and k; have a common right inverse, which implies that they must be equal.
Thus r¢ and therefore r are monic.

Conversely, suppose that B is separated and r is a map. By Theorem 4.19,
r is total, single-valued, and monic in €. Applying Proposition 4.16 we see
that if 7o = me is an (&, M)-factorization, then m is split epic. Moreover,
ker(rg) < ker(r;) implies that 7o must be monic since r is so. Hence, m is
monic by Lemma 4.5. Thus m is an iso, which shows that rg lies in €.

That separatedness of B is necessary for the converse to be true can be seen
as in the proof for single-valuedness in Proposition 4.16. ]

The last result together with Propositions 4.10 and 4.16 allows the following
important Corollary, which does not appear in [21].

Corollary 4.21. The following are equivalent:
(i) € C Epi(€),
(ii) a relation is single-valued if and only if ker(rg) < ker(rq),
(iii) a relation is injective if and only if ker(ry) < ker(rg),
(iv) a relation r = (ro,r1) is a map if and only if ro € €N Mono(C),

(v) a relation is an isomorphism if and only if ro,r1 € € N Mono(C).

4.6 Function comprehension
Here we discuss two more notions relative to a factorization system.

Definition 4.22. An object B of C is said to be Cauchy-complete if a map to
it converges to a unique arrow.

The category C is function comprehensive if all of its objects are Cauchy-
complete.
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First of all, observe that every Cauchy-complete object is separated. Fur-
thermore, the graph functor I' is faithful if and only if all objects of C are
separated.

Now let us characterize function comprehension in terms of a condition on
the factorization system. The result will then also produce a condition for the
desired isomorphism ¢ — Map(Rel(C)) of categories.

Theorem 4.23. For a finitely complete (€, M)-structured category C with &
stable under pullback, the following are equivalent:

(i) the graph functor T is an isomorphism of categories,
(ii) the category C is function comprehensive,
(iii) € C RegEpi(C).

Proof. (i) <= (ii): The first and second statements are equivalent, since, by
definition, I' maps objects identically, and Cauchy-completeness of all objects
of C is equivalent to I" being full and faithful.

(ii) = (iii): Suppose that € is function comprehensive, i.e., all objects of C
are Cauchy-complete, whence separated. But this implies that & C Epi(€), or
equivalently that all diagonal é4 are in M.

We must show that € C RegEpi(€). Solet e : X — A be in &, and let
g : X — B be an arrow of C that equates the kernel (hg,h;) of e in C, i.e.,
gho = ghy. We have to construct a unique arrow f such that g = fe. Then e is
a coequalizer of its kernel pair, whence a regular epi.

Now let r = (rg,r1) = im(e, g). Clearly rg is in € since roe’ = e for some
¢/ in €. We will now show that ker(rg) < ker(ry). This together with ro € €
allows to apply Theorem 4.20 to conclude that r is a map. First we relate
(ho, h1) = ker(e) and (ko, k1) = ker(rg). To do this consider the diagram

I,
/5N

B B.

Clearly both squares in the upper half are pullbacks; hence, by stability of €
under pullback, € is in €. Therefore

im(roko, r1k1) = im{ghg, gh1).

But since ghg = ghy, there is a 2-cell im(ghg, gh1) — tp ~ dp, whence r1ko =
riki. But this is equivalent to ker(rg) < ker(r;). Thus r is a map. Using
function comprehension, we conclude that there is a unique arrow f of € with
(1, f) ~ r. Recall that (1, f) is in M since & C Epi(C). That means, we can
choose r = (1, f), which implies that (e, g) = (1, f)e is an (€, M)-factorization
that gives us r. Therefore we have a unique f with g = fe.

(iii) = (ii): Suppose € C RegEpi(C). For every map r : A4— B we must
find a unique arrow f : A — B with » ~ I'f. Note that by Corollary 4.13, all
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objects of € are separated. Furthermore, all diagonals as well as all arrows of the
form (1, f) are in M by Proposition 2.4. So graphs are of the form I'f = (1, f).
It is therefore sufficient to find a € arrow f : A — B such that r ~ (14, f).
Uniqueness is then easy since (14,9) ~ 7 ~ (14, f) implies f = g.

The desired arrow f can be obtained easily. Since r is a map, r¢ must lie in
&N Mono(€), which shows that 7 is an iso by hypothesis. Hence, 7 ~ (1,7175"),
which completes the proof. O

Observe that Theorem 4.20 and Corollary 4.21 greatly simplify the proof of
the last result as compared to the proof in [21].

Moreover, note that the proof of 4.23((ii) = (iii)) (Theorem 5.1 in [21]) and
its technical Lemma 5.4 use the following wrong argument in [21]: If
oL e (25)
oy g

® ﬁ [ ]

is a commutative square with ej,es € € and m € M, then e; = ey. This is of
course true if M C Mono(C), but it is in general not true even if &€ C Epi(€) as
the following example shows.

Example 4.24. Consider the category Top, of T} spaces and continuous maps
between them, which is a full subcategory of Top. Note that Top, is finitely
complete since subspaces and direct products of T7 spaces are T;. Moreover,
Top, is equipped with the following (&, M)-factorizations structure: & consists
of monotone quotient mappings (a continuous mapping f : X — Y is monotone
if all fibres f~(y) are connected) and M consists of so-called light mappings (a
continuous mapping is light if all its fibres are totally disconnected). We leave
the verification that this gives a (&€, M)-factorizations structure with € stable
under pullback to the Reader. A reference for this is [7] Section 6.2. Note that
& C Epi(Top,) holds true.

Now consider the T7 space X = (—1,0)U(0,1) C R equipped with the usual
subspace topology. Let 1 and 2 = {0,1} denote a one-point and a two-point
discrete space. Then there are two obvious monotone quotients e1,eq : X — 2
with e1((—1,0)) = e2((0,1)) = {0} and e;((0,1)) = e2((—1,0)) = {1}. But the
unique continuous mapping m : 2 — 1 is light, whence we get a commutative
square me; = mes like (25) with e; # es.

4.7 Finite completeness of Map(Rel(C))

A reoccuring theme is the fact that for certain categories € the category Rel(C)
of relations is isomorphic to the category Rel(B), where B is the category of
maps in Rel(Q), i.e.,

Rel(C) ~ Rel(Map(Rel(C))). (26)

Kelly has shown this in [14] for categories € with a proper stable factorization
system. He also showed that B is regular. Wyler and Jayewardene (cf. [10])
have generalized this to (€, M)-structured categories, where £ need not consist
of epimorphisms but M consists of monomorphisms. They did not show that B
is regular, which, however, is true since their result can be further generalized
to tabular allegories in the sense of Freyd and Scedrov (cf. [8]).
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The question arises whether this result is still valid in case M does not consist
of monomorphisms. In this case, Rel(C) is not an allegory (see Example A.3
in Appendix A). The first step towards (26) is to show that Map(Rel(C)) is
finitely complete. It turns out that the proof of this is essentially the same
as for allegories with minor adjustments at some crucial points. We shall now
show what kind of adjustments these are. Before going on the Reader will
undoubtedly wish to consult [8] or Appendix A to familiarize oneself with the
proof for allegories.

As earlier in this section, € is a finitely complete (€, M)-structured category
with € stable under pullback. Our goal must be to prove results similar to those
leading to Theorem A.20 in Section A.4.

But first let us note an important fact true in every bicategory.

Lemma 4.25. Let r: A+ B be a 1-cell in a bicategory B. Then the following
are equivalent:

(i) r has a right adjoint s,
(ii) ro—d4so—:B(X,B) — B(X,A),
(iii) —osd4—or:B(B,X)— B(A4,X).

Proof. (i) = (ii) Suppose r < s with unit  : t4 — sor and counit € : ros — 1.
Let FF:=ro— and G := so —. Define o : Id - GF by a, = nox and
B : FG — Id by 8, = € o x, which clearly are natural in . Moreover, o and (3
are the unit and counit of the adjunction F' 4 G. That the adjunction equations

(GoB)(ao@G)=1g and (BoF)(Foa)=1p

hold follows from the respective adjunction equations for n and ¢.

(ii) = (i) If F 4 G with unit « and counit 3, then the 2-cells «,, and §,,
are readily checked to be the unit and counit of an adjunction r - s.

(i) <= (iil) can be proved completely similar. O

The previous result has the following consequence in Rel(€). Recall that A
denotes the local product.

Corollary 4.26. 1. If r and s are relations and f is a map, then
(rAs)of~rofAsof.
2. For maps [ and g, the relation g° o f is monic as an arrow in C.

Proof. (i) The map f has a right adjoint, whence — o f is a right adjoint, which
preserves products.
(ii) A relation r is monic in € if and only if r A r ~ r. But

(9% fNg°of)~(g°Ng°)of=g°cf,
since ¢° is monic by Theorem 4.19. O
Recall from Section 3.5 that for any relations r, s and ¢ there exists 2-cells

rosAt — so(rAs’ot) modular law,

ro(sAt) — rosArot semi-distributivity,

if the composites are defined.
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Definition 4.27. A relation r is called
(i) reflexive if there exists a 2-cell v — r,
(#i) coreflexive if there exists a 2-cell v — ¢.

The domain of r is the relation defined by dom(r) :=tAr°or.

Proposition 4.28. A relation r is total if and only if its domain is reflexive.

Proof. A 2-cell 1 — r° or induces a 2-cell t — t AT° 0T,
Conversely, if dom(r) is reflexive, then there is a 2-cell

L— >t AT° or—2>10 0 r,
which shows r to be total. O

Proposition 4.29. For any relations r,s : A+ B there exist 2-cells
dom(r A S)i)L AT®0s8.
m

These 2-cells satisfy em =1 if r and s are maps.

Proof. The 2-cells m and s can be obtained exactly as in the proof of Lemma
A.9 for allegories. The second part follows from the fact that that ¢ A 7° o s is
monic since 7° o s is so by Corollary 4.26. O

Definition 4.30. A relation r is called tabular if there are maps f,g with
r~go f°and f°o f ANg°o g~ In this case f,g are said to tabulate r.

Note that all relations r = (rg, r1) that are monic as arrows in € are tabulated
by I'rg,'ry since

(Tro)° o Trg A (I'r1)° o I'ry ~ im(ker(rg) Nker(rq)) ~ im(J) ~ ¢.

In particular, maps are tabular.

Proposition 4.31. If f°o f Ag°o g >~ , then f,g is a monomorphic pair in
Map(Rel(C)).

Proof. As for allegories but using Corollary 4.26. O

Proposition 4.32. Suppose f, g tabulate r. Then there exists a 2-cell yox® — r
if and only if there is a unique map h such that x ~ foh and y ~ go h.

Proof. If x >~ fohand y >~ goh, then yoax® ~gohoh®o f — go f° ~r,
since h is single-valued.
Conversely, if there is a 2-cell y o z° — go f°, define
h:=foxANg’ouy.
Then there is a 2-cell

t—tAy°oyoa’ox —1tAy°ogo f°ox — dom(h),

whence h is total by 4.28.
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In order to see that h is monic as an arrow in €, note that f®ox and g°oy
are monic in € by Corollary 4.26.

Single-valuedness, the two equations and uniqueness of h follow now exactly
as in Proposition A.16 for allegories. O

The next result can be proved exactly as for allegories.

Proposition 4.33. 1. Ifr is coreflexive and tabular, then there is a unique
monomorphic h in Map(Rel(C)) such that r = h o h°.

2. A square
PN
NS

commutes in Map(Rel(C)) if and only if there is a 2-cell
yoz® = g°o f.
Theorem 4.34. The category B = Map(Rel(C)) is finitely complete.
Proof. The terminal object of B is the same as the terminal object of €. The

diagram

A

71\

A e 1

N

R

shows that im(1,!) is the only relation A+4-1 in B.

The pullback of a map f along a map ¢ is given by a tabulation of g° o f,
which is a monic arrow in € by Corollary 4.26. In order to check that this really
gives a pullback, proceed as in Theorem A.20 for allegories. U

For the sake of completeness let us also point out how to obtain equalizers
and binary products.

Remark 4.35. An equalizer of two parallel maps f and g is obtained as a
tabulation of ¢+ A f° o g as for allegories. However, note that this relation is not
necessarily isomorphic to dom(f A g).

The product of two objects A and B is the object A x B (their product in
C) with projections given by I'mg and I'my, where 7y and 7 are the respective
projections in €. For a pair r : C+— A, s : €4— B of relations the unique
induced relation is given by

(r,s) == (I'mg)? or A (I'my)° o5,
because of Proposition 4.32 and the fact that I'mp, 'y tabulate (I'!)° o T'! since
AxB

2
A B
T

is a pullback square in C.
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Corollary 4.36. The graph functor I' preserves finite limits. In particular,
the (non-full) subcategory T'C of Map(Rel(Q)) formed by the graphs is finitely
complete.

Proof. Considering Theorem 4.34 we need only show that a pullback of graphs
in Map(Rel(C)) is also a pullback in I'C. Since tabulations consist of graphs
the projections in a pullback square of two graphs I'f and I'g are graphs, too.
Suppose that I'f o Tx ~ T'g o I'y. By Proposition 4.33, there is a 2-cell

a:im{x,y) ~Tyo ([z)° — (['g)° o T'f.

Assume that T'f = (rg,71) and T'g = (sg, s1). The tabulation I'tg,T't; of (I'g)° o
T f, which gives the pullback projections in Map(Rel(C)), is obtained using the

diagram
P
R S
VNN
A B c,
and (&, M)-factorizing such that (to,¢1) = im(ropo, sop1). Hence, tok = 2 and
t1k =y, where k = ae for some e € €. Thus, there exist 2-cells

Tk — (Tt)°oTtyolk ~ (I'ty)° o 'z,
'tk — ([t1)°oTt 0Tk ~ (I't1)° o I'y.
But the canonical factorization h with 'z ~ I'tgo h and 'y ~ I't; o h is given by

the local product of the terms on the right-hand sides. Hence, there is a 2-cell
T'k — h, which shows that the map h converges to the arrow k. [l
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5 Functional relations

Until now we investigated relations in categories in the most possible generality,
without any further assumptions on the (&, M)-factorization system with the
exception of stability of € under certain pullbacks, which was needed to make
compositions of relations associative.

The assumption considered in this section, namely that M consists of mono-
morphisms of €, allows some more results. Some of the results have already been
proved for the general case. The point in proving them again in this setting is
that this can be done without using stability of €& under pullback, which will
allow us to prove the converse of Corollary 3.9 for M C Mono(€), which means
that stability of €& under pullback is equivalent to im being a homomorphism of
bicategories or, equivalently, that the equation

im(boa) ~ im(b) o im(a)

holds for all spans a and b such that the composition is defined.
In this section we present the results of [10], and some of [25] in Section 5.4.
Note that the proofs may again differ from the original papers.

5.1 Maps as functional relations

With M C Mono(€) the hom-categories Rel(A, B) become partially ordered.
The notion of total and single-valued relations have already been defined. Let
us unravel these for M C Mono(€). A relation r : A4+— B is single-valued if
ror® <.pg, total if 14 < r°or, injective if r°or < 14, and surjective if tg < ro7°.
Now let us add two more notions.

Definition 5.1. A relation r : A+— B is called functional if it is total and
single-valued; r is said to be bijective if it is injective and surjective.

Clearly a relation r is single-valued if and only if ¢ is injective, and r is total
if and only if r° is surjective. The identity relation satisfies all four conditions
since t4 ~ (9. Each of the classes defined by these notions can easily be seen
to be closed under composition of relations.

The following results 5.2-5.9 are again due to [10]. However, the proof of
the next proposition is different from the one given in [10].

Proposition 5.2. A relation r : A+4— B is functional if and only if it is a map.
Proof. This is an immediate consequence of Theorem 4.19. O

Corollary 5.3. For any C-arrow f the graph U'f is functional.

Corollary 5.4. A relation r is an isomorphism with inverse r° if and only if
it 1s functional and bijective.

The next result strengthens Corollary 4.7 in case M C Mono(C).

Proposition 5.5. If r < s for a total relation r and a single-valued s, then
ros.

Proof. We have s < sor®or < sos?or < r, since t < r°or, r° < s° and
sos? <. O
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5.2 Total relations revisited

The following result is in principle a corollary of Proposition 4.16(1) in case
M C Mono(€). However, we give a proof here that does not use stability of €
under pullback.

Proposition 5.6. For a relation v = (ro,m1) : A+4> B the following are equiva-
lent:

(i) r is total,
(ii) 1a < sor for some relation s : B+ A,
(iii) o € €.

Proof. (i) = (ii) This is obvious using s = r°.
(ii) = (iii) Form as usual the pullback

.pO/ . \pl.
YN YN
A B A

to compose s and r. Let sor = (tg,t1). Then ropg factors as tge with e € €.
By hypothesis there is an 1 such that tgn = 14. Now consider a commutative

square
[ ) [ )

SR
[ ] [ )

where m is in M. Extend this using ropy = tpe to get mgpy = ftpe. The
universal property of the (€, M)-factorizations system implies the existence of
an arrow d such that md = fty. Now mdn = ftogn = f, and therefore mg =
fro = mdnrg. Then, since m is monic, g = dnrg and, furthermore, dy is uniquely
determined. So rg has the diagonal property of the (&, M)-system, and therefore
ro € E.

