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Abstract. Given an endofunctor F of an arbitrary category, any maxi-
mal element of the lattice of congruence relations on an F-coalgebra (A, a)
is called a coatomic congruence relation on (A, a). Besides, a coatomic
congruence relation K is said to be factor split if the canonical homomor-
phism v: Ax — Ay, splits, where V 5 is the largest congruence relation
on (A, a). Assuming that F is a covarietor which preserves regular monos,
we prove under suitable assumptions on the underlying category that,
every quotient coalgebra can be made extensional by taking the regular
quotient of an F-coalgebra with respect to a coatomic and not factor split
congruence relation or its largest congruence relation.

1 Introduction

The study of coalgebras developed by J.J.M.M. Rutten [15] concerns the
particular case of Set-endofunctors. The author develops the theory of uni-
versal coalgebras with the assumption that the functors preserve weak pull-
backs. This property can see bisimulation equivalences corresponding notions
as of congruence relations in universal algebras. In the same context, the
largest bisimulation on any coalgebra is again the largest congruence on this
coalgebra.

Many theoretical computer science structures, including automata, transi-
tion systems, object oriented systems and lazy data types can be modeled with
a type functor preserving weak pullbacks. However there are viable examples
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of coalgebras (topological spaces, for instance) whose type functors do not
obey such a restriction.

Certainly, the major advantage of coalgebras is that the theory can naturally
deal with nondeterminism and undefinedness, concepts which are hard, or even
impossible, to treat algebraically.

A universal algebra is called simple if it does not have any nontrivial con-
gruence relation. The notion of simple coalgebra is obtained by applying the
same definition. In other words, the largest congruence relation on a simple
coalgebra is its diagonal. An extensional coalgebra is a coalgebra on which the
largest bisimulation is its diagonal. Assuming the type functor preserves weak
pullbacks, every extensional coalgebra is simple (see [4]).

A quotient algebra also called a factor algebra, is obtained by partionning
the elements of an algebra into equivalence classes given by a congruence
relation, that is an equivalence relation compatible with all the operators of
the algebra. This is equivalent to consider the quotient of an algebra with
respect to a congruence relation. The quotient algebra A/0 is simple if and
only if 0 is a maximal congruence on A or 0 is the largest congruence relation
on A (see [3]).

The purpose of this paper is to give a characterization theorem for exten-
sional quotient coalgebras of an endofunctor, given an arbitrary underlying
category. To this end, let F denote an endofunctor of an arbitrary category.
Any maximal element of the lattice of congruence relations on an F-coalgebra
(A, a) is called a coatomic congruence relation on (A, a). Besides, a coatomic
congruence relation K is said to be factor split if the canonical homomorphism
v : Ax — Ay, splits, where VA is the largest congruence relation on (A, a).
Suppose that the underlying category is regularly well powered, cocomplete,
exact and equipped with epi-(regular mono) factorizations. If more, F is a co-
varietor which preserves regular monos then, every quotient coalgebra can be
made extensional by taking the regular quotient of an F-coalgebra with respect
to a coatomic and not factor split congruence relation or its largest congruence
relation.

2 Basic notions
We recall here some definitions and usual properties for the following sections.

2.1 Factorization systems

They will be often used throughout this paper.
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A factorization system (F.S) for a category C consists of a pair (£,M) of
classes of morphisms in C such that:

FS1. £ and M contain all isomorphisms of C and are closed under composition.

FS2. Every morphism f of C can be factored as f = mo e for some morphisms
ec&and me M.

FS3. For all commutative squares

\ o
\
\

e
e<— o
N
\
2
e<— o
<

%

with e € £ and m € M, there is a unique arrow w making both triangles
commute.

2.2 Subobjects

Unions of regular subobjects are revisited (for more details, see [2]). Their
existence allows one to construct pullbacks.

Recall that a regular mono is a morphism in some category which occurs as
the equalizer of some parallel pair of morphisms. The dual concept is that of
regular epi.

Let A be an object of a category C. Denote by Ma the class of all regular
monos of codomain A. Any member f: B — A of My is written (B, f). The
relation <A defined on Ma by (B,f) <a (C,g) iff there is h : B — C such
that f = goh is a preorder. This preorder induces an equivalence relation ~a
in Ma, where (B, f) ~a (Cvg) iff (B,f) <a (Cag) and (Cvg) <a (B, f). Also,
the preorder < in Ma induces an order, again denoted <a, in the quotient
class M = Ma/ ~a; more precisely [(B, )] <a [(C,g)] iff (B,f) <a (C,g). A
member of an equivalence class is called a reqular subobject of A.

Definition 1 A category C is said to be reqularly well powered, if for each A
in C, Ma is a set.

An equivalence class [(B, f)] will be also denoted by its representative f or
simply by the domain B; and in this case one also says that f or B is a regular
subobject of A.
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Definition 2 A regular image of a morphism f : A — C is a reqular mono
m : B — C through which f factors, which is minimal in the sense that, if f
factors through any other reqular mono B’ — C, then B is a regular subobject
of B'.

