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Abstract—We investigate a modal logic for expressing proper-
ties of Markov processes whose semantics is real-valued, rather
than Boolean, and based on the mathematical theory of Riesz
spaces. We use the duality theory of Riesz spaces to provide a
connection between Markov processes and the logic. This takes
the form of a duality between the category of coalgebras of the
Radon monad (modeling Markov processes) and the category of
a new class of algebras (algebraizing the logic) which we call
modal Riesz spaces. As a result, we obtain a sound and complete
axiomatization of the Riesz Modal logic.

I. INTRODUCTION

Directed graphs and similar structures, such as labeled
transition systems and Kripke frames, are the mathematical
objects used to represent, by means of operational semantics,
the behavior of (nondeterministic) computer programs. For this
reason, a large body of research has focused on the study
of logics for expressing useful properties of directed graphs.
Among these, basic modal logic and its extensions (e.g., CTL,
modal p-calculus, etc.) play a fundamental role (see, e.g., [1]).

Despite their wide applicability, directed graphs are not
adequate for modelling probabilistic programs such as those
involving commands for generating random numbers (e.g.,
x=rand () in C++). These programs are naturally modelled
by Markov chains or similar structures such as (labelled)
Markov decision processes (see, e.g., [2]). Consequently, a
number of logics for expressing properties of Markov chains
have been investigated with pCTL ([3], [4]) being arguably
the most studied. Despite efforts spanning over three decades,
however, the theory of pCTL is not yet well understood. For
example no sound and complete axiomatizations have been
found and the decidability of the satisfiability problem is open
in the literature ([5], [4]).

In an attempt to make some progress, some research has
focused on real-valued logics for expressing properties of
Markov chains and similar systems. Following Kozen’s sem-
inal work [6], formulas ¢ of these logics are interpreted as
real-valued functions [¢]: X —R on the state space X rather
than (characteristic functions of) sets [¢] : X — {0,1} as in
ordinary Boolean logics such as pCTL. Importantly, it has
recently been shown ([7], [8], see also [9]) that the Lukasiewicz
modal p—calculus, obtained by enriching a basic real-valued
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modal logic with fixed-point operators (as in the modal pu-
calculus [10]), is sufficiently expressive to interpret pCTL.
Hence the quantitative approach to modal logics for Markov
processes suffices to express most properties of interest. On the
other hand, this also implies that axiomatizing the Lukasiewicz
modal p—calculus is a challenging problem.

In this work we consider the problem of axiomatizing a
basic real-valued modal logic for Markov processes called
Riesz Modal logic. Importantly, this logic subsumes other real—
valued modal logics appeared in the literature which, such
as the logic considered in [11] and [12, §8.2] to characterize
behavioral metrics and the fixed-point free fragment of the
Lukasiewicz modal pu—calculus. Hence this work can be under-
stood as a first fundamental step towards the axiomatization of
the full Lukasiewicz modal p—calculus (and therefore pCTL).

The (interpretations of the) connectives of the Riesz Modal
logic are carefully chosen to be the basic operations of Riesz
spaces, also known as lattice-ordered vector spaces or simply
vector lattices [13] . These are the vector space operations
of addition (4) and multiplication by real scalars (r-) and
the lattice operations of meet (1) and join (U). Historically,
research on Riesz spaces was pioneered in the 1930’s by F.
Riesz, L. Kantorovich and H. Freudenthal among others and
was motivated by the applications in the study of function
spaces (X —R) in functional analysis. In this work we exploit
the rich duality theory of Riesz spaces to develop a theory of
duality for Markov processes and the Riesz modal logic. This
is the analogue of the Stone duality theory for Kripke frames
and ordinary modal logic based on the algebraic notion of
Boolean algebra with operators (or modal Boolean algebras)
[14]. Specifically, we introduce the notion of modal Riesz
spaces, which are just Riesz spaces endowed with a unary
operation {: R— R satisfying certain axioms. We then exhibit
a duality between the category of modal Riesz spaces and the
category of coalgebras of the Radon monad in the category of
Compact Hausdorff spaces (Theorem V.1). Such coalgebras
can be seen as topological Markov processes. The desired
axiomatization of the Riesz modal logic is obtained as a direct
consequence of this general duality theorem.

The theory of duality is considered by van Benthem as one
of the “three pillars of wisdom” in the edifice of standard
modal logic [15]. Accordingly, we argue that our result is a
fundamental first step in the development of a theory of real—-
valued logics for probabilistic systems.



Related work. In [16] the authors develop a duality theory
for standard modal logic and coalgebras of the Vietoris functor
(i.e., topological Kripke frames) based on Stone duality for
Boolean algebras. Our work is conceptually very similar to
that of [16] as we consider topological Markov processes in
place of topological Kripke frames and use the duality theory
of Riesz spaces in place of that of Boolean algebras.

As mentioned earlier, the study of real-valued logics for
probabilistic systems was pioneered by Kozen [6] in his
seminal work on the logic probabilistic PDL (pPDL). Many
of the ideas underlying our work are directly inspired from
[6]. A difference is that, using Pnueli’s terminology [17], the
logic pPDL is exogenous while the Riesz modal logic, pCTL
and the Lukasiewicz modal pu—calculus are endogenous. In en-
dogenous logics the language of properties (logical formulas)
is independent of the language of programs (process terms).

Another related work is [18] where a theory of Markov
processes is developed using the duality theory of commutative
C*-algebras. Informally, this approach takes multiplication of
reals as a basic operation instead of the lattice operations of
meet and join, as in the theory of Riesz spaces. Since the lattice
operations are used in all real-valued logics for probabilistic
systems we are aware of, the theory of Riesz spaces is arguably
simpler to handle for studying such logics.

Organization of the paper. In Section II we collect the
required mathematical background on probability measures
on topological spaces, Markov processes as coalgebras and
the theory of Riesz spaces. This section is rather long but
hopefully serves the purpose of making this work sufficiently
self contained. In Section III we introduce the syntax and se-
mantics of the Riesz Modal logic. In Section IV we introduce
the notion of modal Riesz spaces and in Section V we state our
main duality theorem. Lastly, in sections VI and VII we apply
the duality theorem to obtain some consequences including
the axiomatization of the Riesz modal logic.

II. TECHNICAL BACKGROUND

A. Topology, measures and Riesz—Markov—Kakutani represen-
tation theorem

We denote by CHaus the category of compact Hausdorff
spaces with continuous maps as morphisms. If X is a compact
Hausdorff space, we denote with B(X) the collection of
Borel sets of X, i.e., the smallest o-algebra of subsets of X
containing all open sets. A (Borel) subprobability measure on
X is a function B(X) — [0, 1] such that (@) =0, p(X)<1
and pu(U,, An)=>_,, 1t(Ay) for all countable sequences (A,,)
of pairwise disjoint Borel sets. The measure y is a probability
measure if p(X)=1.

Definition II.1 (Radon probability measure). A subprobability
measure p on the compact Hausdorff space X is Radon
if for every Borel set A, p(A) = sup{ w(K) | K C
A and K is compact}.

In other words, a probability measure is Radon if the
probability p(A) of every Borel set A can be approximated
to any degree of precision by compact subsets of A. Most

naturally occurring probability (sub—)measures are Radon.
In particular, if X is a Polish space, all (sub—)probability
measures are Radon.

Given a set X, we denote the collection of all functions
X — R by R¥. If X is a compact Hausdorff space, then
C(X) denotes the subset of RX consisting of all continuous
functions. We use Ox and 1x to denote the constant (contin-
uous) functions defined as Ox(z) = 0 and 1x(z) = 1, for
all z € X, respectively. Using the vector space operations of
R pointwise, both RX and C(X) can be given the structure
of a R-vector space. Furthermore, the ordering (<) defined
pointwise as f < g < Vz.f(x) < g(x) is a lattice on both
R¥ and C(X).