(ili) = (i) We have r° o r = im(roko, rok1) where (ko,k1) = ker(ry). A
common right inverse n of ky and k; provides a 2-cell (rg,ro) — r°or in
Span(A, A). Since ro € € implies that im(rg,ro) = ta, we get 14 < %07,
which completes the proof. O

To
e

—
m

Corollary 5.7. For f: A — B, the graph T f is surjective if and only if f € &.
Proof. Let T'f =im(14, f) = (ro,71). Then f = rie for some e € €. The arrow
fisin € if and only if rq is in E. O
5.3 A characterization of stability of &

To prove the next Theorem, we need the following facts true for every Rel(C).

Lemma 5.8.

(i) If h: A4> B is an injective map, then h is a section with right inverse h°
in Map(Rel(C)).
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(ii) If ro,r1 is a monomorphic pair in C, then (I'rg,I'r1) is injective, and
therefore monomorphic in Map(Rel(C)).

Proof. (i) Since h is a map, h°oh is monic as an arrow of €. Hence, the existence
of a 2-cell h® o h — 14 is equivalent to h® o h ~ 14 by totality of h.

(ii) Let a := 'rg, b := 'ry, po := I'mp, and p; := T'my, where 7, 71 are the
appropriate product projections in €. Recall that (a,b) = pjoaAp)ob =: x,
by definition. Then, by semi-distributivity and single-valuedness of py and py,
there exists a 2-cell

x°ox = (a’opj Ab’op1)o(pgoaAplob) = a’ocaAb’ob~y,
where the last equation follows since rg, 71 is a monic pair in C. O
Theorem 5.9. Let r = (ro,r1) be a relation. Then the following hold:
(i) r is total if and only if T'rg is surjective,
(i) r is single-valued if and only if T'rg is injective,
(iii) r is functional (a map) if and only if Try is bijective,
(iv) r is bijective if and only if T'ry is bijective.

Proof. We only need to show (ii), since (i) follows from 5.6 and 5.7, and (iii)
and (iv) follow from (i) and (ii) or their dual respectively.
Suppose that I'rg is injective. Then there exists a 2-cell

ror®~Tryo(lrg)°olrgo (I'r)° — I'ryo(I'ry)° — g,
which shows that r is single-valued.
Conversely, consider the composite 7 o 1% ~ im(ri ko, r1k1), where (ko, k1) =
ker(rg). If tp = {10,t1), then existence of a 2-cell € : r 0 r° — 1 shows that

there is an arrow ¢ in € such that r1ky = (ot and r1k; = 11t. Applying the graph
functor, we see that

F(leo) ~ F(bot) ~ F(th) ~ F(?”1]<11),
using that ',y ~ I't1, which is true because
TigoTe ~T(pe) 2T1 ~T(11e) ~ Ty oTe,

for some e in €, which implies that T'e is split epic in Map(Rel(C)).
Since clearly T'(roko) ~ I'(rok1), we can write

<F7“0,F7“1> o Fk]o = <F7“0,F7“1> o Fk’l

But by Lemma 5.8, this implies that I'ky ~ I'k;, and therefore there exists a
2-cell

(T'rg)? o I'rg ~ im(ko, k1) ~ T'ky o (Tkg)® ~Tko o (Tko)® — t5.
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It seems unlikely that Theorem 5.9(ii) should hold if M does not consist of
monomorphisms. However, it is not impossible that (I'rg, I'r1) in Lemma 5.8 is
monomorphic without 7y, r; being a monomorphic pair in C.

We are now ready to prove the following important result.

Theorem 5.10. For an (€, M)-structured category € with M C Mono(C), the
following are equivalent:

(i) & is stable under pullback,

(i) The equation
im(bo a) = im(b) o im(a)

holds for all spans a and b such that the composition is defined.

Proof. (1) = (ii) This is exactly the statement of Corollary 3.9, which is also
true without any condition on M.

(ii) = (i) It was proved in 3.8 that if (ii) holds, then € has regular legs. In
particular, € is stable under pullbacks along product projections. In order to
show stability of & under pullbacks along all arrows it suffices to show stability
along monos since every arrow f of € factors as f = m1 (1, f).

Hence, let

AN
[ ] [ ]
e N f
be a pullback square with e € €& and f monic. By hypothesis we can write this

pullback in the form (I'f)° oI'e ~ I'po (I'g)°. Furthermore it is easy to see that
(T'm)° o 'm ~ ¢ for monic arrows m : A — B of €. Now

v = (If)°olf~(I'f)°oTeo(l'e)’o(I'f) ~Tpo(lg)’olgo (I'p)?
~ Tpo(Tp)°,

since f is monic, ['e is surjective and single-valued, and finally, g is monic. This
equation tells us that I'p is surjective. Hence, by Corollary 5.7, p is in £. O

Note that as a corollary of Corollary 3.10 the same result holds true with
& C Epi(C) instead of M C Mono(C).
Next note the following results from [10].

Lemma 5.11. The class of surjective maps is pullback stable in Map(Rel(C)).
Proof. Recall that a pullback of two maps f, g is given by

I'ty

where (tg,t1) = ¢° o f. If f is surjective, then (tg,?;) is surjective since g is
total. Hence, t; lies in €, which implies that I't; is surjective. O
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Of course, the proof just given uses stability of € under pullback, since
this was the assumption in Section 4.7 to prove existence of finite limits in
Map(Rel(C)). However, the same proof can be given for M C Mono(C) without
using stability of €. The trick is that the existence of pullbacks in Map(Rel(C))
does not depend on this assumption. For the proof of this consult [10]. Hence,
we obtain the following result.

Theorem 5.12. For M C Mono(C) the following are equivalent:
(i) € is stable under pullbacks in C,

(#) all span compositions s o r satisfy

im(s o r) =~ im(s) o im(r),

(iii) the graph functor T': € — Map(Rel(C)) preserves finite limits.

Proof. (i) <= (ii) is Theorem 5.10.
(i) = (iii) is Corollary 4.36.
(iii) = (i) Suppose

is a pullback square in € with e € & Then I'f oT'¢’ ~ I'e o I'g is a pullback
square in Map(Rel(€C)) with T'e surjective by Corollary 5.7. By Lemma 5.11,
T'e’ is surjective, whence €’ lies in €. O

Finally note that one can now show that Rel(C) and Rel(Map(Rel(C)))
are isomorphic to each other as it is done in [10]. Those proofs shall not be
given here. In Section 6 we shall rather present the result obtained by Kelly
(cf. [14]), which is in a sense more elegant, though only true for categories with
a proper stable (€, M)-factorization system. In Appendix A we give a more
general result about so-called tabular allegories, which will generalize both of
the settings just mentioned.

5.4 Special relations for & C Epi(C)

In this subsection we assume that the (€, M)-factorization system of the category
C is proper and stable, that means that M consists of monomorphisms and &
consists of epimorphisms and is stable under pullbacks.

5.4.1 Total, single-valued and isomorphic relations
The following result except (viii) is again taken from [10].
Theorem 5.13. For M C Mono(C) the following are equivalent:
(i) € C Epi(C),
(ii) a graph T f is injective if and only if f is monic in C,

(iii) a relation r = (rg,r1) is single-valued if and only if ro is monic in C,
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(iv) a relation r = (ro,r1) is injective if and only if r1 is monic in C,
(v) a graph T'f is bijective if and only if f is monic and in &,

(vi) a relation r = (rg,r1) is functional (a map) if and only if r¢ is monic and
mn &,

(vii) a relation r = (ro,r1) is bijective if and only if r1 is monic and in &,

(viii) a relation r = (ro,r1) is an isomorphism if and only if ro and r1 are monic
and in €.

Proof. We shall prove (i) = (ii) = (iii) = (vi) = (viii) = (i). Note that (iv)

and (vii) are equivalent to (ii) and (iv) respectively by duality, and that (v) is

just (ii) and 5.7.

(i) = (ii) If € C Epi(C), then (1, f) lies in M for all f : A — B. Furthermore,
all objects of C are separated. Hence, Proposition 4.16 and Lemma 4.15 imply
(i).

(ii) = (iii) is a consequence of Theorem 5.9.

(iii) = (vi) Statement (vi) follows from (iii) and 5.6.

(vi) = (viii) is obvious by Corollary 5.4.

(viii) = (i) As for Theorem 4.20. O

5.4.2 Sections and Monomorphisms

First of all note that, by self duality, characterizing sections and monomor-
phism of Rel(C) is the same as characterizing retractions and epimorphisms,
respectively.

The results concerning sections and monomorphisms presented here are in
principle due to Schrofel (cf. [25]) who does not work with (&, M)-structured
categories. However, the proofs carry over to a category with a proper stable
(&, M)-factorization system.

Theorem 5.14. If r : (ro,m1) : A+ B is monomorphic in Rel(C), then r is
total, or equivalently, ro € €.

Proof. Take an (€, M)-factorization ro = me. Note that (m,m) = d4m is in M.
So if we compose r and {(m,m) we get

e R\lR
m I/m o R T1
A/ \A/ \B’
whence 7 o (m,m) ~ r ~ r04§4. Now if 7 is monic, then (m,m) ~ 54, and

then 14 = mi for some isomorphism ¢ of €. But this implies that m is an
isomorphism, too. Hence, rg is in €. ]

This result together with Theorem 5.13(viii) shows that we have the following
chain of inclusions:

Iso(Rel(C)) C [€,Mono(€)] C Sect(Rel(€)) C Mono(Rel(C)) C [, €],
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where [X,Y] = {r = (ro,m1) |10 € X,71 €Y }.

Of course, the converse of the last theorem does not hold true. Totality is
not enough to make a relation monomorphic. As an example take the unique
set map 2 — 1 from a two-element set to a one-element set, which is a total
relation, but not monic.

The next example shows that left inverses of sections need not just be the
opposite relation.

Example 5.15. Consider in Rel(Set) the objects A = {0,1} and B = {0,1,2}
and the relations

R = {(0,0),(0,1),(1,0),(1,2)}7
S = {(170)7(251)}

Then certainly S o R = {(0,0),(1,1)} = 04 holds; but R° o R # d4 since
(0,1) € R o R.

This leads to the following theorem.

Theorem 5.16. A relation r = (ro,r1) : A4+= B is a section in Rel(C) if and
only if there is an arrow m € M such that for u ~ (m,m)or, u®ou ~ d4 holds.

Proof. (=) Let s be a left inverse of r. Take (€, M)-factorizations r; = myey,
and sp = mgeq, and define m by the following diagram:

N
WA
NN N
NI

A B A,

where all the squares are pullbacks. Let u = im(roxo, myg). Note that since my
and m; are monic, the lower squares in the diagram

LN (27)
[ ] 0/ \ [ ]
Rzi/ W\ e \TS
VI N YN
A B B A

are pullbacks, whence (m,m) or = u. Moreover, diagram (27) shows that
sou=~so{m,m)or~sor=~d,. By 5.6, this implies that u® ou > d4.

Now note that s or ~ im(roxopo, $1y1P1) = da. S0 roxepy = € = $1y1p1 for
some e € €. Clearly myopy = soy1p1, where pg is in € by stability of € under
pullback, and (rozo, myo) = ug for some ¢ € €. Putting all this together, we
conclude that

ugpo = <7’0$07my0>P0 = <817 80>Z/1p1~
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With the universal property of the factorization system this statement implies
that u < s°, or u® < s, whence u®ou < sor >~ dy.
(<) Conversely, suppose u° ou ~ 04, where u ~ (m,m)or for some m € M.
Then
04 ~u’ou~r°0(m,m)o(m,myor.

So r has a left inverse, and is therefore a section. O

If the relations of Rel(C) satisfy
r~ror°or, (28)

then monomorphisms and sections of Rel(€) are the same. Moreover, there is
a nice characterization for monomorphisms. Condition (28) is for example true
for mono-relations over Abelian categories, for mono-relations over groups, and
for all maps if M C Mono(€). Moreover, (28) is true, if r can be factorized as
r =~ {(e1,m1) o (Mg, €9), where m; € M and e; € € (see [25] for details).

Theorem 5.17. Let r = (rg,r1) be a relation satisfying (28). Then the follow-
ing are equivalent:

(i) r is monic,

(ii) 7°0r =84,
(iii) ro € € and r1 € Mono(C),
(iv) r is a section.

Proof. (i) = (ii) follows immediately from (28).
(if) = (iii) is true by 5.6 and 5.13.
(iii) = (iv) Note that r° o r ~ im(rg,79) =~ § 4, since rg € &.
(iv) = (i) is obvious. O

Note that the same result without (iii) holds in the general case, where M
can contain non-monomorphic and € non-epimorphic arrows.
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6 Relations induced by maps

Relations have first been studied over regular categories. An obvious generaliza-
tion of this was to study relations relative to a stable proper (€, M)-factorization
system (cf. [15]). But as Kelly (cf. [14]) observed, this generalization is some-
what illusory. He proved that for a finitely complete category € with stable
proper factorization system the bicategory Rel(C) of relations is isomorphic to
Rel(B), where B is a regular category, namely the category Map(Rel(C)).

Relations over regular categories have been axiomatized by Freyd (cf. [8]).
Such a relational category is called an allegory. However, Freyd’s axioms are
general enough to cover all categories Rel(C), where C is (&, M)-structured
with M C Mono(Q), i.e., precisely the poset enriched bicategories of relations
(ct. [20], 3.7). Moreover, Freyd gives an elegant proof that for a so-called tabular
allegory A,

A ~ Rel(Map(A)),

hence, generalizing Kelly’s result. In this section we restrict ourselves to pre-
senting Kelly’s results. However, in Appendix A we outline the more general
treatment using allegories.

Throughout this section we assume that C is a finitely complete (&, M)-
structured category with & C Epi(C€) is stable under pullback. Note that unlike
[14], we do not assume M C Mono(€) a priori, since some of the results do not

need this assumption. First let us investigate an important class of morphisms
of C.

6.1 The monic arrows of &

This class of morphisms is defined by
¥ := €N Mono(C).

The significance of ¥ is clear immediately when we consider Theorem 4.20,
namely a relation r = (rg,r1) is a map precisely when rq lies in X, and r
is an isomorphism of Rel(C) precisely when 7o, € 3. Next, let us look at
some properties of . Clearly X contains all isomorphisms of €, is closed under
composition, and stable under pullback. Recall that, by Proposition 2.4, gf € &
implies g € €, and that ¢gf monomorphic implies that f is monomorphic. Note
that for a monomorphic f, the (&, M)-factorization me = f has e € ¥. Hence,
3 consists of isomorphisms alone if and only if Mono(€) C M, which, in case
M C Mono(€), implies that C is regular (see Proposition 2.7 and the remark
following it).

Proposition 6.1. (i) gf € & and g monomorphic = f € &; in particular
gfeXandge¥ = fek,

(ii) gf monomorphic and f € & = g is monomorphic; in particular gf € X
and f€X = geX.

Proof. (i) Note that f is the pullback of gf along g, since g is monic, which
makes the result obvious.
(ii) follows immediately from Lemma 2.6, since gf and f are monic. O
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6.2 Maps as fractions

We shall show that Map(Rel(€)) is the category of fractions C[X~!]. References
for the calculus of fractions are, for example, [9] and [3], Section 5.2.

Let us write B for the category Map(Rel(C)), which indeed is locally dis-
crete as a sub-2-category of Rel(C) (see Corollary 4.9). By Theorem 4.20, we
can write every relation r of B as r ~ I"f o (T'«)® for some arrow f of C and some
a in X. (Here we follow Kelly’s convention of denoting elements of ¥ by Greek
letters.) More conveniently, we will write 7 = fa®. Now recall that Theorem
4.20 implies that ¥ consists precisely of those morphisms that are inverted by
I'. In fact, we get the following result.

Proposition 6.2. The class ¥ admits a right calculus of fractions, and ' : € —
B is the projection of € to its category of fractions C[X~1].

Proof. One easily checks that the 4 conditions (see [3], 5.2.3) for allowing a right
calculus of fractions are satisfied by X.

Now let T': € — D be a functor which inverts the elements of .. We have
to find a unique functor S : B — D with T = ST. Uniqueness is clear, since S
must necessarily be defined by

S(fa®) = Tf(Ta)™.

Then obviously ST f = T f and S clearly preserves identities. As for composites,
consider two maps («, f) and (8, g) with their composite given by

N
«@ R f B 5 )
YN N
A B C.
Now clearly
SU(B,9) o e, f)) = T(gf'NT(ap)~" =TgTf(TF)(Ta)™
= Tg(TB) 'Tf(Ta)™" = S((B,9)) o S(, f)),

where the last but one equality follows from f3' = Gf’. O

Recall from Theorem 4.34 and Corollary 4.36, that B has finite limits and I"
preserves these. Of course, this is also a corollary of the previous result because
it is a general fact about categories of fractions (see [3], 5.2.5).

6.3 Regularity of Map(Rel(C))
Theorem 6.3. Let fa° be a morphism of B. Then the following hold:
(i) fa° is monomorphic in B <= f is monomorphic in C,

(ii) the subobjects in B of an object A may be identified with the M—subobjects
of A in €, where M := M N Mono(C).

If M C Mono(C), then additionally
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(iii) faP is extremally epimorphic in B < f €€,
(iv) extremal epimorphisms are stable under pullback in B.

