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ABSTRACT. Inspired by the seminal work of Hyland, Plotkin, and Power on the combination
of algebraic computational effects via sum and tensor, we develop an analogous theory for
the combination of quantitative algebraic effects.

Quantitative algebraic effects are monadic computational effects on categories of metric
spaces, which, moreover, admit an algebraic presentation in the form of quantitative
equational theories, a logical framework introduced by Mardare, Panangaden, and Plotkin
that generalises equational logic to account for a concept of approximate equality. As
our main result we show that the sum and tensor of two quantitative equational theories,
correspond to the categorical sum (i.e., coproduct) and tensor, respectively, of their effects
qua monads. We further give a theory of quantitative effect transformers based on these two
operations, essentially providing quantitive analogues to the following monad transformers
due to Moggi: exception, resumption, reader, and writer transformers. Finally, as an
application we provide the first quantitative algebraic axiomatizations to the following
coalgebraic structures: Markov processes, labelled Markov processes, Mealy machines, and
Markov decision processes, each endowed with their respective bisimilarity metrics. Apart
from the intrinsic interest in these axiomatizations, it is pleasing they have been obtained
as the composition, via sum and tensor, of simpler quantitative equational theories.

1. INTRODUCTION

The theory of computational effects began with the work of Moggi [34, 35] seeking a unified
category-theoretic account of the semantics of higher-order programming languages. He
modelled computational effects (which he called notions of computation) by means of strong
monads on a base category with cartesian closed structure. With Cenciarelli [11], he later
extended the theory by allowing a compositional treatment of various semantic phenomena

Key words and phrases: Quantitative Equational Theories; Algebraic Effects; Sum and Tensor of algebraic
equational theories.
* Extended and combined version of [3] (LICS’18) and [4] (CALCO’21).

Preprint submitted to © A.Bacci, R. Mardare, P. Panangaden, and G. Plotkin
Logical Methods in Computer Science @ Creative Commons


http://creativecommons.org/about/licenses

2 A. BACCI, R. MARDARE, P. PANANGADEN, AND G. PLOTKIN

such as state, 10, exceptions, resumptions, etc, via the use of monad transformers. This work
was followed up by the program of Plotkin and Power [36, 37] on an axiomatic understanding
of computational effects as arising from operations and equations via the use of Lawvere
theories (see also [22]). In a fundamental contribution [20] together with Hyland they
developed a unified modular theory for algebraic effects that supports their combination by
taking the sum and tensor of their Lawvere theories. This allowed them to recover in a more
pleasing structural algebraic way many of the monad transformers considered by Moggi.

Quantitative equational logic, introduced by Mardare, Panangaden, and Plotkin [30], is
a logical framework generalising the standard concept of equational logic to account for a
concept of approximate equality. The key idea is to introduce equations indexed by rational
numbers

t=¢s

where t,s are terms over a signature of operations. One reads this as “s is within ¢
of t”. The model theory of quantitative equational logic is developed into quantitative
universal algebras, that is, universal algebras with operations interpreted as non-expansive
maps on a metric space. Quantitative equational logic is a logical framework providing
quantitative analogues of the core results of equational logic, such as completeness theorems,
constructions of free algebras, Cauchy completions of models, and Birkoff-like (quasi-)variety
theorems [30, 31, 14]. Moreover and relevantly for the present paper, they are used to provide
an algebraic presentation of quantitative effects as freely-generated monads on categories of
metric spaces. As we will show in Section 4, quantitative theories are expressive enough
to recover many quantitative effects of interest in computer science, such as exceptions,
interactive input/output, read, write, non-determinism, and probabilistic choice.

Following Hyland et al. [20], in this paper we develop the theory for the sum and tensor
of quantitative equational theories.

The sum combines two theories by taking their disjoint union. In this sense, it is the
simplest combination supporting both given effects. In contrast, the tensor additionally
imposes mutual commutation of the operations from each theory. As such it refines the sum
of theories, which is just their unrestricted combination. Sum and tensor of theories arise
in several contexts. For example, in the semantics of programming languages, the monad
transformer for exception and resumption are given by a sum; and the transformer for global
state, reader and writer are given by a tensor [20].

The main contributions of the present paper are:

(1) we prove that the sum and tensor of quantitative equational theories correspond to the
categorical sum (i.e., coproduct) and tensor, respectively, of their induced quantitative
effects as strong monads;

(2) we provide a quantitative presentation to the quantitative exception and interactive input
monads, and obtain quantitative analogues to their corresponding Moggi transformers
at the level of theories using sum;

(3) we give quantitative axiomatisations to the quantitative reader and writer monads, from
which we obtain analogues of their monad transformers at the level of theories using
tensor;

(4) we provide the first axiomatizations of Markov processes, labelled Markov processes,
Mealy machines, and Markov decision processes with rewards, each endowed with their
respective discounted bisimilarity metric.
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For the results in (1) we require the quantitative theories to be axiomatised by a set
of quantitative inferences involving only quantitative equations between variables in the
premises. As in [31], we call this type of theories basic. The monad transformers that we
recovered in (2) and (3) are compelling evidence for the usefulness of our compositional
framework for quantitative effects. Ideally, these transformers could implemented in future
quantitative extension of effectful programming languages, such as, Eff, Koka, or Haskell.

The axiomatisations listed in (4) are major examples for our compositional theory of
quantitative effects. On the one hand, we obtain the discounted bisimilarity metrics for
Markov processes by starting from the theory of interpolative barycentric algebras, (used to
axiomatise probability distributions with the Kantorovich metric) and by applying to it, in
turn, the exception and interactive-input theory transformers, which are two examples of sum
of theories. On the other hand, labelled Markov processes and Markov decision processes
with rewards are obtained by complementing the axiomatization for Markov processes, by
adding the missing computational effects. We model the effect of reacting to an action label
by tensoring with the theory of quantitative reading computations (corresponding to the
reader transformer); while the effect of recording a reward are is modelled by tensoring with
the theory of quantitative writing computations (corresponding to the writer transformer).
We illustrate our approach by decomposing the proposed axiomatisations into their basic
components and showing how to combine them step-by-step to get the desired result. The
axiomatisation of Mealy machines is done similarly and is further evidence for the generality
and simplicity of our compositional approach to quantitative effects.

This article is an extended and combined version of [3] and [4]. Beyond providing all
proofs which could not be published in [3, 4] because of space limitations, we refactorized and
simplied several technical results. The main examples of this refactorization are Sections 4,
5.1, and 5.2. In the latter, the statements of Corollaries 5.10-5.12 could be considerably
simplified by using that fact that quantitative theories induce only monads with (at most)
countable rank, a result due to Ford et al. [14] that we did not know when writing [3].
Moreover, the axiomatisation of Mealy machines (Section 6.5) is new material not present
in the conference version of [4].

Further Related Work. In [20, 19] the sum and tensor of (enriched) Lawvere theories
are characterized as the colimit of certain cocones, and the correspondence with the sum
and tensor of monads is obtained via the equivalence between Lawvere theories and monads.
Since it is not hard to show that (basic) quantitative equational theories can be characterised
as metric-enriched Lawvere theories, one may think to recover the correspondence with the
operations on their monads via the equivalence with Lawvere theories. Alas, quantitative
equational theories and Lawvere theories are not equivalent, as the latter allows generic
operations with metric spaces as arities, while the framework of Mardare et al. [30] admits
only operations with discrete arities. An equivalence with discrete Lawvere theories [21]
(where arities are just countable ordinals) does not hold either, because quantitative equations
implicitly generates morphisms (hence, operations in a Lawvere sense) with non-discrete
arities which cannot be expressed in the framework of discrete Lawvere theories.

The above arguments required us to follow a different path which required us to prove
the two correspondences directly. For the correspondence with the sum of monads we could
follow Kelly [24], which characterises the Eilenberg-Moore algebras of the coproduct of
monads as bialgebras. In contrast, the correspondence with the tensor of monads was more
involved and led us to the introduction of pre-operations of a strong functor, which we use
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to conveniently characterise the commutative bialgebras for the monads (which correspond
to the Eilenberg-Moore algebras for their tensor). Pre-operations of a strong functor F' are
related to Plotkin and Power’s algebraic operations [38, 39] in the sense that their assignment
to F-algebras are the appropriate version of algebraic operations for functors. Moreover,
when considered over a strong monad 1" they correspond to generic effects of type I — Tw
(i.e., Kleisli maps of type I — v, where I is the identity for the monoidal product). The
reason why we consider pre-operations over functors, and not just monads, is to relate the
operations of an algebraic monad with those of its signature. Crucially, this allowed us to
carry out the technical development directly at the level of quantitative equational theories
without passing via a correspondence with metric-enriched Lawvere theories.

Finally, we remark that quantitative equational theories, although not as general as
metric-enriched Lavwere theories, are a natural and simpler form of enriched equational
theory, which is still expressive enough to recover many examples of interest in computer
science (see [30, 3, 33]). In this respect, it is pleasing that also this simpler subclass of
enriched theories are closed under sum and tensor.

Synopsis. We start by recalling some preliminary categorical definitions that will be used
in the rest of the paper (Section 2). In Section 3, we introduce the core definitions and
results of the theory of quantitative algebras. In Section 4, we present several examples of
algebraic quantitative effects and present their axiomatic quantitative equational theories.
In Sections 5 and 6, we develop the theory for the sum and tensor of quantitative equational
theories and show that such combinators correspond to the categorical sum and tensor of
quantitative effects as monads, respectively. In each of these sections we propose several
nontrivial examples of composite of quantitative effects. Finally, we collect some conclusions
and propose possible future work in Section 7.

In the Appendices A and B we collect some technical results regarding the categories of
metric spaces that we use in our development.

2. PRELIMINARIES AND NOTATION

In this paper, we deal with Eilenberg-Moore algebras of strong monads on the category of
extended metric spaces. We assume familiarity with the basic notions of category theory,
such as, functors, natural transformations, and adjunctions (see [27] for reference).

In section, for the only sake of fixing notation, we recall some basic definitions regarding
metric spaces, monads, and monoidal closed categories. As these definitions are standard, a
reader that is familiar with these notions can safely skip this section.

2.1. Categories of Extended Metric Spaces. An extended metric space is a pair (X, d)
consisting of a set X equipped with a distance function d: X x X — [0, 00| satisfying: (i)
d(z,y) =0iff x =y, (ii) d(z,y) = d(y,z) and (iii) d(z, z) < d(z,y) + d(y, z). Note that the
distance function is allowed to have infinite values, and as such, sum between positive real
numbers is extended to [0, c0] by canonically imposing that oo 4+ r = r + 0o = oo, for all
r € [0,00] (hence, co is the top element w.r.t. the extension of the canonical order <).

A sequence (z;) in (X, d) converges to x € X if Ve > 0,3N,Vi > N,d(z;,z) < e. A
sequence (x;) is Cauchy if Ve > 0,dN,Vi,j > N,d(x;,x;) < e. If every Cauchy sequence
converges, the extended metric space (X, d) is said to be complete. If a space is not complete
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it can be completed by a well-known construction called Cauchy completion. We write (X, d)
for the completion of (X, d). When the distance function is clear from the context, we will
refer to (X,d) simply as X and to its completion as X.

Let (X,dx), (Y,dy) be extended metric spaces. A map f: X — Y is c-Lipschitz
continuous, with constant ¢ > 0, if for all z,2’ € X, ¢-dx(x,2") > dy(f(z), f(2')). Iff c =1,
the function is called non-expansive, and if 0 < ¢ < 1 and f maps to itself, it is called a
contraction. Note that Lipschitz continuous functions preserve convergence since they are
continuous in the usual sense.

The categories of metric spaces that we consider are Met, with extended metric spaces
as objects and non-expansive maps as morphism, and its full subcategory CMet with
objects the complete extended metric spaces. These categories are complete and cocomplete,
i.e., have all limits and colimits (see Appendix A for details). Moreover, CMet is a
reflective subcategory of Met, with reflection given by the Cauchy completion functor
C: Met — CMet, mapping a metric space to its completion, being the left adjoint to the
embedding CMet — Met.

2.2. Monads and their Algebras. A monad on a category C is a triple (7,7, i) consisting
of an endofunctor 7': C — C and two natural transformations: a unit n: Id = T and a
multiplication p: TT = T that satisfy the laws

Tx ™, rrx X TrTX s TTX

okt o)

TTX —— TX

respectively called the left/right unit laws and multiplication law for the monad (T, n, u).
When the monad structure is clear from the context we will denote (7,7, 1) simply as 7.
Given an endofunctor H: C — C, the free monad on H is a monad H* on C equipped
with a natural transformation v: H = H* that is initial among all such pairs (S, \: H = S).
A monad map from a monad (T',n, ) on to a monad (H, p,v) on the same category is
a natural transformation o: T'= H that makes the following diagrams commute,

p QN L) e TTX 293 HHX

N al I
HX TX — s HX

If o: T = H is an epimorphism, than H is a quotient of T'. If it is a monomorphism, then T’
is a submonad of T'. If it is an isomorphism, the two monad are isomorphic. In the following,
we consider monads to be the same up to isomorphism.

Let F': C — C an endofunctor. An algebra of F' (or simply, F-algebra) is a pair (A4, a)
consisting of an object A, called carrier, and a morphism a: FA — A in C, called F-algebra
structure. A morphism of F-algebras (or simply, F-homomorphism) from (A4, a) to (B,b) is
an arrow f: A — B in C making the square below commute

FA %5 A

o

FBT>B
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The algebras of a functor F' and their homomorphisms form a category, denoted F-Alg.
The category of F-algebras has an obvious forgetful functor UF : F-Alg — C mapping an
F-algebra (A, a) to its carrier A, hence forgetting the algebra structure. If the forgetful
functor has a left adjoint L¥': C — F-Alg, then the algebra L (A) obtained from an object
A € C, is called free F-algebra for A. The monad UYL arising from the adjunction is the
free monad on F', denoted F*. A monad arising from an adjunction involving free algebras
is said algebraic [5].

An FEilenberg-Moore (EM) algebra for a monad (7,7, ), is a T-algebra (A, a) making
the two diagrams below commute

L T1TA

A—"5TA
e e

A TA

respectively called unit law (left diagram) and multiplication law (right diagram) for the
T-algebra (A, a). The morphisms between EM algebras are the T-homomorphism of their
T-algebras. The resulting category of EM algebras for the monad T is called Eilenberg-Moore
category for the monad T', and it is denoted by EM(T).

The forgetful functor U7 : EM(T) — C has a left adjoint F7: C — EM(T) associating
the free EM algebra (T'X, jux) with the object X € C. By construction, the monad U F”
arising from the adjunction is isomorphic to T'. Moreover, EM(T) has all limits which
exists in C, and they are created by the forgetful functor. The situation for colimits is more
complicated, as colimits may not necessarily exist.

An important result that will be used later on in the paper, relates the holds if If the
free monad H* on a endofunctor H exists and is algebraic, the Eilenberg-Moore category
EM(H*) is isomorphic to the category H-Alg of algebras of H.

2.3. Monoidal Closed Categories and Strong Functors. A category is monoidal when
it comes equipped with a “product” structure. In detail, a monoidal category is a category
V with a monoidal product 0: V x V — V| a unit (or identity) object I € V, and three

natural isomorphisms: (associator) ayvw,z: V O (W O 2) = (VOw)OdZ, (left unitor)
Av: 10V =, V', (right unitor) py: VO I =, V', subject to the coherence conditions
vowoyoz) = vow)oyoz) —— (vow)ovy)oZz
idmoi TaDid (Assoc)

vo(woy)oz) »(VOwaoy)oz

vOIow) o s (VONHOW
(UNIT)
idON pOid
vaw

expressing that the operation O is associative, with left /right identity.

IThe standard symbol for monoidal product is ®, however we prefer to denote it as [] to avoid confusion
with other tensorial operations we will deal with in this paper, specifically, the tensor of monads.
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A monoidal category is symmetric when in addition is equipped with a natural isomor-
phism (braiding) sy,w: VOW — W OV such that the following diagrams commute:

vowoz) —— (vOw)0Z —— zO((VvIOw)

o] Jo

VO(ZOW) —5— (VOZ)OW ———— (ZOV)OW

aqV —=2— - vol vaw wov
vow
A monoidal category is closed, if has an internal hom-functor [—,—]: V.x V — V|

such that for every object V. € V, [V,—]: V — V is right adjoint to (VO —): V — V.
We will denote the counit (or evaluation map) of the adjunction (V O —) 4 [V, —] by
V.V O[V,~] = Id and the unit (or co-evaluatation map) by ev" : Id — [V, V O —].

Examples 2.1. The monoidal closed categories we will consider are Set, Met, and CMet.

(1) Set is a symmetric monoidal closed category with Cartesian product X x Y as monoidal
product and internal hom [X, Y] given by the set of functions from X to Y. Since the
monoidal product coincides with the categorical product, Set is a Cartesian closed.

(2) Met is a symmetric monoidal closed category, with monoidal product (X, dx) O (Y, dy)
being the extended metric space with underlying set X x Y and distance function
dxoy ((z,y)(2',y')) = dx (z,2") + dy (y,y'); the internal hom [(X,dx), (Y, dy)] is given
by the set of non-expansive maps from X to Y with point-wise supremum metric
dix,y)(f,9) = sup,ex dy (f(z),g(x)). Note that [ is not the categorical product in Met,
for which the distance function would have max in place of +, as one can show that
Met is not cartesian closed [28].

(3) CMet has the same symmetric monoidal closed structure of Met, as the monoidal
product [0 defined above preserves Cauchy completeness.

It is common to refer monoidal closed categories simply as closed categories. We will
use this abbreviation hereafter.

A functor F': V. — V is strong with monoidal strength tyw: VOF(W) — F(VOW),
if ¢t is a natural transformation satisfying the following coherence conditions w.r.t. the
associator a and left unitor A of V:

UOV)OFW —“— U0 ((VOFW)
IOFV — F(Irav) lUDt

\ lm : UOFWVOW)
e

F(uov)yow) £ Foowow))

When V is symmetric, the dual strength tyw: F(W)OV — F(W OV) is given by
t = F(s)otos, where sy : VOW — WOV is the braiding of V. A natural transformation
f: F = (G is said strong if F,G are strong functors with strengths ¢, o, respectively, and
oo (idd60) = 0 ot, meaning that 6 interacts well with the strengths.
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A monad (T, n, p) with unit n: Id = T and multiplication p: TT = T, is strong if T is
a strong functor with strength ¢ such that t o (iddn) =n and pott =to (id O p).

Note that strong functors (resp. monads) on a symmetric monoidal closed category V
are equivalent to V-enriched functors (resp. monads) on the self-enriched category V [26].

3. QUANTITATIVE EQUATIONAL THEORIES

Quantitative equations were introduced in [30]. In this framework equalities ¢ =. s are
indexed by a positive rational number, to capture the idea that ¢ is “within €” of s. This
informal notion is formalised in a manner analogous to traditional equational logic. In this
section we review this formalism.

Let X be a signature of function symbols f: n € ¥ of arity n € N. Let X be a countable
set of variables, ranged over by z,y, z,.... We write T(X, X) for the set of ¥-terms freely
generated over X, ranged over by ¢, s, u,.. ..

A substitution of type ¥ is a function o: X — T(3, X), canonically extended to terms as
o(f(t1,...,tn)) = f(o(t1),...,0(tn)); we write S(X) for the set of substitutions of type X.

