A Companion of “Relating Strong Behavioral Equivalences
for Processes with Nondeterminism and Probabilities”

Marco Bernardo?®, Rocco De NicolaP, Michele Loreti®

% Dipartimento di Scienze di Base e Fondamenti — Universita di Urbino — Italy
YIMT — Institute for Advanced Studies Lucca — Ttaly
¢ Dipartimento di Statistica, Informatica, Applicazioni — Universita di Firenze — Italy

Abstract

In the paper “Relating Strong Behavioral Equivalences for Processes with Nondeterminism and Probabil-
ities” to appear in Theoretical Computer Science, we present a comparison of behavioral equivalences for
nondeterministic and probabilistic processes. In particular, we consider strong trace, failure, testing, and
bisimulation equivalences. For each of these groups of equivalences, we examine the discriminating power
of three variants stemming from three approaches that differ for the way probabilities of events are com-
pared when nondeterministic choices are resolved via deterministic schedulers. The established relationships
are summarized in a so-called spectrum. However, the equivalences we consider in that paper are only a
small subset of those considered in the original spectrum of equivalences for nondeterministic systems in-
troduced by Rob van Glabbeek. In this companion paper, we enlarge the spectrum by considering variants
of trace equivalences (completed-trace equivalences), additional decorated-trace equivalences (failure-trace,
readiness, and ready-trace equivalences), and variants of bisimulation equivalences (kernels of simulation,
completed-simulation, failure-simulation, and ready-simulation preorders). Moreover, we study how the
spectrum changes when randomized schedulers are used instead of deterministic ones.

Keywords: bisimulation equivalence, simulation equivalence, testing equivalence, readiness equivalence,
failure equivalence, trace equivalence, nondeterminism, probability

1. Introduction

In [1], a systematic account of the main known probabilistic equivalences for nondeterministic and proba-
bilistic systems has been presented by defining them over an extension of the LTS model combining nonde-
terminism and probability that we call NPLTS, in which every action-labeled transition goes from a source
state to a probability distribution over target states rather than to a single target state [12, 14]. Schedulers,
which can be viewed as external entities that select the next action to perform, are used to resolve nonde-
terminism [14]. By “playing” with schedulers, a number of possibilities for defining behavioral equivalences
over NPLTS models emerge. We concentrated on three approaches that differ for the way probabilities of
events are compared when nondeterministic choices are resolved via schedulers:

1. Fully Matching Resolutions Two resolutions are compared with respect to the probability distribu-
tions of all considered events.

2. Partially Matching Resolutions The probabilities of the set of events of a resolution are required to
be individually matched by the probabilities of the same events in possibly different resolutions.

3. Max-Min-Matching Resolution Sets Only the extremal probabilities of each event stemming from
the different resolutions are compared.

In [1], we have studied the relationships among the probabilistic variants of the main equivalences for
nondeterministic systems that stem from the three approaches outlined above.
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Figure 1: Reduced spectrum of strong behavioral equivalences for NPLTS models (deterministic schedulers)

We have proposed and analyzed three variants of trace, testing, failure, and bisimulation equivalences for
NPLTS models. Their relationships are summarized in Fig. 1. In the spectrum, the absence of (chains of)
arrows represents incomparability, bidirectional arrows connecting boxes indicate coincidence, and ordinary
arrows stand for the strictly-more-discriminating-than relation. Continuous hexagonal boxes contain well
known equivalences that compare probability distributions of all equivalence-specific events. In contrast,
continuous rounded boxes contain more recent equivalences assigning a weaker role to schedulers that com-
pare separately the probabilities of individual equivalence-specific events. Continuous rectangular boxes
instead contain old and new equivalences based on extremal probabilities. The only hybrid box is the one
containing ~pre.v3, as this equivalence is half way between the first two definitional approaches. Dashed
boxes contain equivalences that we have introduced to better assess the different impact of the approaches
themselves.

In this companion paper, following [18] we enlarge the spectrum examined in [1] by additionally consid-
ering variants of trace equivalences (completed-trace equivalences), of decorated-trace equivalences (failure-
trace, readiness, and ready-trace equivalences), and of bisimulation equivalences (kernels of simulation,
completed-simulation, failure-simulation, and ready-simulation preorders). Finally, we show how the spec-
trum changes when using randomized schedulers in place of deterministic ones.

We refer the reader to [1] for motivations and for the description the three approaches to equivalence
definition based on schedulers. Only to guarantee readability, we repeat here the background section of [1]
that introduces the necessary terminology about NPLTS models and schedulers.

2. Nondeterministic and Probabilistic Processes

Processes combining nondeterminism and probability are typically described by means of extensions of the
LTS model, in which every action-labeled transition goes from a source state to a probability distribution
over target states rather than to a single target state. They are essentially Markov decision processes [4] and
are representative of a number of slightly different probabilistic computational models including internal
nondeterminism such as, e.g., concurrent Markov chains [19], alternating probabilistic models [7, 20, 13],
probabilistic automata in the sense of [14], and the denotational probabilistic models in [9] (see [16] for an
overview). We formalize them as a variant of simple probabilistic automata [14].

Definition 2.1. A nondeterministic and probabilistic labeled transition system, NPLTS for short, is a triple
(S, A, —) where:
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Figure 2: Graphical representation of NPLTS models: two examples

e S is an at most countable set of states.
e A is a countable set of transition-labeling actions.

e — C S x A x Distr(S) is a transition relation, where Distr(S) is the set of discrete probability
distributions over S. [ ]

A transition (s, a, D) is written s — D. We say that s’ € S is not reachable from s via that a-transition
if D(s") = 0, otherwise we say that it is reachable with probability p = D(s’). The reachable states form the
support of D, i.e., supp(D) = {s' € S| D(s') > 0}. We write s - to indicate that s has an a-transition.
The choice among all the transitions departing from s is external and nondeterministic, while the choice
of the target state for a specific transition is internal and probabilistic. An NPLTS represents (i) a fully
nondeterministic process when every transition leads to a distribution that concentrates all the probability
mass into a single target state or (ii) a fully probabilistic process when every state has at most one outgoing
transition.

An NPLTS can be depicted as a directed graph-like structure in which vertices represent states and
action-labeled edges represent action-labeled transitions. Given a transition s —s D, the corresponding
a-labeled edge goes from the vertex representing state s to a set of vertices linked by a dashed line, each of
which represents a state s’ € supp(D) and is labeled with D(s’) — label omitted if D(s’) = 1. Figure 2 shows
two NPLTS models: the one on the left mixes internal nondeterminism and probability, while the one on
the right does not.

a
In this setting, a computation is a sequence of state-to-state steps, each denoted by s —+ s’ and derived
from a state-to-distribution transition s — D.

