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OF RANDOM BEHAVIOURS OF CONCURRENT SYSTEMS

Abstract

The paper presents a theoretical basis for describing and analysing random
behaviours of concurrent systems of a broad class.

Keywords

Concurrent system, state, process, composition, labelled poset, pomset, di-
rected complete partial order, Scott topology, Borel o-algebra of sets, proba-
bility measure.

MODELE PROBABILISTYCZNE '
LOSOWYCH ZACHOWAN SYSTEMOW WSPOLBIEZNYCH

Streszczenie

Praca zawiera podstawy teoretyczne opisu i analizy losowych zachowan sys-
teméw wspoibieznych dowolnej natury.
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1 Introduction

Faulty computer systems, some production systems controlled by automata,
some communication systems, and the like, may show random behaviours. In
order to characterize such behaviours it is necessary to define for each system
an adequate probability space.

The definition of probability spaces characterizing random behaviours is
relatively obvious for sequential systems since runs of such systems and seg-
ments of runs can be identified with paths of the corresponding transition
systems, and branching of paths at states represents always a choice. It is less
obvious for concurrent systems since in such systems branching paths may rep-
resent segments of the same run and, consequently, branching at states does
not necessarily represent a choice.

1.1. Example. Consider two independent machines M; and M, each ma-
chine working as shown in figure 1.1, the machine M; executing each of actions
« and § with probability 0.5 and synchronizing with the machine My by ex-
ecuting together with it the action represented as . These machines form
together a system M represented by the transition system in figure 1.2.
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Figure 1.2

In the system M the paths (a,c) = (a,c) KX (a,d) and (a,c) 3, (a,d) =
(a,d) represent the same initial segment of a run of this system. Consequently,
branching at (a,c) does not represent a choice. Similarly, the paths (a,c) LA
(b,¢) LA (b,d) and (a,c) KA (a,d) LA (b,d) represent the same initial segment
of a run. Consequently, branching at (a,c¢) does not represent a choice. In
particular, the probabilities of transitions from this state to other states need
not to sum up to 1, as it really happens. f

Sometimes the difficulties of this type can be overcome by representing
a concurrent system as collection of sequential modules, each module with its
own probabilistic choice of transitions, and by identifying each run of entire
system as a sequence of interleaved transitions of its modules (see [3], [5], [6],
[9]). However, this is possible only for discrete systems.

An idea of defining probability spaces characterizing random behaviours
of concurrent systems in terms of runs rather than in terms of paths of the
respective transition systems has been described in [4]. Tt exploits the fact that
a probability measure on a continuous directed complete poset is determined
uniquely by its values on Scott open subsets (see [1] for details). In [14] this idea
have been applied to concurrent systems whose behaviours can be represented
by event structures, each event structure consisting of a set of events with
relations of causal dependency and conflicts. In this case system runs are



represented by sets of events which have occurred, called configurations, and
they are ordered by inclusion of representing configurations. Consequently,
the required probability space can easily be defined if the behaviours thus
represented are continuous directed complete posets.

In the present paper we try to develop a basis as universal as possible
for describing and studying random behaviours of concurrent systems, a basis
that would allow us to describe in a uniform way behaviours of systems of
various kinds (discrete, continuous, partially discrete and partially continuous),
including behaviours that need not to be continuous directed complete posets.
As in [4], we represent behaviours of concurrent systems as directed complete
posets of their runs.

The paper is organized as follows. In section 2 we introduce a model of
a run. In section 3 we introduce operations of composing runs. In section
4 we describe a partial order of runs. In section 5 we define behaviours of
systems as directed complete partially ordered sets of runs. In section 6 we
present set theoretical probabilistic models of system behaviours. In section
7 we present topological probabilistic models of system behaviours. All the
auxiliary notions and proofs exploited in the paper are presented in appendices
(Appendix A: Posets and their cross-sections, Appendix B: Directed complete
posets, Appendix C: Probability spaces).

2 A representation of system runs

Partial and complete runs of a concurrent system can be regarded as activities
in a universe of objects, each object with a set of possible instances correspond-
ing to its states, each activity changing states of some objects. They can be
defined as processes in [15].

2.1. Definition. By a universe of objects we mean a structure U = (W, V, ob),
where V' is a set of objects, W is a set of instances of objects from V (a set
of object instances), and ob is a mapping that assigns the respective object to
each of its instances. f

2.2. Example. Consider machines M; and M as in Example 1.1. Let V; =
{Ml,Mg}, W1 = {a,b,c,d}, obl(a) = 0b1(b) = M], 0b1(C) = Obl(d) = Mg.
Then Uy = (W1, Vi, 0b;) is a universe of objects. f



2.3. Example. Suppose that a producer p produces some material and
delivers from time to time an amount of this material to a distributor d, .
Define an instance of p to be a pair (p, ¢), where ¢ > 0 is the amount of material
at disposal of p. Define an instance of d to be a pair (d,r), where r > 0 is the
amount of material at disposal of d. Define Vo = {p, d}, Wy = W, U Wy, where
W, ={(p,q) : ¢ > 0}, Wg = {(d,r) : r > 0}. Define obg(w) = p for w =
(p,q) € W, and obg(w) = d for w = (d,r) € Wy. Then Uy = (Ws, Vs, 0by) is
a universe of objects.

Potential runs of a system can be defined without specifying the system.
It suffices to define them as runs in the respective universe of objects. The
notions used in the definition can be found in Appendix A (see Definitions A.1

and A.5).

2.4. Definition. A concrete run in a universe U = (W, V, 0b) of objects is
a labelled partially ordered set (Iposet) E = (X, <,ins), where X is a set (of
occurrences in E of (instances of) objects), ins : X — W is a mapping (a
labelling that assigns the respective object instance to each occurrence of this
object instance), and < is a partial order (the causal dependency relation of E)
such that

(1) for every object v € V, the set X|v = {x € X : ob(ins(z)) = v} is either
empty or it is a maximal chain and has an element in every cross-secton

of (X, <),
(2) every element of X belongs to a cross-section of (X, <),

(3) no bounded segment of E is isomorphic to its proper bounded subseg-
ment,

(4) the set of minimal elements of (X, <) is a cross-section. f{ f

Put in another way, E is a partially ordered set of occurrences of object
instances. Each object may have many instances and each of these instances
may have in E many occurrences. Condition (1) says that the occurrences of
instances of every object which takes part in F form a maximal chain, that F
contains all information on such an object, and that every state of E contains
the respective part of this information. Condition (2) says that every occurrence



of an object in E belongs to a state of E. Condition (3) guarantees that the
progress of E is a purely intrinsic property of E that is fully reflected by what
happens to the involved objects. It generalizes a natural property of finite runs.
Condition (4) says that E has an initial state.

As concrete runs are Iposets, their morphisms are defined as morphisms of

Iposets, that is as mappings that preserve the ordering and the labelling (see
Appendix A).

2.5. Example. Let U; = (Wy,Vq, 0b;) be the universe of objects described
in example 2.2.
An execution of action a by the machine M is a concrete run A = (X 4, <4
,ins4) in Uy, where
Xa ={x1, 22},
r1 <A T2,
insa(xzy) = insa(ze) = a.
An execution of action 8 by the machine M; is a concrete run B = (X5, <p
,insp) in Uy, where
Xp = {z1, 22},
x1 <B T2,
insp(zy) = a, insp(z2) = b.
Joint execution of action 7 by the machines M; and Ms is a concrete run
C = (X¢,<¢,insc) in Uy, where
Xo = {z1, 22, 3,24},
T1 <c T3, T1<C T4, T2 <C T3, T2 <C T4,
insc(z1) =0, insc(zg) = d, insc(zs) = a, insc(zy) = c.
An execution of action § by the machine My is a concrete run D = (Xp, <p
,insp) in Uq, where
Xp = {x1, 22},
T1 <p T2,
insp(z;) = ¢, insp(z2) = d.
Independent execution of o and § followed by an execution of « is a con-
crete run F = (Xpg, <g,insg) in Uy, where
Xp=X4UXp UXan,
<g is the transitive closure of <4 U <pr U <y,
msg = nsa Uinspr Uinsar,
for variants A’ and A” of A and a variant D’ of D such that the maximal
element of X 4/ coincides with the minimal element of X 4, and these are the



only common elements of pairs of sets from among X4/, Xp/, Xar.

Independent execution of 3 and § followed by an execution of -y is a concrete
run F' = (Xp,<p,insp) in Uy, where
Xp=Xp UXp UXecr,
< is the transitive closure of <g U <p/ U <¢v,
msgp = mspg Uinsp U insgr,
for a variant B’ of B, a variant D’ of D, and a variant C’ of C such that the
maximal element of Xp/ coincides with the minimal element of X with the
same label, the maximal element of Xp/ coincides with the minimal element
of X¢» with the same label, and these are the only common elements of pairs
of sets from among Xp/, Xp/, Xcv.

