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ABSTRACT. For a commutative quantale 7', the category 7-cat can be perceived as a
category of generalised metric spaces and non-expanding maps. We show that any type
constructor 7' (formalised as an endofunctor on sets) can be extended in a canonical way
to a type constructor T on ¥-cat. The proof yields methods of explicitly calculating
the extension in concrete examples, which cover well-known notions such as the Pompeiu-
Hausdorff metric as well as new ones.

Conceptually, this allows us to to solve the same recursive domain equation X =2 TX in
different categories (such as sets and metric spaces) and we study how their solutions (that
is, the final coalgebras) are related via change of base.

Mathematically, the heart of the matter is to show that, for any commutative quantale ¥/,
the “discrete” functor Set — ¥-cat from sets to categories enriched over ¥ is ¥-cat-dense
and has a density presentation that allows us to compute left-Kan extensions along D.
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1. INTRODUCTION

Solving recursive domain equations

X=TX
is an important method to define mathematical models of computation in which recursive
equations have unique solutions [58]. The technique was introduced by Dana Scott [57] in
order to give a model of the untyped lambda calculus. Following a suggestion of Lawvere,
Scott also emphasises that this solution arises as a limit of a chain constructed in a systematic
fashion from a certain functor 7" on a category of continuous lattices. In fact, Scott’s solution
is then the final T-coalgebra

X —TX

constructed in the by now standard way called the final coalgebra sequence. In domain theory
[1], this construction has been employed to give solutions to domain equations X = TX for
functors T on sophisticated base categories such as metric spaces, measurable spaces and
many more. Indeed, there is a considerable variety of interesting categories of domains, each
supporting different properties and type constructors. It may not always be obvious which
category of domains is the most appropriate for a given modelling task, and the research
into finding new good classes of domains still continues.

While an unusual property in most areas of mathematics, in domain theory final coalgebras
often coincide with initial algebras. So final coalgebras as solutions of domain equations
became more prominent only after Aczel in his work on non-well founded sets [2] showed that
many important domain equations can be solved in the category of sets, a category in which
initial algebras and final coalgebras do not coincide and in which the final coalgebras are the
ones that provide the desired solutions to recursive equations. Subsequent work by Rutten
[56] and many others showed that streams, automata, probabilistic and other systems can
be successfully described by functors on Set, the category of sets and functions. Moreover,
working with coalgebras over Set instead of over more complicated domains, allowed many
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powerful results to emerge, in particular on modal logics for coalgebraic systems and on
formats of systems of equations that have unique solutions in final coalgebras.

On the other hand, studying these techniques for richer base categories than Set has also
been an important topic. Coalgebras over categories of algebras often correspond to more
powerful automata in which the states are equipped with extra memory. And coalgebras
over partial orders and metric spaces allow us to capture simulation instead of bisimulation
[38] or metric bisimulations for quantitative systems [55, 70]. To summarise, while coalgebra
successfully promoted simpler set-based models of computation, it also extended the class of
interesting domains in which to solve domain equations.

This increasing variety of categories of domains makes it necessary to find systematic ways
to relate them. For example, in this paper, one of the questions we ask is the following.
What does it mean to solve the same domain equation

X=2TX
in different categories? On the face of it, this question does not make sense as the definition
of a functor T': X — X depends on the base category X. So what does it mean to be the
“same” functor on two different base categories X and Y? We take our answer from Kelly’s

work on enriched category theory and consider two functors 7" : X — X and T:Y—Y
the same if there is a dense “discrete” functor D : X — Y and T is the left-Kan extension

of DT along D
Y Y
o

X—— X
T

T
—

For example, we know already from previous work [8] that sets are dense in posets and that
the convex powerset functor P on Pos, the category of partial orders and monotone maps, is
the extension (posetification) of the powerset functor P on Set.

P
Pos —— Pos

o o

Set T> Set

As we will show in Section 4, this implies that the final coalgebra solution of the domain
equation Y = PY is the same, in a suitable sense, as the the one of X = PX.

Another question that we study is how to define type constructors on “richer” categories
from type constructors on “easier” categories. For example, it is well-known that a power
domain for simulation is given by the “up-set functor” U : Pos — Pos, which is the left
Kan extension of P, along D

Pos L) Pos
ol 4
Pu

where P, (X) is again the powerset of X, but now ordered by inclusion. Section 4 shows that
the solution of a “richer” equation such as Y = UY classifies the same notion of bisimulation
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as the solution of the corresponding “easier” equation, here X = PX, but also carries an
ordered structure that classifies simulation.

The purpose then of this paper is to extend the observations above from posets to metric
spaces and, more generally, to the category #-cat of categories enriched over a commutative
quantale ¥. The essence is to show that the discrete functor

D : Set — Y-cat

is dense. Importantly, the proof will exhibit a formula that allows us to compute the left
Kan extensions along D in many concrete examples.

What is modelled by ¥ and what role does ¥#-cat play?

To say that ¥ is a commutative quantale is to say that 7 is a lattice of “truth values” or
“distances”. The leading example is the lattice of real numbers [0, co] which is promoted
from a lattice to a quantale when equipped with the extra structure of addition of distances,
important to capture the triangle inequality.

Objects of #-cat are then “categories enriched over ¥, that is, sets 2" equipped with a
distance 2 (x,y) € ¥. To say that 2" is a “category enriched over [0, co] with +7 is to say
that 2" satisfies the triangle inequality

Z(x,y)+ X (y,z) >r Z'(,2).

Thus, one reason to work with enriched categories is that many structures of interest such as
posets and metric spaces appear themselves as categories. Another one, emphasised in [58],
is the importance of homsets carrying ordered/metric structure. A third reason, important
for this paper, will be discussed now in more detail, namely that enriched categories make
available a richer variety of colimits.

That D : Set — Pos is dense implies that every poset is a colimit of sets. But how can we
construct ordered sets by taking quotients of discrete sets? The crucial point must be to
work with a more general notion of quotient, namely with quotients that do not merely add
equations between elements (coequalisers), but with quotients that add inequations.

Such a richer notion of quotient is automatically provided to us in Pos or #-cat as a special
case of a so-called weighted (or indexed) colimit, a notion native to the theory of enriched
categories. In this paper, we only need some special cases of weighted colimits that are
reviewed in detail in Section 2.

In the case of posets, the basic idea is easily explained. Every poset is a weighted colimit
of discrete posets. How? Let X be a poset and write Xy for its set of elements and
X1 C Xy x X for its order. Then X is the “ordered coequalizer”, or rather “coinserter”, as
it is known in the literature

X1 :;Xo%X . (11)

It is important here that the coinserter turns the discrete posets Xo, X into a genuine poset
X. This also makes it clear how to compute the left Kan extension 1" of T by applying 1" to
the parallel pair of (1.1) and then taking the coinserter in Pos

TX, — = TXg——TX (1.2)

This formula, describing the left-Kan extension as a certain weighted colimit of discrete
¥ -categories, allows us to compute such Kan extensions in many concrete situations. For
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example, in [8] we showed that it follows easily from (1.2) that the extension of P from Set
to Pos is the convex powerset functor.

A conceptual way of summarising this construction is to say that the coinserters of (1.1) form
a “density presentation” of D : Set — Pos. But density presentations work best when D is
fully faithful, which coincides with the quantal being integral, whereas the generalisation of
the formula (1.2) also applies in case D is not fully faithful.

Summary of main results.

(1) We prove in Theorem 3.8 that (1.2) can be generalised to compute left Kan extensions
along D : Set — ¥-cat for any commutative quantale #. As a corollary, we obtain that
D : Set — ¥-cat is dense. If D is fully faithful, we obtain a density presentation in
Theorem 3.22. Those functors that arise as left Kan extensions along D are characterised
by preserving certain colimits in Theorems 3.23 and 3.24.

(2) It is well known that the fully-faithfulness of D is equivalent to the unit H — (LanpH)D
of the left Kan extension of H along D being an isomorphism for all H. We show in
Proposition 2.13 that D is fully faithful if and only if the quantale ¥ is integral, which is
the case in all the examples we pursue. We also characterise, in the general case, those
functors H for which the unit is an isomorphism in Theorem 3.20.

(3) We use that #-categories are relational presheaves to show in Theorem 3.40 how the
extension of weak pullback preserving Set-functors can be computed from their relation
lifting. This is often the easiest route to concrete computations, the Pompeiu-Hausdorff
metric being Example 3.35.

(4) Theorems 4.15 and 4.16 formalise the intuition that the final coalgebra over #-cat of
a “functor T : Set — Set equipped with a ¥ -metric” is the final T-coalgebra over Set
equipped with an appropriate metric. In particular, both final coalgebras determine the
same equivalence relation (bisimulation), but the final coalgebra over ¥-cat gives refined
metric information about states that are not bisimilar in the sense of measuring how far
such states are from being equal.

The formulas for computing left Kan extensions are (3.12) in the general case and (3.18) for
weak pullback preserving functors. Examples of left Kan extensions are in Sections 3.5-3.7.
Closure properties of #-cat-ifications are studied in Section 3.8 and 2-categorical properties
of the category of coalgebras over #-cat in Section 4.1.

The present paper is a revised and extended version of [9].

2. PRELIMINARIES

In this section we gather all the necessary technicalities and notation from category theory
enriched in a complete and cocomplete symmetric monoidal closed category that we will use
later. For the standard notions of enriched categories, enriched functors and enriched natural
transformations we refer to Kelly’s book [40] and for their importance to logical methods
in computer science see for example [47, 64, 68, 70, 71]. Readers familiar with enriched
category theory are invited to skip these preliminaries and pass directly to Section 3 after
taking note of Section 2.4 on the fully-faithfulness of the discrete functor D : Set — #-cat.

We will mainly use two prominent enrichments: that in a commutative quantale ¥ and that
in the category 7-cat of small ¥ -categories and ¥ '-functors for a commutative quantale ¥.
We spell out in more detail how the relevant notions look like and carefully write all the
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enrichment-prefixes. In particular, the underlying category of an enriched category will be
denoted by the same symbol, followed by the subscript “o” as usual.

2.1. ¥-categories as generalised metric spaces.

Suppose ¥ = (¥,,®, e, [—, —]) is a commutative quantale. More in detail: ¥, is a complete
lattice, equipped with a commutative and associative monotone binary operation ®, called
the tensor. We require the element e to be a unit of tensor. Furthermore, we require every
monotone map — ®r : ¥, — ¥, to have a right adjoint [r,—] : ¥, — ¥,. We call [—, —]
the internal hom of ¥,. We will suppose that ¥, is non-trivial, that is, ¥ is not a singleton
(or equivalently, e # L). Recall that the quantale is said to be integral if e = T.*

Commutative quantales are complete and cocomplete symmetric monoidal closed categories.
Therefore, one can define ¥ -categories, ¥ -functors, and ¥ -natural transformations. Before
we say what these are, let us mention several examples of commutative quantales.

Examples 2.1.

(1) The two-element chain 2 = {0,1} with the usual order and tensor r @ s = r A's. The
internal hom is implication.

(2) The real half line (][0, oc], >r), with (extended) addition as tensor product. The internal
hom [r, s] is truncated minus, that is, [r,s] = if r >gr sthen 0 else s — r.

(3) The unit interval ([0, 1], >r) with tensor product r ® s = max(r, s). The internal hom is
given by [r,s] = if r >r sthen 0 else s.

(4) The poset of all monotone functions f : [0,00] — [0, 1] such that the equality f(r) =
V<, f(s) holds, with the pointwise order. It becomes a commutative quantale with the
tensor product

(fegr) =\ f(s)-g(s)
s+s'<r
having as unit the function mapping all nonzero elements to 1, and 0 to itself [36].

(5) Let n = {0,...n—1} be an ordinal equipped with a monotone, commutative, idempotent
operation satisfying 0 ® ¢ = 0 for all ¢ € n. Then there are unique e and [—, —| such that
(n,®,e,[—, —]) is a quantale [17, Prop 2.5]. In the case n = 2 we just obtain Item (1)
above. In case n = 3 there are exactly two ways of turning 3 into a commutative quantale
with an idempotent tensor, determined by choosing either 1®2 =2 or 1®2 =1 [17, Cor
2.6]. We briefly explain the associated ¥'-categories in Example 2.5. The three-element
quantale 3 which is determined by e = 1 is the smallest non-integral quantale, in the
sense that it embeds into any other non-integral 7.

(6) Let (M, -, e) be a monoid. Then P(M), the powerset of M, becomes a quantale ordered
by inclusion with tensor S ® S" = {z -2’ | x € S,2’ € S’} and unit {e}. In fact,
P(M) is the free quantale over the monoid M [53] and P(M) is commutative if M is
commutative. If M is the free monoid over an alphabet of size at least two, then P(M)
is the non-commutative non-integral quantale of languages over the alphabet.

Remark 2.2. If we think of the elements of the quantale as truth values, then < is external
implication, e is true, L is false, ® is a conjunction and [—,—] is internal implication.
Some standard logical laws such as [e,r] = r and r ® [r,s] < s and r < [s,s ® r] and
s <r < e <]s,r] hold in all quantales. If we consider the elements of the quantale as

LA commutative integral quantale is sometimes called a complete residuated lattice.
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representing distances, the order of the quantale is opposite to the natural order of distances,
with 0 as top and co as bottom. To reconcile the two points of view, we can think of distance
as “distance from truth”, so that a distance of 0 corresponds to true and a distance of co to
false. ]

A (small) ¥ -category X consists of a (small) set of objects, together with an object 2 (2, )
in ¥, for each pair 2/, z of objects, subject to the following axioms
e< X(x,x), Z(,2)® 2 (2" ") < 2" x)

for all objects z”, 2/ and z in 2.
A ¥-category 2 is called discrete if

2 (2, x) = {

e, =2

1, otherwise

A ¥V -functor f: & — % is given by the object-assignment z +— fz, such that
2 (@ x) <Y (fa, fa)
holds for all 2/, z.
A ¥ -natural transformation f — g is given whenever
e<¥(fz,gx)
holds for all z. Thus, there is at most one ¥ -natural transformation between f and g.

¥ -categories and ¥ -functors form a category which we denote by ¥-cat, (actually, a
2-category having ¥ -natural transformations as 2-cells).

Example 2.3.

(1) The two-element chain 2 is a commutative quantale. A small 2-category ? 2" is precisely
a preorder, where x’ < z iff 2 (2/,x) = 1, while a 2-functor f : 2~ — % is a monotone
map. A 2-natural transformation f — ¢ expresses that fz < gx holds for every x. Thus
2-cat is the category Preord of preorders and monotone maps. It plays an important
role not only because we study 7#-cat by generalising from 2-cat, but also because the
definition

r<yy = e< Z(z,y) (2.2)
equips every ¥-category 2 with the structure of a preorder <g4-. In case 2 is ¥, we
have <4 = <. In the following, we will drop the subscript in < 4.

(2) ¥ is itself a ¥'-category with ¥(r,s) = [r, s]. This is of fundamental importance, at least
because the internal hom #'(r, s) usually has a richer structure than the external hom
Yo(r, s). For example in case ¥ = [0, 00, the external hom is only two-valued whereas
the internal hom is [0, oo]-valued.

A good intuition is that 7#'-categories are possibly non-symmetric metric spaces and ¥-
functors are non-expanding maps. This intuition goes back to Lawvere [47]. We show next
some examples that explain this intuition. A good resource is also [54].

2 Not to be confounded with the notion of a 2-category, that is, a Cat-enriched category.
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Examples 2.4. (1) Let ¥ be the real half line ([0, 00|, >g,+,0) as in Example 2.1(2).

A small ¥-category can be identified with a set X equipped with a mapping dx :
X x X — [0, 00] such that (X, dx) is a generalised metric space. The generalisation of
the usual notion is three-fold. First, dx is a pseudo-metric in the sense that two distinct
points may have distance 0. Second, dx is a quasi-metric in the sense that distance
is not necessarily symmetric. Third, distances are allowed to be infinite, which has
the important consequence that the category of generalised metric spaces has colimits
(whereas metric spaces do not even have coproducts).

A ¥ -functor f: (X,dx) — (Y,dy) is then a exactly a non-ezpanding mapping, that is,
one satisfying the inequality dy (fa', fz) <g dx(2',z) for every z,2’ € X.

