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Abstract. Coalgebras in a Kleisli category yield a generic definition of trace
semantics for various types of labelled transition systems. In this paper we apply
this generic theory to generative probabilistic transition systems, short PTS, with
arbitrary (possibly uncountable) state spaces. We consider the sub-probability
monad and the probability monad (Giry monad) on the category of measurable
spaces and measurable functions. Our main contribution is that the existence of a
final coalgebra in the Kleisli category of these monads is closely connected to the
measure-theoretic extension theorem for sigma-finite pre-measures. In fact, we
obtain a practical definition of the trace measure for both finite and infinite traces
of PTS that subsumes a well-known result for discrete probabilistic transition
systems.

1 Introduction

Coalgebra [11,17] is a general framework in which several types of transition systems
can be studied (deterministic and non-deterministic automata, weighted automata, tran-
sition systems with non-deterministic and probabilistic branching, etc.). One of the
strong points of coalgebra is that it induces — via the notion of coalgebra homomor-
phism and final coalgebra — a notion of behavioural equivalence for all these types of
systems. The resulting behavioural equivalence is usually some form of bisimilarity.
However, [10] has shown that by modifying the category in which the coalgebra lives,
one can obtain different notions of behavioural equivalence, such as trace equivalence.

We will shortly describe the basic idea: given a functor F, describing the branching
type of the system, a coalgebra in the category Set is a function ot : X — FX, where X is
a set. Consider, for instance, the functor FX = Pﬁn(A x X +1), where Ppn is the finite
powerset functor and A is the given alphabet. This setup allows us to specify finitely
branching non-deterministic automata where a state x € X is mapped to a set of tuples of
the form (a,y), where a € A,y € X, describing transitions. The set contains the symbol
v' (for termination) — the only element contained in the one-element set 1 — whenever x
is a final state.

A coalgebra homomorphism maps sets of states of a coalgebra to sets of states of
another coalgebra, preserving the branching structure. Furthermore, the final coalgebra

* This is the full version of a paper to appear in the CONCUR 2012 proceedings [13].



— if it exists — is the final object in the category of coalgebras. Every coalgebra has a
unique homomorphism into the final coalgebra and two states are mapped to the same
state in the final coalgebra iff they are behaviourally equivalent.

Now, applying this notion to the example above induces bisimilarity, whereas usu-
ally the appropriate notion of behavioural equivalence for non-deterministic finite au-
tomata is language equivalence. One of the ideas of [10] is to view a coalgebra
X - P(Ax X +1) not as an arrow in Set, but as an arrow X — A x X + 1 in Rel,
the Kleisli category of the powerset monad. This induces trace equivalence, instead of
bisimilarity, with the underlying intuition that non-determinism is a side-effect that is
“hidden” within the monad. This side effect is not present in the final coalgebra (which
consists of the set 4* with a suitable coalgebra structure), but in the arrow from a state
x € X to A*, which is a relation, and relates each state with all words accepted from this
state.

In [10] it is also proposed to obtain probabilistic trace semantics for the Kleisli
category of the (discrete) subdistribution monad D. Hence coalgebras in this setting
are functions of the form X — D(A x X + 1) (modelling probabilistic branching and
termination), seen as arrows in the corresponding Kleisli category. From a general result
in [10] it again follows that the final coalgebra is carried by .A*, where the mapping into
the final coalgebra assigns to each state a probability distribution over its traces. In this
way one obtains the finite trace semantics of generative probabilistic systems [18,8].

The contribution in [10] is restricted to discrete probability spaces, where the prob-
ability distributions always have at most countable support [19]. This might seem suffi-
cient for practical applications at first glance, but it has two important drawbacks: first,
it excludes several interesting systems that involve uncountable state spaces (see for
instance the examples in [16]). Second, it excludes the treatment of infinite traces, as
detailed in [10], since the set of all infinite traces is uncountable and hence needs mea-
sure theory to be treated appropriately. This is an intuitive reason for the choice of the
subdistribution monad — instead of the distribution monad — in [10]: for a given state,
it might always be the case that a non-zero “probability mass” is associated to the in-
finite traces leaving this state, which — in the discrete case — can not be specified by a
probability distribution over all words.

Hence, we generalize the results concerning probabilistic trace semantics from [10]
to the case of uncountable state spaces, by working in the Kleisli category of the (con-
tinuous) subprobability monad over Meas (the category of measurable spaces). Unlike
in [10] we do not derive the final coalgebra via a generic construction (building the
initial algebra of the functor), but we define the final coalgebra directly. Furthermore
we consider the Kleisli category of the (continuous) probability monad (Giry monad)
and treat the case with and without termination. In the former case we obtain a coal-
gebra over the set A (finite and infinite traces over .4) and in the letter over the set
A® (infinite traces), which shows the naturality of the approach. For completeness we
also consider the case of the subprobability monad without termination, which results
in a trivial final coalgebra over the empty set. In all cases we obtain the natural trace
measures as instances of the generic coalgebraic theory.

Since, to our knowledge, there is no generic construction of the final coalgebra
for these cases, we construct the respective final coalgebras directly and show their



correctness by proving that each coalgebra admits a unique homomorphism into the
final coalgebra. Here we rely on the measure-theoretic extension theorem for sigma-
finite pre-measures.

2 Background Material and Preliminaries

We assume that the reader is familiar with the basic definitions of category theory. How-
ever, we will provide a brief introduction to measure theory and integration, coalgebra,
coalgebraic trace semantics and Kleisli categories - of course all geared to our needs.
For a more detailed analysis of many of the given proofs we refer to [12] which is the
primary source for the results presented in this paper.

2.1 Notation

By 1 we denote a singleton set, its unique element is v'. For arbitrary sets X,Y we
write X X Y for the usual cartesian product and the disjoint union X +Y is the set
{(x,0),(y,1) | x € X,y € Y}. Whenever X NY = 0 this coincides with (is isomorphic to)
the usual union X UY in an obvious way and we often write X W Y. For set inclusion
we write C for strict inclusion and C otherwise. The set of extended reals is the set
R :=RU{+} and R, is the set of non-negative extended reals.