The lposets representing the concrete runs A, B,C, D, E, F are repre-
sented graphically in figure 2.1.

The isomorphism classes of Iposets corresponding to the concrete runs A,
B, C, D are represented graphically in figure 2.2 as «, (3, v, §, respectively.
The isomorphism classes of lposets corresponding to the concrete runs E and
F' are represented graphically in figure 2.3 as € and ¢, respectively. {
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2.6. Example. Let Uy = (W, Vs, 0bs) be the universe of objects described
in example 2.3.

Undisturbed production of material by the producer p in an interval [t/, ¢"]
of global time is a concrete run Q = (Xq, <@, nsq) in Uy, where Xg is the
set of values of variations wvar(t — ¢(¢);t',¢) in intervals [t',¢] C [t/,t"] of
the real valued function ¢ — ¢(t) which specifies the amount of material at
disposal of p at every moment of [t/,t"], <g is the restriction of the usual
order of numbers to Xq, and insg(z) = (p, ¢(t)) for x = var(t — ¢(t);t',t).
The number var(t — q(t); ¢, t"), written as length(Q), is called the length of
Q. The set Xg with the order < represents the intrinsic local time of the
producer. If the material is produced in a continuous way than the function
t — ¢(t) is continuous and Xg is a closed interval. Otherwise it may consist of
a set of disjoint intervals. If there is no uncontrolled lose of the material then
the function ¢t — ¢(t) is increasing and q(t”) — q(t') = length(Q). Otherwise
q(t") — q(t') < length(Q). (We remind that the variation of a real-valued
function f on an interval [a, b], written as var(f; a, b), is the least upper bound
of the set of numbers |f(a1) — f(ao)| + ... + |f(an) — f(an—1)| corresponding
to subdivisions @ = ag < a1 < ... < a, = b of [a,b]. In the case of more than
one real-valued function the concept of variation turns into the concept of the
length of the curve defined by these functions.)

Undisturbed distribution of material by the distributor d in an interval
[t',t"] of global time is a concrete run R = (Xg, <g,insg) in Uy, where Xp
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is the set of values of variations var(t — r(t);t',t) in intervals [t/,t] C [t/,¢"]
of the real valued function ¢ — r(t) which specifies the amount of material at
disposal of d at every moment of [t/,t"], <g is the restriction of the usual
order of numbers to Xg, and insg(z) = (d, q(t)) for x = var(t — q(t);t', ).
The number var(t — r(t);t',t"”), written as length(R), is called the length of
R. The set Xg with the order <pg represents the intrinsic local time of the
distributor. If the material is distributed in a continuous way than the function
t — r(t) is continuous and Xp is a closed interval. Otherwise it may consist of
a set of disjoint intervals. If there is no uncontrolled supply of the material then
the function t — r(t) is decreasing and r(t') — r(t") = length(R). Otherwise
r(t') —r(t") < length(R).

Transfer of an amount m of material from the producer p to the distributor
d is a concrete run S = (Xg,<g,insg) in Us, where Xg = {x1, 22, 23,24},
T <g x3, T1 <g T4, Ty <g T3, Tz <g T4, insg(zs) = (d,r), insg(z2) =
(p, q), inss(zs) = (d,r +m), inss(z;) = (p,q — m). The set Xp with the
order <pg represents the intrinsic global time of the system consisting of the
producer and the distributor.

Transfer of an amount of material from the producer p to the distributor
d followed by independent behaviour of p and d and by another transfer of
material from p to d is a concrete run T' = (X7, <p,insr) in Uy, where X =
XoUXpUXgUXgr, < is the transitive closure of <o/ U <p/ U <gr U <gn,
insp = insg Uinsg Uinsg Uinsgr, for a variant Q' of @, a variant R’ of R,
and variants S’ and S” of S, such that one maximal element of Xg/ coincides
with the minimal element of X with the same label and the other maximal
element coincides with the minimal element of Xz with the same label, one
minimal element of Xg~ coincides the maximal element of X with the same
label and the other minimal element coincides with the maximal element of
Xpg with the same label, and these are the only common elements of pairs of
sets from among XQ/, XRH XSH XS//.

The isomorphism classes of Iposets corresponding to the concrete runs @,
R, S, T, are represented graphically in figure 2.4. §
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Figure 2.4: [Q], [R], [S], [T]

Let U = (W, V, ob) be a universe of objects.

Let £ = (X, <,ins) be a concrete run in U.

Every cross-section of (X, <) contains an occurrence of an instance of
each object v with nonempty X|v, and it is called a cross-section of E. By
csections(E) we denote the set of cross-sections of E. This set is partially
ordered by the relation < defined in Appendix A and, according to Proposition
A4, for every two cross-sections Z’ and Z” from csections(FE) there exist in
csections(E) the greatest lower bound Z'AZ" and the least upper bound Z'v Z"”
of Z' and Z" with respect to <. It follows from (1) and (2) in Definition 2.4
that the set of objects with instances occurring in a cross-section is the same
for all cross-sections of E. We call it the range of E and write as objects(E).
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The set of elements of E that are minimal with respect to < is a cross-section
of E. We call it the origin of E and write as origin(E). If the set of elements
of F that are are maximal with respect to < is also a cross-section then we call
it the end of E and write as end(FE), and we say that E is bounded.

The following propositions are direct consequences of definition.

2.7. Proposition. Every segment of F is a concrete run. f

2.8. Proposition. For each cross-section ¢ of F, the restrictions of E to the
subsets X (¢c) ={r € X :z < z2forsome z € ¢} and XT(¢) ={z € X : 2 <
x for some z € ¢} are concrete runs, called respectively the head and the tail of
E with respect to ¢, and written respectively as head(F, ¢) and tail(E, c). £

For example, for the concrete run 7' in example 2.6 and its cross-section
c that consists of the maximal element = of Xg and the minimal element y
of Xg, head(T,c) is the restriction of T to X¢o x {y}, and tail(T, c) is the
restriction of T to {z} x Xg.

2.9. Proposition. For every decomposition s = (X, X¥) of the underlying
set X of E into two disjoint subsets X and X® such that 2’ < z” only if 2’
and 7"/ are both in one of these subset, called a splitting of E, the restrictions
of E to the subsets X* and X are concrete runs, called respectively the first
part and the second part of E with respect to s, and written respectively as
first(E, s) and second(FE,s). Each concrete run E’ such that E' = first(E, s)
or E' = second(E, s) for some s is called an independent component of E. 4

For example, for the concrete run 7' in Example 2.6 and its splitting s that
consists of X¢ and Xg, first(T, s) is the restriction of T to X¢ and first(T, s) =
@, and second(T,s) is the restriction of T to Xg and second(T,s) = R.
Moreover, Q and R are independent components of 7.

The following proposition reflects an important property of concrete runs.

2.10. Proposition. For every cross-section ¢ of E, every isomorphism be-
tween bounded initial segments of tail(E,c) (resp.: between bounded final
segments of head(E, ¢)) is an identity. f
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Proof. Let Q be the restriction of F to X (c) and let R and S be two initial
segments of (). Suppose that f : R — S is an isomorphism that it is not an
identity. Then there exists an initial subsegment 7" of R such that the image
of T under f, say T', is different from T. By (3) of definition 2.4 neither
T’ is a subsegment of T nor T is a subsegment of T’. Define T” to be the
least segment containing both T and 7", and consider [/ : T — T", where
f'(x) = f(x) for x < f(z) and f'(z) = = for f(z) < . In order to derive a
contradiction, and thus to prove that f is an identity, it suffices to verify, that
f is an isomorphism. It can be done as follows.

For injectivity suppose that f'(z) = f'(y). If < f(z) and y < f(y) then
@) = F(2) = f(y) = fly) and thus = = y. T f(z) < o and f(y) < y
then z = f'(z) = f'(y) = y. The case z < f(z) and f(y) < y is excluded by
f'(x) = f'(y) since z < f(z) = f'(x) = f'(y) = y and, on the other hand,
fly) <y = f(x) implies y < x. Similarly, the case f(z) < z and y < f(y) is
excluded. Consequently, f’ is injective.

For surjectivity suppose that y is in T7”. If y < f(y) then, by surjectivity
of f and condition (1) of Definition 2.4, there exists ¢ < y such that y = f(¢)
and thus y = f(¢) = f/(t) since t < y = f(¢). If f(y) < y then y = f'(y).
Consequently, f’ is surjective.