A quantitative equation of type ¥ over X is an expression of the form ¢t =, s, for
t,s € T(X,X) and € € Q>p. We use V(3, X) to denote the set of quantitative equations of
type X over X, and its subsets will be ranged over by I',©,.... Let £(X2, X) be the set of
conditional quantitative equations on T (X, X), which are expressions of the form

{tl e Sla"'atn —en sn} Ht == S,
for arbitrary s;,t;,s,t € T(X,X) and €;,¢ € Q>p. As in standard equational logic, we
abbreviate 0 -t =, s to -t =, s.

Definition 3.1 (Quantitative Equational Theory). A quantitative equational theory of type
Y over X is a set U C E(X, X) of conditional quantitative equations satisfying the following
conditions, for arbitrary z,y, z, z;,y; € X, terms s,t € T(X, X), rationals €,&’ € Q>¢, and
r,ecvsX),
(Refl) Fz=pz €U,
(Symm) {z =y} Fy=c2€l,
(T”ang) {1‘ e %R =¢ y} Fax=coyel,
(Max) {z =cy} Foz=c,cyel, foralle’ >0,
(f-NEY{zi=cyi|i=1...n}Ff(z1,...,2n)=c f(y1,...,yn) €U, for frnEX,
(Cont) If {z=cy | >} CU, thentz=.yelU,
(Subst) If ' =t =, s €U, then o(I") - o(t) = o(s) e U, for o € S(¥),
(Ass) Ift =, seI',then 'Ft=,s€lU,
(Cut) f{THt=.s|t=5€O}CUandOFt=,scl,thenT'HFt=secl,
where o(I') = {o(t) = o(s) |t =c s € '}
The conditions (Subst), (Cut), (Ass) are the usual deductive rules of equational logic.
The axioms (Refl), (Symm), (Triang) correspond, respectively, to reflexivity, symmetry, and
the triangle inequality; (Max) represents inclusion of neighbourhoods of increasing diameter;

(Cont) is the limiting property of a decreasing chain of neighbourhoods with converging
diameters; and (f-NE) expresses non-expansiveness of f € 3.
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A set A C £(X, X) of conditional quantitative equations aziomatises a quantitative
equational theory U, if U is the smallest quantitative equational theory containing A.
The models of these theories, called quantitative ¥-algebras, are Y-algebras in Met.

Definition 3.2 (Quantitative Algebra). A quantitative ¥ -algebra is a tuple A = (A, £4),
where A is an extended metric space and XA = {fA: A" — A | f: n € ¥} is a set of non-
expansive interpretations (i.e., satisfying max; da(a;, b;) > da(fA(aq, ..., an), fAb1,...,by))).

The morphisms between quantitative Y-algebras are non-expansive Y-homomorphisms.
Quantitative 3-algebras and their morphism form a category, denoted by QA (X).

A = (A,24) satisfies the conditional quantitative equation I' - t =, s in £(%, X),
written I' =4 t =, s, if for any assignment ¢: X — A, the following implication holds

(V' = 8" € T, da(u(t), u(s) < €') = da(e(t), o(s)) < e,

where ¢(t) is the homomorphic interpretation of ¢ in A.

A quantitative algebra A is said to satisfy (or be a model for) the quantitative theory
U,ifT =4t =cs whenever I' -t =, s € U. We write K(3,U) for the collection of models
of a theory U of type 3.

3.1. Free Monads on Quantitative Equational Theories. To every signature X, one
can associate a signature endofunctor (also called ) on Met by:

o= ][] 1a".
finex

It is easy to see that, by couniversality of the coproduct, quantitative Y.-algebras correspond
to Y-algebras for the functor X in Met, and the morphisms between them to non-expansive
homomorphisms of Y-algebras. In the rest of the paper, we will pass between these two
points of view as convenient.

In [30] it is shown that any quantitative theory U of type ¥ induces a monad T; on
Met, called the free monad on U. The result leading to its definition is summarized in the
following theorem.

Theorem 3.3 (Free Algebra [30]). The forgetful functor K(X,U) — Met has a left adjoint.

The left adjoint assigns to any X € Met a free quantitative 3-algebra (T'x, w%) satisfying
the quantitative theory ¢/, from which one canonically obtains the monad (T3, %, '), with
functor 1z, : Met — Met mapping X € Met to the carrier T'x of the free algebra.

Directly from the universal property of the adjunction, we get that for any quantitative
Y-algebra (A,a) € K(3,U) and non-expansive map f: X — A, there exists a unique
homomorphism h: T3y X — A of quantitative ¥-algebras making the diagram below commute

n4 Y
X =5 Ty X > Y1y X

N
A+—2 YA

The map h is called the homomorphic extension of a along 5.
Notice that, homomorphic extensions provide us with a way of defining maps from
Ty X, for generic X € Met. For example, the multiplication p! : Ty Ty, = Ty is defined at
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component X as the homomorphic extension of 1/)% along idpy, x (i.e., the unique map such
that 4 o n¥ = idry, x and p% o zp%ux =¥ o Sul).

Fact 3.4 (The Quantitative Term Monad). In [30], the monad T;; has been characterised in
the form of a “quantitative term monad”. Concretely, T, X is defined as the set of ground
terms constructed over the signature 3 extended with constants from X. This set of terms
can be (pseudo)metrized by the following distance function:

dr,x(t,s) =inf{e | Ft = s is provable from ¢/ and I'x }

where 'y = { F 2 =5 y | dx(z,y) < }. Intuitively, the distance between two terms t, s
is the smallest € such that - ¢ =, s is deducible by using quantitative equations from the
theory U and axioms - x =5 y € I'x between constant terms z,y € X; if i/ t =, s (not
provable) for any € € Qx¢, then the distance is co. The terms ¢, s are considered equal in
Ty X if -t =¢ s can be deduced (hence, terms modulo 0-provability).

The unit and multiplication act as in a standard term monad: the unit 17%’(: X ->TyX
interprets the elements of X as terms; the multiplication ,u%’(: TyuTyX — Ty X takes a term
over terms in 13,1y X and flattens it out into a single term 77, X by term composition. The
key detail is that these maps are non-expansive w.r.t. the distance defined above.

In [3], it is shown that, whenever the quantitative theory U is basic, i.e., it can be
axiomatised by a set of conditional equations of the form

{I‘l =e1 Y1, -, Tn =¢, ?/n}"t:a&

where z;,y; € X (cf. [31]), then the EM algebras for Tj; are in 1-1 correspondence with the
quantitative algebras satisfying U:

Theorem 3.5. For any basic quantitative theory U of type 3, EM (1) = K(X,U).

3.2. Completion of Quantitative Algebras. Sometimes it is convenient to consider the
quantitative Y-algebras whose carrier is a complete extended metric space. This class of
algebras forms a full subcategory of QA (X): the category of complete quantitative algebras,
denoted CQA(X).

Then, it is natural to ask whether the standard Cauchy completion of metric spaces
lifts to a notion of Cauchy completion of quantitative algebras. This is done as follows:

Definition 3.6. (Algebra Completion) The Cauchy completion of a quantitative 3-algebra
A= (A, ZAl, is the quantitative Z-algebra A = (A,24), where A is the Cauchy completion
of A ani YA={fA: A" = A | f: n€ X} is such that for Cauchy sequences (bz)] converging
tobt € A, for 1 <i<n,

FAGY, b = lim fAD), ..., b
J

The above definition extends to a functor C: QA(X) — CQA(X), also called Cauchy
completion functor, mapping a quantitative algebra to its completion. As it is for metric
spaces, also this functor is the left adjoint to the embedding CQA(X) — QA(X).

Let U be a quantitative equational theory. Similarly to before, we consider the full
subcategory of complete quantitative Y-algebras that are models of U, denoted by CK(3,U).
Then, given an algebra A satisfying U/, an interesting question is whether its completion
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A is still a model for all the equations in /. In other words, does the Cauchy completion
functor restricts to C: K(X,U) — CK(3,U)?

The answer is positive, whenever U can be axiomatised by a collection of continuous
schemata of quantitative equations, i.e., sets of quantitative equations of the form

{ri=cyi|li=1ln}t=cs, forale> f(er,...,en),

where f: RY, — R>( is a continuous real-valued function, ¢,¢; € Q>¢, and x;,y; € X. We
call such a theory continuous.

Remark 3.7. Asking a theory to be continuous is necessary. For a counterexample consider
the theory U for a signature having a single unary function symbol g: 1, with axioms

(Al) {x =c y}Fg(z) =cy, wheree <1,
(A2) {r =cy} Fg(x) =0y, wheree>1.

A quantitative algebra that is a model of U is given by open interval [0,1) (with usual
metric) by interpreting g as the identity function. The Cauchy completion of this algebra
has the closed interval [0, 1] as carrier and interprets g again as the identity. However, (A2)
is not satisfied in [0, 1] as this would require ¢g(0) = 1.

When U is a continuous theory, the Cauchy completion functor C: K(X,U) — CK(X,U)
is left adjoint to the functor embedding CK(X,U) into K(3,U).
Moreover, for this class of theories a similar result to Theorem 3.3 also holds.

Theorem 3.8 (Free Complete Algebra [30]). For any continuous quantitative equational
theory U of type X, the forgetful functor CK(X,U) — CMet has a left adjoint.

As a direct consequence of the above and Theorem 3.3, when U is continuous, for any
X € CMet, quantitative X-algebra (A, a) in CK(X,U) and non-expansive map : X — A,
there exists a unique homomorphism h: CT;; — A making the following diagram commute

CnY CyH
x 2% on,x S seryx

X i [

A+—"— 3A

This, in particular, tells us that (CTy X, (sz)”() is the free complete quantitative algebra for
an arbitrary metric space X, implying that CT;, is the free monad on ¢/ in CMet.

Note that, by definition, continuous theories are basic. Thus, by essentially the same
arguments of Theorem 3.5, we have a 1-1 correspondence between the EM algebras for CTy,
and the quantitative algebras satisfying a continuous theory U.

Theorem 3.9. For any continuous quantitative theory U of type ¥, EM(CTy,) = CK(X,U).

4. ALGEBRAIC PRESENTATION OF MONADS OVER METRIC SPACES: EXAMPLES

A presentation of a Set monad T is an algebraic theory (3, E) (i.e., a signature ¥ and a
set E of equations s =t between X-terms) such that the full subcategory of the universal
algebras that satisfy the all equations in F is isomorphic to the Eilenberg-Moore category
EM(T'). If T has a presentation (X, E'), then it is algebraic, because it is isomorphic to the
(term) monad Tg freely generated from the equations in E.
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As in this paper we deal with monads on Met, their presentations will be given in terms
of quantitative algebraic theories (X,U) (i.e., a signature 3 and a quantitative equational
theory U of type ) and, in complete analogy with the above, (X,U) is a presentation
for T, if the category of quantitative algebras that are models of U is isomorphic to the
Eilenberg-Moore category of T (in short, K(X,U) = EM(T)).

In this section, we propose quantitative versions of several Set monads classically used as
computational effects in programming languages, and for each of them provide a quantitative
equational presentation in the sense explained above. The computational effects we consider
are: termination and exceptions (Section 4.1), interactive input (Section 4.2), reading/writing
(Section 4.3), nondeterminism (Section 4.4), and probabilistic choice (Section 4.5).

4.1. Termination and Exceptions. The monadic effect for termination in Set is given by
the termination monad (a.k.a. maybe monad), denoted by (— + 1), that maps a set X to
X + 1, where + denotes the coproduct (hence, disjoint union) and 1 = {x} is the terminal
object in Set. The unit and multiplication are canonically defined from the universal
property of the coproduct:

iny: Id = (= +1) UNIT
lin_yoin_qyy,im]: (= +1)+1) = (= +1) MULTIPLICATION

A slight generalisation is given by the ezception monad, denoted by (— + F), that maps a
set X to X + E, where E is a fixed set of exceptions. Intuitively, an effectful computation
of this type, rather than just terminating, allows one to raise an exception e € F providing
extra information on the causes of the termination. This monad have a very simple algebraic
presentation in terms of a signature

Yp ={raise.: 0| e € E},

having only nullary operation symbols (i.e., constants) raise., for each exception e € E,
with equational theory being the trivial one (it contains only identities ¢ = t between terms
constructed over the signature).

In the quantitative case, the corresponding exception monad on Met is still given by
Id + E, with the only difference being that now FE is an extended metric space with metric
measuring the distance between exceptions. Computationally, this means that one may
measure the difference of the different type of terminations. This interpretation can be
useful, for example, in scenarios where exceptions carry the time-stamps of the moment they
have been thrown. In this way one can compare program implementations by measuring the
frequency of which exception are thrown.

For E an extended metric space of exceptions, we define the quantitative algebraic theory
of exceptions over E/, by taking the same signature as above, namely Y, and adding to the
theory the quantitative equations

I raise., = raise, , for 6 > dg(e1,e2),

for any pair of exceptions e, eo € F and positive rational 4. The role of this axiom is to lift
to the set of terms the underlying metric of E. We denote this quantitative theory by Eg.

It is not difficult to show that for any X € Met, the quantitative X g-algebra (X +E, ¢x)
interpreting raise.: 0 € ¥ as e € X + E for each exception e € F, formally defined by

¢X: EE(X +E) — X+ F d)X(inraisee(*)) =e,
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is isomorphic to the free quantitative algebra in K(X g, Eg). From this we obtain:
Theorem 4.1. The monads Tg,, and (— + E) on Met are isomorphic.

As the quantitative theory &g is basic, by Theorems 3.5 and 4.1, we have that (Xpg, Eg)
is a presentation of the exception monad Id + E on Met (i.e., EM(Id + E) 2 K(Xg, ).

The exception monad (— + E) is well defined also in CMet, the only difference being
that one assumes E to a complete metric space of exceptions. As the theory £g is continuous,
by similar arguments to the above, (X, g) provides us with a presentation of this monad

also on CMet, that is EM((— + E)) = CK(Xg, &g).

Theorem 4.2. The monads CTg, and (—+ E) on CMet are isomorphic.

4.2. Interactive Input. Interactive input on a (nonempty) finite set I = {i1,...,4,} of
symbols, can be expressed by a n-ary operation input(¢y, ..., t,) representing the computation
that proceeds as t; on input ¢;. In Set, the corresponding monadic effect is given in terms
of the free monad on Id/!, with algebraic presentation given by the trivial equational theory
with no axioms on the input operations.

In the quantitative setting, one may wish the input operation to be contractive (i.e.,
c-Lipschitz continuous for some 0 < ¢ < 1) so that repeated input operations eventually
converge to a fixed point on complete metric spaces (c¢f. Banach fixed point theorem). This
can be expressed by means of the following quantitative equations

{r1=cy1,. .., Tn=cyn}Finput(xy,...,z,) =sinput(ys,...,yn), for 0 > ce

expressing that the input operation is contractive (with contractive factor c).

The corresponding quantitative monadic effect on Met (and CMet too) is given by the
free monad on ¢ - Id!l, where ¢ - Id is the rescaling functor, mapping a metric space (X, dx)
to (X, c-dx).

The quantitative algebras for interactive inputs described above is a particular instance
of the algebras of contractive operators from [3], which we recall below.

4.2.1. Algebras of contractive operators. A signature of contractive operators X is a (at most
countable) collection of function symbols f with associated arity n € N and contractive
factor 0 < ¢ < 1. We write this as f: (n,c) € X. The quantitative theory for X, written
O(X), is the smallest theory satisfying, for each f: (n,c) € ¥, the quantitative equations

(f_l-lp) {mlzsyla'"7xn:€yn}|_f($1a---7xn):(5f(yla"'ayn)7 f0T5ZC€-

The axiom (f-Lip) is just asking the interpretation of f to be c¢-Lipschitz continuous.
The quantitative algebras that are models for O(X) are called algebras of the contractive
signature ¥, and we denote their category as K(X, O(X)).
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4.2.2. Monads of contractive operators. For a contractive signature X, we define a modifica-
tion of the signature endofunctor on Met by:

= [ e-1a. (4.1)

f:{n,c)ex

It is not difficult to show that the quantitative ¥-algebras satisfying O(X) are in one-
to-one correspondence with the algebras of %, that is K(X,O(X)) = ¥-Alg. Moreover,
this isomorphism maps carrier identically. In virtue of this we will pass between these two
categories of view as convenient, and say that an algebra of ¥ satisfies o).

Next we show that the free monad Ty (x) is isomorphic to >*, the free monad on X. For
this result, we first need some discussion about sufficient conditions for the existence free
monads on an endofunctor.

Remark 4.3. Given any endofunctor H on a category C, we write (uy.Hy, ap) for the
initial H-algebra, if it exists. If C has binary coproducts, the free H-algebra on X € C
can be identified with (uy.(Hy + X), ag+x), and the one exists if and only if the other
does. These free algebras exist if, for example, C is locally countably presentable and H
has countable rank. In this case the forgetful functor U : H-Alg — C has a left adjoint,
mapping C-objects to their corresponding free H-algebra.

We see from Remark 4.3 that, if C has binary sums, then H* can be identified with
wy.(Hy + —) and the former exists if and only if the other does. We further see that if C
is locally countably presentable and H has countable rank, then H* exists [24]. Moreover,
as H* is algebraic, the Eilenberg-Moore category EM(H*) is isomorphic to the category
H-Alg of algebras of H (see Section 2.2).

Therefore, since Met is locally countably presentable [2] (see also Appendix B) and ¥
has countable rank, the free algebra for ¥ exists and so does the free monad X*.

As EM(Y*) and K(X,O(X)) are isomorphic and O(X) is basic, by freeness of Tos)
(Theorem 3.3) the following holds:

Theorem 4.4. The monads Tos) and * on Met are isomorphic.

The situation is similar in the category CMet of complete extended metrics. As CMet
has coproducts and finite products, and rescaling a metric by a factor 0 < ¢ < 1 preserves
completeness, for any contractive signature X, the endofunctor Y defined as in (4.1) is well
defined in CMet. Moreover, CMet is locally countably presentable [2] and, since ¥ has
countable rank, by Remark 4.3 the free monad ¥* on CMet exists and is algebraic.

Similarly to the previous case, also in this time the Eilenberg-Moore category EM(E*)
is isomorphic to CK(X, O(X)). As O(X) is a continuous quantitative theory, by Theorem 3.9
and repeating the same argument we used before, we obtain:

Theorem 4.5. The monads CTyp sy and $* on CMet are isomorphic.

4.3. Reading/Writing. The monadic effects for reading and writing in Set are respectively
given by the, so called, reader and writer monads. These effects, respectively, allow a
computation to read from a finite list of globally declared variables, and write on an output
tape though to record annotations or just used as standard output. Their formal definitions
are recalled below.
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Given a set E of input values, the reader monad on Set, denoted by (—)¥, maps a
set X to XF, the set all of functions from E to X, and acts on morphism f: X — Y as
fE(g) = fog, forallg € X¥. The unit x: Id = (—)¥ and multiplication ¢: ((—)*)F = (—)¥
are respectively given as follows, for v € X, e € E, and ¢g: E — XF

kx(z)(e) =x UNIT o
Cx(f)(e) = f(e)(e) MULTIPLICATION (42)

Given a set A of output values having monoid structure (A, x,0), the writer monad on
Set, denoted by (A x —), acts on sets X as A x X, where x denotes the product (hence,
Cartesian product), and on morphisms f: X — Y as (A x f)(a,z) = (o), for x € X
and o € A. The unit 7: Id = (A x —) and multiplication ¢: (A x (A x —)) = (A x —) are
respectively given as follows, for x € X and a,a’ € A

7x(z) = (0,2), UNIT

4.3
sx((a, (¢/,7))) = (a*a’,x) MULTIPLICATION (4:3)

In the quantitative case, one wish to define analogous monads on the category Met of
extended metric spaces. However, extra care has to be taken as the well definition of the
above monads crucially exploits the Cartesian closed structure of Set, and we already have
seen that Met is not Cartesian closed (Example 2.1).