The existence of a ¥ -natural transformation f — g means that \/ dy(fz,gz) =0,
that is, the distance dy (fx,gz) is 0, for every x € X, or also that fx < gx with respect
to the order discussed in Example 2.3(1).

For the unit interval ¥ = ([0, 1], >r, max, 0) from Example 2.1(3), a #-category is a
generalised ultrametric space (X,dx : X x X — [0,1]) [54, 70]. Again, the slight
generalisation of the usual notion lies in the fact that the distance function dx is not
necessarily symmetric and dy (z',2) = 0 does not necessarily entail z = z/. Similarly,
¥ -functors are precisely the non-expanding maps, and the existence of a ¥ -natural
transformation f — ¢ : (X,dx) — (Y, dy) means, again, that \/, dy(fz,gx) = 0,
that is, the distance dy (fz, gz) is 0, for every z € X.

Using the quantale ¥ from Example 2.1(4) leads to probabilistic metric spaces: for a
¥ -category 2, and for every pair z, 2’ of objects of 2", the hom-object is a function
Z (2, x) : [0,00] — [0, 1] with the intuitive meaning 2 (2/, x)(r) = s holds iff s is the
probability that the distance from z’ to z is smaller than r. See [26, 36].

The categories enriched in the free quantale P(M) of Example 2.1(6) can be perceived
as M-labeled automata [13, 52]. The “distance” between two states is the language
connecting them. In particular, if M is the free monoid over an alphabet, the enriched
hom % (z,y) between two states z,y of an automaton 2" is the language accepted by
the automaton 2, considered with initial state x and final state y. However, this is an
example outside the scope of the paper, since in this case 7 = P(M) is not commutative.

2.2. ¥ -categories as relational presheaves.

A ¥-category £ cannot only be considered as generalised metric space, but also as a set X
equipped with a collection (X, ),cy, of binary relations given by

X, ={(,2) e X x X |r < Z(2,2)}. (2.3)

In the case of the generalised metric spaces discussed above, the collection (Xr)o<r<oco can

be

considered as a basis for the quasi-uniformity [27] associated with 2". But interest in the

collection (X,),cy can also arise from considerations independent of the view of ¥'-categories
as metric spaces as the following example from concurrency theory demonstrates.

Example 2.5. A category 2 enriched over the quantale n of Example 2.1(5) can be
understood as a set equipped with n — 1 transitive relations

Xp1C...CX;C...CXy.

3 X0, Xo are redundant since oo is bottom and Xo = {X, | » >r 0}.
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given by X; = {(2/,z) | i < Z'(2/,2)}, 0 < i < n. Following [17, 18], the ¥ -enriched
categories for the three-element quantales 7 = (3,®, e, [—, —]) of Example 2.1(5) can be
interpreted as well-known models of concurrency given by sets equipped with two relations
(in the terminology of the (X, ),cy, above, the relation Xy is redundant since 0 is bottom).

The first case, which is determined by e = 1, accounts for the prossets of Gaifman and
Pratt [29]. Explicitly, the objects of a ¥'-category can be seen as events subject to a schedule,
endowed with a preorder < y given by X; (with the interpretation that “z happens no later
than y”) and a binary relation z < y given by Xo (which is intended to mean “x happens
strictly earlier than y”). Then Xy C X7 says that strict precedence implies weak precedence,
while tg‘le multiplication law 1 ® 2 = 2 reflects the prosset-law that x < y < z < w implies
T < w.

The second case, which is determined by e = 2, is due to Gaifman [30]. The relation = <! y
given by X is interpreted as “x precedes y in time” and the relation x <¢ y given by X5 is
interpreted as “x causally precedes y”. Xo C X; captures that causal precedence implies
temporal precedence and the multiplication law 1 ® 2 = 1 reflects that <! y <¢ z <t w
implies x <! w. L]

The idea illustrated in the two examples above can be formalised as a relational presheaf
[63, Chapter 3.4], that is, as a (lax) monoidal functor

X ¥ — Rel
r — X,
which satisfies
Id C X, (2.4)
X X5 C Xrgs (2.5)

Moreover such a functor comes from a ¥ -category iff
XViEI Ty T ﬂ X”
el
that is, the presheaf is continuous. We present this result in some detail, because it is related
to the #-nerves of Definition 3.4 and because it prepares the grounds for Theorem 3.40.

We will follow Chapter 3.4 of [53], specialised to an one-object quantaloid, that is, to a
commutative quantale ¥ = (7, ®,[—, —], €).

Let X7 denote the suspension of ¥. That is, X% is an ordered category on one object
%, with X7 (%, %) = ¥,. The composition in X% is given by ® and the unit e serves as an
identity. Further, let Rel be the 2-category of ordinary relations.

The ordinary category RelPresh of relational presheaves and their morphisms is defined as
follows:

(1) A relational presheaf X : (¥%)°°°® — Rel is a laz 2-functor. That is, if we denote
X = X(x), the inclusions

ldx C X(e), X(r)-X(s) CX(r®s)

4See also [32, Definition I-1.11], where < is called an auxiliary relation.



5:10 ADRIANA BALAN, ALEXANDER KURZ, AND JIRf VELEBIL Vol. 15:1

hold in Rel(X, X), with “” denoting relational composition. Moreover, the inclusion
X(r) C X(s) (2.6)

holds whenever r > s holds in ¥

(2) A relational morphism from X to 2) is a lax natural transformation § from X to 9) that
has maps as components. That is, if we denote X = X(x), Y = Q(*) and write f for f,
then for every r the inclusion

x -,y

ae(ﬁ c %J(r) (2.7)

X—f/—>Y

holds. Above, f, is the graph relation of f: X — Y.

Example 2.6. Every small ¥'-category 2" can be turned into a relational presheaf
() (X27)°° — Rel
as follows:
(1) Let ®(2°)(x) = X,, where we write X, for the set of all objects of 2.5
(2) Put ®(2°)(r) ={(2',z) | r < Z'(2/,x)} for every r. Then the relations
ldx, € ®(27)(e),  B(2)(r) - ®(27)(s) S D(2)(r @)
hold in Rel(X,, X,) precisely because 2 is a ¥ -category.
Observe that the presheaf ®(2") satisfies an additional condition: the equality
(2)(\/ i) = [ 2(2)(r)
icl icl
holds for any family {r; | ¢ € I} of elements of ¥, since
{(@2) | \/ri < 2 0)} = (@' 2) [ s < 2 (2, 2)}
iel iel
It is easy to see that any ¥ -functor f : 2" — % yields a morphism ®(f) : ®(2") — ®(¥)

of relational presheaves. Indeed, denote by f, : Xo — Y, the object-assignment of f. Then
the inclusion

(fo)<> : @(3{)(7’) - (I)(@)(T‘) ’ (fo)o
means the following
if r < 2 (2, 2), then r < #(fa', fx), for all 2/, z in X,
But this holds precisely since f is a ¥ -functor.

Definition 2.7 [53, Definition 3.4.1]. A relational presheaf X is called continuous, if
2\ ) 2 () %(r)
i€l el
holds for any family {r; | ¢ € I'} of elements of #". The full subcategory of RelPresh spanned
by continuous relational presheaves is denoted by RelPresh,..

5 In the introduction, in the special case of preorders, we used the more familiar notation X, instead
of X,, but in the general case of #-categories we now have examples where 0 is an element of ¥ and the
notation X has a meaning given by (2.3).
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Remark 2.8. The inclusion
2(\/ i) S () %(r)
iel icl
holds for any family {r; | i € I} of elements of ¥" and any relational presheaf X, because
(2.6) implies that X(\/,c; i) € X(r;) holds for any 1.
Proposition 2.9 [53, Proposition 3.4.1]. The assignment 2 +— ®(Z") extends to an
ordinary functor ® : (¥-cat), — RelPresh. which is an equivalence of categories.

Proof. Tt is easy to see that the processes 2" — ®(Z2") and H — ®(H) of Example 2.6
extend to a functor ® : (¥-cat), —> RelPresh.. Its pseudoinverse ¥ : RelPresh, — (¥-cat),
sends a continuous relational presheaf X : (X%)°°P — Rel into the following ¥ -category
U(X):
(1) The set of objects of ¥(X) is the set X(x).
(2) For every pair 2/, z in X(*) we put
V() (@, 2) = \/{r| (', 2) € X(r)}.
Then ¥(X) is a #-category for the following reasons:
(a) The inequality
e < \/{r | (z,2) € X(r)} = ¥(X)(z,2)
holds since Id C X(e) holds.
(b) The inequality
W), o) © W) 7) < W) )

holds, since
V(X))@ U(X)(@x) = \[{r]@"2)ex(r}e\/[{s| (@, 2) e X(s)}
= \/ \/ r®s

(2" 2" eX(r) (a/,x)eX(s)
< \/ res
(z",xz)eX(r®s)
= U(X)(2", z)
Above, we have used that X(r) - X(s) C X(r ® s).
That ® and ¥ are essentially inverse to each other is verified as follows:
(1) Suppose a ¥-category 2 is given. Then the ¥-category W®(.Z") has the same set of
objects as 2 . Moreover,
V(2 ) (2 x) = \[{r|r < 2 (2, 2)} = 2 (2, x)

(2) Suppose X : (X7)°°P — Rel is a relational presheaf. Then the presheaf ®W¥(X) has
the value X(x) at x by definition of ¥ and ®.

We need to prove that (z/,x) € X(r) holds iff r < \/{s | (z/,x) € X(s)} holds. The
implication from left to right is trivial. For the converse implication, apply X to the
inequality r < \/{s | (2/,z) € X(s)} and use continuity of X:

x(r) 335(\/{s| o, z) € X(s ) M{x(s) x(s)} 3 (¢, 2)
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This finishes the proof. []

Remark 2.10. The functor ¥ can be extended to an equivalence of #-cat-categories (see
the next section for an introductory exposition on ¥-cat-enriched categories). This means
that every

RelPresh.(%,9))

should have the structure of a ¥ -category. We do it by transferring this structure from
¥-cat, using the equivalence of (#-cat), and RelPresh.. More precisely, write X = ®(2")
and 9 = ®(#) for some unique ¥ -categories 2" and # and put

RelPresh.(%,9) = [Z, #].

2.3. Categories enriched in 7#-cat.

Suppose that ¥ = (%, ®, e, [—, —]) is a commutative quantale and recall that we denoted by
¥-cat, the (ordinary) category of all small #-categories and all ¥'-functors between them.
The category ¥-cat, has a monoidal closed structure: The tensor product is inherited from
¥,. Namely, for ¥ -categories 2", %, put 2" ® # to be the ¥-category having as objects
the corresponding pairs of objects and ¥-homs given by

(2 0Z)(2.y) (z,y) = 2@ 2) 0¥y, y)
The unit for the tensor product is the #-category 1, with one object 0 and corresponding
#-hom given by 1(0,0) = e.
The ¥-functor — ® % : ¥-cat, — ¥-cat, has a right adjoint [#, —|. Explicitly, [#, Z] is
the following ¥ '-category:

(1) Objects of [#, Z] are ¥ -functors from % to 2.
(2) The ¥-“distance” between two ¥ -functors f,g: % — £ is

2, 2)(f,9) = \ 2 (fv. 9v) (2.8)

We will sometimes write #-cat(#%, %) or even 2% instead of [#, Z].

By [41], the symmetric monoidal closed category ¥-cat = (¥-cat,, ®,1,[—, —]) is complete
and cocomplete, with generators consisting of #'-categories of the form 2., r € ¥,. Here,
every 2, has two objects 0 and 1, with ¥-homs

2,(0,0) =2,(1,1) =e, 2,(0,1) =7, 2,(1,0) = L (2.9)
Since #-cat is a symmetric monoidal closed category, we can define #-cat-enriched categories,
¥-cat-functors and ¥-cat-natural transformations.

A (small) ¥-cat-category X consists of a (small) set of objects X, Y, Z, ..., a small
¥ -category X(X,Y) for every pair X, Y of objects, and ¥-functors

ux 11— X(X,X), exyz:X(Y,Z)@X(X,Y) — X(X, Z)
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that represent the identity and composition and satisfy the usual axioms [40]:

ld®cx y,z

X(Z,U) @ X(Y,Z) @ X(X,Y) —24 X(2,U) @ X(X, Z)

CY,Z,U@“J{ lCX,Z,U

X(Y,U) @ X(X,Y) ——" X(X,U)
1o X(X, Y)Y x v, v) o X(X,Y) X(X,Y) ®X(X, X) 22 x(x,7) @1
X(X,Y) X(X,Y)

Objects of X(X,Y") will be denoted by f: X — Y and their ¥ -distance by X(X,Y)(f,g)

in #. The action of cxyz at objects (f, f) in X(Y, Z) @ X(X,Y) is denoted by f’- f, and

for their distances the inequality below (expressing that cx y,z is a #-functor) holds:
(X(Y,2) @ X(X,Y) () (6,9)) < XX 2)(F - o - 0)

Example 2.11.

(1) Start with the simplest quantale, namely ¥ = 2. We have seen in Example 2.3(1)
that preorders are 2-categories, and that monotone maps are 2-functors, hence that
2-cat = Preord. Then 2-cat-categories are categories with ordered homsets, such that
composition is monotone in both arguments. Examples of 2-cat-categories are the
category 2-cat = Preord of preorders itself, the category Set of sets with the discrete
enrichment (see Section 2.4 on the discrete enrichment of Set, discussed for general
V), as well as any ¥-cat-category, by (2.2). In particular, ¥-cat as such can be seen
2-cat-enriched (for more details, we refer to Section 4.2, where this situation, known as
change-of-base, is discussed).

(2) The O-categories of Smyth and Plotkin [58] are special cases of Preord-enriched categories,
in the sense that the hom-sets are not only preorders, but actual partial orders such that
every ascending w-sequence has a 1.u.b. and composition of morphisms is w-continuous.

(3) V-cat itself is a ¥-cat-category (see [40, Section 1.6] and also Example 2.3(2)).

(4) Let ¥ = (]0, 00|, >R, +,0) be the quantale of Example 2.4(1). As explained there, 7#-
categories are generalised metric spaces, and #-functors are non-expanding maps, while
- cat-categories are known as locally metric categories, or metric-enriched categories — an
example of such being the (sub)category of #-cat consisting of complete and bounded-by-
1 metric spaces CMS, with embedding-projection pairs as arrows [5, 68]. CMS provides an
appropriate context for studying reflexive quantitative domain equations [5, 26, 64, 68].
The ¥-cat-category structure of CMS is inherited from ¥-cat itself.

A V-cat-functor F : X — Y is given by:

(1) The assignment X — FX on objects.

(2) For each pair of objects X,Y in X, a #-functor Fxy : X(X,Y) — Y(FX, FY'), whose
action on objects f : X — Y is denoted by Ff : FX — FY. For the distances we
have the inequality

X(X,Y)(f,9) <Y(FX,FY)(Ff,Fg)
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Of course, the diagrams of ¥ -functors below, expressing the preservation of unit and
composition, should commute:

®QF
X(X, X) LY (FX, FX)  X(Y,2) @ X(X,Y) 2225y (PY, F2) 9 Y(FX, FY)
\ / CX’Y’Z\L lCFX,FY,FZ
X(X, Z) Y(FX,FZ)
Fx,z

Given F,G : X — Y, a ¥-cat-natural transformation 7 : F — G is given by a collection of
¥ -functors 7x : 1 — Y(FX,GX), such that the diagram

Ty ®Fx vy

1@ X(X,Y) — 2L Y(FY,GY) ® Y(FX, FY)

CFX,FY,GY

X(X,Y) Y(FX,GY)

%}/

X(X,Y)®1l——Y(GX,GY)® Y(FX,GX)

X, Y ®Tx

R

1%

of ¥-functors commutes. We will abuse the notation and denote by 7x : FX — GX the
image in Y(FX,GX) of the object 0 from 1 under the #-functor 7x : 1 — Y(FX,GX).
The above diagram (when read at the object-assignments of the ambient ¥ -functors) then
translates as the equality

Gf-tx=1v-Ff (2.10)
of objects of the ¥ -category Y(FX,GY), for every object f : X — Y. On hom-objects,
the above diagram says nothing® (recall that ¥, is a poset, hence there are no parallel pairs
of morphisms in %;).

Example 2.12.