Proof. (i) Since a° is an iso in B, fa? is monic if and only if I'f is monic in B.
The pullback of I'f along itself in B can be obtained as a pullback in €. Since
I" is faithful, it consists of two equal morphisms if and only if f is monic in C.
(ii) By (i) and since M C Mono(€), the graph functor assigns to every
M—Subobject m in € a subobject I'm in B. This assignment is obviously
well-defined. It is surjective, for if fa® represents a subobject in B, (&, M)-
factorize f = me, where e lies in ¥ and m is monic by Lemma 4.5; hence,
I'm represents the same subobject as fa®. Finally, if I'mg and I'm; repre-
sent the same subobject in B, there is an isomorphism ¢ = («, ) in B with
I'my; = I'mg o 4. Recall that, since &€ C Epi(C), I'my = (1, m;), and therefore
I'mg 0@ = im{a, mo ) = (1, m1), whence we must have a commutative square

in €. Since a and (3 are both in ¥, appealing to the universal property of the
factorizations system yields mg ~ my as M—subobjects in C.

(iii) Again fa° is extremally epic in B if and only if T'f is so in B. If f is in
&, then T'f o (T'f)° ~ ¢, which shows I'f to be split epic.

Conversely, if T'f is extremally epic in B, (€, M)-factorize f = me, where m
is monic, and therefore I' f ~ I'm o I'e, where I'm is monic in B. By hypothesis,
I'm is isomorphic, which implies that m lies in ¥ and shows that f is in &.

(iv) Let fa° be an extremal epi in B. Its pullback along an arrow ¢g3° can
be obtained as follows:

v
_ >

0o<—0<—20

r
— >
Po \L
— 0 ——
a’ f

First pull back f along g in € to obtain pg and p; € €. The pullback r = (rg,r1)
of a° along I'py is an isomorphism in B, whence rg,r; € X. The relation
I'py or = im(rg, p171) is extremally epic by (iii). If we finally pull back I'p; o r
along 3°, we get v =T'foI'p; orou is an extremal epi in B since '3 and u are
isos. O

Corollary 6.4. If M C Mono(C), then Map(Rel(C)) is a reqular category
with reqular epimorphisms stable under pullback. The subobjects in B may be
identified with the M-subobjects in C.

6.4 The category of bicategories of relations

We define X to be the 2-category whose objects are finitely complete categories
C with a stable (€, M)-factorization system. An arrow F': € — €' is a left-exact
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functor (i.e., a functor preserving finite limits) with F€ C & and FM C M.
The 2-cells are given by natural transformations between such functors. Note
that K has a full sub-2-category Reg given by the regular categories C, where
M = Mono(€). An arrow between regular categories in X is just a left-exact
functor preserving extremal epimorphisms.

Clearly any F': € — D in X induces a 2-functor Rel(F') : Rel(€) — Rel(D)
sending objects A to FA and relations r = (rg,r1) : A4+— B to (Fro, Fry) :
FA+— FB. Note that this lies in M, since F(rg,m) : FR — F(A x B)
lies in M’ and F preserves binary products. A 2-cell a : r — s is sent to
Fa : Rel(F)(r) — Rel(F)(s). It is easy to check that Rel(F) is indeed a
2-functor.

Now we are ready to form the 2-category of 2-categories of relations, RX,
whose objects are the 2-categories Rel(C) and whose arrows are the 2-functors
F : Rel(C) — Rel(D) which commute with (—)°, that means that (Fr)° = Fr°
for any relation r. The 2-cells are the natural transformations between such
functors. In fact, RK is even a 3-category (see [3], 7.3.2), but we will not use
that structure here.

Note that since every 2-functor preserves adjoint situations we get a functor
Map(F) : Map(Rel(C)) — Map(Rel(D)) by restricting F' to maps. This as-
signment certainly gives rise to a 2-functor Map : RK — CAT. Unfortunately
it is not at all clear whether Map(Rel(€)) lies in X in general. However, for
categories C with a proper stable factorization system this is true, as we have
seen in Corollary 6.4.

6.5 Comparison of Rel(C) and Rel(Map(Rel(C)))

Let X, be the full sub-2-category of X with X as in Section 6.4 consisting of
those € with proper and stable (&, M)-factorizations system. Then Reg is a
reflective sub-2-category of X,.

Proposition 6.5. The 2-functor ' : € — B is the reflection of the 2-category
X, into Reg.

Proof. Let F' : € — D be an arrow of X,, where D is regular. Being left-
exact, F preserves monos. Moreover, FE€ C RegEpi(D), whence F inverts the
elements of . By 6.2, FF = ST for a unique S : B — D. Since by 6.4,
I'M = Mono(B) and I'€ = RegEpi(B), we must have S[Mono(B)] € Mono(D)
and S[RegEpi(B)] C RegEpi(D). Furthermore, S is left-exact. Since F' = ST,
it preserves terminal objects. Recall that pullbacks in B are formed as follows:

Q

0O<—0<—0
0O<—0<—0
0O<—0<—0

—_—
o

—_—
o f

The pullback of f along g may be formed in € and must be preserved by S since
ST = F and I preserve pullbacks. The other three squares are pullbacks of isos,
which must be preserved by every functor, which shows that S is left-exact.
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That the universal property of I" also holds for 2-cells is true for any category
of fractions (see [9], Ch. I). O

Theorem 6.6. For B = Map(Rel(C)), the 2-functor Rel(T') : Rel(C) —
Rel(B) is an isomorphism of 2-categories.

Proof. Clearly Rel(T") is the identity on objects. Moreover, it is an isomor-
phisms on the hom-categories, since by Corollary 6.4, the subobjects of A x B
in B can be identified with the M-subobjects of A x B in C. O

Observe that the last result also shows that Rel : Reg — RX, is an
equivalence of categories with equivalence inverse Map : RX, — Reg, since
C ~ Map(Rel(€)) holds for regular € (see Theorem 4.23). If we consider fi-
nitely complete categories C with a stable proper (£, M)-factorization system,
then we get an adjunction Rel 4 Map : RX, — X,. Theorem 6.6 tells us,
that the counit of this adjunction is an isomorphism. The unit is given by
I': ¢ — Map(Rel(C)). We will not present proofs for this here. These results
can be obtained easily with the theory of allegories (see [8] or Appendix A).
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7 Factorization systems in Rel(C)

Every relation r C A x B between sets has a canonical image-factorization when
considered as a multivalued function. This factorization is given by

A . B,
N A
r[A]

where r[A] = {b € B | Ja € A.(a,b) € r} is the image of A under r. So every
set-relation factorizes as mos, where s is a surjective relation and m an injective
mapping. That this can be generalized has already been observed by Jayewar-
dene and Wyler in [10] in the case M C Mono(C€). However, they do not show
that this actually yields an (€, M)-factorization system for Rel(C). We shall
show this, and that even without the assumption that M consists of monomor-
phisms, a weaker (2-categorial) universal property still holds. This discussion
on factorization systems in the 2-category Rel(C) is a new contribution. Let us
first turn our attention to the general case.

7.1 Factorization in the general case

Throughout this subsection we assume that € is an (€, M)-structured category
with € stable under pullback. The first result about the existence of a canonical
factorization for every relation is due to Wyler and Jayewardene ([10]) in the case
of M C Mono(C€). However, their proof carries over without further adjustment
to the general case.

Proposition 7.1. Every relation r factors as v ~ I'm o s, where m € M and
where s = (sg, s1) with s1 € £.

Proof. Let r = (rg,r1) and (€, M)-factorize r; = me. We have r = (1xm)(ro, e)
with r and (1 x m) in M. So s = (rg,e) is an M-relation as desired. Finally,
4.6(iv) tells us that r ~ T'm o s. O

Observe now that this canonical factorization gives rise to two classes of
relations in Rel(C), as follows:

E = {<80781> EM|81 EE}

M = {im(l,m)|m e M}.

It is easy to see that both classes are closed under horizontal composition. Now
it is time to define what shall be meant by an (€, M)-factorization system in
a 2-category. This has been done recently by Kasangian and Vitale in [11] for
a 2-category with invertible 2-cells. However, in the 2-category Rel(C), 2-cells
are not necessarily invertible. So the definition of [11] needs some adjustment
here.

Definition 7.2. Let A be a 2-category. Given 1-cellse: A4+>B and m : C+>
D, we say e has the fill-in property with respect to m, in symbols e Lm, if for
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each pair of 1-cells f : B4+>D and g : A+~ C and for each 2-cell ¢ : mog — foe

A—5-

gl%@f

C—

there exists a 1-cellt : B4+—C and 2-cells a« : mot — f and B: g — toe such
that the diagram
¢

mog——— > foe

~Sw

motoe

commutes (we say (a,t, () is a fill-in for (f,¢,g)); moreover, if (vy,u,d) is
another fill-in for (f, ®,g), then there exists a unique 2-cell ¢ : u — t such that

Ppoe

mOU4>mot and uoe——>toe

N4 N,

are commutative.

Definition 7.3. A factorization system in a 2-category A is given by two classes
€ and M of 1-cells in A such that

(i) € and M contain all identities and are closed under composition,
(i) € and M are stable under isomorphic 2-cells,

(iii) for each 1-cellr : A+4— B of A there existe € €, m € M and an isomorphic

2-cell such that

r

A

B
commautes,
(iv) for each e € & and for each m € M, we have eLm.

Before we turn back to Rel(C) let us quickly prove a general fact about
factorization structures as defined in 7.3.

Proposition 7.4. Let A be a 2-category with classes €& and M of morphisms
that satisfy (i) in Definition 7.3. Then

ENM C Map(A).
Proof. Let m € ENM. The fill-in property (iv) gives a fill-in (o, ¢, 3) of (1,1,,,1)

with
(aom)(mo f) =1,. (29)
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Now consider the 2-cell (toa)(fot):t — t. It is easy to see that

mofot motoo
mot——>motomot———>mot

T

1

is commutative. The right triangle clearly commutes. To see that the left-hand
triangle commutes, note that oo o = (o o m o t) and then use (29). Similarly
it can be shown that § = (toaom)(f ot om)s. But by uniqueness we must
have (t o a)(8ot) = 1;. Hence, t is a right adjoint of m, i.e., m is a map. O

Now we shall show that Rel(C) is (€, M)-structured in the sense of Definition
7.3. Conditions (i) and (ii) clearly hold true, and condition (iii) has been shown
in Proposition 7.1. So let us prove condition (iv).

Proposition 7.5. Ife € & and m € M, then eLm.

Proof. Let e : A+ B a relation in &, m : C'4+— D be a relation in M, and let
f:B+D, g: A+>C be relations so that there exists a 2-cell ¢ : mog — foe.
Recall that the graph m is a map. So we have m - m° with unit 7 and counit
€. Define t, @ and § by

t = m°of,
a = eof:momlof— f
B = (mPo@)(nog):g—meofoc.

It is now a straightforward task to check ¢ = («oe)(m o) using only naturality
(see (7) on page 10) and the adjunction equation

(e om)(mon) =1Ly (30)

Now given any other fill-in (v, u, 8) of (f, ¢, g), we define ¢ := (m°ov)(nou) :
u — m°o f. Again it is easy to check that a(m o) =~ and 8 = (¢ o €)d using
only naturality and the adjunction equation.

Finally we need to show that v is unique. To do this we must analyse how
(m°o+y) and (nou) come about. First observe that the composite m®o foe is
obtained using the diagram

Q (31)
qu (h/
AN VEN
eo E e1 fo F fi m c
NG N N
A B D C,

where, by (8), (fom/, f{) is in M. Now consider the composite m® o m ou which
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we extend backwards by e, i.e., we obtain the diagram

h”/Pl 14 (32)
0 Ql @ w v uy
\V/ \C
P’ ,
7 NN Y

C C
ej/E\\€1 ui/ U\Ul / \,m n/ \
A B C D )

where all squares are pullbacks. Note that the common left-inverse h of kg and
k1 induces 1, whence h’ induces 1o u. Furthermore, observe that A’ and h” are
left-inverses of vy and ¢, respectively, and that (ugvg, k1v1) lies in M.

Now the pullback of v : U — F along m’ : F/ — F induces the 2-cell
uw=mCovy:V — F'. Pulling u back along q; we get an arrow x that induces
mfoyoe:mlomouoe — m°o foe. Note that k can also be obtained by first
pulling back ~ along p; to obtain v : P — P’ which induces yoe : mouoe — foe,
and then pulling back v along qo. Hence, we have the following diagram formed
by pullbacks inscribed into diagram (32):

Q’ (33)

/\
\\{/

Clearly © : w — mP° o f is (not only induced but) given by ph’ : U — F'. Tt is
now straightforward to check that the square

m
P F<V.

Pl

P U
qlnh”l ;Lh’ l(uo,uﬁ
Aof:
BxC

(fom',f1)

commutes.
Now suppose we are given a 2-cell T : v — m® o f with a(m oY) =~ and
8= (Y oe)d. Obviously (m°o f)T = (ugp,u1). So we need to check only that
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Tp) = q1xh”. To do this consider

P/
v / p
£ kb

Q U

=~

;_%

’

! 1

[

P
Ep:/ \<1Fm \10
NN N\

D C.

Note that a: mom®o f — f is given by m' : (fom/,mf{) — (fo, f1). Moreover,
the 2-cell mo Y is given by the arrow Y since m lies in M. Hence, a(moY) =+
translates into m’Y = v as arrows in €. Therefore the pullback of m'Y along p;
must be v. Clearly m(uip}) = (fip1)v. Using diagrams (32) and (33), it is easy
to see that the arrow P’ — @ induced by the universal property of the pullback
must be kh”. Therefore g1kh” = Tp). Hence, the universal property of the
(&, M)-factorization system of € implies T = 1, which completes the proof. O

Remark 7.6. (i) I feel that condition (i) in Definition 7.3 is somewhat unnatural
and should rather be:

(i) € and M contain all equivalences and are closed under composition with
equivalences.

But for our example Rel(C) it is not at all clear that this holds since we do not
have a characterization of equivalences, which are in fact the isomorphisms of
Rel(C), in terms of & and M in general. However, for € C Epi(€) there is the
characterization of Theorem 4.20. Hence, Iso(C) C € clearly holds true. But for
M this is not even true if M C Mono(C).

Example 7.7. Consider the category Top of topological spaces and continuous
maps equipped with the following (&, M)-factorization system. The class & con-
sists of surjective continuous mappings and the class M of subspace inclusions.
Note that & = Epi(Top). Clearly the mapping e : 24 — 2;, where 2,4 is the
discrete and 2; is an indiscrete two-point space, is continuous, and therefore in
&€ N Mono(Top). So clearly the relation (e,1) is an isomorphism in Rel(Top).
But it cannot be isomorphic to any graph in Rel(Top)(2;,24) since e does not
have a continuous inverse.

It seems as if the class M is not yet large enough. On the other hand, to
prove that ¢ in (iv) of Definition 7.3 is unique we need to be able to exploit the
special structure of & and M.

(ii) Note that except for the uniqueness of ¥ the proof of the previous result
only uses the fact that m € M is a map. So if we do not insist on the uniqueness
of 1) we might define

o>
I

{all relations}
Map(Rel(C))
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to get the weak version of a factorization system for Rel(C) as defined in De-
finition 7.3. Moreover, the classes & and M satisfy (i’) above. Further observe
that we were not forced to use the dual of the adjunction equation (30). So if
uniqueness of v is left aside, we might even blow up M to the class of relations
r : A+4— B for which there is a 1-cell s : B4+> A and 2-cells n : 14 — sor and
g:ros—p with (eor)(ron) =1,.

7.2 A functorial approach

It is somewhat unsatisfactory that the classes & and M are not closed under
composition with equivalences. It would therefore be very convenient to change
the view on which should be the important data determining a factorization sys-
tem. The 2-category Rel(C) provides a canonical factorization for each relation
as seen in Proposition 7.1. However, our definition of the classes & and M relies
more or less on an educated guess. Our goal should be to have a description
of a factorization system that automatically induces the classes & and M just
from the fact that there exists a canonical factorization of each relation.

Fortunately such a view on factorization structures exists and is well-known
for (&€, M)-factorization systems on ordinary categories. A reference for this is
[16]. We recall the basic facts from there.

Definition 7.8. A functor F : G2 — @€ where 2 is the category {® — e} is called
a weak factorization system on C if there is a natural isomorphism FE — Ide,
where E is the embedding of C into €% with E(A) = 14 on objects and E(f) =
(f,f):1a — 1p for morphisms f : A — B of C.

Without loss of generality one may assume FFE = Ide. Note that this
requires that identities are factorized into identities.
The free factorization system on €2, which gives for (u,v) : f — g the

factorization
[ ] [ ] [ ]
e
[ ] [ ] [ ]

with d = gu = v f, induces a factorization of arrows of € as follows. For every
arrow [ there is the generic decomposition

E

b

v

f

[ ] o —— 0
7|

o —— 0 [}

f
in @2. Applying F, we obtain
A—L -3

:N %:f

Ef
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with ey := F(1, f) and my := F(f,1). Note that e; and my are isomorphisms
if f is so. It is easy to see that for any (u,v) : f — g in €2 the diagram

oY o (34)
Fl s
mfl

.ﬁ-

[ ]
——= Fg
[ ]
is commutative. Putting
Ep={h|mpiso} and Mg ={h|episo},
we can ask whether the following properties hold for F"
(i) ey € Ep for all arrows f,

(ii) my € Mp for all arrows f,

(iii) F(u,v) is uniquely determined by f, g, u and v and the commutativity of
(34).