Definition 2.2. Let £ = (S, A, —) be an NPLTS and s,s’ € S. We say that:
ai az a

c = So—*—>81—0—>82...8n_1—‘l>8n
is a computation of L of length n from s = sy to s’ = s, iff for all i = 1,...,n there exists a transition
$i_1 — D, such that s; € supp(D;), with D;(s;) being the execution probability of step s;_1 S5 s; condi-
tioned on the selection of transition s;_; —= D; of L at state s,_;. We say that c is maximal iff it is not
a proper prefix of any other computation. We denote by first(c) and last(c) the initial state and the final
state of ¢, respectively, and by Can(s) the set of finite-length computations from s. ]

A resolution of a state s of an NPLTS L is the result of a possible way of resolving nondeterminism
starting from s. A resolution is a tree-like structure whose branching points represent probabilistic choices.
This is obtained by unfolding from s the graph structure underlying £ and by selecting at each state a
single transition of £ (deterministic scheduler) or a convex combination of equally labeled transitions of £
(randomized scheduler) among all the outgoing transitions of that state. Below, we introduce the notion of
resolution arising from a deterministic scheduler as a fully probabilistic NPLTS (randomized schedulers are
deferred to Sect. 4). Notice that, when £ is fully nondeterministic, resolutions boil down to computations.

Definition 2.3. Let £ = (S, A,—) be an NPLTS and s € S. We say that an NPLTS Z = (Z, A, —z)
is a resolution of s obtained via a deterministic scheduler iff there exists a state correspondence function
corrz : Z — S such that s = corrz(z,), for some z5 € Z, and for all z € Z it holds that:
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o If 222D, then corrz(z) - D' with D(2') = D'(corrz(2')) for all 2’ € Z.
o If 2 252Dy and z 2z Dy, then a1 = ay and D; = Ds.

We say that Z is maximal iff it cannot be further extended in accordance with the graph structure of £ and
the constraints above. We denote by Res(s) the set of resolutions of s obtained via a deterministic scheduler
and by Respax(s) the set of maximal resolutions of s obtained via a deterministic scheduler. Moreover, we
attach subscript a € A* to those two sets when we restrict attention to resolutions that have no maximal
computations corresponding to proper prefixes of a-computations of L. [ ]

Since Z € Res(s) is fully probabilistic, the probability prob(c) of executing ¢ € Can(zs) can be defined as
the product of the (no longer conditional) execution probabilities of the individual steps of ¢, with prob(c)
being always equal to 1 if £ is fully nondeterministic. This notion is lifted to C C Cqn(zs) by letting
prob(C) = 3 o prob(c) whenever none of the computations in C' is a proper prefix of one of the others.

3. A Full Spectrum of Strong Behavioral Equivalences

In this section, following [18] we enlarge the spectrum by additionally considering variants of trace equiv-
alences (completed-trace equivalences), further decorated-trace equivalences (failure-trace, readiness, and
ready-trace equivalences), and variants of bisimulation equivalences (kernels of simulation, completed-
simulation, failure-simulation, and ready-simulation preorders). Finally, we show how the spectrum changes
when using randomized schedulers in place of deterministic ones.

3.1. Completed-Trace Equivalences

A variant of trace equivalence that additionally considers completed computations was introduced in the
literature of fully nondeterministic models in order to equip trace equivalence with deadlock sensitivity.
Given an NPLTS £ = (S, A,—), s € §, Z € Res(s), and a € A*, we recall that CCC(zs, ) denotes the
set of completed a-compatible computations from zs. In other words, each of these computations ¢ belongs
to the set CC(zs, ) of a-compatible computations from z; and is such that corrz(last(c)) has no outgoing
transitions in L.

Definition 3.1. (Probabilistic completed-trace-distribution equivalence — ~pcy.dis)
$1 ~pcTr,ais S2 iff for each Z1 € Res(sy) there exist Z3, Z5 € Res(s2) such that for all « € A*:
prob(CC(zs,,a)) = prob(CC(zs,, )
prob(CCC(zs,,a)) = prob(CCC(z,, av))
and symmetrically for each Z5 € Res(s2). ]

Definition 3.2. (Probabilistic completed-trace equivalence — ~pcry)
s1 ~pcTy s iff for all @ € A* it holds that for each Z; € Res(sy) there exist Z,, Z, € Res(sy) such that:
prob(CC(zs,,a)) = prob(CC(zs,, )
prob(CCC(zs,,a)) = prob(CCC(z,,))
and symmetrically for each Z5 € Res(sz). ]

Definition 3.3. (Probabilistic LIN-completed-trace equivalence — ~pcrr,un)
51 ~pcTr,un Sz iff for all @ € A*:

L prob(CC(zs,,a)) = L] prob(CC(zs,, @)
Z1EResq(s1) ZoEResq(s2)
[1  prob(CC(zs,,a)) = [1  prob(CC(zs,,a))
Z1EResq(s1) ZoEResq(s2)
and:
L prob(CCC(zs,,)) = L] prob(CCC(zs,, cx))
Z1€Resq(s1) Z2€Resq(s2)
[ prob(CCC(zs,,)) = [ prob(CCC(zs,, cx))
Z1€Resq(s1) Zo€Resq(s2) |



We now investigate the relationships of the three completed-trace equivalences among themselves and
with the various equivalences defined in [1]. As in the fully nondeterministic spectrum [18], completed-
trace semantics is comprised between failure semantics and trace semantics. This holds in particular for
the completed-trace equivalence based on fully matching resolutions, although completed-trace semantics
coincides with trace semantics in the fully probabilistic spectrum [11, §].

Theorem 3.4. It holds that:

s

~PCTr,dis © ~PCTr © ~PCTr, M-
~PF,dis & ~PCTr,dis © ~PTr,dis-
~pr C ~pcTr € ~PTy-

~pr,un € ~pcTr,un € ~PTr,UN-

Proof Let (S, A,—) be an NPLTS and s1, 52 € S:

1.
2.

4.

Similar to the proof of Thm. 3.5 in [1].
Suppose that s; ~pp gis S2. Then we immediately derive that:

e For each Z; € Res(sy) there exists Z2 € Res(sz) such that for all « € A*:
prob(CC(zs,,a)) = prob(FCC(zs,, (o, D))

= prob(FCC(zs,, (o, D))

prob(CCC(zs,,a)) = prob(FCC(zs,, (o, A))

prob(FCC(zs,, (o, A))

)
)) = prob(CC(zs,,))
)

)
)

prob(CCC(zs,, )
e Symmetrically for each Z5 € Res(sz).