2.2 A Brief Introduction to Measure Theory [2,6]

Measure theory generalizes the idea of length, area or volume. Its most basic definition
is that of a o-algebra (sigma-algebra). Given an arbitrary set X we call a set X of
subsets of X a o-algebra iff it contains the empty set and is closed under absolute
complement and countable union. The tuple (X,X) is called a measurable space. We
will sometimes call the set X itself a measurable space, keeping in mind that there is
an associated c-algebra which we will then denote by Xx. For any subset G C P(X)
we can always uniquely construct the smallest o-algebra on X containing G which is
denoted by ox(G). We call G the generator of ox(G), which in turn is called the o-
algebra generated by G. It is known, that oy is a monotone and idempotent operator.
The elements of a ¢-algebra on X are called the measurable sets of X.

Similar to the definition of a c-algebra we call a subset S C P(X) a semi-ring of
sets iff it contains the empty set, is closed under pairwise intersection and any relative
complement of two sets in S is the disjoint union of finitely many sets in S. It is easy
to see that every c-algebra is a semi-ring of sets but the reverse is false.

A non-negative function p: S — R, defined on a semi-ring S is called a pre-
measure on X if it assigns 0 to the empty set and is o-additive, i.e. for a sequence
(Sy)nen of mutually disjoint sets in S where (W,enSy,) € S we must have U (W,enSy,) =
Y en U (Sy). A pre-measure is called o-finite if there is a sequence (S,),ecn of sets in
S such that their union is X and p (S,) < e for all n € N. Whenever S is a o-algebra
we call u a measure and the tuple (X,S, ) a measure space. In that case u is said to
be finite iff @(X) < o= and for the special cases u(X) =1 (or u(X) < 1) u is called
a probability measure (or sub-probability measure respectively). The most significant



theorem from measure theory which we will use in this paper is the extension theorem
for o-finite pre-measures, for which a proof can be found e.g. in [6].

Proposition 1 (Extension Theorem for o-finite Pre-Measures). Let X be an arbi-
trary set, S C P(X) be a semi-ring of sets and u: S — R be a o-finite pre-measure.
Then there exists a uniquely determined measure 1. ox(S) — R such that {l|s = L.

This theorem can on the one hand be used to construct measures and on the other
hand it provides an equality test for o-finite measures.

Corollary 2 (Equality of o-finite Measures). Let X be an arbitrary set, S C P(X) be
a semi-ring of sets and |1,V : Ox(S) — R be o-finite measures. Then |L and v are equal
iff they agree on all elements of the semi-ring.

2.3 The Category of Measurable Spaces and Functions

Let X and Y be measurable spaces. A function f: X — Y is called measurable iff the
pre-image of any measurable set of ¥ is a measurable set of X. The category Meas
has measurable spaces as objects and measurable functions as arrows. Composition of
arrows is function composition and the identity arrow is the identity function.

The product of two measurable spaces (X,Xyx) and (Y,XZy) is the set X x ¥ en-
dowed with the o-algebra generated by Xy * Xy, the set of so-called “rectangles” which
is {Sx x Sy | Sx € Xx,Sy € Zy}. It is called the product 6-algebra of Zx and Xy and
is denoted by Xx ® Xy. Whenever Xy and Xy have suitable generators, we can also
construct a possibly smaller generator for the product c-algebra than the set of all rect-
angles.

Proposition 3 (Generators for the Product o-Algebra, [6]). Let X,Y be arbitrary
sets and Gx C P(X),Gy C P(Y) such that X € Gx and Y € Gy. Then the following
holds: oxxy(Gx *Gy) = 0x(Gx) ® oy (Gr).

We remark that we can construct product endofunctors on the category of measur-
able spaces and functions.

Definition 4 (Product Functors). Let Z be a measurable space. The endofunctor
Z X Idmeas maps a measurable space X to (Zx X,X; ® Xx) and a measurable func-
tion f: X — Y to the measurable function F(f): ZxX —Z xY,(z,x) — (z, f(x)). The
functor Idyeas X Z is constructed analogously.

The co-product of two measurable spaces (X,Zx) and (Y, Zy) is the set X +Y en-
dowed with Zx & Xy := {Sx + Sy | Sx € Zx,Sy € Ly} as o-algebra, the disjoint union
o-algebra. Note that in contrast to the product no o-operator is needed because Xy & Xy
itself is already a o-algebra whereas Xy * Xy is usually no o-algebra. For generators of
the disjoint union o-algebra there is a comparable result to the one given above for the
product o-algebra.

Proposition 5 (Generators for the Disjoint Union c-Algebra). Let X,Y be arbitrary
sets and Gx CP(X),Gy CP(Y) such that 0 € Gx and Y € Gy. Then the following holds:
ox+y(Gx ®Gy) = ox(Gx) ® oy (Gy).



A short proof for this can be found in the appendix. As before we can construct
endofunctors, the co-product functors.

Definition 6 (Co-Product Functors). Let Z be a measurable space. The endofunctor
Idmeas + Z maps a measurable space X to (X +Z,Ex & Xz) and a measurable function
f: X =Y to the measurable function F(f): X +Z — Y +Z which acts like f on X and
like the identity on Z. The functor Idmeas + Z is constructed analogously.

For isomorphisms in Meas we provide the following characterization, where again
the proof can be found in the appendix.

Proposition 7 (Isomorphisms in Meas). Two measurable spaces X and Y are isomor-
phic in Meas iff there is a bijective function ¢: X — Y such that' ¢ (Xx) = Zy. If Zx
is generated by a set S C P(X) then X and Y are isomorphic iff there is a bijective
function @: X — Y such that Xy is generated by @ (S). In this case S is a semi-ring of
sets (a o-algebra) iff ¢(S) is a semi-ring of sets (a G-algebra).

2.4 Kleisli Categories and Liftings of Endofunctors

Given a monad (T,n, ) on a category C we can define a new category, the Kleisli
category of 7, where the objects are the same as in C but every arrow in the new
category corresponds to an arrow f: X — TY in C. Thus, arrows in the Kleisli category
incorporate side effects specified by a monad [10,1]. In the following definition we
will adopt the notation used by S. Mac Lane [15, Theorem VI.5.1], as it allows us
to distinguish between objects and arrows in the base category C and their associated
objects and arrows in the Kleisli category K¢(T).