It can easily be checked that weak factorization systems satisfying these
conditions provide an equivalent description of (&€, M)-factorization systems.
Moreover, condition (iii) is redundant so that we obtain the following result.

Theorem 7.9. The (€, M)-factorization systems are equivalently described by
the weak factorization systems that satisfy (i) and (ii).

The proof of this is given in [16] together with another abstract and purely
2-categorial description of factorization systems.

Naturally the question arises what happens if we replace C by a 2-category
B, for example Rel(C), and F by a lax functor (or pseudo functor). For the
definitions of both notions see [3]. In short, a laz functor F between 2-categories
A and B is given by a family of functors

Fap : A(A, B) — B(FA,FB)

such that identity 1-cells and composition of 1-cells are preserved up to coherent
2-cells. If all these 2-cells are isomorphisms, then F' is called a pseudo functor.

Let us now investigate what kind of functor the canonical factorization of
Proposition 7.1 induces in Rel(C). From now on we regard 2 = {e — o} as a 2-
category with only identity 2-cells and the embedding E as a 2-functor. Clearly
F : Rel(€)? — Rel(C) should be defined with diagram (34) in mind. Two
possible choices for F' immediately come about. For («, () : (u,v) — (z,y) :
f — g in Rel(€)? define

Fo(u,v) = mgovomy, Fo(e, B) = mgofomy
Fi(u,v) = €gouoey, Fi(a,8) = €goaoey,

where f ~ myoey and g ~ my o €4 are the canonical factorizations as given
in Proposition 7.1. The object F'f is in both cases given by (&, M)-factorizing
the right leg f1 of f = (fo, f1). It turns out that only one of these definitions is
reasonable.
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Proposition 7.10. The assignment F = Fy is a lax functor Rel(C)? — Rel(C)
with FE = Idgeyey. Moreover, F preserves identities if and only if for all
relations r, m, s injective.

Proof. First let us check that F'E = Idreye)- If f: A+> B is a relation, then
Ef is given by the square

J.opB

A
o g

A —0f—> B.
But clearly the identities are factorized into identities since tg,t1 € € for ¢ =
(Lo, t1). Hence,

F(f,f)=tpoforax~].

Let us abbreviate Rel(€) by B. Since composition is functorial, F' is func-
torial on B2(f,g) for all relations f and g. We write F, for the restriction of
F to this hom-category.

For all relations f, g and h we get a natural transformation

Yrgh i 0 (Frg X Fygn) — Fyp - 02,

where o5 = B2(f,g) x B2(g,h) — B*(f,h) and o : B(Ff, Fg) x B(Fg, Fh) —
B(Ff,Fh) are composition functors. Its component at ((u,v), (z,y)) is given
by

My, 0YOEm , 0VOTy

ovomy my oyovomy,

_ _ _
mhoyomgomg

where &, is the counit of the adjunction my 4 mg.
Furthermore for all relations f there is a natural transformation

(5f:uFf —>Fff-Uf,

where ug : 1 — B(Ff,Ff) and upy : 1 — B%(f, f) are the functors that give
the identities. The only component of d; is the unit ny of my - mj.

Checking the coherence axioms is now a straightforward task involving only
naturality, as well as both of the adjunction equations, in order to show the unit
axioms.

Finally, check that for all relations r : A4+ B, F(1,) = m2 om,. Hence, F
preserves identities if and only if M o m, ~ ¢, which is equivalent to injectivity
because m,. is a map, and therefore monic as an arrow of C. O

Note that for F} the unit axioms of the coherence part do not hold true since
€y is in general not a map. The components of the transformations vy 4 5 and
07 are induced by units and counits of adjunctions. These are in general no
isomorphisms. Thus, one cannot expect F' to be a pseudo functor in general.

The fact that F' is a lax functor naturally leads to the notion of a weak lax
factorization system of a 2-category.

Definition 7.11. Let B be a 2-category. A lax (pseudo) functor F : B2 — B
with FE = 1Idg is called a weak lax (pseudo) factorization system of B.
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For every arrow f of B we put

ef = F(l7 f),
my = F(f, 1).
Then the coherence transformation 71 r),(r,1) yields a 2-cell
myrocey :F(].,f)OF(f,]_) HF(fvf) = f.
Moreover, for every arrow (u,v) : f — g in B? the lax (pseudo) functoriality of
F provides coherent 2-cells that fill the diagram

% e (35)

~
Ff——=Fg
mfi\y l

€g

Mg

N\

L]
) 9

where z = F(u,gu) = F(u,vf) and y = F(vf,v) = F(gu,v). If F' is a pseudo
functor, then the 2-cell my o ey — f and the 2-cells in (35) are isomorphisms.

The question arises what the classes £r and Mg should be in this setting.
For a pseudo functor F' this is not too difficult to answer.

Proposition 7.12. Let F : B — B be a pseudo functor between 2-categories.
Then F preserves adjoint situations.

Proof. Let r 4s: B4 A be a pair of adjoint 1-cells with unit n and counit €.
We shall show that F(r) 4 F(s) in B’. The unit and counit of this adjunction
are given by
—1

n: 1FA&>F1Aj>F(s o T)L>F(s) o F(r),
g F(r)o F(s)——>F(so T)TFIBT;)IFB ,
where § and  are components of the coherence transformations. To check the
adjunction equation (F'(r)on’)(e’ o F(r)) = F(r) consider the following diagram
of 2-cells in B’

F(r)o F(1a)

FV E(r)oF (n)

F(r) F(r)oF(sor)
Yr.sor F(r)ovs,
o / \
F(rosor) F(r)oF(s)o F(r).
N
Vros,r Yr,s0F (r)
F(r) F(ros)oF(r)
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By the unit axioms for F, §5' o F(r) =41, and F(r) o4 = 7;11A. Note that
the left-hand triangle commutes since F' is functorial on hom-categories. The
right-hand square commutes because of the coherence axioms for F', and the
upper and lower square by naturality of «v. The second adjunction equation can
be shown analogously. O

This also shows that a pseudo functor preserves equivalences because if n
and e are isomorphisms, then 7’ and &’ are so, too. Hence, a weak pseudo
factorization system F' on B factorizes equivalences into equivalences. Putting

Er = {h|my equivalence },

Mr = {h|es equivalence },

we obtain two classes of 1-cells with Eq(B) € Mz N &g, where Eq(B) denotes
the class of equivalences of B. Moreover, it can quite easily be seen that My and
&r are closed under composition with equivalences. More precisely, we obtain
the following result.

Proposition 7.13. If m : B+>C lies in Mp and i : A+> B is an equivalence
in B, then moi € Mp; dually, ife: C4+-> A lies in Ep, thenioe € Ep.

Proof. Note that up to isomorphism (1,m) : 15 — m can be written as

i1

1 ;
i mos

in B2, where i~ is the equivalence inverse of i. Since e,,, = F(1,m), F(i~1,i~!)
and F(i,1¢) must be equivalences in B, F(1,m o) = e,,0; must be so, too.
Hence, moi € Mg. The proof for e € Ep is similar. O

Note that in order to prove the last result we had to evoke the so-called 2
out of 3 property for the class Eq(B). A class F of morphisms in a category
is said to satisfy the 2 out of 3 property if the following holds true. For any
morphisms f, g and h with ¢gf = h and with any two of these morphisms lying
in F, the third morphisms lies in &, too.

As for ordinary categories we may ask whether the following hold:

(i) es € Ep for all 1-cells f of B,
(ii) m; € Mp for all 1-cells f of B,

(iii) f a: F(u,v)oef — z and 3 : my o F(u,v) — y are the isomorphic 2-cells
of (35), i.e., (a, F(u,v),B) is a fill-in, and if (y,¢, ) is another such fill-in,
then there exist a unique isomorphic 2-cell ¢ : t — F'(u,v) with

alpoes) =~ and [(mgo¢p)=2. (36)

Moreover, it seems quite reasonable to ask whether condition (iii) is redundant
again. Indeed, existence of the 2-cell ¢ of (iii) can easily be seen.
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Proposition 7.14. If F is a weak pseudo factorization system with (i) and
(11), then condition (i) holds true with the possible exception of the uniqueness
requirement for ¢.

Proof. Suppose a fill-in (v,t,0) for (35) with isomorphic 2-cells v and § has
been given. The isomorphic 2-cells @ and 3 of (35) yield an isomorphism in
B%(ef, my) as follows:

(7,9) C )

(Lmg) o (£,t) o (e, 1) (z,y)

where z stands for F'(u,v). Applying the pseudofunctor F' we get

(17mg) © (Z,Z) © (ef7 1)7

€my Ot O M, = €, © F(u,v) 0me,.
By (i) and (ii), em, and m., are equivalences. Hence, ¢t ~ F(u,v). O

In order to show uniqueness of ¢ in (iii) one would have to analyze the
situation much more thoroughly, e.g., similarly as it has been done in [16] for
the setting of ordinary categories. For the time being we leave this as an open
problem and make the following definition.

Definition 7.15. A pseudo factorization system of a 2-category B is a weak
pseudo factorization system F : B2 — B that satisfies conditions (i)—(iii).

It should not be too difficult to see whether this notion is equivalent to the
notion of (&, M)-factorization system in a 2-category as defined in [11]. The
proof of this should just be a 2-categorial version of the proof for the respective
result for ordinary categories. At the moment we leave this as an open problem
for further study.

However, if we further relax our setting and assume that F' is just a lax
functor, we run into difficulties. Unfortunately a lax functor does not preserve
equivalences. But in order to define & and My reasonably, i.e., such that a
result like Proposition 7.14 holds true, it was important to use the 2 out of
3 property of Eq(B). In other words, if we think of equivalences as being the
pseudo isomorphisms, we are looking for a decent class of lax isomorphisms, i.e.,
a class of 1-cells that is preserved by each lax functor and satisfies the 2 out
of 3 property. It does not seem obvious at all what that class should be. The
obvious generalization of Eq(B) for a lax functor F' yields a rather weird class
that is not even closed under composition. If F' preserves at least identities
up to isomorphism, then we obtain a class that is closed under composition
and 2-cells. But unfortunately the required cancellation laws do not hold true.
On the other hand, for our example Rel(C) with the canonical factorization of
Proposition 7.1 the lax functor F : Rel(€)? — Rel(€) preserves identities if and
only if for all relations r, m, is injective. At least in the setting with & C Epi(C)
this is equivalent to M C Mono(C€). However, the last condition is sufficient to
make F' a functor as we shall see in the next subsection. Hence, at this point
it does not seem to make much sense to investigate the weak lax factorization
systems much further.

Denote by (iii’) the condition obtained from (iii) by dropping the assumption
that the 2-cells are isomorphic. Let us check whether (i), (ii) and (iii’) hold true
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for B = Rel(C). Let r : A4— B be a relation with canonical factorization
m, o &. >~ r. Note that
e, = F(l,r)~
m, = F(r1)~

S

rOT,

S

.

Surprisingly, e, # e.. However, if m2 o m, ~ tp¢, then e, ~ €., and moreover,
(i) and (ii) hold for r. For (i) note that if e, = (e, e1) with e; € €, then me, is
an identity. For (ii) consider the diagram

and note that for m, = I'm, e,,, = im(nq,es) ~ im(nje, eze) ~ im(1, ese). But
ege is an isomorphism in €. Thus e,,, is an isomorphism in Rel(€).

In general, neither (i) nor (ii) are true. For (i) let B = Span(C) and note
that for a span r = (rg,r1) : A4+ B, m,, is given by I'k;, where k; can be
obtained by pulling back r; along itself as shown in the diagram

k K k
N
R R
ATD/ \\7‘1 T y \

B R.

Note that T'k; is an equivalence (i.e., an isomorphism) if and only if k; is an
isomorphism in € if and only if r; is monomorphic, which is not true in general
for every span r.

For (ii) note that e, =~ m2om,, which is an isomorphism if and only if it
is an identity. But (I'm)° o I'm ~ ¢ does not hold true in general if m € M.

Example 7.16. Consider the category CAT with the factorization structure
as in Example 3.15 on page 19. Recall that M : 2 — 1 lies in M. But T :=
(TM)° oT'M % t9. In order to see this note that the kernel of M is given as in
diagram

2x2

VAN
2 1 2
since 1 is a terminal object of CAT. Hence, when we (£, M)-factorize (mg,m1)
we obtain a category with 4 objects whereas factorizing o yields a category

with 2 objects. This also shows that I'M is not injective. Indeed, any 2-cell
T — 15 must be isomorphic, since T is monic as arrow of CAT.
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What about (iii’) then? For any given fill-in (v, ¢, ) of (35) it is easy to show
the existence of a 2-cell ¢ : t — F(u,v). This 2-cell is given by

¢ := (my 0 3)(1m, ot).
Checking the two identities (36), where

mgovosm,fof
govomgomGo f m

g9

o
g

a: m ovof,
Emg OVOMf

Jovomy vomy

g

B mgom

is again straightforward using naturality and the adjunction equations. Despite
the striking resemblance of this with the proof of Proposition 7.5, the uniqueness
of ¢ does not seem to hold true since, unlike the situation in Proposition 7.5,
there is no arrow in € which could be used to form a square to which the
universal property of the (€, M)-factorization system of € could be applied to
show that ¢ is the unique diagonal.

7.3 Factorization systems for M C Mono(C)

In this subsection € is still an (€, M)-structured category with & stable under
pullback. But now we also assume M C Mono(€). The following proposition is
the result obtained by Wyler and Jayewardene in [10].

Proposition 7.17. Every relation r factors r = I'm o s, where s is surjective
and m € M, hence I'm injective.

Furthermore s is total if and only if v is total, and s is single-valued if and
only if r is single-valued.

Proof. The first part is just Proposition 7.1, where s is surjective by 5.6 for s°.

Moreover, by 5.6, r is total if and only if s is total. We have s = (I'm)° or
since m is monic, and therefore (I'm)° is single-valued. So s is single-valued if
and only if r is single-valued, since the composite of single-valued relations is
single-valued, too. O

Theorem 7.18. For any commutative square

A4~ B

g¢ ¢f

C+D

in Rel(C) with e € & and m € M there is a unique relation t : B +»C' such that
mot~fandtoe~g.

Proof. Note that m € M means that m = im(1,mg) for some mg € M. So
clearly m® om ~ (. Now define t := m?° o f. Then clearly

g~m’omog>~m’o foe~toe,

and
mot~mom°of < f
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since m is single-valued.

To prove that f < m ot we use the calculus of 3.7 to mimic the proof for
set-relations. Suppose d(f)b. Since e = (eg, e1) is surjective (or by pulling back
b along e;) there exists an p € € and an element a of A with bp(e)a. Clearly
dp(f)bp, whence dp(f o e)a, and dp(m o g)a. By Proposition 3.16, there is an
g € € and an element ¢ of C with dpg(m)c and ¢(g)ag. Obviously, ¢(m®°)dpg and
dpq(f)bpg, whence c¢(m®o f)bpg, and dpg(m)c as before. Thus dpg(mom?o f)bpq,
which implies that d(mot)b by the universal property of the (€, M)-factorization
system of C.

Uniqueness of ¢ follows easily because m ot’ ~ f implies

' ~mPomot ~m°o f.
[

Of course, this proof can also be done by diagram chasing as in Proposition
7.5. Though rather lengthy, it is quite instructive to do so because one sees
more clearly how and where the assumption M C Mono(€) is used, and what
can be said without it. But this shall not be pursued here. Let us just point
out that for example the 2-cell mot — f need not be an isomorphism anymore
but still can be shown to be split epic.

We shall now show that Rel(€) is (Mg, € )-structured if M C Mono(€).

Theorem 7.19. If M C Mono(@), then the lax functor F : Rel(€)? — Rel(C)
of Proposition 7.10 is a functor.

Proof. For M C Mono(€) we have m? o m,. < ¢ for all relations r since m, is a
graphs of an arrow of M. By 7.10, F preserves identities.

As for composition note that for any arrow (u,v) : f — g in Rel(C)?, F(u,v)
is the unique arrow that makes (35) commutative, by Theorem 7.18. Hence, F'
must be a functor. O

Corollary 7.20. The category Rel(€) is (€, Mp)-structured.

Note that in Rel(€) conditions (i) and (ii) are equivalent to (i) and (ii)
respectively. Also recall that & and M as defined in Section 7.1 are closed under
composition, contain the identities and are contained in € p and M respectively.

Finally, note that Example 3.15 above shows that the proof of Theorem
7.18 does not work without the assumption that M consists of monomorphisms.

Indeed, consider the square
2432
nf M
241
in Rel(CAT) with 15 € & and 'M € M. This certainly has ¢y as its unique
diagonal. But according to Theorem 7.18 the canonical choice for the diagonal
should be (I'M)° o 'M, which, however, is not an identity.
To complete this section let us note Wyler’s and Jayewardene’s result about
diagonals for commutative squares in Rel(€) from [10].
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Theorem 7.21. For a commutative square

T S

o<1+ o
o<+ o

e
—
— >

m
of relations with e surjective and single-valued and m injective and total, the
following are equivalent and determine the relation t:

r~toe, t~roe’, s~mot t~m’os.

