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1 Introduction

Quantitative algebraic reasoning was formalized in a series of articles of Bacci, Mardare,
Panangaden and Plotkin [5, 15, 16, 6] as a tool for studying computational effects in
probabilistic computation. Those papers work with algebras in the category Met of metric
spaces or CMet of complete metric spaces. Quantitative algebras are algebras acting on
a (complete) metric space A so that every n-ary operation is a nonexpanding map from
A", with the maximum metric, to A. If the underlying metric is an ultrametric, we speak
about ultra-quantitative algebras. Mardare et al. introduced quantitative equations, which
are formal expressions t =, t' where ¢t and t' are terms and £ > 0 is a rational number. A
quantitative algebra A satisfies this equation iff for every interpretation of the variables the
elements of A corresponding to ¢ and ¢’ have distance at most . A variety (called 1-basic
variety in [15]) is a class of quantitative algebras presented by a set of quantitative equations.
Classical varieties of algebras are well known to correspond bijectively to finitary monads
T on Set (preserving directed colimits): every variety is isomorphic to the category SetT of
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algebras for T, and vice versa. The question whether an analogous correspondence holds
for quantitative algebras has been posed in [1] and [17]. For ultra-quantitative algebras we
answer this by working with enriched (i.e. locally nonexpanding) monads on the category Met
of metric spaces, and its full subcategories UMet of ultrametric spaces and CUMet of complete
ultrametric spaces. An enriched monad is strongly finitary if it is a left Kan extension of its
restriction to finite discrete spaces. We characterize these monads as the enriched finitary
monads preserving precongruences. Every strongly finitary monad on Met, UMet or CUMet
is proved to be the free-algebra monad of a variety of quantitative algebras (Theorem 52 and
Theorem 56).

For UMet and CUMet we also prove the converse: for every variety of ultra-quantitative
algebras the free-algebra monad is strongly finitary (Theorem 47). We conclude that varieties
bijectively correspond to strongly finitary monads on UMet or CUMet. It is an open problem
whether this also holds for Met.

Related Work

A closely related result holds for partially ordered algebras (with nonexpanding operations).
Here varieties are presented by inequations between terms. Kurz and Velebil [13] proved that
they bijectively correspond to strongly finitary monads on the category Pos of posets.

The main tool of Mardare et at. ([15, 16]) are w-basic equations: for a finite set of
expressions x; =5, y; (where z;, y; are variables and §; > 0) and for terms ¢t and ¢’ one writes
x; =5, i bt =¢ . An algebra A satisfies this equation if, for every interpretation f of the
variables satisfying d(f(z;), f(yi)) < &; for all i, the elements corresponding to ¢ and ¢’ have
distance at most €. A class of quantitative algebras presented by such equations is called
an w-basic variety. Unfortunately, the free-algebra monad of an w-basic variety need not
be finitary ([1], Example 4.1). Monads on UMet corresponding to w-basic varieties were
characterized in [1], Corollary 4.15.

Full proofs of the results presented in this extended abstract can be found in [3].

2  Strongly Finitary Functors

In this section we introduce strongly finitary functors, and present some of their properties.
Later we prove a bijective correspondence of varieties and strongly finitary monads for UMet
and CUMet.

» Assumption 1. Throughout our paper we work with categories and functors enriched
over a symmetric monoidal closed category (¥, ®,I). We recall these concepts shortly. Our
leading examples of ¥ are metric spaces, ultrametric spaces and partially ordered sets.

» Definition 2 ([8], 6.12). A symmetric monoidal closed category is given by a category
Y, a bifunctor @ : ¥ x ¥ — ¥ and an object I. Moreover, natural isomorphisms are given
expressing that ® is commutative and associative, and has the unit I (all up to coherent natural
isomorphisms). Finally, for every object Y a right adjoint of the functor — QY : ¥ — ¥ is
given. We denote it by [Y, —] and denote the morphism corresponding to f : X Y — Z by
F Y > [X, 7).

Often ® is the categorical product and I the terminal object; then ¥ is cartesian closed.

» Example 3.
(1) ¥ = Pos, the category of posets, is cartesian closed, [X, Y] is the poset of all monotone
maps f: X — Y ordered pointwise. Here f = curryf is the curried form of f.



J. Adamek, M. Dostal, and J. Velebil

(2) ¥ = Met, the category of (extended) metric spaces and nonexpanding maps. Objects are
metric spaces defined as usual, except that the distance oo is allowed. Nonexpanding
maps are those maps f: X — Y with d(z,2’) > d(f(z), f(z')) for all z,2’ € X.

A product of metric spaces X x Y is the metric space on the cartesian product with the
mazimum metric

d((z,y), («',y')) = max{d(z, "), d(y,y')}.

This category is not cartesian closed: curryfication is not bijective. However, Met is
symmetric closed monoidal w.r.t. the tensor product X ® Y which is the cartesian product
with the addition metric

d((z,y), (',y) = d(x,2") + d(y,y").