For monotonicity suppose that z < y. If < f(x) and y < f(y) then
@) = £(@) < f5) = /(). 1 f(z) < 2 and f(y) < y then f'(z) =2 < y =
P T o < flz) and fy) < y then f'(z) = f(z) < f(y) <y = ['(y). Tt
f(z) <z andy < f(y) then f'(z) =2 <y < f(y) = f'(y). Consequently, f" is
monotonic.

For monotonicity of the inverse suppose that f'(z) < f'(y). If z < f(z)
and y < f(y) then f(z) = f'(z) < f'(y) = f(y) and thus z < y. If f(z) < =z
and f(y) < y then x = f'(z) < f'(y) = y. If 2 < f(z) and f(y) < y then
v < f(5) = @) < fly) =y T @) < 2 and y < f(y) then f(z) <
xz = f'(x) < f'(y) = f(y) and thus = < y. Consequently, the inverse of f’ is
monotonic.

A proof for final subsegments of the restriction of F to X ~(c) is similar.

f

2.11. Corollary. For every bounded segment ) of E, every automorphism
of @ is an identity. f

2.12. Corollary. For every bounded concrete run E’ there exists at most one

14



isomorphism from E’ to an initial segment of F. 4§

2.13. Corollary. If F is bounded then for every bounded concrete run E’
there may be at most one isomorphism from F to E’. 4

Concrete runs with the same instances of objects and the same trans-
formations of these instances are isomorphic lposets. Consequently, they are
members of the same isomorphism class of lposets, that is members of the same
pomset. This is reflected in the following definition.

2.14. Definition. An abstract run in U is an isomorphism class £ of concrete
runs. Each member E of such a class £ is called an instance of this class and &
is written as [E].

Collecting concrete runs into isomorphism classes, i.e. making abstract
runs, is convenient because it allows one to define some natural operations on
the latter (see section 3).

2.15. Example. The isomorphism classes [Q], [R], [S], [T] in figure 2.4 of
lposets corresponding to the concrete runss @, R, S, T in example 2.4 are
abstract executions. f

For every concrete run E’ such that F and E’ are isomorphic we have
objects(E’) = objects(F). Consequently, for the abstract run [E] that corre-
sponds to a concrete run E we define objects([E]) = objects(E).

We say that an abstract run is bounded if the instances of this run are
bounded.

By RUNS(U) we denote the set of runs in U.

In the set RUNS(U) there exists the run with the empty underlying set of
its instance, called the empty run, and written as 0. For each bounded run «
from RUNS(U) with an instance E € « and its cross-section origin(E) there
exists the unique run [origin(FE)], called the initial state or the source or the
domain of a and written as dom(«). For each bounded run « from RUNS(U)
with an instance E' € « and its cross-section end(FE) there exists the unique run
[end(E)], called the final state or the target or the codomain of o and written
as cod(«).

15



3 A representation of operations on system runs

In what follows, the word ”run” means ”abstract run”.

Let U = (W, V, 0b) be a universe of objects. In the set RUNS(U) of runs
in U there are two partial operations: a parallel composition and a sequential
composition.

3.1. Definition. A run « is said to consist of a run a; followed by a run as
iff an instance L of « has a cross-section ¢ such that head(L, ¢) is an instance
of oy and tail(L, ¢) is an instance of ag.

3.2. Proposition. For every two runs o and as such that cod(a;) is defined
and cod(a;) = dom(ag) there exists a unique run, written as ai;asg, or as
i, that consists of oy followed by as. f

Proof. Take By = (X1,<1,ins;) € a; and Ey = (Xa,<3,ins2) € ap with
X1 N Xy = end(E;) = origin(Ep) and with the restriction of E; to end(E;)
identical with the restriction of Es to origin(Eg), and provide X = X;UX, with
the least common extension of the causal dependency relations and labellings
of E1 and F>. Let E be the lposet thus obtained. It suffices to prove that
E is a run and notice that head(E,c) = E; and tail(E, c¢) = Ep. In order to
prove that F is a run it suffices to show that E does not contain a segment with
isomorphic proper subsegment. To this end suppose the contrary. Suppose that
f:@Q — R is an isomorphism from a segment ) of E to a proper subsegment
R of @, where @ consists of a part 1 contained in E; and a part Q2 contained
in Fy. By applying twice the method described in the proof of proposition 2.10
we can modify f to an isomorphism f’ : Q — R such that the image of Q;
under f’, say R, is contained in @)1, and the image of Q5 under f’, say Rp, is
contained in Q2. As R is a proper subsegment of @), one of these images, say
Ry, is a proper part of the respective @);. By taking the greatest lower bounds
and the least upper bounds of appropriate cross-sections we can extend ()1 and
R; to segments Q] and R} of P such that R] is a proper subsegment of Q]
and there exists an isomorphism from @} to R}. This is in a contradiction with
the fact that F; is a run. Consequently, F is a run. f

3.3. Definition. The operation (a1,as) — ajag is called the sequential
composition of runs. f
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Each run which is a source or a target of a run is an identity, i.e. a run ¢
such that t¢p = ¢ whenever ¢ is defined and ¢ = 1 whenever ¢ is defined.
Moreover, dom(«) is the unique identity ¢ such that ta is defined, and if cod(«)
is defined then it is the unique identity s such that ak is defined. Consequently,
a — dom(a) and a — cod(«) are definable partial operations on runs.

Identities are bounded runs with causal dependency relations reducing to
identity relations. They are called states, or identities, and we can identify
them with the sets of occurring instances of objects.

3.4. Definition. A run « is said to consist of two parallel runs oy and ay iff
an instance E of a has a splitting s such that first(E, s) is an instance of a;
and second(FE, s) is an instance of ag. f

3.5. Proposition. For every two runs «; and as such that

objects(ay ) N objects(ag) = () there exists a run o with an instance F that has
a splitting s such that first(E, s) is an instance of a; and second(E, s) is an
instance of as. If such a run « exists then it is unique, we write it as a; + as,
and we say that the executions a; and «y are parallel. f

For a proof it suffices to take Fy = (X1, <y, ins;) € a; and
Ey = (X5,<9,ins2) € ap with X3 N X5 = ), and to provide X; U X5 with the
least common extension of the causal dependency relations and labellings of
E1 and EQ.

3.6. Definition. The operation (aq,as) — a1 + aq is called the parallel
composition of runs. f

The operations on runs allow one to represent complex runs in terms of
their components.

3.7. Example. In the case of runs in example 2.4 we can represent [T] as

(SR + [R]IS™]. 4

The operations of composing runs allow one to turn the set RUNS(U) into
a partial algebra.

17



3.8. Definition. The partial algebra RUNS(U) = (RUNS(U),;,+) and its
subalgebras are called algebras of runs in U. {

The restriction of an algebra of runs to the subset of bounded runs is an
arrows-only category in the sense of [7] with the additional operation +.

4 The partial order of runs

Let A = (4,;,+) be an algebra of runs. The operations of the algebra A of
can be used to define in this algebra a partial order.

4.1. Proposition. The relation pref, where a pref g iff 5 = (o + )d for
some vy and §, is a partial order on A. If o and § are such that « pref 8 then
we say that « is a prefiz of 5. f

Proof. For transitivity suppose that 8 = (a+v)d and 5’ = (B8++')d". If Eg is
an instance of 3’ then there exists ¢ such that head(Eg, ¢) is an instance Eg
of B+~ and head(first(Egy~, s), ¢1) is an instance Eg of3 for some s and a part
¢1 of c. Moreover, there exists d such that head(Ep, d) is an instance Eq . of
a+ and head(first(Eq4~, ), d;) is an instance of E, for some t and a part d;
og d. Consequently, head(Eg, ¢’) is an instance of a+y++' for ¢’ consisting of
d and of the complement of ¢; to ¢, and 5" = (a+~y+~")d" for §" = tail(Es, ’).
For antisymmetry suppose that 8 = (a +v)d and o = (8 + ). As objects
with instances occurring in « cannot occur in v and objects with instances
occurring in [ cannot occur in «’, there must be v = 4/ = 0. Consequently,
a = add’ and, by Corollary 2.12, § and ¢’ must be identities. f

4.2. Proposition. The extention C of the relation pref, where o C (3 iff
every prefix of « is a prefix of 3, is a partial order on A. The poset (A,C) is a
DCPO. Every element of A is the least upper bound of the directed set of its
prefixes. f

Proof. Given a directed subset D of the poset (A4, C), the pefixes of elements
of D form a directed set D’. For every element of D’ we choose a concrete
instance, and we consider @ and 8 = («a + )0 such that E is the chosen
instance of «, E; is the chosen instance of 3, E, is the chosen instance of
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a+ v and E3 = head(E;,c) is an instance of o + . Then there exists a
unique isomorphism f from E5 to Fj5 since otherwise there would be another
isomorphism ¢ and the correspondence f(z) — g(z) would be different from
identity isomorphism between two initial segments of E7. On the other hand,
f determines a unique isomorphism between E and first(Ez, s) with a splitting
s due to the fact that the first part of Es is determined uniquely by the set of
objects which occur in it. Consequently, we can construct a direct system of
instances of elements of D’ such that the colimit of this system in the category
LPOSETS is an instance of the least upper bound of D’ and of D.