Remark 4.6. The reader monad is always well defined in a cartesian closed category C. Fix
an object £ € C. The reader monad (—)¥ has unit and multiplication respectively given by

! &
X = x! X, xF and (XEVE = xExE X0 xB
where !: E — 1 is the unique map to the terminal object and §: F — E x E the diagonal
map d = (id, id). However, this definition does not generalise to arbitrary monoidal closed

categories, and Met is such a counterexample. The specific problem with Met is that
0: F — EUOFE is not well-defined for arbitrary £ € Met, as non-expansivness requires that

dg(e,e’) > dpnp(d(e),d(e)) = dr(e,€') + dr(e,€),
which holds only when E has the discrete metric, i.e., the one that assigns infinite distance

to any pair of distinct elements. From this we see that a quantitative analog of the reader
monad can be obtained if we restrict our attention only to spaces E with discrete metric.

For a set E denote by E the corresponding extended metric space equipped with discrete
metric. The reader monad on Met, denoted by (—)Z, assigns to each X € Met the internal
hom [F, X] of (necessarily non-expansive) maps from E to X with point-wise supremum
metric (cf. Example 2.1(2)) and acts on morphism f: X — Y as f¥(g) = fog, for all
g € [E, X]. The unit and multiplication are defined as in (4.2), where non-expansiveness for
the multiplication’s components at X € Met follows because E has discrete metric.

As for a quantitative analog of the writer monad, we will assume the set of output
values A to be an extended metric space and further require its monoid structure (A, x,0) to
have non-expansive multiplication *: A x A — A. Then, the writer monad on Met, denoted
by (AO —), acts on objects X € Met as (A X), where O denotes the monoidal product
discussed in Example 2.1(2), and on morphisms f: X — Y as (AO f)(a,x) = (a, f(x)),
and « € A. The unit and multiplication are defined as in (4.3), where non-expansiveness for
the multiplication’s components at X € Met crucially depends on the assumption that the
monoidal operation * on A is non-expansive.
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Below we provide quantitative equational representations for these two Met monads.

4.3.1. Reader Algebras. Let E = {ej,...,en} be a finite set of input values of which we
assume a fixed enumeration. The quantitative reader algebras of type E are the algebras for
the signature

Yrp = {r: [E]}

having only one operator r of arity equal to the number of the input values in F, and
satisfying the following quantitative equations

(Idem) 2z =g r(z,...,z),
(Diag) F r(x11, .-y Znm) =0 r(r(@11s- s Z1n)s - H(@nds oy Tnm)) -

We call the quantitative theory induced by the equations above, written Rg (or simply R
when F is clear), quantitative theory of reading computations.

Intuitively, the term r(¢1,...,%,) can be interpreted as the computation that proceeds
as t; after reading the value e; from its input. So r describes the operation of reading from
an input with values in E. The equation (Idem) says that if we ignore the value of the input
the reading of it is not observable; (Diag) says that the resulting computation after reading
the input is the same no matter how many times we read it.

Remark 4.7. For the binary case (|E| = 2) we can think of r as an if-then-else statement
b?(S,T) checking for the value of a fixed global Boolean variable b and proceeding as S
when b = true, and as T otherwise. In this case, (Idem) and (Diag) express the standard
program equivalences

S =b?(S, S) and b2(5,T) = b2 (b7(S, T), b?2(S,T)) .

We should also remark that (Ildem) and (Diag) are purely equational judgements and are
the equations presenting the reader monad (—)¥ on Set. Shortly, we will see that they also
provide a presentation for the reader monad (—)£ on Met. This should not surprise, since
having input symbols equipped with the discrete metric makes the two monad essentially

“equivalent”.

Next we show that the reader monad (—)Z is isomorphic to the free monad Tz on R.

Consequently, as the theory R is basic, by Theorem 3.5, EM((—)£) = K(X%,R). In other
words, (¥, R) is a quantitative equational presentation of the monad (—)£ on Met.

Theorem 4.8. The monads Tr and (—)E in Met are isomorphic.

Proof. We prove this statement by showing that, for each X € Met, XZ has a quantitative
algebraic structure that is free in K(Xx,R) with universal natural arrow xx; and show that
the units and multiplications of the two monads coincide (up-to iso).

For any X € Met, we define the quantitative Yz-algebra (XZ px) as follows, for
arbitrary maps fi,...,fp: E— X

px: SrXE - XE px (ine(fi,..-, fa))(e:) = filei) -

Next we show that it satisfies R. For convenience, let r* = px o in, denote the
interpretation of the operator symbol r: n € ¥ in the algebra (XZ, px). Soundness for
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(r-NE) follows by the fact that px is a well defined map in Met as shown below
dXE(rp(fla s 7fn)? rp(gb s 7gn)) = sup dX(rp(flv s 7fn)(ei)7 rp(glv s ,gn)(ez))

= sgp dx(fi(es), gi(es))

< max ( sup dX(fj(ei)vgj(ei)))
J e, €E

< mjadeE(fjagj)-

Soundness for (Idem) follows by definition of p as, for all ¢; € E

Pf s Ped) = fleid) .
Soundness for (Diag) also follows by definition, as
(i, fin) o P (fnas s fam))(€) = PP(fig, o fin)(€:)
= fii(es:)
= rp(fl,la cee 7fn,n)(€i) .

Now we prove freeness. Let (A,a) € K(X¥g,R) and f: X — A a non-expansive map.
Define h: X£ — A as follows, for arbitrary f: E — X

h(f) = a(in (B(f(e1)), ..., B(f(en)))) -

As it is the composition of non-expansive maps, then also h is non-expansive. Next we prove
that h is the only map making the diagram below commute.

X X, XE X s XE

B Srh
Xv lﬂ

A#ERA

Let r’ = px oin, and r® = a o in, denote the interpretations of r: n € X, respectively, in

the algebras (XZ, px) and (4,a). Let z € X. Then

(horx)(x) = *(Brx (@)(er)),. ... Blrx (x)(en)) (def. h)
= *(B(z),...,B(x)) (def. k)
= f[(x). (Idem)
Let f1,..., fn: £ — X. Then

(ho px)(ine(fr. ., fa)) = r*(B(f1(er))s . B(fulen)) (def.  and p)

= ((BUle)), - B,
e P BUa(en)s - Blnen)))) (Dig)
= (h(f1), ..., h(fp)) (def. h)
= (a0 Xrh)(in(fi,..., fn))- (def. r* and Xr)

Hence h is a ¥g-homomorphism, that is, h o px = a o 3gh.
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It remains to prove the uniqueness. Assume exists g: X£ — A such that gory = f8
and go px = ao Yrg. Next we show h = g. Notice first that for any f: X£ — X,
f=r(kx(f(e1)),...,kx(f(en))), as for all ¢; € E, the following holds:

flei) = rx(f(ei))(e:) (def. k)
=r’(rx(f(e1)),. - rx(flen)))(ei) - (def. p)

From the above we have that, for all f: X£ — X

h(f) = h(r(kx(f(e1)),...,kx(f(en))))
=r'((hor)(fle1)),...,(hor)(f(e1))) (h homo)
=r*(B(f(e1)),..., B(f(e1))) (hok =p)
=r'((gor)(fler)), - (gor)(fle1))) (gor =p)
=g(r(rx(f(e1)), -, kx(f(en)))) (9 homo)
=g(f)

Therefore, g = h.

By the proof of freeness above, the functors (—)£ and Tz are isomorphic and the units
of the two monads coincide (up-to iso). We are left to prove that also the multiplications
coincide (up-to iso). By the universal property of free algebras, this follows by showing that
the following diagram commutes

XE XE(xBYE PXE g (XEVE

k \Lﬁx lER (x

XE  PX v XE

(x o kx = id holds since (—)£ is a monad. The right square commutes as shown below
(Cx o pxe)(ine(F, ..., Fn))(ei) = pxe(in(F, ..., Fn))(ei)(e) (def. ¢)
= Fl(el)(el) (def p)
= Cx(Fz)(el) (def Cx)
— px(ing(Cx (), -, Cx () (es) (def. p)
= (px o EZrCx)(ine(F1, ..., Fn))(es) (def. Xx)
for arbitrary Fy,...,F,: E — XE. []

Note that, the monad (—)£ is well-defined also in CMet. Indeed, as the functor (—)Z
is isomorphic to the finite product (—)", for n = |E|, it preserves Cauchy completeness and
can be restricted to an endofunctor on CMet. We further observe that it is isomorphic to
the composite

_\E
CMet — Met -—— Met < CMet .

Since R is a continuous quantitative theory, by Theorems 3.8 and 4.8 we obtain also
the following isomorphism of monads.

Theorem 4.9. The monads CTr and (—)E in CMet are isomorphic.
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Consequently, by Theorem 3.9, EM((—)£) = CK(Zx,R), meaning that (Xz,R) is a
quantitative equational presentation also of the monad (—)E on CMet.

4.3.2. Quantitative Writer Algebras. Fix an extended metric space A € Met of output values
having monoid structure (A, *,0) with non-expansive multiplication *: A x A — A.
The quantitative writer algebras of type A are the algebras for the signature

Yw, ={we: 1| aeA}
having a unary operator wg, for each output value a € A, and satisfying the following axioms
(Zero) F x =g wp(x),
(Mult) F wq(Wa(2)) =0 Wasar ()
(Diff) {z =. 2’} F wo(2) =5 wor(2'), for § > dp(a,a’) +¢.

The quantitative theory induced by the axioms above, written W, (or simply W, when A is
clear), is called quantitative theory of writing computations.

The term w, (t) represents the computation that proceeds as ¢ after writing o on the
output tape. The axiom (Zero) says that writing the identity element 0 is not observable on
the tape; (Mult) says that consecutive writing operations are stored in the tape in the order
of execution; (Diff) compares two computations w.r.t. the distance of their output values.

Next we show that the writer monad (A O —) is isomorphic to the free monad Tyy on
W. Consequently, as the theory W is basic, by Theorem 3.5, EM((AO —)) =2 K(Zw, W).
Thus, (Xy, W) is a quantitative equational presentation of the writer monad on Met.

Theorem 4.10. The monads Tyy and (A O —) in Met are isomorphic.

Proof. We show that, for each X € Met, (A X) carries a quantitative algebraic structure
that is free in K(Xyy, W) with universal arrow 7x; and show that the units and multiplications
of the two monads coincide (up-to iso).

For any X € Met, we define the quantitative ¥yy-algebra (A O X, wx) as follows, for
arbitrary a,ao’ € A and v € X

wx: IWADX) > ADX, wx (inw, (', 2)) = (a*xd,x).
Next we show that it satisfies W. Let w¥ = wx o in,,, denote the interpretation of the

operation wy: 1 € ¥yy in the algebra (A0 X, wx). Proving the soundness for (w,-NE), for
each o € A, is equivalent to show that the map w is well-defined in Met.

d(ADX) (Wg(ﬁa l')’WZ(ﬂ,’ I',)) = d(ADX)((a * 57 J")a (Oé * 5/7 xl)) (def UJ)

=dp(axp,axf)+dx(x,2") (def. OJ)

< max {dA(a, a),dx(B, B')} +dx(x,2") (* non-exp)

=da(8,8) + dx(z,2') (metric)

= d(ADX)((/Bv l‘), (ﬁ/’ .’E/)) . (def D)

We are missing to prove that the algebra ((A O X),wx) satisfies the axioms (Zero), (Mult),
and (Diff).

Soundness for (Zero) holds trivially as (o, ) = (0*«, z) because 0 is the identity element
of the monoid A. The soundness of (Mult) follows directly by definition of w as

we (Wi (B, 2)) = wi (o % B, ).
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Finally, soundness for (Diff) follows by

danx) (Wa (B, @), e (B8 2')) = da(ax B, + §') + dx (2, 2) (def. w & O)
=da(ax*B,axfB)+dr(axp,a *«B)+dx(x,2") (triang.)
< dx(B,6') + da(a, o) + dx(x, ") (* non-exp)
> da(a, o) + danx) ((8,2), (8',27)), (def. O0)

Now we prove freeness. Let (A,a) be a Yyy-algebra satisfying W and 5: X — A a
non-expansive map. We define h: A X — A as follows, for arbitrary a € A and =z € X

h((a, x)) = a(inw, (B(x))) -

Non-expansiveness of h follows by the fact that (A, a) satisfies the axiom (Diff) as shown
below, where w® = a o iny, denotes the interpretation of w,: 1 € Xy in (4, a),

da(h((e,2)), h{(e,2))) = da(wi(B(z)), ws (B(x"))) (de. 1)
< da(a, @) + da(B(z), B(z)) (Diff)
<dp(a,d) +dx(x, ) (8 non-exp)
= daox ((a, z), (o, 2))). (def. O0)

Next we prove that h is the unique map such that the diagrams below commute.

X L5 ADX <X (A0 X)

N [

Ae—r A

The triangle to the left commutes because, for all x € X

(hoTx)(x) = h((0,2)) (def. 1)
— Wi(B()) (def. 1)
= p(x). (Zero)

Let z € X and a,a’ € A. Then,

(howx)(inw, (o, 1))

= Wo.o (B(2)) (def. h and w)
= we (wg (B(x))) (Mult)
= wo(h(d/,2)) (def. h)
= (a o Tyh)(inw, (o, z)). (def. w2 and Xyy)

Thus, A is a ¥yy-homomorphism, i.e., h owx = a o Xyh.
It remains to show uniqueness. Notice first that, («, z) = w¥(7(x)), where w¥ = wxoiny,
denotes the interpretation of wy: 1 € ¥y in (A0 X, wx). Indeed, the following holds
(a,z) = (% 0,2) (0 identity)
=wy(0,2) (def. w)
=wZ(7(x)). (def. 1)
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Assume there exists g: A X — A such that go7x = § and gowx = a o Xyyg. Then,

h((a, ) = hwg (7(2)))
=wl(h(r(x))) (h homo)
= wg (B(z)) (hor=p)
= wg (9(7(2))) (goT =)
= g(wa(7(2))) (9 homo)
=g((a, )

Therefore, h = g.

By proof of freeness above, the functors (A 0 —) and Ty are isomorphic and the units
of the two monads coincide (up-to iso). We are left to prove that also the multiplications
coincide (up-to iso). By the universal property of free algebras, this follows by showing that
the following diagram commutes

(AOX) 225 (AQWADX)) &2 2, (A0 ADX))

\
<x Swsx
m ‘ \L

ADX X 5 (ADX)

The triangle to the left holds as (A [0 —) is a monad. The right square commutes by

(sx o wanx)(inw, (@, (@”,x))) = sx ((a x &, (", 1))) (def. w)
= (a*xa *xad" x) (def. <)
= wx (inw, (' * ", z)) (def. wx)
= wx (inw, (sx (¢, (0, 2)))) (def. <)
= (wx o sy ) (inw, (o, (", x))) (def. Xyy)

for arbitrary € X and a,a’,a” € A. ]

If we assume the monoid (A, x,0) to be over a complete extended metric space A, the
writer monad (A —) is well defined also in CMet. We further observe that, as [J preserves
completeness, the underling functor (A O —) is isomorphic to the composite

CMet — Met ﬁ) Met £> CMet .

Since W is a continuous quantitative theory, by Theorems 3.8 and 4.10 we obtain also
the following isomorphism of monads.

Theorem 4.11. The monads CTyy and (AO —) in CMet are isomorphic.

Thus, by Theorem 3.9, (Xyy, W) is a quantitative equational presentation also of the
monad (A0 —) on CMet.
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4.4. Nondeterminism. The monadic effect for nondeterminism in Set is given by the
powerset monad, denoted by P, mapping a set X to Py X = {U | U C X} and a function
[ X =>YtoPf(U)={f(u)|ueU},forU e PX. The unit o: Id = P and multiplication
v: PP = P are given, for x € X and S € PPX, by

ox(x) ={x} UNIT

(4.4)
vx(S) = U{U | U € S} MULTIPLICATION
In the quantitative setting, a natural candidate for a distance on subsets is the Hausdorff
metric. Formally, the Hausdorff metric is defined on nonempty compact subsets (equivalently,
nonempty closed bounded subsets). Nonemptyness is assumed to ensure the distance is
finite on metric spaces. However, as we are dealing with extended metric spaces the empty
set can be considered.
The Hausdorff extended metric on the set of all compact subsets of an extended metric
space X is defined, for arbitrary closed sets U,V C X by

H(dx)(U,V) = max {sup dx(u,V),supdx (v, U)} ,
uelU veV
where, dx(x,U) = inf,cpy dx(z,U) denotes the distance from an element x € X to a set
U C X (we assume inf ) = 00).

In this paper we will consider monads for quantitative nondeterminism both in Met
and CMet.

On Met, the finite (quantitative) powerset monad, denoted by Py, maps an extended
metric space X to Py X = {U | U C X, U finite} with Hausdorff metric (note that finite sets
are compact) and acts on morphisms f: X =Y as Prf(U) = {f(u) | u € U}, for U € Py X.
The unit and multiplication are defined as in (4.4). Another monad of interest on Met is
the submonad P, of non-empty finite subsets, with same unit and multiplication.

On CMet the the compact subsets monad, denoted by C, maps an extended metric space
X toCX ={U | U C X,U compact} with Hausdorff metric [18] and acts on morphisms
f: X —=>YasCf(U)={f(u) |ueU}, for U e CX. The unit and multiplication are defined
as in (4.4) (note that (J{U | U € S} is closed in X for any S € CCX).

Lemma 4.12. The monads CPy and C on CMet are isomorphic.

Proof. Let X € CMet. Clearly, P;X C CX, as finite subsets are closed. Next, we show
that P;X is dense in CX. Let U € CX and € > 0. Let Be(u) = {z € X | dx(u,z) < €}
be the open ball of radius e centered in v € U. As {B(u) | v € U} is an open cover
for U, by compactness of U, there exists a finite subcover {B((v) | v € V} for some
V ={vo,...,vp} CU. In particular, we have that for any u € U, exists v € V such that
dx(u,v) < € (equivalently, sup, ¢y dx (u, V') < €). Thus

H(dx)(U,V) = max {sup dx (u,V),supdx (v, U)}

uelU veV
=supdx(u,V) (by V.CU)
uel
<e€

So PrX is dense in CX. As X is complete, convergence and Cauchy convergence coincide.
Thus Py X = CX. The correspondence between the units is trivial. The correspondence
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between multiplications follows because if (V) is a sequence of finite subsets of CX converging
to S CCCX, then ((J{U | U € V;}) converges to [J{U | U € S}. ]

4.4.1. Quantitative Semilattices with Bottom. In [30] it was shown that the quantitative
powerset monads considered above have an algebraic presentation in terms of a simple
quantitative extension to the equational theory of semilattices with bottom.

A quantitative semilattice with bottom is a quantitative algebra for the signature

25 = {+: 2,01 0}
with a binary operator + and a constant 0 that satisfying the quantitative equations

(SO) Fz+0=¢z,
S Fz+z=z,
(S2)Fx+y=oy+=x,
(S3)F(@+y)+z=0z+(y+2),
(W {r=cy,2’ =0y} ro+ o' =nageery +v'-
We denote by S the above quantitative theory of semilattices with bottom. The axioms (S0),

(S1), (S2), (S3) are those of (join-)semilattices with bottom and they are essentially standard
“equational” axioms. The truly quantitative equation is the last one, (S4).