Here [X,Y] is the metric space Met(X,Y) of all morphisms f : X — Y with the
supremum metric: the distance of f,g: X — Y is

d(f,g) = sup d(f(z), g(x)).
zeX
And I is the singleton space.
(3) The cartesian closed category UMet of (extended) ultrametric spaces is the full subcategory
of Met on spaces satisfying the following stricter triangle inequality:

d(z,y) < max{d(z, z),d(z,y)}.

Here the curryfication of morphisms f: X XY — Z to f: Y — [X, Z] is bijective.

(4) The category CMet of complete metric spaces is the full subcategory of Met on spaces
with limits of all Cauchy sequences. It has the same symmetric closed monoidal structure
as above: if X and Y are complete spaces, then so are X ® Y and [X,Y].

Analogously to (3) the category CUMet of complete ultrametric spaces is cartesian closed.

» Convention 4. By a category € we always mean a category enriched over ¥. It is given by
(1) a class ob¥% of objects,

(2) an object €(X,Y) of ¥ (called the hom-object) for every pair X,Y in ob%,

(3) a ’unit’ morphism uy : I — € (X, X) in ¥ for every object X € ob¥, and

(4) ’composition’ morphisms

cxyz: € X, Y)Q€(Y,Z)— €(X,2)

for all X,Y, Z € ob¥%’, subject to commutative diagrams expressing the associativity of
composition and the fact that ux are units of composition. For details see [8], 6.2.1.

» Example 5.

(1) If ¥ = Met then % is an ordinary category in which every hom-set €(X,Y") carries a
metric such that composition is nonexpanding. Analogously for ¥ = CMet or UMet.

(2) If ¥ = Pos then each hom-set €' (X,Y’) carries a partial order such that composition is
monotone.

Let us recall the concept of an enriched functor F : € — € for (enriched) categories €

and €’. It assigns

(1) an object FX € ob%” to every object X € ob¥’, and

(2) a morphism Fxy : €(X,Y) — €' (FX,FY) of ¥ to every pair X,Y € ob% so that
the expected diagrams expressing that F' preserves composition and identity morphisms
commute.
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» Convention 6. By a functor we always mean an enriched functor. We use ’ordinary
functor’ in the few cases where a non-enriched functor is meant.

» Example 7.

(1) For categories enriched over Met a functor F : € — €’ is an ordinary functor which is
locally nonexpanding: given f,g € €(X,Y) we have d(f,g) > d(Ff,Fg). Analogously
for CMet or UMet.

(2) For categories enriched over Pos functors F' are the locally monotone ordinary functors:
given f < gin €(X,Y), we get Ff < Fgin ¢€(FX, FY).

» Remark 8.

(1) In general one also needs the concept of an enriched natural transformation between
parallel (enriched) functors. However, if ¥ is one of the categories of Example 3, this
concept is just that of an ordinary natural transformation between the underlying
ordinary functors.

(2) Given two categories 2,%, we denote by [Z, %] the category of all functors F': 2 — €
enriched by assigning to every pair of functors F,G : ¥ — % an appropriate object
[F,G] of ¥ of all natural transformations.

In case ¥ = Met, UMet or CMet the distance of 7,7/ : FF — G in [F,G] is

SUPxcob2 d(Tx, 7'3()

» Notation 9.

(1) Every set X is considered as a discrete poset: x C 2’ iff & = 2’. This is the coproduct
[Ix I in Pos. Analogously, X is considered as a discrete metric space: all distances of
x # a’ are co. This is the coproduct [ I in Met (and also in UMet and CUMet).

(2) For the category Sets of finite sets and mappings we define a functor

K:Sete—7, X ]]I
X

Thus for ¥ = Met, CMet, UMet or Pos it assigns to every finite set the corresponding
discrete object.

(3) Let us recall the concept of the (enriched) left Kan extension of a functor F : &f — €
along a functor K : &/ — % [11]: this is an endofunctor Lang F' : € — € endowed with
a universal natural transformation 7 : F' — (Lang F') - K. The universal property states
that given a natural transformation ¢ : FF — G - K for any endofunctor G : ¥ — €, there
exists a unique natural transformation & : Lang F' — G with 0 = K - 7. The functor
Lang F' is unique up to a natural isomorphism.

» Definition 10 (Kelly and Lack [12]). An endofunctor F of ¥ is strongly finitary if it is a
left Kan extension of its restriction F - K to Set¢. Shortly: F' = Lang (F - K).

» Example 11.

1. For every natural number n the endofunctor (—)™ of the n-th power is strongly finitary
on Met, UMet and CUMet.
2. A coproduct of strongly finitary functors is strongly finitary.

» Theorem 12 ([12]). If ¥ is cartesian closed, then strongly finitary endofunctors are closed
under composition.

» Open Problem 13. Are all strongly finitary endofunctors on Met closed under composition?
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In order to characterize strong finitarity for endofunctors on 7 = Met, UMet and CMet,
we apply Kelly’s concept of density presentation that we now recall. For that we first shortly
recall weighted colimits.

» Definition 14 ([8, 11]).

(1) A weighted diagram in a category € is given by a functor D : 9 — € together with a
weight W : 9°P — ¥ A weighted colimit is an object C = colimw D of € together with
isomorphisms in V' :

Yvx 1 €(C, X) — [2°,¢)(W,¢(D—-, X))

natural in X € ob%.
(2) The unit of this colimit is the natural transformation v = Yo (ide) : W — € (D—,C).
(3) A functor F : € — €' preserves this colimit if colimy (F - D) = FC with the unit having
components Fvy ford € 9.