Suppose that C is a regularly well powered category admitting coproducts
and epi-(regular mono) factorizations. The regular image of a cospan (fy :
Ay — A)y in C is the smallest regular subobject E of A through which each
f« factors; that is, there exists a regular mono m : E — A and an epi sink
(ga : Aqx — E)y such that (fy) = mo (gq). It is constructed in two steps as
follows:

e By the universal property of coproducts, consider the unique morphism
f:]],Ax — A such that (fy) = f o (1x), where (Hg)q is the cospan of
structural injections.

e Consider the epi-(regular mono) factorization of f: [], Aq — E A

Hence, the collection of morphisms (e o puy : Ay — E)y is an epi sink given
that e is an epimorphism and ()« is an epi sink. Particularly, the regular
image or union of a cospan (Mg : Sg — A)y of regular subobjects in C is their
supremum in the ordered set (Ma, <a). It will be denoted Uger Im(my).

Definition 3 In a category with binary products, a binary relation from A
to B is a regular subobject of A x B. This is represented by a regqular mono
m: R — A x B or equivalently, by a pair of arrows

o
R
BN
with the property that the induced arrow (r1,72) : R — A X B is a regular
mono. Also, v and 1 form a mono source because T = Py o (r1,T2) and
T2 = P2 o (r1,72) with p1 and py which form a mono source as structural

morphisms of the product of A and B. A relation from A to A is called a
relation on A.

Binary relations are ordered (as regular subobjects of A x A) and can be
composed. The relational composition is defined by applying the standard
pullback construction as in the category of sets: given a binary relation R
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(represented by 1 : R — A and 1 : R — B) in a finitely complete category
with epi-(regular mono) factorizations, form the pullback of ry and ;.

RxaR—R_ToA

o |

R A

T
T‘z\L

A

Factorize (rj ot,m30t2) : R XA R — A X A as an epimorphism followed by a
regular mono, then the latter represents the composite R o R. R is said to be
transitive if R o R is smaller than R. The relation R is called reflexive if the
diagonal map (Ta,14) : A — A X A factors through it and, symmetric if there
is an arrow T : R — R such that 11 o1 =1, and 1) o T = r;. We say that R is
an equivalence relation if it is reflexive, symmetric and transitive.

Pullbacks are constructed in the presence of unions of regular subobjects as
follows.

Proposition 1 Suppose that C is a regularly well powered category with co-
products, finite products and admitting epi-(regular mono) factorizations. Then
it has pullbacks.

Proof. Consider a cospan (A Iyl B) in C.

NN
C R C
N

Let us denote by Rel(A, B) the class of all binary relations R from A to B such
that f; ory = f; o 1. This class is nonempty as we are going to show. Let 0
be the initial objest of C (the coproduct in C over the empty index set). The
canonical arrow ! : 0 — A x B factorizes through a regular subobject 0’ of
A x B, which is a member of Rel(A, B). Since the category C is regularly well
powered, the class Rel(A,B) is a set. Let R denote again its supremum (the
union); this supremum exists since C has coproducts. Denote by u: R — A x B
the regular mono making R a binary relation.

Consider a span (Q, (gi)i=1,2) such that f; o g1 = f; 0 g;. By the universal
property of products, there is a unique arrow g : Q — A x B such that
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prog = gj and pp o g = gz; p1 and py being the structural morphisms of
the product of A and B. Factorize g as an epimorphism followed by a regular
mono:

Then (W, (hi)i=1,), with hi = p; o mg, is a binary relation from A to B such
that f; ohy = f;0h;y. Hence, there is an arrow s: W — R such that mg = uos.
As aresult, g = piog =piomgoey =piouosog =Tri0s0eq with 1y = pjou;
i =1,2. This implies that for any arrow j : Q — R such that vy oj = g; and
T20j =gz, we have 11 0j =170 (soeg) and 120j =120 (s 0 eg). Thereafter
s o ey = j since the pair (r1,12) is a mono source. Consequently, s o e4 is the
unique arrow from Q to R such that r1 o (soeg) = g7 and 120 (soeg) = gs.
This proves that R together with arrows 11 = pj ou and 1, = p2 ou is the

pullback of the cospan (A ANy B). O

Under Proposition 1, the category C is finitely complete; this is because it
has finite products and pullbacks (see [14]).

2.3 Exact sequences

Set, the category of sets and mappings has exact sequences; this means that
every equivalence relation is a kernel pair of its coequalizer. In other words,
there is a ono-to-one correspondence between equivalence relations and regular
quotients.

Replacing Set by a finitely complete category C with coequalizers, an exact
sequence in C is a diagram

T e
R—=A —B
)

where R is the kernel pair of e and e is the coequalizer of the parallel pair
(r1,72). The category C is said to have exact sequences if every equivalence re-
lation in C is the kernel pair of its coequalizer. Every topos has exact sequences
(see [7]).

A category C will be called regular if every finite diagram has a limit, if every
parallel pair of morphisms has a coequalizer and if regular epis are stable under
pullbacks. A regular category with exact sequences is called exact.
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2.4 Kleisli categories

Only monads on Set will be considered.