Remark 4.13. Note that (S4) is derivable from (+-NE) and (Max) and, conversely, (+-NE)
is just an instance of (S4) (when ¢ = ¢’). Thus, in the quantitative theory S, the axiom (S4)
is not necessary. We added it in the presentation above to stress the fact that S is not just
the equational theory of semilattices with bottom.

For any X € Met, one can define a quantitative ¥s-algebra (P;X, ¢x) as follows, for
arbitrary U,V € Py X

¢x (iny (U, V))=UUV,

qbX(ino) == @ .
This quantitative algebra satisfies the quantitative theory S, (cf. [30, Theorem 9.2]) and it
is isomorphic to the free quantitative X s-algebra on S (¢f. [30, Theorem 9.3]).

Thus, as shown in [30], Py is isomorphic to the free monad Ts on the theory of
quantitative semilattices with a bottom.

Ox: NsPX — PrX

Theorem 4.14. The monads Ts and Py on Met are isomorphic.

As a direct consequence of Lemma 4.12 and Theorem 4.14 we obtain the following result,
which, in combination with Theorem 3.9, tells us that (Xgs,S) is an algebraic presentation
of the compact subsets monad C on complete metric spaces.

Theorem 4.15. The monads CIs and C on CMet are isomorphic.
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4.5. Probabilistic choice. The monadic effect describing probabilistic choice (a.k.a., prob-
abilistic nondeterminism) in Set is given by the finitely supported probability distribution
monad, denoted by D. This monad acts on sets X as

DX = {p: X —[0,1] | Z p(z) = 1, supp(p) is ﬁnite}.
reX
i.e., the set of probability distributions p with finite support supp(p) = {x | p(z) # 0} over
X, and acting on morphisms f: X — Y as D(f)(p) = >_,cf-1() P(¥), for p € DX. The
unit §: Id = D is given by the Dirac distribution function dx(z) = (x — 1), for z € X, and

the multiplication m: DD = D by mx (P)(z) = 3 ,cqupp(p) P(P) - p(2), for P € DDX.

In the quantitative setting, given a metric space, one can more generally consider the set
of Borel probability measures over it (those defined on the Borel o-algebra induced by the
metric). There are several ways of measuring the “difference” between probability measures,
e.g., using the Total Variation distance, Hellinger distance, Kullback—Leibler divergence,
Jensen—Shannon divergence, etc. Here, however, we focus on one specific notion of distance:
the Kantorovich metric [23] (a.k.a., Wasserstein-1 metric, or Earth Mover Distance). This
distance has applications in optimisation and measure theory, as it is related to the concept
of transportation problem [47] and metrizes weak-convergence of probability measures [8].

Formally, the Kantorovich distance is defined on Radon measures of finite moment, but
as we are dealing with distances that may take infinite values, we won’t require the latter
condition and consider instead integration on nonnegative extended real-valued measurable
functions (cf. [6] for the formal definition of the Lebesgue integration of extended real-valued
functions). In detail, a Borel probability measure p on an extended metric space X is Radon
if for any Borel set E C X, u(F) is the supremum of u(K) over all compact subsets K of E.

The Kantorovich extended metric between Radon probability measures u, v over an
extended metric space X is then defined as

Kldx)(u,v) = min/dX dw,

where w runs over the set of all joint probability measures on X x X whose left and right
marginals (= pushforwards along the projections) are, respectively, p and v.

Examples of Radon probability measures are: (i) finitely supported probability measures
on any (extended) metric space, and (ii) generic Borel probability measures over complete
separable (extended) metric spaces.

In this paper, we consider two distinct quantitative monads for probabilistic nondeter-
minism: one on Met and one on CMet.

On Met, the finitely supported probability monad, denoted by II, assigns to an extended
metric space X the space IIX of finitely supported Borel probability measures with Kan-
torovich metric; and acts on morphisms f: X — Y as II(f)(u) = po f~! (the pushforward
of f), for any p € II(X). The unit 6: Id = II and multiplication m: IIII = II, are given as
follows, for x € X, ® € III1.X, and Borel subset £ C X

dx(x) =4y, UNIT
(4.5)
mx(®)(E) = /vE d® MULTIPLICATION ,

where ¢, is the Dirac delta measure at z, and vg: IIX — [0, 1] is the evaluation function,
taking p € IIX to p(E) € [0,1].
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On CMet, the Radon probability monad, denoted by A, maps a complete extended
metric space X to the (complete) extended metric space AX of Radon probability measures
with Kantorovich metric; and acts on morphisms f: X — Y as A(f)(u) = po f71, for
€ A(X). The unit 6: Id = A and multiplication m: AA = A, are defined as in (4.5).

These two monads are related as follows

Lemma 4.16. The monads CII and A on CMet are isomorphic.

4.5.1. Interpolative Barycentric Algebras. In [30] it was shown that the quantitative proba-

bility monads considered above have an algebraic presentation in terms of a quantitative

extension of barycentric algebras, which they called interpolative barycentric algebras.
Interpolative barycentric algebras are the quantitative algebras for the signature

S = {+e: 2] e €[0,1]}

with a binary operator +, for each e € [0,1] (a.k.a. barycentric signature), and satisfying
the quantitative equations

B Fz+1y =0z,

(B2)Fx+ex = x,

SO Fr+ey=0y+ez,

(SAVF (2 +ey) ‘o 2 =0T +eer (Y +oeer 2), fore e €0,1),

1—ee’

(IB){zx=cy, 2’ =/} Frax+ea' =5y +ey/, for § >ec+ (1 —e) .

The quantitative theory axiomatised by the quantitative equations above, written B, is called
interpolative barycentric quantitative equational theory. The axioms (B1), (B2), (SC), (SA)
are those of barycentric algebras (a.k.a. abstract conver sets) due to M. H. Stone [43] where
(SC) stands for skew commutativity and (SA) for skew associativity; (1B) is the interpolative
barycentric axiom introduced in [30].

For any X € Met, one can define a quantitative Xg-algebra (I1X, ¢x) as follows, for
arbitrary p,v € 11X

¢x: BpllX — IIX ¢x (ing (p,v) =ep+ (1 —e)v.

This quantitative algebra satisfies the interpolative barycentric theory B (cf. [30, Theo-
rem 10.4]) and is isomorphic to the free quantitative X z-algebra on B (cf. [30, Theorem 10.5]).

Thus, as shown in [30], II is isomorphic to the free monad Tz on the theory B of
interpolative barycentric algebras.

Theorem 4.17. The monads T and I on Met are isomorphic.

As a direct consequence of Lemma 4.16 and Theorem 4.17 we obtain the following result,
which, in combination with Theorem 3.9, tells us that (X, B) is an algebraic presentation
of the Randon probability monad A on complete metric spaces.

Theorem 4.18. The monads CIg and A on CMet are isomorphic.



26 A. BACCI, R. MARDARE, P. PANANGADEN, AND G. PLOTKIN

5. SUM OF QUANTITATIVE THEORIES

In this section we develop the theory of the sum (or disjoint union) of quantitative equational
theories and show it to correspond to the sum quantitative algebraic effects whose presentation
is given in terms of basic quantitative theories.

Our leading examples of the sum of quantitative effects are given by the combination of
termination/exceptions with arbitrary quantitative effects; and the combination of interactive
inputs (more generally, a collection of contractive operators) with arbitrary quantitative
effects. We conclude this section by showing how we can recover theory of quantitative
Markov processes (i.e., the usual theory Markov processes but now enriched with metric
reasoning principles for the underlying probability distributions) in terms of these two generic
combinators of quantitative effects.

Let X, ¥’ be two disjoint signatures. The sum of two quantitative theories U, U’ of
respective types ¥ and Y/, written U + U, is the smallest quantitative theory containing U
and U'. Following Kelly [24], we show that any model for U +U" is a (U,U')-bialgebra: a
metric space A with both a Y-algebra structure a: YA — A satisfying & and a X'-algebra
structure 3: ¥'A — A satisfying U’. Formally, let K((Z,U) @ (X',U’)) be the category of
(U,U")-bialgebras with non-expansive maps preserving the two algebraic structures. Then,
the following isomorphism of categories holds.

Proposition 5.1. K(X + X U +U") 2 K((Z,U) & (X, U")).
Proof. The isomorphism is given by the following pair of functors

H

KELSurw)  K(EU) e (.u)
&K/

defined, for an arbitrary quantitative (X + X')-algebra (A,) satisfying U + U’ and a
(U,U")-bialgebra (B, «, 3), respectively as

H(A,v) = (A,yoin,vyoin,), K(B,a,p) = (B, [, f]),

where [a, ] is the unique map induced by « and [ by couniversality of the coproduct
YA+ YA, On morphisms both functors map a morphism to itself; it is easy to see that a
homomorphism in one sense is also a homomorphism in the other.

The fact that the functors are inverses is clear: H o K = Id and K o H = Id follow
immediately from the couniversal property of coproducts. We are done, provided we show
that the functors are indeed well defined. In order to show that the functors are well defined,
we need to prove that the functors preserve the relevant quantitative equations.

To show that H is well defined we need to prove that whenever (A,~) satisfies U +U’,
then (A,voin;) and (A, oin,) satisfy U and U’, respectively. We will prove only that
(A, oiny) satisfies U, since the other follows similarly. Let 't =.s €l and t: X — A
be an arbitrary assignment of the variables. Since U C U + U’, we have:

(forall ' = ' €T, da(B(t), H(s) < ¢’) implies da(i(t),F(s) < e, (5.1)

where #: T(X + ¥/, X) — A is the homomorphic extension of ¢ on (4, 7).
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Note that, by definition of coproduct of functors and homomorphic extension, we have
that the following diagram commutes

nx U3
X T8, X) 4 ST(S, X)
et \L’L lEi
> =+ ing

T(S4Y, X) ¢— (S4)T(S+5, X) <t ST(S+Y, X)

Ln l(z+z’)ﬂ lgbﬁ

where 7 is the canonical inclusion of 3-terms in T(X + 3, X). The above implies also that
tf 04 is the homomorphic extension of ¢ on (A, v oing). Recall that U is of type X. Thus
in ' F ¢t =, s can occur only terms in T(3, X). Therefore, (5.1) implies that (A,~ o in;)
satisfies I' - ¢t =, s. This argument is general so it applies to the whole theory U.

For K, we need to show that whenever (A, a) satisfies U and (A, 3) satisfies U’, then
(A, [, B]) satisfies U + U’. By the definition of the disjoint union of quantitative theories, it
suffices to prove that (A, [, 3]) is a model for both ¢ and U’. We show the former case, since
the other follows similarly. Let I' ¢ =, s € i and ¢: X — A be an arbitrary assignment of
the variables. Since (A, «) satisfies U, we have that

(for all ¢’ = &' € T, da(F('),*(s")) <€) implies da(¢*(t),:*(s)) < e, (5.2)

where ¢f: T(X, X) — A is the homomorphic extension of ¢ on (A, «). Note that, by definition
of coproduct of functors and homomorphic extension, we have that the following diagram
comimutes

>
X 2 T(2, X) 4 ST(E, X)

s+5/ . )
WX+ \[l \LEZ
> s+

T(S+3, X) <= (S+)T(E+Y, X) <2 ST(S+5, X)

' J/Lb l(Z—i—Z’)Lb lELb

— NA +—————
A ol (E+X)A p YA
where i is the canonical inclusion of Y-terms in T(X + ¥/, X)), and /> is the homomorphic
extension of ¢ on (A4, [a, B]). Since [a, ] 0 in; = a, the above implies also that «* 0 = (f.
Since U is of type X, then I' - ¢t =, s contains only terms in T(3, X). Therefore, (5.2)
implies that (A, [a, (]) satisfies I' - ¢t =; s; again this implies the result for all of . ]

Let T, T' be two monads on a category C. An Eilenberg-Moore bialgebra for (T, T")
(or simply, (T, T")-bialgebra) is an object A € C with Eilenberg-Moore algebra structures
a:TA — Aand g: T"A — A. We write EM(T, T") for the category of Eilenberg-Moore
bialgebras for (T, 7") with morphisms those in C preserving the two algebraic structures.

When the quantitative equational theories i and U’ are basic, by Theorem 3.5, we get
a refinement of Proposition 5.1 as follows.

Corollary 5.2. For U,U' basic quantitative theories, K(X + X' .U +U") 2 EM(Ty,, Ty;).
Proof. Immediate from Theorem 3.5 and Proposition 5.1. []
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The following result supports the construction of the sum of quantitative theories as a
combinator of quantitative effects. It states that the free monad ;. on the sum U + U’
corresponds to the categorical sum (coproduct) Ty + Ty, of the free monads on U and U’
respectively. This isomorphism of monads stands under the assumption that the sum is
taken over basic quantitative theories.

Theorem 5.3. IfU,U" are basic quantitative theories, then Ty, 1y is isomorphic to Ty +Tyy .

Proof. By Corollary 5.2 and Theorem 3.3 the obvious forgetful functor from EM(Ty,,T;,/)
to Met has a left adjoint. The monad generated by this adjunction is isomorphic to Ty,
Thus, by [24] (cf. also [1, Proposition 2.8]), the monad T;,,, is isomorphic to Ty + T3,. [

The above constructions do not use any specific property of the category Met, apart
from requiring its morphisms to be non-expansive. Thus, we can reformulate an alternative
version of Theorem 5.3 which is valid in CMet, under the assumption that the sum is taken
over continuous quantitative theories.

Recall that, continuous theories are basic. Moreover, the disjoint union U + U’ of two
continuous quantitative theories I, is also continuous, so that, by Theorem 3.8, the free
monad on it in CMet is CT;; ;. Thus:

Theorem 5.4. IfU,U’" are continuous theories, then CTy; , is isomorphic to CTy + CTy, .

Proof. By Theorem 3.8, the monads C1;,,,,,, CTy;, and CT are, respectively, the free
monads on U +U’, U, and U’ in CMet.

Similarly to Corollary 5.2, one obtains that CK(X + X', U +U’) and EM(CTy,CT;,)
are isomorphic. Thus, by Theorem 3.8 the forgetful functor from EM(CT;,,CT;,/) to Met
has a left adjoint, and the monad generated by this adjunction is isomorphic to CT;, .
Thus, by [24] (cf. also [1, Proposition 2.8)), CT;, ., is the sum of CTy; and CTy,. ]

5.1. Sum with Exceptions. As remarked by Hyland, Plotkin, and Power (cf. [20, Corol-
lary 3]), Moggi’s exception monad transformer, sending a monad 7" to the composite T'(—+ E)
can be explained in terms of the sum of monads:

Proposition 5.5 (Sum with Exception Monad). Given a category C with finite coproducts,
an object E of C, and a monad T on C, the sum of the monads (— + E) and T exists and
is given by a canonical monad structure on the composite T'(— + E).

From the above result, in combination with Theorems 5.3, 3.5 and 4.1 we obtain an
analogous transformer at the level of quantitative equational theories as follows.

Corollary 5.6. Let U be a basic quantitative equational theory. Then, Ty (— + E) is the
free monad on the theory U + Eg on Met.

Similarly, from Theorems 5.4 and 4.2, an analogous result holds also in CMet.

Corollary 5.7. Let U be a basic continuous equational theory. Then, CTy(— + E) is the
free monad on the theory U + Eg on CMet.

Example 5.8 (Quantitative pointed covex semilattices). Mio and Vignudelli [32, 33] while
reasoning about the algebraic combination of quantitative nondeterminism (cf. Section 4.4)
and probabilistic choice (cf. Section 4.5), studied the category of pointed convex semilattices.
In particular, they showed that they are isomorphic to the Eilenberg-Moore algebras for
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é(—i—i), i.e., the quantitative variant of the monad of (nonempty) convex sets of pointed
probability distributions.

This monad is just the composition of C, the (nonempty) convex sets of probability
distribution monad [44], with the termination monad (— + 1). So, as C is presented by
the quantitative theory of convex semilattices, their result can be recovered —and possibly
further extended on complete metric spaces— as a simple application of Corollary 5.6 and
Theorem 5.3.

5.2. Sum with Interactive Inputs. Now we consider the sum of generic quantitative
effects T' with the monads ¥* of contractive operators, of which interactive inputs is a
particular instance (cf. Section 4.2).

From Theorem 5.3 we know that if 1" has a quantitative algebraic presentation in terms
of a basic theory U, the sum exists, and, when starting with quantitative theories, we know
how to describe it. But for the purposes of calculation, it is still convenient to have a more
explicit construction of the sum qua monad, and Hyland et al. provided such a construction
(cf. [20, Theorem 4]), which we recall below for convenience. The key fact used here is that
the monad of contractive operators is described as the free monad on an endofunctor with
countable rank, namely the contractive signature functor ¥ given in (4.1).

Theorem 5.9 ([20]). Given an endofunctor F' and a monad T on a category C, if the free
monads F* and (FT)* exist and are algebraic, then the sum of monads T + F* exists and is
given by a canonical monad structure on the composite T'(FT)*.

As remarked in [20], when C is locally countably presentable and both T and F' have
countable rank, then F* and (FT)* exist and are algebraic. Moreover, also T'(F'T)* has
countable rank and so it is also the sum of monads T + F™*.

We know that Met is locally countably presentable and that contractive signature
functors 3 have countable rank (cf. Section 4.2.2). Moreover, as recently proved by Ford et
al. [14], any quantitative theory U induces a monad T;; with countable rank.

Therefore, from the discussion above and by Theorems 5.3 and 4.4, we obtain the
following characterisation.

Corollary 5.10. Let U be a basic quantitative equational theory. Then, Ty (i)Tu)* is the
free monad on the theory U + O(X) on Met.

As observed in [20], the monad T'(FT)* of Theorem 5.9 is simply another form of the
generalised resumptions monad transformer of Cenciarelli and Moggi [11], sending T to
wy.T(Fy + —). Hence, by the characterisation above and guided by the same observations
that lead to [20, Corollary 2], we obtain an analogous transformer at the level of quantitative
equational theories as follows.

Corollary 5.11. Let U be a basic quantitative equational theory. Then, ,uy.TM(f]y +—) is
the free monad on the theory U + O(X) on Met.

Similarly, by Theorems 5.4 and 4.5, an analogous result holds also in CMet.

Corollary 5.12. LetU be a continuous quantitative equational theory. Then, uy.CT(iy+—)
is the free monad on the theory U + O(X) on CMet.
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Remark 5.13. It is worth remarking that using these ideas one obtains a modular description
of the monads of contractive operators. Let X1, >o be two disjoint signatures of contractive
operators. It is clear that O(3; U X3) is the same as the sum of theories O(3;) and O(X2).
Hence, the sum E* + E* is given by the free monad (X1 + X3)*, where we now mean the
pointwise sum of functors.

5.3. The Algebras of Markov Processes. In this section we show how to obtain a
quantitative equational axiomatization of Markov processes with discounted bisimilarity
metric [13] as the composition, via sum, of the following quantitative theories:

(1) The quantitative theory B of interpolative barycentric algebras, used to express proba-
bilistic nondeterminism with Kantorovich metric (Section 4.5);

(2) The quantitative theory & of exceptions over 1 = {x}, with % as the only exception type.
This will be used to express termination (Section 4.1);

(3) The quantitative theory of contractive operators (Section 4.2). In our case, we consider
a signature ¥, = {o: (1,¢)} with a unary operator ¢ with contractive factor ¢ € (0,1).
This will be used to axiomatise the transition to a next state with discount factor c.