In all categories of Example 3 weighted colimits (for all & small) exist.

» Example 15. (Conical) directed colimits are the special case where 2 is a directed poset
(every finite subset has an upper bound), and the weight W is trivial: the constant functor
with value 1 (the terminal object).

(1) In Pos directed colimits are formed on the level of the underlying sets. They commute
with finite products.

(2) Directed colimits in Met, UMet and CMet also exist, but they are not formed on the level
of the underlying sets. For example, consider the diagram of metric space 4,, = {0,1}
with d,,(0,1) = 27", where the connecting maps are id : 4, — A,41 (n < w). The
colimit is a singleton space.

» Lemma 16. In Met, UMet and CUMet every space is a directed colimit of all of its finite
subspaces.

» Theorem 17. Directed colimits in Met, UMet or CMet commute with finite products.

Proof sketch.

(1) For a directed diagram (D;);c; in Met, cocones ¢; : D; — C forming a colimit were
characterized in [4], Lemma 2.4, by the following properties: (a) C' = |J;c; ¢i[D;], and (b)
for every i € I, given y,y" € D; we have d(c;(y),c;(y')) = inf;>; d(f;(y), f;(y')), where
fi : D; = D; denotes the connecting map.

Given another directed diagram (D});e; with a cocone ¢} : D} — C’ satisfying (a) and
(b), it is our task to prove that the cocone ¢; X ¢} : D; x D} — C x C’ satisfies (a), (b),
too. Since [ is directed, (a) is clear, and (b) needs just a short computation.

(2) The argument for UMet is the same.

(3) For directed colimits in CMet the characterization of colimit cocones is analogous: (b)
is unchanged, and in (a) one states that J;.; ¢;[D;] is dense in C. The proof is then
analogous to (1). <

» Definition 18. A functor is finitary if it preserves directed colimits.

» Example 19.

(1) An endofunctor of Set is strongly finitary iff it is finitary.

(2) An endofunctor of Pos is strongly finitary iff it is finitary and preserves reflexive coinserters,
see [2].
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» Notation 20. Let K : &/ — % be a functor. We denote by K : € — [@°P, ¥] the functor
with KC = ¢(K—,C).

For example, the functor K : Set; — Met yields K : Met — [Set{”, Met| taking a metric
space M to the functor M=) : Set?” — Met of finite powers of M.

» Definition 21 ([11]). A density presentation of a functor K : & — € is a collection of
weighted colimits in € such that

(a) K preserves those colimits, and

(b) € is the (iterated) closure of the image K[| under those colimits.

» Example 22. A density presentation of the functor K : Sety — Met (Notation 9) is given
by all directed colimits and all precongruences (a name borrowed from [9]) which we now
present. They express every metric space as a colimit of discrete spaces. (The weight used
for precongruence is, however, not discrete.)

» Notation 23. For every metric space M let |M| denote its underlying set (a discrete
metric space).

» Definition 24.
(1) We define the basic weight Wy : 257 — Met as follows. The category 9y consists of
a. the linearly ordered set of all rational numbers € > 0,
b. two parallel cocones of it A\c, pc : € — a, and
c. a morphism o : a — £ splitting that pair: A -0 = id = p. - 0. (for all ). The posets
Do(Ae, pe) are all discrete.
The values of Wy are Woa = {0} and Wye = {l,r} with d(l,r) = . The morphisms
Wode, Wope : {0} = {l,7} are given by 0 — I, 0 — r, respectively, and Wyo. is clear.
(2) For every metric space M we define its precongruence as the weighted diagram Dy :
Do — Met with the basic weight Wy, where Dyra = |M| and Dyre C |M| x |M]| is the
discrete space of all pairs of distance at most €. Here DA., Dp. : Dyre — |M]| are the
projections m; and 7., respectively, and Doo. : |M| — Dyse is the diagonal. The diagram
Dy assigns to the morphism € < &’ the inclusion map of the subset Dyse of Dyse’.

» Proposition 25. Fvery metric space M is the weighted colimit of its precongruence in Met.

Proof. For every space X, to give a natural transformation 7 : Wy — (2,7, Met](Dpr—, X)
means to specify a map f = 7,(0) : |[M| — X together with maps 7.(), 7(r) : Dpse — X such
that 7.(1) = f - m and 7.(r) = f - w.. Thus 7 is determined by f, and the last equations are
equivalent to f : M — X being nonexpanding. The desired isomorphism 1 x of Definition 14

is given by ¥x (1) = f. <

» Remark 26. To define precongruences in UMet, we just use the codomain restrictions
Wo : 257 — UMet and Dy : Dy — UMet. Again, every ultrametric space is the weighted
colimit of its precongruence in UMet. Analogously for CUMet.