Moreover r and t are single-valued if s is single-valued, and s and t are total if
r is total.

Proof. If r ~t o e, then e o e® ~ 1 implies t ~ r o ¢° and further
mot~moroe’ ~soeoe’ ~s.

Similarly, s ~ m ot implies t ~¥ m® o s and r ~ t o e using m® om =~ ¢.

The last part of the result is now immediate from the four statements and
the hypothesis using the fact that composites of total and single-valued relations
are total and single-valued, respectively. O

67



8 Some limits in Rel(C)

It is well-known that Rel(Set) has finite (co)products. The generalization of
this to Rel(C) has apparently not been studied anywhere before. In this section
we shall show how to obtain finite coproducts in the ordinary as well as in the
2-category Rel(C) of relations if € is an extensive category. Note that by self
duality of Rel(€) we also will have described finite products. First let us recall
some facts about extensive categories (see [6] for the proofs).

8.1 Extensive categories

Definition 8.1. A category C with coproducts of pairs of objects is extensive if
and only if it has pullbacks along injections of coproducts, and if every commu-

tative diagram

ai az

Ay A Ay
fll fl \Lﬁ
X1 L) X1 + XQ <L X2

comprises a pair of pullback squares in C if and only if the top row is a coproduct
diagram in C.

Definition 8.2. Let C be a category. If (X; — X | i € I) is a cocone under
a diagram with vertices X;, we say X is a universal colimit of the diagram
provided that, for each morphism'Y — X, the cocone (Y xx X; =Y |i € ) is
a colimit for the "pulled-back” diagram with vertices Y X x X;.

Note that a universal initial object is an initial object 0 with the following
property: For any object A, if A — 0 is an arrow then A is also an initial object;
equivalently, any arrow A — 0 is an isomorphism. A universal initial object is
often referred to as a strict initial object.

Definition 8.3. Let C be a category with coproducts and pullbacks. A coproduct
X =[1;c; Xi is said to be disjoint if
(i) for every j € I the coproduct injection X;—2 =X s monic,

(i1) for each pair j, k € I with j # k, the pullback of the two injections i;, i
is an initial object of C.

Definition 8.4. A category with binary products and coproducts is said to be
distributive if the canonical arrow

dist

(AxC)+ (BxC)—=(A+B)xC
is an isomorphism for any objects A, B and C.

Proposition 8.5. (i) In a category with universal binary coproducts, initial
objects are strict.

(i) In an extensive category, binary coproducts are universal.

(ii) A category with finite coproducts and pullbacks along their injections is
extensive if and only if the coproducts are disjoint and universal.
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(iv) An extensive category with binary products is distributive.

8.2 2-limits and bilimits

The definitions given below are taken from [3]. For the sake of brevity we
omit the definitions of 2-functor and 2-natural transformation which can be
found in [3]. Roughly speaking, a 2-functor is a functor F' : B — € between
2-categories that preserves the additional structure, i. e., when restricted to the
hom-categories we obtain functors Fap : B(A4, B) — C(A, B) such that certain
coherence axioms are satisfied.

Before giving the definitions let us first introduce some more notation. Let D
and C be categories with D small. For every object B of C there is the constant
2-functor

Ag:D —C

with Ag(A) := B for any object A of D, Ag(f) := 1p for any 1-cell f of D,
and Ap(a) := idy, for any 2-cell a of D. Given a 2-functor F : D — € and
an object B of € we write 2-cone(B, F') for the category whose objects are
2-natural transformations Ag — F (the “2-cones on F with vertex B”) and
whose morphisms are the modifications between them (see [3] for the definition
of modifications).

Definition 8.6. The 2-limit of a 2-functor F, if it exists, is a pair (L, ), where
L is an object of C and 7 is an object of 2-cone(L, F') such that the functor

C(B,L) — 2-cone(B, F)

of composition with w becomes an isomorphism of categories for each object B

of C.

Explicitly, (L, 7) is a limit with the following additional properties: for any
2-cela: f —¢g: X — Y of D we have Fa oid;, = ids,, and whenever we
have a cone (B, o) with this property there is a unique 1-cell b : B — L with
ma0b = o4 for each object A of D. Furthermore, given a natural transformation
7 : Ap — F with all these properties, so that a unique 1-cell ¢ : B — L is
induced, and given a family of 2-cells X4 : 04 — T4 with FaoX x = Xy for any
2-cell o of D, then there is a unique 2-cell 8 : b — ¢ such that ¥4 =id;, o 5.

Since 2-limits are special limits, we immediately get the following result.

Proposition 8.7. If (L,7) and (M, u) are 2-limits of the same 2-functor F :
D — C, then there exists an isomorphism b: L — M with s 0b = w4 for each
object A of D.

Definition 8.8. The bilimit of a 2-functor F : D — C, if it exists, is a pair
(L, ) where L is an object of € and w: A, — F is a 2-natural transformation
such that the functor

C(B,L) — 2-cone(B, F)

of composition with w is an equivalence of categories for every object B of C.
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Explicitly, (L, ) is a cone with Fa oid,, = id, for any 2-cell a: f — ¢ :
X — Y of D. Moreover, if (B, o) is a cone with the same properties, then there
isa l-cell b: B — L and a family © of isomorphic 2-cells such that the diagram

L
b TX Fg
/ \ N
B ft6x FX fFa FY
~_ 7 ~_ 7

gXx Ff

commutes, i.e. Fao©x = Oy, and the following additional property holds.
Given another cone (B, 7) with a family of isomorphic 2-cells @4 : 74 — w4 0¢,
where c is obtained as before b, Fa o ®x = Py, and given a family of 2-cells
Y4:04 — T4 with Fao X x = Yy, then there exists a unique 2-cell §: b — ¢
such that the diagram

EA ‘1>A
Op —=TA —>TAOC

o bé:w

mTA ©

is commutative for any object A of D.
Unfortunately, two bilimits of a 2-functor are not in general isomorphic to
each other. However, there is the following result. Its proof can be found in [3].

Proposition 8.9. Two bilimits of a 2-functor are weakly equivalent, 1i.e., if
(L,7) and (M, o) are bilimits of a 2-functor, then there exist 1-cells i : L — M
and j : M — L and isomorphic 2-cells 1, ~ joi and 1p; ~ 10 3.

8.3 [Initial and terminal objects in Rel(C)

It turns out that if € has a strict initial object 0, then 0 is also initial in the 2-
category Rel(€). But first let us observe what can be said about Rel(0, A) with-
out assuming strictness of the initial object 0 of €. Clearly the hom-categories
Span(0, A) have initial and terminal objects given by

and O0x A

0 .
0 A 0 A

respectively, where m; are product projections. Note that (m1,m2) = 1ox 4 always
belongs to M, but for a non-strict 0, (1g,i) does not belong to M in general.
However, im(1g, i) is initial in Rel(0, A). To see this let r : 04+ A be a relation.
The universal property of the factorization system yields a 2-cell « : im (1o, i) —
r such that the diagram

0——> o
v
. - . .
ll // llm(lo,n
2
R——>0xA

is commutative. Since the upper left triangle commutes for any 2-cell im(1g, i) —
r, a must be the unique such 2-cell. Note that this also shows that 0 is initial
in Map(Rel(C)).

Now we add strictness to the initial object of C.
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Proposition 8.10. Let C be (€, M)-structured category with universal, that
means strict, initial object 0. Then 0 is also initial in the 2-category Rel(C).

Proof. First observe that if me = (1¢,1) is an (€, M)-factorization with cod(e) =
E, then strictness of 0 implies that FE is initial in €. Thus e is an isomorphism,
which implies that (1g,1) is in M.

Suppose r : R — 0 x A is a relation. Then R must be an initial object of C.
So im(1g, 1) is the only 1-cell in Rel(0, A). Furthermore, note that the unique
1-cell 0+ A is given by a graph. Hence, Rel(0, A) has only the identity 2-cell.
Therefore, 0 is initial in Rel(C). O

Because Rel(C) is self dual, 0 is also a terminal object of Rel(€), whence it
is a zero object.

8.4 Products and Coproducts in Rel(C)

Again let us begin by formulating what can be said without assuming extensivity
of C. If € is not extensive a weaker construction than that of a (co)product is
still possible. We will call this a pre-product.

Definition 8.11. In a bicategory a pre-product of two 0-cells A and B is given
by an object P together with two 1-cells 7o : P4— A and w : P+> B satisfying
the following property: for any 1-cellsr: C'4+> A and s : C'+> B there is a 1-cell
p: C 4= P such that there exist 2-cells a:r — mgop and B:s — m op, and p
is the “least” such 1-cell, in the sense that for any 1-cell h : C 4+ P and 2-cells
vy:r—mgoh and d : s — m o h there is a 2-cell n : p — h with (mgon)a =y
and (m on)B =4.

Note that in a bicategory of relations self duality implies that the dual notion
(i.e., the notion with all the 1-cells reversed) coincides with this. This shall be
called a pre-coproduct.

Proposition 8.12. Let C be an (&, M)-structured category with binary copro-
ducts, and let A and B be objects of C. Then

A _ B
/7 27 N\
A 7 A+ B 7 B,

where A+ B denotes the coproduct of A and B in C with inclusions i and ip,
forms a pre-coproduct of A and B in the 2-category Rel(C) with the injections
given by im(14,i4) and im(lp,ig).

Proof. Let r = (rg,m1) : A+ C and s = (sg, $1) : B+>C be relations. We must
construct a relation [r, s] : A+ B 4= C such that there exist 2-cells r — [r, s] 0
and s — [r, s] 0 41. The relation [r, s] is the image of the span

R+ S (37)

e o)
C.

A+ B

71



Consider the composite [r, s] 0 ip given by a pullback

y P& (38)
ia  To+so R+ 5 [r1,s1]
A+ B C.

Since igro = (ro+S0)ir we obtain a unique arrow «g : R — P with {pg, p1)ag =
r, and therefore a 2-cell a : 7 — [r,s] 0dp. A 2-cell §: s — [r,s] 041 can be
obtained similarly.

Now suppose there is a relation h = (hg,h1) : A+ B+ C, with 2-cells
r — hoig and s — hoiy. That means that, if we consider the composites h o ig
and h o iy as shown in the diagrams

/\ /\
X"’V\’“ /X'B’y\i“

A A+B A+ B

there are 2-cells v : r — (to,h1t1) and & : s — (ug,hquy). Note that the
codomains of v and § are automatically in M (see (8) on page 12).

It is now straightforward to check that ng := [t1,u1](y + J) yields an arrow
(ro+ so, [r1, 51]) — (ho, h1) in /(A + B) x C, whence induces the desired 2-cell
7 : [r,s] — h. We have to check that

(lpon)a=~ and (iyon)s=24. (39)

The 2-cell 7 o 1 is constructed using the diagram

where the squares are pullbacks. Note that since hgng = rg + sp, we can choose
the pullback of ny along ¢ so that tgz = pg. The 2-cell ig o i is now induced by
the arrow x. To show (39) it is sufficient to show that xay = v, where g is the
arrow obtained from diagram (38). But this is quickly done extending by the
monic (to, t1):

(to, t1)xan = (po, Mop1)co = (ro, [t1,u1](y + 0)ir) = (ro,t1y) = (to,t1)7-
O

For given relations r : A4»C and s : B4->C'let t = (mayp,mc) : A+B+C
be the terminal object of Rel(A 4+ B, C). It is easy to verify that there exist
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2-cells r — toig and s — toi;. So if we consider the full subcategory §
of Rel(A + B, () formed by the relations u for which 2-cells r — u o iy and
s — u 01y exist, Proposition 8.12 and the last remark show that 8 has terminal
and weakly initial objects?, given by (7445, 7c) and [r, s] respectively.

Note that if we fix the object C, the object (A x C) + (B x C) together with
the relations given by

AxC e — BxC
ST — N
ATAXC-&-BXC#B

will have the same property as A + B together with ip,4;. The relation [r, s] is
now given by im(r + s, [r1, s1]). The proof then completely follows the previous
one and is therefore left to the Reader.

Remark 8.13. Observe that, provided M C Mono(C€), all 2-cells in the con-
struction will be uniquely determined. Moreover the 1-cell [r, s] will be unique,
for suppose there is a 1-cell h with the same property. Then [r,s] < h and
h < |[r,s], whence [r, s] >~ h.

However, in the general case one cannot expect that 7 is uniquely determined.
In order to show that 7 is equal to another 2-cell € with the properties of
Definition 8.11, we would have to use the universal property of the factorization
system, i. e., placing both 7 and € on the diagonal of a commutative square like

H->(A+B)xC

with e € €. But unfortunately our construction lacks the necessary E-arrow
with codomain R + S to produce such a square.

If we now add extensivity to the category C, the same construction as before
yields a (co)product, and even a 2-(co)product in Rel(C) as we shall see later,
provided that M is closed under binary coproducts in C.

Proposition 8.14. Let C be an (&, M)-structured extensive category and let A
and B be objects of C. Then

/\/\

Aﬁ%A+B<—/fB

is a coproduct diagram in the ordinary category Rel(C).

Proof. Let r = (ro,m1) : A+=C and s = (sg, s1) : B+> C relations. We must
construct a unique relation [r,s] : A + B+ C such that [r,s] 0 iy ~ r and
[r,s] 0dy ~ s.

2An object I of a category is weakly initial if for any other object A of that category there
is an arrow I — A.
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The relation [r, s] is given by im(rg + so, [r1, s1]) again (see diagram (37)).
Observe that [r, s] 0 ig ~ r because by extensivity of €, the square in the middle

of the diagram
e
R+ S
/ \ e [\C]

A+ B

is a pullback. That [r, s] o141 =~ s holds true can be shown analogously.

Finally let us show that [r, s] is unique. To prove it let h = (hg,h1) : H —
(A + B) x C be a relation for which hoig ~ r and hoi; ~ s hold. That means
that the composites

, and Q )
N N
\ o \“ \ o \’“

A A+B B A+B

represent the same relation as r and s respectively. Therefore there are &-
arrows e, : P — R and es : @ — S such that (rg,r;)e, and (sg,s1)es are
(&, M)-factorizations of (p, hiip) and (g, h1ig) respectively.

By extensivity of C we have H = P 4+ @ and hg = p 4+ q. Observe now that
the following diagram commutes:

P + Q
er +eﬁ
+So T1751]
A+ B
This proves h ~ [r, s] since, by Corollary 2.9, e, + ¢, € E. O

Finally, note again that, since Rel(C) is self dual, we also have characterized
products in Rel(€). Note that the existence of general (co)products in Rel(C)
follows from the existence of universal and disjoint general coproducts in C
similarly.

8.5 2-products in Rel(C)

We will now show that the (co)product constructed in the previous section is
even a 2-co(op)product in the sense of Definition 8.6. Note that “co” here means
that the direction of the 2-cells in the definition is reversed and “op” means that
the direction of the 1-cells is reversed. Before we prove the additional property
let us unravel Definition 8.6 for the case of a binary product in Rel(C). A
2-co(op)product of two objects A and B in Rel(C€) is a coproduct in the usual
sense, i.e. an object A + B together with injections i : A+— A + B and
i1 : B4+ A+ B such that for any pair r : A+ C, s: B+ C of relations there
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exists a unique relation [r,s] : A+ B+~ C with [r,s] oig ~ r and [r,s] 0 i3 ~ s.
Moreover, the following additional property must be satisfied. Given a second
pair of relations ¢t : A+-C and u: B4+-C, and 2-cells a:t — r and 5 : u — s,
then there exists a unique 2-cell v : [t,u] — [r, s] with yoiyp = e and yoi; = .

Proposition 8.15. If C is an (&, M)-structured extensive category and M s
closed under binary coproducts, then 2-co(op)products exist in the 2-category
Rel(C) and are given as in Proposition 8.14.

Proof. The proof of Proposition 8.14 shows that we have a universal cocone.
Hence, we must only show the additional property. First note that the hypoth-
esis that M is closed under coproducts implies that (ro+so, [r1, s1]) = dist(r+s),
where dist is the canonical arrow of Definition 8.4, is in M since C is extensive
with binary products, whence distributive.

Now, given r, s, t, u, « and 3 as above, consider the diagram

/ (40)
T+U
/ \ SA{W ]
/ \ ﬁso EE
A+ B C.

By extensivity, the upper right square is a pullback. So a + (3 is a 2-cell with
(o + ) oip = . Similarly (a + 8) oi3 = 8. We have to show that a +
is unique. But if we put any 2-cell v : [t,u] — [r,s] in the place of a4+ 3 in
diagram (40), extensivity of € implies that v = 9 + 1 and furthermore, that
Yo=70iy=caandy =voi; =f. O

8.6 Rel(C) is not finitely complete

We have seen that under certain conditions on €, Rel(€) has finite (co)products.
One might ask about (co)equalizers, i.e., whether or not Rel(C) is finitely
(co)complete. However, this is not even true in Rel(Set) as the following ex-
ample that has been pointed out by Koslowski (cf. [17]) shows.