Definition 8 (Kleisli Category). Let (T,n, 1) be a monad on a category C. To each
object X of C we associate a new object Xt and to each arrow f: X — TY of C we
associate a new arrow fb: Xr — Yr. Together these objects and arrows form a new
category KU(T), the Kleisli category of T, where composition of arrows fb: Xr —Yr
and g": Yr — Zr is defined as: g’ o f* := (UzoT(g) of)b. For every object Xt the
identity arrow is idy, = (nx)".

Given an endofunctor F on C, we now want to construct an endofunctor F on C/(T)
that “resembles” F: Since objects in C and objects in JC/(T') are basically the same, we
want F to coincide with F on objects i.e. F(X7) = (FX)r. It remains to define how F
shall act on arrows f . X7 — Y7 such that it “resembles” F. We note that for the associ-
ated arrow f: X — TY we have F(f): FX — FTY.lf wehadamap Ay: FTY — TFY
to “swap” the endofunctors F and T, we could simply define F(f?) := (Ay o F( f))b
which is exactly what we are going to do.

Definition 9 (Distributive Law). Ler (T, 1, 1t) be a monad on a category C and F be
an endofunctor on C. A natural transformation A: FT = TF is called a distributive
law iff for all X we have Ax o F (Nx) = Npx and ppx o T (Ax) o Arxy = Ax o F (Ux).

Whenever we have a distributive law we can define the lifting of a functor.

' For S C P(X) and a function f: X — Y let ¢(S) = {@ (Sx) | Sx € S}.



Definition 10 (Lifting of a Functor). Let (T,1, L) be a monad on a category C and
F be an endofunctor on C with a distributive law A : FT = TF. The distributive law
induces a lifting of F to an endofunctor F: K{(T) — KU(T) where for each object
X7 of KU(T) we define F(Xr) = (FX)r and for each arrow f°: Xr — Yr we define
F(f’): F(Xp) — F(Yr) viaF(f°) := (Ay oFf)".

2.5 Coalgebraic Trace Semantics

We recall that for an endofunctor F on a category C an (F-)coalgebra is a pair (X, @)
where X is an object and a: X — FX is an arrow of C. An F-coalgebra homomor-
phism between two F-coalgebras (X, ), (Y,) is an arrow ¢: X — Y in C such that
Boo=F(¢p)oo. We call an F-coalgebra (Q, x) final iff for every F-coalgebra (X, &)
there is a unique F'-coalgebra-homomorphism @y : X — Q.

By choosing a suitable category and a suitable endofunctor, many (labelled) tran-
sition systems can be modelled as F'-coalgebras. The final coalgebra - if it exists - can
be seen as the “universe of all possible behaviours” and the unique map into it yields a
behavioural equivalence: Two states are equivalent iff they are mapped identically into
the final coalgebra. Whenever transition systems incorporate side-effects, these can be
“hidden” in a monad. In this case the final coalgebra of an endofunctor in the Kleisli
category of this monad yields a notion of trace semantics ([9], [19]). In this case, the
side-effects from the original system are not part of the final coalgebra, but are con-
tained in the unique map into the final coalgebra.

2.6 The Lebesgue Integral

Before we can define the probability and the sub-probability monad, we give a crash
course in integration loosely based on [2,6]. For that purpose let us fix a measurable
space X, a measure y on X and a Borel-measurable? function f: X — R. We call f
simple iff it attains only finitely many values, say f(X) = {ai,..., oy }. The integral of
such a simple function f is then defined to be the p-weighted sum of the «,, formally
Jxfdu=YN_, a,u(S,) where S, = f~!(a,) € Lx. Whenever f is non-negative we can
approximate it from below using non-negative simple functions. In this case we define
the integral to be [y fdu :=sup { [ysdu | s non-negative and simple s.t. 0 < s < f}. For
arbitrary f we decompose it into its positive part fT = max {f,0} and negative part
f~ :=max {—f,0} which are both non-negative and Borel-measurable. We denote that
f=f"—f and consequently we define the integral of f to be the difference [y fdu :=
JxfTdu — [y f~du if not both integrals on the right hand side are +oo. In the latter
case we say that the integral does not exist. Whenever it exists and is finite we call f
a (u-)integrable function. Instead of [y fdu we will sometimes write [y f(x)dp(x) or
Jiex f(x)du(x) which is useful if we have functions with more than one argument or
multiple integrals. Note that this does not imply that singleton sets are measurable.

For every measurable set S € Xy its characteristic function ys: X — {0,1}, which
is 1 iff x € S and O otherwise, is integrable and for integrable f the product ys - f
is also integrable and we write [¢fdu for [y xs- fdu. Some useful properties of the

2 A function f: X — R is Borel-measurable iff ¥ € R : f~! ([—oo,1]) € Zx.



integral are that it is linear, i.e. for integrable f,g: X — R we have [af + Bgdu =
o [fdu+ B [gdu and monotone, i.e. f < g implies [fdu < [gdu. We will state one
result explicitly which we will use in our proofs.

Proposition 11 ([2, Theorem 1.6.12]). Let X,Y be measurable spaces, | be a mea-
sure on X, f: Y — R be a Borel-measurable function and g: X — Y be a measurable
function. Then |y := o ¢! is a measure on Y, the so-called image-measure and f is
Ug-integrable iff f o g is u-integrable and in this case we have [¢f du, = fgfl (S)fogd/,L
forall S € Xy.

2.7 The Probability and the Sub-Probability Monad

We are now going to present the probability monad (Giry monad) and the sub-probability
monad as presented e.g. in [7] and [16]. First, we define the endofunctors of these mon-
ads.

Definition 12 (Probability and Sub-Probability Functor). The probability-functor
P: Meas — Meas maps a measurable space (X,Xx) to the measurable space
(P(X),ZP(X)) where P(X) is the set of all probability measures on Ly and Xpx) is
the smallest 6-algebra such that the evaluation maps.

VSEZx: ps: P(X)—[0,1],P+ P(S) (1)

are Borel-measurable. For any measurable function f: X — Y between measurable
spaces (X, Xx), (Y, Zy) the arrow P(f) maps a probability measure P to its image mea-
sure:

P(f): P(X) — P(Y),Prs Py :=Pof! (2)
If we take sub-probabilities instead of probabilities we can construct the sub-probability
functor S analogously.

Having defined the endofunctors, we continue by constructing the unit and multi-
plication natural tranformations.