Formally, we define the quantitative theory of Markov processes as
Ump =B+ & +0(%).

with signature Xpp = Y U X1 U X, given as the disjoint union of those from its component
theories. More explicitly,

Ymvp = {+e: 2| e €[0,1]} U{raise,: 0} U{o: (1,¢)}

and Unrp has the following set of axioms

(Bl) Fx 41y =0 z,

(B2) Fx 4.z =p z,

(SO) Fo+ey =0y +1-cm,

(SA) F(z +ey) +er 2 =0 T +eer (y—|—el_ee/ z), fore,e’ €0,1),

(B {z=cy,2' =0y} Fa +ea’ =5y ey, for § > ec + (1 —e)e,
(o-Lip) {z =c y} F o(x) =5 o(y), for 6 > ce.

Note that, the constant raise, has no explicit associated axiom since &£; is the trivial theory,
corresponding to that for termination.

Intuitively, Xnpp-terms (modulo = provability) can be interpreted as equivalence classes
of behaviours of Markov processes up-to bisimilarity. The term ¢ +. t' expresses convex
combination of behaviours; raise, represents termination (or the deadlock behavior); and
o(t) expresses the ability of taking a transition to the behaviour .
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5.3.1. Markov Processes over Metric Spaces. Following [46, Section 6], we regard Markov
processes as coalgebras on the category of metric spaces, and slightly extending their approach
to encompass the case when the bisimilarity distance is discounted by a factor 0 < ¢ < 1.

We consider two variants of Markov processes according to the type of their transition
distribution functions?:

X —H(c- X +1) in Met,
X — A(c- X +1) in CMet,

where Il and A are the functors from Section 4.5, mapping a metric space X to a space of
probability measures with Kantorovich metric. The first variant are Markov processes with
finitely supported transition probability distributions, commonly regarded as Markov chains.
The second variant are Markov processes with Randon transition probability distributions.
The use of the rescaling functor (¢-—) is to expresses that transition functions are c¢-Lipschitz
continuous, with contractive factor 0 < ¢ < 1. We will collectively refer these two types of
coalgebras structures as c-Markov processes.

In [46], van Breugel et al. characterised the bisimilarity distance on (labelled) Markov
processes as the pseudometric induced by the unique homomorphism to the final coalgebra.
We will do the same here by replicating their arguments in our specific setting.

Proposition 5.14. The final coalgebras for l(c- — + 1) and A(c- — + 1) ewist.

Proof. As the categories Met and CMet are both complete and accessible (¢f. Appendices A
and B for the formal definitions and proofs), the thesis follows by [46, Theorem 8], by showing
that II(c- — 4+ 1) and A(c- — + 1) are accessible functors (more precisely, Rj-accessible).

Notice that II(c- — + 1) has a quantitative algebraic presentation in Met in terms of
the theory B¢ defined as B + & where the axiom (IB) (cf. Section 4.5.1) is replaced by

(B){z=cy, 2’ =y} rat+eca’=sy+ey, ford >clee+(1—e)),

that is, Tgeqg, = II(c- — 4+ 1) (the proof follows essentially identically to [30, Theorem 10.5],
which implies the isomorphism of monads). As [14] proved that the monads freely generated
by a quantitative theory are Nj-accessible, we have that the final coalgebra for II(c- — + 1)
exists. Moreover, as CTgerg, = A(c- —+ 1), C is Ry-accessible, and Nj-accessibility is closed
under composition, we have that also A(c- — 4 1) admits a final coalgebra. ]

Then, the c-discounted bisimilarity pseudometric on a c-Markov process (X, 7) is defined
as the function d¢: X x X — [0, c0] given as

d(z,2') = dz(h(z), h(z)) ,

where h: X — Z is the unique homomorphism to the final c-Markov process (Z,w).
This distance has a characterisation as the least fixed point of a monotone function on
a complete lattice of [0, oo]-valued pseudometrics.

Proposition 5.15. The c-discounted bisimilarity pseudometric d¢ on (X, T) is the unique
fixed point of the following operator on the complete lattice of extended pseudometrics d on
X with point-wise order C, such that d C dx,

V() o.') = s ] [rar) - [ ar@)

with f ranging over non-expansive positive 1-bounded real valued functions on c¢- X + 1.

I

2Note that the two types of coalgebras we are considering live in two different categories, Met and CMet.
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Proof. Similar to the fixed point characterisation given in [46, Section 6]. The unicity of the
fixed point follows by Banach fixed point theorem. Indeed, the set of extended real valued
functions on X x X (which is a superset of the set of extended pseudometrics on X) can be
turned into a complete Banach space by means of the sup-norm || f|| = sup, ,/ |f(z,2)| and
W¢ is a c-contractive operator on it. L]

5.3.2. Quantitative Algebraic Presentation. Here we relate c-Markov processes and their
bisimilarity distance to the free algebras of Unip, both on Met and CMet.

On Metric Spaces. We start by characterising the monad 7;4,,, on Met. We do this in
steps, by explaining the contribution of each subtheory in the sum

Ump =B+ & +0(%,).
(Step 1) First, note that Tg, = (— + 1) is the maybe monad (Theorem 4.1). As B is
basic, by Corollary 5.6 and Theorem 4.17, the free monad on B + & is
Tye, =Tp(—+1) =1(—+1).

where II(— + 1) is the finitely supported sub-distribution monad with functor assigning to
X € Met the space of finitely supported Borel sub-probability measures with Kantorovich
metric. Thus, B + £ axiomatizes finitely supported sub-probability distributions with
Kantorovich metric.

(Step 2) The final step is to sum the above with the theory O(X%,). By Corollary 5.11,
the free monad on Unp = B+ &1 + O(X,) is

Tyne = 1y Iy (c-y+—) = pyl(c-y+1+—-),

where we implicitly applied the isomorphisms ¢- (A+ B) 2 c¢-A+c-Band 1 Z ¢- 1.
Explicitly, this means that, the free monad on Upnp assigns to an arbitrary metric space
X € Met the initial solution to the following functorial equation in Met

MPx = 1I(c- MPx + 1+ X). (5.3)

Next we argue that Unp axiomatizes the initial c-Markov process on Met with
c-discounted bisimilarity metric. Let X = 0 be the empty metric space (i.e., the initial
object in Met). Then (5.3) corresponds to the isomorphism on the initial II(c- —+1)-algebra.
The isomorphism provides us also with a II(c - — 4 1)-coalgebra structure on MPy which,
according to our interpretation, is a c-Markov process (MPy, 7).

The key observation is that the metric on MPy is the bisimilarity metric.

Lemma 5.16. dyp, is the c-discounted bisimilarity metric on (MPy, o).

Proof. Isomorphisms in Met are isometries. Hence, by definition of (MPy, ) and (5.3)

dypy (x,2") = K(d)(r0(x), 70(2))
where d is the metric on ¢- MPy+ 1. By Kantorovich-Rubinstein Duality [47, Theorem. 5.10]

[1 @)~ [ 1)

where f ranges over non-expansive functlons fie- X +1—]0,1]. Thus, the thesis follows
by Proposition 5.15. L]

K(d)(ro(z), 7 = sup

i
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Remark 5.17. For a less abstract description of (MPy, 1), notice that the elements of
MPy are ground terms over the signature >Xngp modulo =g provability. One can interpret a
term as a pointed (or rooted) acyclic sub-probabilistic Markov chain up-to bisimilarity. For
example, the term o(o(raise,) + 1 (o(o(raisey)) + 1 raise,)) corresponds to the sub-probabilistic

Markov chain below
[ ]

|
YN

@ {——— o
and o(raise,) corresponds to the deadlock process, with probability 0 to move to any state.

On Complete Metric Spaces. Now we characterize the monad C1;,,, on CMet. We
do this by following the same steps as for the monad 73;,,, on Met.

(Step 1) By Theorem 4.2, CTg, = (— + 1) is the maybe monad. As B is continuous, by
Corollary 5.7 and Theorem 4.18, the completion of the free monad on B + & is

CTgie, =CIp(—+1) =2 A(—+1).
where A(— + 1) is the Radon sub-probability distribution monad with Kantorovich metric.

(Step 2) In combination with the theory O(%,), by Corollary 5.12, the free completion
monad on Upp = B+ &1 + O(%,) is given by

Cluye = 1y Clpie, (c-y+—) ZpyAlc-y+1+—).

This means that, also for the case of complete metric spaces the free monad on U pnp assigns
to any arbitrary metric space X € CMet the initial solution of the following functorial
equation in CMet

MPx 2 A(1+4c¢- MPx + X). (5.4)

Observe that the map wx: MPx — A(1 + ¢- MPx + X) arising from the above
isomorphism is a coalgebra structure for the functor A(1+4 ¢-— + X) on CMet. Next we
show that (MPx,wx) is actually the final coalgebra.

Theorem 5.18 ([45, Section 7]). Every locally contractive endofunctor H on CMet has a
unique fized point which is both an initial algebra and a final coalgebra for H.

Recall from Example 2.1 that the internal hom [X, Y] in CMet is the set of non-expansive
maps from X to Y with point-wise supremum metric djx y|(f, 9) = sup,cx dy (f(v), g()).

An endofunctor H on CMet is locally c-Lipschitz continuous if for all X,Y € CMet,
and non-expansive maps f,g: X = Y,

d[HX,HY](H(f)v H(g)) <c- d[X,Y](f,g) .
H is locally non-expansive if it is locally 1-Lipschitz continuous, and locally contractive if is
locally c-Lipschitz continuous, for some 0 < ¢ < 1.

Examples of locally contractive functors are the constant functors and the rescaling
functor (¢- —), for 0 < ¢ < 1. Moreover, locally contractiveness is preserved by products and
coproducts and composition; and, if H is locally non-expansive and G is locally contractive,
then HG is locally contractive.

Lemma 5.19. The endofunctor A on CMet is locally non-expansive.
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Proof. We need to check that for all f,g € CMet(X,Y),
sup dy (f(2), g(x)) > sup K(dy)(Af(k), Ag(n)). (5.5)
zeX HEAX

Denote by ®y be the set of non-expansive functions k: Y — [0, 1], i.e., those functions such
that Yy, v . |k(y) — k(y')| < dy(y,y’). Then, for any p € AX,

K(dy)(Af(u), Ag(p)) = sup /k: dAf(p) — /k dAg(u)‘ (Kantorovich duality)
kedy
= sup /k d(uof‘l)—/k d(pog™) (def. A)
kedy
= sup /kofd,u—/kogdu‘ (change of var.)
kedy
= sup /(k of)—(kog) d,u,l (linearity of [)
kedy
< sup /](kof)—(kog)\ dp (subadd. of |- )
kedy
< /dy o(f,g) du (k non-expansive)
< /sup dy (f(z),g(x)) du (monotonicity of [)
zeX
= sup dy (f(z),g(x)) . (1 probability measure)
zeX
For the generality of 4 € AX, the above inequality implies (5.5). L]

Thus, the following holds.
Theorem 5.20. (MPx,wx) is the final coalgebra for A(1+c-Id+ X) in CMet.

Proof. This is a direct consequence of Theorem 5.18 and Lemma 5.19, since, 1 +c¢- — + X
is locally contractive and the composition of a locally contractive functor with a locally
non-expansive one is locally contractive. L]

Note that, when X = 0 is the empty metric space, the coalgebra of this functor
correspond to the final c-Markov process we have used in Section 5.3.1 to characterise the
c-discounted probabilistic bisimilarity distance. When X is not the empty space, we obtain
coalgebraic structures that can be interpreted as Markov process with X-labelled terminal
states; one can view the labels in X as describing different kind of termination of the process.

Hence, in the light of Theorem 5.20, we have shown that for the case of complete metric
spaces Unpp axiomatises the c-discounted bisimilarity distance on the final Markov process.

Remark 5.21. While by interpreting the theory Unp over Met we can only characterise
Markov processes that are acyclic, by doing it over CMet we obtain an algebraic representa-
tion of all bisimilarity classes as the elements of the final coalgebra. Thus, among others, we
also recover Markov processes with cyclic structures as the limit of all their finite unfoldings.
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6. TENSOR OF QUANTITATIVE THEORIES

In this section we consider the commutative combination of quantitative theories, their
tensor, that imposes mutual commutation of the operations from each theory. As such, it
specializes the sum of two theories, which is just their unrestrained combination.

The main theoretical result is that the free monad on the tensor of two basic theories
corresponds to the categorical tensor of the free monads on the theories (cf., Theorem 6.15).

Our main examples of tensor of quantitative effects are given by the combination of
reader and writer quantitative monads with arbitrary quantitative effects (Section 6.3). We
conclude the section by showing three nontrivial applications of tensorial combinations of
quantitative theories by providing modular axiomatisations of labelled Markov processes
(Section 6.4), Mealy machines (Section 6.5), and Markov decision processes (Section 6.6),
with their respective bisimilarity distances.

6.1. Tensor of Strong Monads. In this section we recall the definition of (categorical) ten-
sor of strong monads on a generic symmetric monoidal closed category V. The presentation
follows that of Manes [29], which considers only the case for Set monads.

Fix V a symmetric monoidal closed category, with monoidal product J: VXV — 'V
and internal hom-functor [—, —]: VXV — V. Let v be an object in V. As V is self-enriched,
it has all v-fold powers (or v-powers) XV, of any object X € V| defined as X" = [v, X] [25].
Moreover, (—)": V. — V is a strong functor with strength {xy: X OYY — (X OY)"
obtained by currying

vO(XOYY) = XOeOYyY) 22 xOv.
Let F': V — V be a strong functor with strength ¢. The v-power functor (—)? is lifted
to F-algebras by mapping (4, a) to (A,a)" = (A¥,a" o0y4), where o4: FAY = (FA)" is the
strong natural transformation obtained from ¢ by currying

vOFA" 5 P(uOAY) 2% FA.
We call (A, a)” the v-power of (A4,a). As the definition above is valid for generic objects v
in V we have that F-algebras are closed under powers of V-objects.

Definition 6.1 (Pre-operation of a strong functor). Let F': V — V be a strong functor and
v € V. A v-ary pre-operation of F' is a strong natural transformation of type (—)" = F.

We denote by Op(v) the set of v-ary pre-operations of F'. An assignment of g € Op(v)
to an F-algebra (A, a) is the composite a9 = a o g4. We call a9 an operation of (A,a).

Proposition 6.2. Let (A,a),(B,b) be F-algebras of a strong endofunctor F on 'V and
f: A— B a morphism in V. Then, the following are equivalent:

(1) f is a F-homomorphisms from (A, a) to (B,b);

(2) For everyv €V and g € Op(v), foad =bJ o fV.

Proof. (1) = (2) follows by definition of a¥, b9 and naturality of g. As for (2) = (1), note
that since V is a symmetric monoidal closed category, we have a 1-1 correspondence between
strong and V-enriched endofunctors on V, and also between strong and V-enriched natural
transformations [26]. Therefore, by (the weak form of) the enriched Yoneda lemma (cf. [25]),
there exists a natural bijection between strong natural transformations g € Op(A) and
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the (generalised) elements of F'A, i.e., morphisms of the form I — F'A, obtained via the
composition

[04, 44 94,y
Thus, for any e: I — F A, there exists é € Op(A) such that é4 oidgq = e. Therefore, by
naturality of é, definition of a®, b¢, and (2), the following diagram commute

a A
\f“T
ar I pa f
2
FA ) FB—t. B

implying that f/ oa! = b’ o (Ff7). Then (1) follows by the naturality of the isomorphism
/=7l (obtained by currying A\: IV — V) and the commutativity of the diagram

a

g 1

~

FA =5 (FA)Y 4, Al ¢ = 4

Ffl (F f)Il lf’ lf

~

FB —=5 (FB) Y BT 4
L b 7 O
The above proposition indicates that F-algebras are precisely characterised by their op-

erations. In some situations, depending on the functor F', one gets the same characterisation
with much fewer operations. We identify this property with the following definition.

1R

Definition 6.3 (Density). A set D of pre-operations of a strong functor F': V. — V is dense,
if for any F-algebras (A,a), (B,b) and f: A — B in V, the following are equivalent:

(1) f is a F-homomorphisms from (A, a) to (B, b);

(2) For every v-ary pre-operation g € D, foa9 =9 o fv.

Let F,G be two strong endofunctors on V. A (F,G)-bialgebra is a triple (A, a,b)
consisting of an object A € V with both a F-algebra structure a: FFA — A and a G-algebra
structure b: GA — A. A morphism of (F, G)-bialgebras is an arrow that is simultaneously a
F- and G-homomorphism. Denote by (F, G)-biAlg the category of (F, G)-bialgebras.

Proposition 6.4. Let (A, a,b) be a (F, G)-bialgebra. The following statements are equivalent:

(1) For allveV and g € Op(v), a9 is a G-homomorphism;
(2) For allweV and h € Og(w), b is a F-homomorphism.

Diagrammatically:
GAY —b oy A FAY — % gw
G(ag)l (1) lag iff F(bh)l (2) lbh
GA —2— A FA—" 5 A

where (A,a)” = (AY,a) and (A,b)" = (AY,b).
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In order to prove the above statement, it is convenient to introduce a technical result
that will be useful also in later discussions.

Proposition 6.5. Let (A,a) be a F-algebra of a strong endofunctor F on V. Then, for
any v,w € V and g € Op(v) the following commute

U

72 =
8

where (A,a)"” = (A%, a) and x is the canonical isomorphism.

Proof. By the universality of the counit ev: (w—) = Id of the adjunction (wO—) 4 (—)¥
it suffices to show that the following two diagrams commute:

w O (AV) w O (Av) 2% O (Aw)e
adoev le(a‘q)w agoevl le&g

The diagram to the left commutes by naturality of the counit ev; the one to the right
commutes as follows, where £ and ¢ are respectively the strengths of (—)” and F

wd(AY)Y
/ iﬁ wlg
w O (AY)Y (wOAv)Y
Av / (wO AY) bt wOFAv
’ / l’wmg
FA < & wO(FA)Y
N lea“’
A < v wdAY

by naturality of the counit ev; definition of £ and x; definition of the law o: F(—)* = (F—)Y;
definition of a9, a¥; by a = a" o ¢; and because g is strong. []

Proof. (of Proposition 6.4) (1) = (2) By Proposition 6.2, we prove (2) by showing that for
allv € Vand g € Op(v), b" 0 a9 = a9 o (b")V. This is shown by the diagram below

(Aw)v a‘ s AW
\X /
-1 ad)w

(bh)v X (A’U)w (a?) ph
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which commutes by Proposition 6.5, (1), definition of a9, and naturality of g. The implication
(2) = (1) is similar. ]

Definition 6.6 (Commutative bialgebra). A (F,G)-bialgebra (A, a,b) is commutative if it
satisfies either of the equivalent conditions of Proposition 6.4.

In the case the functors F' and G admit dense sets of pre-operations, commutativity for
their bialgebras can be more conveniently expressed in the following way.

Proposition 6.7. Let D and £ be dense sets of pre-operations for F' and G, respectively. A
(F, G)-bialgebra (A, a,b) is commutative iff it satisfies either of the equivalent conditions:

(1) For all g € D, a9 is a G-homomorphism;
(2) For all h € &, b" is a F-homomorphism.

Proof. The equivalence of the statements (1), (2) follows as in Proposition 6.4, by using the
density of D and £ in lieu of Proposition 6.2.