Example 8.16. On the set of rational numbers consider the relations < : Q +
Q and dg. Assume that the equalizer e : F4— Q of < and dq exists. Note
that < is idempotent, whence < o < = dq o <, which implies that there exists a
unique relation h : Q +— F with < = e o h. But now

eohoe=<oe=d0goe=¢e0lg,

and therefore hoe = §g since e is monomorphic. That implies that for all z €
there exists a ¢ € Q with (z,q) € e and (g, z) € h, whence (¢,q) € <. But ¢ < ¢
is a contradiction.
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8.7 Application to maps

One can easily see that the graph functor preserves coproducts. The injections
in Proposition 8.12 are graphs. Moreover, the relation [I'f,Tg] : A+ B+4+-C
induced by two graphs I'f and I'g is given by

[T'f,Tg] ~im(1 + 1,[f, g]),

and therefore a graph. Note that no extensivity is needed to make A + B a
coproduct in I'C since graphs are equal as soon as they are connected by a
2-cell.

The question about coproducts in Map(Rel(C)) now arises naturally. The
answer is that they exist; but the coproduct in € needs to be extensive once
more. Before giving the proof, we note the following fact.

Lemma 8.17. In any extensive category pullbacks commute with coproducts.

Proof. Suppose f;p; = g;p; for i = 0,1 are two pullback squares. We shall show

that

Po+ P2 B4 B

Po+p1 l lgoJrgl

AO + Al fo+f1 CO + Cl

is a pullback square, too. The square is clearly commutative. Suppose then
that for z : X — Ag+ Ay and y : X — By + By, (fo+ f1)z = (9o + g1)y holds.
By extensivity, we must have that X = Xo+ X1, z =29+ 1 and y = yo + 11
with x; : X; — A; and y; : X; — By, for i = 0,1. Since the coproduct in an
extensive category is disjoint, i.e., the injections are monic, one readily checks
that f;z; = ¢;y; for i = 0,1, when pulling back along the injections. The unique
induced arrow h; : X; — P; yields the desired unique arrow h = hg + h; with
(po +p1)h =z and (g0 + ¢1)h = y. O

Theorem 8.18. Let C be an (€, M)-structured extensive category. Then co-
products exist in Map(Rel(C)) and are given as in Proposition 8.1/.

Proof. We need only check whether for given maps r : A4+~ C and s : B+ C
the induced relation [r, s] : A4+ B +-C'is a map, too. To see that [r, s] is single-
valued, consider the composite [r, s] o [r, s]° obtained by taking ker(rg + so) and
then (&, M)-factorizing the appropriate span. By Lemma 8.17,

ker(ro —+ So) = <]€0 —+ mo, k’l —+ ’/TL1>7

where (ko, k1) = ker(rg) and (mg, m1) = ker(sg). Using the single-valuedness of
r and s we obtain an arrow e, : (r1ko,r1k1) — tc and €5 : (s1mg, sS1M1) — Lo
Thus [e,, €s] induces a 2-cell [r, s] o [r, s]° — ic.

Now consider the composite [r, s]° o [r, s] formed by taking

(zo, 1) = ker([r1, s1]),

and then (&,M)-factorizing the resulting span. If (hg,h;) = ker(r;) and
(ng,m1) = ker(sy), then clearly [r1,s1](ho + no) = [r1,s1](h1 + n1). Hence,
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there exists an arrow f : (hg + ng, h1 + n1) — (@, z1). Let r°or = (tg, 1) and
s° 08 = (ug,u1). Then we get a commutative square

ertes

H+N——F,.+ FE;
%
fl L
s
X 7 (to+uo,t1+u1)

7 d
s
s
s
»

e——— (A+B)x (A+B),

[r,s]°o[r,s]

where e,., e5 are some arrows in €. By the universal property of the factorization
system there is a diagonal arrow d. Now by totality of r and s, there are arrows
Np 04 — {to,t1) and ns : 64 — (up,u1). It is easy to see that d(n, +ns) : 64 —
[r, s]° o [r, s] induces the 2-cell that shows [r, s] to be total.

To complete the proof we shall show that [r, s] is monic in €. By Lemma
4.5, it is sufficient to show that the span

m := (ro + So, [r1, $1])

is monic in €. Suppose that mf = mg for a parallel pair f,g : X — R+ S
of arrows. By extensivity, X = Xo+ X1, f = fo+ f1 and g = go + ¢g1 with
obvious domains and codomains. Using the same trick as in Lemma 8.17, i.e.,
pulling back along injections and using that injections are monic, we conclude
that rfy = rgo and sf; = sg1. Thus f; = g; for ¢ = 0,1, and therefore f = g,
since the maps r and s are monic in C. ]

We have seen that Rel(C) cannot be finitely (co)complete. For the category
Map(Rel(C)) the situation is different. We already know that this category is
finitely complete. Moreover, if € is extensive it has coproducts as just shown.
The question whether these coproducts are extensive as in € arises immediately.
Furthermore, it should be interesting to see what conditions must be imposed
on € to force the existence of coequalizers or pushouts in Map(Rel(C)).
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9 Colimits of w-chains in Rel(C)

Let A be an arbitrary category. For a given endofunctor F' : A — A, a pair
(A,a), where a : FA — A is an arrow of A, is called an F-algebra. In theo-
retical Computer Science initial F-algebras are used as models for recursively
defined data types (cf. [19]). Recently, Bird and de Moor (cf. [2]) have used
initial algebras in allegories for the derivation of programs for formally specified
optimization problems. However, they assume the existence of so-called power
objects to get initial algebras. At least for regular categories €, Rel(C) has
power objects if and only if € is a topos (cf. [8]). But this seems to be a quite
restrictive assumption. In general, initial F-algebras can be constructed as fol-
lows. If A has initial objects and colimits of w-chains, and if F' is cocontinuous,
that means F' preserves these colimits, an initial algebra can be obtained by an
iterative construction, namely by taking the colimit of the w-chain

0 Fo Fmo

One can ask whether such a construction is possible if A is replaced by Rel(C)
for a suitable category €. We have seen that initial objects exist in Rel(C) if
they exist in € and are strict there. The question of finding initial algebras
therefore essentially boils down to finding colimits of w-chains.

The existence of these colimits in Rel(€) has not been studied before, and
unfortunately it turns out that even in a very reasonable category such as
Rel(Set) these do not exist in general. However, the construction which mimics
the appropriate construction in Set fails, at least for total relations, only by one
little part. It seems natural to ask whether this canonical construction can be
generalized to all (€, M)-structured €, or what the conditions to make it possible
might be. But before we turn to this question let us present a counterexample
for Rel(Set).

9.1 A counterexample

We shall show that even in Rel(Set), the category of binary relations between
sets, colimits of w-chains do not exist in general.
In order to see this, consider the family {A4; | i € IN\ {0}} of sets, where

A; ={0,...,i—1},
together with the relations a; ;41 : A; 4+ A;11, defined by
aiiv1 = {0, +1)]0<5 <i—1}U{(0,0)}.

These sets and relations form an w-chain in Rel(Set) as shown by the following
figure:
4

/

3 3

/ /

2 2 2

1 1 1 1
0—0—=0—0—0
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Observe that the pair (D, {d;}ien), where D = {0,1}, and
d; ={(0,0)} U{(j,1) [0<j<i—1},

forms a cocone on that chain.

Now assume that the colimit (C, {¢; }ien) of the w-chain exists. Obviously,
C' is not the empty set since otherwise ¢; = @ for all . Moreover, the unique
relation C 4+ D would have to be empty, too, since C' = () is an initial object in
Rel(Set). Thus, d; = 0 o ) = 0, which is not true. Furthermore, observe that
the relations ¢; have to be total since the relations d; are total.

Next we will consider chains of elements in our given w-chain. By a chain (of
elements) we mean a sequence {z; | ¢ € IN} such that z; € A; and (z;,z;41) €
a;i+1 for all ¢ > 1. An example of this is (0,0,0,...), which will be called the
0-chain.

Note that there must be a point x in € such that all elements in the 0-chain
are in relation with = but none of the other elements of the A; are. In order
to see this, observe that if any element of the 0O-chain is in relation with an
x € O, then by commutativity of the cone (C,{c¢;}) all the other elements of
that chain also are. Moreover, since (C,{¢;}) is a colimit of the given w-chain
there is a unique relation h : C'4— D such that d; = h¢; for all i. Furthermore,
(0,0) € d; for all i, which implies that there is an x € C such that (0, x) € ¢; and
(2,0) € h for all i. Now suppose that there is a set A; and an element n € A;
with 0 < n < i — 1 such that (n,z) € ¢;. Observe that (n,0) ¢ d;. But we have
(n,z) € ¢; and (z,0) € h, which implies (n,0) € ho¢; = d;, a contradiction.

Thus, taking into account the totality of the relations ¢;, we proved that C
has at least two elements, one of which is the element x such that (0,z) € ¢;
but (n,z) € ¢; for all i and n € A; for 0 <n <i—1.

Consider the following two relations with domain C' and codomain D:

hi = {(=0}U{(y,1)[yeCy#a}
h2 = h1U{(l‘,1)}.

It can easily be checked that d; = hic; and d; = hoc; hold for any i. We shall
show this for hy. So suppose that (4,0) € d;. This is the case precisely if j = 0.
Hence, (j,2) € ¢; and (x,0) € hy, which means (4,0) € hy o ¢;. Conversely, if
(4,0) € hy o ¢;, then we must have (j,x) € ¢; and (x,0) € hy, which implies
4 = 0 since no other element of A; is in relation ¢; with x € C.

Finally suppose that (j,1) € d;. Since ¢; is total there exists a y € C such
that (j,y) € ¢;. If j # 0, then y # z, and (y,1) € hy, which shows that
(4,1) € hyoc;. If j = 0, then we have (j,1) € a; 41, whence there is an element
y € C with = # y such that (1,y) € ¢;11. So (0,y) € ciy1 0 a;i41 = ¢;. Since
y # x, we have (y,1) € hy, which implies that (j,1) € hy o ¢;. On the other
hand, (j,1) € h; o ¢; trivially implies that (j,1) € d; just because the latter
holds for all j.

Showing that d; = ho o¢; for all 7 is a very similar computation, which is left
to the Reader. Since hy and hg are clearly non-equal, C' cannot be a colimit of
the given chain. However, it turns out that, at least for total relations there is
always a largest factorization h : C + D.

Note that this example also shows that bicolimits of w-chains cannot exits.
Indeed, every equivalence of categories

Rel(Set)(C, D) — Cocone(A, D),
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where A : IN — Rel(Set) is the obvious diagram, must be an isomorphism
because both categories are posets.

9.2 Lax adjoint limits of w-chains

In the preceding section we saw that colimits of w-chains in Rel(€) do not exist
in general. However, a good portion of the canonical construction in Set carries
over to Rel(Set). Moreover, this can be generalized to the case of an (€, M)-
structured category € with certain additional conditions imposed on it. The
”almost” universal cocone for an w-chain in Rel(C) satisfies the conditions of
the next definition. To have a handy name we will call this notion a laz adjoint
limit.

Definition 9.1. Let D : D — € be a 2-functor between 2-categories. A pair
(L, ¢) where L is an object of C and £ : AL — D is a laxz natural transformation
is called a lax adjoint limit of D if for any other such pair (M,m) where m is
a lax natural transformation there is a 1-cell h : M — L and a modification n
such that

AM ——=D.

l Un
Ah

AL

L

Moreover, given any other 1-cell k : M — L and modification u : m — £ - Ak
there is a unique 2-cell o : h — k such that

18 commutative.

Observe that this can be stated more compactly by saying that the functor
lo(—):C(M,L) — Lax-Cone(M, D)

of composition with ¢ is a right adjoint. Note that, in fact, we are interested in
the dual notion of this, that means the notion with all cells reversed. Hence, we
discuss lax adjoint cooplimits, which means that the functor F' of composition
with the canonical cocone is a left adjoint. It turns out that in Rel(C) the
canonical cocone is even strict. Moreover, under a certain assumption on C, the
counit of the adjunction will be an isomorphism if we restrict the codomain of
F to strict cocones; in other words, every cocone factors through the canonical
cocone. Despite the fact that this additional assumption is true in Set for total
relations, it is a somewhat strange one. But this will be discussed later.

Let us now analyze what a lax adjoint cooplimit of an w-chain in the 2-
category Rel(€) really is. Throughout the rest of this section we shall assume
that € is a finitely complete (€, M)-structured category with € stable under
pullback and M C Mono(C).

Suppose that an w-chain, that means a functor A : N — Rel(C), is given.
Then a cocone (A, (a;);cw) will be constructed such that for any lax cocone
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(B, (bi)iew), i.e. by > bj o A; ; for all j > i, there exists a relation h : A4+ B
with h o a; <b; for all i. Moreover, if k : A+— B is another factorization with
koa; <b;, then k < h. The uniqueness of the last 2-cell and the fact that the
given families of 2-cells form modifications are true automatically since Rel(C)
is a partial-order-enriched category. However, note that it is not for the sake of
this convenience that we assume M C Mono(C). The construction seems to fail
much earlier without this assumption. But here are the sufficient conditions.

Theorem 9.2. Let C be a category as above. Then Rel(C) has lax adjoint
cooplimits of w-chains whenever the following conditions are satisfied:

(i) M C Mono(C),
(#i) C has universal colimits of w-chains,
(#ii) pullbacks commute with colimits of w-chains in C.

Proof. The construction is given in the next subsections. O

9.2.1 Construction of the canonical cocone

Suppose that an w-chain in Rel(Q), i.e., a zig-zag

Ao A2 Ajiv1
Ao, Ai Az 2 Aii Aiy1it1
in G, has been given. The following diagram outlines the construction of the

canonical cone for that w-chain:

Ag > A1 > Ay >---> A (41)
\d Y \4
[ ]
[ ] [ ]
e -
Aoyg [} . ».
Ag o As .
s N s N
Ag Ao Ao s
V4 N\ V4 AN Ve
Ag o A Ao -+

Start by forming the pullbacks A; ;12 of A; ;41 and A,y ;42 for all i € IN,
and then iterate this process to obtain objects A; ; for all 7,57 € IN. Next take
the limits (A;,m;) of the cochains

Aji~—Ai i1 e Ai E (42)

with projections given by natural transformations m; : AA; — A;, where the
A; are the obvious diagram functors. Furthermore, denote by A; ; the diagram
given by the tail of the cochain (42) starting in A, ;. Note that A; is the limit
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of A; j, because the inclusion of a tail is a final functor. By abuse of notation
we will denote the projections in this case with m; : AA; — A, ; for all j, too,
since their components are given by the components 7;(n) of m;. Observe that
we use a non-standard notation for components of a natural transformation to
avoid double indexation. Now note that the arrows pointing down-right in (41)
give natural transformations 3; ; : A; ; — A; for all j > i € IN. We denote the
arrows pointing down-left in (41) by «; ;(k) : A j — Apg,;. Hence, we have

Aip

@k,E(Z} \ﬁi,j(@

Ak Aje,

where ¢ is not necessarily equal to k. Clearly (A;,8;; - m;) is a cone on A; so
that there exist unique arrows A(4, j) : A; — A; with

AA; s A
AA(i,j
( J)T % .
AA;
Thus we obtain an w-chain
A Ay A

whose colimit (A, p) is formed in €, where p : A — AA for the obvious diagram
functor A. The claim is now that the images of the spans given by

© M
i (1 w(i
7\

Aii A

)

for i € IN form the desired cocone for the given chain in Rel(C).

9.2.2 Commutativity

To show that we really have constructed a cocone we must show that the square
in the diagram

A (43)
7i(j) YJ)
A A
ay S “j)
yd
A Aj A

is a pullback for all j > i. Considering (41), the square clearly commutes. To
show the universal property we use the fact that limits commute with limits.
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Consider the following four cochains all of whose objects at index n form a
pullback:

Ai Aij1 o Aip <—
£\ e N £\
Aij A Ay Ajjer - Aig Ajn
N\ N
Aj Aj < - Aj

Note that the objects on the left side and on the bottom do not change. If the
limits of the four cochains are formed first, we obtain the square in diagram
(43), which shows that it is a pullback square.

9.2.3 The universal property

Denote by a; : A;; +— A the components of the cocone constructed in the last
subsection. We shall show that (A, a) satisfies the universal property of a lax
adjoint cooplimit. So suppose that (B,b) is a lax cocone, i.e. b; > b; o A; ; for
all 7 > j € IN, where b; : B;; — A;; x A, and for a moment A; ; denotes the
relation A; ; 4+ A; ;. That means, if we form the pullbacks

B; ;
" Aij Bii
o, (2 N / f]
, " 0
/ g ’k(«j) »’ \

A Ajj B

)

(44)

where b; = (b?, b}), then there is a 2-cell from this span to the relation b; given
by an arrow e; ;. Note that b; ~ b; o A; ; if and only if e; ; lies in &.