Given a compact Hausdorff space X and a (sub—)probability
measure ;1 on X, one can define the expectation functional
E,:C(X)—Ras

E,(f) = /deu (1)

where the integral is well defined because any f € C'(X), being
continuous and defined on a compact space, is measurable and
bounded. One can then observe that: (i)

1) E, is a linear map: E,(f1 + f2) =E.(f1) + Eu(f2),

and E,(rf) = rE,(f), for all reR,

2) E, is positive: E,,(f) > 0 if f > Ox, and

3) E, is 1x-decreasing: E, (1x) < 1.
The latter inequality becomes an equality if p is a probability
measure.

The celebrated Riesz—Markov—Kakutani representation the-
orem statesthat in fact any such functional corresponds to a
unique Radon subprobability (see [19]).

Theorem II.2 (Riesz—Markov—Kakutani). Let X be a compact
Hausdorff space. For every functional F : C(X) — R such
that (i) F is linear, (ii) F is positive and (iii) F(1x) < 1,
there exists one and only one Radon subprobability measure
won X such that FF =E,.

Given a compact Hausdorff space X we denote with
R=!(X) the collection of all Radon subprobability measures
on X. Equivalently, by the Riesz—Markov—Kakutani theorem,
we can identify R<!(X) with the collection of functionals

{F:C(X)— R| F is linear, positive and 1x-decreasing}.

The set R=1(X) can be endowed with the weak-* topology,
the coarsest (i.e., having fewest open sets) topology such that,
for all f € C(X), the map Ty : RSY(X) — R, defined
as Ty(F) = F(f), is continuous. The weak-* topology on
R=Y(X) is compact and Hausdorff by the Banach-Alaoglu
theorem. Hence R<! maps a compact Hausdorff space X to
the compact Hausdorff space R<!(X). In fact R<! becomes
a functor on CHaus by defining, for any continuous map
f: X — Y in CHaus, the continuous map R=(f) :
REYX)—RSL(Y) as

RENEF)g) = Flgo f), 0
for all g € C(Y).



The functor R<! is shown to be the underlying functor of
a monad in [20, §6], based on the previous work of Swirszcz
[21], [22] (see also Giry’s work [23]). However, we will not
require the monad structure for the purposes of this article.
Following [24], we call R=! the Radon monad.

B. Markov Processes and Coalgebra

Informally, a (discrete-time) Markov process consists of a
set of states X and a transition function 7 that associates
to each state € X a probability distribution 7(z) on the
state space X. This mathematical object is interpreted, given
an initial state x(, as generating an infinite trajectory (or
“computation”) (z,)nen in the state space X, where x,41
is chosen randomly using the probability distribution 7(zy,).
A slight variant of this model, allowing the generation of
infinite as well as finite trajectories, uses transition functions 7
associating to each state z a subprobability distribution 7(x).
The intended interpretation is that the computation will stop at
state « with probability 1 — m,, where m, €[0,1] is the total
mass of 7(x), and will continue with probability m,, following
the (normalized) probability distribution 7(x).

This informal description readily translates to a formal defi-
nition for Markov processes having finite or countably infinite
state space X, also known as Markov chains. When X is
uncountable, some technical assumptions must be considered.
Typically, X is assumed to be a topological or measurable
space and 7 is defined as a map from X to the collection of
(sub—)probability measures on X satisfying certain convenient
regularity assumption.

In this work we define Markov processes as follows.

Definition I1.3. A (discrete-time) Markov process is a pair
(X, 7) such that X is a compact Hausdorff topological space
and 7: X — R=!(X) is a continuous map.

Remark 11.4. Many other variants can be considered. For
example Markov processes having labeled transitions as in
[12, §8.2] or endowed with a collection of predicates over
the state space, efc. The results presented in this work can be
smoothly adapted to these settings as well. See also the final
discussion in Section VIII.

The following examples are particularly relevant in com-
puter science.

Example 11.5 (Finite Markov chains). Every finite Markov
chain is a Markov process. Indeed, when the finite state space
X is given the discrete topology, the space R=!(X) is isomor-
phic with the set DS1(X) = {d: X — [0,1] | 3, d(z) < 1}
of all subprobability distributions on X and any function
7: X — R=1(X) is continuous.

Finite Markov chains are of central importance but, inter-
estingly, logics such as pCTL are known to have formulas
satisfiable by infinite Markov chains but not satisfiable by any
finite Markov chain [5]. The following example shows how
one can address this fact within our framework.

Example 11.6 (Infinite Markov chains). Suppose we wish to
model a Markov chain (X, 7) having an infinite discrete state

space X and transition function 7: X — D<!(X). The set X
endowed with the discrete topology is Hausdorff. Since X is
discrete, the space R<'(X) of Radon subprobability measures
on X is isomorphic with D<!(X) and any function 7: X —
R=!(X) is continuous. But (X, 7) is not a Markov process
in the sense of Definition II.3 because X is not compact.
However we can consider the Stone—Cech compactification X
of X, which is a compact Hausdorff space in which X embeds
as a dense subset. Since X C X, every measure ;1€ R<1(X) is
the restriction of some measure i € Rgl(X ). Hence we can
view the transition map 7 as having type 7: X — R<(X)
and 7 is continuous because X is discrete. By the universal
property of the Stone—Cech compactification, there exists a
unique continuous map 7 : X — R<1(X) extending 7 to the
space X. Therefore (X ,7) is a Markov process embedding
the original Markov chain (X, 7).

The example above shows that, although not all Markov
chains can be directly modeled as Markov processes (due to
the compactness requirement on the state space), the class
of Markov processes is sufficiently large for reasoning about
satisfiability of formulas (in the several logics for expressing
properties of Markov chains) with respect to arbitrary Markov
chains: if a formula ¢ is satisfied by some state x € X of
a Markov chain (X, 7) then it is also satisfied' by the state
x € X of the Markov process (X, 7).

The theory of coalgebra (for a comprehensive introduction
see [25]) provides a convenient framework for formalizing the
notion of morphism between Markov processes. The following
is an equivalent reformulation of Definition IL.3 in coalgebraic
terms and relies on the fact, discussed earlier, that R<! is an
endofunctor on the category CHaus.

Definition IL.7. A discrete-time Markov process is a coalgebra
of the endofunctor R=! in the category CHaus, i.e., it is
a morphism « : X — R=1(X) in CHaus. A (coalgebra)
morphism between the coalgebra o : X — R=1(X) and the
coalgebra 3:Y —R=!(Y) is a continuous function f: X —Y
such that the following diagram commutes:

X —=R=Y(X) (3)

Such a morphism will be denoted by « EN B.

Definition II.8 (Category of Markov Processes). We define the
category Markov of Markov processes to be CoAlg(R<1)
where the objects are coalgebras a: X —R=!(X) in CHaus

and morphisms « EN [ are coalgebra morphisms.

It is a well known fact that CoAlg(F') is always a category,
for any functor F. In computer science, and in particular in

1Of course in order to make this statement precise, one first needs to extend
the standard evaluation of (e.g., pCTL) formulas from discrete Markov chains
to arbitrary Markov processes. This can be done in the expected way.



the field of semantics and concurrency theory, one specific
coalgebra in CoAlg(F') plays an important role. This is (when
it exists) the final object  : X — F(X) in CoAlg(F),
and is called the final coalgebra. The universal property that
characterizes « is that, for every other F'-coalgebra §:Y —
F(Y), there exists one and only one coalgebra morphism /3 NN
a in CoAlg(F'). This property allows to interpret the domain
X of « as the space of all “behaviours” as follows: given any
coalgebra 3 : Y — R=1(Y), the behaviour of the state ¥ is the
point 77(y) € X. And two states y1,y2 € Y are “behaviourally
equivalent” if n(y1) = n(y2).