This means that s; ~pcrr,dis S2-

The fact that s; ~pcty,dis 52 implies s1 ~pty.qis 52 is a straightforward consequence of the definition
of the two equivalences.

Suppose that s; ~pr s3. Then we immediately derive that for all « € A*:

e For each Z; € Res(sy1) there exist Z5 € Res(s2) such that:
prob(CC(zs,, ) = prob(FCC(zs,, (o, 0))) =
= prob(FCC(zs,, (a,0))) = prob(CC(zs,,))
and Z4 € Res(sz) such that:
prob(CCC(zs,,a)) = prob(FCC(zs,, (o, A))) =
= prob(FCC(z.,, (o, A))) = prob(CCC(z,, )

e Symmetrically for each Z5 € Res(ss).

This means that s; ~pcTy S2.

The fact that s; ~pcry s2 implies s1 ~pry So is a straightforward consequence of the definition of the
two equivalences.

Suppose that s; ~pp n s2. Then we immediately derive that for all o € A*:

L) prob(CC(zs,, @) = LI prob(FCC(zs,, (a, 1))

Z1€Resq(s1) Z1€Resq(s1)

= L] prob(FCC(zs,, (a, )

Zs€Resq(s2)

_ L] prob(CC(zs,,))

Zy€Resq(s2)

M prob(CC(zs,,)) = M prob(FCC(zs,, (o, D))

Z1EResq(s1) Z1€Resq(s1)

= |_| p’f‘Ob(]:CC(Zsza (Oé, w)))

Zy€Resq (s2)

= [ prob(CC(zs,, )

ZyEResq(s2)
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Figure 3: Two NPLTS models distinguished by equivalences in fragment 1 and identified by those in fragment 2
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Figure 4: Two NPLTS models distinguished by equivalences in fragment 2 and identified by those in fragment 3

and:
L prob(CCC(zs,, ) = L] prob(FCC(zs,, (o, A)))
Z1EResq(s1) Z1€Resq(s1)
= L prob(FCC(zs,, (o, A)))
Zy€Resq(s2)
= L prob(CCC(zs,, )
Zy€Resq(s2)
[l prob(CCC(zs,, ) = [ prob(FCC(zs,, (e, A)))
Z1€Resq(s1) Z1€Resq(s1)
= [1  prob(FCC(zs,, (v, A)))
Z5€Resq(s2)
= [ prob(CCC(zs,, )
Za€Resq(s2)

This means that s; ~pcre,un S2.
The fact that s; ~pcry,un S2 implies s; ~pry 1 S2 is a straightforward consequence of the definition
of the two equivalences. [ ]

All the inclusions in Thm. 3.4 are strict:

Figures 3 and 4 respectively show that ~pcy qis is strictly finer than ~pcre and ~pory is strictly finer
than ~PCTr,Un-

Figure 5 shows that ~pp gis, ~pr, and ~pp n are strictly finer than ~pcty qis, ~pcr, and ~potr,un,
respectively. Indeed, for each resolution of s; (resp. ss) there exists a resolution of sy (resp. s1)
such that both resolutions have precisely the same trace distribution and the same completed-trace
distribution, thus s; and sg are identified by ~pcry.ais (and hence by ~per and ~porun). In
contrast, the leftmost a-computation of s; is compatible with the failure pair (a, {c}) while s; has no
computation compatible with that failure pair, thus sy and s, are distinguished by ~pr | n (and hence
by ~pr and NPF,dis)-

Figure 6 shows that ~pcy.dis, ~pPcTr, and ~pctr,un are strictly finer than ~pry gis, ~prr, and ~pry n,
respectively. Indeed, for each resolution of s; (resp. so) there exists a resolution of so (resp. s1) such

that both resolutions have precisely the same trace distribution, thus s; and s, are identified by ~py gis
(and hence by ~pr and ~pry,n). In contrast, the rightmost a-computation of s; is completed while

6



Figure 5: Two NPLTS models distinguished by ~p gis/~pr/~pPr,un and identified by ~pcTr dis/~PcTe/~PCTr,uN
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Figure 6: Two NPLTS models distinguished by ~pcrr,dis/~pcTe/~PcTr,un and identified by ~prr dis/~PTe/~PTr,un

s2 has no completed a-compatible computation, thus s; and se are distinguished by ~pcmyun (and
hence by ~pcry and ~poydis)-

Moreover:

e ~pp and ~pp,n are incomparable with the three completed-trace equivalences. Indeed, in Fig. 7 it
holds that s; ~pp s2 (and hence s ~pp 0 S2) — as can be seen by taking the equivalence relation that
pairs states having equally labeled transitions leading to the same distribution — and s1 #pcte,un S2
(and hence s1 #pcty s2 and $1 %poty,dis S2) — due to the trace a b ¢ having maximum probability 0.68
in the first process and 0.61 in the second process. In contrast, in Fig. 8 it holds that s; %pg,un s2
(and hence s1 o4pp $2) — as the leftmost state with outgoing b-transitions reachable from sy is not
UM-bisimilar to the two states with outgoing b-transitions reachable from s; — and s1 ~pcy,ais S2 (and
hence s1 ~pcty S2 and s1 ~pcrr,un S2)-

e ~pr.n is incomparable with the three completed-trace equivalences. Indeed, in Fig. 4 it holds that
$1 ~pTe-un S2 and $1 2pcme s2 (and hence s; %pctrais). In contrast, in Fig. 10 it holds that
$1 7pre-un S2 — due to the test shown in the figure — and s1 ~pcty,dis S2 (and hence s; ~pory S2).
Likewise, in Fig. 9 it holds that s; ~pre.un S2 — as there is no test that results in an interaction system
having a maximal resolution with differently labeled successful computations of the same length and
hence no possibility of summing up their success probabilities — and s1 #pcr,un s2 — due to the
completed trace ab whose maximum probability is 0.24 in the first process and 0.21 in the second
process. In contrast, in Fig. 3 it holds that s %pre.un s2 and s; ~pcTr,un S2-

® ~pTetbt ald ~pTetbt,un are incomparable with the three completed-trace equivalences, because in
Fig. 11 it holds that s1 ~pre-tbt S2 (and hence s1 ~pretbt,un S2) and s1 %pore,un Sz (and hence
s1 %pore S2 and s1 poTedis S2), while in Fig. 12 it holds that s1 %pretbt,un S2 (and hence
51 PTe-tbt S2) and s1 ~pctr,dis S2 (and hence s; ~pcry s2 and 51 ~poTy,un 52).