(1) We consider again first the case ¥ = 2. A 2-cat-functor, that is, a Preord-functor, is
also known as a locally monotone functor. For example, the usual discrete functor D :
Set —» Preord is a Preord-functor, but the forgetful functor V' : Preord, — Set, is not,
because V' is not locally monotone (the mapping Vy y : Preord(X,Y) — Set(VX,VY)
is not order-preserving).

(2) The hom-contracting functors on CMS, employed in the metric domain equations of [5],
are in fact 7-cat-enriched functors, for 7" = [0, 00| (see Example 2.11(4)).

2.4. On the fully-faithfulness of the discrete functor D : Set — ¥-cat.

This section studies in detail the observation that the discrete functor
D : Set — Y-cat
is fully faithful if and only if # is integral, that is, e = T.7 Indeed, if e < T then
Set(0,0)(Id,ld) =e  and  Y-cat(0,0)(ld,Id) =T

6 This is well-known for Preord-natural transformations: one only needs to verify ordinary naturality.
TAll our examples are integral with the exception of the last two items of Example 2.1.
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where 0 = D) denotes the empty ¥'-category.
This contradicts the fully faithfulness of D, which is defined in ¥#-cat via the existence of an
isomorphism Set(A, B) = ¥-cat(DA, DB) and implies

Set(A, B)(f,g) = #-cat(DA, DB)(D{, Dg).
To make the argument above precise, we need to explain in what sense Set is a #-cat-category
and in what sense D is a #-cat-functor. The remainder of this section formalises the concept

of discreteness within ¥-cat following [24, 40] and may be skipped by a reader who accepts
the argument as sketched above.

Let Set, for now, denote the ordinary category of sets and functions. The ordinary forgetful
functor V' : ¥-cat, — Set, mapping each ¥ -category to its set of objects, has a left
adjoint [40, Section 2.5], known as the free ¥-cat-category functor (or, as we will call it, the
discrete functor)

D : Set — Y-cat,

The functor D maps each set X to the ¥ -category X -1, the coproduct in #-cat of X-copies
of the unit ¥-category 1 (recall that 1 has one object 0, with #-self-distance 1(0,0) = e).
That means that each ¥ -category DX is discrete, as in (2.1). In particular, D} is the empty
¥ -category 0.

By [40, Section 2.5], D is strong monoidal:
DX xY)=2DX®DY, D11
hence it induces a (2-)functor
D, : Set-cat — 7#-cat-cat
between ordinary categories (i.e., Set-enriched) and ¥-cat-enriched categories [24, Section 6].
The functor D, maps an ordinary category € to the #-cat-category with the same set of
objects as €, and #-cat-homs (D.C)(f,g) = D(C(f,g)). In particular, Set itself gets enriched
to a ¥-cat-category D,Set with sets as objects, and for any sets X, Y,
(D,Set)(X,Y) = D(Set(X,Y)) = Set(X,Y) -1
Notice that (D,Set)(D,0) = 1 (as there is only one map () — (), namely the identity)
Then D can be perceived as a ¥-cat-functor
D : D,Set —» ¥-cat

with same action as D on objects (i.e. it maps a set X to the #-category DX = X - 1).
Saying that D is a ¥-cat-functor means that for each sets X,Y, there is a #-functor

Dxy : (D,Set)(X,Y) — ¥-cat(DX, DY)
induced by the monoidal (closed) structure of D, and this collection of ¥ -functors is

compatible with identity and composition. Explicitly, D x,y maps a function f: X — Y to

the ¥ -functor Df : DX — DY, the ¥ -functor structure of Dx y being witnessed by the
inequality
(D*Set)(X7 Y)(fa g) < ”i/-cat(DX, DY)(Df7 Dg)

In particular, there is a ¥ -functor

IADM : (D,Set)(0,0) = 1 — V-cat(D0, DY)
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Observe now that the only ¥-functor D) — D) is the identity Id, and that
Y-cat(D0, DO)(Id,Id) =T
hence ¥-cat(DW), D() is (isomorphic to) the ¥ -category 11 with one object 0 and 11(0,0) =
T. Therefore we have N
D@’@ 1 — 1T

This situation extends to

Dyy : (D.Set)(0,Y) = Set(,Y) -1 =1 —s ¥-cat(D), DY) = ¥-cat(0, DY) = 11 (2.11)
for arbitrary set Y.

In view of the observation above, we may formulate the following result, vital for the
development of the paper:

Proposition 2.13. The ¥-cat-functor D : D,Set —» ¥-cat is Sfully-faithful if and only if
the quantale ¥ is integral.

Proof. It is easy to see that for non-empty X, #-cat(DX, DY) is a discrete ¥'-category,
hence R

Dxy : (DySet)(X,Y) =Set(X,Y) -1 — ¥-cat(DX, DY)
is an isomorphism of #'-categories. The result now follows from (2.11), using that e = T iff
1217 [

Remark 2.14.
(1) Notice that not only D, but actually the whole adjunction D -V lifts to an adjunction

D, AV, : ¥-cat-cat — Set-cat

where V, maps a Y-cat-category to its underlying ordinary category. That means
that ordinary functors, like Set — Set = V. D,Set or Set — ¥-cat, = V,¥-cat, and
ordinary natural transformations between such, automatically get 7-cat enriched to
D,Set — D,Set or D,Set — ¥-cat, and so on.

(2) It will be c important in the sequel that although D acquires an enrichment to the ¥-cat-
functor D its ordinary right adjoint V' does not. Hence D lacks a ¥~ cat-enriched right
adjoint.

Notation. For simplicity, we write in the sequel Set for the ¥-cat-enriched category D,Set
and D : Set — ¥-cat for the ¥-cat-functor D : D,Set — #-cat. When referring to Set or
D as an ordinary category/functor, we will denote them by Set, and D, : Set, — ¥-cat,,
respectively. This agrees with the convention set at the beginning of the paper, because
VD, = Id, as the reader can easily check.
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2.5. On Y-cat-enriched colimits.

The last bit of standard notation from enriched category theory concerns colimits. We recall
it for ¥-cat-categories.

Definition 2.15. A colimit of a ¥-cat-functor F' : A — X, where A is small, weighted
by a Y-cat-functor W : A°? — ¥-cat, consists of an object W x F' of X, together with an
isomorphism in ¥-cat

X(W * F, X) = [A? ¥-cat|(W,X(F—, X))
which is ¥-cat-natural in X.8 []

In case A is the unit 7-cat-category,” we may identify F with an object X of X and W with
a ¥ -category «7. The resulting weighted colimit, usually called the copower (or the tensor)
of &/ with X, shall be denoted then </ X instead of W x F.

To emphasise the importance of weighted colimits, recall that in ordinary category theory,
in particular in algebraic theories, quotienting by a set of equality constraints produces a
coequalizer (an ordinary colimit). Contrary, in the simplest #-cat-enriched setting — that is,
Preord-enriched, quotienting by a set of inequality constraints is an example of a weighted
colimit called coinserter, which cannot be obtained using only ordinary colimits.

Example 2.16. In the case ¥ = 2, for which 2-cat = Preord, a coinserter is a colimit that
has as weight ¢ : A°’? — Preord, where A is

. ﬁ .
and W maps A to the parallel pair

1
257/—1
0

in Preord, with arrow 0 mapping to 0 € 2 and arrow 1 mapping to 1 € 2 (recall that 2 is the
preorder {0 < 1}).

This example is of importance to us because the next section is based on the ¥ '-generalisation
of the observation that every preorder is a coinserter of discrete preorders, which was used
in [8] to show that Set is dense in Pos (and also in Preord).

Example 2.17. Let X be a poset (or a preordered set). Denote by Xo = DV X the discrete
preorder of the elements of X, and by X; the discrete preorder of all comparable pairs,
X, ={(',2) € X | 2/ <2} = DV(X?)!Y Let dy,d; : X1 — Xo be the two projections.
Then the obvious map ¢ : Xg — X, ¢(x) = z, exhibits X as the coinserter

d
Xj—= Xo— 1 X (2.12)
dy
in Preord of the diagram
d
X; —— X, (2.13)
dy

of discrete posets X1, Xo. ]

8 Above, [AP, ¥-cat] is the usual ¥-cat-category of presheaves over A.
9 Having only one object, with corresponding 7 -category-hom 1.
10 X2 — Preord(2, X) is the ordered set of monotone maps 2 —» X.
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To follow the technical developments of the next section, it is worth understanding which
part of Definition 2.15 forces the colimit X in (2.12) to be ordered. If we instantiate
Definition 2.15 with X = Preord and W, F' as in Example 2.16, then it is the monotonicity
of the component 2 — Preord(X7, X) of the natural transformation in

[A°P Preord](W, Preord (F—, X))
that gives cody < codj.

Having introduced weighted colimits, we are now in the position to talk about Kan extensions:

Definition 2.18 (Kan extension). Let J : A — B, H : A — X be Y-cat-functors. A
Y- cat-enriched left Kan extension of H along J, is a ¥-cat-functor LanjyH : B — X, such
that there is a #-cat-natural isomorphism

(LanyH)B = B(J—,B)« H (2.14)
for each B in B.

Remark 2.19.

(1) According to Definition 2.15, Equation (2.14) above simply says that there is an isomor-

phism
X((LanJH)37 X) = [A0p7 ﬂj/'cat](B(J_7 B)v X(H_v X))
in ¥Y-cat, natural in B and X.

(2) For any ¥-cat-functor H' : B — X, there is a bijection between ¥-cat-natural trans-
formations LanyH — H’ and ¥-cat-natural transformations H — H’J, in analogy
to the case of ordinary left Kan extensions. In particular, there is a ¥#-cat-natural
transformation « : H — (LanjH)J, called the unit of the left Kan extension, which
is universal in the sense that for a ¥-cat-functor H' : B — X, any ¥-cat-natural
transformation H — H'J factorises through a. If the codomain X is #-cat itself, the
above bijection can be taken as an alternative definition of the #-cat-enriched left Kan
extension (see the discussion after Theorem 4.43 in [40]).

(3) If J : A — B is fully faithful, then the unit o : H — (LanyH)J of the left Kan
extension is an isomorphism [40, Proposition 4.23].

(4) The ¥-cat-enriched left Kan extension LanjH exists whenever A is small and X is
cocomplete [40, Section 4.1]. But it might exist even when A is not small, as we will see
later in a special case (Theorem 3.8). ]

3. EXTENDING FUNCTORS FROM Set TO ¥-cat

As explained in the introduction, we are interested in left Kan extensions

L DT Lanp H
V-cat o (PT) V-cat V-cat — 2" Y- cat
DT TD DT /
H
Set ———— Set Set
T
where ¥ = (7,,®,e,[—,—]) is again a commutative quantale and D : Set — ¥#-cat is the

discrete functor mapping a set X to the discrete #'-category DX, that is, the ¥ -category
that has X as set of objects, all self-distances e, and all other distances bottom, as in
Section 2.4.
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We call Lanp(DT) in the left-hand diagram the ¥-cat-ification of T

It is now important to note that we are interested in Lanp(DT) and, more generally, in
LanpH, in the 7#-cat-enriched sense and not in the ordinary sense. Given that the ordinary
functor D, has the forgetful functor V : #-cat, — Set, as a right adjoint, the ordinary left
Kan extension of H, along D,, is H,V. We observe that Lanp, H, = H,V is not interesting
from a metric point of view as H,V (") does not depend on the metric of :Z". But, crucially,
D does not have an enriched right adjoint and, as we will see, the ¥-cat-enriched left Kan
extension Lanp H is rather more interesting than Lanp, H, = H,V.

3.1. Preliminaries on extensions and liftings.

Here we will have a closer look at extensions along D : Set — #-cat and liftings along
V : ¥-cat, — Set,. Notice that the ordinary adjunction D, 4V : ¥-cat, —> Set, exhibits
Set, as a full coreflective subcategory of #-cat,.

Definition 3.1. Let T : Set — Set, T : #-cat — ¥#-cat be #-cat-functors.
(1) We say that a #-cat-natural isomorphism

Yecat — L Ycat

S

Set ———— Set
T

of #-cat-functors exhibits T as an extension of T.
If a natural (iso)morphism o : DT — T'D happens to be the unit of a left Kan extension,
that is, if T = Lanp(DT) holds, then we say that « exhibits T as the ¥-cat-ification of
T, and we will denote it by Ty .

(2) We say that a natural isomorphism

To
Y-cat, ————— ¥-cat,

s |y
SetoT}SQto

of ordinary functors exhibits T as a lifting of T.

Examples 3.2.

(1) The identity ¥-cat-functor Id : ¥-cat — ¥-cat is an extension and a lifting of the
identity functor on Set. We will see later that Id : #~cat — ¥-cat is universal among
all extensions of Id : Set — Set, in that it is the #-cat-ification (for an arbitrary
commutative quantale ¥) of the identity functor on Set.

(2) If D : Set — ¥-cat has a left adjoint C' 4 D}! then not only the identity functor Id
on ¥-cat but also the composite DC' is an extension of the identity functor (but not a
lifting!).

1 In case ¥ = 2, the left adjoint C' : Preord — Set takes connected components. For the general situation
see Remark 4.8.
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(3) The convex powerset functor P : Pos — Pos is an extension, in fact the posetification
[8], of P : Set — Set, but is not a lifting. On the other hand, the extension of the
powerset functor to Preord — Preord is also a lifting, as are all ¥-cat-ifications (see ).

(4) Every functor T : Set — Set admits the lifting Tt : ¥-cat — ¥-cat mapping a
¥V -category 2 to the ¥ '-category with set of objects T'X,, where X, is the set of objects
of 12 and T+ 2 (A', A) = T for all objects A’, A. In fact, T is final among all liftings
of T, in in the sense that for any other lifting 7 with 8 : T,V — VT,, there is a
unique 7-cat-natural transformation v : T — Tt such that St = V7, - 3, where 7,
is the ordinary natural transformation associated to ~, and gt : T,V — VT, is the
isomorphism corresponding to 7.

(5) The 7-cat-ification Ty exists for every accessible functor T' : Set — Set for general
reasons. More in detail, if T is A-accessible for a regular cardinal, then T' = Lan, (T'J)),
where J) : Sety — Set is the inclusion of the full subcategory Sety spanned by A-small
sets. Consequently,

T«// = LanDJA (DTJ)\)
exhibits Ty as Lanp(DT) by [40, Theorem 4.47]. In particular, the ¥-cat-ification
(Tx)y exists for every polynomial functor

TeX =[] Set(n, X) e Tn

where X : |Sety| — Set is a A-ary signature. We will give an explicit formula for the
¥-cat-ification (T%x)y later.

3.2. The extension theorem.

Referring to the last item of the examples above, one of the aims of this paper is to show
that 7-cat-ifications exist even if T" is not accessible. This is a consequence of a more general
result, which we are going to prove as Theorem 3.8, namely that the left Kan-extension

Lanp H
Y-cat i ¥Y-cat
o]
H
Set

exists for any H : Set — ¥#-cat.

We will give an explicit construction of these left Kan-extensions, the idea of which is as
follows.

e Every ¥-category 42 can be represented as a certain small colimit of discrete ¥ '-categories.

e Since H is defined on discrete ¥ -categories, H can be extended to 2 by applying H to
the corresponding discrete categories and then computing the colimit.

e Since the colimit is small, the extension of H always exists, even though Set is not a small
subcategory of ¥-cat.

12gee Proposition 3.6.
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Recall from Example 2.16 the definition of a coinserter, and from Example 2.17 how any 2-
category (preorder) appears as the coinserter (2.12) of discrete 2-categories. Before adapting
the notion of coinserter to enrichment over ¥, we first explain why the obvious modification
of the 2-cat-situation leads to a notion that is too strong for our purposes.