For this reason in Section VI we study the final Markov
process, i.e., the final object in Markov.

C. Riesz Spaces

This section contains the basic definitions and results related
to Riesz spaces. We refer to [13] for a comprehensive reference
to the subject.

A Riesz space is an  algebraic  structure
(A4,0,+, (1)rer, U, M) such that (A,0,+,(r).cr) is a
vector space over the reals, (A4,U,MN) is a lattice and the
induced order (¢ < b < aMb = a) is compatible with
addition in the sense that: (i) for all a,b,c € A, if a < b then
a+c<b+c and (i) if a > 0 and » € R>¢ is a positive
real, then ra > 0. Formally we have:

Definition IL.9 (Riesz Space). The language Lpg of
Riesz spaces is given by the (uncountable) signature
{0,+, (7)rer, U,M} where 0 is a constant, +, Ll and M are
binary functions and 7 is a unary function, for all » € R. A
Riesz space is a L p-algebra satisfying the following equations:

1) axioms of R-vector spaces: z + (y + 2) = (v + y) + =,
z+y=y+z,z2+0=z, 24+ (—z) =0, la = «z,
r(r'z) = (r-mz, r(z+y) =re+ry, (r+r)z =
re+r'x,

2) axioms of lattices: zU(yUz) = (zUy)Uz, zUy = yUz,
zU(xMNy) =2, 2MN(yNz) = (zNy)Uz, 2Ny = yMx,
zM(xUy) ==,

3) compatibility axioms: (x My) + 2z < y+ z and 0 <
r(z U 0), for all r € R>g

where —x and = < y are abbreviations for (—1)z and xMy =
x, respectively.

Hence the family of Riesz spaces is a variety in the sense
of universal algebra.

Example 11.10. The most familiar example is the real line R
with its usual linear ordering, i.e., with U and I being the
usual max and min operations. An important fact about this
Riesz space is the following (see, e.g., [26]). Given two terms
t1,t2 in the language of Riesz spaces, the equality t; = it
holds in all Riesz spaces if and only if ¢; = 5 is true in
R. In the terminology of universal algebra one says that R
generates the variety of all Riesz spaces. In this sense R plays
in the theory of Riesz spaces a role similar to the two-element
Boolean algebra {0, 1} in the theory of Boolean algebras.

Example 11.11. For an example of Riesz space whose order is
not linear take the vector space R™ with order defined point-
wise: (T1,...,Zn) < (Y1y---,Yn) & x; <y;, for all 1<i<n,.
More generally, for every set X, the set RX = {f: X — R}
with operations defined pointwise is a Riesz space. Since Riesz
spaces are algebras, other examples can be found by taking
sub-algebras. For instance, the collection of bounded functions
{f € RX | fisbounded} is a Riesz subspace of R¥. As
another example, if X is a topological space, then the set of
continuous functions C(X) = {f € R¥ | f is continuous} is
another Riesz subspace of R¥.

The following definitions are useful. Let A be a Riesz space.
An element a is positive if a > 0. The set of all positive
elements is called the positive cone and is denoted by A™T.

Given an element a € A, we define at =alU0,a” = —a U0
and |a| = a™ +a~. Note that a™,a ™, |a| € AT, at = (—a)~,
a”=(—a)Tanda=a" —a".

Definition I1.12 (Archimedean Riesz space). An element a #
0 of a Riesz space A is infinitely small if there exists some
b € A such that n|a| < |b|, for all n € N. A Riesz space is
Archimedean if it does not have any infinitely small element.

All the Riesz spaces in Example II.10 are Archimedean.

Example 11.13. The vector space R? with the lexicographic
order, defined as (z1,y1) < (z2,y2) < either 1 < x5 or
r1 = 29 and y; < yo, is not Archimedean. For instance,
(0,1) is infinitely small with respect to (1,0).

As usual in universal algebra, a homomorphism between
Riesz spaces is a function f: A— B preserving all operations.
Therefore a Riesz homomorphism is a linear map preserving
finite meets and joins.

Definition I1.14 (Ideals and Maximal Ideals). A subset J C A
of a Riesz space A is an ideal if it is the kernel of a homomor-
phism f: A — B, ie., J = f1({0}) = {a | f(a) = 0}, for
some Riesz space B. The sets () and A itself are trivially ideals.
All other ideals are called proper. Ideals in A can be partially
ordered by inclusion. An ideal J C A is called maximal if it
is a proper ideal and there is no larger proper ideal J C J'.

We now introduce the important concept of a strong unit.

Definition II.15 (Strong Unit). An element v € A is called a
strong unit if it is positive (i.e., u € AT) and for every a € A
there exists n € N such that |a| < n(u).

Example 11.16. The real line R has 1 as strong unit. The space
RN does not have a strong unit. Its subspace consisting of
bounded functions has 1y (the constant n — 1 function) as
strong unit. Similarly, let X be a compact topological space
and C(X) the Riesz space of continuous functions into R.
Since X is compact, any function f € C'(X) is bounded and
therefore 1x is a strong unit of C'(X).

We now introduce a notion of convergence in Riesz spaces
which plays a role in the duality theory of Riesz spaces.

Definition II.17 (u-convergence and wu-uniform Cauchy se-



quences). Let A be a Riesz space and u be a positive element
u>0. We say that a sequence (ay, )nen converges u-uniformly
to b, written (a,) —, b, if for every positive real ¢ > 0
there exists a natural number N, such that |b — a,| < eu,
for all n > N,.. We say that (a,)nen i a u-uniform Cauchy
sequence if for every € > 0 there exists a number N, such
that |a; — a;| < eu, for all 4,5 > N..

Clearly, if (a,) —, b then (a,) is a w-uniform Cauchy
sequence.

Definition II.18 (uniform completeness). A Riesz space A is
u-uniformly complete if for every u-uniform Cauchy sequence
(ay) there exists b € A such that (a,) —, b. It is uniformly
complete if it is u-uniformly complete, for all u€ A™.

We now state important properties related to uniform com-
pleteness of Archimedean Riesz spaces with strong unit.

Theorem IL1.19 (45.5 in [13]). If A is Archimedean and has
strong unit u, then A is uniformly complete if and only if it is
u-uniform complete.

Example 11.20. The Riesz space R is 1-uniformly complete
as the notion of 1-uniform Cauchy sequence coincides with
the usual notion of Cauchy sequence of reals. Since 1 is a
strong unit in R it follows that R is uniformly complete. Let
X be a compact Hausdorff space, C'(X) the Riesz space of
continuous functions f: X — R and 1x € C(X) the constant
function x ~— 1. Then C(X) is 1lx-uniformly complete
([13, Example 27.7, Theorem 43.1]). Once again, C(X) is
uniformly complete because 1x is a strong unit.

Theorem I1.21 (Theorem 43.1 in [13]). Let A be Archimedean
with strong unit uw € A. Let ||_|| : A — Rx¢ be defined as:

4)

Then ||_|| is a norm on A, i.e., ||0]|=0, |la+b| < ||la|| + |||
and ||ral| = |r| - |lal|, for all a,b€ A and r €R.

la]] = inf{r € R| |a| < ru}

As a consequence, each Archimedean Riesz space with
strong unit is a normed vector space and therefore can be
endowed with the metric d 4 : A2 — Rx( defined as d 4 (a,b) =
|la — b||. Accordingly, we say that a Riesz homomorphism
f A — B between Archimedean spaces with strong units
is continuous (resp. is an isometry) if it is continuous (resp.
distance preserving) with respect to the metrics of A and B.

Importantly, on Archimedean spaces with strong unit, the
notion of uniform convergence and convergence in the norm
(i.e., in the metric d) coincide.

Theorem II.22 (Theorem 43.1 in [13]). Let A be an
Archimedean Riesz space with strong unit u. A sequence (ay,)
converges u-uniformly to b if and only if (a,) converges in
norm to b. The space A is uniformly complete if and only if
it is complete as a metric space.