A monad on Set consists of a Set-endofunctor T together with
e a unit natural transformation 1 : id = T; that is, a function nx : X — TX
for each set X satisfying a suitable naturality condition; and
e a multiplication natural transformation w: T> = T, consisting of functions
1y : T2X — TX with X ranging over sets.
The unit and multiplication are required to satisfy the following compatibility
conditions.

TX X T2 DX 1y T3X X T2
& iu% FLTX\L iux
X T2X > TX

The powerset functor P is a monad with a unit given by singletons and a mul-
tiplication given by unions. Every adjunction gives rise to a monad (see [10]).

Given any monad T, its Kleisli category KC1(T) is defined as follows. Its
objects are the objects of the base category, hence sets in our consideration.
An arrow X — Y in KU(T) is the same thing as an arrow X — TX. Identities
and composition of arrows are defined using the unit and the multiplication
of T. Moreover, there is a canonical adjunction ] 4 H, where the functor
J : Set — K1(T) carries a mapping f: X — Y tonyof: X — TY in KLUT) (see
[10]). For instance, the Kleisli category K1(P) of the powerset monad is up to
isomorphism the category Rel of sets and binary relations (see [5]).

A functor F: KL(T) — KL(T) is said to be a lifting of a Set-endofunctor F if
the following diagram commutes.

K1(T) F K1(T)

1 b

Set Set

A lifting F of a Set-endofunctor F is in bijective with a distributive law A :
FT = TF (see [12]).

3 Coalgebras of an endofunctor

Let F be an endofunctor of a category C. An F-coalgebra or a coalgebra of type
F is a pair (A, a) consisting of an object A in C together with a C-morphism
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a:A — FA. A is called the carrier or the underlying object and the arrow a
the coalgebra structure of (A, a).

Given F-coalgebras (A, a) and (B,b), the arrow f: A — B in C is called an
F-morphism, if the following diagram commutes

A —%FA

4 e

B—FB
b

It is straightforward to check that the F-morphisms are stable under com-
position. We write Cr the category of F-coalgebras and their homomorphisms.

Throughout all that follows, unless otherwise stated,

e C is a regularly well powered category equipped with epi-(regular mono)
factorizations and admitting products;

e F denotes an endofunctor of C.

3.1 Congruences

Definition 4 Let (A, a) and (B,b) be F-coalgebras. A binary relation K from

A to B is a precongruence if for every cospan (A Lz B),

/A\i A—>FA N

if K Z commutes then so does K FZ
N A
B’ B—~FB Fj

A congruence relation is a precongruence which is an equivalence relation.

Consider a Set-endofunctor F that preserves weak pullbacks. There exists a
distributive law A : FP = PF given by

Ax(u) ={v e FX: (v,u) € Relg(ex)}

where uw € FPX and Relg(ex) € FX x FPX is the F-relation lifting of the
membership relation ex (see [5]). The functor F: Rel — Rel induced by this
distributive law carries and arrow R : X — Y in K1(P) which is a binary relation
from X to Y to its F-relation lifting Relg(R). That is, FR = Rel¢(R) : FX — FY
in K1(P) = Rel.
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Given F-coalgebras (A, a) and_(B, a). Let K: A — B be an F-morphism. The
following diagram commutes as F and F coincide on objects.

A —%FA

K\L i?K

B—FB
b

Also, for every cospan (A Lz B) if j o K =1 then F(j) o FK = F(i); hence
F(j)oboK =F(j) o FK o a = F(i) o a. This results the commutative diagram

A—>FA \fi
Kl FZ
7
B—FB F
b
Then K is a precongruence. Consequently, any F-morphism is a precongruence.

Proposition 2 Assume the category C has colimits. Congruence relations on
an F-coalgebra (A, a) form a sup-complete lattice denoted Con(A,a). The
supremum s given by

\/ Ko = [U{Im(mgy : Ky = A X A);x € AJ*
xeEN

the smallest congruence relation greater than the union of all my.

Proof. Let (my : Ky — A X A)gen be a nonempty family of congruences
on an F-coalgebra (A, a) with projections k{ and k§ given « € A. Since the
category C is regularly well powered, this family of regular subobjects of A x A
is a set. Its supremum K exists therefore in C. This is equivalent to consider a
regular mono m : K — A x A and an epi sink (ey) such that (my) = mo(ey).
Furthermore, the category C has pullbacks under Proposition 1. Given (A Bt
B <~ A) the pushout of the projections k; and k, of K. Denote by Pb(u,v)
the pullback of w and v. There is a unique arrow s : K — Pb(u,v) such that
wios = ky and wy os = ky; wi and wz being the structural morphisms of

Pb(u,v). Consider a cospan (A Lz A) such that the following diagram
commutes.