e ~pp and ~pp n are incomparable with ~pcTy gis, because in Fig. 3 it holds that s; ~pp s2 (and hence
$1 ~pr,un S2) and $1 %pcTrdis S2, while in Fig. 5 it holds that s1 #pp n s2 (and hence s1 %pp s2)
and 51 ~pcTy,dis S2-

e ~pp 0 is incomparable with ~pcty, because in Fig. 4 it holds that s; ~prun s2 and s1 #pctr S2,
while in Fig. 5 it holds that s1 #pr,un s2 and s1 ~pcTy S2.
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Figure 9: Two NPLTS models distinguished by ~pcty,un and identified by ~pre-uim



IS
IS
IS
]
[
S]
3
S
e
[
IS]
=
N
]
=
S]
3
)
3
[
IS
e
¥

b b b I I b b I I b bf\b b[\D b ] I b b I I b
o o . .
c I d c I I d c I I d c I d c ] I d
) . . . w e ow w e ow w e ow
processes test interaction systems

Figure 10: Two NPLTS models distinguished by ~pre.un and identified by ~pcTy,dis/~PcTr
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o ~pory and ~pery,un are incomparable with ~pry gis, because in Fig. 3 it holds that s1 ~pcty s2 (and
hence s1 ~pcry,un S2) and $1 %pry.dis S2, while in Fig. 6 it holds that s1 ¢pcrr,un S2 (and hence
s1 %porr S2) and S1 ~pTy dis S2-

® ~pcTy,un is incomparable with ~py, because in Fig. 4 it holds that s; ~pcre,un s2 and s1 %p1y S,
while in Fig. 6 it holds that s; pcre,un s2 and s; ~pry S2.

3.2. Failure-Trace, Readiness, and Ready-Trace Equivalences

Failure semantics generalizes completed-trace equivalence towards arbitrary safety properties. An extension
of failure semantics is failure-trace semantics. We call failure trace an element ¢ € (A x 24)* given by
a sequence of n € N pairs of the form (a;, F;). We say that ¢ € Can(zs) is compatible with ¢ iff ¢ €
CC(zs,a1 ...ay) and, denoting by z; the state reached by c¢ after the i-th step for all i = 1,...,n, corrz(z;)
has no outgoing transitions in £ labeled with an action in F;. We denote by FTCC(zs,¢) the set of
¢-compatible computations from z;.

Definition 3.5. (Probabilistic failure-trace-distribution equivalence — ~ppry dis)

81 ~pFTr.dis S2 iff for each Z; € Res(s1) there exists Zo € Res(sz) such that for all ¢ € (A x 24)*:
prob(FTCC(zs,, @) = prob(FTCC(zs,, 9))

and symmetrically for each Z5 € Res(ss). ]

Definition 3.6. (Probabilistic failure-trace equivalence — ~ppry)

51 ~ppTy So iff for all ¢ € (A x 24)* it holds that for each Z; € Res(s;) there exists Z; € Res(sy) such that:
prob(FTCC(zs,,¢)) = prob(FTCC(zsy, 9))

and symmetrically for each Z; € Res(s3). ]

Definition 3.7. (Probabilistic LIN-failure-trace equivalence — ~ppry,n)
51 ~pr.un 2 iff for all ¢ € (A x 24)*:

L] prob(FTCC(zs,, b)) L prob(FTCC(zs,, b))

Z1EResa(s1) Z5€Resq(s2)
[ prob(FTCC(zs,, ) = [l prob(FTCC(zs,, @)
Z1€Resq(s1) Zo€Resq(s2) | |

A different generalization towards liveness properties is readiness semantics, which considers the set of
actions that can be accepted after performing a trace. We call ready pair an element p € A* x 24 formed
by a trace a and a decoration R called ready set. We say that c¢ is compatible with o iff ¢ € CC(zs, ) and
the set of actions labeling the transitions in £ departing from corrz(last(c)) is precisely R. We denote by
RCC(zs, 0) the set of p-compatible computations from z;.

Definition 3.8. (Probabilistic readiness-distribution equivalence — ~pr dis)

s1 ~pR.dis S2 iff for each Z; € Res(s1) there exists Z5 € Res(s2) such that for all p € A* x 24
prob(RCC(zs,,0)) = prob(RCC(zs,, 0))

and symmetrically for each Z5 € Res(sz). ]

Definition 3.9. (Probabilistic readiness equivalence — ~pg)

51 ~pR 8o iff for all g € A* x 24 it holds that for each Z; € Res(s;) there exists Z5 € Res(sy) such that:
prob(RCC(zs,,0)) = prob(RCC(zs,, 0))

and symmetrically for each Z5 € Res(ss). ]

Definition 3.10. (Probabilistic UM-readiness equivalence — ~pr,un)
s1 ~pr,un e iff for all p = (o, R) € A* x 24.

L prob(RCC(zs,,0)) = L prob(RCC(zs,, 0))
Z1€Resq(s1) Zo€Resq(s2)
[ prob(RCC(zs,,0)) = [ prob(RCC(zs,, 0))
Z1E€Resq(s1) Zo€Resq(s2) |
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Moreover, we call ready trace an element p € (A x 24)* given by a sequence of n € N pairs of the form
(ai, R;). We say that ¢ € Cqn(zs) is compatible with p iff ¢ € CC(z4, a1 ...ay) and, denoting by z; the state
reached by c after the i-th step for all ¢ = 1,...,n, the set of actions labeling the transitions in £ departing
from corrz(z;) is precisely R;. We denote by RTCC(zs, p) the set of p-compatible computations from z;.

Definition 3.11. (Probabilistic ready-trace-distribution equivalence — ~prry dis)

$1 ~PRTy,dis S2 iff for each Z; € Res(s1) there exists Z5 € Res(s2) such that for all p € (A x 24)*:
prob(RTCC(zs,,p)) = prob(RTCC(zsy,p))

and symmetrically for each Z5 € Res(ss). |

Definition 3.12. (Probabilistic ready-trace equivalence — ~prry)

51 ~prTy So iff for all p € (A x 24)* it holds that for each Z; € Res(s;) there exists Z» € Res(sy) such that:
Prob(RTCC(24,,p)) = prob(RTCC(zay.p))

and symmetrically for each Z; € Res(sz). ]

Definition 3.13. (Probabilistic UN-ready-trace equivalence — ~prry,n)
81 ~pRTy,un S2 iff for all p € (A x 24)*:

LI prob(RTCC(zs,,p)) = LI prob(RTCC(zs,,p))
Z1€EResa(s1) Z5€Resq(s2)
[T prob(RTCC(zs,,p)) = [1  prob(RTCC(zs,,p))
Z1EResq(s1) Z5€Resq(s2) |

We now investigate the relationships of the nine additional decorated-trace equivalences among them-
selves and with the various equivalences defined in [1] and in this paper. As in the fully probabilistic spec-
trum [11, 8], for the decorated-trace equivalences based on fully matching resolutions it holds that readiness
semantics coincides with failure semantics, and this extends to ready-trace semantics and failure-trace se-
mantics. In contrast, for the other decorated-trace equivalences based on partially matching resolutions or
extremal probabilities, unlike the fully nondeterministic spectrum [18] it turns out that ready-trace semantics
and readiness semantic are incomparable with most of the other semantics.