D. Riesz Spaces with a distinguished positive element

It is now convenient to extend the language of Riesz spaces
with a new constant symbol « for a positive element.

Definition I1.23. A Riesz space with distinguished positive
element u is a pair (A,u) where A is a Riesz space and
u > 0. A morphism between (A,u) and (B,v) is a Riesz
homomorphism f : A — B such that f(u) = v. If u is a
strong unit in A we say that (A, u) is unital.

When confusion might arise, we will stress the fact that a
homomorphism f: (A, u)— (B, v) preserves the distinguished
positive elements (i.e., f(u)=wv) by saying that f is a unital
(Riesz) homomorphism. We write Riesz" for the category
having Riesz spaces (A, u) with a distinguished positive ele-
ment as objects and unital homomorphisms as morphisms. We
write URiesz for the subcategory of Riesz" whose objects
are unital Riesz spaces.

Example 11.24. The basic example is the real line (R,1).
Since 1 is a strong unit, this is in fact a unital Riesz space.
Furthermore it follows easily from the result mentioned in
Example II.10 that (R, 1) generates the variety Riesz".

The following theorem (see, e.g., [13, Thm 27.3-4]) ex-
presses a key property of unital Riesz spaces.

Theorem IL.25. Let (A,u) be a unital Riesz space. Then,
for every unital homomorphism f : (A,u) — (R,1), the
ideal f~1(0) is maximal. Conversely, every maximal ideal
J in (A,u) is of the form f;'(0) for a unique unital Riesz
homomorphism fj:(A,u)— (R, 1).

Hence there is a one-to-one correspondence between maxi-
mal ideals in unital Riesz spaces (A4, u) and homomorphisms
into (R,1) preserving the unit. Observe, once again (cf.
Examples II.10 and 11.24), how the Riesz space (R, 1) plays in
the theory of unital Riesz spaces a role similar to two element
Boolean algebra {0, 1} in the theory of Boolean algebras.

The following theorem describes the property of being
Archimedean for unital Riesz spaces.

Theorem I1.26. Let (A, u) be a unital Riesz space. Then A is

Archimedean if and only if for every a0 there exists a unital
Riesz homomorphism f:(A,u)— (R, 1) such that f(a)#0.

We say that a unital Riesz space (A,w) is Archimedean
if A is Archimedean. We write AURiesz for the category
of Archimedean unital Riesz spaces with unital Riesz ho-
momorphisms. We write CAURiesz for the category of
Archimedean and uniformly complete unital Riesz spaces with
unital Riesz homomorphisms.

CAURiesz — AURiesz — URiesz — Riesz"

Example 11.27. Let X be a compact Hausdorff space. Let 1x
be the constant (z — 1) € C(X) function. Then (C'(X),1x)
is an Archimedean unital and uniformly complete Riesz space
[13, Example 27.7, Theorem 43.1].

E. Yosida’s Theorem and Duality Theory of Riesz Spaces

In this section we assume familiarity with the basic notions
from category theory regarding equivalences of categories and
adjunctions. A standard reference is [27].



The celebrated Stone duality theorem states that any
Boolean algebra B is isomorphic to the Boolean algebra of
clopen sets (or equivalently continuous functions f : X —
{0,1} where {0,1} is given the discrete topology) of a
unique (up to homeomorphism) Stone space, i.e., a compact
Hausdorff and zero—dimensional topological space X. Here
X is the collection Spec(B) of maximal (Boolean) ideals
in B endowed with the hull-kernel topology. In fact this
correspondence can be made into a categorical equivalence
between Stone and Bool°P.

A similar representation theorem, due to Yosida [28], states
that every uniformly complete, unitary and Archimedean Riesz
space (A, w) is isomorphic to (C(X), 1x), the Riesz space of
all continuous functions f: X — R, of a unique (up to homeo-
morphism) compact Hausdorff space X. This correspondence
can be made into a categorical equivalence

CHaus ~ CAURiesz® (5)

see, e.g., [29] for a detailed proof. In fact Yosida proved a more
general result which can be conveniently formulated as an
adjunction between CHaus and AURiesz’® which restricts
to the equivalence (5) on the subcategory CAURiesz®.
In the rest of this section we describe it as a unit—counit
adjunction (7, ¢) : C' 4 Spec consisting of two functors:

C':CHaus — CAURiesz°® — AURiesz?

Spec: AURiesz’® — CHaus
and two natural transformations:

1 : idcHaus — Speco C'

e:Co Spec — idAURieszop
called unit and counit, respectively.

We first define the functor C': CHaus — CAURiesz®’.

On objects, for a compact Hausdorff space X, we define
C(X) as the set of continuous real-valued functions on X,
equipped with the Riesz space operations defined pointwise
from those on R (see Example II.11) and strong unit 1x (x +—
1). As discussed earlier (see Example I1.27) this is indeed a
uniformly complete Archimedean and unital Riesz space. On
continuous maps f : X — Y, we define C(f)(b) = bo f,
for all b € C(Y). This is easily proven to be a unital Riesz
space morphism by the fact that the Riesz space operations
are defined pointwise.

We now turn our attention to the description of the functor
Spec : AURIiesz’® — CHaus.

As in the Stone duality theorem, on objects (A, u) in
AURiesz, the functor Spec(A) is defined as the spectrum
of A, ie., the collection of all maximal ideals of A (see
Definition I1.14) equipped with the hull-kernel topology which
can be defined as follows. A subset X C Spec(A) is closed
in the hull-kernel topology if and only if there exists a (not
necessarily maximal) ideal I C A such that X = hull(])
where hull(l) = {J € Spec(4) | I C J}. See, e.g., [13,
Theorem 36.4 (ii)] for a proof that Spec(A) is indeed a
compact Hausdorff space. On maps, for a unital morphism
f:(Aua) — (B,up) we define, for every J € Spec(B),
Spec(f)(J) = f7(J).

We now turn our attention to the description of the unit map
7:1dcHaus — Spec o C.

This is a collection of maps {nx : X — Spec(C(X))}
indexed by compact Hausdorff spaces. For a fixed compact
Hausdorff space X and x € X we can define the map d, :
C(X) = R as 6,(f) = f(x) which is easily seen to be a
unital Riesz homomorphism. Therefore, by Theorem I1.25 the
set N, = §,1(0) is a maximal ideal in C(X), i€, N, €
Spec(C(X)). We then define nx as nx(x)=N,.

Lastly, we now proceed with the definition of the counit
map € : C' o Spec — idAURieszoP-

This is a collection of morphisms {e4 : C(Spec(A)) — A}
in AURiesz®?, or equivalently a collection of morphisms
{€a : A — C(Spec(A))} in AURIesz, indexed by unital and
Archimedean Riesz spaces (A, uy4). For a fixed such (4, u)
and a € A we can define a function @ : Spec(A) — R as
a(J)=fs(a), where f; is the homomorphism from Theorem
I1.25. That is (see [13, Thm 27.3-4]) the value a(J) is defined
as the unique real number r such that ruy — a € J. The map
a is continuous, i.e., @ € C(Spec(A)). We then define €4 as
eala) = a.

The statement of Yosida’s theorem can then be formulated
by the following two theorems (see [28, Theorems 1-3], also
[13, Theorems 45.3 and 45.4] and [29]).

Theorem I1.28. Both C' and Spec are functors. Both n and €
are natural transformations. The quadruple (n,¢) : C 4 Spec
is a unit-counit adjunction. The counit map €4 is an isometric
isomorphism between A and its image in C(Spec(A)).

Theorem I1.29. When restricted to CAURiesz®?, the ad-
junction becomes an equivalence of categories. An object
(A,u) of AURIesz is uniformly complete (ie., it belongs
to CAURiesz) if and only if € 4 is a Riesz isomorphism.