W/ \
,W\ /

Pb(u,v
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Then iok; =iowjos =jow,os = joky. By the universal property of
pushouts, there is a unique arrow w : B — Z such that wou =1 and wov =j.
For each & € A, i0ok{ = j o k¥; this follows from the fact that k{ = k; o ey
and k§ =k, o ey. Hence F(i) o aokjoey = F(j) o aok;oey, because Ky is a
precongruence. The equality F(i)oaok; = F(j)oaok; due to the collection (ey)«
is an epi sink. Particularly, the equality F(u)oaok; = F(v)oaok; holds. There
is therefore a unique arrow b : B — FB turning u and v into F-morphisms. So,
we have F(i)oaow; = F(wou)oaow; = F(w)oF(u)oaow; = F(w)obouow; =
F(w)obovow; =Fw)oF(v)oaow; =F(wov)oaow,; =F(j) oaow,. This
proves that the following diagram commutes.

WyA#FA N
Pb(u,v) FZ

wI A—> FA/‘Zj
Thus Pb(u,v) is a precongruence. Besides u = v given that K is reflexive.
That is, u is the coequalizer of the two projections ki and k;. Consequently,
Pb(u,v) is an equivalence relation as the kernel pair of a regular mono. Hence
Pb(u,v) is a congruence relation on (A, a). It is easy to check that this is in
fact the supremum of the family (mgy: Ky — A X A)gen.

The supremum of a family of congruences on an F-coalgebra (A, a) indexed

over the empty set is Ay = ker(14). It is the smallest congruence on (A, a). O

Write VA to denote the largest congruence relation on (A, a).

Proposition 3 Suppose that the category C is exact with colimits. For every
F-coalgebra (B,b), there is at most one F-morphism @ : (B,b) — Ay, .

Proof. By Proposition 1, the category C has pullbacks. Let us prove that there
is at most one F-morphism with codomain Ay, . Assume there are two different
F-morphisms @1, @2 : (B,b) = Ay,. Let P : Ay, — C be their coequalizer.
Then ker( oy, ) is an equivalence relation on A, where ny, : A — Ay, is
the coequalizer of V4. In addition, ker(\ o 7y, ) is a precongruence. Indeed,

consider a cospan (A Lzl A) such that the following diagram commutes;
ty and t; being the projections of ker(\ o my, ).

[N

ker(P omy,) Z

PR

A
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Then i = j given that ker(pomy, ) is a reflexive relation on A. Also, Ppomy, is
the coequalizer of ker(\ oy, ) as the category C is regular. By the universal
property of coequalizers, there is a unique arrow u: C — Z such that uo (P o
my, ) = 1. Furthermore, 7y, is an F-morphism; this follows from the fact that
Va is a congruence relation. Hence ) o 7y, is an F-morphism. This implies
that F(1) o a o t; = F(j) 0 a o ty; that is, the following diagram commutes.

a
y AATEFA

ker(\p o7y, ) /FZ
A SN
a

So, ker( o7y, ) is a congruence relation on (A, a). Under condition that the
category C has exact sequences, V is the kernel pair of 7y, . Consequently,
V a is properly smaller than ker(\po7y, ) because @1 and @, are different. This
contradicts the fact that V is the largest congruence relation on (A, a). O

Any maximal element of the lattice of congruence relations on (A, a) is
called a coatomic congruence relation on (A, a).

3.2 Bisimulations

In the coalgebraic context, there are four notions of bisimulation that gener-
alize the standard notion of bisimulation for labelled transition systems (i.e.,
coalgebras of the Set-endofunctor P(L x (—))), due to Milner [11] and Park
[13]. Further, the four notions are related under certain conditions (see [16]).
The definition we adopt here is a simplification of the bisimulation of Hermida
and Jacobs [6].

Definition 5 For any relation R from A to B in C, we define the relation
FR from FA to FB to be the reqular image of the composite morphism FR —
F(A x B) — FA x FB.

A bisimulation between F-coalgebras (A, a) and (B,b) is a binary relation
R from A to B such that there is a morphism R — FR making the following
diagram commute.

A<—R——
|
|

FA<—FR—TB
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A bisimulation on (A, a) is a bistimulation between (A,a) and (A,a). Any
bisimulation on (A, a) which is an equivalence relation is called a bisimulation
equivalence.

Proposition 4 Suppose that the category C has coproducts and the endofunc-
tor F preserves reqular monos. Then the union of any collection of bisimula-
tions is a bistmulation.

Proof. Given F-coalgebras (A, a) and (B, b). The class (R¢)te1 of bisimulations
between (A, a) and (B,b) is nonempty, since the category C has coproducts.
Also, this class is a set because C is regularly well powered. Denote by (] [;c1 Rs,
(ot)ter) the coproduct of Ry’s. Each Ry is a regular subobject of A x B repre-
sented by a regular mono m; : Ry = A x B. Let w: [ [t Rt = A x B be the
unique arrow such that wo oy = my, for all t € T. Denote by F[[,cr Rt the
regular image of the composite morphism F] [, .t Rt — F(A x B) — FA x FB.
The following diagram commutes.

€t

FR; FR;
o) 7
FllerRe /d/ e

ol

Flier Re ——— FA x FB

Under condition that the category C has epi-(regular mono) factorizations,
there is a unique arrow d : FR; — F [ et Rt making both triangles commute.
By the universal property of coproducts, there is a unique arrow p : [ [t Rt —
F]Jict Rt such that pooy =dor, forall t € T.