The last part of the proposition is a simple consequence of the condition
(2) of Definition 2.4. 4§

4.3. Definition. The relation C on A is called the prefix order. The least
upper bound of a directed subset D of the partially ordered set (A, C) is called
the limit of D. f

Note that the least upper bounds of directed subsets of the poset
(A,C) are limits of the corresponding filters in A with the Scott topology
induced by the partial order C.

What has been said about the prefix order in A applies to every algebra
of runs. In some algebras of runs the corresponding DCPOs are continuous.
This is true for a class of such algebras defined below.

4.4. Definition. An algebra A(U) = (4,;,+) of runs is said to be locally
complete if every run in A is locally complete in the sense that its every bounded
segment is a complete lattice. §

The following property of operations of composing runs imply that certain
subalgebras of algebras of runs are locally complete.

4.5. Proposition. The result of sequential or parallel composition of locally
complete runs is locally complete. f

Proof. In the case of parallel composition the proposition is obvious. In order
to prove that ayas is locally complete if ar; and as are locally complete suppose
that E is an instance of ajay with a cross-section ¢ such that head(FE, ¢) is an
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instance of ay and tail(E, ¢) is an instance of as. Given a segment @ of E
and a subset S of cross-sections of E contained in @, let ¢~ be the least upper
bound of the set of cross-sections sAc with s € S and ¢ the least upper bound
of cross-sections sV c with s € S. Then for every v € V define z,, as the greater
of the two elements of X|v in ¢~ and in ¢*, and define d as the set of all z,.
As ¢~ and cT are cross-sections, d does not contain comparable elements and
is an antichain. As all v € V have in d occurrences, d is a maximal antichain.
It is also straightforward to verify that d is a cross-section and the least upper
bound of S. In a similar way we can define a cross-section that is the greatest
lower bound of S. f

Locally complete algebras of runs enjoy the following property.

4.6. Proposition. If A is a locally complete algebra of runs then (4,C) is a
continuous DCPO. {

Proof. Suppose that o € B is a bounded run with an instance E such that
E = head(E', ¢) for a concrete run E’ with [E’] € A and for ¢ being the least
upper bound of cross-sections ¢’ of E’ with the underlying sets of head(E’, ')
containing occurrences r1, ..., T, of instances of objects v1, ..., v, from a finite
subset of V. Then « is a compact element of A. Indeed, suppose that « C | | S
for a directed subset S of A. Then all s € S and | |S have instances FEj
and Eg that are initial segments of E’ such that the underlying set of Eg
is the union of the underlying sets of all Fs; and it contains the underlying
set of E. Consequently, for every i € {1,...,n} there must be s; € S such
that the underlying set of E, contains x;. Consequently, zi,...,x, belong to
the underlying set of E for an upper bound s of sy, ..., s,, that belongs to S.
Consequently, ¢ must be a cross-section of F; and o C s € S, as required.

In order to prove that A with the prefix order is algebraic domain, consider
any a € A and its instance F. As every run is an inductive limit of a direct
system of its bounded segments, it suffices to consider the case when « is
bounded. Then for every finite set f = {x1,...,2,} of occurrences of instances
of objects vy, ..., v, in the underlying set of E there exists the least cross-section
¢y of E such that x1,...,z, belong to the underlyin set of head(E, ¢f). Then
sy = [head(E, cy)] is a compact element of A. On the other hand, processes s¢
form a directed set S and o = | | S, as required. f
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The following theorem gives sufficient conditions of local completeness of
runs and of algebras of runs.

4.7. Theorem. A concrete run F = (X, <,ins) in a universe U = (W, V, 0b)
of objects is locally complete if the following conditions are satisfied:

(1) For every object v that occurs in L the set X |v of its occurrences in E is
a locally complete chain.

(2) The relation of incomparability with respect to the flow order < is a closed
subset of the product X x X for X provided with the interval topology,
i.e., the weakest topology in which all intervals {x € X : a < z < b} are
open sets. f

Proof. Let Z; and Z5 be cross-sections of E such that Z; < Z5 and let S be
the set of cross-sections of E such that Z; < s < Z3. Due to (1) for every
v € V that occurs in L there exists the least upper bound z, of those elements
of X|v which belong to some s € S. Due to (2) the set Z of all such elements
is an antichain. This set is a maximal antichain of E and it is easy to verify
that it is also a cross-section of E. f

5 Behaviours

The behaviour of a concurrent system can be represented by the set of its po-
tential runs. The system may be reactive in the sense that it may communicate
with the environment, behave depending on the data it receives, and act jointly
with the environment (cf. [13]).

A behaviour is potential rather than actual. What has happened up to
a certain stage of its potential run is a prefix of this run. What may happen
next depends on the presence of suitable instances of objects taking part in
the behaviour. Moreover, it is natural to assume that a behaviour contains
the existing least upper bound of its subsets. Consequently, a behaviour is a
specific set of runs. It automatically posesses the structure of partial order
given by the prefix relation, and is a directed complete poset (a DCPO).

In order to define behaviours formally it is convenient to fix an algebra of
runs, and think of this algebra as of a framework for the respective definitions.

Let A = (A4,;,+) be an algebra of runs.
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5.1. Definition. A behaviourrepresented in A, or a behaviour in A, or simply
a behaviour, if A is known from the context, is a subset B of the set A of runs
of A such that:
(1) B is downward closed with respect to C,
(2) if @ and § are initial segments of runs which are maximal
elements of B then a(y+s) € Biff 8(y+1t) € B
for every v such that dom(y) + s = cod(a) and dom(v) + ¢t = cod (),
(3) | D € B for every subset D of B such that | | D exists. f

5.2. Example. The underlying set of any algebra of runs is a behaviour
represented in this algebra. Note that such a behaviour contains all the sources
of maximal elements of A with respect to the prefix order. This reflects the
indeterministic choice of the initial state of the behaviour from among all the
sources of maximal elements of A. f

5.3. Example. Consider the machines M; and Ms and their system M in
example 1.1.

The behaviour of the machine M; alone can be represented in RUNS(U )
as the set of runs a, b, o, &2, ... , a¥, B, af3, &30, ... .

The behaviour of the machine My alone can be represented in RUNS(U ;)
as the set of runs ¢, d, 4.

The behaviour of the system M can be represented in RUNS(U;) as
the set By of runs of the subalgebra A; of the algebra RUNS(U;) that can
be obtained by combining a, b, c,d, «, 3,7, with the aid of compositions and
construction of limits.

It is clear that A; is an algebra of runs and that B; is also a behaviour
in A;. In this behaviour runs which have not in A; a common extension
(i.e., a runs of which they are predecessors relative to the prefix order) cannot
represent initial segments of the same full run of M. Note that the lack of such
a common extension can be decided without a reference to full runs of M.

An initial part of B; is depicted in figure 5.1, where the prefix order is
indicated by directed edges. f
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a < a+d a+d
/ a+c

b a+c\ a+d
B+c

c b+c b+
d ——° b+d v

Figure 5.1: An initial part of By

5.4. Example. Consider a producer p and a distributor d in example 2.6. By
combining the abstract runs corresponding to the possible variants of concrete
runs @ and R of the producer and the distributor with the aid of compositions
and construction of limits, we obtain a subalgebra As = (Asg, ;) of RUNS(Uy).
This subalgebra is an algebra of runs in the universe Uy. The set By of runs
of this algebra is a behaviour represented in As. It reflects an independent

activity of the producer and the distributor.

By combining the abstract runs corresponding to the possible variants of
concrete runs @, R, S with the aid of compositions and construction of limits,
we obtain a subalgebra A3z = (As,;) of RUNS(Ug). This subalgebra is an
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algebra of runs in the universe Us. The set Bs of runs of this algebra is a
behaviour represented in Ag. It reflects an activity of the producer p and the
distributor d that is mainly independent, but from time to time is interrupted
by transfer of some material from the producer to the distributor. #

6 Set-theoretical models

A way of defining a probability space representing a random behaviour is to
define it as a projective limit of a projective system consisting of a directed
family of probability spaces characterizing initial parts of the represented be-
haviour, each such a space obtained by endowing a set of processes with a
suitable o-algebra of subsets and with a suitable probability measure defined
on this g-algebra. It can be done as follows.