Remark 3.3. Given that we want to generalise the construction (2.12) of a preorder as a
coinserter

d,
DV(X)—=DVX 1 X (3.1)
di

it is tempting to ask what it could mean for

) (dr)re Yo

DV(Z” pvey —1 ¥ (3.2)

to be a colimit in #-cat, where we denoted 27 = #-cat(¥, 2. In detail, let A be the free
¥-cat-category built on the ordinary category with two objects {1,0} and with arrows

1L>0

for all » € ¥,. In analogy with Example 2.16, we consider the weight W : A’ — ¥-cat
mapping 0 to 1 and 1 to #I? On arrows, Wé" sends the unique object of 1 to r € %,
1220y

Furthermore, let F': A — ¥-cat be the ¥-cat-functor which maps the arrow 6" : 1 — 0 to
the “evaluation at r” ¥ -functor

DV(Z”)——DVZ
that is, F'9"(f) = f(r). Now spelling out Definition 2.15 of what it would mean for 2" to be
the colimit W % F', we see that for each ¥-category %/,
V-cat(Z, %) = [AP, V-cat|(W, V-cat(F—, %))
an object of the ¥ -category on the right hand side amounts to a map on objects g : 2" — %

satisfying
[s,7] < Z(g(f(5)),9(f(r))) (3-3)
for all #-functors f: ¥ — 2. For 2" to be a colimit, one needs the implication
r< 2 (ax) =r <P (g(a),g(x))
to hold for all » € ¥/, which follows from (3.3), if one can find f : ¥ — 2 such that
f(e) =2’ and f(r) = x. But note that, in the case of ¥ = [0,00] and 2" = {2/, 2} with
0 <r 2 (2/,2) <g 00 no such f exists. Indeed, it would be interesting to define 2" to be

“path-connected”, or ¥ -connected, if for all » < 27 (2/,x) there is a ¥ -functor f: ¥ — 2
such that f(e) =2/, f(r) = z. []

13 Recall from Section 2.3 that 1 is the unit ¥ -category, with only one object 0 and with 1(0,0) = e.
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Intuitively, what goes wrong with trying to set up (3.2) as a colimit is that #-functors
f 7V — Z can be perceived as “paths” and that a general Z  need not be “path-
connected”. While this may be interesting to pursue in the future, the solution of our
problem is to replace (3.2) by

87‘
DX, #; vy —1 ¥ (3.4)
1

where the sets X, were introduced in (2.3) as X, = {(2/,z) | r < Z(2/,z)} and can equally
be described as V2% (see (2.9) and Example 3.25) in total accordance now with (3.1).

Below we give the full details and prove that every 2 is a colimit as in (3.4), from which
the existence of left-Kan extensions along D then follows.

We use the letter “N” in various fonts and notations to indicate the analogy with the nerve
of an ordinary category.

Definition 3.4. A ¥ -coinserter is a colimit that has the weight
N :N°? — ¥~cat,

where N is the free ¥-cat-category built upon the following ordinary category N: the objects
are all r in ¥, together with an extra symbol o, with arrows
o1
r—=o
50
for r ranging over the elements of ¥,. The weight N is the #-cat-functor sending o to 1,
and 7 to 2,. The action of N on arrows is defined as follows: N¢j : 1 — 2, sends 0 to 0,
while N7 : 1 — 2, sends 0 to 1:
N6T
2, =1
N6,
Remark 3.5. As #-cat is complete and cocomplete as a ¥-cat-category itself [40, Sections
3.2, 3.10], ¥ -coinserters do exist in #-cat and can be computed using copowers and conical
colimits, the latter of which, on the level of objects, are computed as in Set, because of the
topologicity of the forgetful functor #-cat, — Set, [37]. But this general recipe is not so
easy to use in practice, and we will provide in Corollary 3.10 and Lemma 3.33 alternatives
for computing the N-weighted colimits of interest to us. L]

We are now going to show that every ¥ -category 2 is a ¥ -coinserter of discrete ¥ -categories
which we would like to think of as components of “its ¥ -nerve”.

Proposition 3.6. Let 2 be a ¥ -category and let Fg- : N — Set be given by
N — Set,
o — X, , the set of objects of X
r— X, ={(2,z) € Xo x Xo | 7 < Z(2',2)}
with Fgdf and Fg 6] the evident projections. Then the colimit
N« (DFy)

of the diagram
(N :N%? — ¥-cat, DF 9 : N — ¥-cat)
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in V-cat is isomorphic to 2.
Proof. The colimit N % (DFy ) exists in ¥-cat, since the #-cat-category N is small.
To ease the notation, we put
2, = DFy (o) 2, = DFy(r)
0y = DFy 4, 0] = DFy 0]
Let us analyse the defining isomorphism
V-cat(N x (DFy ), %) =[NP ¥-cat](N, V-cat(DF 9y —, %))
of ¥ -categories, natural in #". The ¥ -category
[NP, ¥-cat|(N, V-cat(DF gy —, %))
of N-weighted “cocones” for DFy- is described explicitly as follows.
(1) The objects are ¥-cat-natural transformations
T:N — V-cat(DF 9y —,%).
Each such 7 consists of the following ¥ '-functors:
o 7o : No— V-cat(Z,,¥%).
Since No = 1, 7, picks up a #-functor
fo: Zo— Y.
No other restrictions are imposed since 1(0,0) = e.
o 7. : Nr — V-cat(Z,,%).
This ¥ '-functor picks up two ¥ '-functors
fo: % —%
and
fl: % —%.

Since %, is discrete, both fj and f] are defined by their object-assignments only.
There is, however, the constraint below, because Nr = 2,.:

r < /\ @(fg(l‘,am)af{(l'/ax))
r<Z(z',x)

In addition to the above, there are various commutativity conditions since 7 is natural.
Explicitly, for oy : 7 — o, we have the commutative square

No=1—" ¥ cat(2,,%)
Nagl J{“I/—cat(ag,@/)
Ny =2, ———— Vocat( 2, ¥)

that, on the level of objects, is the requirement

fo : 86 = fg
Similarly, for 67 : 7 — o, we obtain
fo - a{ = ff

We conclude that to give 7: N — Y-~cat(DF9 —, %) reduces to a ¥ -functor
fo: Zo — ¥
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(and, recall, this #-functor is given just by the object-assignment z — fox, since 2,
is discrete) such that r < #(fox', fox) holds for every object (2/,z) in £, and every r,
which means precisely that

%(xlax) < @(foxlvfox)
holds.

(2) Given ¥-cat-natural transformations 7 and 7/, then the #-distance between them is
given by

NP, V-cat](N, V-cat(DFy —, %)) (7,7) = \ ¥ (for, fox)

where f, corresponds to 7 and f! corresponds to 7'.

From the above description of the ¥ -category of N-weighted “cocones” for DFy, it follows
that the ¥ -functor

qz : Xo — X (3.5)
that sends each object x to itself is the couniversal such “cocone”. More precisely, the
inequality r < 2 (qo2', g2 ) holds for every (z/,x) in 2, and every 7.

Furthermore, given any ¥ -functor f, : 2, — % with the above properties, there is a
unique ¥-functor fg : 2 — % such that fgqu = f, holds.

The “2-dimensional aspect” of the colimit, that is,

N\ (fiz, f82) = N (for, f5o).

is satisfied because fg and f, coincide on objects. Hence we have proved that 2 is isomorphic
to N x(DFy). []

Remark 3.7.

(1) Assume that the quantale ¥ is integral. Then following the same steps as in the proof
above, one can see that the colimit N % Fpx exists in Set and equals X. Intuitively,
what is happening is that if e = T, the diagram is non-empty everywhere and D is
fully faithful on non-empty domains, so it reflects colimits in general and the colimit
DX = N x DFpx in particular.

(2) The ordinary category N carries information about the elements of ¥, but not about
its order. This may seem peculiar at first sight, but the order is actually captured
within the observation that the identity-on-objects Id,. s : 2, = N(r) — 2, = N(s) is a
¥ -functor iff r < s, and it is the only #-functor such that Id, s o N6 = N§7, ¢ =0, 1.
Hence nothing is gained if additionally N is enhanced with arrows witnessing the order
relation in ¥,, compatible with the existing arrows r = o and with (the transitivity of)
the order relation in %,.

The lemma above allows us to compute left Kan extensions along D : Set — ¥-cat:

Theorem 3.8. FEvery functor H : Set — ¥-cat has a ¥V-cat-enriched left Kan extension
HY : ¥-cat — ¥-cat along D : Set — ¥-cat given by H*2 = N % (HFy).
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Proof. Based on Proposition 3.6, we will prove the following. If we define H*2 as the
colimit N * (H Fy), then the assignment 2+ H*2 can be extended to a ¥-cat-functor
that is a left Kan extension of H along D.

Suppose H : Set — Y-cat is given. We will use the notation employed in the proof of
Proposition 3.6.

(1) We first define a #-cat-functor H* : ¥-cat — ¥-cat.

For every small ¥ -category 2, let F9- be as in Proposition 3.6. Recall that for every
r € Y5, we put Fgp (r) = X,, the set of pairs (2/,z) such that » < 2 (2/,z), and
Fy (o) = X,, the set of objects of 2". Analogously, for a #-functor f : 2" — ¥,
we now denote by f. : X, — Y, and f, : X, — Y, the maps corresponding to
(2/,2) — (f2', fz) and the object assignment of f, respectively. Let also put df, = Fz6}
and df = Fg47.
We define

H'% = N« (HFy), (3.6)
where N is as in Definition 3.4.

Unravelling the definition of the weighted colimit, the 1-dimensional aspect says that to
give a ¥-functor f!: HY*2 — % is the same as to give a ¥-functor f : HX, — ¥
such that
r< N Z(fHd(C), FH(C)) (3.7)
CeHX,
holds for all »!* In particular, there is a “quotient” ¥-functor cy : HX, — HY 2
such that
r< N H'Z(coyHdy(C),co Hdi(C)) (3.8)
CeHX,
holds for all r, with the property that any #-functor HX, — % satisfying (3.7)
uniquely factorizes through cg .

The 2-dimensional aspect of the colimit says that given any f,g: HX, — % satisfy-
ing (3.7), the relation

N Z(B)LaB)= N Z(f(A)4(4) (3.9)
BeHX, AcHY Y
holds.

For a ¥ -functor f: 2" — % we recall that the diagram

X, —= X,

d
L
dy

K’?Yo
0

s
dl
T
0

14 By slight abuse of language, we will use here and subsequently notation like C' € H X, to mean that C'
runs through all objects in the ¥ -category HX, .
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commutes serially. Hence f induces a #-cat-natural transformation Fy : Fg- — Fiy.
Therefore we can define Hf f : H*2" — H'*% as the unique mediating #-functor

Nx(HFy): Nx(HFy) — Nx(HFy)
In particular, we have the commutative diagram below:

HX, sttty

Hf{ J(Hﬁf
HY, 2 Hiw

Also, from the 2-dimensional aspect of the colimit (see Eq. (3.9)), we have that for any
f,9: Z — % the equality below holds:

N H(coHfo(B),cwHgo(B)) = [\ H'Y(H f(A), H'g(A)) (3.10)
BeHX, AcHIZ
It remains to prove that the inequality
V-cat( X, X )(f,g) < V-cat(H* 2", H*Y)(H' f, H'g)

is satisfied. To that end, suppose that r < #-cat(Z", #)(f, g) holds. This is equivalent
to the fact that there is a mapping ¢ : X, — Y, such that the triangles

X, —— Y, X, — Y,
k‘ ldg &‘ Jd{ (3.11)
Y, Y,

commute. In fact, t(z) = (f(x),g(z)). To prove that r < ¥-cat(H' 2", H'#)(H' f, H'g)
holds, we need to prove the inequality

r< N\ HYH'f(A),Hg(A))

AecHY %
This follows from:
r< )\ H'%(cyHdy(C),cy Hd7(C)) by (3.8)
CeHY,
< N H'%(cy HigHH(B), coy Hd Ht(B))
BeHX,
N\ H'Y(coHfo(B),co Hgo(B)) by (3.11)
BeHX,
N\ H%(H'f(A), Hg(A)) by (3.10)
AeH!' Y

Preservation of composition and identity follows easily from the colimit property, hence
we obtain that the correspondence 2~ — H!Z2 can be extended to a ¥-cat-functor
H : ¥-cat — ¥-cat.
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(2) We show now that H* = LanpH holds. As explained in [40, Section 4.3] (see also
Remark 2.19(2)), it is enough to check that for any #-cat-functor K : #-cat — ¥-cat,

there is a one-to-one correspondence between ¥-cat-natural transformations Hf — K
and H — KD.

Due to the definition of HY, there is a ¥-cat-natural transformation « : H — H!D
having as components the ¥-functors ax = cpx. We will prove that « is the unit of a
left Kan extension.

Let 7 : H — K be a ¥-cat-natural transformation. Then the composite
H—5 1D, KD
is a ¥-cat-natural transformation 7° : H — KD.

Conversely, let ¢ : H — KD be a ¥-cat-natural transformation. To give a ¥-cat-
natural transformation of : H¥ — K means to give a family of ¥-functors

o HY Y — X
satisfying the naturality condition (2.10). In turn, each #-functor o* : H*2" — #' X
is uniquely determined by a ¥-functor HX, — K .2 such that (3.7) holds.
For this, we choose the composite ¥ -functor
HX, 2% kDX, ™% K2

where g9 : DX, — 2 is the canonical cocone (3.5) associated to each ¥ -category 2 .
We verify (3.7) for each r € 7;:

T < /\ X (2, x)
(z',x)EX,
= /\ %(dig(xl,x),q’@qu(l'/,l'))
(z',x)€0bD X,
(DX, 2 (g2 dy, qo-dy)
[KDX,, KZ|(K (g2 dy), K(q2dY))
N EZ(KqyKdy(B), Kqy Kdi(B))
BeobK DX,
N K2 (KqrKdyox, (C), Kqz Kdiox,(C))
CeobH X,
= N\ K2 (Kqyox,Hdy(C), Kqyox,Hd;(C))
CeobH X,

IA

IN

In the above, we have used that K is a ¥-cat-functor and the naturality of o.

Hence there is a unique #-functor UE@ : H' 2 — K2 such that 0?%/0% = Kqgox,
holds. Recall that ¢y : HX, — H*2 is the colimiting cocone.

We leave to the reader the verifications that the ¥ '-functors o4 are the components of
a Y-cat-natural transformation ¢! : H! — K, and that the correspondences 7 — 7
and o — of are inverses to each other. ]

Corollary 3.9. D : Set — ¥-cat is dense.
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Proof. Tt follows from Proposition 3.6 and Theorem 3.8 that the identity #-cat — #-cat
is the left Kan extension of D : Set — ¥-cat along D. But this is one of the equivalent
definitions of density in [40, Thm.5.1] ]

To be able to compute these left Kan extensions in concrete examples, we show that from

the proof above one can extract a more explicit construction in terms of “shortest paths”. '°

Corollary 3.10. The left Kan extension H* = LanpH of a ¥-cat-functor H : Set — ¥-cat
is obtained as follows:

(1) For a ¥ -category 2, H*Z is the ¥ -category having the same objects as HX, (that
is, the underlying set of objects of the ¥ -category obtained by applying H to X,, the
set of objects of 2" ). For any objects A" and A of H*Z', their corresponding ¥ -hom
HYZ (A, A) is given by
H* 2 (A, A) = \[{HXo(A), Ag)or@H Xo (A}, A))®. . .@rn@HXo(A),, An)}  (3.12)
where the suprema is computed over all paths

( 67A0)7 ( /17 A1)7 ) (A;w An)
where A" = A}, A= A,, and all (possibly empty) tuples of elements

(ri,...,7n)
such that there are objects C; in HX,, with Hdy (C;) = Ai—1, Hd'(C;) = AL, for all
1= 1,n:
1 Co Ch,
Hd0/1 Ed” Hd0/2 Hd? ce Hdo/” Hd™
VAR VAR VAR
A/ = 6’A0 /1>A1 /27A2 A;-L—17An71 A%,An = A

(2) The couniversal cocone cy : HX, — H* 2 is the identity on objects.
(3) For a ¥ -functor f : 2 — %, H'f acts as Hf, on objects.

Proof. First, notice that the construct H?2 described above satisfies

HXo(A,A) < H' 2 (A, A) (3.13)
for all objects A’, A. In particular, e < H* 2" (A, A) holds. Next, the inequality H*2 (A’ A)®
HY2 (A" A" < HY 2 (A", A) can be established by path concatenation, using that H X, is
a ¥ -category. Hence H? .2 is a ¥ -category.

We will verify that H*.2" as above is indeed N % (HFy). Let co : HX, — H* 2" be the
identity on objects. It is a #-functor by (3.13).