The next step is to construct connecting arrows between the B; ;’s to get
cochains similar to the ones given by the A;;’s. These arrows arise by using
the universal property of the pullbacks. We shall explicitly construct the arrow
By — Bpi. Consider the composite by o Age formed as in diagram

By,2

AN

Ap 2 By By

e RN

Ao Ao By

2 NV NN

Aoo Aia Az B,

where all squares are pullbacks. Now use the universal property of the pullback
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in the following diagram:

/\

Bo,1

RSN
/<>\

An arrow h : Byo — Bp, is induced. One readily checks that eg1h = eg2
using that by as an M-relation is a monomorphic arrow of C. Iterating this
construction, we obtain cochains

Bii<——Bi,i+1 e B;

»J

for all i € IN as before. Form the limits (B;,0;) where o; : AB; — B; for
the obvious diagrams B;. Again, the diagrams obtained by taking tails are
denoted by B; ;. For all j < ¢, their limits are the B; with projections given by
o;. Similar to the o;; and 3;; for the A; ; there are natural transformations
0i; : B;; — B; and arrows vy; ; as shown in the diagram

By
(4 33,5 (¢)
ke ﬁ/ \
B; i Bj,

Now clearly (B;,d;; - 0;) is a cone on B; so that there exist unique arrows
B(i,7) : B; — B;j with

AB; 7B,

aBi) | %U

AB;

commutative. Hence, we obtain an w-chain

By By B;

whose diagram functor is called B. Now note that, for a fixed ¢ € IN, the arrows
B, ; — A, ;, that are the pullback projections obtained in diagram (44), are the
components of a natural transformation 7; : B; — A;. Therefore (B;,7; - 0;) is
a cone on A;. This implies the existence of unique arrows (i) : B; — A; with

AA; D= A,

ol 7,

AB;

for all ¢ € IN, which clearly yield a natural transformation ¢ : B — A. Moreover,
the following statement holds true.
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Lemma 9.3. The square

ISy
2
5
.

&(4) e(d)

B~
2l
\;:F% m

is a pullback for all j > i € IN.

Proof. Again use the limit interchange rule considering the following cochain of
pullback squares

B; ; B; i1
Ve AN Ve N
Aij Bjj Aijn Bj
Ve N e
Aj Ajj
which “converges” to the desired square. O

To complete the construction of the canonical factorization A : A+ B form
the colimit (H,v) where v : B — AH. Clearly (A, - <) and (B, n), where the
components of 7 are given by 7(i) := b? - 0;(i) form cocones on B. Therefore
there are unique arrows

hHh
N

A B
with
AH<— B and AH<—3B.
AhO\L ;/# ] Ahl\L %
AA AB

The claim is that im(hg, h1) is the canonical factorization h : A +- B. To prove
it we must first show that
bi > hoa;

for all ¢ € IN. Here we use condition (iii) of Theorem 9.2, namely that colimits
of w-chains commute with pullbacks in €. For ¢ € IN consider the following four
w-chains, which together form pullback squares at each index, by Lemma 9.3

Bl Bz Bi

Ay By - 4

7 X\
N 7

A A A;

Note that from index ¢ on upward the left and upper objects do not change any
more. Taking colimits, we see that the composite h o a; is given by the pullback
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square in the following diagram

“/\

i (1) \ ) / hy
Aii
But clearly this span factorizes through b; : A; ; + B, since

bioi(i) = (mi(i)e(i), hav(i)). (45)
It is now left to show that for any other factorization k : A+ B with b; > koa;
there exists a 2-cell kK — h.
9.2.4 The weak uniqueness

Suppose we are given a relation k : A+— B such that b; > k o a; for all 1 € IN.
We shall construct a 2-cell & — h. First let us consider the composites k o a;,
which are formed as in the following diagram:

/\

mi(4) \ ) / k1
,,/

(46)

where the square is a pullback and, furthermore, the composite span factorizes
through b;, that means that b;s; = (m;(4)0(4), km( )) for some arrow s;. Now
it is time to use condition (ii) of Theorem 9.2. Hence, by universality of the
colimit (A, ), we know that (K, k), where the components of k : X — AK are
given as in (46) for an obvious functor X, is a colimit of the w-chain given by the
objects K;. Moreover, the (i) yield a natural transformation g : X — A with
w0 = Akg - k. We shall construct an arrow s : K — H. This must obviously
be done by using the universal property of the colimit (K, ). Hence, we need
a natural transformation A : X — B. In order to get its components, we can
use the universal property of the limits (B;, 0;) (recall that B(i) = B;). So all
amounts to constructing cones &; : AK; — B;. Its components can be obtained
using the following diagram

K; (47)
x(V x

b2
K, “Vlp, g 5,

o(i) l Tl(])l pb lbg
A;

— s A > A
TG B,y

<.
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where 7 is fixed and j > 4. Proving the naturality of §; is now a straightforward
chase through an admittedly rather huge diagram using only that the pullback
projections in (47) are jointly monomorphic and that b; is so, too. For the sake
of brevity this task must be left to the Reader. Note that here the fact that b;
is monic, i. e., that M C Mono(C) is used heavily.

The universal property of the limit (B;, 0;) now induces unique factorizations
(%) : K; — B; with

AB; 2= B, .

A)\(i)T /!

AK;
We need to show that the \; are components of the desired natural transforma-
tion A. To do this we consider the diagram

K, XK (4,9) K;

lk(i) A(J‘)l
B(i,j
B; (9) B; &)

ai(n) oj(n)

&i(n)

B; B;
in m 7,m s
where n > j > i. Note that the diagram is known to be commutative except
for the outer and the upper inner square. If we can show that the outer square
commutes, then the fact that o; : AB; — B; is a monic family shows the
naturality of A. But this can be done by a quick chase through the diagram

K;

K(i,5)

&i(n) 7 £5(n) Sn

o(4)

Ai) 7
using that the projections of the lower-right pullback form a monomorphic pair.

It is now time to construct an arrow s : K — H, which will induce the
desired 2-cell & — h. But s can be obtained easily enough. We just have to
evoke the universal property of the colimit (K, «) to obtain a factorization of
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the cocone (H,v - A) through k; that is an arrow s such that v- A = As - k. To
complete the proof we must show that we indeed have a 2-cell, that means that
the diagram

K
ko ls k1
H
N
A B

commutes.
One readily sees that m; - o = m; - € - A\, which implies that o = ¢ - A\. Now

A(hgs)k = AhgAs -k = Ahg - VA = pued = pp = Akg - K,
which shows that hgs = kg, by uniqueness. Moreover,
A(h1s)k = Ah-nA = Aky - K,
where the last step follows if we unfold the definition of 7:
(@) = Bl ()AG) = bL&:(6) = blsi = kur(i).

Hence, by uniqueness, h1s = k;. Finally, note that we need not prove anything
towards the uniqueness of the 2-cell im(s) : k — h and that

koai—>bi

im(s)oail /

hoa;

commutes for all ¢« € IN automatically, since M C Mono(C).

9.3 Consequences and Open Problems

As promised in Section 9.2 we shall now give a condition that forces the couni-
versal arrows of the functor

(=)oa:Rel(C)(A, B) — Cocone(D, B),

for a given w-chain D : IN — Rel(€), to be isomorphisms. Note that the objects
of the codomain of this functor are now strict cocones. Unfortunately, even in
Rel(Set) the class of morphisms must be restricted because the condition does
not hold true in general. But here it is:

For all objects C of € the full subcategory £/C of the slice (48)
C/C is closed under limits of w-cochains.

More explicitly, if A : IN — € is an w-cochain with A(i,0) € € for all ¢ € IN,
and if (L, £) is the limit of A, then £(0) lies in &, too.

The task is now to check whether condition (48) implies that b; ~ h o a;.
Recall that if (B,b) is a strict cocone, then the arrows e;; : B; ; — B, ; (see
page 83) lie in €. Hence, for the cochains B;, satisfying (48), the projection o;(7)
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lies in €. But we have seen that these projections induce the 2-cells h o a; — b;
(see equation (45) on page 86). Thus b; ~ h o a;.

Next let us discuss condition (48) in Rel(Set). As pointed out earlier, it is
not true in general. Here is a counterexample.

Example 9.4. Consider the following cochain in Set:

!

{O} : ]N succ ]N succ ]N succ .

Its limit must be given by @, for suppose (L, ) is any cone, and there exists an
x € L. Let n :={1(x). Then £, 1(x) = 0, and there cannot be an element in IN
with €y12(x) +1 =0 = £,41(x). Hence, (L, £) is not a cone, a contradiction.

Clearly the projection i : ) — {0} is not surjective. However, the map
IN — {0} is surjective, whence (48) does not hold in this example.

The situation is different if we only consider those cochains that arise when
the relations A, ; : A;; +> A, ; are total. One readily checks that in Rel(Set),

Ai = {(.’Iti,l‘i+1, sy Ty ) | Tj € Aj,j, (J?j,l‘j_H) S Aj7j+1Vj > Z} (49)

Hence, clearly the projections o;(i) : A; — A, ; are surjective, if all A;;,, are
total. This leads to the following questions:

e Can the fact that (48) holds for total relations be generalized to a category
C as in Theorem 9.27

e What additional conditions must be imposed on € such that (48) holds?

Now let us turn to another open problem. A quick look at diagram (41)
on page 81 shows that if the spans A, ;.1 are graphs, i.e. given as (1, f; i11)
for arrows f; 41 : Aii — Aiy1,i+1 of C, then A is just the colimit of the chain
induced by the f’s. Hence, the graph functor maps colimits of w-chains to lax
adjoint cooplimits. So the lax adjoint cooplimit of w-chains becomes a colimit
when we restrict the arrows in Rel(€) to graphs. It seems reasonable to ask:

e Does a lax adjoint cooplimit give a colimit of w-chains Map(Rel(C))?

There is really not so much missing to answer this affirmatively. Recall that
two maps are equal as soon as there exists a 2-cell between them (Corollary
4.9). Thus, one needs only to check whether the injections a; : A;; 4+ A and
the canonical factorization h : A+4- B are maps, if all the A; ; and b; : A; ; ++ B
are so. Of course, this is obvious if all the maps in Rel(C) are given by graphs
(equivalently & C RegEpi(C), see Theorem 4.23). Unfortunately, in general this
seems not to be obvious at all.

However, the question can be answered positively if € C Epi(€). The answer
does not come completely for free, though.

Theorem 9.5. If C is a finitely complete (€, M)-structured category with & C
Epi(€) stable under pullback, and if condition (i) and (iii) of Theorem 9.2
hold in C, then the construction of Theorem 9.2 yields colimits of w-chains in
Map(Rel(C)) if and only if

for all objects C of € the full subcategory ¥/C of the slice C/C,

where X = & N Mono(C) is closed under limits of w-cochains. (50)

89



Proof. First note that the condition M C Mono(C€) is not needed here since
maps are already monic in € by Theorem 4.19. Furthermore, observe that, by
Proposition 6.1, condition (50) can be restated more explicitly as follows. For
all w-cochains D : IN — € with D(j,i) € ¥ = & N Mono(€) for all j > i, the
projections of its limit are in X, too.

Suppose condition (50) holds. Assume that the relations A; ;41 : A;; 4+
Ait1,i41 are maps. Equivalently, «; ;41(4) : Aiiv1 — Ai; liesin ¥. But X is a
pullback stable class. Hence, all «; ;(k) : Ap; — A, j > 1 > k are in 3, too.
Applying condition (50), we see that m;(¢) : A; — A;; lies in X for all ¢, whence
a; : A;; +> A is a map (recall that if (sg, s1) is a span with sg € X, then ry € £
for (ro,r1) = im(sg, 1), by 6.1).

Now suppose that a second cocone (B, b) on the w-chain in Map(Rel(C)) is
given. Clearly the natural transformations 7; : B; — A; are in X componentwise.
By 6.1, all v; ;(k) : Bgj — By, j > i > k, lie in . Hence, o; must lie
in ¥ componentwise as before m;. This implies that ¢ : B — A lies in X
componentwise, by 6.1 again, since m; - Ae(i) = 7; - 0;. Since € commutes with
all colimits, hg : H — A must therefore lie in &, too. In order to see that hg is
monic, we use condition (iii) of Theorem 9.2, recalling that an arrow is monic
in € if and only if its kernel pair, which is given by the pullback of that arrow
along itself, is a diagonal in C.

Finally, to see that condition (50) is necessary, suppose that D : N — €
is an w-cochain with D(j,4) € ¥ for all j > ¢ € IN. This gives an w-chain
(D(i+1,i),1) in Map(Rel(€)). We know that its colimit injections are formed
by taking the limit (A, 7) of D (and its tails). Note that these injections obtained
in Map(Rel(C)) are of the form (r (i), 1); taking images is not necessary since
& C Epi(C€). Therefore, all 7(i) must lie in X. O

Note that if ¥ (as a full subcategory of €2) is closed under limits of w-
cochains, then condition (50) in the previous result holds true.

Moreover, Mono(C) (as full subcategory of €?) is always closed under all
limits. Hence, if € is closed under limits of w-cochains, then condition (50)
holds true. The converse of this, however, need not to be true necessarily. Also
note that the earlier condition (48) implies condition (50).

Observe that condition (50) is much more decent than condition (48). For
example, (50) is true in every regular category, since the class ¥ consists of
isomorphisms there, which implies that it is closed under all limits and col-
imits. Other (non-regular) examples are Top with the usual (Epi, RegMono)-
factorization, Top; with the factorization system of Example 4.24, even CAT
with € and M as in Example 3.15, which does not satisfy € C Epi(CAT),
though.

This leaves the question, whether a result like Theorem 9.5 can be obtained
for an (&, M)-structured category with non-epimorphic arrows in €.

Finally, recall that every functor F' : € — €’ in the 2-category X as defined in
Section 6.4 gives rise to a 2-functor Rel(F) : Rel(€) — Rel(C’). If € and €’ both
satisfy the conditions of Theorem 9.2, and therefore admit lax adjoint cooplimits
of w-chains, then clearly Rel(F') preserves these if F' is w-cocontinuous and
preserves limits of w-cochains in €. Moreover, Theorem 9.5 shows that the
restriction of Rel(F) to maps is w-cocontinuous in case &€ C Epi(€) and & C
Epi(¢).
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A Allegories

In this appendix we shall provide enough allegory theory to prove the results of
Section 6 for every allegory satisfying certain conditions. This will also show that
the results of Section 6 are true for any Rel(€), where C is finitely complete
(&, M)-structured with M C Mono(€C). Moreover, virtually all the results of
[10], especially those of Section 5 and 6 in there, can also be extracted from
the results about allegories given here. The moral of this is that although
allegories are an attempt to axiomatize relations over regular categories, all
bicategories of monic relations are covered by the axioms as well. Hence, the
structure of Rel(C) is not very different regardless of € being regular, a proper
stable (&€, M)-structured category or even without € consisting of epimorphisms.
However, the connection to the category € becomes more difficult for the more
general cases. For example, a regular category € is isomorphic to the category
Map(Rel(C)). In a finitely complete € with a stable proper (€, M)-factorization
system, this is not true unless € C RegEpi(C). But Map(Rel(C)) is the category
of fractions of a canonical class of morphisms characterizing the maps. If we
further generalize and drop the assumption that & consists of epimorphisms,
then the graph functor I' is not faithful any more. Moreover, we lose the nice
characterization of maps in terms of properties on just one leg of a relation.

The only cases not covered by allegories are the cases of general (&, M)-
structured € with non-monic arrows in M.

In principle we present here pp. 195-204 of [8], but fill in some details and
skip the examples given there.

A.1 Preliminaries and Terminology

Definition A.1. A subobject represented by m : B’ — B allows an arrow
f: A — B if there ewists an arrow h : A — B’ such that

A

Sl

B'——B

commutes.

The image of f, if it exists, is the smallest subobject that allows f. A category
has images if every morphism of it has an image.

A morphism ¢ : A — B is called a cover if its image is entire, that means
that it can be represented by an identity.

Having introduced these notions, we may define a regular category to be a
finitely complete category with images in which covers are stable under pullback.
Note that in any category the notion of cover is precisely that of an extremal
epimorphism. Thus stability of covers under pullback implies that an arrow is a
cover if and only if it is a regular epimorphism (see Proposition 2.7). Hence, the
definition given here of regular category really coincides with the usual one of a
finitely complete (&, Mono)-structured category with € stable under pullback.

Finally, an object in a category is called subterminal (or a subterminator) if
for all objects A there is at most one arrow A — S. A terminal object is also
called terminator.
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A.2 Basic definitions

Definition A.2. An allegory is a category A in which A(A, B) is a meet-
semilattice for any objects A and B. Meets are denoted by RN S for R, S €
A(A, B). Moreover, for any objects A and B, there is a monotone operation
(=)°: A(A,B) — A(B, A) (sometimes called involution) such that the following

arioms are true:
R® = R,
(RS)° = S°R°,
R(SNT) C RSNRT semi-distributivity,
RSNT C R(SNRT) modular-law,

where R C S if and only if RNS = R, and composition in A is denoted by
Juxtaposition.

Throughout this section assume that € is a finitely complete (&, M)-struc-
tured category with & stable under pullback and M C Mono(€). Observe that
Rel(C) is an allegory, but not so if we drop the last assumption about C.

Example A.3. Recall Rel(CAT) and the functor M : 2 — 1 from Ezample
3.15 on page 19.

Now define a relation r := im(M, M) in Rel(CAT). The relation r A is
given by taking the image of d in

Clearly the images of d and of (M, M) cannot be isomorphic, for when factor-
izing, we get categories with 2 objects and 4 objects respectively. Sor Ar % r,
whence Rel(CAT) is not an allegory.

Now note the following properties of every allegory.

Proposition A.4. (i) RSNT C R(SNR°S) < RSNT C (RNTS°)S,
(ii) R C RR°R,
(iii) 10 = 1.