Let B be a behaviour in an algebra of runs A = (A4,;,+) in the sense of
definition 3.8, and let Q(B) be the set of maximal elements of B with respect
to the prefix order C.

Our aim is to show how to provide Q(B) with a suitable probability mea-
sure p on a given o-algebra F of subsets of (B). Our idea is to define p with
the aid of probability distributions on the sets of maximal elements of initial
parts of the considered behaviour, called sections.

First of all, we define a directed partially ordered set of sections of the
behaviour. This can be done as follows.

6.1. Definition. Two elements of B are said to be confluent iff they are
predecessors of an element of B relative to the prefix order. f

6.2. Definition. A set I of elements of B is said to be confluence-free iff it
does not contain different elements that are confluent. f

Note that the set of maximal elements of every subset of B which contains
all the least upper bounds of its finite subsets is a confluence-free set.
From Kuratowski - Zorn Lemma we obtain the following property.

6.3. Proposition. Each confluence-free set of elements of B is contained in
a maximal confluence-free set. f
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Note that the set of all sources of maximal elements of the behaviour B is
a maximal confluence-free set.

6.4. Definition. Each maximal confluence-free set of bounded initial seg-
ments of maximal elements of the behaviour B is said to be a section of B.

!

6.5. Example. The following sets of runs of the behaviour B; defined in
example 5.3 are sections of this behaviour (see figure 5.1):
I={a+ca+d,b+cb+d}
J={a+d,b+c,b+d,a+d}
K={a+db+ec,b+d,a+c,B+c}
L={a+d,b+c,b+d,a+06,0+c} 1

6.6. Example. Let By be the behaviour of a producer p and a distributor d
as in example 5.4. For every real s > 0 there exists a variant Q' of the run @ of
the producer that has the length s. Similarly, for every real ¢ > 0 there exists a
variant R’ of the run R of the distributor that has the length ¢. Consequently,
for every real s > 0 and ¢ > 0, the set of runs of By of the form ¢ + 1 such
that ¢ is a run of the producer of the length s and v is a run of the distributor
of the length ¢ is a non-empty set I(s,t). As two different members of I(s, )
cannot be prefixes of a run in Bsg, the set I(s,t) is a section of Bs.

Let B3 be the behaviour of a producer p and a distributor d as in example
5.4. For every integer n > 1, let J(n) be the set of processes of Bs of the form
(o1 +1)01...(n +Vn)on, where ;, ¥;, o; represent variants of abstract runs
[Q], [R], [S], respectively. As two different members of .J(n) cannot be prefixes
of a run of Bs, the set J(n) is a section of Bs. f

6.7. Definition. We say that a section I of B precedes another such a section
J, and we write I < J, iff each element of J has a prefix in I. {

6.8. Proposition. The set of all sections of B with the partial order < is a
directed set T (B). 4

25



For a proof it suffices to consider two arbitrary sections of B, say I and J,
and to notice that the set K of maximal elements of the union of the downward
closures of I and J is a section of B.

Now, taking into account the directed set 7 (B), we may think of defin-
ing the required probability space as a limit in the category PSPACES of a
projective system of simpler probability spaces.

For I € T(B), let 'y = (T'y, Fr, 41) be probability spaces such that

(1) I'r=1,
(2) Fyis a o-algebra of subsets of I.

For I,J € T(B) such that I <« J, let 7wy : T'y — I'; be the mappings
assigning to each j € J its predecessor ¢ € I. Due to I < J there exists such
a predecessor and due to the fact that I is confluence-free it is unique.

The following facts follow easily from definitions.

6.9. Proposition. If 77;(F) € F; for all F' € F; and ps(n;} (F)) = pur(F)
for all F € F; then myy : 'y « T'y is a morphism 7y; : Ty «— IT'; §

6.10. Proposition. If m;;(F) € Fy for all F € F; and py(7;; (F)) = pr(F)
for all F € F; then (T; “Y T';:I,J € T(B),I < J) is a projective system in
PSPACES.

Let T' = (Q(B), F, 1) be a probability space such that F is the o-algebra
of subsets of Q(B) generated by the o-algebras Gy, I € T(B), where every
G € Gy is an I-cylinder in the sense that together with an element with a
prefix belonging to I it contains also all the elements with this prefix, and
where G; C Gy for I <« J. Let w7, be the mapping that assigns to each
element of Q(B) its unique prefix in I.

6.11. Theorem. The probability space T' = (2(B),F, u) is a limit of the
projective system (T; ““ T';: I,.J € T(B),I < J), where each
'y = (Ty, Fr, pur) is the probability space such that

(1) FI :Ia
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(2) Fr is the o-algebra of those subsets of I whose inverse-images under 7y,
belong to Gy,

(3) pw(r M (F)) = pr(F) for all F € Fy,

and every 7myy : I'y « I'; is the morphism assigning to each j € J its unique
predecessor i € I. f

6.12. Example. Consider the following probability measures on the sections
I, J, K, L defined in example 6.5 of the behaviour By of the system M of
machines M7 and Ms in example 5.3:

pi{a+e}) =1, pr{a+dy) = pr({b+e}) = pr({b+dy) = 0

ps{a+06}) =1, ps{a+d}) = p;({b+c}) = ps({b+d}) =0

nc({a+e}) = p({B+ ) = 0.5

pr({a+d}) = pe({b+c}) =pux({b+d}) =0

pr({a+6}) =p({B+c}) =05

prfa+d}) = pr({b+c}) = pr({b+d}) = 0.
Then I <« J < L, I <« K < L, and it is easy to verify that the probability
spaces corresponding to these measures satisfy the conditions of Proposition
6.10. For example, we have

pr({o+ch) = pr(rgr({a+c}) = pr({a +6}) =05

pr{a+c}) = ur (g ({a+c}) = nx({a+e, 8 +c}) =

=px({a+c}) +pux({B+c}) =05+05=1.

Random behaviours as described in this paper are similar to classical
stochastic processes as defined in [2], [8], and [10]. In order to define them
we have to solve the problem of defining the respective projective systems of
probability spaces and the problem of the defining for such systems the respec-
tive limits.

In the case of the second problem the main point is to guarantee the
existence of the required extension of given probability measures. For some
behaviours the spaces of their runs are simple enough to exploit the known
results on the existence of stochastic processes. For instance, with such a
situation we have to do in the case of the behaviour of the system in example
5.3 where the space of runs is contained in the product of finite sets. However, in
general we need universal results on the existence of limits of projective systems
of probability spaces. One of them can be the result that the respective limit
exists if the probability measures of system components are regular in the sense
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that they can be approximated by their values on members of a compact family
of measurable subsets, where compactness means that every subfamily with
nonempty intersections of all finite subfamilies has a nonempty intersection
(see [8] for detailed notions and results which can easily be adapted).

In the case of defining for the considered behaviour B a projective system of
probability spaces representing initial segments of this behaviour it is sometimes
possible to assume a limited dependence of runs of this behaviour on the past,
as in Markov processes.

To see this let us consider a random behaviour
T' = ((B),F, ) which is a limit of a projective system (I'y “ Ty : I,J €
T(B),I < J) of probability spaces I'y = (I'r, Fr, 1), and sections I and J
such that I < J.

For every (8 € J there exists in I a unique prefix @ = 7;75(5), and a unique
&, written as link;; (), such that a& = 8. We say that the set of £ such that
& = link1s(B) for some § € J, written as [I, J], is a segment of B.

It is clear that the mapping n;; : J — I is surjective. We call it the
projection of J on I.

Similarly, it is clear that the mapping link;; : J — [I, J] is bijective. We
call it the reduction of J to [I, J].

Moreover, for every & € [I, J] there exists a unique « € T such that o€ € J,
written as pred;;(€), and that 77 ;(8) = pred ;(link1;(5)).

Finally, by F;; we denote the o-algebra of those F' C [I,.J] for which
link7; (F) € Fy.

For every E € F; we have pred;]l (E) € Fuy.

For every E € F; and for pyn;;(E) defined as py(m;}(E)) we have
iy (E) = pi(E).

For every ¢ € I'; and every F' € F; we have a conditional probability
wury(F€), where

pi(FNx}(B) = [ e (Fl€)dusmr) (§) for every E € Fi
or, equivalently,
s (F N7 (B)) = [ s (FIE)dur(€) for every E € F.

Now suppose that the choice of a run in a state does not depend on the
past in the sense that u;;(F|€) = prs(F|E') whenever cod(§) = cod(&') and
wry(F|&) = pry(F'|€) whenever linky;(F) = link;;(F'). Then the conditional
probabilities pr7(F|€) can be regarded as values Prj(G|z) of a function Prj
for G = linkr;(F) and « = cod(§), where
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(*) Prs(Glz) = [g Pra(G"|u)dPrx (ulz)
for G = G'G"” with G’ € F;x and G” € Fi .