Definition 13 (Unit and Multiplication). Let T € {S,P}. We obtain two natural trans-
formations 1 : Idyieas = T and p: T?> = T by defining Ny, Uy for every measurable
space (X, Xx) as follows:

Nx: X = T(X), x> 8% (3
fx: THX) = T(X), px(P)(S) := /psdP VS € Sy )
where 8X: Xy — [0,1] is the Dirac measure which is 1 on S € Xx iff x € S and 0

otherwise. The map pg ist the evaluation map (1) from above.

If we combine all the ingredients we obtain the following result which also guaran-
tees the soundness of the previous definitions:

Proposition 14 ([7]). (S,n, 1) and (P,n, 1) are monads on Meas.



3 Main Results

There is a big variety of probabilistic transition systems [19,8]. We will deal with four
slightly different versions of so-called generative PTS. The underlying intuition is that,
according to a probability measure, an action from the alphabet .4 and a set of possible
successor states are chosen. We distinguish between probabilistic branching according
to sub-probability and probability measures and furthermore we treat systems without
and with termination.

Definition 15 (Probabilistic Transition System (PTS)). A probabilistic transition sys-
tem is a tuple (A, X, o) where A is a finite alphabet (endowed with P(A) as o-
algebra), X is the state space, an arbitrary measurable space with ¢-algebra Xx and
o € {0, O, Oy, 0o } is the transition function where:

op: X > S(AXxX), ot: X = S(AxX+1)
Op: X 2 P(AXX), Ooo: X 5> P(AXx X +1)

Depending on the type of the transition function, we call the PTS a o-PTS with?
o € {0,%,0,}. For every x € X and every a € A we define the finite sub-probability
measure Py ;. Xx — [0,1] where Py 4(S) := a(x)({a} x S) for every S € Zx. Intuitively,
P, .(S) is the probability of making an a-transition from the state x € X to any state
y € S. Whenever X is a countable set and Xx = P (X) we call the PTS discrete.

We will now take a look at a small example o-PTS before we continue to build up
our theory.

Example 16 (Discrete PTS with Finite and Infinite Traces). Let A= {a,b}, X = {0, 1,2},
Zx =P(X)and @ := 0 : X — P(A X X +1) such that we obtain the following system:

1/3

bﬁl@b,lﬁwa,lﬁ@ 1/3 @

a?2/3

Obviously v is the unique final state which has only incoming transitions bearing prob-
abilities and no labels. This should be interpreted as follows: “From state 1 the system
terminates immediately with probability 1/3”.

In order to define a trace measure on these probabilistic transition systems, we need
suitable o-algebras on the sets of words. While the set of all finite words, .A*, is rather
simple - we take P(A*) as o-algebra - the set of all infinite words, A%, and also the
set of all finite and infinite words, A%, needs some consideration. For a word u € A*
we call the set of all infinite words that have u as a prefix the @w-cone of u, denoted by
1w {u}, and similarily we call the set of all finite and infinite words having u as a prefix
the co-cone ([16, p. 23]) of u and denote it with f. {u}.

3 The reason for choosing these symbols as type-identifiers will be revealed later in this paper.



A cone can be visualized in the following way: We consider the undirected, rooted
and labelled tree given by T = (A*,E,l) with edges E := {{u,uv} | u € A*,v € A},
edge-labelling function /: E — A, {u,uv} — v and € € A* as the dedicated root. For
A ={a,b,c} the first three levels of the tree can be depicted as follows:

a C
/b \
a b c
a [ a C a C
/ , \ /b \ /17 \
ab ac ba bc ca c cc

bb
Given a finite word u € A*, the w-cone of u is the set of all infinite paths that begin in
€ and contain the vertex u and the co-cone of u is the set of all finite and infinite simple
paths that begin in € and contain the vertex u (and thus necessarily have a length which
is greater or equal to the length of u). Since the sets of cones are no c-algebras, we
will of course take the o-algebra generated by them. However, the sets of cones can be
augmented in such a way that we obtain semi-rings of sets.

b

aa

Definition 17 (Cones). Let A be a finite alphabet and let T C A* x A” denote the
usual prefix relation on words. For u € A* we define its @-cone fo be the set To {u} :=
{ve A® | uC v} and analgously we call tw{u} := {v € A* | u C v} the oo-cone of u.
Furthermore we define 1o {u} := 0,1, {u} := {u}.

With this definition at hand, we can now define the semi-rings we will use to gener-
ate o-algebras on A", A?® and A”.

Definition 18 (Semi-Rings of Sets of Words). Let A be a finite alphabet. We de-
fine the sets Sy = {0} U {T.{u}|uc A~} C P(A°) for o € {0,%x,0} and S :=
{Te{u} |uc A”}US, CP(A™).

Proposition 19. Sy, S, Sy and S.. are semi-rings of sets.

Proving this Proposition is trivial for Sp and S,. For S.. we have included a short
proof in the appendix which can easily be adopted to Sy,.

We remark that many interesting sets will be measurable in the c-algebra generated by
the cones. The singleton-set {u} will be measurable for every u € A® because {u} =
Mvcu To {v} = Mvcu T {v} which are countable intersections, or (for eo-cones only)
the set A* = U, 4+ {u} and consequently also the set A® = A\ A* will have to be
measurable. The latter will be useful to check to what “extent” a state of a co-PTS
accepts finite or infinite words/behaviour. One thing about Sy is worth mentioning: In
fact, the above definition yields Sy = {0}. While this is certainly odd at first sight, it
will turn out to be a reasonable specification in our setting.

We will now give a definition of the trace measure which can be understood as the
behaviour of a state: it measures the probability of accepting a set of words.



Definition 20 (The Trace Measure). Let (A, X, &) be a o-PTS. For every state x € X
the trace (sub-)probability measure tro(x): 0.40(So) — [0,1] is uniquely defined by the
following equations:

Vae AVue A" . tro(x)( T {au}) := /}C/extro()c/)(T<> {ub)dP,,(x) (5

and tre(x)(0) = 0, tr.(x) (T, {€}) = a(x)(1), tre(¥)(To {€}) = 1, tre(x)(T {€}) = 1
and tre.(x) ({u}) = treo(x) (T {#t}) — Lac 4 tree(x) (1o {au}) where applicable.

We need to verify that everything is well-defined. In the next proposition we explic-
itly state what has to be shown.