Factorize u as an epimorphism e followed by a regular mono m : R — A x B.
Consider m; : Ry — A and m; : Ry, — B the respective regular images of the
morphisms p; o u and p; o u; p1 and py being structural morphisms of the
product of A and B. Then (p;om)oe =m;oe;; i=1,2. Hence, there is a
unique arrow wj : R — Ry such that mj ow; = p;om and w; o e = e;. The
morphisms wq and w; induce a unique arrow (wy,w;) : R — Ry x R, such
that vi o (w1, W) = wy and vy o (Wy, wy) = wy; vq and v, being the structural
morphisms of the product of R; and R;. Let s : Ry x R — FA x FB be the
unique arrow such that hjos =aomjov; and hpos =bompov;; hy and
h; being the structural morphisms of the product of FA and FB. In addition,
consider the unique arrow k : F(A x B) — FA x FB such that hy o k = Fp;
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and hp ok = Fpy. So, tov = ko F(u) = ko F(m)oF(e) = moeoF(e).
Because v is an epimorphism and m is a regular mono, there is a unique
arrow z : IE]_[,[GT R; — FR such that moz =1 and zoV = € o F(e). Likewise,
F(m;)oF(ei) = F(mioey) = F(piou) = F(pi) oF(u) = hjokoF(u) = hjottov;
i = 1,2. Since the endofunctor F preserves regular monos, there is a unique
arrow ¢; : F][;cr Re — FRy such that F(m;) o¢; = hj ot and ¢; o v = F(ey);
i =1,2. It follows that for allt € T, F(my)ocjopoot =hjotiopoo =
hjotiodory = hjomyory = aopjomy = aopjouocot and F(my)ocyopooy =
hotopoor=hyotiodorg=hyomiory =bopyomy=bopyouooy.
Whence F(mj)ociop=aomjoe; and F(my)ocyop =bomyoe; as the
cospan (0¢)ieT is an epi sink.
These equalities are used to establish the following commutative diagram.

HtET R - g R
p¢ /// \L<W]7W2>
FllerRe -7 RixR
zil /,/ i/s

FR FA x FB

Indeed, we have hj oso (wj,wy) oe =aomjovio(wj;,wy)oe=aomo
wijoe=aomjoe; = F(mj)ociop =hjottop = hjomozop and
hyoso(wj,wy)oe=bomyovyo(wj,wy)oe=bomyow,oe=bomyoe; =
F(my)ocyop = hyoliop = hyomozop. Since the pair (hy, hy) is a mono source,
the equality s o (wj,w;) oe = mozop holds. Consequently, there is a unique
arrow 1 : R — FR making both triangles commute. Furthermore, we have that
(hjom)or = hjoso(wi, W) = aomjovio(wy,w;) = aomjow; = ao(pjom)
and (hpom)or=hyoso(w;,wy) =bomyovyo(w;,w;) =bomyow, =
b o (p2 o m). Subsequently, R is a bisimulation as union of a collection of
bisimulations. O

Any bisimulation equivalence is a congruence relation (see [16]). But the
converse is not true (see [1]). Now, we are going to investigate the relationship
between bisimulations and congruences.

The following fact is a generalization of the H. P. Gumm’s result presented
in [4].

Proposition 5 Assume the category C has colimits and exact sequences. For
every bisimulation R on an F-coalgebra (A, a) there is a smallest congruence
relation (R) greater than R provided that R is reflexive.
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Proof. According to Proposition 1, the category C has pullbacks. Consider
a bisimulation (R, (ri)i=12) on an F-coalgebra (A, a). Let (A 5 B & A) be
the pushout of r; and r;. Denote by Pb(u,v) the pullback of u and v. Then
Pb(u,v) is a precongruence. Indeed, given a cospan (A — Z & A) such that
the following diagram commutes; t; and t; being the projections of Pb(u,v).

/\
)N/

Pb(u,v

By the universal property of pullbacks, there is a unique arrow s : R — Pb(u,v)
such that t;os =17 and t;0s = 7. This implies that ior; =jor;. Hence there
is a unique arrow w : B — Z such that wou =1 and wov =j. In addition,
F(u)oaor; =F(v)oaor; due to R is a precongruence as bisimulation (see
[16]). Thus B is equipped with a coalgebra structure turning u and v into
F-morphisms. For this reason, the equality F(i) o a o t; = F(j) o a o t; holds;
that is, the following diagram commutes.

tyA—a>FA %
Pb(u,v) FZ
LA fAH
a

Also, Pb(u,v) is an equivalence relation on A because R is a reflexive bisim-
ulation. Finally, Pb(u,Vv) is a congruence relation on (A, a) which is greater
than R. Since the category C satisfies the exactness property, it is not hard to
see that Pb(u,v) is the smallest congruence relation with this property. O

Denote by R-Bis(A, a) the ordered set of reflexive bisimulations on (A, a).
The Proposition 5 yields a functorial correspondence

Oae): R-Bis(A,a) — Con(A,a)
R —  (R)