» Example 27. The categories Met, UMet, CMet and CUMet have a density presentation of
K (Notation 9) consisting of all directed diagrams and precongruences of finite spaces. Indeed,
in Definition 21 Condition (a) follows from Example 15. For Condition (b) observe that
finite metric spaces are obtained from Sets as colimits of precongruences by Proposition 25,
and every metric space is a directed colimit of all of its finite subspaces in Met. Analogously
for the three subcategories of Met.



J. Adamek, M. Dostal, and J. Velebil

The importance of the concept of density presentation for our paper stems from the
following result of Kelly:

» Theorem 28 ([11], Theorem 5.29). Given a density presentation of a functor K : & — €,
an endofunctor T of € fulfils T = Lang (T K) iff it preserves the colimits of that presentation.

» Corollary 29. An endofunctor of Met, UMet, CMet or CUMet is strongly finitary iff it
preserves directed colimits and colimits of precongruences.

This follows from Theorem 28 and the example above.

3 Varieties of Quantitative Algebras

We now prove that varieties of ultra-quantitative algebras bijectively correspond to strongly
finitary monads on UMet. These are monads carried by a strongly finitary endofunctor.
Throughout this section ¥ = (¥, )nen denotes a signature, and V' is a specified countable set
of variables.

» Notation 30.

(1) Following Mardare, Panangaden and Plotkin [15], a quantitative algebra is a metric
space A endowed with a nonexpanding operation o4 : A™ — A for every o € ¥, (w.r.t.
the maximum metric (Example 3)). We denote by X-Met the category of quantitative
algebras and nonexpanding homomorphisms. Its forgetful functor is denoted by Uy :
3-Met — Met.

(2) If A is an ultrametric space we speak about an ultra-quantitative algebra and denote the
corresponding category by X-UMet.

(3) Analogously, a complete ultra-quantitative algebra is an ultra-quantitative algebra carried
by a complete metric space. The category 3-CUMet is the corresponding full subcategory
of X-UMet. We again use Uy, : 3-CUMet — CUMet for the forgetful functor.

» Example 31.

(1) A free quantitative algebra on a metric space M is the usual algebra T M of terms on
variables from |M|. That is, the smallest set containing |M| and such that for every n-ary
symbol o and every n-tuple of terms ¢; (i < n) we obtain a composite term o (t;)i<,. To
describe the metric, let us introduce the following equivalence ~ on Tsx; M (similarity of
terms): it is the smallest equivalence turning all variables of | M| into one class, and such
that o(t;)i<n ~ 0'(t;)i<ns holds iff o = ¢’ and ¢; ~ ¢, for all i < n. The metric of Tx M
extends that of M as follows: d(¢,¢') = oo if ¢ is not similar to ¢. For similar terms
t=o0(t;) and t' = o(t,) we put d(¢,t') = max;<n, d(t;,t}).

(2) If M is an ultrametric space, the space Tx; M is clearly ultrametric, too. This is the free
quantitative algebra in X-UMet.

(3) If M is a complete space, Ts; M is also complete, and this is the free quantitative algebra
on M in X-CMet.

In particular, if we consider the specified set V' of variables as a discrete metric space, then
TxV is the discrete algebra of usual terms. For every algebra A and every interpretation of
variables f : V — A (in Met, UMet or CUMet) we denote by f* : T,V — A the corresponding
homomorphism: it interprets terms in A.
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» Definition 32 ([15]). By a quantitative equation (aka 1-basic quantitative equation) is
meant a formal expression t =, t' where t,t' are terms in TxV and € > 0 is a rational
number. An algebra A in 3-Met (X-UMet or X-CUMet) satisfies that equation if for every
interpretation f : V. — A we have d(f*(t), f*(t')) < e. We write t =t in case € = 0.

By a variety, aka 1-basic variety, of quantitative (or ultra-quantitative or complete ultra-
quantitative) algebras is meant a full subcategory of ¥-Met (or ¥-UMet or 3-CUMet, resp.)
specified by a set of quantitative equations.

» Example 33.

(1) Quantitative monoids are given by the usual signature: a binary symbol - and a constant
e, and by the usual equations: (z-y)-z=2z-(y-2),e-x =z, and x-e = .

(2) Almost commutative monoids are quantitative monoids in which the distance of ab and
ba is always at most 1. They are presented by the quantitative equation = -y =1 y - x.

(3) Quantitative semilattices are commutative, idempotent quantitative monoids, see [15],
Section 9.1.

» Proposition 34 (See [15]). Fvery variety V of quantitative algebras has free algebras: the
forgetful funtor Uy, : V — Met has a left adjoint Fy, : Met — V.

» Notation 35. We denote by T, the free-algebra monad of a variety V on Met. Its
underlying functor is Ty, = Uy, - Fy. As usual, Met™ denotes the Eilenberg-Moore category
of algebras for T',.

» Example 36. For V = ¥-Met we have seen the monad T% in Example 31: Ts M is the
metric space of all terms over M. Observe that T is a coproduct of endofunctors (—)™, one
summand for each similarity class of terms on n variables over M (which is independent of
the choice M). Thus Ty is a strongly finitary monad: see Example 11.

» Remark 37.

(1) Recall the comparison functor Ky : V — MetTV: it assigns to every algebra A of V the
algebra on Uy A for Ty given by the unique homomorphism « : F),UyA — A extending
idy, 4. More precisely: Ky A = (UpA, Upa).