Assume (A, a, b) is a commutative (F, G)-bialgebra. Then, (1) follows trivially because,
D is a subset of pre-operations of F. For the converse implication, assume (1) and let
h € Og(w) for some w € V. We want to show that

FAv % Aw

e

YA —2 5 A

commutes, where (A, a)" = (A%, a). By density of D, it suffices to show that for all v-ary
pre-operation g € D, b" o a9 = a9 o (b")?. This follows by

(Aw)v a’d s AW

AY " A

which commutes by Proposition 6.5, (1), definition of a9, and naturality of g. []

Let (T,n,u) be a strong monad on V. Note that, as T' is a strong functor and the
EM-algebras for T" are closed under powers of V-objects, all the results and definitions given
in this section extends to EM-algebras for T'.

Let T, T' be two strong monads on V. A Eilenberg-Moore (T, T")-bialgebra is a triple
(A, a,a’) consisting of an object A € V with both a EM T-algebra structure a: TA — A
and a EM T"-algebra structure a’: 7"A — A. We say that a EM (T, T')-bialgebra (A, a, b) is
commutative if it is so as a (T, T')-bialgebra for the functors T, 7". We denote by EM(T, T")
the category of EM (T,T")-bialgebras and by EM¢(T,T"), the full subcategory of the
commutative EM (T, T')-bialgebras.

Definition 6.8 (Tensor of monads). If the forgetful functor EM¢(T,7") — V has left
adjoint, then the monad induced by the adjunction is the tensor of T,T’, denoted T'® T".
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Note that the tensor of monads does not necessarily exist (see [10] for counterexamples).
However, when it does T ® T" = T' ® T, as the categories of commutative biagebras
EM(T,T") and EM(T',T) are isomorphic.

6.2. Tensor of Quantitative Theories. In this section, we develop the theory for the
tensor of quantitative equational theories. The main result is that the free monad on the
tensor of two theories is the tensor of the monads on the theories. In the proof given,
we use the fact that the quantitative theories are basic, as this allows us to exploit the
correspondence between the algebras of a theory U and the EM-algebras of the monad Ty,
(Theorem 3.5).

Let X, ¥’ be two disjoint signatures. Following Freyd [15] (and [20]), we define the
tensor of two quantitative equational theories U, U’ of respective types ¥ and ¥/, written
U @U’', as the smallest quantitative theory containing U/, U’ and the quantitative equations

- f(g(a;%,...,x}n),...,g(m’f,...,x%)) =0 g(f(a:%,...,x?),...,f(x,ln,...,a:%)), (6.1)

for all f: n € X and g: m € ¥/, expressing that the operations of one theory commute with
the operations of the other.

6.2.1. Density of Symbolic Pre-operations. Towards our main result, we identify a dense
set of pre-operations for the free monads on quantitative equational theories which, in
turn, will give us a simpler characterization for commutative bialgebras for these monads
(¢f. Proposition 6.7).

First notice that any signature functor ¥ = [] fmen 1 d"™ in Met is strong, as it is the
coproduct of the strong functors Id" = (—)2, where n € Met denotes the set {1,...,n}
equipped with the discrete extended metric assigning infinite distance to distinct elements.
Moreover, the injections ins: (—)® = 3 are strong natural transformations, hence they are
n-ary pre-operations of ¥ (c¢f. Definition 6.1).

Proposition 6.9. Sy, = {in; | f: n € £} is a dense set of pre-operations of 3.

Proof. Let (A,a),(B,b) be X-algebras in Met and h: A — B a non-expansive map. We
want to prove the equivalence of

(1) f is a ¥-homomorphisms from (A, a) to (B,b);
(2) For every f:n € X, hoa™ =b"f oh".

(1) = (2) follows by definition of a™f, b"/ and naturality of ins: (—)2 = X. The
implication (2) = (1) follows by the universality of the coproduct, as ¥ = [[; oy, Id". []

In the following, the pre-operations in Sy, will be called symbolic, and to simplify the
notation, for any f: n € ¥ and Y-algebra (A, a), we write a/ instead of a™/.

Now we turn to study the pre-operations of the monad 1;;, for a quantitative equational
theory U of type . First notice that the monad 73, is strong, with strength

C:X7YZ XDTL{Y — TM(XDY)
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obtained by uncurrying the unique map hx y that, by Theorem 3.3, makes the following
diagram commute

%
Y ——— Ty Y <

NG

3 \‘ hx,y i J/EhX,Y
XY 2 1/)1/{ %
(T (X OY))X {27 sy, (X OY))X

where Bxy is the currying of ¥y : X OY — T (X OY).

Since a monad is strong iff both its unit and multiplication are strong natural transfor-
mations, both n!, ¥ are strong. Moreover, also ¥ : ¥Tj; = Tj; is strong.

Thus any pre-operation g € Ox(v) can be tuned into a pre-operation of T;; as the
composite

U u
() Le 2 v, Y,

In particular, when the theory U is basic, by Theorem 3.5, the above composition allows
us to turn any dense set of pre-operations of ¥ into a dense set of pre-operations of Ty,.

Proposition 6.10. Let U be a basic quantitative theory of type X and D a dense set of
pre-operations of . Then {YY o Xn" o g | g € D} is a dense set of pre-operations of Ty.

Proof. (A,a), (B,b) be Ty-algebras and h: A — B a non-expansive map. We want to prove
the equivalence of
(1) his a Tyy~-homomorphism from (A4, a) to (B,b);
(2) For every v-ary pre-operation g € D, ho a(W e og) — p(HeZnog) o pu

(1) = (2) follows by definition of a(WoBn o) p(oXn"og) and naturality of Y o St o g.
For the converse implication, recall that the isomorphism of categories from Theorem 3.5,
maps a Ty-algebra (A, a) to the S-algebra (A,a o ¢Y o XnY) and morphisms essentially

to themselves. Thus (2) = (1) follows by density of D and definition of a(#"°¥7°9)
p@HoEnog) ]

When U is a basic theory, by combining Propositions 6.9 and 6.10, we easily obtain a
dense set of pre-operations also for the monad Ty,.

Corollary 6.11. S7;, = {1 o X o ing | f:m € X} is a dense set of pre-operations of Ty,
whenever U is a basic quantitative equational theory.

Also the pre-operations in S7;, will be called symbolic and we simplify the notation by
writing o) instead of a(¥°=n"0ins) for f:n e X and (A a) € Ty-Alg.

As an immediate consequence of Corollary 6.11 and Proposition 6.7, we obtain the
following simpler characterization for commutative (T, 7;,/)-bialgebras.

Corollary 6.12. Let U, U’ be basic quantitative theories respectively of type ¥, ¥'. A
(Ty, Ty ) -bialgebra (A, a,b) is commutative iff it satisfies either of the equivalent conditions

(1) For all f:n €%, a'l) is a Ty -homomorphism;
(2) Forallg: ne¥/, b9 is a Ty -homomorphism.
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6.2.2. Tensor of Free Monads on Quantitative Theories. Let U,U’ be basic quantitative
theories respectively of type ¥, ¥'. We show that any model for U @U" is a (U @U')-bialgebra:
an extended metric space A with both a Y-algebra structure a: ¥ A — A satisfying & and a
Y'-algebra structure b: ¥'A — A satisfying U’ and respecting the diagrammatic condition
below, for all f: n € ¥ and g: m € ¥’

An ol AW gm
(bQ)ET T(af)m (6.2)
(Amyn X, (An)m

Formally, we denote by K((X,U) ® (X/,U")) the category of (U @ U')-bialgebras, with
morphisms the non-expansive homomorphisms preserving both algebraic structures. Then,
the following isomorphism of categories holds.

Proposition 6.13. K(X+ X, U o U") 2 K((Z,U) @ (X',U")), for U,U" basic theories.

Proof. The isomorphism is given by the pair of functors

H

KE+SUoU) 7 K(ZU) e (@ ,U))
K

defined, for a (X + X')-algebra (4, a) satisfying Y @ U’ and a (U @ U')-bialgebra (B, b,b'),
respectively as

H(A,a) = (A,aoin;aocin,), K(B,b, V) = (B, b)),

where [b,0/]: ¥B 4+ X'B — B is the unique map induced by b and b’ by universality of the
coproduct. Both functors are identity on morphisms; it is easy to see that a homomorphism
in one sense is also a homomorphism in the other.

The pair of functors above is the restriction of the isomorphic pair of functors used in
the proof of [3, Proposition 4.1]. Thus, to show H and K are well defined we are just left to
deal with checking that the restriction conditions on the subcategories are preserved both
ways.

As for H, we prove that whenever A = (A, a) satisfies the quantitative equation in (6.1),
then (A, a o in,aoin,) satisfies the commutativity of the diagram in (6.2). This follows as,
for all f: n € ¥ and g: m € ¥/, by definition of algebraic interpretation (—)“, we have

fA:aomlomf:(aoml)f,
g =aoin, oing = (aoin,)?.

Thus, the satisfiability (6.1) coincides with the commutativity of the diagram in (6.2).

For K we need to show that whenever (B,b,b') satisfies the commutativity of the
diagram in (6.2), then A = (A4, [b,b']) satisfies (6.1). This follows as, for all f: n € ¥ and
g: m € ¥, by definition of algebraic interpretation (—)#4, we have

fA= b einoing = (b)),
gt = [b,V] o ing 0ing = (V).
Thus, the commutativity of the diagram in (6.2) coincides with the satisfiability of (6.1). [

Moreover, by adapting the isomorphism of Theorem 3.5 and exploiting the density of
symbolic pre-operations (c¢f. Corollary 6.12) the following is also true.
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Proposition 6.14. K((X,U) ® (X,U")) 2 EMc(Ty, Ty), for U,U’ basic theories.
Proof. Recall the isomorphism of categories from Theorem 3.5

H

Ti-Alg T K(SU)
K

mapping morphisms to themselves and on objects acting as follows: for (A,a) € Ty-Alg
and (B,b) € K(X,U),

H(A,a) = (A,a0yY o Sn4), K(B,b) = (B,b,),

where §,: TyB — B is the unique map that, by Theorem 3.3, satisfies the equations
b, o4 =idp and b, o ¥ = bo Xb,. (for the details on the proof cf. [3, Theorem 4.2]).

Next we show that the obvious point-wise extension of the above functors on the cate-
gories of bialgebras K((X,U) @ (¥',U")) and EM(Ty, T;;) is an isomorphism of categories.

Clearly, since H and K are inverse with each other, so are their point-wise extensions.
The only thing we are left to prove is that they are well defined; in particular that the
respective commutative conditions are preserved.

Let (A,a,b) € EMc(Ty,T;,/). We need to show that condition (6.2) is satisfied by
(Ayaoy oS  boyH o X)), Let (A,b)% = (A%, b). By Corollary 6.12 and Propositions 6.9,
6.10, we have that the bottom square diagram below commutes for all f: n € ¥ and all
g: m € X', while the top commute by Proposition 6.5:

1 \

b(9>

(a<f>)ﬂ%L .La<f>

Am b blg)

Since alf) = (a 0¥ o In%)¥ and b9 = (bo ¥ o Zn¥)9, the above diagram proves that
condition (6.2) holds.

Let (A,a,b) € K((Z,U) ® (X',U")). We need to show that (A, a,,b,) is a (Ty, Ty)-
bialgebra. By Corollary 6.12, it is sufficient to prove that the following diagram commutes
for all g: m € ¥/,

Ty Am — 2y gm
T (bﬁ)l ibé") (6.3)

A —2 5 A

where (A4, a,)™ = (A™,a@,).
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Toward proving (6.3), first notice that the diagram below commutes for all f: n € ¥
and g: m € X'

(AR)m - Am
X
\\ 4
9) (amyn T (6.4)
(6.2)
of
An > A

for (A,a)™ = (A™,a) and (A,b)" = (A%, b). Indeed, the bottom commutes because (4, a, b)
satisfies (6.2), and the top triangle does by Proposition 6.5.
Going back to proving (6.3), by Theorem 3.3, it suffices to show that both bég ) o @, and

a, o Ty (bég >) are the (unique) homomorphic extension of a along b?. This is shown by the
following diagrams

u
A L) TM A™ Am *)77“ Tu A™

béwl lTM o) k laT
Am

AT TA

\ lab bég) lbé.g)

A

U
Ty A™ < STy, Am
Ty bg% iZTu by

wu
TuA — ETL{A

abi Pa.,

A+—2— YA

U
Ty A™ < STy, Am

a, Sa,
SThpA |, At pAm , NN A
/ 22/771/[
l \ ing Ying / lid
STy A o — YA YA o DY A
b
\wa( b b lwul
LA —" v Ae*  yac ™ w7,

that commute by definitions of ay, by, bég>, b9; by naturality of n™, ¥ ; since (A, a,)™ is a EM
Tys-algebra; because by Theorem 3.5 (A, a,)™ = (A, a)™; and since from Propositions 6.9,
6.10 and (6.4) we have that b9 is a ¥-homomorphism. ]

By combining the above two propositions we get the main theorem of this section.
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Theorem 6.15. Let U, U’ be basic quantitative theories. Then, the monad Ty g in Met
is the tensor of monads Ty @ T;,.

Proof. By Propositions 6.13 and 6.14 the forgetful functor from EM¢(7;4,7;,/) to Met has
a left adjoint and the monad generated by this adjunction is isomorphic to 7j,s;,r. Thus, by
definition of tensor of monads, Ty;gyr = Ty @ Tyyr. ]

The above results do not require any specific property of Met, apart that its morphisms
are non-expansive maps. Thus, when the quantitative equational theories are continuous,
we can reformulate an alternative version of Theorem 6.15 which is valid in CMet.

Theorem 6.16. Let U, U’ be continuous quantitative theories. Then, CTy;gy in CMet is
the tensor of monads Cly @ Cly,r.

Proof. The tensor U @ U' of continuous theories is also continuous, so that, by Theorem 3.8,
the free monad on it in CMet is CT, ;.. Moreover, by exploiting the universal property
of Theorem 3.8, we can refactor the proofs of Propositions 6.13 and 6.14 to obtain the
isomorphism CK(X + X/, U/ ® U') =2 EM.(CTy,CTy;). Thus, by definition of tensor of
monads, CTy,g = CTy @ CTyyr. ]

6.3. Tensor with Reader/Writer Effects. As an example of commutative combination
of effects we consider the operation of tensoring a generic quantitative theory with the
quantitative reader and writer theories, respectively. Similarly to Hyland et al. [19], we show
that these operations corresponds, at the level of monads, to the so called reader and writer
monad transformers of Moggi and Cenciarelli [35, 11].

Reader Monad Transformer. Let T be a strong monad with strength ¢ and E a finite set.

The strength ¢ gives rise to a distributive law of the monad T' over the monad (—)£

Ax: TXE = (TXx)E

obtained by currying Tev% otp xe. As distributive laws induce a notion of monad composi-
tion [7], Moggi’s reader monad transformer

T (T-)E
is also available in Met. The following says that we can recover this monad transformer as

the operation of tensoring with the reader monad.

Theorem 6.17 (Tensoring with Reader Monad). Let T' be a strong monad. Then, T ® (—)&

exists and is given as the monad composition (T—)E.

Proof. Recall that the composite (T'—)£ is the monad that arises from the adjunction with
the forgetful functor A-biAlg — Met, where A\-biAlg denotes the full subcategory of EM
(T, (—)E)-bialgebras (A, a,b) satisfying the commutativity of the diagram

TA —% 5 A+t AE
] J@e (6.5)

T(AE) — 22— (TA)E
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The bialgebras satisfying (6.5) are called, A-bialgebras for the law \: T(—£) = (T—)E
(see e.g., [7]). We show that the category of A-bialgebras is identical to the category of
commutative (T’ ® (—)E)-bialgebras, that is, that the commutativity of the diagram above
corresponds to either one of the equivalent conditions from Proposition 6.4.

One direction is easy, as if we assume (4, a, b) to be a commutative (T'® (—)E)-bialgebra,
then (6.5) is just the instantiation of (2) from Proposition 6.4 for h = id € O(_r(E) as, by
definition of E-power algebra, (4,a)E = (AE, (a)E o \y).

For the converse direction, assume (6.5) holds and let g € Op(v), for some v € Met.
Then, asking that a9 is a (—)E-homomorphism (i.e., condition (1) from Proposition 6.4)
corresponds to the commutativity of the following diagram, as (A,b)" = (A", b" o0 4) and
(4,0)E = (AE, (a)E o \a):

(AM)E 7 (AB)r 2 A

S

*>TA

S

The bottom-left square is (6.5), so commutes by hypothesis; the top-right square commutes by
naturality of g; and finally, the left square commutes by Proposition 6.5 as, by definitions of
the strengths of (—)” and (—)E, o: (A)E = (AE)? coincides with the canonical isomorphism
(denoted as x in Proposition 6.5).
Therefore, as the two categories of bialgebras coincide, by definition of tensor of monads,
T®(-)E=(T-)E O
By using the above result in combination with Theorem 6.15, we obtain an analogous

transformer at the level of quantitative equational theories as follows.

Corollary 6.18. Let U be a basic quantitative equational theory. Then, (T —)E is the free
monad on the theory Y ® R in Met.

Moreover, as R is a continuous theory, by Theorems 4.9, 6.15, and 6.17, we obtain the
following variant of the quantitative reader theory transformer on continuous theories.

Corollary 6.19. Let U be a continuous quantitative theory. Then, (CTy—)E is the free
monad on the theory U @ R in CMet.

Writer Monad Transformer. Let T' be a strong monad with strength ¢ and (A, *,0) a monoid
structure with A € Met, unit 0 € A, and non-expansive multiplication *: A X A — A.
The strength ¢ gives rise to a canonical distributive law of the monad (A —) over T as
tAh—:(AOT—-)=T(AO-).
So the composite T'(A O —) acquires a canonical monad structure via the above distributive
law [7], and we obtain the following version of Moggi’s writer monad transformer in Met:
T—TAO-).

Hyland et al. In [20] observed that Moggi’s writer monad transformer can be equivalently
recovered as the operation of tensoring with the writer monad.



46 A. BACCI, R. MARDARE, P. PANANGADEN, AND G. PLOTKIN

Theorem 6.20 (Tensoring with Writer Monad [20, Theorem 12]). Let T' be a strong monad
with countable rank. Then, the monad composition T'(A O —) is given as T @ (A O —).

As any quantitative theory U induces a monad Tj; with countable rank (cf. Ford
et al. [14]), by combining the above with Theorems 6.15 and 4.10, we get an analogous
transformer at the level of quantitative equational theories as follows:

Corollary 6.21. Let U be a basic quantitative theory. Then, Ty (AT —) is the free monad
on the theory U @ W in Met.

As W is also a continuous quantitative theory, by similar arguments as before, we obtain
the following variant of quantitative writer theory transformer on continuous theories.

Corollary 6.22. Let U be a continuous quantitative theory. Then, CTy (A O —) is the free
monad on the theory U @ W in CMet.

6.4. The Algebras of Labeled Markov Processes. In this section we provide a quantita-
tive equational axiomatization of labelled Markov processes with their discounted bisimilarity
metric [46, Section 6].

6.4.1. Labelled Markov Processes over Metric Spaces. Let A be a finite set of action labels.
As in [46, Section 6], we regard A-labelled Markov processes over extended metric spaces as
coalgebras on the category of metric spaces. In detail, we consider two variants of labelled
Markov processes:

X —I(c- X +1)4 in Met,
X —Alc- X +1)24 in CMet,

where Il and A are the functors from Section 4.5, mapping a metric space X to a space of
probability measures with Kantorovich metric. We will collectively refer these coalgebras as
labelled c-Markov processes.