15 16ft Kan extensions can be computed pointwise as colimits, hence using copowers and conical colimits.
Due to the topologicity of ¥-cato over Seto, the latter are obtained (on object-level) as in Setg and endowed
with the corresponding ¥-metric structure. This is why the subsequent formula (3.12) is reminiscent of the
usual construction of quotient metric spaces [59].
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We show now that (3.8) holds. Let r be an arbitrary element of the quantale and fix an
object C' in HX,. Then by employing the path

C
Y
VAR

Hdy(C) Hdy(C)  Hdi(C) Hdy(C)
one can see that
r=ere®e

< HXo(Hdy(C), Hdy(C)) @ r @ HXo(Hdy(C), Hd1(C))

< HL2 (Hdy(C), Hdj (C))
We check the 1-dimensional aspect of the colimit: Let f : HX, — % be a ¥-functor
such that (3.7) holds. Then the object-assignment A — f(A) (uniquely!) extends to
a ¥-functor ff : H'2 — & such that ffcy = f. This is because for each path

(A" = Aj, Ay), (AY, A1), ..., (A, A, = A) and each tuple of elements (r1,...,7,) we have
that

HX,(Ap, Ag) @11 @ HXo(A], A1) ® ... @1, @ HX (A, Ay)

HXo(Ap, HdyH (Ch)) @ 1 @ HXo(HdH(Ch), Hdg? (C2)) @ ... @ rp @ HXo(Hdy (C), Ay)
<

Y (f(Ap), fHAG (Ch)) @ ¥ (fHdy (Ch), fHAT (Ch)) @ # (fHdy (Cr), fHAR (Co)) @ . ..
® Y (fHdy (Cp), fHA" (Cn)) @ Z (fHdy (Cn), f(An))
<

Y (f(A), f(A))
where we used that f is a ¥-functor and (3.7). This proves that
HY 2 (A, A) < Z(fHA), f(A))
holds for all objects A’ A.

Finally, the 2-dimensional aspect of the colimit (3.9) is trivial, because cy is the identity on
objects.

Hence we have proved that H*2 = N % (HFy). The action of H* on #-functors is as
follows: For f: 2 — %, H' f : H*2 — H'% is the unique ¥-functor satisfying

(H*f)eo = cy(Hfo)
Given that both ¢y and ¢y are identity on objects, we see that H'f and H f, coincide on
objects. []

Corollary 3.11. Every T : Set — Set has a V-cat-ification Ty : ¥-cat — ¥-cat.
Proof. Apply Theorem 3.8 to the composite H = DT : Set — ¥-cat. L]
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3.3. When the unit of the left-Kan extension is an isomorphism.

Recall from Proposition 2.13 that the discrete functor D : Set — ¥-cat is fully faithful
(hence left Kan extensions along D are genuine extensions) if and only if the quantale is
integral. In particular, for e < T, there is no guarantee that the unit H — (LanpH)D of
the left-Kan extension of H along D is an isomorphism.

The reason why D is not fully-faithful for non-integral ¥ is that, for a discrete ¥ '-category
Z = DX, the relation X+ as defined in Proposition 3.6 is empty in case e < T, which in
turn forces the self-distances in (Lanp H)D@ to be T whereas self-distances in H() may be
<T.

In this section we shall see necessary and sufficient conditions for Lanp H to coincide with
H on discrete ¥ -categories.

Recall that 1 is the one-element ¥-cat with self-distance e and 1 is the one-element ¥-cat
with self-distance T. We use the same notation to denote the respectice constant functors
1:Set — ¥-cat and 11 : ¥-cat — ¥-cat. The main technical observation is contained in
the following

Example 3.12. The left Kan extension of the functor 1 : Set — ¥#-cat is the functor
1t : V-cat — Y-cat.

Definition 3.13. A constant of a ¥-cat-functor K : ¥-cat — Y-cat is a ¥-cat-natural
transformation 1+ — K. A constant of a ¥-cat-functor H : Set — ¥-cat is a ¥-cat-
natural transformation 1 — H.

Remark 3.14. The constants of a functor ¥-cat — ¥#-cat form a ¥ -category in which all
self-distances are T. — Let 7 : 1+ — K be a constant. Then each 79 : 1+ — K2 is a
¥ -functor, picking an object 74-(0) in K2~ with
hence we obtain the self-distance
[1T7K‘%‘](7—%v77—%) =T
and consequently
[V-cat, V-cat](11,K)(r,7) = \[17, K2 (ror,700) = T

v
Proposition 3.15. The ¥ -category of constants of a functor ¥-cat — ¥-cat is isomorphic
to its value on the empty ¥-cat.

Proof. There is an isomorphism of ¥ '-categories
[V-cat, V-cat|(17, K) = [Set, ¥-cat](1, KD) = [Set, ¥-cat|(Set(d, —), KD) = KD{

where the the first isomorphism is due to Example 3.12 and the last isomorphism is the
Yoneda lemma. []

The remark and the proposition combine to the result that, for any #-cat-functor K :
¥-cat — ¥-cat, the self-distances in K D@ must be T. In particular, we have

Corollary 3.16. Ife < T, then there is no constant functor ¥-cat — ¥-cat with value 1,
or with value DX for any X € Set.
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More generally, what is at stake here is that e is not a retract of T, see the discussion
towards the end of [40, Ch.3.9].

Essentially the same argument as for Proposition 3.15 also proves

Proposition 3.17. The ¥ -category of constants of a functor Set — ¥-cat is isomorphic
to its value on the empty set.

To summarise, for any functor K : ¥-cat — ¥-cat, the constants of K are isomorphic to
the constants of KD, and isomorphic to K D{). In particular, self-distances on elements of
KD{ are T.

Therefore, in order to have H = (Lanp H)D, self-distances in H() must be T. We are now
going to show that this necessary condition is also sufficient.

An analysis of why, in Example 3.12, the left Kan extension of 1 along D is 11 but not 1,
suggests that the reason for the failure of the unit being an isomorphism resides in the fact
that 1 is not a cocone over the ¥ -nerve (N, 1) of 1. This leads to

Definition 3.18. The functor H : Set — ¥-cat preserves ¥ -nerves of sets if the identity
¥ -functor on HX induces a cocone of HX over the diagram (N, HFpx) for each X.
Remark 3.19.
(1) H preserves ¥ -nerves of sets iff Idgyx satisfies (3.7), that is, iff
r< J\ HX(Hd(C),Hdi(C))
CeH(DX)r
for all r € 7.

(2) If H preserves ¥ -nerves of sets, then by the universal property of the colimit there is a
¥ -functor Bx : (LanpH)DX — HX such that the identity of HX factorises as

HX —** , HiDX

N

HX
Since ax is the identity on objects, Sx will again be so. Moreover, because both ax
and Bx are ¥-functors, the inequalities
HX(A',A) < H'DX(A', A) < HX(A', A)

hold for each A’, A. Hence (LanpH)DX (A’; A) = HX(A’, A), that is, the unit of the
left Kan extension ax is an isomorphism (actually the identity).

Theorem 3.20. Let H : Set — V-cat a functor. The following are equivalent.

(1) The unit of the left-Kan extension H — (LanpH)D is an isomorphism.
(2) Self-distances on elements of H() are T.

(3) All self-distances of all constants of H are T.

(4) H preserves ¥ -nerves of sets.

These conditions always hold if ¥V is integral, or, for general V', if H) = ().



5:32 ADRIANA BALAN, ALEXANDER KURZ, AND JIRf VELEBIL Vol. 15:1

Proof. For (1) = (3) and (2) < (3) see the comment after Proposition 3.17. (4) = (1) has
been established in Remark 3.19. For (2) = (4), let X be an arbitrary set and assume that
(2) holds. We will show that the identity of H X satisfies (3.7)

r< N HX(HEC),HE(C))
CEH(DX)r

for each r, hence H preserves ¥ -nerves of sets by Remark 3.19. We start by examining the
the associated binary relations (r-level sets) of the (discrete) ¥'-category DX:

X x X r=_1
(DX)r = Ax ={(z,2) |z e X} L<r<e
0 otherwise

Condition (3.7) is automatically satisfied for r = L.
If L <r <e,then (DX), is the diagonal of X and dj; = df is a bijection. Hence Hd = Hdj,
being an isomorphism of ¥ '-categories, implies that

ree< N\ HAX(CC)= N\ HX(HG(C) HE(C)
CeHAx CeH(DX),

proving that (3.7) holds for L <r <e.
We will now consider the case r £ e. Then (DX), = 00 and dj, = d} is the unique map
') — X. By hypothesis, H() has all self-¥-distances equal to T. Then

r<T= A HOC,C)< N\ HX(H(C),H(C)= N HX(HdyC),Hdi(C))
CeH) CeH) CeH(DX),
which establishes (3.7) and, therefore, that H preserves ¥ -nerves of sets. ]

3.4. Characterisation theorems and density.

There is a well-known connection between left Kan extensions and colimits. For example,
the finitary (that is, filtered colimit preserving) functors Set — Set are precisely those
which are left Kan extensions of their restrictions along the inclusion of finite sets

Set ——— Set
T / (3.14)
Fin

In this section the functors that arise as Lanp H

Y-cat —— Y-cat

DT / (3.15)
Set

are characterised as those functors that preserve ¥ -nerves (3.4). The proof proceeds by
showing that the colimits exhibited in (3.4) and subsequently in Proposition 3.6 constitute
a density presentation of D [40, Section 5.4].

The functors Set — Set that arise as left Kan extensions in diagram (3.14) are precisely
those that have a presentation by finitary operations and equations. Note that the elements
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n € Fin appear as the arities X™ — X of the operations of the presentation. Similarly, we
may speak of the functors that arise as left Kan extensions in diagram (3.15) as functors
that have a presentation in discrete arities, with the presentation given by the usual formula
(LanpH)Z = fS 2 P% ® HS but which is more easily computed by applying H to the
¥ -nerve as in Equation (3.6).

A complication, studied in Proposition 2.13, is that D : Set — ¥#-cat is not fully faithful if
¥ is not integral, that is, if e < T.

Nevertheless we know from Corollary 3.9, even without restricting to integral 7, that the
discrete functor Set — ¥-cat is dense. Here we show that this result also follows for general
reasons that do not depend on the particular presentation of ¥ '-categories as colimits of
¥ -nerves.

Proposition 3.21. The ¥-cat-functor D : Set — ¥-cat is dense.

Proof. Let | denote the unit #-cat-category (which has only one object * and #-cat-hom
I(x,%) = 1). Consider the ¥-cat-functors F' : | — Set, F(x) = 1, where 1 denotes a
one-element set, and G : | — ¥-cat, G(x) = 1. Then the usual coend formula gives
LangG = D, using that | is small and ¥-cat is cocomplete. Now by [40, (5.17)], G is dense,
and by [40, Proposition 5.10], D is also dense, given that F' is fully faithful. ]

The result on density presentations in [40, Chapter 5] requires Kan extensions along fully
faithful functors. We will henceforth demand in the remaining of this Section that the
quantale ¥ is integral, that is, e = T, see Proposition 2.13.

Recall from Proposition 3.6 that every #-category 2 is the colimit N % DFy of the diagram
(N, DFgy) of discrete ¥ -categories.

Theorem 3.22. The ¥-cat-functor D : Set — ¥-cat is dense and the diagrams (N, DF )
form a density presentation of D : Set — ¥-cat.

Proof. We know that D is dense from Proposition 3.21. Using Proposition 3.6, we see that
all ¥ -coinserters N * DF9 exist in #-cat and the category ¥-cat is the closure of Set under
these colimits. By [40, Theorem 5.19], in order to establish the density presentation of D, it
remains to show that the colimits IV * DFgy are preserved by the functors ¥-cat(DS, —) :
¥-cat — Y-cat for all sets S. Abbreviate as earlier #-cat(DS,.2) = 2 P%. Going back
to the notation of the proof of Proposition 3.6, we notice that (DX, )”% = (2'7%), and
(DX,)P% = (2P5),, so that the diagram (DFy )P

(Dd7)Ps
(DX,)PS ———= (DX,)P"
(Ddy)PS
is equally the diagram DFy-ps
(2 PNy —= (2P, .

16Note that although Set is not small, the coend does exist, by [40, Section 4.2].
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This gives us, using Proposition 3.6, that
Y-cat(DS,N * DFy) = 2 P9
=2 Nx*xDFyps
>~ N x (DFy)P%
= N x ¥-cat(DS,DFy)
showing that #-cat(DJS, —) preserves N x DFy . O

We next characterise the #-cat-functors with presentations in discrete arities, that is, the
functors that are left Kan extensions of their restrictions along D : Set — ¥#-cat, as those
functors that preserve colimits of #-nerves.

Theorem 3.23 (Characterisation of ¥-cat-functors with presentations in discrete arities).
For G : V-cat — ¥-cat the following are equivalent:

(1) There ezists a functor H : Set — ¥-cat such that G = LanpH .
(2) G preserves the colimits of all diagrams (N, DFy").

Proof. Since the (N, DFy) form a density presentation (Theorem 3.22), this is the equiva-
lence of items (i) and (iii) of [40, Theorem 5.29]. ]

Y- cat-ifications are similarly characterised but additionally preserve discreteness.

Theorem 3.24 (Characterisation of #-cat-ifications). For G : ¥-cat — ¥-cat the following
are equivalent.

(1) There ezists a functor T : Set — Set such that G = Lanp(DT), that is, G is Ty, the
V-cat-ification of T.

(2) G preserves the colimits of all diagrams (N,DFy), and G preserves discrete ¥ -
categories.

Proof. We use Theorem 3.23 and observe that G mapping discrete ¥ '-categories to discrete
¥ -categories is equivalent to GD factoring as DT for some T. (]

Example 3.25. We will now give an example of a ¥#-cat-functor G : ¥-cat — ¥-cat
which is not a 7-cat-ification, even though it preserves discreteness of ¥ -categories. G is
presented in non-discrete arities as follows: For a ¥ -category 2, put G2 = 2 %, where
the #-category 2, was introduced in (2.9), for r an element of the quantale. Notice that G
is the identity on discrete ¥ -categories, for every L < r < e. Hence, if G was Lanp(DT) for
some T : Set — Set, we could choose T to be the identity and then G would also have to
be the identity, by Theorem 3.22 and [40, Theorem 5.1].

3.5. Extending polynomial and finitary functors.

Let now ¥ be an arbitrary commutative quantale. We show that functors defined by finite
powers and colimits extend from Set to #-cat via their universal properties. In particular,
the 7-cat-ification of a finitary functor is presented by the same operations and equations
as its underlying Set-functor.

Examples 3.26 (The 7-cat-ification of polynomial functors).
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(1) Let T : Set — Set, be a constant functor at a set S. Then T’ acts as follows: For any
¥ -category 2", Ty 2 is the constant ¥-cat-functor to the ¥ '-category with S as set of
objects, with ¥ -distances

[
T“[/c%‘(x/,.l'):{—r 9 r =

1, otherwise

That is, Ty Z = S - 17 is the coproduct in #-cat of S copies of the terminal ¥ -category
1+. Observe that in case ¥ is integral, we obtain Ty 2 = DS for any ¥ -category 2.
(2) Let T : Set — Set be the functor TX = X", for n a natural number. Then T, maps a
¥ -category 2 to its n-th power 2™, where an easy computation shows that
(2l -y 1)s (X0y -y Tne1)) = X (xh,20) A+ N2 (Th_1, Tno1)- (3.16)
(3) If nis an arbitrary cardinal number, the ¥-cat-ification Ty of T : Set — Set, TX = X"
also exists and Ty 2 ((«), (z;)) = \; Z (2}, z;). That is, Ty 2" = 2™
(4) The ¥-cat-ification of a finitary polynomial functor X +— [], X™ e ¥n is the “strongly
polynomial” ¥-cat-functor 2 — [[, Z" ® D¥n, where n ranges through finite sets.
In particular, the ¥-cat-ification of the list functor LX = X* = [[,, X™ maps a ¥-
category 2" to the ¥ '-category having as objects tuples of objects of 2", with non-trivial
¥ -distances only between tuples of same order, given by (3.16).

Our next aim is to show that quotients of polynomial functors can be #-cat-ified by taking
the “same” quotients in ¥-cat.

Remark 3.27. The #-cat-functor D : Set —» ¥#-cat preserves conical colimits. This follows
from the D, being an ordinary left adjoint. However, the #-cat-functor D : Set — ¥-cat
is not a left ¥-cat-adjoint, as its ordinary right adjoint functor V' cannot be extended to a
¥-cat-functor.