Theorem 3.14. It holds that:

~pdis C© ~p €~y n for all m € {PRTr, PFTr, PR}.
~PTe-tbt,dis & ~PRTr,dis-

~PRTr,dis = ~PFTr,dis OVer finitely-branching NPLTS models.
~PR,dis = ~PF,dis over finitely-branching NPLTS models.
~PFTr,dis & ~PF,dis-

~pFTr C ~PF.

~PFTr,un & ~PF,un-

NOo U W=

Proof Let (S, A,—) be an NPLTS and s1, 52 € S:

1. Similar to the proof of Thm. 3.5 in [1].

2. We show that s1 ~pTetht,dis S2 implies s1 ~prry,dis S2 by building a test that permits to reason
about all ready traces at once for each resolution of s; and s;. We start by deriving a new NPLTS
(Sy, Ay, —;) that is isomorphic to the given one up to transition labels and terminal states. A transi-

tion s —— D becomes S, @)r D, where R C A is the set of actions labeling the outgoing transitions of s
and Dy (s;) = D(s) for all s € S. If s is a terminal state, i.e., it has no outgoing transitions, then we

add a transition s, ﬂr ds, where d5 (sy) =1 and d,,(s,) = 0 for all s’ € S\ {s}. Transition relabeling
PTeServes ~PpTe-tbt,dis; 1-€+y 51 ~PTe-tbt,dis 52 IMPlies 51, ~PTe-tbt,dis S2,r, DECAUSE ~PTe.thi,dis 1S able to
distinguish a state that has a single a-compatible computation reaching a state with a nondetermin-
istic branching formed by a b-transition and a c-transition, from a state that has two a-compatible
computations such that one of them reaches a state with only one outgoing transition labeled with b

11



and the other one reaches a state with only one outgoing transition labeled with ¢ (e.g., use a test that
has a single a-compatible computation whose last step leads to a distribution whose support contains
only a state with only one outgoing transition labeled with b that reaches success and a state with
only one outgoing transition labeled with ¢ that reaches success).
For each a, € (A;)* and R C A, we build an NPT 7, r = (Oq,.r, Ar, —>a,,r) having a single
op-compatible computation that goes from the initial state o, r to a state having a single transition
to w labeled with (i) o< @ if R = @ or (ii) < R if R # (). Since we compare individual states (like s;
and sg) rather than state distributions, the distinguishing power of ~pre-tbt,ais does not change if we
additionally consider tests starting with a single 7-transition that can initially evolve autonomously in
any interaction system. We thus build a further NPT 7 = (O, A,, —7) that has an initial 7-transition
and then behaves as one of the tests 74, g, i.e., its initial 7-transition goes from the initial state o to
a state distribution whose support is the set {0q,.r | &r € (A;)* A R C A}, with the probability pa, r
associated with o,, r being taken from the distribution whose values are of the form 1/2%, i € N-.
Note that 7 is not finite state, but this affects only the initial step, whose only purpose is to internally
select a specific ready trace.
After this step, 7 interacts with the process under test. Let p € (A x 24)* be a ready trace of the
form (a1, R1) ... (an, Ry), where n € N. Given s € S, consider the trace a,, € (A;)* of length n+1 in
which the first element is a; <R, with R C A being the set of actions labeling the outgoing transitions
of s, the subsequent elements are of the form a; < R;_1 for i = 2,...,n, and the last element is (i) o<
if R, =0 or (ii) _< Ry, if R, # 0. Then for all Z € Res(s) it holds that:
prob(RTCC(zs,p)) = 0

if there is no ay ... a,-compatible computation from z,, otherwise:

prob(RTCC(zs,p)) = prob(SCC(zs,,0, %pr))/Pas, . R,
where o/p,r is o, without its last element.
Suppose that s1 ~pre-tbt.dis S2, which implies that s; and sz have the same set R of actions labeling
their outgoing transitions and sq ; ~pTe-tbt,dis S2,r- Then:

e For each Z; € [Res(s;) there exists Zy € Res(sz) such that for all ready traces
p=(a1,R1)...(an, Ry) € (A x 24)* either:
prob(RTCC(zs,,p)) = 0 = prob(RTCC(zs,,p))
or:
prob(RTCC(zs,,p)) = prob(SCC(zslyno,apJ))/p%WRR =
= prob(SCC(zs,., .00 Apr))/Par, R

p,ritn

prob(RTCC(zs,,p))
e Symmetrically for each Z5 € Res(s2).

This means that s; ~prry,dis S2-
. We preliminarily observe that for all s € S, Z € Res(s), n € N, a =ay...a, € A*, and Fy,..., F,,
Ry,..., R, €24 it holds that:
prob(FTCC(zs, (a1, F1) ... (an, Fp))) =
= ZR;,...,R;L@A s.t. RiNF,=0 for alli=1,...,n prob(RTCC(zs, (a1, Ry) - . . (an, I7,)))
prob(RTCC(zs, (a1, R1) ... (an, Rn))) = prob(FTCC(zs, (a1, Ry) ... (an, Ry)))

R} CR, for some j=1,...,n

- ZR;,...,R;ezA s.6. RICR; for alli=1,...,n prob(RTCC(zs, (a1, Ry) - - (an, Ry,)))
where R; = A\ R; foralli=1,...,n.
Suppose that s; ~prrr ais S2. Then we immediately derive that:
e For each Z; € Res(s1) there exists 2 € Res(s2) such that for all (ay, F1) ... (an, F,) € (A x24)*:
prob(FTCC(zs,, (a1, F1) ... (an, Fy))) =

= ZR;,...,R,;ezA s.t. RiNF;=0 for alli=1,...,n prob(RTCC(zs,, (a1, Ry) ... (an, Ry,)))

= ZR’I,‘..,R;EQA s.t. RiNF;=0 for alli=1,...,n prob(RTCC(2s,, (a1, RY) - .. (an, R;,)))