Proposition 21. The equations in Definition 20 yield a o©-finite pre-measure
tro(x): So — [0, 1] for o € {0, %, ®,0} and every x € X. Moreover, the unique extension
of this pre-measure is a (sub-)probability measure.

Before we prove this proposition, let us try to get a more intuitive understanding
of Definition 20 and especially equation (5). First we check how the above definition
reduces when we consider discrete systems.

Remark 22. Let (A,X,a) be a discrete* *-PTS, i.e. o¢: X — S(A x X + 1). Then
tr, (x)(€) := a(x)(v') and (5) is equivalent to:
Vae AVue A . tro(x)(au) := Y tro(x)(u) - Pro(x)
xex
which is equivalent to the discrete trace distribution presented in [9] for the sub-distri-

bution monad D on Set.

Having seen this coincidence with known results, we proceed to calculate the trace
measure for our example (Ex. 16) which we can only do in our more general setting
because this «-PTS is a discrete probabilistic transition system which exhibits both
finite and infinite behaviour.

Example 23 (Example 16 cont.). We calculate the trace measures for the o-PTS from
Example 16. We have tr..(0) = 873 because

e (0)({6°)) = tra(0) (N T {8 ) = tra0) (A" \UEp (A 1 (1))
=t (0) (A7) ~tr(0) (Ufo (A™\ 1 647 )
>1—Ztrw (A“\Too{bk})

oo

:1—];)(1—&“( )(T“, bk})) i 1-1)
Thus we have tre,(0)(A*) = tre.(0) (Wyea+ {u}) = 0 and tr-(0)(A®) = 1. By induc-
tion we can show that tr..(2)({a*}) = (1/3) - (2/3)" and thus tr(2)(A*) = 1 and
tr.(2)(A®) =0. Furthermore we calculate tro(1)({®}) =1/3, trm(l)(T {a})=1/3
and tr.(1)({€}) = 1/3 yielding tr(1)(A*) =2/3 and tr..(1)(A®) = 1/3.

I

41If Z is a countable set and y: P(Z) — [0, 1] is a measure, we write yi(z) for

{z}):



Recall, that we still have to prove Proposition 21. In order to simplify this proof, we
provide a few technical results about the sets S, Sy, S« for which proofs are given in
the appendix or in [12].

Lemma 24 (Countable Unions). Let (S,),en be a sequence of mutually disjoint sets
in Sg or in Sw such that W,enS, is itself an element of Sy or Sw. Then S, = 0 for all
but finitely many n.

Lemma 25 (Sigma-Finiteness 1). A non-negative map p: S, — R, where p(0) =0
is always o-additive and thus a pre-measure.

Lemma 26 (Sigma-Finiteness 2). A non-negative map l: Sp — Ry where u(0) =0
is o-additive and thus a pre-measure iff L (1o {u}) = Yaca b (T {ua}) for all u € A*.

Lemma 27 (Sigma-Finiteness 3). A non-negative map [: S.. — Ry where u(0) =0

is o-additive and thus a pre-measure iff U (Teo{u}) = L ({u}) + Loca Ut (T {ua}) for
allue A*.

Using these results, we can now prove Proposition 21.

Proof (of Proposition 21). For o = 0 nothing has to be shown because cp({0}) = {0}
and tro(x): {0} — [0, 1] is already uniquely defined by tro(x)(0#) = 0. Lemma 25 and
Lemma 27 yield immediately that for ¢ € {%,e} the equations define a pre-measure.
The only difficult case is ¢ = @ where we will, of course, apply Lemma 26. Let u =
uy...uy € A* with g € A for every k, then multiple application of (5) yields:

tro,(x) ( To {u}) = / / 1dPy, | i () - APy, (x1)

x1€X xm€X

and for arbitrary a € A we obtain analogously:

tro(x) (1o {ua}) = / / Py, o(X)dP, 0 (tn)... APy (x1).

x1€X xmeX

All integrals exist and are bounded above by 1 so we can use the linearity and mono-
tonicity of the integral to exchange the finite sum and the integrals to obtain that indeed
Yaeatro(x)( To{ua}t) =try(x)( 1o {u}) is valid using the fact that ¥ ye 4 P, o(X) =
Yocao(x)({a} x X) = a(x)(Ax X) = 1. Hence also try(x): Sp — R is o-additive
and thus a pre-measure.

Now let us check that the pre-measures are o-finite. For ¢ € {@, o} this is obvious
and in these cases the unique extension must be a (sub-)probability measure because
by definition we have try(x)(A®) = 1 and tr(x)(A™) = 1 respectively. For the re-
maining case (¢ = %) we remark that A* = W, 4+ {u} which is countable and disjoint.
Using induction on the length of u € A* and monotonicity of the integral we can easily
verify that tr.(x)({u}) is always bounded by 1 and hence also in this case tr,(x) is
o-finite. Again by induction we can see that for all n € Ny we have tr, (x) (AS") <1
Since tr, (x) is a measure (and thus non-negative and o-additive), the sequence given by
(tr.(x) (A=), e, 18 @ monotonically increasing sequence of real numbers bounded



above by 1 and hence has a limit. Furthermore, tr,(x) is continuous from below as a
measure and we have A=" C A="*1 for all n € Ny and thus can conclude that

tr.(x) (A") = tr.(x) (U A<") = lgn tr, (x) (A=") = sup tr,(x) (A*") <1
n=1 oo nENo
For more details take a look at [12, Proofs of Theorems 4.14 and 4.24]. O

Now that we know that our definition of a trace measure is mathematically sound,
we remember that we wanted to show that it is “natural”’, meaning that it arises from the
final coalgebra in the Kleisli category of the (sub-)probability monad. We now state our
main theorem which presents a close connection between the unique existence of the
map into the final coalgebra and the unique extension of a family of o-finite measures.