Otherwise, every congruence relation K on (A, a) is a reflexive relation on A
as equivalence relation. Then the diagonal map (To,14) : A — A x A factors
through K. But the diagonal map is a split mono and therefore a regular
mono. Also, A is equipped with a bisimulation structure that comes from
its coalgebra structure by epi-(regular mono) factorization of the composite
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morphism FA — F(A x A) — FA x FA. Hence A is a bisimulation on (A, a)
smaller than K. If more, the endofunctor F preserves regular monos, there
exists under Proposition 4, a largest bisimulation on (A, a) smaller than K,
that we denote [J(5 4)K. Since A is a bisimulation on (A, a) smaller than K, the
diagonal map factors through Ua ¢)K. So [ o)K is a reflexive bisimulation
on (A, a). This defines a correspondence

Oaq: Con(A,a) — R-Bis(A,a)
K — D(A,G)K

which extends to a functor.
Given a reflexive bisimulation R and a congruence relation K on (A, a), the
following are equivalent:

(1) (R) is a regular subobject of K.
(i1) Ris a regular subobject of Oa oK.

Hence, assuming that F preserves regular monos, the functor {a q) is the left
adjoint of the functor [ q)-

Definition 6 An endofunctor F: C — C is called a covarietor, provided that
the forgetful functor U : Cp — C has a right adjoint.

Given a topos £ with a natural number object (see [7]). The endofunctor
M : £ — &£ that assigns to each object A in &, the free monoid generated by
A is a covarietor (see [8]).

The largest bisimulation on (A, a) which is denoted ~4 is a reflexive bisim-
ulation.

Proposition 6 Assume the category C has colimits with exact sequences and
the endofunctor F is a covarietor which preserves regqular monos. A nontriv-
ial congruence relation K on (A, a) is coatomic or K = Va, provided that
D(A)Q)K =~A.

Proof. Let K be a nontrivial congruence relation on (A, a), different from V5
and satisfying the condition [ 4)K =~a. Suppose that there is a congruence
relation L on (A, a), greater than K and different from V. By the universal
property of coequalizers, there is a unique factorization r : Ax — Ar such that
T = ToTk, where Tty and 711 are respectively the coequalizers of K and L. Under
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Proposition 1, the category C has pullbacks. Then the category Cr has also
pullbacks, since the endofunctor F is a covarietor which preserves regular monos
(see [9]). Since the category C has exact sequences, every equivalence relation
in C is the kernel pair of its coequalizer. Furthermore, the coequalizer of any
congruence relation is an F-morphism. Thereafter, the canonical arrow from
the kernel pair of g in Cr to A X A factored through the largest bisimulation on
(A, a) smaller than K. Likewise, the canonical arrow from the kernel pair of 7t
in Cr to A x A factored through the largest bisimulation on (A, a) smaller than
L. Besides, [J(a o)L is a regular subobject of [z o)K, given that [Ja q)K =~a.
As a consequence, there is a unique arrow s : A| — Ak such that iy = s o my.
Then we get mx = (s or) omy; whence sor = 15, since g is an epi. Thus 7 is
an epi from the fact of the equality 7y = r o 7y, and a section; that is an iso.
Hence K is coatomic.

On the other hand, ~ is the largest bisimulation on (A, a) smaller than
V. O

In general though (~a) does not need to be the largest congruence on (A, a).
For illustration, denote by ()% : Set — Set the functor defined on objects as
follows: for a set,

A% = {((11) az, (13) € A3/ | {(1], az, (13} |§ 2}
and for each mapping f: A — B,
fg(ah az, Cl3) = (f(a]))f(al))f(a?)))

Consider the ()g—coalgebra (A,a) with A ={0,1,2}, a(0) = (0,0,2), a(1) =
(1,1,2) and a(2) = (1,2,2). Since the singleton {0} can be provided with a
()%—coalgebra structure, the unique mapping !a : A — {0} is a ()%—morphism.
Its kernel pair is A x A and it is not a bisimulation on (A, a). This implies that
A x A is the largest congruence on (A, a). However the largest bisimulation
on (A,a) is the diagonal Aa. It is easy to check that (~a) = Aa. Remark
that K ={(0,0), (1,1),(2,2),(0,1),(1,0)} is a coatomic congruence relation on
(A, a).

4 Simple and extensional coalgebras

The largest bisimulation on a final coalgebra is its diagonal. Coalgebras which
are not final but satisfy this condition are called extensional. They are said to
satisfy the weaker condition of simplicity.
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Definition 7 An F-coalgebra (S, s) is extensional, if As is the largest bisimu-
lation on (S,s).

The definition of extensionality reformulates the coinduction proof principle:

x ~x’

x =x'
This means, in order to prove that two elements x and y are equal it is enough
to prove that there exists a bisimulation R under which x is related to y; i.e.,
(x,y) €R.
A coalgebra is called simple if it does not have any nontrivial congruence
relation. Obviously every simple coalgebra is extensional, but the converse
holds whenever the endofunctor preserves weak pullbacks.