= prob(FTCC(zs,, (a1, F1) ... (an, Fn)))

e Symmetrically for each Z; € Res(s2).
12



This means that s; ~ppTr dis S2-
Suppose now that s; ~ppy,dis S2. For each ready trace p € (A x 2‘4)* including at least one infinite
ready set, it trivially holds that for all Z; € Res(s1) and Z5 € Res(s2):

prob(RTCC(z4,,p)) = 0 = prob(RTCC(z, )
whenever the considered NPLTS is finitely branching. Thus, in order to prove that s; ~prry,dis 52, We
can restrict ourselves to ready traces including only finite ready sets. Given an arbitrary Z; € Res(s1)
that is matched by some Z5 € Res(s2) according to ~ppry qis, we show that the matching holds also
under ~prry.dis Dy proceeding by induction on the sum £ € N of the cardinalities of the ready sets
occurring in ready traces including only finite ready sets:

e Let kK =0, i.e., consider ready traces whose ready sets are all empty. Then for all « = a; ...a, €
A*:
prob(RTCC(zs,, (a1,0) ... (an,0))) = prob(FTCC(zs,, (a1, A) ... (an, A)))
= prob(FTCC(zs,, (a1, A) ... (an, A)))
prob(RTCC(zs,, (a1,0) ... (an,0)))

e Let k£ € N5y and suppose that the result holds for all ready traces for which the sum of the
cardinalities of the ready sets is less than k. Then for all (a, R1) ... (an, Rn) € (A x 24)* such
that Z1§i§n |R;| = k:

prob(RTCC(zs,, (a1, R1) ... (an, Ry))) = prob(FTCC(zs,, (a1, R1) ... (an, Ry)))

 CRyfor some j=1,...,n

R
- ZR&,...,RQGQA s.t. R} CR; for alli=1,...,n prOb(RTCC(ZSU (a17 Rll) e (a”’ R;L)))
)

= prob(FTCC(zs,, (a1, R1) ... (an, Ry)))

R’ CRj for some j=1,...,n
— 2R IJ%,’,L62A s.t. RICR; for alli=1,...,n prob(RTCC(zs,, (a1, RY) ... (an, R;)))

= prob(RTCC(zs,, (a1, R1) ... (an, Ry)))

’
19000

A similar result holds also starting from an arbitrary Z; € Res(sz) that is matched by some
Z, € Res(s1) according to ~ppry ais- Therefore, we can conclude that s; ~prry,dis S2-

. We preliminarily observe that for all s € S, Z € Res(s), a € A*, and F, R € 24 it holds that:
prob(FCC(zs, (o, F))) = ZR’EQA st. R'AF—0 prob(RCC(zs, (a, R)))

prob(RCC(zs, (o, R))) = prob(FCC(zs, (o, A\ R))) — > pic g Prob(RCC(2s, (o, R')))

Suppose that s; ~pg dgis 52. Then we immediately derive that:

e For each Z; € Res(s1) there exists Zo € Res(sz) such that for all (a, F) € A* x 24:
prob(FCC(zs,, (o, F))) = Y preaast. map—p PTob(RCC(2s,, (o, R')))
= L re2ast. nr=p PTOb(RCC(zs,, (a; RY)))
= prob(FCC(zs,, (a, F)))

e Symmetrically for each Z5 € Res(sz).

This means that s; ~pp qis 52.
Suppose now that s; ~ppais s2. For each ready pair (o, R) € A* x 24 such that R is infinite, it
trivially holds that for all Z; € Res(s1) and 22 € Res(s2):

prob(RCC(zs,, (o, R))) = 0 = prob(RCC(zs,, (a, R)))
whenever the considered NPLTS is finitely branching. Thus, in order to prove that s; ~pr gis S2, We
can restrict ourselves to ready pairs whose ready set is finite. Given an arbitrary Z; € Res(s) that
is matched by some Z; € Res(sz2) according to ~pr qis, we show that the matching holds also under
~pR,dis Dy proceeding by induction on the cardinality £ € N of the ready set of ready pairs whose
ready set is finite:

e Let k=0, i.e., consider ready pairs whose ready set is empty. Then for all « € A*:
prob(RCC(zs,, (a, 0))) = prob(FCC(zs,, (o, A))) =
= prob(FCC(zs,, (a, A))) = prob(RCC(zs,, (a, D))
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e Let k € Ny and suppose that the result holds for all ready pairs whose ready set has cardinality
less than k. Then for all (o, R) € A* x 24 such that |R| = k:
prob(RCC(zs,, (o, R))) = prob(FCC(zs,, (a, A\ R))) — > g/ g prob(RCC(zs,, (o, R')))
prob(FCC(zs,, (, A\ R))) — > pic g Prob(RCC(zs,, (o, R')))
= prob(RCC(zs,, (o, R)))

A similar result holds also starting from an arbitrary Zs € Res(sg) that is matched by some
Z4 € Res(s1) according to ~prp qis. Therefore, we can conclude that sq ~pg ais S2.
5. Suppose that s; ~ppry qis S2. Then we immediately derive that:

e For each Z; € Res(s;) there exists Z» € Res(sq) such that for all (a; ...an, F) € A* x 24:
prob(FCC(zs,, (a1 ...an, F))) = prob(FTCC(zs,,(a1,0)...(an_1,0)(an, F)))
prob(FTCC(zs,, (a1,0) ... (an—1,0)(an, F)))
prob(FCC(zsy, (a1 - .. an, F)))

e Symmetrically for each Z5 € Res(ss).

This means that s; ~pp qis 52.
6. Suppose that s; ~ppr; 2. Then we immediately derive that for all (a; ...a,, F) € A* X 24

e For each Z; € Res(s1) there exists Z5 € Res(s2) such that:
prob(FCC(zs,, (a1 ...an, F))) = prob(FTCC(zs,, (a1,0)...(an—1,0)(an, F)))
prob(FTCC(zsy, (a1,0) ... (an—1,0)(an, F)))
prob(FCC(zs,, (a1 ... an, F)))

e Symmetrically for each Z5 € Res(ss).

This means that s; ~pp sa.