(2) By a concrete category over Met is meant a category V together with a faithful 'forgetful’
functor Uy : V — Met. For example a variety, or Met™ for every monad T. A concrete
functor is a functor F': V — W with Uy, = Uy F. For example, the comparison functor
Ky.

» Proposition 38. Fvery variety V of quantitative algebras is concretely isomorphic to
the category Met™v: the comparison functor Ky :' V — Met™v is a concrete isomorphism.
Analogously for UMet and CUMet.

Proof. For classical varieties (over Set) this is proved in [14], Theorem VI.8.1. The proof for
Met in place of Set is analogous. <

» Example 39 ([15], Theorem 9.3). For the variety V of quantitative semilattices (Ex-
ample 3.4 (3)) the monad Ty assigns to a metric space M the space of all finite subsets of
M with the Hausdorff metric:

d(A, B) = max{sup d(a, B),supd(b, A)}.
acA beB

Here, d(a, B) = infpep d(a,b). In particular, d(A,}) = oo for all A # (.
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» Notation 40.

(1) Given a natural number n denote by [n] the signature of one n-ary symbol 4. If a term
t € Ty V contains at most n variables (say, all variables of ¢ are among g, ..., Z,_1), we
obtain a monad morphism # : T[,,; — T as follows. For every space M the function
tys takes a term s using the single symbol § and substitutes each occurence of § by
t(wo,...,Tp_1). More precisely: tas : TjyM — Ty M is defined by x; — x; (i <n) and
(S(So, ey Sn—l) — t(EM(S()), R ,Z]\/[(Sn_l)).

(2) Every metric space A defines the continuation monad (A4, A) on Met assigning to X € Met
the space (A4, A)X = [[X, 4], A]. More precisely: the functor [—, A] : Met — Met®? is
self-adjoint, and (A, A) is the monad corresponding to that adjunction.

(3) Let T be a monad on Met and o : TA — A an algebra for it. We denote by ax : TX —
(A, A)X the morphism which is adjoint to the following composite

X, Al o Tx TOTX rx TAl@ TX <% TA S A.

» Theorem 41 ([10]). Given an algebra o : TA — A for a monad T on Met, UMet or

CUMet, the morphisms ax above form a monad morphism & : T — (A, A). Moreover, every

monad morphism from T to (A, A) has that form for a unique algebra (A, ).

» Lemma 42. Let A be a Y-algebra expressed as a monad algebra o : Ts A — A. It satisfies
a quantitative equation | =, r iff the distance of & -1,Q - T Ty — (A, A) is at most €.

» Notation 43.

1. The category of finitary monads on Met (and monad morphisms) is denoted by Mnd¢(Met).
It is enriched via the supremum metric: the distance of morphisms o,7 : T — T’ in
Mnd¢(Met) is sup x emet d(0x, Tx ). We use the same enrichment for its full subcategory
of strongly finitary monads, denoted by Mnds(Met).

2. Analogously for monads on UMet we use Mnd¢(UMet) and Mndg(UMet). Again for CUMet
we use Mnd¢(CUMet) and Mnds(CUMet).

» Lemma 44. The category Mnds(UMet) has weighted colimits, and Mndg(UMet) is closed
under them.

Proof sketch.

(1) The category Mnd.(UMet) of countably accessible monads, i.e., monads preserving
countably directed colimits (enriched again by the supremum metric), is locally countably
presentable as an enriched category, thus it has weighted colimits.

(2) Both Mnd¢(UMet) and Mndss(UMet) are coreflective subcategories of Mnd.(UMet). The
coreflection of a countably accessible monad T in Mndg(UMet) is given by the left Kan
extension T = Lang (T - K). Analogously for Mnd¢(UMet): let K : UMet; — UMet be
the full embedding of all finite metric spaces. The coreflection is T = Lang(T - K). <

» Remark 45.

1. The same result holds for the base category CUMet.

2. Unfortunately, we do not know whether the above result holds for Met. The problem is
that for the coreflection of a monad T in Mndg(Met) to be given by T = LangT - K,
we need to know that T - T is strongly finitary. Whereas this holds in every cartesian
closed category by [12], thus in UMet and CUMet, we do not know whether it also holds
for monads on Met.

3. The categories Met and UMet have a factorization system (£, M) where £ consists
of surjective morphisms and M of isometric embeddings, i.e., morphisms preserving
distances.
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» Lemma 46. Every monad morphism o : Ts — S in the category Mnds(UMet) factorizes
as a morphism Ty, — S with surjective components followed by a morphism S — S whose
components are isometric embeddings.

» Theorem 47. For every variety V of ultra-quantitative algebras the free-algebra monad
Ty is strongly finitary on UMet.

Proof sketch.

(1) Let V be given by a signature ¥ and quantitative equations l; =., r; (i € I), each
containing n; variables. For every i € I we consider the signature [n(7)] of one symbol
§; of arity n(i). Then the terms [;, r; yield the corresponding monad morphisms ;, 7; :
T, — Ts of Notation 40. An algebra a : TgsA — A lies in V iff the distance of
a-lj,a-7;: Ty — (A, A) is at most ¢; for each ¢ (Lemma 42).