Theorem 28 (Main Theorem). Let T € {S,P}, F be an endofunctor on Meas with a
distributive law A . FT = TF and (Qr, Kb) be an F-coalgebra where Xrq = 0rq(Sra)
for a semi-ring Spq. Then (Qr,K°) is final iff for every F-coalgebra (Xr,0’) there is
a unique (sub-)probability measure tr(x): o — [0,1] for every x € X such that:

VS € Sro : / pso kdtr(x) / ps o Ao o F(tr) da(x) ©)

Proof. We consider the final coalgebra diagram in K¢(T):

b —
Xr—% S FXr
trbl lF(tr’):(}LQ oF (tr))’
b —
Qr —K> FQr

By definition (Q7, x”) is final iff for every F-coalgebra (X7, ) there is a unique arrow
tr': Xr — Qr making the diagram commute. We define:

gb =k otr (down, right) "= (tr )o o’ (right, down)
and note that commutativity of this diagram is equivalent to:
VxeX,VSe€Sra: g(x)(S)=nh(x)(S) @)

because for every x € X both g(x) and h(x) are (sub-)probability measures and thus
o-finite measures which allows us to apply Corollary 2. We calculate:

g(X)(S)=(umoT( )otr)( )(8) = kra (T (x)(tr(x))) (S)
— 1o (tr(x /psdtr K_/pSoKdtr
and if we define p := Ao o F(tr): FX — TFQ we obtain:
h(x)(S) = (ra o T(p) o a)(x)(S) = tra (T(p)(a(x))) (S) = tra (a(x)p) (S)
—/psdoc p—/psopda /pso/lQoF(tr)da( )

and thus (7) is equivalent to (6). O



We immediately obtain the following corollary.

Corollary 29. Let in Theorem 28 K = Npg o ¢, for an isomorphism ¢: Q — FQ in
Meas, and let So C P(Q) be a semi-ring such that X = 6o (Sq). Then equation (6)
is equivalent to:

VSESq: tr(x)(S) = / Po(s) 0 o o F (tr) da(x) ®)

Proof. Since ¢ is an isomorphism in Meas we know from Proposition 7 that Xrpo =
00 (9(Sq)). Forevery S € Zg and every u € Q we calculate:

DPo(s) © K(u) = DPo(s) °NFra© ou)= 55(%(‘!’(5)) = %q;(s)(q)(”)) = Xs(u)

and hence we have [pys) o kdtr(x) = [xsdtr(x) = tr(x)(S). O

Since we want to apply this corollary to sets of words, we now define the necessary
isomorphism ¢ using the characterization given in Proposition 7.

Proposition 30. Let ¢: A - AXx A°+1, e = v, au > (a,u). Then @, Q|4+ and
Q| 40 are bijective functions’ and the following holds:

Oaxa0(9(Sp)) = P(A) ® 040(Son) ©)
Oaxa1(9(S)) = P(A) @ oa(S.) P(1) (10)
Oaxa=11(9(S=)) = P(A) ® 0.4=(5) B P(1) (n

We recall that — in order to get a lifting of an endofunctor on Meas — we also need
a distributive law for the functors we are using to define PTS. A proof for the following
proposition is given in [12, Prop. and Def. 4.12 and 4.22].

Proposition 31 (Distributive Laws for the (Sub-)Probability Monad). Let T € {S,P}.
For every measurable space (X,ZXx) we define

Ax: AXTX - T(AxX), (a,P)— 8P

where §;* @ P denotes the product measure® of 8;* and P. Then we obtain a distributive
law A : AXT = T (A x IdMeas). In an analogous manner we obtain another distributive
law A: AXT+1= T (A xIdmeas + 1) if we define

Mt AXTX+1 5 T(AXX+1), (a,P) — SAOPV s §AXH

for every measurable space (X,Xx) where (8;* ® P)(S) := (8 ®P) (SN (A x X)) for
every S€ P(A)@Zx & P(1).

With this result at hand we can finally apply Corollary 29 to the measurable spaces
0,A*, A? A=, each of which is of course equipped with the o-algebra generated by
the semi-rings Sy, S, S, S« as defined in Proposition 19, to obtain the final coalgebra
and the induced trace semantics for PTS as presented in the following corollary.

3 For a function f: X — ¥ and X’ C X we consider f|y to be f|x/: X' — f(X').
6 §A ® P is the unique extension of the measure defined via §;* @ P(S 4 x Sx) := 82 (S4) -
P(Sx) forall S 4 x Sx € P(A) x Zx.



Corollary 32 (Final Coalgebra and Trace Semantics for PTS). A PTS (A, X, ) is
an F-coalgebra (Xr,a”) in K{(T) and vice versa. In the following table we present the
(carriers of) final F-coalgebras (.QT, Kb) in ICU(T) for all suitable choices of T and F
(depending on the type of the PTS).

Type ‘ Monad T ‘ Endofunctor F ‘ Carrier Qr

0 S AxX (0,{0})r

* S AxX+1 (A*,04+(Ss))r
© P AxX (A 040(Sw))r
o P AxX+1 (A%, 04=(Sw))

In all cases Kk = Ngq © @ where @ is the isomorphism as defined before. The unique map
tr’ into the final coalgebra is tr, (x) as given in Definition 20 for every x € X.

4 Conclusion, Related and Future Work

We have shown how to obtain coalgebraic trace semantics in a general measure-theoretic
setting, thereby allowing uncountable state spaces and infinite trace semantics.

Our work is clearly inspired by [10], generalizing their instantiation to genera-
tive probabilistic systems. Probabilistic systems in the general measure-theoretic set-
ting were in detail studied by [22], but note that the author considers bisimilarity and
constructs coalgebras in Meas, whereas we are working in Kleisli categories based on
Meas.

In [5] and [16] a very thorough and general overview of properties of labelled
Markov processes including the treatment of temporal logics is given. However, the
authors do not explicitly cover a coalgebraic notion of trace semantics.

Infinite traces in a general coalgebraic setting have already been studied in [4].
However, this generic theory, once applied to probabilistic systems, is restricted to coal-
gebras with countable carrier while our setting, which is undoubtedly specific, allows
arbitrary carriers for coalgebras of probabilistic systems.

As future work we plan to apply the minimization algorithm introduced in [1] and
adapt it to this general setting, by working out the notion of canonical representatives
for probabilistic transition system.

Furthermore we plan to define and study a notion of probabilistic trace distance,
similar to the distance measure studied in [21,20]. We are also interested in algorithms
for calculating this distance, perhaps similar to what has been proposed in [3] for prob-
abilistic bisimilarity.