7. Suppose that s1 ~ppry,un S2. Then we immediately derive that for all ¢ = (o, F) € A* x 24.
L prob(FCC(zs,, ) = LI prob(FTCC(2s,,(a1,0). .. (an-1,0)(an, F)))
Z1€Resq(s1) Z1€Resq(s1)

= L] prob(FTCC(zs,, (a1,0) ... (an—1,0)(an, F)))

ZoEResq (s2)

— I_l pTOb(.FCC(ngv SO))

ZoEResq(s2)

M prob(FCC(zs,,)) = W prob(FTCC(zs,, (a1,0) ... (an—1,0)(an, F)))

Z1EResq(s1) Z1EResq(s1)

= [ prob(FTCC(zs,, (a1,0) ... (an—1,0)(an, F)))

ZoEResq(s2)

= [T prob(FCC(zs,, ¢))
Zy€Resq(s2)
where a5 ...a, = o This means that s; ~pp n s2. [ |

All the inclusions in Thm. 3.14 are strict:

o Figures 3 and 4 respectively show that for all # € {PRTr, PFTr, PR} it holds that ~r 45 is strictly
finer than ~, and ~ is strictly finer than ~ .

o Figure 10 shows that ~pre-tbs,dis 1S strictly finer than ~prry gis. It holds that s1 9epTe-tht,dis S2 because
~PTe-tht,dis coincides with ~prev3 and the test in the considered figure distinguishes the two processes
with respect to ~prey3. In contrast, s1 ~prry.dis S2 because for each resolution of s (resp. s2) there
exists a resolution of sy (resp. s1) having precisely the same ready-trace distribution.

o Figure 13 shows that ~prry,dis and ~ppydis are strictly finer than ~pg gis and ~pr dis, respectively.
It holds that s1 %prv,dis S2 (and hence s1 2ppry.dis S2) because the ready-trace distribution of the
leftmost maximal resolution of s; in which the choice between b and d is resolved in favor of b is not
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Figure 14: Two NPLTS models distinguished by ~ppry/~pr1r,un and identified by ~pp/~pr,un

matched by the ready-trace distribution of any of the resolutions of s;. In contrast, s; ~pr.dis 52
(and hence s1 ~pp gis S2) because for each resolution of s; (resp. s2) there exists a resolution of sg
(resp. s1) having precisely the same readiness distribution. In particular, the readiness distribution
of the leftmost maximal resolution of s; considered before is matched by the readiness distribution
of the leftmost maximal resolution of ss in which the choice between b and d is resolved as before,
because when dealing with ready pairs instead of ready traces the probabilities of performing the two
b-transitions in those resolutions can be summed up in the case of traces of length greater than 1.
Likewise, the readiness distribution of the leftmost maximal resolution of s; in which the choice
between b and d is resolved in favor of d is matched by the readiness distribution of the central
maximal resolution of sy in which the choice between b and d is resolved in the same way.

o Figure 14 shows that ~ppr and ~ppry,n are strictly finer than ~pr and ~pg 0, respectively. It
holds that s1 %ppry,un s2 (and hence s1 #%ppry S2) because s1 has a computation compatible with the
failure trace (a, A\ {b,c}) (¢, A\ {e}) (e, A) while s, has no computation compatible with that failure
trace. In contrast, s ~pr sz (and hence s1 ~pr n s2) because, given an arbitrary failure pair, for
each resolution of s; (resp. sq2) there exists a resolution of sy (resp. s1) having the same probability of
performing a computation compatible with that failure pair.
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Figure 15: Two NPLTS models distinguished by ~pry n and identified by ~prry/~PR
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Figure 16: Two NPLTS models distinguished by ~prry,un/~pr,un and identified by ~pcty,dis/~PFTr

Moreover:

e ~pp and ~ppn are incomparable with the nine decorated-trace equivalences introduced in this
section. Indeed, in Fig. 7 it holds that s; ~pp s2 (and hence s1 ~ppn s2) — as can be seen by
taking the equivalence relation that pairs states having equally labeled transitions leading to the
same distribution — $1 oprrrun S2 (and hence s; oprmy S2 and s1 %prryais S2) — due to the ready
trace (a, {b}) (b, {c}) (¢,0) having maximum probability 0.68 in the first process and 0.61 in the second
process — 81 7¢pr,un S2 (and hence s1 %pr s2 and s1 %pRr.ais S2) — due to the ready pair (abc, () having
maximum probability 0.68 in the first process and 0.61 in the second process — and s1 %ppry,un S2 (and
hence s1 #ppry S2 and s1 pprr.dis S2) — due to the failure trace (a, A\ {b}) (b, A\ {c}) (¢, A) having
maximum probability 0.68 in the first process and 0.61 in the second process. In contrast, in Fig. 8
it holds that s1 #pp,un s2 (and hence s1 #pp s2) — as the leftmost state with outgoing b-transitions
reachable from ss is not LIM-bisimilar to the two states with outgoing b-transitions reachable from s; —
and $1 ~pre-tht,dis S2 (and hence s; and sy are also identified by the nine decorated-trace equivalences).

® ~pr.n IS incomparable with the nine decorated-trace equivalences introduced in this section. In-
deed, in Fig. 4 it holds that s; ~pre.un S2, sS1 %pr1y S2 (and hence s1 %priv,dis), S1 7%pr S2 (and
hence s1 #%pRr.ais), and s1 %ppre S2 (and hence s1 %ppry,dis). In contrast, in Fig. 10 it holds that
51 %pTe-un S2 and 1 ~pRrrr.dis S2 (and hence s1 ~pr.ais 52, S1 ~PFTr,dis 52, 51 ~PRTr 52, S1 ~PR 52,
and s; ~pp1y S2). Likewise, in Fig. 9 it holds that s; ~pre.n s2 — as there is no test that results in
an interaction system having a maximal resolution with differently labeled successful computations of
the same length and hence no possibility of summing up their success probabilities — s1 %prrr,un 52 —
due to the ready trace (a, {b}) (b, ) whose maximum probability is 0.24 in the first process and 0.21
in the second process — s1 7pr,un s2 — due to the ready pair (ab,?) whose maximum probability is
0.24 in the first process and 0.21 in the second process — and s1 %ppry,un S2 — due to the failure trace
(a, A\{b}) (b, A) whose maximum probability is 0.24 in the first process and 0.21 in the second process.
In contrast, in Fig. 3 it holds that s; %pre-un S2, 51 ~PRTr,UN S2, S1 ~PR,uN S2, and S1 ~prTr,un S2-