The functor C o Spec : AURiesz®® — CAURiesz’®
maps (not necessarily uniformly complete) Archimedean uni-
tal Riesz spaces to uniformly complete ones. In fact, Yosida
showed that A embeds densely in C(Spec(A)). Therefore
C(Spec(A)) is isomorphic to the completion of A in its norm
(from Theorem I1.21).

Definition I1.30. The uniform Archimedean and unital Riesz
space C(Spec(A)) is called the uniform completion of A
and is simply denoted by A. We always identify A with the
(isomorphic) dense sub-Riesz space €4 (A) of A.
Proposition I1.31. For every A€ AURiesz, the two spaces
Spec(A) and Spec(A) are homeomorphic. Furthermore, for
every B € AURiesz and unital homomorphism f: A — B
there exists a unique unital Riesz homomorphism f :A— B
extending A.

III. RIESZ MODAL LOGIC FOR MARKOV PROCESSES

In this section we formally introduce the Riesz modal logic
for Markov processes.



Definition III.1 (Syntax). The set of formulas Form is
generated by the following grammar:

¢ =011 ]r¢ | o+¢ | gLip | oI | O

The semantics of a formula ¢, interpreted on a Markov
process o : X — R=!(X) (see Definition I1.7) is a continuous
function [¢], : X — R defined as follows.

Definition IIL2 (Semantics). Let o : X — RSY(X) be a
Markov process. The semantics (or interpretation) of a formula
¢ by the Markov process « is the continuous function [¢], €
C(X) defined by induction on ¢ as follows:

Ola@ =0  [a@)=1
[6la(@) = 7 ([01a@)  [6+¥0a@) = [6la(@)+ [Hla)
[6 U]a(z) = max {[¢]a (@), [¥]a(2))}

[6 M1 (2) = min {[6a (@), [ila(x))
[061a() = [ [0 da(e) = Eago ([61a)

Hence [0],, and [1],, are the constants functions Ox (2 0)
and 1x (z+ 1), respectively. The connectives {r(_), +,, M}
correspond to the real vector space and lattice operations of
R lifted to C(X) pointwise (see examples and II.11 and
I1.27). The semantics of the formula (¢ is the function that
assignes to z the expected value of [¢], with respect to the
subprobability measure a(x). The fact that [0¢], is indeed
continuous (see Lemma IIL.5 below) is a direct consequence
of the Riesz—Markov—Kakutani as we now explain.

Recall from Section II-A that, by the Riesz—Markov—
Kakutani theorem, we have the correspondence

REX) ~ (X SR) LR p—E,

where we used the letters ¢ and [ as a reminder of when the
space of continuous functions and the space of positive, linear
and 1x-decreasing functions are considered. Therefore, each
Markov process o : X — R=!(X) can be identified as the
function:
c c l
a: X5 (X 5R)—>R)

where
Mwﬂ=%mmzéfww-

By swapping the arguments of « as a curried function, we
obtain a positive linear map C'(X) — C(X) (where C(X) =
X 5 R) which, for clarity, we denote by Oq:

o (X 5R) = (X SR), where On(f)(2) = a(z)(f) (6)

To see that O, (f) is indeed a continuous function, for any
feC(X), let (x;);cr be a net in X converging to z € X.
We need to prove that lim;e; On (f)(2:) = Ou(f) (limyer ;).
This follows from the definition (6) and from

lim o(z;)(f) = <lima(xi)> (f) =a (hm x) (f)

i€l iel iel

where r € R.

where the first equality follows from the definition of the
weak-* topology and the second from the continuity of a.
The following proposition then follows.

Proposition IIL3. Let a: X —R='(X) be a Markov process
and let ., be defined as above. Then, for every f,g € C(X),
the operator ., has the following properties:

o (Linear) Qo(r1f +r29) = r10a(f) +1204(9)

e (Positive) if f > Ox then On(f) > Ox,

o (lx-decreasing) 0n(lx) < lx.

This discussion allows us to equivalently rephrase the defi-
nition of the semantics of Riesz modal logic formulas.

Definition IIL.4 (Semantics, rephrased). Let a: X —R=1(X)
be a Markov process. The semantics [¢], € C(X) of ¢ can
be defined by induction on ¢ as follows:

[0]a =0x  [1a=1x
[réla = rl¢la ¢+ Yla = [¢]a + [¥V]a
[pUY]a = [0laUl¥la  [6MY]a = [¢la M [¥]a
[0]a = Oall¥]a)

The following lemma now becames obvious since ), maps
continuous functions to continuous functions.

Lemma IIL5. For every ¢ the function [§]e is continuous.

The following simple to prove proposition states that the the
semantics of formulas is invariant under coalgebra morphisms.

Proposition IIL6. Let a: X - R<Y(X) and B:Y —R=H(Y)

be two Markov processes and let o« = 3 be a coalgebra
morphism. For every formula ¢ the equality [¢]o = [¢]g o f

holds, i.e., [¢]a(z) = [Plp(f(2)), for all z€ X.

We now turn our attention to the set of valid equalities
between modal Riesz formulas.

Definition III.7 (Equivalence of formulas). Given a Markov
process o : X — R=1(X), we say that two formulas ¢ and 1)
are a-equivalent, written ¢ ~, 1, if it holds that [¢], = [¢]a-
Similarly, we say that two formulas are equivalent, written
¢ ~ 1, if for all « € Markov it holds that ¢ ~ 1.

It is clear, from the unital Riesz space structure of
(C(X),1x), that all Riesz spaces axioms hold true with re-
spect to the equivalence relation ~. For example ¢+ ~ +¢
and (r + s)¢ ~ r¢ + si. It also follows from the previous
discussion on the semantics of the formula (¢ that

o (Linearity) r0¢ ~ O(r¢) and O(¢ + ) ~ Od + O

o (Positivity) O(¢LI0) L0 ~ O(p LU 0)

o (1-decreasing) O(1)L1 ~1

It will be one of the main goals of this work to show that,
in fact, this set of axioms (axioms of Riesz spaces with a
positive element together with the axioms listed above for ¢)
is complete in the sense that any valid equality ¢ ~ ) can be
derived syntactically from these axioms using the inference



rules of equational logic. This is stated precisely as Theorem
VII.1 in Section VII.

A. Examples of formulas and their meaning

In this subsection we consider some some examples of Riesz
modal formulas to familiarize with the previous definitions.

Example 111.8. Let us consider the Markov processes a :
X — RSYX) with finite state space X = {x,y} defined

by: a(z) ={0:2,1:y} and a(y) = {3 : 2,0 : y},

1
2

and consider the Riesz modal logic formula ¢1. The formula
¢1 can be understood as mapping each state x € X to the
total mass of the subprobability measure «(x). In the above

depicted example we have [01]q(z) =1 and [01]a(y) = 3.

Example T11.9. Let us consider the Markov processes § : X —
R=1(X) with state space X = {x} defined by: B(x)={1: z},

L
@
We then have that [01]s(z) = 1. Note, therefore, that 1 ~g

¢1 holds, i.e., the formula 1 and {1 are S-equivalent. However
1+ O1 as the previous example shows.

Example T11.10. Consider the formula —{1+ 1. In the Markov
process « of Example I11.8 we have [—01 + 1], (z) = 0 and
[-01+1]4(y) = 3. Generally, one can observe that for every
Markov process v, [-01+1],(z) € [0, 1] with [-01+1](z)
assuming values 0 and 1 if and only if (z) has total mass 1
and 0, respectively.