(2) We verify that Ty is a weighted colimit of strongly finitary monads in Mnd¢(UMet).
Then Ty is strongly finitary by Lemma 44. The domain Z of the weighted diagram
D : 9 — Mnd¢(UMet) is the discrete category I (indexing the equations) enlarged by a
new object a, and by morphisms \;, p; : i — a (for every i € I) of distance ;. Then put
Di =T,y and Da = Tyx; further DA; = l; and Dp; = 7;. The weight W : 2°P — Met
takes i to the space {l,r} with d(l,r) = ¢; and a to {0}. We define W;(0) = [ and
Wpi(0) = r. The monads Ts, and T, are strongly finitary by Example 36. Proving
that Ty = colimy D will finish the proof by Lemma 44.
We denote by T the weighted colimit T = colimy D in Mnds(UMet). The proof is
concluded by proving that V is isomorphic, as a concrete category, to the category UMet™
of algebras for T. Then T is the free-algebra monad of V. For T we have the unit
v:W — [2°P, Mnd¢(UMet)|(D—, T) (Definition 14). Its component v, assigns to 0 a
monad morphism vy = v,(0) : Ty — T, whereas for i € I the component v; is given by
I+ ~-1; and r + v-7;. Since v; is nonexpanding, we conclude that v-\;, y-p; : T — T
have distance at most e;. We thus obtain a functor E : UMet™ — V assigning to every
algebra a : TA — A the X-algebra corresponding to a - v4 : Tx A — A: it satisfies
l; =, 7; due to Lemma 42. Moreover, «y has surjective components, which can be derived
from Lemma 46. Therefore, F is a concrete isomorphism, which concludes the proof. <«

» Remark 48. The same result holds for varieties of quantitative algebras in CUMet.

» Open Problem 49. Is the free-algebra monad of every variety of quantitative algebras
strongly finitary on Met?

» Construction 50. In the reverse direction we assign to every strongly finitary monad
T = (T, ,m) on Met, UMet or CUMet a variety Vr, and prove that T is its free-algebra
monad.

For every morphism k : X — A in Met together with an algebra o : TA — A, let us
denote by

EK*=a-Tk:TX — A

the corresponding homomorphism in Met™. Recall our fixed set V = {z; | i € N} of variables,
and form, for each n € N, the finite discrete space V;, = {z; | i < n}. The signature we use
has as n-ary symbols the elements of the space TV,,:

Y, =1|TV,]| for n € N.

The variety Vr is given by the following quantitative equations, where each symbol o € %,
is considered as the term o(zo,...,z,—1), and n, m range over N:
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(1) 0 =c0' for all 0,0’ € &,, with d(o,0’) < e in TV,,.
(2) k*(0) = o(k(24))i<n for all o € ¥,, and all maps k : V;, — X, in Set.
(3) nv, (z;) =z, for all i < n.

» Lemma 51. Every algebra oo : TA — A in Met™ yields an algebra A in Vo with operations
oa: A" — A defined by

oala(x;)) = a*(o) for allo € ¥, and a: V,, — A.

Moreover, every homomorphism in MetT is also a Y -homomorphism between the corresponding
algebras in V.

Proof sketch.
(a) The mapping o 4 is nonexpanding: given d((a;)i<n, (b;)i<n) = € in A™, the corresponding

maps a,b : V;, — A fulfil d(a,b) = e. Since T is enriched, this yields d(Ta,Tb) < e.

Finally « is nonexpanding and a* = a- Ta, b* = « - T, thus d(a*,b*) < e. In particular
d(a*(0),b*(0)) < e.
(b) The quantitative equations (1)-(3) hold:

Ad (1) Given I,r € TV, with d(I,r) < ¢, then for every map a : V,, - A we have
d(a*(1),a*(r)) <e. Thus d(la(a;),ra(a;)) < e for all (a;) € A™.

Ad (2) Given a:V, — A we prove (k*(0))a(a;) = ca(k(z;))(a;). The left-hand side is
a*(k*(0)) = (a*k)*(o) since a* - k* = (a* - k)* holds in general. The right-hand one is
a*(oa(k(x;))) = (a*k)*(0), too.

Ad (3) Recall that a-n4 = id and T'a-ny, =na-a for every map a : V,, — A. Therefore

(v, (z:)) a(a) = a* (v, (2:))
=a-Ta-ny,(z;)

= a(z;) = a;.

(c) Given a morphism h : (A,a) — (B,f3) in Met™ (ie., h-a = - Th) we are to prove
that h-04 = op - h" for all o € TV,,. This follows easily from & - a* = (h - a)* for each
a:V, = A <

» Theorem 52. Fuvery strongly finitary monad T on UMet is the free-algebra monad of the
variety Vr.

Proof. For every ultrametric space M we need to prove that the Y-algebra associated with
(TM, ppr) in Lemma 51 is free in Y w.r.t. the universal map nys. Then the theorem follows
from Proposition 38.

We have two strongly finitary monads, T and the free-algebra monad of V1 (Theorem 47).