Similarly to Section 5.3.1, the use of the rescaling functor (¢-—) is to encompass the case
where the probabilistic bisimilarity distance is discounted by a factor 0 < ¢ < 1. This will
not change the essence of the results from [46] that are used in this section to characterise
the probabilistic bisimilarity metric.

In [46], van Breugel et al. characterised the bisimilarity distance on labelled Markov
processes as the pseudometric induced by the unique homomorphism to the final coalgebra.
Specifically, the c-discounted bisimilarity pseudometric on a labelled c-Markov process (X, 7)
is obtained as the function d: X x X — [0, 1] given as

d°(z,7') = dz(h(z), h(z'))
where h: X — Z is the unique homomorphism to the final labelled e-Markov process (Z,w).

This distance has a characterisation as the least fixed point of a monotone function on
a complete lattice of 1-bounded pseudometrics.

Proposition 6.23 ([46, Theorem 40]). The c-discounted bisimilarity pseudometric d¢ on
(X, ) is the unique fized point of the following operator on the complete lattice of extended
pseudometrics d on X with point-wise order C, such that d C dx,

Ue(d)(z,2") = sup sup ’/f dr(z)(a) — /f dr (2’

acA f
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with f ranging over non-expansive positive 1-bounded real valued functions on c- X + 1.

6.4.2. Quantitative Algebraic Presentation. We provide a quantitative equational theory
that axiomatizes (the monad of) A-labelled Markov processes with c-discounted bisimilarity
metric. We do this by extending the axiomatization of (unlabelled) Markov processes from
Section 5.3 with a new “reading” operator used to describe the reaction to the choice of
a label from a finite set A of action labels. As expected, the reading operations will be
axiomatised by the theory R4 of reading computations (cf. Section 4.3.1).

Formally, for A = {ay,...,a,} we define the quantitative theory of labelled Markov
processes as the following combination of quantitative theories,

ULmp = (B+ &) @ Ra) + O(%).

with signature Xyp = Xp U X1 UXg, U, given as the disjoint union of those from its
component theories. Explicitly,

Yemp = {+e: 2| e €[0,1]} U{raise,: 0} U{r: [A|} U{o: (1,¢)}

theory Urmp is given by the following set of axioms

Bl)Fz+iy=0x

B2) Fzx+ex =,

(SO Faz+ey=0y+i-ecz,

(SA) F(z+ey) +e 2 =0 T +ee (¥ tere z), for e, €10,1),

(IB){z=cy,2' =0y} Fa+ca' =5y +ey, for 6§ > e + (1 —e)e,
(Idem) ko =¢ r(z,...,z),

(Diag) Fr(z11,.. xn,n) =o r(r(z11,-- s @1pn)s-- s M(@n1,- o Tnn))
(Com) Fr(z1+eyts- s @nteyn) =0 r(T1,.. ., Tn) +e r(Y1y- - Yn),

(o-Lip) {z =. y} F o(z) =5 o(y) , for 6 > ce.

Note that, the constant raise, has no explicit associated axiom since & is the trivial theory
and (ldem) already implies the commutativity axiom required by tensoring with R 4.

Intuitively, Xypmp-terms (modulo =g provability) should be interpreted as equivalence
classes of behaviours of labelled Markov processes up-to bisimilarity. The term ¢ +,. t/
expresses convex combination of behaviours; raise, represents termination; r(tq,...,t,) is
used to express that ¢; is the selected behaviour after the choice of the action label a; € A;
and o(t) expresses the ability of taking a transition to the behaviour ¢.

On Metric Spaces. We characterise the monad 7j/, ,,, on Met in steps, by explaining the
contribution of the different theories in
Urmp = (B+ &) @ Ra) + O(%).
(Step 1) As shown in Section 5.3.2, T, ¢, is the finitely supported sub-distribution monad
Tpte, = (- +1).

Thus, B + &£, axiomatizes finitely supported sub-distributions with Kantorovich metric.
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(Step 2) By Theorem 6.15 and Corollary 6.18, we further get the monad isomorphism
Tisrenera =1+ —) @ (=) = (11 + )4,

saying that tensoring with the theory R 4 of reading computations corresponds to axiomati-
cally adding the capability of reacting to the choice of an action label.

(Step 3) The final step is to sum the above with the theory O(X,). Then, by Corol-
lary 5.11, the monad on Urmp is

Y [a¥) A
Tyrme = 1y T(preyera(c-y+—) = pydl(c-y+14—)7,
where we implicitly applied the isomorphisms ¢- (A+ B) =X c¢-A+c-Band 1 =c¢-1.
Explicitly, this means that, the free monad on Urmp assigns to an arbitrary metric
space X € Met the initial solution of the following functorial equation in Met

LMPx = (Il(c- LMPx + 1+ X))2.

In particular, when X = 0 is the empty metric space (i.e., the initial object in Met) the

above corresponds to the isomorphism on the initial (IT(c- —+1))2-algebra. The isomorphism

gives us also a (II(c- — +1))4-coalgebra structure 7o: LMPy — (II(c- LMPy+1))2 on LMP,.
The key observation is that the metric of LMP; is the bisimilarity metric.

Lemma 6.24. dpyp, is the c-discounted probabilistic bisimilarity metric on (LMPy, o).

Proof. Similar to Lemma 5.16. []

On Complete Metric Spaces. Since all the quantitative theories considered are continuous,
we can replicate the same steps also while interpreting the theory Utnmp over complete
metric spaces, obtaining the monad

Clupme = py-Alc-y+1+ _)A'

By following similar arguments to Section 5.3.2, one can prove that the the functorial
equation LMPx = A(c- LMPx + 1 + X)4 has a unique solution. By applying the monad
above on X = 0 we recover the carrier of the final (A(c- — 4+ 1))4-coalgebra, equipped with
c-discounted probabilistic bisimilarity metric.

6.5. The Algebras of Mealy Machines. In a similar spirit to the axiomatization of
labelled Markov processes, here we provide a quantitative axiomatization of Mealy machines
with their (coalgebraically defined) discounted bisimilarity metric.

6.5.1. Mealy machines over Metric Spaces. Informally, Mealy machines are deterministic
automata with outputs. Formally, they are tuples (X, I, A, ¢, 0) consisting of a set of states X,
a finite set I = {i1,...,i,} of inputs, a set A of outputs, a transition function t: X x I — X,
and an output function o: X x I — A.

These structures are clearly Set coalgebras for the functor (A x —) [41, 42]. In order
to give a coalgebraic definition of a bisimilarity metric for Mealy machines, we will interpret
them as coalgebras (X, 7) on categories of metric spaces. Specifically

7: X — (c- XOA)Y  in Met/CMet,
where 0 < ¢ < 1 and we assume A to be a complete metric space of outputs. The rescaling

functor (c- —) is used to obtain a discounted bisimilarity distance. When we want to
emphasize the role of the discount factor we call these coalgebras c-Mealy machines.
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Similarly to [46], we define the the c-discounted bisimilarity pseudometric on a c-Mealy
machine (X, 7) as the pseudometric induced by the unique homomorphism to the final
coalgebra. That is,

dc(xﬂ {L’/) - dZ(h(x)a h(x/)) )

where h: X — Z is the unique homomorphism to the final ¢-Mealy machine (Z,w).

A concrete characterisation of the final ¢-Mealy machine can be obtained as in [41]. We
don’t repeat the argument here as it is not necessary for our technical development, which
requires only its existence.

This distance has a characterisation as the least fixed point of a monotone function on
a complete lattice of [0, oo]-valued pseudometrics.

Proposition 6.25. The c-discounted bisimilarity pseudometric d¢ on (X, T) is the unique
fized point of the following operator on the complete lattice of extended pseudometrics d on
X with point-wise order C, such that d C dx,
Ue(d)(z,2") = sup (c- d(z;, ) + da(Ni, N)))
el
where 7(i)(x) = (x;, \i) and 7(i)(z') = (2], \)).

Proof. The unicity of the fixed point follows by Banach fixed point theorem. Indeed,
the set of extended real valued functions on X x X (which is a superset of the set of
extended pseudometrics on X) can be turned into a complete Banach space by means of
the sup-norm ||f|| = sup, ./ |f(z,2)| and ¢ is a c-contractive operator on it. Moreover,
d¢ = lim;,,00(¥¢)™(0), where 0 is the constantly 0 pseudometric. Since ¥ is a monotone
operator, (¥€)"(0) C (¥¢)"*1(0). Moreover, U¢ maps pseudometrics into pseudometrics. As
pseudometrics are closed under point-wise suprema, d° is a pseudometric. ]

6.5.2. Quantitative Algebraic Presentation. Next we provide a quantitative equational theory
that axiomatizes (the monad of) Mealy machines with c-discounted bisimilarity metric. As
we did already in the previous sections we will do this by combining simpler theories via of
sum and tensor. The basic theories we use are:

(1) The quantitative theory Ry of reading computations will be used to axiomatize the
reaction to the choice of an input symbol i € I (¢f. Section 4.3.1);

(2) The quantitative theory Wy of writing computations will be used to describe the action
of outputing a symbol o € A. (c¢f. Section 4.3.2). In our axiomatic interpretation, we
assume A to have a monoid structure and outputs to be recorded in a “output tape” by
means writing operations.

(3) The quantitative theory of contractive operators O(X,) with signature X, = {¢: (1,¢)}
will be used to axiomatise the transition to a next state with discounting factor 0 < ¢ < 1
(cf. Section 4.2).

Formally, for a finite set of inputs I = {41,...,i,} and complete metric space A of
outputs with monoid structure (A, 0, *), we define the quantitative theory of Mealy machines
as the following combination of quantitative theories,

Unm = (R @Wy) + O(%,) .
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with signature Xym = Yr, U 2w, U X, given as the disjoint union of those from its
component theories. Explicitly,
Evv = A{r: ||} U{wa: 1| ae A} U{o: (1,¢)}

and the theory Ungmv is given by the following axioms

(Idem) Fx =¢ r(z,...,z),

(Dlag) l— r($171, e afn,n) =0 I’(I’(SELl, ey .TLn), N r($n,1, e ,xn,n))

(Zero) F x = wp(x),

(Mult) F wq (War (7)) =0 Wasar ()

(Diff) {z = 2’} F wo(2) =5 wo (2'), for 6 > dp(a, @) + ¢,
(Com) Fr(wa(x1),. .., Wo(xy)) =0 wa(r(z1,...,2,)),
(o-Lip){z =c y} F o(x) =5 o(y), for § > ce.
Intuitively, ¥ymv-terms (modulo =g provability) should be interpreted as equivalence

classes of behaviours of Mealy machines up-to bisimilarity. The term r(t1,...,%,) is used
to express that ¢y is the selected behaviour after reading input iy € I; w,(t) is the term

expressing behaviour of writing the output o € A in the output tape; and o(t) expresses the
ability of taking a transition to the behaviour .

On Metric Spaces. We characterise the monad 7y,,,,, on Met in steps, by explaining the
contribution of the different theories in Unim.
(Step 1) As shown in Section 4.3.1, T, is the reader monad

T, = (—)F.

I
Thus, R axiomatizes the space of functions with domain the set I.
(Step 2) By Theorem 6.15 and Corollary 6.21 (equivalently, Corollary 6.18), we further
get the monad isomorphisms
Triow, = (-)L@ (-0OA) = (-0A)VL,

saying that tensoring with the theory Wy of writing computations corresponds to axiomati-
cally adding the capability of writing an output symbol after reading an input action.
(Step 3) By summing the above theories with the theory O(3,), by Corollary 5.11, we
get that the free monad on Upniv is
Tutnena = 1y Triewy (¢ y + =) = py.((c-y+—) O M)

Explicitly, the free monad on Unm assigns to an arbitrary metric space X € Met the
initial solution of the following functorial equation in Met

MMy = (c- MMx + X) O A)L.

In particular, when X = 0 is the empty metric space the above corresponds to the isomor-
phism of the initial (¢ - — O A)L-algebra. From this we recover a (c - — 0 A)L-coalgebra
structure 79: MMy — (¢ - MMy O A)L on MMy, whence a c-Mealy machine.

Lemma 6.26. dyy, is the c-discounted probabilistic bisimilarity metric on (MMoy, ).

Proof. Similar to Lemma 5.16. []
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On Complete Metric Spaces. As the quantitative theories considered are continuous, we
can replicate the same steps also while interpreting the theory Univ over complete metric
spaces, obtaining the monad

Clipeng = 1y-((c-y +—) O AL
By following similar arguments to Section 5.3.2, one can prove that the the functorial
equation MMy = (c- MMx + X) O A)L has a unique solution in CMet. Hence, by applying
the monad above on X = 0 we recover the carrier of the final (¢- —[A)L-coalgebra, equipped
with c-discounted probabilistic bisimilarity metric.

6.6. The Algebras of Markov Decision Processes with Rewards. In this section we
provide a quantitative equational axiomatization of Markov decision processes with rewards
and their (coalgebraically defined) discounted bisimilarity metric. The axiomatization is
obtained by extending that of labelled Markov processes from Section 6.4 by adding the
ability to record the rewards associated with a specific probabilistic decision.

6.6.1. Markov Decision Processes over Metric Spaces. Informally, Markov decision processes
are labelled Markov processes where each choice of action label (decision) is associated with
a probabilistic reward. Formally, as in [46], we regard them as coalgebras on the category of
extended metric spaces. In detail, we consider two variants of Markov decision processes:

X —TI(c- XOR)A in Met,
X — A(c- XOR)A  in CMet,
where II and A are the functors from Section 4.5. For convenience, the rescaling functor

(¢ —) is used to account of a discount factor on the bisimilarity metric and the functor
(= OR) is to give a metric interpretation to the combination with the reward structure.

Remark 6.27. In [40] a Markov decision process is defined as a tuple (S, p(:|s,a),r(s,a))

with a Markov kernel p: S x A — A(S) and randomised reward function r: S x A — A(R).

Our coalgebraic representation is the natural generalisation over metric spaces, where the

randomness of the Markov kernel and reward function is combined as a probability measure
n (c- SOR), by regarding R and S as extended metric spaces.

Similar to Section 5.3.1, one can show that the final coalgebra for the functors IT(c-—OR)4
in Met and A(c- — OR)4 in CMet exists, thus we define the c-discounted probabilistic
bisimilarity distance on a Markov decision process (X, 7) as the pseudometric

d°(z,2') = dz(h(), h(@'))

induced by the unique homomorphism h: X — Z to the final coalgebra.
Also in this time, the probabilistic bisimilarity distance can be given a fixed point
characterization.

Proposition 6.28. The c-discounted bisimilarity pseudometric d¢ on (X, T) is the unique
fized point of the following operator on the complete lattice of extended pseudometrics d on
X with point-wise order T, such that d C dx,

/f dr(x)(a) — /f dr(2")(a)

with f ranging over non-expansive positive 1-bounded real valued functions on c- X OOJR.

U¢(d)(x,2") = supsup
acA f

)
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6.6.2. Quantitative Algebraic Presentation. We provide a quantitative axiomatization of
Markov decision processes with rewards equipped with discounted bisimilarity metric. As
the construction is similar to Section 6.4, we avoid repeating the details of each step of the
monad characterization.

Let A = {a1,...,a,} be a finite set of actions and (R, +,0) be the standard monoid
structure on the reals. We define the quantitative theory U yvpp of Markov decision processes
with real-valued rewards as the following combination of quantitative theories,

Unmpp = (B Wr) ® Ra) + O(X,) .

with signature Xympp = X5 U Xy, U Xg ,, U X, given as the disjoint union of those from its
component theories.

On Metric Spaces and Complete Metric Spaces. Similarly to what we have done in
for labelled Markov processes, we relate Markov decision processes and their c-discounted
probabilistic bisimilarity pseudometric with the free monads on the theory Unpp in Met
and CMet.

The only step that changes in the characterisation of the monad 734, in Met, regards
the combination of theories B ® Wg, which is dealt using Corollary 6.21. Thus, similarly to
Section 6.4 we get

TUMDP = T((B@WR)@RA)+O(Z<>) = ,uy.H((c Y+ _) O R)A‘

The metric on the initial solution for the functorial fixed point definition corresponds to the
c-discounted probabilistic bisimilarity (pseudo)metric on its coalgebra structure.

Similar considerations apply also when interpreting the theories in the category CMet
of complete metric spaces, as the argument follows without issues because R a complete
metric space. Thus we obtain the following characterisation for the monad:

Clitpae = 1y Al(c-y+ —) OR)A.

As the fixed point solution in CMet is unique, CTy, ,,0 is an algebraic characterization of
the final A((c- —) O R)4A-coalgebra with probabilistic bisimilarity metric.

7. CONCLUSIONS

We studied the disjoint and commutative combinations of quantitative effects, respectively as
the sum and tensor of their quantitative equational theories. The key results are Theorems 5.3
and 6.15, asserting that the sum and tensor of two quantitative theories corresponds to
the categorical sum and tensor, respectively, of their free monads. In addition to these
general results, we provide quantitative analogues Moggi’s monad transformers for exceptions,
resumption, reader, and writer.

We illustrate the applicability of our theoretical development with the axiomatisations
four coalgebraic bisimilarity metrics: for Markov processes, labeled Markov processes,
Mealy machines, and Markov decision processes. Apart from the intrinsic interest in their
quantitative equational presentation as effects, what is particularly pleasant is the systematic
compositional way with which one can obtain quantitative axiomatisations of different
variants of coalgebraic structures by just combining theories as new basic ingredients.

An example that escapes our compositional treatment via sum and tensor is the
combination of probabilities and non-determinism as illustrated in [33]. A possible future
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work in this direction is to extend the combination of theories with another operator: the
distributive tensor (see [21, Section 6]). Following an intuition similar to Cheng [12], we claim
that these correspond in a suitable way to Garner’s weak distributive law [16]. Our claim
seems promising in the light of the work [17, 9] which consider equational axiomatisations
combining probabilities and non-determinism.
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APPENDIX A. LIMITS AND COLIMITS OF EXTENDED METRIC SPACES

Limits and colimits in the category Met of extended metric spaces and non-expansive maps
are defined similarly to those in Set, at least for the part of their underlying set. Some care,
though, should to taken in the definition of the distance function.

From an abstract point of view, the reason is that the forgetful functor U: Met — Set,
sending an extended metric space (X, dx) to its underlying set X, is faithful (i.e., homsets
are mapped injectively), and has as left adjoint the functor Disc: Set — Met that assigns
to each set X the discrete extended metric space X giving distance oo to every distinct
pair of elements. Therefore U preserves all limits which may exist in Met (this is why the
underlying set of product spaces is the cartesian product of their underlying sets).

Moreover, Met is a full reflective subcategory of PMet, the category of extended
pseudometric spaces (i.e., a relaxation of extended metric spaces where different elements
x # y can be assigned distance d(x,y) = 0), with reflection mapping a pseudometric space
(X,dx) into its quotient modulo the equivalence = = y iff dx(z,y) = 0. Since PMet
is cocomplete with colimits constructed similarly to Set also Met is cocomplete and its
colimits are just simple quotiented versions of those in Set.

Although the abstract argument above is enough to prove completeness and cocom-
pleteness of Met, in the proof below we give a direct concrete construction of its limits and
colimits.

Proposition A.1. Met is a complete and cocomplete category.