Consequently, knowing p; for some I and the functions P;; we can find py
using the formula

(*) s (F) = [, Pry(linkr; (F)|cod(§))dpr ().

6.13. Example. For the sections
I={a+ca+db+cb+d},
K={a+db+cb+d,a+cp[+c},
L={a+d,b+c,b+d,a+04,5+c}

of the behaviour B; in example 5.3 we have
I< KKL,
[I,K]={a+d,b+c,b+d,a+cp+c}
mix(a+c¢) =a+c,
linkik(a+¢) =a+c,
[K,L]={a+d,b+c,b+d,a+65+c},
mrkr(a+0) =a+ec,
linkkr(a+9) =a+34.

Consequently, for
urlfa+ch) =1,

Prx({a+ctla+c¢) = Pix({B+c}la+c)=0.5,

Prr({a+6}la+c) = Prr({b+c}b+c) =1,
we obtain

nx({o+c}) = [, Prc({o+ ctleod(€))dpr (€)

=Pix({a+ctla+ c)pr({a+c}) = 0.5,

({8 +ch) = Jr, Prc ({8 + c}eod(€))dpus (€)
= Pre({f +ctla+c)pr({a +c}) = 0.5,

prfa+0}) = [r, Prr({a+ 0} cod(€))dux ()
=Prr({a+d}ta+ c)ux({§ € K : cod(§) = a+ c})
= Prr({b+c}tla+ c)px({a+c}) =0.5,

({8 +c}) = [r, Pxr({B + c}cod(§))dpux (€)
=Prr({b+c}b+c)ux({ € K: cod(§) = b+ c})
= Prr({b+c}|b+ c)ux ({8 +c}) =0.5.
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Similarly for other initial segments. f

6.14. Example. Consider the behaviour By in example 5.4.

Let ® and ¥ be respectively the set of runs of the producer and the set of
runs of the distributor.

Let ¥ be the set of variants of the run [S] of transfer of material from the
producer to the distributor.

Let II be the set of runs of the form ¢ + v, where p € ® and v € ¥
are respectively the component of the producer and the component of the
distributor.

Let fs : IT — [0,4+00) be the function with fs(r) defined for every run
7 € II as the amount of material at disposal of the producer participating in m
at the moment s of its local time.

Let gs : IT — [0,+00) be the function with g¢(m) defined for every run
m € II as the amount of material at disposal of the distributor participating in
m at the moment ¢ of its local time.

Given real b > a > 0, ¢ > 0, and a Borel subset X of the interval [0, +00),
suppose that P/, (X|q) is the probability that the producer, which has at the
moment a of its local time the amount g of material and acts, gets at the
moment b of its local time an amount x of material such that x € X. Suppose
that

Foe(X1a) = Jio, 100y Pre(X1€)dP(Ela)

forallc>b>a>0and q>0.

Given real b > a > 0, r > 0, and a Borel subset Y of the interval [0, +00),
suppose that P (Y|r) is the probability that the distributor, which has at the
moment a of its local time the amount r of material and acts, gets at the
moment b of its local time an amount y of material such that y € Y. Suppose
that

PUYI) = fig yoe) Fre(Y ImdPL (1)

forallc>b>a>0and r>0.

Given a section I(s,t) of By, let Fy(, ) be the least o-algebra of subsets
of I(s,t) that contains all the inverse-images of Borel subsets of the product
[0,4+00) x [0,400) under the mappings hy v : ™ — (fo(7), gy (7)) with 0 <
s <sand 0 <¢ <t.

For 0 < s’ < s” and 0 < t' < " we have the o-algebra F(s /)¢5 47y of
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those F C [I(S/, t/),I(S”, t”)] for which link;(ls’,t')l(s”7t”)(F) = ]:I(s”,t”)'
For ¢ > 0, r > 0, and Borel subsets X and Y of the interval [0, +00), we

define
PI(S’,t’)I(s”,t”)(link;(i’7t’)[(s“,t”) (fs_"l (X) N gt_”l (Y))H(pa q)? (d7 ’I“)}) =
= Ps//s// (X|q)Ptl'/t” (Y|T)

Then for every ¢ > 0 and r > 0 the function thus defined extends to a
unique probability measure Py )75 (-\{(p;q),(d,7)}) on the o-algebra
Fr(s'w)1(s ) of subsets of [I(s', "), I(s”,")] such that the rule (*) is satisfied.
Consequently, given a probability measure pr( o) on the o-algebra Fj( o) of
subsets of 1(0,0), by applying the rule (**) it is possible to define the prob-
ability measures piy(s ;) on Fres ) for all s > 0 and ¢ > 0, and construct the
respective projective system and its limit. As every section of By is dominated
by some I(s,t), the result gives the required probability space.

Consider the behaviour B3 in example 5.4.

Let @, ¥, H7 fsv gt, PL/Lba P(i,ba hs,t7 f[(s’,t’)](s”,t”)v PI(s’,t/)I(s”,t”)a Hi(s,t)
be as before, and let A’ and A” be given positive real numbers.

Suppose that the producer and the distributor act in steps, the producer
A’ units of its local time in each step, the distributor A” units of its local
time in each step, and that each step ends with a transfer of an amount m
of material from the producer to the distributor, where m = A(¢’,r’) for the
producer with an amount ¢’ of material and the distributor with an amount 7’
of material.

Then the probability of the system consisting of the producer and the
distributor to pass from a state £ = {(p, q), (d,r)} to a state in a Borel subset
Z of the product [0, +00) x [0, +00) is

Pro.oyr(ar,an (Axran(Z1€)
where Aprar 2 = (far(m) = M far (), gar (7)), gar () — M far (1), gar (1))).

On the other hand, Fj(n)j(n+1) is the o-algebra of sets G(F), where F €
Frooiar,ary and v € G(F) iff v = mo, with m € F and o being the transfer
of the amount A(¢’, r") of material for {(p, ¢’), (d,)} being the final state of 7.

Consequently, for every n = 1,2,..., every state £ = {(p,q), (d,r)}, and
every G(F) € Fj(n)j(n+1) We can define

Py sm+1)(GF)|E) = Pro,0yrar,am (F|€)
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and then combine Pj(,) (41 to define Py, jim) for arbitrary 1 < n < m such
that the rule (*) is satisfied. Hence, given a probability measure 70,0y, we can
define 150y = pr(0.0) and fij(,) for n = 0,1,... , and construct the respective
projective system and its limit. As every section of Bs is dominated by some
J(n), the result gives the required probability space. 4

7 Models related to Scott topology

The idea described in [14] can be applied to provide with probability measures
behaviours which are continuous directed complete posets. Every such a be-
haviour B together with its Scott open subsets is a topological space with the
Borel o-algebra B of subsets generated by Scott open subsets. Every normal-
ized continuous valuation v of Scott open subsets of B extends uniquely to a
probability measure v/ on B. Then the probability measure v/ can be trans-
ported to the restriction of B to the subspace Q(B) formed by the maximal
elements of B. To this end, it suffices to define B = {f NQ(B) : F € B and to
assign the value v/(F) to every FNQ(B) with F € B. Consequently, we obtain
a probability space (2(B), B, i), as required.

However, in the present paper we try to develop a basis as universal as
possible for describing and studying random behaviours of concurrent systems,
a basis that would allow us to describe in a uniform way behaviours of systems
of various kinds, including behaviours that need not to be continuous directed
complete posets. To this end, we shall describe again how the required mea-
sure p on the o-algebra B’ of subsets of the set Q(B) of maximal elements
of a behaviour B can be obtained from probability distributions on the sets
of maximal elements of initial parts of B. The idea is similar to that for set
theoretical models, but now it exploits the topological properties of behaviours.

First of all, we define a directed partially ordered set of subspaces of a
behaviour B representing initial parts of B and a directed partially ordered set
of subspaces of these subspaces consisting of their maximal elements. This can
be done as follows.

7.1. Definition. Each subspace of a behaviour B that is downward closed and
contains all the exising least upper bounds of its subsets and all the sources
of initial segments of maximal elements of B is called an initial fragment of
B. The subspace I = Q(P) of an initial fragment P of B that consists of the
maximal elements of P is called a topological section (or briefly a section) of B.
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The set of subsets of I = Q(P) of the form FN1I, where F' belongs to the Borel
o-algebra B of subsets of B, is a o-algebra By, called the natural o-algebra of
subsets of I. f

According to this definition every initial fragment of a behaviour is Scott
closed, that it is a directed complete poset, and every topological section con-
sisting of bounded runs is a section in the sense of definition 6.4.