Thus, it is sufficient to prove the above for finite discrete spaces M. Then this extends to all
finite spaces because we have M = colimy, Dy (Lemma 25) and both monads preserve this
colimit by Theorem 28. Since they coincide on all finite discrete spaces, they coincide on all
finite spaces. Finally, the above extends to all spaces M: by Lemma 16 we have a directed
colimit M = C(i)éilm M; of the diagram of all finite subspaces M; (i € I) which both monads
preserve.

Given a finite discrete space M, we can assume without loss of generality M = V,, for
some n € N. For every algebra A in V1 and an interpretation f : V,, — A, we prove that
there exists a unique Y-homomorphism f : TV,, — A with f = f-ny, .

n
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Existence. Define f(o) = oa(f(%;))i<n for every o € TV,. The equality f = f -0y,
follows since A satisfies the equations (3) above: 7y, (z;) = x;, thus the operation of
A corresponding to 7y, (z;) is the i-th projection. The map f is nonexpanding: given
d(l,r) < e in TV, the algebra A satisfies the equation (1) above: I =, r. Therefore given
an n-tuple f : V,, = A we have

d(la(f(z:)),ra(f(z:))) <e.

To prove that f is a ¥-homomorphism, take an m-ary operation symbol 7 € T'V,,. We
prove f Ty, =7Ta -?m. This means that every k : V,,, — T'V,, fulfils

Ty, k() jem =7a - F (k(x;))j<m-

The definition of f yields that the right-hand side is 74 (k(z;)a(f(2:))). Due to equation
(2) in Construction 50 with 7 in place of o, this is k*(7)a(f(x;)). The left-hand side
yields the same result since

Ta- [ (k(xy)) = Ta(k(z;) a(f (22) = k" (7) a(f (21)).

Uniqueness. Let f be a nonexpanding Y-homomorphism with f = f-ny, . In TV, the
operation o asigns to ny, (z;) the value o. (Indeed, for every a : n — |T'V,| we have
orv,(a;) = a*(0) = pv, - Ta(o). Thus due to - Tn = id we get orv, (nv, (z;)) =
wv, - Ty, (0) = ¢.) Since f is a homomorphism, we conclude

f(o) = oal(f -nv,(2:) = oa(f(2i))
which is the above formula. <

» Corollary 53. Varieties of ultra-quantitative algebras correspond bijectively, up to iso-
morphism, to strongly finitary monads on UMet.

Indeed, a stronger result can be deduced from Theorems 47 and 52: let Var(UMet) denote
the category of varieties of quantitative algebras and concrete functors (Remark 37 (2)).
Recall that Mndss(UMet) denotes the category of strongly finitary monads.

» Theorem 54. The category Var(UMet) of varieties of ultra-quantitative algebras is equivalent
to the dual of the category Mndssr(UMet) of strongly finitary monads on UMet.

Proof. Morphisms ¢ : S — T between monads in Mndg(UMet) bijectively correspond
to concrete functors @ : UMet™ — UMet® ([7], Theorem 3.3): @ assigns to an algebra
o :TA — A of UMetT the algebra a - ¢4 : SA — A in UMetS. We know that for every
variety V the comparison functor Ky is invertible (Proposition 38). This yields a functor
® : Var(UMet)°? — Mndg(UMet) assigning to a variety V the monad Ty (Theorem 47).
Given a concrete functor F': V — W between varieties, there is a unique monad morphism
¢ : Ty — Ty such that g = Ky - F - K;l : UMet™ — UMet™ . We define ®F = ¢
and get a functor which is clearly full and faithful. Thus Theorem 52 implies that ® is an
equivalence of categories. <

4 Varieties of Complete Quantitative Algebras

If we take CUMet as our base category, the development of Section 3 works for X-CUMet as
well. The main difference is in Lemma 46: instead of the factorization system in UMet of
Remark 45, we use the factorization system in CUMet where £ = dense morphisms f: A — B
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(f[A] is a dense subset of B) and M = isometric embeddings of closed subspaces. Another
difference is that for the enrichment of the category Mnds(CUMet) of finitary monads (cf.
Notation 43) we must verify that the metric space of monad morphisms (with the supremum
metric) is complete; this is easy.

By Example 31 (2) for every complete space M the space T M is complete. The resulting
monad Ty, on the category CUMet is strongly finitary (as in Example 36).

» Example 55. We describe the monad T of free complete ultra-quantitative semilattices.
It assigns to every complete ultrametric space M the space T'M of all compact subsets with
the Hausdorff metric (Example 39).

This holds for separable complete spaces: see [15], Theorem 9.6. To extend this result to
all complete spaces, first observe that the subset Z of T'M of all finite sets is dense. Indeed,
every compact set K C M lies in the closure of Z: given ¢ > 0, let Ky C K be a finite set
such that e-balls with centers in Ky cover K. Then Ky € Z and the Hausdorfl distance of
Ky and K is at most ¢.

Given a complete ultrametric space M, let X; (i € I) be the collection of all countable
subsets. Each closure X; is a complete separable space, and M = Uier X, is a directed
colimit preserved by T'. Since T'X; is the space of all compact subsets of X;, and since finite
subsets of M form a dense set, we conclude that T'M is the space of all compact subsets
of M.