Acknowledgement. We would like to thank Paolo Baldan, Filippo Bonchi, Mathias
Hiilsbusch and Alexandra Silva for discussing this topic with us and giving us some
valuable hints. Moreover, we are grateful for the detailed feedback from our reviewers.
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A Proofs

Proposition 5 (Generators for the Disjoint Union o-Algebra). Let XY be arbitrary
sets and Gy CP(X),Gy CP(Y) such that @ € Gx and Y € Gy. Then the following holds:
ox+y(Gx ®Gy) = ox(Gx) @ oy (Gy).

In order to prove this, we cite a known result.

Lemma 33 ([6, 1.4.5 Korollar]). Let X be an arbitrary set, G C P(X) and S C X. Then
05(G|S) = ox(G)|S where G|S :={GNS| G e G}.

Proof (of Proposition 5). WLOG we assume that X and Y are mutually disjoint.
”C”: We have Gy ® Gy C ox(Gx) @ oy (Gy) and thus monotonicity and idempotence of
the o-operator yield that oxwy (Gx ® Gy) C ox(Gx) ® oy (Gy).

”D7: Let G € Gx(gx) @Gy(gy) ie. G = Gy WGy with Gy € Gx(gx) and Gy €
oy (Gy). We observe that Gy = (Gx @ Gy)|X and by applying Lemma 33 we obtain
that oxwy (Gx @ Gy)|X = ox(Gx). Thus there must be a G}, € P(Y) s.t. Gx WG}, €
oxwy (Gx ® Gy). Analogously there must be a Gy € P(X) s.t. Gy WGy € Oxwy (Gx ®
Gy). We denote that Y = QWY € oxwy (Gx ® Gy ) and hence we also have X = (XWY)\
Y € oxuwy (Gx ®Gy). Thus we have G = Gx + Gy = ((Gx WG},)NX) U ((Gx WGy)N
Y) € ox 1y (Gx & Gy). 0

Proposition 7 (Isomorphisms in Meas). Two measurable spaces X and Y are isomor-
phic in Meas iff there is a bijective function @: X — Y such that’ ¢ (Zx) = Zy. If Xy
is generated by a set S C P(X) then X and Y are isomorphic iff there is a bijective
function @: X — Y such that Xy is generated by ¢ (S). In this case S is a semi-ring of
sets (a o-algebra) iff @(S) is a semi-ring of sets (a c-algebra).

Again, we need a result from measure theory for the proof.

Lemma 34 ([6, 1.4.4 Satz]). Let X,Y be sets, f: X — Y be a function. Then for every
subset S C P(X) the following holds ox (f~'(S)) = f~! (ov(S)).

Proof (of Proposition 7). Since the identity arrows are the identity functions, we can
immediately derive that any isomorphism ¢ : X — Y must be a bijective function. Mea-
surability of ¢ and its inverse function y: Y — X yield ¢ (Xx) = Zy. The equality
oy (9(S)) = ¢ (ox(S)) follows from Lemma 34 by taking f = . The last equivalence
is easy to verify using bijectivity of ¢ and y. a

7 For S C P(X) and a function f: X — Y let @(S) = {@ (Sx) | Sx € S}.



Proposition 19 (Semi-Rings of Sets of Words). Sy, S., S and S. are semi-rings of
sets.

Proof. (of Proposition 19) We give a short proof only for S.., the other cases are trivial
(Sp,Ss) or can be proved in a similar way (Sg). For more details take a look at [12].

By definition we have 0 € S, C S... An intersection T {#} N 1w {v} is non-empty
iff either u C v or v C u and is then equal to 1w {v} or to T {u} and thus an element
of Sw. Similarily an intersection 1w {#} N {v} is non-empty iff # C v and is then equal
to {v} € Sw. All other intersections are trivial (both sets are equal) or empty. For the
relative complement 1. {u} \ 1w {v} we denote that this is either @ (iff v C u) or 1, {u}
(iff v IZ u and u Z v) or otherwise the following union® of finitely many disjoint sets in
Seot

U 1) U )

Ve AVM\{v} uCV'Cv

The remaining relative complements can be handled in a similar manner. a

Lemma 24 (Countable Unions). Let (S,),cn be a sequence of mutually disjoint sets
in Sg or in S, such that W,cnSy, is itself an element of Sy, or S.. Then S, = 0 for all
but finitely many 7.

Proof. Since W,enS;, € S this union must be equal to either @ or {u} or 1w {u} for
a suitable finite word u € A*. Disjointness yields S, = 0 for all n in the first case and
for all but one n in the second case. Let us now assume WyenS, = To {u}. We will
show by contradiction that this u cannot exist if S, # 0 for infinitely many n € N. Let us
therefore assume that S, # @ for infinitely many n. WLOG we can even assume that for
every n € N there is a finite word u, such that S,, = {u,,} or S,, = 1w {u,, }. Furthermore
we assume that there is a suitable u € A* such that W,enSy, = Tw {u}. Necessarily we
have u C u,, for every n € N or in other words (reviving our tree metaphor) we know that
for every n € N the vertex # must be contained in the (unique) simple undirected path
in T connecting the root € with u,,. We consider the (unlabeled) subgraph 7’ := (A, E,)
where A C A* is the set of vertices contained in the simple paths connecting u with u,
and E4 C E is the set of edges contained in them. We conclude that 7" is a tree with root
u. Since the set {u, | n € N} is infinite, we have thus constructed an infinite, connected
graph where every vertex has finite degree. KAtinig’s Lemma [14, Satz 3, p. 80], states
that 7’ contains an infinite, simple path starting at u. This is a contradiction as every
path in T starting at u leads to one of the u, and is accordingly finite by construction.
Thus our assumption must be wrong and there cannot be such a word u as required.
Hence S,, = 0 for all but finitely many n. a

8 For two words u € A*,v € A we have u C v iff u T v and u # v.



Lemma 27. A non-negative map [ : S.. — R, where i (0) = 0 is o-additive and thus
a pre-measure iff @ (T {u}) = 1 ({u}) + Xoea U (T {ua}) forall u € A*.