Proposition 7 For any F-coalgebra (S,s) the following are equivalent:
(1) (S,s) is extensional.

(il) For every F-coalgebra (A, a), there is at most one F-morphism : (A, a) —
(Sys).

Proof. (i) = (ii). Suppose that there are two different F-morphisms @1, @3 :
(A,a) — (S,s). There is a unique arrow @ : A — S x S such that p;o @ = ¢
and py o @ = @3, with p; and p, the structural morphisms of the product of
S with itself. The arrow ¢ factorizes through a regular subobject R of S x S
which is a nontrivial bisimulation on (S, s).

(il) = (i). Suppose that Ag is not the largest bisimulation on (S, s). There
is a bisimulation (R, (r{)i=1,2) on (S,s) with r # 72. O

Recall the set A ={0, 1,2} together with the coalgebra structure a : A — A%
such that a(0) = (0,0,2), a(1) = (1,1,2) and a(2) = (1,2,2), where K =
{(0,0),(1,1),(2,2),(0,1),(1,0)} is a coatomic congruence relation on (A, a).
In particular, K #% Va4 = A X A, but the ()g—coalgebra on the quotient set
Ak = {0, 2} is extensional; this is because the largest bisimulation on A is the
diagonal Aa, (see [4]).

Definition 8 A coatomic congruence relation K on (S, s) is called factor split
if the canonical homomorphism v : Sx — Sy splits.

H = {(0,0),(1,1),(2,2),(1,2),(2,1)} is an equivalence relation on the set
A ={0,1,2}. Let 7ty denote the canonical projection of A onto Ay = {0, 1}, the
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quotient set with respect to H. Provide A with the ()%—coalgebra structure a
such that a(0) = (0,0,2), a(1) = (1,1,2) and a(2) = (1,2,2). Then 7ty is a ()%—
morphism given that Ay is equipped with the coalgebra structure ay : Ay —
(AH)g defined as ay(0) = (0,0,1) and ap(1) = (1,1,1). Consequently, H is a
congruence relation on (A, a). Also, H is coatomic as a maximal element of the
lattice of congruence relations on (A, a). Since ay(1) = (1,1, 1), the canonical
homomorphism v : Ay — Ay, = {0} has a right-sided inverse. Hence, H is
factor split.

For any coatomic and factor split congruence relation K on (S, s), denote by
T: Sy, — Sk the right-sided inverse of the canonical homomorphism v : Sx —
Svs. Then Tov: Sk — Sk and Ts, : Sk — Sk are two different F-morphisms
with codomain Sk. As a result, Sx is not extensional due to Proposition 7.

Lemma 1 Suppose that the category C is exact with colimits. For any coatomic
congruence relation K on an F-coalgebra (S, s), the quotient coalgebra Sx is ex-
tensional provided that K is not factor split.

Proof. Given K a coatomic and not factor split congruence relation on (S, s).
Suppose that the quotient coalgebra Sk is not extensional. Then the largest
bisimulation on Sk is nontrivial. By Proposition 3, the canonical homomor-
phism v from Sk to Sy, coequalizes its projections. Let ¢ : Sx — C denote
the coequalizer of the projections of ~s,, the largest bisimulation on (S,s).
There is a unique arrow t : C — Sy, such that t o ¢ = v. Hence, ker(¢) is
properly smaller than ker(v). Also, K is properly smaller than ker(¢ omx) and
ker(nvsK o7k ); Tk and Vs, being respectively the coequalizer of the projec-
tions of K and the coequalizer of the projections of Vs, the largest congruence
relation on Sg. But, ker(@ o 7tg) and keT(TIvSK o 7k ) are congruence relations
on (S,s). Consequently, ker(pomg) = Va = ker(ﬂvsK o7k) as K is coatomic.
Besides, ¢ o mx and Ty, © Tk are regular epis given that the category C is
regular. This implies that @ o iy = Tys, © TIK; that is, @ = Vs, due to mg
is an epi. Then ker(¢) = Vs, because the category C has exact sequences. It
follows that Vs, is properly smaller than ker(v) which is a congruence relation
on Sk. This is a contradiction. So, Sk is extensional. O

A quotient coalgebra can be made extensional by taking a regular quotient
with respect to a coatomic and not factor split congruence relation or its
largest congruence relation as the following states.

Proposition 8 Assume the category C is exact with colimits and the endo-
functor F is a covarietor which preserves regular monos. For every F-coalgebra
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(S,s) and a congruence relation K on (S,s), the quotient coalgebra Sy is ex-
tensional if and only if K is coatomic and not factor split or K = V5.