Every variety V of complete ultrametric quantitative algebras yields a monad Ty, on
CUMet which is strongly finitary, and V is isomorphic to UMet™V. The proof is analogous to
that of Theorem 47, just at the end we use the above factorization system of CUMet. The
proof that every strongly finitary monad on CUMet is the free-algebra monad of a variety is
completely analogous to that of Theorem 52. We thus obtain

» Theorem 56. The category Var(CUMet) of varieties of complete ultra-quantitative algebras
is equivalent to the dual of the category Mnds(CUMet) of strongly finitary monads on CUMet.

5 Conclusions and Open Problems

Varieties (aka 1-basic varieties) of quantitative algebras of Mardare et al. [15, 16], restricted

to ultrametrics, correspond bijectively to strongly finitary monads on the category UMet.

This is the main result of our paper. It is in surprising contrast to the fact that w-varieties
in op. cit. (where distance restrictions on finitely many variables in equations are imposed)
do not even yield finitary monads in general, as demonstrated in [1].

For varieties in Met we do not whether the same is true.

» Open Problem 57. Is the free-algebra monad of every variety of quantitative algebras
strongly finitary?

Our proof would show this is the case provided that strongly finitary endofunctors on
Met are closed under composition.

For varieties of complete ultra-quantitative algebras the same result holds: they correspond
bijectively to strongly finitary monads on CUMet. This relates the quantitative algebraic
reasoning of Mardare et al. closely to the classical equational reasoning of universal algebra

where varieties are known to correspond to finitary (= strongly finitary) monads on Set [14].

» Open Problem 58. Characterize monads on Met or CMet corresponding to w-varieties of
quantitative algebras.
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In [1] a partial answer has been given: enriched monads on UMet corresponding to

w-varieties of ultra-quantitative algebras are precisely the enriched monads preserving
(1) directed colimits of split monomorphisms and
(2) surjective morphisms.

—— References

1

10

11

12

13

14
15

16

17

J. Adamek. Varieties of quantitative algebras and their monads. In Proceedings of the 37th
Annual Symposium on Logic in Computer Science (LICS 2022), pages 1-12, 2022.

J. Adamek, M. Dostdl, and J. Velebil. A categorical view of varieties of ordered algebras.
Math. Struct. Comput. Sci., 32(4):349-373, 2022.

J. Addamek, M. Dostéal, and J. Velebil. Quantitative algebras and a classification of metric
monads, 2023. arXiv:2210.01565.

J. Addmek and J. Rosicky. Approximate injectivity and smallness in metric-enriched categories.
J. Pure Appl. Algebra, 226:1-30, 2022.

G. Bacci, R. Mardare, P. Panaganden, and G. D. Plotkin. An algebraic theory of Markov
processes. In Proceedings of Logic in Computer Science (LICS 2018), pages 679-688. ACM,
2018.

G. Bacci, R. Mardare, P. Panaganden, and G. D. Plotkin. Tensors of quantitative equational
theories. In Proceedings of Coalgebraic and Algebraic Methods in Computer Science (CALCO
2021), 2021.

M. Barr and Ch. Wells. Toposes, triples and theories. Springer-Verlag, New York, 1985.

F. Borceux. Handbook of Categorical Algebra: Volume 2, Categories and Structures. Cambridge
Univ. Press, 1994.

J. Bourke and R. Garner. Monads and theories. Adv. Math., 351:1024-1071, 2019.

E. J. Dubuc. Kan Extensions in Enriched Category Theory, volume 145 of Lecture Notes in
Mathematics. Springer-Verlag, 1970.

G. M. Kelly. Basic concepts of enriched category theory. Number 64 in London Math. Soc.
Lecture Notes Series. Cambridge Univ. Press, 1982. Also available as Repr. Theory Appl.
Categ. 10 (2005).

G. M. Kelly and S. Lack. Finite-product-preserving functors, Kan extensions and strongly-
finitary 2-monads. Appl. Categ. Structures, 1:85-94, 1993.

A. Kurz and J. Velebil. Quasivarieties and varieties of ordered algebras: regularity and
exactness. Math. Structures Comput. Sci., pages 1-42, 2016.

S. Mac Lane. Categories for the working mathematician. Springer, 2nd edition, 1998.

R. Mardare, P. Panangaden, and G. D. Plotkin. Quantitative algebraic reasoning. In Proceedings
of Logic in Computer Science (LICS 2016), pages 700-709. IEEE Computer Science, 2016.
R. Mardare, P. Panangaden, and G. D. Plotkin. On the axiomatizability of quantitative
algebras. In Proceedings of Logic in Computer Science (LICS 2017), pages 1-12. IEEE
Computer Science, 2017.

M. Mio, R. Sarkis, and V. Vignudelli. Beyond nonexpansive operations in quantitative algebraic
reasoning. In Proceedings of Logic in Computer Science (LICS 2022), pages 1-13, 2022. Article
52.



	1 Introduction
	2 Strongly Finitary Functors
	3 Varieties of Quantitative Algebras
	4 Varieties of Complete Quantitative Algebras
	5 Conclusions and Open Problems