Example TL.11. Consider now the formula ¢ = 01U (=01 +
1). This assigns to a state = the maximum between the valued
assigned to z by 01 and (—{1+1). In the Markov process « of
Example II1.8 we have [¢]q(2) = 1 and [¢].(y) = 5. Hence
we have {1 ~, ¢. However this is not a valid equality in
general. A counterexample is given by a variant of « defined
as o/(z) = {0 : 2,1 :y}and &/(y) = {3 : 2,0 : y} as
depicted below:

@yt @)

Wl

Indeed [01]/(y) = & and [¢a(y) = 2.

Formulas themselves represent real valued continuous func-
tions. But equalities between formulas can capture interesting
classes of Markov processes.

Example 111.12. Consider the equality ¢¢1 = 0. Clearly this
is not a valid equality. For example in the Markov process
a of Example II1.8 we have OO1 4, 1. The equality holds
precisely on the class of Markov processes 7: X — R=(X)
where for each x € X either a(x) has mass 0 (i.e., [01],(x)=

0) or a(x) assigns probability 1 to the set of states y such that
a(y) has mass 0. In other words, the equality ¢{1 = 0 holds
in those systems where from each state x the probability of
making two consecutive steps is 0.

Example T1.13. Consider the equality 01 = (01 + 01) M 1.
This equality holds precisely on the class of Markov processes
v : X — RSY(X) such that for every z € X either a(x) is a
probability measure (i.e., having mass 1) or the null measure
(i.e., having mass 0). Indeed if o(z) has mass 0 < m < 1 then
[01](z) = m and [(01+01)M1],(2) = min{m+m,1} >
m. For the reader familiar with coalgebra, this class of Markov
processes can be identified as the F'-coalgebras in the category
CHaus for the functor F(X) = 1+ R™}(X).

B. Relation with other logics in the literature

Other real-valued logics for expressing properties of Markov
processes or similar systems (e.g., Markov decision processes,
weighted systems, etc.) differ from the Riesz modal logic in
the choice of the basic connectives. It turns out that most of
such logics can be interpreted within the Riesz modal logic.

For example, the modal logic of Panangaden (see [12,
§8.2]), which is particularly important because it characterizes
the Kantorovich pseudo-metric on Markov processes, has real-
valued semantics of type [¢]o : X — [0,1] with formulas
defined by the syntax: ¢, :=1|1—¢ | oMY | Od | P ST,
where 7 € [0,1] and [¢ © 7] () = max{0, [¢p]a(z) — 7}
Therefore this logic can be directly interpreted in the Riesz
modal logic by defining ¢ ©r =0U (¢ — rl).

Similarly, the modal logic underlying the Lukasiewicz
modal p-calculus (see [8] and [9]), which is important because
this logic is sufficiently expressive to interpret pCTL, has also
real-valued semantics of type [¢]q: X — [0, 1] with formulas
defined by the syntax:

o u=0]1]ré| @Y |d0¢Y[oUY [ oMY |00

where 7 €0, 1] and [¢&¢] o (2) = min{1, [¢]a(2)+[¢]a ()}
and [¢O9] . (z) = max{0, [¢]a(x)+[¢]a(x)—1}. Therefore,
also this logic can be interpreted in the Riesz modal logic by
defining ¢ 1y =1M(p+ 1) and pO Y =0U (¢ + ¢ — 1).

IV. MODAL RIESZ SPACES

In this section we introduce the notion of modal Riesz space.
This will be the variety of algebras corresponding to the Riesz
modal logic for Markov processes.

Definition IV.1. A modal Riesz space is a structure (A, u, Q)
where (A, u) is a Riesz space with designated positive element
u (Definition 11.23) and { : A — A is a unary function such
that:

1) (Linearity) O(a+b) = ¢(a)+O(b) and O(ra) = r(Qa),

for all reR

2) (Positivity) O(a LU 0) > 0,

3) (u-decreasing) O(u) < u.
Thus the class of modal Riesz spaces is a variety in the sense
of universal algebra. Homomorphisms of modal Riesz spaces
are unital Riesz homomorphisms which further preserve the



¢ function (i.e., f(O(a)) = O(f(a)). We say that (A, u, )
is Archimedean (resp. unital and u-complete) if (A,u) is
Archimedean (resp. unital and u-complete). We denote by
Rieszg the category having modal Riesz spaces as objects
and homomorphisms of modal Riesz spaces as morphisms. We
also define URiesz,, AURiesz, and CAURiesz to be
the categories of unital, Archimedean and unital, u-complete
Archimedean and unital modal Riesz spaces, respectively.

CAURiesz, — AURiesz, — URiesz, — Rieszg

Remark TV.2. Note that in the presence of linearity, positivity
of ¢ is equivalent to monotonicity of { (i.e., a < b implies
O(a) < O(b)). Clearly monotonicity implies positivity. In the
other direction, assume ¢ is positive and let @ < b. Note that
a <b<& b—a > 0[13, Thm 11.4]. Then by positivity
O(b — a) > 0. By linearity, ¢(b) — ¢(a) > 0 and this is
equivalent to ¢(b) > O(a).

Example TV.3. As a trivial example, note that every Riesz
space (A, u) can be given the structure of a modal Riesz space
by taking, e.g., ¢ to be the constant 0 function ¢(a) = 0 or
the identity function {(a) = a.

More interestingly, each Markov process gives rise to a
modal Riesz space.

Example TV.4. Let a : X — R<!(X) be a Markov process.
As discussed in Section Il we can view « as the operator
Oa 1 C(X) — C(X) acting on the Riesz space (C(X),1x).
By Proposition II.3 the operator ¢, satisfies the required
properties to make (C(X),1x,0,) a modal Riesz space.
Furthermore, since (C'(X),1x) € CAURiesz we have that
(C(X), 1y, Oa) S CAURieszo.

Hence, to each Markov process a : X — R<L(X) cor-
responds the modal Riesz space A, = (C(X),1x,0a) €
CAURieszg.

By combining the Riesz—Markov—Kakutani representation
theorem and Yosida’s theorem we have in fact that this
correspondence is bijective on isomorphism classes.

Theorem IV.5. For each A = (A,u,0) € CAURieszy,
given a choice of isomorphism A = C(X), there exists one
and only one Markov process o € Markov such that A = A,

Proof. By Yosida’s theorem (Theorem I1.29), (A, ) is isomor-
phic to (C(X), 1x) for a unique (up to homeomorphism) com-
pact Hausdorff space X = Spec(A). Fixing such an isomor-
phism and conjugating the original {) by the isomorphism, we
get a positive linear 1x-decreasing map ¢:C(X) AN C(X):

0 (X SR L (X SR

and by swapping the arguments as a curried function, we
equivalently get a function which, for clarity, we denote by v :

a0t X 5 (X SR)HR)  ao(@)(f) = 0(f)(@),

By using the Riesz—Markov—Kakutani theorem, the space
(X 5 R) 4 R) coincides with R<!(X). We can show

that o, is indeed continuous using the definition of continuity
in terms of nets, as follows. Let (z;);cr be a net converging
to z € X. Since O(f) is a continuous function, for each
f € C(X), we have O(f)(lim; z;) = lim;(O(f)(x;)) and

therefore, from the definition oy we have
o (lim ;) (f) = lim(a () (1))

As this holds for all f € C(X), this shows that a (lim; z;) =
lim; aey (), where the latter limit is with respect to the weak-
* topology, and proves that o, is continuous.

Therefore we can see that ag: X —R<!(X) is the unique
Markov process corresponding to (A, u, 0). O

Example 1V.6. For a fixed compact Hausdorff space X, let
a: X — R=Y(X) be the Markov process defined as a(x) =4,
for all z € X, where §, € RSY(X) is the Dirac measure
defined as ¢,(A) =1 if z € A and ¢,(A) =0 otherwise, for
all Borel sets A C X. More colloquially, « is the Markov
process where each state z € X loops back to itself with
probability 1. Let A, = (C(X),1x, 0n) be the modal Riesz
space corresponding to «. It is easy to check that {, is just
the identity map, i.e., 0o (f) = f, for all f € C(X).