Proposition 3.28. The assignment (—)y : [Set,Set] — [¥-cat, ¥-cat], T — Ty of the
¥-cat-ification preserves all colimits preserved by D : Set — ¥-cat. In particular, T — Ty
preserves conical colimits.

Proof. Any natural transformation 7 : T — S induces a #-cat-natural transformation
(t9)2 = N*(DTF9): Nx(DTFy) — Nx(DSFy)
Since any colimit is cocontinuous in its weight and since
N« (DTFy) = (DTFy)*xN

holds [40, Section 3.1], the assignment T +— T preserves all colimits that are preserved by
D : Set — ¥-cat. The last statement follows from Remark 3.27. []

Corollary 3.29. Suppose that the coequalizer
A ¥
Tr—1y —T
p

is the equational presentation of an accessible functor T : Set — Set. Then the V-cat-
ification Ty can be obtained as the coequalizer

Ay
(Tr)r == (Tx)r Ty

in [¥-cat, ¥-cat].
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Remark 3.30 (The 7-cat-ification of finitary functors). Corollary 3.29 allows us to
say that the 7-cat-ification Ty of a finitary functor T presented by operations and equations
is given by imposing the “same” operations and equations in #-cat!” This gives us an
alternative way of computing the ¥-cat-ification of a finitary (or accessible) functor T First,
one presents T' as the quotient of a polynomial functor. Then one extends the polynomial
functor to ¥-cat as in Example 3.26. Finally, one computes the relevant coequalizers to take
a quotient in #-cat (see [69, Proposition 2.11] on coequalizers in #-cat).

Example 3.31. The finite powerset functor is a quotient of the list functor by the familiar
equations stating that sets are invariant under the order and multiplicity of elements. It is
shown in [65] that adding to these equations the requirement that lists are monotone, one
obtains the finite convex powerset functor, which is indeed the posetification of the finite
powerset functor [8].

3.6. Extending functors via relation lifting.

Extending set-functors to various (ordered) categories using the so-called relation lifting
is an established topic of research going back to [12] and [63]. Using the representation of
quantale-enriched categories as relational presheaves of Section 2.2, we will see here that
this idea can also be applied to the extension of Set-functors to #-cat and, moreover, that
Y- cat-ifications of weak-pullback preserving functors are more easily computed in this way.
In particular, (3.18) simplifies (3.12) significantly. As an application, we will compute the
extension of the multiset functor and show that the well-known Pompeiu-Hausdorff metric
arises as a ¥-cat-ification of the powerset functor.

As in [68], “what we do in effect is to reason about metric spaces (or other structures) in a
universe where they are pre-orders, viz. in sheaves over [0, oo] (or other #').” This point of
view is summarised by Theorem 3.40 stating mild conditions under which the #-cat-ification
is obtained by applying the relation lifting to these preorders.

Remark 3.32 (Relation lifting, see for example [12, 63, 28, 35, 44]). Let Rel be the 2-
category of sets with relations ordered by inclusion as arrows and (—), : Set — Rel the
functor mapping a function to its graph. Given a functor 7" : Set — Set the relation lifting
Relr : Rel — Rel extends T to a colax functor

ReIT

Rel ————— Rel

(—)OT T(—)o

Set — Set
and is defined as follows. Let p: Z — X and ¢ : Z — Y two arrows (called a span from
X toY). A span (p,q) represents the relation
G- (po) "' = {(z,y) | thereis z € Z s.t. x = p(z) and ¢(2) = y} (3.17)

where - is composition and ~! is relational inverse. Composition of two relations is represented
by the pullback of their spans. Let R be a relation represented by the span (p,q). Then
Relr(R) is the relation represented by (T'p,Tq). This definition is independent of the choice

17 This explains [4, Remark 6.5(1)].
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of span. In the following we only need to know that Rely is monotone, preserves identities,
and that it preserves function composition iff T' preserves weak pullbacks. []

The following lemma considerably simplifies the formula in Corollary 3.10 for computing the
left-Kan extension Lanp H in case H = DT with T preserving weak pullbacks.

Lemma 3.33. Let T : Set — Set be a weak pullback preserving functor. Then the V-cat-
ification of T is given by

Ty 2 (A, A \/{5| (A', A) € Relp(X,)} (3.18)

Proof. To show “>" assume (A’, A) € Relp(X;). Then there is some C € T(X;) such
that Td§(C') = A’ and T'dj(C) = A. Since this is a (very special) zig-zag of the form of
Corollary 3.10 it follows that Ty 27 (A, A) > s.

Conversely, for “<”, consider a zig-zag
(A", Ag,Cy € DT X,,, A}, As,C1 € DTX,,, ..., A))
as in Corollary 3.10, contributing with
r=7r1&...7ry
to the distance Ty 2" (A’, A). We want to see that
(A", A) € Relp(X,.).

Note that A" = Ap and A, = A1, 0 < i <mn, and A}, = A, so that we are looking at the
7ig-zag

AVAYAYA

DTX DTX DTX
Consequently, (A’, A) is in the relation represented by the zig-zag (3.19), that is, in
Relr(X,,) - Relp(X,,) - ... - Relr(X,.,)

We calculate
Re|T(X7«1) . ReIT(XTQ) et Re|T(X7«n) = Re|T(XT1 . )(T2 Lt Xrn)

g RelT(Xr1®T2®...®Tn)
= ReIT(Xr)

where the first step is due to 7" preserving weak pullbacks and the second step is due to X_
being lax monoidal, see (2.5). []

Example 3.34 (The 7-cat-ification of the multiset functor). The (finitary) multiset
functor M : Set — Set can be presented as M X =[], X"/S,, where S,, denotes the full

n-permutation group [33]. Denote by [xl,/\,xn] the equivalence class (multiset) of the
tuple (z1, ..., x5,) under the action of S,,.

By Lemma 3.33 and Equation (3.17), the #-cat-ification My admits the following description:
it maps a ¥-category 2~ to the ¥-category having as objects multisets of objects of 2
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— formally, (My 2 )o = M X,, and the only possible non-trivial #-distances are between
multisets of same cardinal, namely

—

M//%([:n’l,/_\:c’ ], [xl,/\,xn]) :\/{3 | thereis C € M X, s.t. Mdy(C) = [z,..., 2]

rvn rr'n

and Mdj(C) = [xla/-\y'xn] }
:\/{s | there is o € Sy, s.t. s < 27(}, 25 ()

foralli=1,n}
= \/ \/{s | s < 2 (2}, 25(;)) for alli = 1,n}

o€S, S

= \/ /\%(IB;,JJJ(Z))

€S, &
The reader might notice that for ¥ = ([0, 0], >r +,0), we regain by the above formula
the matching metric on multisets [22] employed in image recognition techniques. Also, it
generalises [20], where the case ¥ = 2 (that is, ¥~cat = Preord) was considered, in the sense
that given a (pre)ordered set (X, <), multisets on X are ordered by

[2h,... 2] < [z1,...,2,] <= thereis 0 € Sy s.t. @] < 24 for alli =1,n

r'n

In fact, [20] corroborated with Lemma 3.33 and (3.17) gives us the recipe to compute the
- cat-ification of any analytic Set-functor}® not just of the multiset functor.

Example 3.35 (The ¥-cat-ification of the powerset). Let P : Set — Set be the powerset
functor. Using Lemma 3.33 and Equation (3.17), the ¥#-cat-ification Py is described as
follows. Let 2" be any small ¥ -category. Then the objects of Py 2" are subsets of the set
of objects of 2, while the ¥-“distances” in Py 2" are computed as follows:

Py 2 (A, A) =\[{s| thereis C in PX, st. Pd5(C) = A’ and Pdj(C) = A}
:\/{s |V’ e A/x e A s < Z(2),2) and Vo € ATa' € Al s < 2 (2, 2)}

Remembering that the join in ¥ denotes the infimum over all distances, we recognise
the familiar Pompeiu-Hausdorff metric as seen in [11, Definition 2.2], now generalised
to categories enriched over an arbitrary commutative quantales ¥. We will discuss the
relationship to the more customary formulation in the following. []

Recall from [25, 51] that a quantale (more generally, a poset) ¥ is called completely
distributive if the function from the poset of downsets of ¥ to ¥, © — \/ D, has a left
adjoint. This left adjoint maps each r € ¥ to the downset {s | s < r} of all elements
totally-below it, where the “totally-below” relation is

s<r <= (VO C ¥ downset suchthatrﬁ\/@é sED)

Examples of completely distributive quantales are ¥ = [0,1] and ¥ = [0, 00]. For such a
quantale, we provide below another characterisation of the 7-cat-ification of the powerset
functor:

18 Analytic functors Set —» Set preserve weak pullbacks [33, Lemma 1.8].
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Proposition 3.36 (The 7#-cat-ification of the powerset, continued). If the quantale ¥ is
completely distributive, then the ¥-cat-ification of the powerset functor can be described as
follows: for a ¥ -category &, Py X is the ¥V -category with objects PXy, and ¥ -homs

Py (A A= N\ V2@ )N\ V 26 2) (3.20)
z'eA’ €A rx€Ax'cA’

We will first need a lemma:

Lemma 3.37. Letr € ¥ and S C ¥. Then r < \/ S if and only if there is some s € S
with r < s.

Proof of Lemma 3.37. The “if” implication is immediate. To see the other implication,
assume that for all s € S, r « s. That is, for each s € S there is a downset ©g with
s <\/D;s and r € D,. But then Uses 9, is again a downset and

Vs<\VJ®Ds butrg| D,

ses ses
which contradicts r < \/ S. ]

We are now ready to prove Proposition 3.36.
Proof of Proposition 3.36. Remember that in Example 3.35, we have obtained that
Py X (A A) :\/{S Vo' e A Je e A.s < Z(2),z) and Ve e AT/ € A s < Z' (2, 2)}
s

Denote for simplicity

S={s| Va¥eATJereAs< Z( z)andVee AJad' e A.s < Z(a,x) }
and notice that S is a downset; also put

r= ( /\ \/ %(x’,a;))/\( /\ \/ %(az’,x))
€A z€A ze€Ax' €A

Thus we want to see that r = \/S . The inequality “>” follows easily with no assumption
on the quantale ¥". For the other inequality, use complete distributivity to see that

TS\/S

{s|s<r}Cs
Let now s < r. Then for each 2’ € A', it follows that s < \/,c4 Z (2, ), thus by the above
lemma we find some x € A with s < 27 (2/, z), which implies s < 2" (z/,x). Similarly, for all
x € A there is 2’ € A’ with s < 2°(2/, z). Consequently, s € S and the proof is finished. []

is equivalent with

Remark 3.38. (1) Let us switch notation to the dual order (that is, the natural “less-or-
equal” order in case of the reals). So we write inf for \/ and sup for A, in order to
emphasise the interpretation of #-cat’s as metric spaces. Then formula (3.20) becomes

sup{ sup inf 2°(2',z), sup inf 2°(2,2)} (3.21)

z'eAl x€A €A /€A’
As mentioned earlier, this metric given by Equation (3.21) above, is known as the
Pompeiu-Hausdorff metric ([34, § 28], [50, § 21], [46, § 21.VII]). We should mention also
the connection with the work of [3]. Finally, observe that in case ¥ = 2 (so ¥-cat =
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Preord), the above specialises to the locally monotone functor P, : Preord — Preord
which sends a preorder (X, <) to the Egli-Milner preorder

ACA iff VileATJeecAdrd<zandVe'eAIzecA. <z

on the powerset PX.

(2) Notice that the ¥-cat-ification of the powerset functor obtained in Proposition 3.36 for
completely distributive quantale is the (symmetrised version of the) free cocompletion
monad with respect to (the saturated class of) conical colimits in #-cat [61].

Example 3.35 raises the question whether the relations (7% 2"), can be computed simply by
applying the relation lifting Relr to the X,. The next example shows that we need to be
careful with this.

Example 3.39. Let 2" be the metric space of real numbers considered as a generalised
metric space over ¥ = [0,00]. Let A’ be the subset of irrational reals and A the subset
of rational reals. Then Py .2 (A’; A) = 0 but (A, A) ¢ Relp(Xp). Indeed, Relp(Xy) is the
diagonal, since X is the diagonal.

In terms of Section 2.2, the example above shows that the relational presheaf
(X7)°°P — Rel
r  — Relp(X;)

is not continuous as we have (A’; A) € Relp(X.),e >r 0, but (4’, A) ¢ Relp(Xp). We

can repair this defect by closing the presheaf as follows. Given a relational presheaf

F : (¥7)°°° — Rel, and assuming that ¥ is completely distributive, define its closure as
CF : (X¥)°°P — Rel

rooe (F(s) | s <}

It is immediate from the respective definitions that CF is a continuous relational presheaf,
assuming the tensor laxly preserves the totally-below relation, in the sense that r < s and
' < ¢ imply s® s’ < r®@7r’. Also, that C(CF) = CF. That is, C acts like a closure operator
on relational presheaves. This construct extends to a functor € : RelPresh — RelPresh,.

The idea that the ¥-cat-ification of a weak pullback preserving Set-functor 7" can be computed
on a ¥-category £ by applying the relation lifting of T to the “uniformity” (X,),cy of
Z can now be formalised as in next result. It is a consequence of Proposition 2.9 and of
Lemma 3.33.

Theorem 3.40. Suppose ¥ is a completely distributive quantale, such that the tensor laxly
preserves the totally-below relation. Let T : Set — Set be a functor which preserves weak
pullbacks. Then post-composition with Relp : Rel — Rel yields a functor

Relr o (=) : RelPresh, — RelPresh
such that the diagram

Relro(—
RelPresh, —="°) | RelPresh — ¢ RelPresh,

d o I

Set Set
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commutes. Moreover, the composite in the upper row is the ¥-cat-ification of T.

Proof. Let 2" be a ¥-category and let ®(Z") be its continuous relational presheaf. We
compute

(A, A) € (Ty Z ) <= 1< \[{s] (A, A) € Relp(X,)}

— Vs.s<r = (A, A) € Relp(Xy)
= (A, 4) €[ {Relp(X,) | s < 1}
< (A, A) € C(Relp o ®(2))(r)

where the respective steps are due to the following. (i) Lemma 3.33. (ii) For all downsets ©
in a completely distributive # one has r < \/ D <= Vs(s < r = s € D). (iii) Definition
of (. (iv) Definition of C. ]

3.7. Extending Set-functors equipped with a ¥ -metric.

In Section 4.2, we will see that the behaviour of coalgebras for a ¥-cat-ification is metrically
trivial. But often Set-functors carry a natural metric and thus can be considered to be
functors Set — ¥-cat, which in turn produce ?-cat-endofunctors with non-trivial metric
coalgebraic behaviour.

Example 3.41. (1) Consider ¥ = 2 and let H : Set — Preord be the powerset functor
with the usual inclusion relation on subsets HX = (P(X), C). Then by [7], the extension
H' to #-cat = Preord maps a (pre)ordered set (X, <) to P(X), ordered with the lower
half of the Egli-Milner order on subsets, namely

A<A = Vi'ied JzecA. <z

for all A", A € P(X).

(2) Consider the functor T : Set — Set, TX = X4 x B. Recall that T-coalgebras are
known as deterministic automata with input set A and outputs in B: the transition map
of a coalgebra X — X4 x B sends a state 2 € X to a pair: the associated next-state
function next(z) : A — X that works when receiving an input from A, and an output
out(z) in B.

Assume that the output set B carries the additional structure of a #-category — that, is,
there is a ¥ -category % with underlying set of objects B. This is the case for example
whenever there is a natural order on B, or a metric, which measures how far apart two
outputs might be.

Then the ordinary functor T, can be written as the composite V H,, where H : Set —»
¥-cat is the #~cat-functor HX = DX4 ® 4. Now it is immediate to see that the latter
extends to the functor H¥ on ¥-cat over the “generalised metric space” %, mapping
a ¥-category 2 to the tensor product of ¥-categories H*2 = 24 @ 4, where
XA = V-cat(DA, X).

There are two particular cases of this functor that are worth mentioning from a coalgebraic
point of view:
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(a) We start with the easiest case, when A is a singleton. The coalgebras for the functor
TX = X x B are usually called stream automata; under the assumption that B
carries the structure of a #-category %, we obtain as above H'2" = 2" ® 4 the
stream functor on ¥'-metric spaces.