Proof. Let D: T — Met be a small diagram, and let D(i) = (X;, d;), for each object i € 7.
Let U: Met — Set be the standard forgetful functor, sending (X, dx) to X. Clearly, also
UD: 7 — Set is a small diagram. We show completeness and cocompleteness separately:

Completeness: Let (f;: L — X;);ez be the limit cone to UD. We define dy,: Lx L — [0, o0]
as follows, for arbitrary z,y € L

dr(z,y) = sup di(fi(z), fi(y)),

and claim that this is an extended metric3.
Let z,y, 2z € L. Identity of indiscernible follows by

dr(z,y) =0 < Sup di(fi(z), fi(y)) =0 (def. dy)
< VieZ di(fi(z), fily)) =0 (d; positive)
— VieZ, fi(x) = fi(y) (d; metric)
= r =y, ((fi)iez limit cone)

symmetry by

dr(z,y) = Sup di(fi(x), fi(y)) (def. dp)
= sup di(fi(y), fi(z)) (d; metric)
=dr(y,z), (def. dy)

3Note that the definition of dz, makes sense since the supremum exists in [0, o]; this would not be true
for standard (finite) metrics taking values in [0, 00).
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and triangular inequality by

dr(z,2) +dr(z,y) = Sup di(fi(x), fi(2)) + Sup di(fi(2), fi(y)) (def. dr)
= sup (di(fi(2), fi(2)) + di(fi(2). fi(y))) (sup)
> sup di(fi(x), fi(y)) (d; metric)
= dr(z,y) . (def. dy)

With this metric all f; are non-expansive functions. Indeed we have, for all i € Z and
z,y €L

di(fix), i) = sup di(fix), fily)) = di(z,y)-

Since the forgetful functor U: Met — Set is faithful, the non-expansiveness of the
maps f; implies that (f;: (L,dr) — (Xj,d;))iez is a cone to D. Next we show that
this is actually the limiting cone.

Let (h;: (H,dpg) — (X;,d;))iez be a cone to D. Then (h;: H — X;);c7 is a cone to
UD. Since (f;: L — X;)iez is the limit cone to UD, there exists a unique function
g: H — L in Set satisfying f; o g = h;, for all ¢« € Z. We finish our proof by showing
that g is a non-expansive function. By non-expansiveness of the h;’s we have that, for
alli € Z and a,b € H, d;(hi(a), hi(b)) < du(a,b), and thus also

dr(g(a),g(b)) = Sup di(fi(g(a)), fi(g(b))) (def. dp)
= Silelgdi(hi(a)a hi(b)) (fiog=hi)
<dg(a,b). (h; non-expansive)

Thus we conclude that (f;: (L,dr) — (X, d;))iez is a limit cone to D.

Cocompleteness: Let (f;: X; — L);cz be the colimit cocone to UD. We define d,: L x

L — [0, 0], for arbitrary z,y € L, as follows:

dL(l',y) = Sup d(l’,y) )
deMy,
where M7, is the set of all extended pseudometrics d on L making all f;’s non-expansive
functions f;: (X;,d;) — (L,d). We claim that this is an extended pseudometric. Since
all d € My, are pseudometrics, we can derive immediately that dr(z,z) = 0 and
dr(z,y) = dr(y,z), for all z,y € L. Moreover, for all z,y,z € L, we have

dr(x,z) +dp(z,y) = sup d(x,z)+ sup d(z,y) (def. dr,)
deMy, deMy,

> sup d(z, z) + d(z,y) (sup)

deMy,
> sup d(z,y) (d metric)

deMy,
= dL(.T, y) . (def. dL)

Moreover, for all i € 7 and z,y € X;
di(fi(z), fi(y)) < sup d(z,y) (def. M)
deMy,

= dL($, y) . (def. ClL)
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Thus, all the functions f; are non-expansive w.r.t. the pseudometric dy,.

Now we turn the extended pseudometric space (L,dy) into an extended metric
space (C,d¢) by taking the quotient modulo the equivalence = = y iff dr(x,y) = 0.
The extended metric dg: C' x C — [0, 00] is given by

do([z], [y]) = do(z,y)

for all z,y € L, where [-]: L — C denote the quotient map w.r.t. =. Note that d¢ is
well-defined because by triangular inequality of dj, the definition above is independent
from the choice of the representative x of the =-equivalence class [z] in C.

From the non-expansiveness of the maps f; we have that also [-]o f; are non expansive.
Thus, since the forgetful functor U: Met — Set is faithful, ([] o fi: (Xi,d;) —
(C,d¢))ier is a cocone to D in Met. Next we show that this is actually the colimiting
cocone.

Let (h;: (X;,d;) — (H,dg))ier be a cocone to D. Then (h;: X; — H);er is a
cocone to UD. Since (f;: X; — L);ez is the colimit cocone to UD, there exists a
unique function g: L — H in Set satisfying g o f; = h;, for all ¢ € Z. We prove that
g is non-expansive w.r.t. the pseudometric dr. Let dy: L x L — [0, 00] be defined as
dg(z,y) = dr(g9(x), g(y)). It is easy to see that this is an extended pseudometric on L.
Moreover, for all i € Z and z/,3' € X; we have

dg(fi(2), fi(y") = du(g(fi(z)), 9(£i(4))) (def. dg)
= dy(hi(2'), hi(y")) (go fi=hi)
<d;(2',y). (h; non-expansive)

Thus dy, € Mp,. Using this we observe that, for all z,y € L

dr(z,y) = sup d(z,y) > dg(z,y) = du(g9(x),9(y)) . (A1)

Let ¢'([z]) = g(z), for all z € L. By (A.1) and the fact that dy is a metric,
g(z) = g(y) whenever = = y, hence the ¢: C — H is a well-defined function on
C. Moreover, by definition of do and (A.1), ¢’ is also non-expansive as a map
g (C,deo) — (H,dy) in Met.

Clearly, ¢’ o [] o fi = hy, for all i € Z. Assume that there exists another map
g": C — H such that ¢" o [] o f; = h;, for all i € Z. By the universal property of g,
g oll=g=g" o], thus g/(a]) = ¢"([a]), for all z € L.

Thus ([-] o fi: (Xi,d;i) — (C,dc))iez is the colimit cocone to D. ]

The situation is very similar when we consider the full subcategory CMet of complete

extended metric spaces. Indeed, CMet is closed under limits, which are defined as in
Met. Moreover, as CMet is a reflective subcategory of Met, with reflection the Cauchy
completion functor, we have that also CMet is cocomplete, with colimits constructed as in
Met and completed via Cauchy completion.

Proposition A.2. CMet is a complete and cocomplete category. ]
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APPENDIX B. EXTENDED METRIC SPACES ARE LocALLY COUNTABLY PRESENTABLE

Let A be a regular infinite cardinal (i.e., one that is not cofinal to any smaller cardinal). A
small category is called A-filtered if any subcategory of less than A\ morphisms has a cocone
in it. When A = Rg, the term finitely filtered (or simply, filtered) is most commonly used,
and countably filtered in the case A = Nj.

Example B.1. Let Xy denote the skeleton of the category of finite sets and all functions
between them. Then Ny is finitely filtered, but not countably filtered. While the skeleton
category N; of all countable sets is countably filtered.

A diagram is A-filtered if its domain is A-filtered, and a colimit is A-filtered when it is
the colimit of a A-filtered diagram. A functor F': C — D is called A-accessible if its domain
C has Mfiltered colimits and F preserves them?.

An object X of a small category C is A-presentable if its hom-functor

C(X,—): C — Set

is A-accessible. Explicitly, X is A-presentable iff for each A-filtered colimit cocone (¢;: D(i) —
C)er of a Miltered diagram D: Z — C, and each morphism f: X — C, there exists i € 7
such that

o f factorizes through ¢;, i.e., f = ¢; o g for some g: X — D(i), and
e the factorization is essentially unique in the sense that if f = ¢; 0 g = ¢; o ¢/, then
D(i— j)og=D(i — j)og, for some j € Z.

Definition B.2 (Accessibility and Local Presentability). A category C is A-accessible if

e it has all \-filtered colimits;
e there is a set C) of A-presentable objects such that every object is a A-filtered colimit of
objects of Cy.

It is locally A-presentable if, moreover, it has all small colimits (i.e., it is cocomplete).

A category is said accessible (resp. locally presentable) if it is A-accessible (resp. A-locally
presentable) for some regular infinite cardinal A. In the case A = Ry, we speak about locally
finitely presentable category, and for A = Xy about locally countably presentable category.

Example B.3. The category Set is locally finitely presentable with finitely presentable
objects precisely the finite sets (for Sety, we can choose the set of all natural numbers). The
category wCPO of cpo’s (i.e., posets with joints of all increasing w-chains) and w-continuous
functions is not locally finitely presentable, however, it is locally countably presentable with
countably presentable objects precisely the countable cpo’s (for wCPOy, we can choose the
set of all countable ordinals with standard partial order).

Next we focus our attention to the category Met. In turn we prove that

(1) the only finitely presentable objects in Met are the finite discrete spaces, with distances
either 0 or oo (Proposition B.4);

(2) Met is locally countably presentable, with countably presentable objects precisely the
countable spaces (Lemma B.7 and Theorem B.8)

4In some literature No-accessible functors are said of finite rank and and Nj-accessible functors of countable
rank. This is the terminology preferred by John Power in his seminal work about enriched Lavwere theories.



SUM AND TENSOR OF QUANTITATIVE EFFECTS 59

Note that a direct consequence of (1) is that Met is not locally finitely presentable,
since filtered colimits of discrete spaces are discrete.

The proofs of these results are immediate adaptations of [2] which shows that the
category of 1-bounded pseudometric spaces with non-expansive maps is locally countably
presentable.

Proposition B.4. Finitely presentable objects in Met are finite and discrete.

Proof. Note that every extended metric space is a colimit of the filtered diagram obtained by
taking all its finite subspaces and their inclusion maps. Let (X, dx) be a finitely presentable
object in Met. Then the identity must factorize through the inclusion of one of the finite
subspaces. Thus, X must be finite.

For each positive integer n > 0, define the function d,,: X x X — [0, 00| as

) = (143 ) - dxlan),

where oo - r = oo for any r € [0,00). Clearly, all d,’s are extended metrics. Consider
the w-chain of spaces (X,d,) with identities as connecting maps. This is a countably
filtered diagram with colimit cocone (idx: (X, d,) — (X, dx))n>0. Since (X, dx) is finitely
presentable, the identity idx: (X,dx) — (X, dx) must factorize through the a colimit map
idx: (X,d,) — (X,dx) for some positive integer n > 0. But the distances in (X, dx) which
are strictly between 0 and oo are increased by d,,. So (X, dx) must discrete. ]

Proposition B.5. Let (fi: D(i) = (C,dc))icz be the colimit cocone to a small diagram
D:Z — Met and D(i) = (X;,d;), for each i € Z. If D is filtered, C is the quotient set of
[icz Xi under the equivalence

ini(x) ~ing(z") iff there exists j € T with D(i — j)(z) = D(i' — j)(2'),

where in;: X; — Hiel X, are the canonical injections into the coproduct and f; assigns to
each © € X; the equivalence class of in;(x), for alli € T.

Proof. We prove that ~ is an equivalence relation. Reflexivity and symmetry are trivially
satisfied. Transitivity follows by the fact that Z is filtered. Indeed, let in;(x) ~ iny(z') and
iny(x') ~ ing (2"). Then there exist 7,5’ € Z such that D(i — j)(z) = D(#' — j)(«') and
D(i" — j")(2') = D(i" — 7')(2"). Since T is filtered, there exists j” € Z above 7,i',4", j, and
4" such that
D(i—j")=D(j — ") o D(i — j),
D(i" = j")=D(j = j") o D(i' = j) = D(j' = j") o D(i' = j), and
D(Zv// - j//) — .D(j/ - j//) o D(i// N j/) .

From this we derive D(i — j")(x) = D(i" — j")(2"), i.e., in;(x) ~ ing (z").

Let U: Met — Set denote the forgetful functor into Set. By the construction of
colimits in Met (see Proposition A.1) it suffices to prove that (f;: X; — ([I;c; Xi)/~)iez is
a colimit cocone to UD in Set.

For convenience, let X = ([[;c; Xi)/~ and, for each i € Z, let [in;(x)] denote the
equivalence class of in;(x). We first prove that (f;: X; — X);ez is a cocone to UD. Let
i — j € Z. Then from D(i — j)(xz) = D(id;)(D(i — j)(x)) for all z € X;, we have
ini(x) ~ inj(D(i = j)(x)). Therefore, for all z € X;

fi(x) = [ini(2)] = [in;(x)(D(i — j)(2))] = f;(D(i = j)(x)) -
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Hence f; = fj o D(i — j) for all 4, j € Z. Now we prove that (f;: X; = X);ez is a colimit.
Let (h;: X; — H);ez be a cocone to UD. Define g: X — H for arbitrary x € X; as follows:
g([ini(2)]) = v(ini(z)) ,

where v: [[;c; Xi — H is the unique map such that v o in; = h;, for all i € Z. Note that g
is well defined. Indeed, if D(i — j)(z) = D(i' — j)(2') for some j € Z, we have that

g([ini(x)]) = ~(ini(z)) (def. g)
= h;(z) (yoin; = hy)
=hj(D(i = j)(x)) ((hi: X; — H); cocone to UD)
— hy(D( = )("))
= hy(x) ((hi: X; — H); cocone to UD)
= y(iny(x")) (yoiny = hy)
— g(lins (")) (def. g)

Let ¢ € Z. Then, for all x € X;
go fi(z) = g([ini(z)]) (def. f;)
= 7(ini(z)) (def. g)
= hi(z). (yoin; = hy)

Thus go f; = h; for all i € Z. Assume now that there exists ¢': X — H such that ¢’o f; = h;
for all © € Z. Then, for all x € X;

g ([ini(2)]) = ¢'(fi(x)) (def. f;)
= hi(x) (9" o fi = hy)
= g(fi(z)) (9o fi=hi)
= g([ini(@)]) . (def. f;)

Thus ¢’ = g. O

Proposition B.6. Let (fi: D(i) = (C,dc))iez be the colimit cocone to a small diagram
D:T — Met and D(i) = (X;,d;), for each i € Z. If D s filtered, then, for all x,y € C

dC(CL‘, y) = inf{di(xlvy,) | (&S Iv fl(x/) =, and fl(y/) = y} .
Proof. Assume D is filtered. As shown in Proposition A.1,

do(z,y) = sup d(z,y), (B.1)
deMc

where Mg is the set of all extended pseudometrics d’ on C' making all the functions
fi: (X4, d;) = (C,d’) non-expansive. Let d: C' x C' — [0, 0] be

d(z,y) = inf{d;(2",y) | i € T, fi(2)) = =, and fi(y') = y}. (B.2)
Since D is filtered, then also UD is so, where U: Met — Set is the obvious forgetful functor
to Set. Since Set is locally finitely representable, then for any finite subset {z1,...,2z,} C C,
there exist i € Z and {},...,2;,} C X; such that f;(2)) = x;, for all0 < j < n. In particular,
this implies that for any =,y € C, the infimum in (B.2) never ranges over an empty set.

Let z,y € C. We prove do(x,y) < d(x,y) and dc(x,y) > d(x,y) separately.
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e By non-expansivity of the maps f;: (X;,d;) = (C,d¢), for any i € Z such that f;(z') =«
and f;(y") =y for some 2/, y’ € X;, we have

di(l',, y/) > dC(fi(x/)7 fZ(y,>) = dC(Zlf, y) .
Thus dC(iU,y) < il’lf{di(l‘/,y/) | 1€ I7fl(x/) = :c7and fz(y,) = y} By (B2)7 dC(‘T’y) <
d(z,y).
e We prove d € M. We start by showing that d is a pseudometric on C. Since all d; are
extended metrics, we immediately derive that d(z,z) = 0 and d(z,y) = d(y,z) for all
x,y € C. Moreover, for all z,y,z € C:

d(z,y) = inf{d;(2',y) | i € Z, fi(z') = z,and f;(y) =y}
<inf{d;(z',2) + &i(",y) i € T, fi(2)) = 2, fi(y) =y, fi(2)) = 2}
<d(z,z)+d(zvy),
where the last inequality follows by the fact that D is filtered, hence for all j, k € Z there
exists ¢ € Z and non-expansive maps D(j — i), D(k — 7) such that f; = f; 0 D(j — i)

and fr = f; o D(k — i). Therefore, d is a pseudometric. The non-expansiveness of the
maps fj: (Xj,d;) = (C,d), for all j € T follows immediately by (B.2):

d(f](x/)7 f](y,)) = inf{di(x,7yl) | i €71 and IE,, y/ € X]} < dj(mlay/) .
Thus, d € Mj,. Therefore, by (B.1) we have do(x,y) > d(z,y). []
Lemma B.7. (X,dx) € Met is countably presentable iff it is countable.

Proof. Every extended metric space (X, dx) is a countably filtered colimit of its countable
subspaces. If (X, dyx) is countably presentable, then the identity idx must factorize through
the inclusion of one of the countable subspaces of (X, dx). Thus, (X,dx) is countable.

Conversely, let (X,dx) be a countable space, and let (f;: D(i) — (C,d¢))iez be the
colimit cocone to a countably filtered diagram D: Z — Met. Any morphism h: (X,dx) —
(C,d¢) factorizes through the image h(X) C (C,d¢). Note that h(X) is countable space
because X is so.

For each i € Z, let D(i) = (Xj,d;). Since D is filtered, by Proposition B.6, for any
x,y € h(X),

dC(fIf, y) = inf{di(x/7y/) | (S Ivfl(x/) =T, and fl(y/) = y} : (BS)
Thus, for any n € N there exist j, € Z and z,,y, € X, such that
1

Since D is countably filtered, by (B.4) and Proposition B.5, there exist j,, € 7 and
connecting morphisms D(j, — jzy): X;, — Xj,,, mapping all z,, to a single element in
Ty € Xj, ,ie, foralln €N

D(jn = juy)(zn) =T, and Jiny (Ty) = (B.5)

From (B.5) and the fact that h(X) is countable, by Proposition B.5, there exists j € Z and
connecting morphisms such that, for all z,y € h(X).

Dl(joy = J)(&) =2 and ;@) =2 (B.6)

From the construction above, we can define the map g: X — X; as follows:

g(x) = h(z),

z,y 7

z,y?
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where h(x) is the element in X; satisfying (B.6). Next we prove that g is non-expansive.

6).
Assume by contradiction that, dx(z,y) < d;(g9(z),g(y)) for some z,y € X. Then there
1

7 s
exists n € N such that dx(z,y) + 35 < d;(g9(z), g(y)), and by non-expansivity of h

1 = 4ile(@)9(y) = d;(h(x), h(y)) - (B.7)

de(h(x), h(y)) +

But, by (B.6) f;(h(z)) = h(x) and f;(h(y)) = h(y). Thus (B.7) contradicts (B.3). Conse-
quently, for all z,y € X, dx(z,y) < d;j(g9(x),g(y)), i.e., g is non-expansive.

By definition of g and (B.6) we immediately obtain that h = f; o g. Hence h factorizes
through f;. By Proposition B.5 the factorization is essentially unique. Indeed, whenever
v,y € X; fulfil f;(y) = fi(¢y/), then there exists j € Z such that D(i — j)(y) = D(#' —
). O

Theorem B.8. Met is a locally countably presentable category.

Proof. By Proposition A.1, Met is cocomplete. Every extended metric space is the countably
filtered colimit of its countable subspaces. By Lemma B.7 the countable spaces are countably
presentable. Hence for Mety, one can take the set of objects of the skeleton category of
the full subcategory of all countable extended metric spaces, or equivalently, the set of all
countable ordinals endowed with an extended metric space. []
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