Hence there is a bijective correspondence between the
(isomorphism classes of) objects of Markov and the objects
of CAURIesz,. It will be shown in the next section that this
correspondence lifts to a duality between the two categories.

Remark IV.7. We have seen that Markov processes can be
identified with modal Riesz spaces in CAURiesz,. However
the properties of being Archimedean, unital and complete are
not equationally (nor elementary) definable in the language
of modal Riesz spaces. The larger category Rieszg contains
many objects which do not have these nice properties. It is
suggestive to consider these objects as nonstandard Markov
processes. Hence, when studying Markov processes through
the lens of algebra (the variety Rieszy) one has always to
consider the existence of such nonstandard models.

V. DUALITY

In this section we extend the adjunction (7, ¢) : C' 4 Spec
between CHaus and AURiesz®® of Section II-E to one
between Markov and AURieszy’ which becomes a duality
when restricted to the subcategory CAURiesz’. The unit-
counit adjunction is described by the quadruple (n,¢?) :
C© - Spec? consisting of the two functors:

C?:Markov — CAURiesz;’ — AURiesz
Spec?: AURiesz)’ — Markov
and the two natural transformations:
n° : idMarkov — Spec<> o0
€ : C% o Spec® — idAURieszZ’)p

We start by defining the functor C¢ Markov —
CAURieszy. On objects o : X — R<!(X) in Markov,
it is defined as C%(a) = A, = (C(X),1x,0s), as in (6)
and Proposition II1.3. On (coalgebra) maps o i) [ between
a:X —-RSYX) and B:Y — RSYY) having underlying



function f: X — Y, we define CV(f) to be C(f), where
C : CHaus — CAURiesz is the functor described in
Section II-E.

We now turn our attention to the definition of the functor
Spec® : AURiesz” — Markov. On objects A = (4,u,0)
belonging to CAURiesz, the Markov process

g : Spec(A) — R=1(Spec(A))

is defined as in Theorem IV.5. If instead A just belongs
to AURiesz, we only have (Theorem I1.29) that A is
isomorphic, via the counit map e4(a)=a, to a dense subspace
of C(Spec(A)). In this case, for each J € Spec(A), we give
a partial definition of the subprobability measure (seen as a
linear functional) .o (J) on all functions @ € C(Spec(A)) as
in Theorem IV.5:

ao(J)(@) = O(a)(J) (7)

We can then uniquely extend «(J) to the whole space
C(Spec(A)) by using the fact that €4 is an isometry with
dense image. On a morphism f:(A,us,04) — (B,up,0n5)
we define Spec? (f) as Spec(f), where Spec: AURiesz® —
CHaus is the functor described in Section II-E.

The unit 7)0 s idMarkov — Spec<> oC? is defined exactly as
the unit ) from Section II-E. That is, for all Markov processes
a: X 5 REV(X), we define 70 =a 3 Spec? (C?(«)) having
underlying function nx : X — Spec(C(X)).

Similarly, the counit €* : C® o Spec® — idaAURicsg® 1S
defined exactly as the counit ¢ from Section II-E. That isf for
A= (A,u,0) in AURiesz, we define € = €.

The fact that all previous definitions are consistent, e.g.,
that C© indeed maps coalgebra morphisms to modal Riesz
space morphisms or that 1 is indeed a collection of coalgebra
morphisms, are summarized by the following theorem.

Theorem V.1. As defined above, C° and Spec? are functors
and 1° and €° are natural transformations. Furthermore
Spec<> is a right adjoint to C°, and restricts to an equivalence
Markov ~ CAURiesz,".

VI. INITIAL ALGEBRA AND FINAL COALGEBRA

In this section, exploiting the result of Theorem V.1, we
study the properties of the final Markov process and of its
dual object, the initial modal Riesz space in CAURiesz,.

A. Initial modal Riesz space

In this section we prove that the initial objects in the
categories Rieszg and its subcategory AURiesz exist and
coincide. In other words, we show that the initial object in
Rieszg exists and is Archimedean and unital.

The following construction of the initial object in Riesz
as a ground term algebra (free algebra of no generators) is
standard. Consider the set Form of modal Riesz logic formulas
(see Definition IIL.1), i.e., the set of terms build from the
language {0, +, (r)er, M, U, 1, 0}. We define the equivalence
relation = C Form X Form as: ¢ = 1 if and only if ¢ and
1 are provably equal (in equational logic) from the axioms

of modal Riesz spaces when interpreting the atomic formula
1 €Form as the the constant u in the language of Modal Riesz
spaces (Definition IV.1):

p=1 <=

The collection of equivalence classes of = is denoted by I

(Axioms of Rieszy) b ¢ =1

I={[¢]=]| ¢ is a Riesz modal logic formula}

and is endowed with the structure of a modal Riesz space as
follows: T = (I,0%, +-1, (r1),.cr, M, L, ul, OT) where:

0'=[0= =[]z (gl=+[¥]z)=[p+v]=
TI([(ME) = [r¢]= ([¢]; nt [w]z) = [pNyl=
([Qﬂz |—|I [’ME) = [d’ U w]z OI([QﬂE) = [O(Zﬂz

The following lemma is easy to check.

Lemma VL1. T = (L0L +% (+1),.cr, MY, ULl O) is a
modal Riesz space and it is the initial object in the category
Rieszg of modal Riesz spaces.

We then observe that the identified positive element u! =
[1]= (.e., the set of formulas provably equivalent to the
formula 1) is a strong unit of I.

Theorem VL.2. The element u' is a strong unit of 1.

Proof. We need to prove that for every formula ¢, there exists
some n € N such that the inequality |¢| < nl is derivable by
the axioms. This follows easily by induction on the structure
of ¢ as follows. The base cases ¢ =0 and ¢ =1 are trivial. For
the case ¢ = ¢1 + ¢ let us fix, using the inductive hypothesis,
ny,n9 € N such that |¢1] < nu and |¢a| < nou respectively.
Then the inequality ¢1 + ¢ < (nq +ng)l is easily derivable.
The cases for ¢ = r¢1, ¢ = ¢1 M2 and ¢ = @1 U @2
are similar. For the case ¢ = {Q¢1, we can use the inductive
hypothesis to get a number n; such that |¢1| < n;1. We will
prove that [Q¢1] < (2nq)1.

From the hypothesis |¢1]| < n11 we can use the monotonic-
ity of { (see Remark IV.2), the linearity of ¢ and the the
axiom ¢(1) <1 to get:

O(I¢1]) < O(n1l) = na0(1) <
It then suffices to show that |0 (¢1)] < 2
lz| = 2T +2 7,2t =200 and 2~ =
the linearity of { we get:

nil

O(]¢1])- Recall that
(—z)T. Then using

[0(e)] = O(p)™ +0(¢n)~
= 0(61)" + (=0(¢1))"
= 0(p1)T +0(=01)"
From the easily derivable (in)equalities « < |x| and |z| = |—z]
and the monotonicity of ¢ we get:
Op)T +0(=01)" < O(lea)™ + 0l = ¢ )T
= O(s)* + 0"
= 20(l¢)*

By positivity of ¢ we have O(|¢1]) > 0 and therefore
OUn Iy =01 ). Hence [0(61)] <20(|¢1]) as desired. O



Hence (I, u", OT) € URiesz{. We can now invoke Theorem
I1.26 to prove the following result.

Theorem VIL.3. The modal Riesz space 1 is Archimedean.