7.2. Example. Each downward closed subspace of the behaviour B; in
example 5.3 that contains the existing least upper bounds of its subsets of
B; and contains the subset I = {a + ¢,a + d,b+ ¢,b + d} of B; is an initial
fragment of By. In particular, the following subsets I, E, E', E”, F, G of By
are initial fragments of By and the following I, .J, J’, J”, K, L of By are the
corresponding sections of Bj:
I={a+ca+db+cb+d}
E={a+ca+db+ecb+da+d}
E'={a+ca+db+c,b+d,a+c,a+d}
E'"={a+c,a+d,b+ec,b+d,f+c,a+ 0}
F={a+ca+db+ecb+da+c,B+c}
G={a+ca+db+cb+d,a+ca+d,a+d0+c}
and the following subsets I, J, J', J”, K, L of By are the corresponding sections
of By (see figure 5.1):
I=Q()={a+c,a+db+cb+d}
J=QF)={a+d,b+c,b+d,a+d}
J=QFE)={a+d,b+c,b+d,a+c,a+}
J'"=QFE"={a+d,b+c,b+d,f+c,a+ b}
K=QF)={a+db+c,b+d,a+cp+c}
L=QG)={a+db+c,b+d,a+3+c} 4

7.3. Example. Each set of elements of the behaviour By in example 5.4
that are dominated with respect to the prefix order by elements of a section
I(s,t) of this behaviour as in example 5.6 is an initial fragment of Bs. Each
section I(s,t) as in example 6.6 is a topological section of Bs in the sense of
definition 7.1.

The o-algebra Fj(, ) of subsets of I(s,t) that was defined in example 6.14
consists of intersections of I(s,t) with members of the least o-algebra cotaining
sets {m € By : fo(m) <z} with 0 < ¢’ < s and sets {m € By : gv(7) < y} with
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0 <t <t. On the other hand, such sets are Scott closed if processes of the
producer and distributors consist of continuous segments. Consequently, the
o-algebra Fp(, ) is then a subalgebra of the natural o-algebra By ).

Each set of elements of the behaviour Bs in example 5.4 that are dominated
by elements of a section J(n) of this behaviour as in example 6.6 is an initial
fragment of Bz and J(n) itself is a topological section of Bsz. f

A projective system consisting of a directed family of probability spaces
characterizing initial parts of a behaviour can be constructed due to the ex-
istence of a directed set of topological sections of this behaviour and due to
the existence of projections of topological sections on dominated topological
sections.

7.4. Proposition. Let P and @ be two initial fragments of a behaviour B
such that P C @, and let I = Q(P) and J = Q(Q). For every j € J there
exists a unique 7 € I, written as prs(j), such that ¢ C j. f

Proof. Let X; be the set of k € P such that k¥ T j. The set X; is nonempty
since it contains dom(j). It is directed since every two elements of X; consist of
prefixes of j and have the least upper bound that belongs to X;. Consequently,
there exists the least upper bound m of X; and m C j. As P is Scott closed, we
have m € P. As m is the least upper bound of X}, it must belong to I = Q(P),
and we can define p;;(j) as m.

From the fact that an initial fragment of a behaviour is downward closed
and contains the existing least upper bounds of its subsets we obtain the fol-
lowing proposition.

7.5. Proposition. A subset X of an initial fragment P of a behaviour B is
Scott closed iff it is Scott closed in the directed complete poset P. f

It follows from proposition 7.4 that for every U N I with Scott open U the
set U N J is the inverse image of U N I under p;;(j). Consequently, we obtain
the following proposition.
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7.6. Proposition. The correspondence p;j : J — I is a measurable mapping
from J equipped with the o-algebra B; to I equipped with the o-algebra B;.

!

The set of initial fragments of a behaviour B is ordered by inclusion.
According to proposition 7.4 the set of topological sections of B can be defined
as follows.

7.7. Definition. We say that a topological section I of B precedes another
such a section J, and we write I < J, iff each element of J has a predecessor
inl.

7.8. Proposition. The set of all topological sections of B with the partial
order < is a directed set R(B). 4

For a proof it suffices to consider two arbitrary sections of B, say I and J,
and to notice that the set K of maximal elements of the union of the downward
closures of I and J is a section of B.

Now we may use the directed set R(B) to construct the required proba-
bility space as a projective limit of a projective system of probability spaces.

A projective system consisting of a directed family of probability spaces
characterizing initial fragments of a behaviour can be defined as follows.
For I € R(B), let E; = (Z1, X, ur) be probability spaces such that

(1) 2/ =1,
(2) A is the o-algebra By of subsets of I.

For I,J € R(B) such that I < J, let pr; : E5 — Z; be the mappings as
in proposition 7.4.
The following facts follow easily from definitions.

7.9. Proposition. Every mapping p;; : E5 — Z; is measurable and the
induced mapping F' +— p;}(F) maps X7 into Xy.
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7.10. Proposition. If u;(p;; (F)) = pr(F) for all F € X then pry: 25 — Er
is a morphism py; : E; — E; in PSPACES.

7.11. Theorem. If yi;(p;;(F)) = pur(F) for all F € X; then
(Br =, I,J€ R(B),I < J) is a projective system in PSPACES.

Let E = (Q(B), F, ) be a probability space such that F is the o-algebra
Bp of subsets of Q(B).

7.12. Theorem. The probability space & = (2(B), F, u) is the projective
limit of the projective system (2; < = : I,.J € R(B),I < J), where each
Er = (E1, X5, 1) is the probability space such that

(1) 2 =1,
(2) X is the o-algebra By,
(3) wlprp(F)) = pr(F) for all F € Xp. 4

The fact that the probability space characterizing a random behaviour of
a concurrent system is a projective limit of probability spaces characterizing
initial fragments of this behaviour can be exploited in an effective way be-
cause referring only to initial fragments of this behaviour we are able to decide
which subsets of topological sections belong to the respective o-algebras. Con-
sequently, we can try approximate the required probability space by simpler
probability spaces.

Another approach can be to try to characterize the required probability
distribution on the set Q(B) with the aid of a probability space (B, B, 1) and
try to approximate the space (B, B, u) by simpler probability spaces. To this
end, we can exploit simple theorems of measure theory.

Given an initial fragment P of a behaviour B, let B(P) be the o-algebra
of those Borel subsets of B whose inverse images under ppp are Borel subsets
of P.

7.13. Theorem. For every initial fragments P and @ of B such that P C @
there exists a conditional probability distribution ppg : B(Q) x Qp — [0, 1] on
B(Q) with respect to B(P) and we have
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Jg vpq(Flz)dup(r) = po(F N E)
for all F € B(Q) and E € B(P).
A proof follows from the definition of the conditional probability.

7.14. Theorem. For every initial fragments P, @, R of B such that P C @ C
R, every G € B(R), and every x € B, it holds

prr(Glz) = [5 por(Gly)durg(ylr) 4

For a proof it suffices to notice that

. nr(ENG) = [ por(Gly)dug(y) = [5 [5 rqr(Gly)dug(y|x)dup(z)

nR(ENG) = [ ppr(Gla)dup(a)

Once a probability space (B, B, u) as described is found, it is possible to
use it to transport the required probability measure p to the set Q(B). It
suffices to define p/(F N Q(B)) as u(F) for every F N Q(B) with F € B.

8 Concluding remark

The possibility of representing the probability space that characterizes the ran-
dom behaviour of a concurrent system as a projective limit of a projective sys-
tem of probability spaces characterizing initial parts of the behaviour gives a
chance to approximate this space by spaces containing only partial runs. In
particular, it may open a chance to work out methods for automatic checking
of satisfiability of formulas of probabilistic temporal logics.

Appendix A: Posets and their cross-sections

Given a partial order < on a set X, i.e. a binary relation which is reflexive,
anti-symmetric and transitive, we call P = (X, <) a partially ordered set, or
briefly a poset, by the strict partial order corresponding to < we mean <, where
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r < yiff x <y and x # y, by a chain we mean a subset Y C X such that
z<yory<czforall z,y €Y, and by an antichain we mean a subset Z C X
such that « < y does not hold for any z,y € Z.

A.1. Definition. Given a poset P = (X, <), by a strong cross-section of P
we mean a maximal antichain Z of P that has an element in every maximal
chain of P. By a weak cross-section, or briefly a cross-section, of P we mean
a maximal antichain Z of P such that, for every xz,y € X for which z < y
and z < 2’ and z” < y with some 2/, 2" € Z, there exists z € Z such that
r<z<y. f

A.2. Definition. We say that a partial order < on X (and the poset P =
(X, X)) is strongly K -dense (resp.: weakly K -dense) iff every maximal antichain
of P is a strong (resp.: a weak) cross-section of P (cf. [11] and [12], where K-
density is defined as our strong K-density). f

A.3. Definition. For every cross-section Z of a poset P = (X, <), we define
X (Z2)=<Z={reX:x<zforsomez € Z}) and XT(Z) =7 <= ({z €
X : 2z < x forsome z € Z}), and we say that a cross-section Z’ precedes a
cross-section Z” and write Z' < Z" it X~ (Z') C X~ (Z").