(b) If we take an arbitrary set of inputs A, but particularise B to {0,1}, then the
transition function of a coalgebra provides binary outputs, deciding if a state is
accepting (response 1) or not — that is, T-coalgebras are deterministic automata.
Enhance now the set of outputs with a ¥-category structure 2, s generalising (2.9)

2,5(0,0) =2,4(1,1) =€, 2,5(0,1) =1, 2, 4(1,0) = 5

where the elements r, s of the quantale satisfy r ® s < ¢, in order to produce the
¥-cat-endofunctor H*2" = 24 ® 2.

The above examples are typical. It happens quite often for endofunctors 1" on Set to carry
an interesting ¥-metric. Then T X is a ¥ '-category rather than a mere set. The following
generalises the notion of an order on a functor [38] from 2 to an arbitrary quantale ¥

Definition 3.42. Let T : Set — Set be a functor. We say that T carries a ¥-metric if
there is a #-cat-functor H : Set — #-cat such that T, coincides with the composite

H,
Set, —— Y-cat, v, Set,, .

Let T and H be as in the above definition. How are T' and H?, the left Kan extension of H
along D as provided by Theorem 3.8, related?

Recall from Theorem 3.8 and Corollary 3.10 that the unit o : H — H®D of the left Kan
extension is the identity on objects, in particular that « is a ¥-cat-natural isomorphism
in case D is fully faithful, that is, if the quantale is integral. Hence T, = VH, = VHgDO

always holds; using now that the counit of the ordinary adjunction D, 4 V is again the
identity on objects, we obtain an ordinary natural transformation

HY
Y-cat, ————— Y-cat,

v| 8 |v

Set, ————— Set,

Proposition 3.43. The natural transformation B is component-wise bijective.

Consequently, H* is a lifting of T' to #-cat as in Definition 3.1(2).
We will exhibit below another possible way of lifting T' to #-cat.

Example 3.44 (The Kantorovich lifting). Let 7' : Set — Set be a functor and let
QO :TY, — ¥, be an arbitrary map (a ¥ -valued predicate lifting), where by slight abuse
we identify the quantale with its underlying set of elements.

Using the #-valued predicate lifting ¢, we can endow T with a ¥ -metric H : Set — ¥-cat
as follows: for each set X, put HX to be the ¥ -category with set of objects T X, and
¥ -distances
(HX)(A',A) = /\ [(VoTh)(A"),(VoTh)(A)] (3.22)
h: X—Y,
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Remark that the #'-category H X is precisely the initial lift of T X with respect to the family
of maps OoTh : TX — ¥, indexed by all h : X — ¥,. In particular, the #-distances
(HX)(A', A) are the greatest such that all maps © o Th are actually ¥'-functors HX — 7.
Foramap f: X — Y, welet Hf act as T'f on objects. It is easy to see that Hf : HX —
HY is a ¥-functor.

The above defines a ¥-cat-functor H : Set — ¥-cat (the #-cat-enrichment being a conse-

quence of Set being free as a ¥Y-cat-category) with VH, = 1T, for every map
Q:TY, — ¥,.

That is, H is a #-metric for T and we may consider the lifting of T" given by the left Kan
extension H*, as discussed above. In order to obtain (possibly) another lifting of T' to ¥-cat,
we make an additional assumption: O is #-monotonel? in the following sense: for every set
X and maps h,k : X — ¥, the inequality

N @), k(@)] < N\ [V o Th)(4), (Vo Tk)(A)] (3.23)

zeX AeTX

holds?® In particular, taking X = @) and h = k the unique map from the empty set, we
see that ¥-monotonicity of O entails that self-distances on objects of H() are T, hence
H'D = H by Theorem 3.20.

Consider the ¥-cat-functor H : V-cat — Y-cat which maps a ¥-category Z to the
¥ -category HZ with set of objects T'X,, and ¥ -homs

HZ (A, A)= N [(©oTho)(A), (Vo The)(A) (3.24)
h: 2 —Y

for every A’, A in TX,, where this time h ranges over ¥ -functors and the notation h, refers
to the object assignment of a #-functor h, as in item (1) of the proof of Theorem 3.8.
As above for H, the #-category H.Z is precisely the initial lift of TX, with respect to
the family of maps © o Thy : TX, — ¥, (indexed by all #-functors h : &~ — 7)), in
particular (3.24) provides the greatest ¥-distances such that for all #-functors h : & — ¥/,
the composite maps ¢ o Th, are also #-functors.
For f : & — % a ¥ -functor, let Hf act as T'f, on objects. Observe that it is the
¥ -monotonicity of Q which ensures that H is indeed a #-cat-functor. It is clear that this
¥-cat-functor H is a lifting for 7. The particular case ¥ = [0, o] provides a generalised
Kantorovich lifting as in [10].

Relations (3.22) and (3.24) ensure that for each #-category 27, the identity on objects is a
¥-functor ¢y : HXo — HZ'. We will now prove that ¢y satisfies (3.7), thus it induces a
¥ -functor vy : HY2 — H2 such that vy ocy = g

19 This generalises the notion of monotone predicate lifting from the two-element quantale to arbitrary ¥,
see [8, Section 7].

20 1y categorical terms, it says that the correspondence ¥-cat(DX, ¥ )—¥-cat(DTX,¥), h+— QoThis a
¥ -functor.
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Let thus r an arbitrary element of the quantale. Then we have

/\ HZ (erHdy(C),exHd(C)) = A HZ (e (A),c90(A))
CeHX, (A’,A)€Relp (X;)
= A N\ [Q0The(A'), V0 The(A)]

(A’ A)ERelp(X,) h: 2 —V

> N\ [QoTdy(w),V o Tdi(w)]
weT Yy
(3.25)
because
(Tho x The)(Relp(X,)) C Relr((ho X ho)(Xr)) C Relr(#7)
In the above, we have used that h : & — ¥ is a ¥-functor and that relation lifting
preserves inclusions, and denoted ¥, = {(s',s) | r < [¢',s]} and df, d] : ¥, — Y5 as for any
¥V -category.
Using now (3.23) for the set 7. and for the maps df, dj, we see that
r <

dh(s',5), di (5] < N\ [©o0Tdy(w),QoTdi(w)]  (3.26)
(s',8)E?r weT Yy
Putting together (3.25) and (3.26) shows that ¢4 satisfies (3.7).

In conclusion, there is a ¥-cat-natural transformation H* — H whose components act as
identity on objects, that is, the ¥ -distances in H*2 are always smaller than in H.2 .

Corroborating the above with the particular example of the Hausdorff metric H on the
(finite) powerset functor 7" = P exhibited in [10], it raises the question under which conditions
H = H holds, very much in the spirit of the Kantorovich duality [67]. Currently this aspect
is still under research and will not be treated in this paper. []

3.8. Closure properties of 7-cat-ifications.

We have seen in Proposition 3.28 that #-cat-ifications are closed under conical colimits.
In this section, we give sufficient conditions for the ¥-cat-ifications to be closed under
composition and finite products.

We will first discuss when 7-cat-ifications are closed under composition: Generalising a
result from [8, Remark 4.8(4)] for the case ¥ = 2, given weak pullback preserving functors
T,T" : Set —» Set, we will see that the ¥-cat-ification of TT” is the composite of the
¥-cat-ifications Ty and T, if the quantale ¥ satisfies the additional assumption of being
completely distributive.

Observe that by the universal property of left Kan extensions, there is a #-cat-natural
transformation (I'T")y — TyT,,, for any functors T, T’ : Set — Set. The component
of this natural transformation at a #-category 2, namely the ¥ -functor (TT")y Z° —
TyTy %, is easily seen to act as identity on objects?! and on #-homs it provides the
inequality

(TT)y X (A", A) <TyTy X (A, A)
for all objects A’, A € TT'X,.

21 Notice that both #-categories (TT")y 2 and Ty T % share the same set of objects, namely 77" X,.
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Proposition 3.45. Assume that the quantale ¥ is completely distributive. Let T,T' :
Set — Set be functors which preserve weak pullbacks. Then the inequality

Ty Ty X (A", A) < (TT')y X (A, A)
holds for all A', A € TT'X,.
Proof. Because T preserves weak pullbacks, Ty T, Z (A, A) = \/{r | (A", A) € Relr (T Z')»)}

by Lemma 3.33. Let r € ¥, such that (A’, A) € Relp((Ty, Z"),). Given that ¥ is completely
distributive, to show that

r < (TT')y 2 (A, A) = \/{s | (4", A) € Relpp/(X)}
is the same as
Vse ¥, sKr — (A/,A) S ReITT/(XS)

because {s | (A, A) € Relpr/(Xs)} is a downset and ¥ is completely distributive. Also

notice that
(Ty 2)r C Relp(X5) (3.27)
holds for all s < r. Indeed, for (B’,B) € (T}, Z"),, we have that

r<Ty2' (B, B)=\/{s| (B.B) € Rel(X.)}

using that T" preserves weak pullbacks and Lemma 3.33. But the relation above is equivalent
to

Vse¥,.s<<r = (B, B) € Rel(Xj)
Hence (T Z'), C Rel}:(X;) holds for all s < r. Therefore we have

(A", A) € Relr((Ty Z7)r) C Relp(Rely(X5)) = Relpy (X5)
for all s < r, where the last equality follows from [16, Section 4.4]. ]
Corollary 3.46. Let ¥ be a completely distributive commutative quantale and T, T" : Set —
Set functors which preserve weak pullbacks. Then
(TT')y =Ty Ty
holds.

Next we show that the ¥-cat-ification process is also closed under finite products, if some
additional conditions are imposed to ¥'.

Proposition 3.47. Let ¥ be an integral commutative quantale such that finite meets
distribute over arbitrary joins in ¥V (the underlying lattice of ¥ is a frame). Then the
V-cat-ification assignment (—)y : [Set,Set] — [#-cat, ¥-cat], T — Ty, preserves finite
products of weak pullback preserving functors.

Proof. The empty product, that is, the constant functor Set — Set at the one-element set
has as #-cat-ification the constant functor at 1. Because e = T holds in ¥ by hypothesis,
the latter is the terminal object in [#-cat, ¥~cat] [15].

Let us look now at binary products of weak-pullback preserving functors T',7" : Set — Set.
We will denote by T'x T” the product in [Set, Set], sending X to TX x T"X and shall extend
this notation to [¥-cat, ¥-cat].



5:46 ADRIANA BALAN, ALEXANDER KURZ, AND JIRf VELEBIL Vol. 15:1

Now observe that for a #'-category 2", the ¥'-categories Ty 2" x Ty, 2" and (T xT")y Z share
the same objects. The universal property of products induces a ¥-functor (T'x T")y 2~ —
Ty 2 x Ty, %, which on the corresponding #-homs says that the inequality

(T x Ty (Z)((A, B), (A, B)) < (Ty x Ty)(Z) (A, B), (A, B))

holds for each objects A’, A of Ty 2" and B', B of T\, 2. The converse inequality is shown
below, using Lemma 3.33 and the frame law:

(Ty x Ty )(2)((A, B'), (A, B)) =

Ty (2 ) (A, A)NTy(2)(B',B) =

\VAt] (4,4 e%waHAVblB’ ) € Rel (X))} =
\/{tAs| (A, A) € Relp(Xy), (B, B) € Relyr (X))} <
\/{t As| (A", A) € Relp(Xins), (B', B) € Relpr(Xins)} <

\/{r | (4, A) € Relp(X,), (B, B) € Relpr(X,)} =
\/{r | (A", B'), (A, B)) € Relpr (X,)} =
(T X T/)“//(‘%)((A/a Bl)? (A’ B))
That is, (T' xT")y = Ty x T}, holds for all functors T, 7" which preserve weak pullbacks. []

4. SOLVING DOMAIN EQUATIONS ACROSS DIFFERENT BASE CATEGORIES

In the previous section, we studied those functors on #-cat that arise as left Kan extensions
of functors on Set, with Theorems 3.24 and 3.23 accounting for the situations depicted on
the left and right below.

Y-cat L Y-cat Y-cat L Y-cat
D] ]D D] /////”
H
Set ——— Set Set

In this section, we study the relationship between solving recursive equations in Set and
in #-cat. In both cases, accounted for by Theorems 4.15 and 4.16, if we have a coalgebra
X — TX or X — VHX, then two states in X are behaviourally equivalent (bisimilar)
iff they are behaviourally equivalent in DX — T DX. Moreover, while in the first case the
behavioural distance of two states is either 0 or oo (the states are behaviourally equivalent
or not), in the second case the enrichment typically gives rise to non-trivial behavioural
distances.

We first review in Section 4.1 what in relation to [60] could be called the “formal theory of
endofunctors”. Relevant references for this section include [23, 60] in case of algebras for
¥ -enriched monads and [35, 48] in case of (co)algebras for (¥ -enriched) endofunctors.

Section 4.2 carries out an analysis of categories of coalgebras for both liftings and extensions,
In case of “change-of-base” for the quantale ¥, extending results of [7, 8]. As corollaries we
get information about final coalgebras of ¥-cat-endofunctors 1" as in the diagrams above.
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4.1. A 2-categorical approach to coalgebras.

In order to relate coalgebras for different type functors on different categories, it will be
convenient to work in a (2-)category where the objects are types (endofunctors) and the
arrows are certain natural transformations that allow to connect types on different base
categories. For the basic notions of 2-categories that we need in this section we refer to [42].

Definition 4.1. Let ¢ be a 2-category. The category Endo(%’) has objects (X,T') given
by 1-cells T : X — X in . An arrow (F,¢) : (X,T) — (X', T") is given by a 1-cell
F:X — X' and a 2-cell p: FT — T'F. A 2-cell 0 : (F,p) — (F',¢) is a 2-cell
o:F — F' such that T'oop = ¢/ 0 0T.

x-—L.x x—L.x x—T.x
Fl N JF F' U/J{F P lF = F’J /@F’J{/UF
x - x x -, x x - x

Notice that there is a canonical inclusion 2-functor Incl : ¥ — Endo(%’) mapping each
object X to the pair (X, Id).

The above definition is set-up precisely for the next proposition, which allows us to say, in
analogy to the formal theory of monads [60], that a general 2-category 4 admits coalgebras
(for endo-1-cells) if the inclusion Incl : € — Endo(%) has a right 2-adjoint*? This result
has been independently mentioned by several authors at different moments of time (see for
example [48] for the 2-categorical story, but also the early [19] which deals with algebras
instead of coalgebras):

Proposition 4.2. Let € be a 2-category with inserters>®> Then the inclusion 2-functor Incl
has a right 2-adjoint Coalg : Endo(%¢) — €, mapping an object (X,T) to the inserter of
Id: X — X and T.

Proof. This follows from the correspondences
(I-cell in ¥) F': Z — Coalg(X,T)
(2-cellin €) ¢ : F — TF (where F : Z — X is a 1-cell in %)
(1-cell in Endo(%)) (F,¢) : (Z,1d) — (X, T)
In the above, the second bijection is the definition of 1-cells in Endo(%’), while the first

bijection is due to the fact that Coalg(X,T') is an inserter of Id and 7' (in that order). More
precisely,

p: F—TF
is an “inserter cone”, and therefore ¢ gives rise to F' (that is, to the factorisation through
the “inserter cone”). ]

Remark 4.3. In case % is the 2-category of ¥-cat-categories, ¥-cat-functors, and 7-cat-
natural transformations, recall from [15, Sect. 6.1] how to compute the inserter between two
V-cat-functors F,G : X — Y:

22 Notice that changing the orientation of the 2-cells in Definition 4.1 would lead to a different 2-category
of endo-1-cells, such that the right 2-adjoint to the inclusion (if exists) produces instead the “category of
algebras” for the endofunctor 7.