Proof. Since u! is a strong unit it is sufficient, by Theorem

11.26, to prove that for every nonzero element [¢]= € I there
exists a Riesz homomorphism f : (I,u!) — (R, 1) which
preserves the specified positive element (ie., f([l]=z) = 1)
and such that f([¢]=) # 0. Note that f is not required to
preserve the ¢ operation. We construct f by first defining a
map g : Form — R defined inductively on the structure of
formulas ¢ as follows:

g(O) =0, g(l) =1, (T(b) =
9(p1 + #2) = g(¢1) + g(¢2 )
g(¢1 U ¢2) = max{g(¢1),9(d2)}
g(¢1 M ¢2) = min{g(¢1), g(d2)}
9(09) = g(¢)

We then let f([¢]=) = g(¢) and it is easy to check that this
is valid definition (i.e., if ¢ = 1 then g(¢) = g(1)) and that
f([1]z) = 1. Furthermore, it is easy to prove by induction on
the structure of ¢ that if g(¢) = 0 then [¢]= = o, ie., ¢
is provably equal to 0. Hence, for every [¢]= # 0! we have
f([#]=) # 0 and this completes the proof. O

rg()

The following is a direct consequence.

Corollary VL4. The modal Riesz space (I,u', Q) is initial
in the category AURiesz, of Archimedean and unital modal
Riesz spaces.

We now identify the initial object in the subcategory
CAURiesz, of uniformly complete Archimedean unital
modal Riesz spaces. This is the the uniform completion (see
Definition 11.30) C'(Spec®((I))) of I which we denote by I.

Proposition VLS. The uniformly complete modal Riesz space
I is the the initial object in the category CAURiesz.

Proof. The functor Speco, being a right adjoint, preserves
limits, so it preserves terminal objects. Since I is initial in
AURieszo, this means that Spec® (I) is the final coalgebra of
Markov. Since, restricted CAURieszgp the functor C? is
an equivalence of categories, it does preserve terminal objects.
Therefore C'©(Spec®(I)) is the initial object of CAURiesz
(terminal object of CAURleszOp) The counit map e]? is such

that C¥(Spec® (I)) is isomorphic to the completion of I. [J

From Proposition IL31 we get that the two modal Riesz
spaces I and I are related by the following fact.

Proposition VI.6. The modal Riesz space 1 embeds as a dense
subalgebra of I and the spectrum Spec(l) is homeomorphic
to the spectrum Spec(ﬁ). In particular, there is a one-to-one
correspondence between maximal ideals in 1 and IL

B. Final Markov Process

_ We have identified in the previous section the initial object
I in the category CAURiesz,. From the duality between

CAURIiesz and Markov we can infer that the dual object
of T is the final coalgebra in Markov. We denote this Markov
process by ap : F — RSY(F).

Recall, from Theorem IV.5, that its state space F is the com-
pact Hausdorff space consisting of the collection of maximal
ideals in I endowed with the hull-kernel topology.

F = Spec(1)

Therefore we can study the topological structure of the final
coalgebra ayp of Markov by studying the (hull-kernel topol-
ogy of) the collection of maximal ideals in L. By Proposition
VI.6, we can equivalently study the maximal ideals in 1.

= Spec(l) = Spec(I) (8)

To illustrate this method, consider the following Proposition
VL7 about the modal Riesz space I. Recall from Definition
I1.21 that I is a normed space with norm ||_|| and compatible
metric dj.

Proposition VL.7. For each formula ¢ there exists a formula 1
having only rational coefficients such that di([¢]=, [¥]=) < €,
i.e., the inequality |¢ — 1| < €l can be derived in equational
logic form the axioms of modal Riesz spaces.

Note that the set of formulas ) having rational coefficients
is countable. Hence I is separable as a metric space.

As a corollary of the previous proposition, which can be
proved by elementary syntactical means such as induction
over the structure of formulas, we get the following interesting
property regarding the topology of F.

Corollary VI.8. The compact Hausdorff space F is second
countable, i.e., there is a countable basis for the topology.

As a known consequence of the Urysohn metrization the-
orem, every second countable compact Hausdorff space is
Polish (i.e., separable complete metric space).

Corollary VI.9. F is a Polish space.

VII. APPLICATIONS TO THE RIESZ MODAL LOGIC

In this section we use the duality theorem and the charac-
terization of the initial modal Riesz space 1 and its dual, the
final Markov process ar, to prove basic results about the Riesz
modal logic.

We start with the sound and complete axiomatization of the
equivalence relation between modal Riesz logic formulas.

Theorem VIL.1. Let ¢,v) € Form be two modal Riesz logic
formulas. Then

¢~ <—

Proof. Direction (<) (soundness). We know that to each
Markov process a : X — R=(X) corresponds the modal
Riesz space A, = (C(X),1x,0q) and, by Definition IIL.4,
that [¢], =[] holds if the equality $=1) holds in A,. The
assumption (Axioms of Rieszg) - ¢ = 1) means that ¢ =1)
is true in all modal Riesz spaces and in particular in all A,.

(Axioms of Rieszy) ¢ =1



Direction (=) (completeness). Assume ¢~ holds, i.e., the
equality [¢]o =[] holds for all Markov processes a: X —
R=1(X). In particular the equality holds for the final Markov
process ap : F — R<!(F). By duality, we have C(F) ~ I
and in particular, for all formulas ¢ € Form, we have the
correspondence:

[[qb]]aw — [(b}E [[wﬂ(w — [¢]E

Therefore [¢] oz = [¢]ar means [¢]= = [¢)]= or, equivalently,
¢ = 1. By definition of the equivalence relation = this means:

and

(Axioms of Rieszy) - ¢ = ¢
and the proof is completed. O

The following theorem is another simple consequence of
the machinery based on duality.

Theorem VIL2. Let x,y € F two points in the final coal-
gebra. If x # y then there exists a formula ¢ such that that

[8]a: () # [D]az (y)-

Proof. The space F = Spec(I) is compact Hausdorff. There-
fore points can be separated by continuous functions meaning
that = # y if and only if there exists a continuous function
f € C(F) such that f(z) # f(y). By duality we have that
C(F) ~ I. Furthermore we know by Proposition VL6 that I
is a dense subalgebra of I. Hence, by choosing a sufficiently
close approximation of f, we obtain a function g€ C C(F)
such that g(z) # g(y). Now g = [¢]= for some formula
¢ € Form and this is the desired separating formula. O

By combining Theorem VII.2 above with Proposition III.6
we then get the following corollary which states that modal
Riesz logic formulas characterize behavioral equivalence. Re-
call that two states of a Markov process « are called behav-
iorally equivalent if the n(x) = n(y) where a —» ag is the
unique coalgebra morphism from « to the final coalgebra.

Corollary VIL3. Let o : X — R=Y(X) be a Markov process
and x,y € X. Then x and y are behaviorally equivalent if and

only if [¢a(2) = [#a(y) for all formulas ¢.
VIII. CONCLUSIONS

In this work we have laid the foundation of a theory of
real—valued logics for Markov processes based on the theory
of Riesz spaces. Many variations are possible. For example,
one could consider labeled Markov processes [12] modeled as
coalgebras of the functor (R<!)%, for some set 3 of labels.
One can then obtain a duality with multimodal Riesz spaces
(A, u, {Ouex}). Alternatively, one could consider Markov pro-
cesses as colagebras of the functor R=!+1, modeling systems
where at each state the computation either ends or progresses
with probability 1. One can obtain a duality with modal
Riesz spaces (4, 1,0) whose ¢ operation is positive, linear,
1-preserving (i.e., O(1) = 1) and satisfies 01 = (01+01)M1
(see Example III.13).

Among possible directions for future research, it would
be interesting to extend this work from Markov processes

to Markov decision processes (see [9, §4.1] for preliminary
ideas in this direction). In another direction, it might be worth
investigating the relation between the behavioral metrics for
Markov processes studied in the literature and the metric space
structure of the final Markov process (see Corollary VI.9).
Lastly, one can investigate an extension of the Riesz modal
logic with operators for (co)inductive definitions. This would
allow the interpretation of the full Lukasiewicz modal p—
calculus and therefore also of pCTL.
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