Proof. (1) Apply (—)° to either inequality.
(i) RC1RNRC (INRR°)R C RR°R.
(i) 1 = 1 = (11°)° = 1°°1° = 11° = 1°. O

A.3 Special Morphisms

Definition A.5. An endomorphism R in an allegory is called
(i) reflexive if 1 C R,

(i) symmetric if R° C R,
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(#3) transitive if RR C R,
(iv) an equivalence relation if R is reflexive, symmetric and transitive,
(v) coreflexive if R C 1.

Note that R° C R, if and only if R C R° if and only if R = R° since (—)°
is monotone. Note that for regular categories the coreflexive relations on an
object correspond to the subobjects of that object. For Rel(C) this is true if
& C Epi(C). However, without this condition the legs of identity relations are
not in general equal, which makes this kind of statement not at all obvious.
Here are some properties of the special relations just defined.

Proposition A.6. Let R be an endomorphism in an allegory.
(i) If R is reflexive and transitive, then it is idempotent.
(ii) If R is symmetric and transitive, then it is idempotent.

(iii) If R is coreflexive, then it is symmetric and idempotent.
(iv) For coreflexive morphisms A, B, AB = AN B.

Proof. (i) R C RR using reflexivity, whence R = RR by transitivity.

(i) R C RR°R C R?® C R?, and therefore R = RR.

(iii) R € RR°R C 1R°1 = R° and RR C 1R = R. Then by (ii), R is
idempotent.

(iv) Clearly AB C Al = A and AB C B, and then AB C AN B. On the
other hand, AN B C A C 1, and therefore AN B C (AN B)? C AB. O

Definition A.7. The domain of a morphism R, dom(R), is defined by
dom(R) := 1N R°R.
Note that we deviate from Freyd’s notation here by writing composition as
before in this thesis not as in [8].

Proposition A.8. For morphisms R:a — 3 and S : v — § and for A C 1,
the following hold:

(i) dom(R) C A < R C RA,
(#i) dom(SR) C dom(R).

Proof. (i) f 1N R°R C A, then R=R1INR C R(1NR°R) C RA.

Conversely, if R C RA, then INR°R C 1INR°RA C (A°NR°R)A C A°’AC A
since A is symmetric idempotent.

(ii) Notice that SR = S(RNR) C SR(1NR°R) = SRdom(R), which by (i)
suffices to show the result. O

Lemma A.9. dom(RNS)=1nNR°S.

Proof. We know that dom(RS) = 1N (RN S)°(RNS) C 1N R°S by semi-
distributivity. Moreover, INR°S C 1N (1N(1NR°S) C1N(1N(S°NR%)S) C
IN(S°NR°)((SNR)NS) =dom(S N R), where the second and the third step
uses the modularity law. O
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Definition A.10. A relation R is called
(i) total if dom(R) = 1; equivalently if 1 C R°R,
(ii) single-valued if R°R C 1,

(i) a map if it is total and single-valued.

Note that for Rel(C) these notions coincide with the notions of totality,
single-valuedness, and map as defined earlier.

Proposition A.11. (i) If R and S are total (single-valued, maps), then SR
is total (single-valued, a map), too.

(ii) If SR is total, then R is total.

Proof. (i) 1 C R°R C R°S°SR = (SR)°(SR) from which SR is total. Similarly
for single-valuedness, which implies that the statement holds for maps, too.
(ii) 1 € dom(SR) C dom(R) C 1. O

For an allegory A, Map(A) denotes the subcategory of maps. Morphisms
therein will be denoted by lowercase letters.

Proposition A.12. (i) The partial order restricted to Map(A) is discrete,
i.e., f C g implies f =g.

(i) A relation R is an isomorphism if and only if R and R° are maps; fur-
thermore in this case R~ = R°.

Proof. (i) f C g implies f° C ¢g°, whence g1 C gf°f C gg°f C 1f = f.
(ii) If R and R° are maps, then 1 C R°R C 1 and 1 C RR° C 1.
Conversely, 1 = R™'R implies that R is total by A.11. Similarly, R~! is
total. Moreover, R is single-valued because

RR° C (Rfl)oRflRRo _ (Rfl)oRo _ (RflR)o = 1.

Similarly R~ is single-valued, and finally, R~! ¢ R°RR™! = R° and R° C
R(R7Y°R™1=RL O

Proposition A.13. If R is single-valued, then (SNT)R=SRNTR.

Proof. SRNTR C (SNTRR°)R C (SNT)R, and by semi-distributivity (S N
T)RC SRNTR. O

In particular this last result holds for maps.
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A.4 Tabular Allegories

Definition A.14. A pair of maps f, g tabulates a morphism R if R = gf° and
f°fNg°g = 1. In this case R is called tabular. An allegory A is tabular if all
its morphisms are.

Note that Rel(C) is tabular. Every relation r = {rp,r1) can be written as
I'rq o (T'rg)°, where rg, 71 is a monomorphic pair in €. It is well-known that a
pair f, g is monic in a category with pullbacks if and only if ker(f) Nker(g) = 6.
But the last expression can be written as (I'f)°(T'f) N (T'g)°T'g ~ ¢ in Rel(C).
However, it is not at all obvious that f, g must be a monic pair in C if their
graphs satisfy this condition.

Proposition A.15. If f°fNg°g =1 in an allegory A, then f,g is a monomor-
phic pair in Map(A).

Proof. It fx = fy and gz = gy, then z = (f°f N g°g)x = f°fz N g°gx =
Ifyng®gy =y. O

Proposition A.16. If f,g tabulates R, then yz° C R if and only if there exists
a unique map h with x = fh and y = gh.

Proof. If x = fh and y = gh, then yz° = gh(fh)° = ghh®f° C gf° = R.
Conversely, if yx°® C gf°, define h = f°z N g°y. By Lemma A.9,

1C1n(yy)(z’2z) C1Ny°gf’z =1N(g%)°(f’z) = dom(h) C 1,
which shows that h is total. Single-valuedness can be seen from
hh® = (f°z N g°y)(f'x N g°y)° C foxa®fNg°yy°g C fFf Ng°g=1.

Moreover, fh C ff°x C x, whence x = fh. Similarly gh = y. Uniqueness of h
follows, since f, g is a monic pair in Map(A). O

This also shows that tabulations are unique up to unique isomorphism. More
precisely:

Corollary A.17. If f,g and f',g both tabulate R, then there exists a unique
isomorphism u in Map(A) such that f' = fu and g’ = gu.

Proposition A.18. If R is coreflerive and tabular in A, then there exists a
monomorphic h in Map(A) such that R = hh°.

Proof. If R C 1, and f, g is a tabulation of R, then g C gf°f = Rf C f, which
shows that f = g. So clearly g°g = 1, whence g is split monic. O

Proposition A.19. A square

RN
N

commutes in Map(A) if and only if yz° C g°f.
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Proof. fxr = gy implies that yz° C yz°f°f = yy°¢9°f C ¢°f. Conversely,
yx® C g°f implies that gy C gyz°z C g¢°fx C fx. By A.12, gy = fx. O

Theorem A.20. Let A be a tabular allegory. Then Map(A) has pullbacks,
equalizers, images and covers are stable under pullback.

Proof. The pullback of the map f along a map g is given by a tabulation of

N

that is the relation g°f. Suppose that p,q tabulate ¢°f. By A.19, fp = gq.
If fx = gy, then yz° C ¢p°; hence, there is a unique map h with z = ph and
y = qh by A.16.

An equalizer of two parallel maps f and g is given by a tabulation of dom(fN
g)- Since dom(fNg) is coreflexive there exists a monic map h with dom(fNg) =
hh°. By A.9, hh® C ¢°f, and therefore by A.19, gh = fh. Suppose gz = fz.
Then xx° C ¢°f, and, by single-valuedness, xx® C 1N g°f = hh°; hence, there
is a unique map y with = = yh by A.16.

The image of a map f is given by a tabulation of dom(f°) = 1N ff° by a
monic map h with h°h = 1. But by single-valuedness of f, dom(f°) = ff° =
hh°. By A.16, there is a map x with f = hz. (Note that = is not necessarily an
iso since ff° need not be a tabulation.) Thus we have shown that h allows f.
We must still show that h represents the smallest such subobject. So suppose
we are given a subobject m that allows f, i.e., f = mz for some map x. Then

hh® = ff° = mxax®m® C mm°.

The map m is monic. Hence m®m = 1, which means that m tabulates mm?®.
By A.16, there is a map y such that h = my, showing that » < m as subobjects
in Map(A).

If g is a cover in Map(A), its image can be represented by an identity,
whence gg° = 11° = 1, which holds if and only if 1 C gg¢°, or equivalently, if g°
is total. Finally, we need to show that covers are stable under pullback. If

Y N\
N A

is a pullback square, where c is a cover, then yz° = ¢°f. Since ¢° is total, c°f is
so, and therefore, by A.11, x° is total or equivalently x is a cover. O

The last theorem almost shows that Map(A) is a regular category. There is
only one little ingredient missing, namely terminal objects. However, recall that
despite the missing 1, which implies that no binary products are available in
Map(A), one may still define (with some extra technical effort) Rel(Map(A)),
which leads us to the following result.

Theorem A.21. If A is a tabular allegory, then A ~ Rel(Map(A)).
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Proof. This isomorphism of categories is given by assigning to each relation R,
the span formed by its tabulation f,g. This assignment clearly is identity on
objects. Moreover, for any monic pair f,g of maps we have a relation R = gf°
since tabulations are unique, which shows bijectivity on the hom-lattices. O

This result is a very crucial one. It shows that every tabular allegory is a
category of relations over a regular category, namely the subcategory formed
by its maps. It is the reason why the structure of Rel(C) is always the same
regardless of € being regular or just (€, M)-structured with M C Mono(C).

Now let us deal with terminal objects in Map(A).

A.5 Unitary Allegories

Definition A.22. An object m in an allegory A is said to be a partial unit if 1,
is maximal in A(m, 7). If, in addition, for any object \ there is a total relation
in A(A, ), then 7 is said to be a unit.

Note that for regular categories € (partial) units coincide with (sub)termi-
nators, because r = (rg,r1) : S 4= 5 is a relation, where S is a subterminator of
C if and only if 1o = ry if and only if r < §g. If € has a terminal object, then
clearly T'!4 is a total relation, and §; is the maximum of Rel(1, 1). Conversely,
if U is a unit, then for all objects A there is a total r : A4- U, and r° < oy
since U is partial unit, whence r is a map. Thus r is given as a graph I'f of
some arrow f : A — U which must be unique by Theorem 4.23. Hence, U is a
terminator.

Note that for non-regular € (but still with M C Mono(C)), (sub)terminators
still give (partial) units, but the converse is not so obvious.

For an object « of an allegory let Cor(a) be the meet-semilattice of core-
flexive relations. Recall that for a poset X an ideal is a subset I C X such that
x € I and y < x implies that y € I.

Proposition A.23. If 7 is a partial unit of an allegory A, then
dom : A(a, ) — A(e, @)
is an order isomorphism onto an ideal of Cor(«).

Proof. The mapping dom is obviously order preserving. Suppose that dom(R) C
dom(S). By A.8, R C Rdom(S) C RS°S C 1S since 1 is the maximum of
A(m,m). Hence, dom is order reflecting. Therefore dom(S) = dom(R) implies
that S = R, which shows that dom is injective.

To see that dom is surjective and its image is an ideal, let A C domR. Then
A is coreflexive and

dom(RA) C dom(A) C A°A = A,

since firstly, using A.8, R C Rdom(A) C R and secondly, A is symmetric
idempotent. Finally,

AC AA C A°dom(R)A C A° N A°R°RA C dom(RA).
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Proposition A.24. (i) If X is a unit in A, then dom : A(a, A) — Cor(a) is
an isomorphism of semilattices.

(i) The unique total morphism po, : o — X is single-valued, whence a map.
(iii) A unit A is a terminal object in Map(A).

w) For any two objects o and (B of an allegory, (pg)°pa i the maximum in
6

Ala, B).

Proof. (i) Given a coreflexive relation A in A(«, ), take a total p, : @ — A,
which exists since A is a unit. We know that A C 1 and A C A°A C A°pSp.A,
which implies that A C dom(p,A). Moreover, dom(p,A) C A holds by A.8,
since pa A C po AA = po A. Hence, dom is surjective, and therefore an order iso
by A.23.

(ii) We shall show that p, is uniquely determined and single-valued. If
PasDh : @ — X are total, then as in (i), dom(p,4) = A = dom(p/,A) for all
A C 1. In particular, this holds for A = 1, and then p, = p/, by injectivity of
dom. Clearly p,p2 C 1, since the latter is the maximum of A(\, A).

(iii) The existence and uniqueness of p, in (i) immediately imply that A is
terminal in Map(A).

(iv) Note that p, is the maximum of A(a, \) since

dom(A)=1NA°AC1=1N1C1Np.ps = dom(py),

and dom is order reflecting. Hence, for all R : o — 3, pgR C pq, and therefore
R C pgppR C pgpa, which shows the desired maximality. ]

Note that this result shows that for a unitary, tabular allegory A, Map(A)
is finitely complete. In Rel(C), p%pa is tabulated by product projections as
shown in the diagram

i A><B7T
A;O/ \]B
A/ \1/ \B.

A.6 Functors between allegories

Definition A.25. A (unitary) representation of allegories is a functor between
allegories preserving (units), (—)° and intersection.

Note that since composition is preserved, every representation of allegories
preserves maps and tabulations. So given a representation 7' : A — B of
tabular allegories, we get a functor Map(T) : Map(A) — Map(B). The
functor Map(T) clearly preserves pullbacks, equalizers, covers and, furthermore,
terminal objects if A and B are unitary.

Therefore, being just restriction on functors, the assignment A — Map(A)
yields a 2-functor

Map : Al — Reg

from the 2-category of unitary tabular allegories and unitary representations to
the sub-2-category Reg of K of regular categories as defined in Section 6.
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Proposition A.26. Let A and B be tabular allegories. Then a representation
T: A — B is faithful if and only if Map(T) is faithful and conservative.

Proof. (=) If TR is an isomorphism in B, its inverse must be (T'R)°, and then
T1=1= (TR)(TR)° = T(RR°) and similarly, T1 = T(R°R). By faithfulness
of T, R is an isomorphism in A. Hence, T is faithful and conservative showing
that the restriction Map(T) is so, too.

(<) Suppose that TR = T'S. Let f,¢g and h,k be tabulations of R and
S respectively. Since tabulations are preserved by T' there must be a unique
isomorphic map u in B such that Tf = (Th)u and Tg = (Tk)u. The same
holds if T is replaced by T’ := Map(T). Recall from the proof of A.16 that
u = (Tf)°ThnN (Tg)°Tk = T(f°h N g°k) =: T"(v), where v is a map, and
therefore an isomorphism in A since T” is conservative. By faithfulness, f = hv
and g = hv, which, by A.16, implies the result. U

Note that only the second part of the proof actually uses tabularity of A
and B.

Now consider the full sub-2-category Kyiono of the 2-category X (as defined
in Section 6 on page 50) consisting of those finitely complete € with stable
(€, M)-factorization system, where M C Mono(€). Observe that for any arrow
T:C — € of Xniono, Rel(T) is a unitary representation of the unitary tabular
allegories Rel(C) and Rel(C’). In fact, we have found a left-adjoint for the
map-functor.

Theorem A.27. Rel 4 Map : Al — Kyiono-

Proof. We shall show that the components of the unit of this adjunction are
given by the graph functors

I' : c——=Map(Rel(C)).

Suppose T' : € — Map(B) is an arrow in Kyiono, where B is an object of
Al On r = (rg,r1) we define S : Rel(C) — B by

S(r):=Tryo (Try)°.

This clearly defines a unitary representation of allegories since it can be written
as S = I-1-Rel(T), where I : B — Rel(Map(B)) is the isomorphism of A.21.
Now we have (Map(S) - T')(f) = Tf1 0 (Tfo)° for f : A — B in C, where
(fo, fiYe = (1, f) is an (&, M)-factorization. Note that T f is tabulated by itself
and 174 in B. Therefore

T(f)=Tfo(T14)° =TfroTeo(Te)’ o (Tfo)* CTfro(Tfo)

since T'e must be a cover in Map(B). Hence, T = Map(S) - T" by A.12.
As for uniqueness suppose that S’ : Rel(C) — B is an arrow in Al with
Map(S’) -T'=T. Then

S'(r) = 8"(Try o (T'rg)°) = S'T'ry 0 (S'Trg)® = Try o (Trg)° = S(r).
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Note that the counit of the adjunction is an isomorphism since
A——Rel(Map(A))

for any unitary tabular allegory A.
This result also shows that Reg, the full sub-2-category of regular categories
in X is a reflective subcategory of Kyono- Finally, we note the following result.

Theorem A.28. The functor Rel : Reg — Al is an equivalence of categories.

Proof. Theorem A.21 shows Rel to be essentially surjective. It remains to show
that it is fully faithful. But every unitary representation T : Rel(C) — Rel(C’),
where € and €' are regular, induces an arrow

Map(T')

C ~ Map(Rel(C)) Map(Rel(€')) ~ ¢’

in Reg. Moreover, if Rel(T') = Rel(T”) for functors T, T’ : € — €', then in par-
ticular Rel(T) and Rel(T”) agree on maps, and therefore on € ~ Map(Rel(Q)).
Hence, T'= T", which completes the proof. [

Note that the equivalence inverse is, of course, the functor Map.
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