23 Inserters are dual to coinserters, see Example 2.16.
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e Ins(F, @) is the #-cat-category having as objects pairs (X, 7), where X is an object of
Xand 7:1 — Y(FX,GX) is a #-functor (which only picks an object, still denoted
7: FX — GX). The ¥-category-hom Ins(F,G)((X,7), (X', 0)) is the equaliser in #-cat
of the parallel pair

oQF x x1
1 XX, X) —5Y(FX',GX") @ Y(FX, FX')

o~ CrX,FX' GX'

X(X, X') Y(FX,GX')

k} /

FX,GX,GX'
X(X,X')® 1~ Y(FX,GX') ® Y(FX,GX)
x,x!®T
Explicitly, the objects of Ins(F,G)((X,7),(X’,0)) are objects h : X — X’ of the ¥~
category X(X, X’) such that o - Fh = Gh - 7, with ¥-distances

Ins(F,G)((X,7),(X",0))(h, k) = X(X, X")(h, k)

for h,k : X — X’ as above. Composition and identity in Ins(F,G)((X, 1), (X', o)) are
induced from the composition in X(X, X").

e There is an obvious ¥-cat-functor J : Ins(F,G) — X mapping (X, 7) to X, and a ¥-cat-
natural transformation ¢ : F'J = GJ with components ¢(x -y : 1 — Y(FJ(X,7), GJ(X,T))
mapping the unique object 0 to 7.

In particular, the above yields the description of the ¥#-cat-category Coalg(T") as Ins(ld, T'),
for any #-cat-functor T' : ¥-cat — ¥-cat. More in detail:
e Objects are T-coalgebras, that is, pairs (27, c) where 2 is a ¥-category and ¢: 2~ —
TZ is a ¥-functor.
e The ¥'-category Coalg(T)((Z,¢),(#,d)) is the equaliser of
V-cat(Z',d)
V-cat(Z, %) ————— V-cat( 2, TY)
V-cat(c, T )oTa o
that is, it has as objects #-functors f : 2~ — % such that do f = T(f) o ¢, with
¥ -distances between two such ¥-functors f,g: 2" — % being given by [2", %](f,g) =
Ne 2 (f(2), g(x)).
e There is a forgetful ¥-cat-functor Coalg(7) — ¥-cat sending a T-coalgebra (27, c) to
the underlying ¥-category Z .

One of the reasons to introduce the formal category Endo(%) is that it allows the following
characterisation of when adjunctions in % can be lifted.

Proposition 4.4. (L, ) 1 (R, ) in the 2-category Endo(€) if and only if L 4 R holds in
€, 1 is iso, and @ is the mate of ™' under the adjunction L - R.

Proof. By standard doctrinal adjunction [39]. ]

Since Coalg is a 2-functor, it preserves adjunction of 1-cells, thus we obtain a well-known
corollary allowing us to lift an adjunction L 4 R between base objects to an adjunction
between “categories of coalgebras”:
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Corollary 4.5. Let € be a 2-category with inserters, and let L 4 R : X' — X an

adjunction in €. For any T : X — X, T : X! — X', such that there is an iso-2-cell

v : RT" — TR, it follows that:

(1) R lifts to R = Coalg(R, 1)) : Coalg(X',T") — Coalg(X,T)

(2) There is an adjunction L 4 R : Coalg(X',T") — Coalg(X,T), where L is the image
under Coalg of the 1-cell in Endo(%) given by L and the mate of the inverse of 1 :
RT' — TR.

We end this section with observations on the existence and the computation of limits and
colimits in #-cat-categories of coalgebras. Again, these results seem to be folklore, but being
unable to find them explicitly in the literature, we provide them below.

Proposition 4.6. The ¥-cat-category Coalg(T), for a ¥-cat-functor T : ¥-cat — ¥-cat,
is cocomplete, and has all (weighted) limits that T preserves.

Proof. Let W : X°° — ¥-cat and F : X — Coalg(T) be ¥-cat-functors, denoting the
weight and the diagram of shape K, a small ¥-cat-category. By the inserter’s universal
property, to give I : X — Coalg(T) is the same as to give a ¥-cat-functor F : X — ¥-cat,
together with a 7-cat-natural transformation £ : I — TF. Then the colimit W x F
becomes a T-coalgebra with structure a: W « F' — T'(W x F') being the ¥ -functor which
corresponds to the identity on W x F' under the composite

V-cat(W « F,W x F) [KOP, #-cat|(W, V-cat(F—, W * F))
[KOP, V-cat|(W, V-cat(TF—,T(W * F)))
[KP, V-cat](W, V-cat(F—, T(W * F)))
V-cat(W « F,T(W % F))

Now, let (Z",¢c: Z — TZ") be an arbitrary T-coalgebra and consider the diagram below:

AN

Coalg(T)((W * F, ), (X, ¢)) > [KOP, ¥-cat](W, Coalg(T)(F—, (2, c)))
Vocat(W « F, ) = [KoP, V- cat](W, ¥-cat(F—, Z))

I I

Vocat(W x B, TX ) ————— [KP, V-cat)(W, V-cat(F -, TZ"))

where the bottom square commutes serially and both columns are equalizers — the left one
by construction of ¥-category-homs in the inserter Coalg(T"), and the right one because
the representable [K°P, #-cat](W, —) preserves limits, in particular equalizers. Consequently,
there is a unique arrow (isomorphism)

Coalg(T) (W * F, ), (2, ¢)) —— [K°P, ¥-cat|(W, Coalg(T)(F—, (2, ¢)))

exhibiting (W * F, «) as the W-weighted colimit of F.

A similar computation that we leave to the reader shows that Coalg(7') has all weighted
limits that T" preserves. []
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4.2. Relating behaviours across different base categories.

We consider “change of base” across different ¥. We therefore now write D” : Set —» #-cat
and V7 : ¥-cat, — Set,, to distinguish the discrete and forgetful functors for different ¥
We drop the superscript (—)’V in case ¥ = 2.

In the previous section, we have shown that every ¥-cat-functor H : Set — ¥-cat has a
left Kan extension along D”, denoted H. Now, each such functor induces an ordinary
set-endofunctor simply by forgetting the #-cat-structure

H, v
Set, —— Y-cat, v, Set,
Moreover, H? is a lifting of V” H, according to Proposition 3.43.

In the special case when H is D”'T, the above composite gives back T (formally, it is T,),
and H! is Ty, the ¥-cat-ification of T

We will see how the corresponding behaviours are related. In particular, we will show at
the end of the section that H? and V’VHO, hence Ty and T, induce the same behavioural
equivalence (bisimilarity), while H # may additionally induce a behavioural pseudometric.

Remark 4.7. For each commutative quantale ¥, the inclusion (quantale morphism)
d:2 — ¥ given by 0 — L, 1 — e, has a right adjoint (as it preserves suprema),
denoted v : # — 2, which maps an element 7 of # to 1 if e < r, and to 0 otherwise?*

This induces as usual the change-of-base adjunction (even a 2-adjunction, see [24])

d d.
— 3 —_—
2. L TV = Preord 1L " 7-cat

\ Vi

Explicitly, the functor d, maps a preordered set X to the ¥ '-category d.X with same set of
objects, and #-homs given by d. X (2/,z) = e if 2/ < z, and L otherwise. Its right adjoint
transforms a ¥-category 2" into the preorder v,.2 with same objects again, and order
o <zxiff e < Z(2,2) holds. Hence d, X is the free ¥ -category on the preorder X, while
v, 2 is the underlying ordinary category (which happens to be a preorder, due to the simple
nature of quantales) of the #'-category 2. L]

Note that d, is both a #-cat-functor and a Preord-functor, while its right adjoint v, (in fact,
the whole adjunction d, - v) is only Preord-enriched.

Remark 4.8. If ¥ is nontrivial and integral, the embedding d : 2 — ¥ has also a left
adjoint ¢ : ¥ — 2, given by c(r) = 0 iff r = L, otherwise c(r) = 1. Notice that c is only a
colax morphism of quantales, in the sense that c(e) <1 (in fact, here we have equality) and
c(r®s) <c(r)Ac(s), forall r;s in 7.

We will in the sequel assume that c is actually a morphism of quantales. The reader can
check that this boils down to the requirement that r ® s = L in ¥ implies r = | or s = L.
That is, the quantale has no zero-divisors. All our examples satisfy this assumption.

If the quantale has no zero-divisors, d, also has a left adjoint c, mapping a ¥ -category Z~
to the preorder c,.2" with same objects and ' < x in ¢, 2" iff 27 (2/,x) # L. Moreover, the

24 Notice that v is only a lax morphism of quantales, being right adjoint.
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adjunction c, - d, is #-cat-enriched:

C Cx
25 L v S Preord S Y-cat
d d.

From the above remark we obtain the following propositions.

Proposition 4.9. Let ¥ be an arbitrary commutative quantale and let T : Preord — Preord
be a locally monotone functor (that is, Preord-enriched) and T : ¥-cat — ¥-cat be a lifting
off to V-cat (meaning that T is a V-cat-functor such that v, T = Tv. holds). Then the
locally monotone adjunction d, - vy lifts to a locally monotone adjunction d, -1V, between
the associated Preord-categories of coalgebras.

ds
Coalg(T) 3 Coalg(T)

Vi
d*

n C Preord L ¥ -cat Q T

Vi

Proposition 4.10. Assume that ¥ is a non-trivial integral commutative quantale without
zero divisors. Let again T : Preord —» Preord be a locally monotone functor, but this
time consider T : ¥-cat — V-cat be an extension ofT\ to V-cat (meaning that T is a
V-cat-functor, such that Td, = fd* holds). Then the ¥-cat-adjunction c, = d, lifts to a

¥-cat-adjunction ¢, - d, between the associated ¥-cat-categories of coalgebras.

Cx

Coalg(T) Z Coalg(T)

d.
Cx
:FC Preord 1 "I/—catQT

ds

We return now to the discrete functor D” : Set — ¥-cat. It is easy to see that it decomposes

as Set—2sPreord -2 7~ cat. Additionally, recall the following (see also Example 3.2(2)):

(1) There are locally monotone functors D : Set — Preord, C' : Preord — Set, where
D maps a set to its discrete preorder and C maps a preorder to its set of connected
components.

(2) There is a chain C, 4 D, 4V : Preord — Set of ordinary adjunctions where V' is the
underlying-set forgetful functor.

(3) The locally monotone adjunction C' - D is ¥-cat-enriched.

The next two propositions from [7] are similar to the two above, but connect Set with Preord
instead of Preord with 7-cat.

Proposition 4.11. Let T : Set — Set and T : Preord —» Preord an extension of T (a
locally monotone functor such that DT = T D). Then the locally monotone adjunction C' 4 D
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lifts to a locally monotone adjunction C - D between the associated categories of coalgebras:

c
Coalg(T) N N Coalg(f)
D
c
T Q Set 1 Preord D T
D

Consequently, D will preserve limits, in particular, the final coalgebra (if it exists).

Proposition 4.12. LetT : Set — Set and T : Preord —» Preord a lifting of T' (an ordinary
functor such that TV = VT ). Then the ordinary adjunction D, 4V lifts to an ordinary
adjunction D, 4V between the associated categories of coalgebras.

Coalg(T) 3 Coalg(T)

=
D,
T C Set 1 Preord Q i

v

Consequently, V will preserve ordinary limits; in particular, the underlying set of a final
T-coalgebra will be a final T-coalgebra.

Let now T': Set — Set and denote by 7% is 2-cat-ification, that is, its Preord-ification [8].
We plan to see how T» and Ty, the ¥-cat-ification of T, are related. We start by the
following observation:

Proposition 4.13. The embedding d, : Preord — #-cat is dense.

Proof. We have shown in Theorem 3.22 that D7 =d.D is ¥-cat-dense. Using that d, is
fully faithful, it follows from [40, Theorem 5.13] that both D and d,. are ¥-cat-dense and
that d, = Lanp(D”) holds. ]

Remark 4.14. Let T : Set — Set be a set-functor and 15 its Preord-ification as above.
Then the ¥-cat-ification Ty of T' can be computed in two stages, as follows:

Ty =  Lanpy(D”'T)
= Lan, p)(d« DT) = Lang, (Lanp(d.DT)) (by [40, Theorem 4.47],
because d, is fully faithful)
= Lang, (Lanp(d.12D)) (because DT = T» D)

= Lang, (d.1%)

where the last isomorphism holds because Lanp(d.7%>D) = d,T». To verify the latter
isomorphism, notice first that the Preord-enriched left Kan extension Lanp(d. 72 D) is also
the 7-cat-enriched left Kan extension of d,7%D along D, by a change-of-base argument as
in [66, Theorem 1.7.1]. Next, apply [40, Theorem 5.29] to the composite Preord-functor
d 1%, using the density presentation of D exhibited in [8] and the fact that d. is Preord-left
adjoint.
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The remark above says that the #-cat-ification of an endofunctor T' of Set can be obtained
by taking first the Preord-ification 75 : Preord — Preord and then the left Kan extension of
d,T» along d,, as in

T
Vocat — 2 V-cat

J

Preord i> Preord

D] ]D
Set _r Set

Putting things together we now obtain

Theorem 4.15. Let V' be a non-trivial integral commutative quantale without zero divisors,
and T : Set — Set an arbitrary endofunctor, with ¥-cat-ification Ty : V-cat — ¥-cat.
Then the ¥V-cat-adjunctions C 4 D : Set — Preord, c, - d, : Preord — ¥-cat lift to
¥ -cat-adjunctions between the associated ¥-cat-categories of coalgebras:

C Cx
Coalg(T) 1 Coalg (1) A Coalg(Ty)
D d.
N
T Q Set 1 Preord 1 Y-cat Q Ty
D ds

Since the 7-cat-ification Ty of an endofunctor T" on Set is supposed to be “T" in the world
of ¥ '-categories”, the theorem above confirms the expectation that final T’y -coalgebras have
a discrete metric. In fact, we can say that the final T-coalgebra is the final T°y-coalgebra, if
we consider Coalg(7T') as a full (enriched-reflective) subcategory of Coalg(Ty ).

The next theorem deals with a more general situation where the final metric-coalgebra is
the final set-coalgebra with an additional metric. This includes in particular the case where
T is H? for some H : Set —» ¥-cat with V" H, = T,.

Theorem 4.16. Let ¥ be a commutative quantale, T : Set — Set be an arbitrary endofunc-
tor, T : Preord —» Preord a lifting of T to Preord, and T : ¥-cat — ¥-cat be a lifting ofj“\
to ¥-cat. Then the ordinary adjunction D, 4V : Preord — Set and the Preord-adjunction
di = vy @ ¥-cat —> Preord lift to adjunctions between the associated ¥-cat-categories of
coalgebras

Do d.
Coalg(T) 3 Coalg(T) 3 Coalg(T)
v Vs
‘/ DO ‘/ d* Jr
T C Set 1 Preord 1 V-cat Q T

% Vi
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It follows that T and T induce the same notion of behavioural equivalence (bisimilarity).
Nevertheless, the final T-coalgebra can provide additional information about order and
metric of non-bisimilar elements.

Example 4.17. Recall from Example 3.41(2) the functor TX = X4 x B and its lifting
H'Z = 24 ® 2. Assume that the quantale is integral. Then the final Hf-coalgebra is
the power ¥ -category %4 having as objects all functions mapping each finite sequence of
inputs to the last observable output in 4, with ¥ -distances

B (hk) = [\ Z(h(1), k()
le A*
for each pair of behaviour functions h,k : A* — B.

In particular, for the lifting H* of the stream functor from Example 3.41(2a) we obtain
the final Hf-coalgebra as the ¥ -category &N of streams over B. The lifting H* of the
deterministic automata functor from Example 3.41(2b) given by H*2 = 24 ® 2, ; has
now as final coalgebra the “generalised metric space” 2;3; of languages over the alphabet A.

5. CONCLUSION

This paper is part of a larger endeavour extending set-based coalgebra to #-cat-based
coalgebra, see for example [65, 43, 14, 8, 45, 6, 20]. Here, we showed that every functor
H : Set — 7-cat has a left-Kan extension H? : #-cat — ¥-cat, and that the final
Hf-coalgebra is the corresponding final coalgebra over Set equipped with a #-metric.

There are several directions in which to expand our results. For example, it would be
interesting to move from commutative to general quantales and to quantaloids [53, 62].
There is also the question whether one can extend not only functors but also monads in a
uniform way, which could be related to (metric) trace (bi)simulation as in [10].

Coalgebraically, it would be interesting to further develop the topic, barely touched upon
in the last section, of behavioural pseudo-metrics [31, 21, 55, 70], while on the logical side,
we aim to combine this paper with [45, 6] in the pursuit of an equational approach to
quantitative reasoning about coalgebras/transition systems, an objective related to recent
work on quantitative algebraic reasoning [49].
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