Proof. Obviously c-additivity of u implies the given equality. Let now (S,),cy be a
family of disjoint sets from Se with (W,enSy) € Sw. Using Lemma 24 we know that
(after resorting) we can assume that there is an N € N such that S, Z0 for 1 <n <N
and S,, = 0 for n > N. For non-trivial cases (trivial means S,, = 0 for all but one set)
there must be a word u € A* such that 1o, {u} = (W)_S,). Because u is an element
of 1w {u} there must be a natural number m with u € S,, which is unique because the
family is disjoint. WLOG assume that u € S;. By construction of S.. there are two
cases to consider: either S| = {u} or §| = 7w {u}. The latter cannot be true since this
would imply S, = 0 for n > 2 which we explicitly excluded. Thus we have S| = {u}.
We remark that Wae 4 Too {ua} = o {u} \ {u} = (&)_,S5,). Again by construction of
S.. we must be able to select sets S{ € {S, |2 <n <N} U{0} for all a € A and all k
where 1 < k < K, < N for a constant K, such that LﬂkilS,f = 1w {ua}. This selection is
unique in the following manner: For a,b € A wherea #band 1 <k < K,;,1 <I <K,
we have Sf = Sf’ iff both sets are empty. Aditionally it is complete in the sense that
{S¢lac A1 <k<K.}={S,|2<n<N}U{0}. We apply our equation:

B (i) = B (T {u}) = (S1) + gu (LﬂfilSZ)

and note that we can repeat the whole procedure for each of the disjoint unions &JkKilSZ.
Since K, < N for all a this procedure stops after finitely many steps yielding o-additivity
of u. a

Proposition 30. Let ¢: A° — AXx A*+1, € = v, au — (a,u). Then @, @| 4+ and
| 40 are bijective functions® and the following holds:

OaxA0(9(Sw)) =P(A) ®040(Sw) (12)
Ouxa-41(Q(Sy)) = P(A) @ 0.4+(S:) ®P(1) 13)
OuxA=+1(P(Sw)) = P(A) ® 04~ (Sw) & P(1) (14

Proof. Bijectivity is obvious. We will now show validity of (14), the other equations
can be verified analogously.'® Let S4 := {0} w {{a} |a € A} & {A}, then it is easy
to show that we have 04(S4) = P(A) and Propositions 3 and 5 yield that P(A) ®

9 For a function f: X — ¥ and X’ C X we consider f|y to be f|x: X' — f(X').
19 For proving (13) denote that we can use Prop. 3 b/c 6.4+ (Sx) = 0.4+ (S« W {A*}).



04~ (Se0) BP(1) = 0 axa=11(Sa * S ®P(1)). We calculate

0(Se) ={0}W{0+1} W {{a} x{u}+0|ac Auec A"}
SA* S ®@1={0}w{0+1}w{{a} x {u} +0,{a} x {u}+1|ac Auc A"}

w{ U {a} x {u}+0), | ({a} x {u} +1) aeAuGAm}

acA acA

Due to the fact that (S.) C S 4 * Sew @ P(1) monotonicity of the c-operator yields
OAxA=+1(P(Sx)) C Ouxa=+1(SA * S @ P(1)). For the other inclusion denote that
for all u € A* we have A x {u} = W,eq {a} x {u} which is a countable union. Hence it
is easy to see that S 4 * Se B P(1) C 64x 4~+1(P(S-)) and monotonicity and idempo-
tence of the o-operator complete the proof. a

Proposition 31 (Distributive Laws for the (Sub-)Probability Monad). Let T € {S,P}.
For every measurable space (X, Xy ) we define

Ax: AXTX = T(AxX), (a,P)— §'@P

where §;* ® P denotes the product measure'! of §;* and P. Then we obtain a distributive
law A : AX T = T (A X Idpeas)- In an analogous manner we obtain another distributive
law L: AX T +1= T(A X Idmeas + 1) if we define

Ax: AXTX+1 = T(AxX+1), (a,P)H@;A@Pa‘/HS}MX“

for every measurable space (X, Zy) where (8;* © P)(S) := (52 @ P) (SN (A x X)) for
every S € P(A)@Zx & P(1).

Proof. We denote that (5;* ©P)(Ax X +1) = P(X) holds foralla € Aand all P € TX.
Thus §;* ® P is a (sub-)probability measure on A x X + 1 iff P is a (sub-)probability
measure on X. The same is valid for 6;‘ ® P. In order to show that the given maps are
distributive laws we have to check commutativity of various diagrams (natural transfor-
mation, distributive law). We will give an example calculation here, the other calcula-
tions can be carried out analogously and are presented in detail in [12]. We consider the
diagram

A T(A
Fr2x = rprx T, r2px

F (HX)l J“F(X)

FTX TFX
Ax

and define the arrows g := (Ax o F(lx)) and h := (upx oT(Ax) o Az (x)). For every
7 € FT?X both g(z) and h(z) are (sub-)probability measures on FX. The set S :=

11 §-4@ P is the unique extension of the measure defined via 8;* @ P(S 4 x Sx) := 8;(S4) -
P(Sx) forall S 4 x Sx € P(A) *Zx.



P(A) xZx ®P(1) is a semi-ring of sets which by Propositions 3 and 5 is a generator
for P(A) ® Zx @P(1). Using Corollary 2 we can thus conclude that the commutativity
of the diagram is equivalent to

Vze FT’X ¥S€S:  g(z)(S) = h(z)(S)
For all (a,P) € FT?X and all § = S 4 x Sx +S1 € S the following holds
(Ax o F(x)) (v) = A (v') = S+
and:

(Ax o F(ux)) (a, P)(S) = (Ax (a, ux (P))) (S)
= (8o ux(P))(S)
=8(Sa) - (ux(P)) (Sx)

= 5(S.4)- [ pscap

Furthermore we obtain:
(,UFXOT(AX) OAT(X)) (\/)(S) = Urx <(5‘-’/4><T(X>+1)AX> (S)

_ psd (5‘,;&xr(x)+1)

TFX Ax
:/ PsoAx 4§ AXT(X)+1
Ay H(TFX) v
=(psoAx)(V)
— 8\.//4><X+1(S)

and analogously:
(rx o () o Arge)) (@ P)(S) = prx (82 @ P),, ) (9)
_ A
- /TFXde (5a GP)AX
:/ pSled(ac}A@P)
Ay TFX)

= pSole(Qf\@P)
{a}xT(X)

= (8@ P)(S)dP(P)
P'eT(X)

= 8,(Sa)-P'(Sx)dP(P")
PeT(X)

_ 5;4(5A)./T(X)psx dP

which completes the proof. a
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