A.4. Proposition. The relation < is a partial order on the set of cross-
sections of P = (X,<). For every two cross-sections Z’ and Z” of P there
exist the greatest lower bound Z’ A Z” and the least upper bound Z’ v Z” of
Z' and Z" with respect to =<, where Z’ A Z" is the set of those z € Z/ U Z”
for which z < 2’ for some 2’ € Z’ and z < 2" for some 2" € Z"”, and Z' v Z"
is the set of those z € Z' U Z" for which 2’ < z for some 2/ € Z' and 2" < 2
for some z” € Z". Moreover, the set of cross-sections of P with the operations
thus defined is a distributive lattice. f

Proof. The set Z’ A Z" is an antichain since otherwise there would be z < y
for some z and y in this set. If x € Z’ then there would be y € Z” and there
would exist 2z’ € Z’ such that y < 2’. However, this is impossible since Z’ is an
antichain. Similarly for z € Z”.

The set Z' A Z" is a maximal antichain since otherwise there would exist
z that would be incomparable with all the elements of this set. Consequently,
there would not exist 2’ € Z/ and 2"/ € Z” such that 2’ <z < 2", or 2" <z <
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Z', or 2/, 2" < x, and thus there would be x < 2z’ and x < 2” for some 2’ € Z’
and 2" € Z" that are not in Z’ A Z". Consequently, there would exist z, say in
Z", such that © < z < 2’. Moreover, z € Z' A Z" since otherwise there would
be t € Z’ such that ¢t < z < 2/, what is impossible.

In order to see that Z’ A Z" is a cross-section we consider z < y such that
z<tand u <y forsomet e Z/ANZ" and u € Z' AN Z", where t € Z' and
u € Z". Without a loss of generality we can assume that y < y’ for some
y' € Z' since otherwise we could replace y by an element of Z’. Consequently,
there exists z € Z” such that < z < y. On the other hand, z € Z/ A Z"” since
otherwise there would be 2’ € Z’ such that 2’ < z < y, what is impossible. In
a similar manner we can find z € Z’ A Z” for the other cases of ¢ and u.

In order to see that Z’ A Z" is the greatest lower bound of Z’' and Z”
consider a cross-section Y which precedes Z’ and Z” and observe that y < 2’ €
Z' and y < 2" € Z" with 2/ and 2” not in Z' A Z"” and y € Y implies the
existence of t € Z’ such that y <t < 2’ or u € Z” such that y < u < 2".

Similarly, Z' V Z" is a cross-section and the least upper bound of Z’ and
zZ".

The last part of the proposition is a consequence of the easily verifiable
inequality Z A (Z'VZ"Y < (ZNZ'\V(ZNZ") ¢

A.5. Definition. For cross-sections Z’' and Z” of a poset P = (X, <) such
that Z’ < Z"” we define a segment of P from Z’ to Z" as the restriction of
P to the set [Z/,2"] = XT(Z') N X~ (Z"), written as P|[Z’,Z"]. A segment
P|[Y',Y"] such that Z/ <Y’ <YY" < Z" is called a subsegment of P|[Z’,Z"].
UZ £Y oo Y' # Z" (vesp.: if Z/ =Y, or f Y’ = Z") then we call it a
proper (resp.: an initial, or a final) subsegment of P|[Z', Z"]. {

The following proposition follows easily from definitions.

A.6. Proposition. For every strong or weak cross-section Z of a poset
P = (X, <) the reflexive and transitive closure of the union of the restrictions
of the partial order < to X ~(Z) and to X+ (Z) is exactly the partial order <.

!

A.7. Proposition. A poset P = (X, <) is said to be locally complete if every
segment P|[Z',Z"] of P is a complete lattice. f
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A.8. Definition. Given a partial order < on a set X and a functionl : X — W
that assigns to every x € X a label I(z) from a set W, we call L = (X, <,1) a
labelled partially ordered set, or briefly an Iposet, by a chain (resp.: an antichain,
a cross-section) of L we mean a chain (resp.: an antichain, a cross-section) of
P = (X, <), by a segment of L we mean each restriction of L to a segment of
P, and we say that L is K-dense (resp.: weakly K-dense, locally complete) iff
< is K-dense (resp.: weakly K-dense, locally complete).

By LPOSETS we denote the category of lposets and their morphisms,
where a morphism from an lposet L = (X,<,1) to an lposet L' = (X', <", 1)
is defined as a mapping b : X — X’ such that, for all z and y, z < y iff
b(x) <" b(y), and, for all z, I(z) = I'(b(x)). In the category LPOSETS a
morphism from L = (X, <,1) to L' = (X', <", ) is an isomorphism iff it is
bijective, and it is an automorphism iff it is bijective and L = L'. If there
exists an isomorphism from an lposet L to an lposet L’ then we say that L and
L'are isomorphic. A partially ordered multiset, or briefly a pomset, is defined
as an isomorphism class £ of Iposets. Each lposet that belongs to such a class &
is called an instance of £&. The pomset corresponding to an lposet L is written
as [L].

Appendix B: Directed complete posets

Let (X,C) be a partially ordered set (poset). A subset Y C X is said to
be downward closed (resp. : upward closed) if Y =C V(= {z € X : = C
yforsomey €Y}) (resp. : Y=Y LC (={zeX:yCaforsomeyeY})). A
nonempty subset Y C X is said to be em bounded complete if every bounded
subset of Y has a least upper bound. A nonempty subset ¥ C X is said to
be directed if for all x,y € Y there exists z € Y such that z,y C z. The Scott
topology of (X, C) is the topology on X in which a subset U C X is open iff it
is upward closed and disjoint with every directed Y C X which has the least
upper bound LIY. A poset is said to be coherent if every of its consistent subsets
has a least upper bound. A poset is said to be a directed complete partial order
(DCPO) if every of its directed subsets has a least upper bound.

Let (X,C) be a DCPO. An element x € X is said to approzimate an
element y € X, or that x is way below y, if in every directed set Z such that
y C UZ there exists z such that x C 2. An element z € X is said to be a
compact if it approximates itself. A subset B C X is called a basis of (X, C) if
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for every = € X the set of those elements of B which approximate x is directed
and has the least upper bound equal to . The DCPO (X, C) is said to be
continuous if it has a basis, and w-continuous if it has a countable basis. The
DCPO (X, C) is said to be an algebraic domain if every y € X is the directed
least upper bound of all compact elements x such that =z C y.

Appendix C: Probability spaces

Given a set X, by a g-algebra of subsets of X we mean a set F of subsets of
X such that X € F and F is closed under complements and countable unions,
and we call the pair (X, F) a measurable space. If X is given with a topology
7 then the least o-algebra that contains 7 is called the Borel o-algebra of the
topological space (X, 7).

Given measurable spaces (X, F) and (X', F'), a mapping
f: X — X'issaid to be F-measurable, or a morphism from (X, F) to (X', F'),
iff f~1(F') € F for every F' € F'.

By MES we denote the category of measurable spaces and their mor-
phisms.

By a probability space we mean a triple (Q, F, i), where 2 is a set (the set
of possible realizations of a random phenomenon), F is a o-algebra of subsets
of ), and p is a real valued function on F, called a probability measure, such
that 0 < u(F) < lforall F e F, u(0) =0, p() =1, and p(Fo U U...) =
w(Fo) + u(F1) + ... for mutually disjoint Fo, Fi,... from F.

Given two probability spaces 2 = (Q, F,u) and ' = (', F,u/) by a
morphism from 2 to £’ we mean a triple f : @ — €', where f is a mapping
from Q to Q' such that f~1(F') € Fand u(f~*(F")) = p/(F') for every F' € F'.

By PSPACES we denote the category of probability spaces and their
morphisms.

Given a probability space @ = (,F,u) and a o-algebra & C F, there
exists a function f : F x  — [0,1] such that, for every F € F, the function
wr— f(Flw) ( = f(F,w)), is E-measurable and for all E € £ it satisfies the
equation

Jp f(Flw)dp(w) = p(F N E).

Function f is called a conditional probability distribution in (2, F) with
respect to €. If f is such that F' — f(F|w) is a probability measure on F
for every w € Q then it is called a strict conditional probability distribution in
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(Q, F) with respect to £. Every function w +— f(F|w) is called a variant of
conditional probability of F' with respect to £.
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