Proof. Suppose that Sk is extensional. Let (Q, (qi)i=1,2) be a bisimulation on
(S,s). There is a unique arrow m : Q — S x S such that pj o m = q; and
p2om = (3; p1 and p; being the structural morphisms of the product of S with
itself. Let ¢ denote the coequalizer of K. The universal property of products
yields a unique arrow mg : Q — Sx X Sk such that p; o mg = g o pj om and
Pomg = Tg opzom, with p; and P, the structural morphisms of the product
of Sk with itself. The arrow my admits the epi-(regular mono) factorization

SKXSK

\/

Let ¢ : S x S — Sx x Sk be the unique arrow such that p; o rx = g o py and
Py ok = Tk © p2. Then F(vg) o F(u) = F(rk) o F(m) due to vk ou = rg o m.
Hence hoF(vk) o F(u) = hoF(rk) o F(m), where h: F(Sx x Sx) — FSk x FSk is
the unique arrow such that t; o h = F(p;) and t; o h = F(p,); t; and t; being
the structural morphisms of the product of FSyx with itself. Furthermore, there
is a unique arrow 7t : FS x FS — FSy x FSg such that t; o m = F(7g) o t; and
t, ot = F(mg) o tp, with t; and t, the structural morphisms of the product
of FS with itself. Given k : F(S x S) — FS x FS the unique arrow such that
tj ok = F(py) and t; o k = F(p2), we have that tjommok = F(rg) otjo k =
F(7ix)oF(pi) = F(p;)oF(rk) = tiohoF(rk); 1 = 1, 2. The equality 7ok = hoF(rk)
arises from the fact that the pair (t;,t;) is a mono source. One deduces the
following commutative diagram.

FQ FQ
Flw)| L7 |m
FR . FSxFS

w 7 |

]_:R —— FSK X FSK
VK

By the axiom FS3, there is a unique arrow w : FQ — FR making both triangles
commute. In addition, there is a unique arrow z : Sk X Sx — FSk x FS¢ such
that tj oz = s o Py and t; 0 z = sk o P,, where sk : Sk — FSk is the unique
arrow turning 7rg into an F-morphism. Denote by q: Q — FQ the arrow such
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that sopjom =tjomoqand sopyom =tyomogq. For i = 1,2; the following
holds:
tiozovgou = sgxopjovkou

= sgxopjorgkom

= SKOTkopiom

= F(mg)osopiom

— FimJotiomog

= {i OTTO Mo q

= tjovkowo q
Hence, zovg ou = Vg owo ( because the pair (t1,t;) is a mono source. Since u
is an epimorphism and vk a regular mono, there is a unique arrow r: R — FR
such that vk or = zovg and rou = wo q. In fact, R is a bisimulation on
Sk. Thus R is a regular subobject of As, which is the largest bisimulation on
Sx. This implies that g o p; o m = 7t o p2 o m. Consequently Q is a regular
subobject of K. Since Q is a bisimulation on (S, s), it is smaller than [s K.
Whence s K is the largest bisimulation on (S, s). The Proposition 6 allows
to conclude.

Conversely Sk is extensional arising from Propositions 3, 7 and Lemma 1.
O

References

[1] P. Aczel, N. Mendler, A final coalgebra theorem, Proceedings category
theory and Computer Science (D. H. Pitt et al, ed.), Lecture Notes in
Computer Science, 389 (1989), 357-365.

[2] J. Adamek, H. Herrlich, G. E. Strecker, Abstract and concrete categories,
Wiley-Interscience, 1990.

[3] S. Burris, H. P. Sankappanavar, A course in universal algebra, Graduate
Texts in Mathematics, vol. 78, Springer, New York, 1981.

[4] H. P. Gumm, Elements of the general theory of coalgebras, LUATCS 99,
Rand Afrikaans University, Johanesbourg, South Africa, 1999.

[5] 1. Hasuo, B. Jacobs, A. Sokolova, Generic trace semantics via coinduction,
Logical Methods in Computer Science, 3 (2007), 1-36.

[6] C. Hermida, B. Jacobs, Structural induction and coinduction in a fibra-
tional setting, Information and Computation, 145 (1998), 107-152.



Extensional quotient coalgebras 323

7]
8]

[10]

[11]

[12]

P. T. Johnstone, Topos Theory, Academy press, London, 1977.

P. Johnstone, J. Power, T. Tsujishita, H. Watanabe, J. Worrell, On the
structure of categories of coalgebras, Theoretical Computer Science, 260
(2001), 87-117.

A. Kurz, Limits in categories of coalgebras, Draft, November 16, 1999.

S. Mac Lane, Categories for the working mathematician, Graduate Texts
in Mathematics, vol. 5, Springer Verlag, 1971.

R. Milner, Communication and Concurrency, Prentice Hall, 1989.

P. S. Mulry, Lifting theorems for Kleisli categories, Mathematical Founda-
tions of Programming Semantics (MFPS IX), Lecture Notes in Computer
Science, 802 (1994), 304-319.

D. Park, Concurrency and automata on infinite sequences, Proceedings
of Theoretical Computer Science: 5th GI Conference, Lecture Notes in
Computer Science, 104 (1981), 167-183.

N. Popescu, L. Popescu, Theory of categories, Editura Academiei Bu-
curesti, Romania, 1979.

J. J. M. M. Rutten, Universal coalgebra: a theory of systems, Theoretical
Computer Science, 249 (2000), 3-80.

S. Staton, Relating coalgebraic notions of bisimulation, Logical Methods
in Computer Science, 7 (2011), 1-21.

Received: August 1, 2015