® ~PRTr; ~PR; ~PRTr,un; ald ~pr un are incomparable with ~poTy dis, ~PTr,diss ~PFTr, ~PF, ~PTe-tbts
~PCTr, ~PTrs ~PFTr,UM> ~PF,UM, ~PTe-tbt,uns ~PCTr,un, a0d ~pry n. Indeed, in Fig. 15 it holds that
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Figure 17: Two NPLTS models distinguished by ~pr/~pr,un and identified by ~prr:/~pPRTr,uN

s1 ~prrr S2 (and hence $1 ~prrr,un S2), 51 ~pr S2 (and hence s1 ~prun S2), and s1 #prrun S2
(and hence s1 #pctr,un 52, 51 #PTe-tbt,un 52, 51 PF,un 52, 51 PFTrun 52, 51 %PTr 52, S1 XPCTr S2,
81 %PTe-tbt S2, S1 %PF S2, S1 #PFTy 2, 81 7Py dis 52, and 81 %pcty,dis S2) — due to the trace a b having
maximum probability 1 in the first process and 0.5 in the second process. In contrast, in Fig. 16 it holds
that s; #prry,un s2 (and hence s1 #prmv S2), 81 #Pr,un 2 (and hence s1 %pr S2), 81 ~PCTy,dis 52
(and hence s; ~prr dis 52), and s1 ~prrr S2 (and hence s; ~pp S2, §1 ~PTe-tbt 52, 51 ~PCTr 52,
§1 ~PTr $2, S1 ~YPFTr,un $2, S1 ~YPF,un $2, 81 ~PTe-tbt,Un $2, S1 ~PCTr,un S2, and s; ~PTr,UN 52)~

e ~prrr and ~prry,un are incomparable with ~pgr and ~pgr n. Indeed, in Fig. 17 it holds that
$1 ~prry S2 (and hence s1 ~prry,un S2) and s1 ¢prun S2 (and hence s1 #pr s2) — due to the
ready pair (ab f,?) having maximum probability 1 in the first process and 0.5 in the second process.
In contrast, in Fig. 14 it holds that s1 %prrv,un s2 (and hence s1 %prry S2) — due to the ready trace
(a,{b,c}) (¢, {e}) (e,0) having maximum probability 1 in the first process and 0 in the second process
—and s; ~pR s2 (and hence $1 ~pr un S2)-

e ~ppry and ~pp1yn are incomparable with ~pctygis and ~py gis, because in Fig. 3 it holds that
s1 ~pr1y S2 (and hence s ~pprr,un S2) and s1 %pry ais S2 (and hence s1 #pcty.dis S2), while in Fig. 5
it holds that sy oppry,un S2 (and hence s1 %ppry S2) and s; ~pcrr,ais S2 (and hence s1 ~pry gis S2)-

® ~ppry,un is incomparable with ~pct, and ~py, because in Fig. 4 it holds that s; ~pp1y,un s2 and
s1 %p1y S2 (and hence s bpcry s2), while in Fig. 5 it holds that s1 #%ppry,un s2 and s1 ~pcorr s2 (and
hence s1 ~pry $2).

® ~ppTy,un is incomparable with ~pp and ~pretpt too. Indeed, in Fig. 4 it holds that s1 ~pprv,un S2
and s1 %pretbt S2 (and hence s; o#pp s2). In contrast, in Fig. 14 it holds that s; %ppr un S2 and
51 ~pr S2. Likewise, in Fig. 11 it holds that s; ®prry,un s2 and $1 ~pre-tbt S2.

3.3. Simulation, Completed-Simulation, Failure-Simulation, and Ready-Simulation Equivalences

The variant of bisimulation equivalence in which only one direction is considered is called simulation preorder,
which is a refinement of trace inclusion. Simulation equivalence is defined as the kernel of simulation preorder.
In the probabilistic setting, simulation equivalence was defined by means of weight functions in [10]. Here we
shall follow an alternative characterization introduced in [5], which relies on preorders as well as on closed
sets. Given an NPLTS (S, A, —), a relation S over S, and S’ C S, we say that S’ is an S-closed set iff
S§(8)={s"€ 5|3 €5.(s,5") € S} is contained in S’. Notice that, if S is an equivalence relation, then
an S-closed set is a group of equivalence classes.

Definition 3.15. (Probabilistic set-distribution similarity — ~ps dis — [15])

51 ~ps,dis S2 iff 51 Epg.ais S2 and sa Tpg.qis S1, where Cpg gis is the largest probabilistic set-distribution
simulation. A preorder S over S is a probabilistic set-distribution simulation iff, whenever (s1,s2) € S, then
for each s; — D; there exists sy — Do such that for all S-closed S’ C S it holds that D;(S") < Dy(S’). B
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Definition 3.16. (Probabilistic similarity — ~pg — [17])
s1 ~ps So iff s1 Cpg s2 and so Cpg s1, where Cpg is the largest probabilistic simulation. A preorder S
over S is a probabilistic simulation iff, whenever (s1,s2) € S, then for all S-closed S’ C S it holds that for

each s; —— D; there exists sy — Dy such that D;(S) < Dy(S5"). [ |

Definition 3.17. (Probabilistic U-similarity — ~ps ;)
51 ~ps,u S2 iff 51 Cpgy s2 and sy Cpg, S1, where Cpg |, is the largest probabilistic L-simulation. A
preorder S over S is a probabilistic U-simulation iff, whenever (s1,s2) € S, then for all S-closed S’ C S and
a € A it holds that s; —— implies sy — and:

LI Du(s") < U DY)

$1 — Dy S9 — Dy |

Similar to trace semantics, a number of variants of simulation semantics can be defined in which the
sets of actions that can be refused or accepted by states are also considered. Given s € S, in the following
we let init(s) = {a € A | s—%3}. Observing that init(s;) C init(so) whenever s; and so are related by a
simulation semantics, the additional constraints are the following, where the names of the obtained variants
are reported in parentheses:

o init(s1) = 0 = init(s2) = 0, for completed simulation (~pcs dis, ~PCs, ~PCs,L)-
o init(s)) NF =) = init(sy) N F = () for all F € 24, for failure simulation (~PFs,dis, ~PFS, ~PFS,L)-
o init(s1) = init(sz), for ready simulation (~pRrs dis, ~PRS, ~PRS,L)-

Of the variants mentioned above, only ~pps 4is has appeared in the literature of nondeterministic and
probabilistic processes [3, 2].

We now investigate the relationships of the twelve simulation-based equivalences among themselves and
with the various equivalences defined in [1] and in this paper. First of all, it turns out that every simulation-
based equivalence relying on partially matching transitions coincides with the corresponding simulation-
based equivalence relying on extremal probabilities. Moreover, ready-simulation semantics coincides with
failure-simulation semantics, but the various simulation-based semantics do not collapse to bisimulation
semantics as in the case of fully probabilistic processes [10]. Each of the simulation-based equivalences relying
on fully matching transitions is comprised between bisimilarity and the corresponding trace equivalence, as in
the fully nondeterministic spectrum [18]. In contrast, the simulation-based equivalences relying on partially
matching transitions or extremal probabilities are incomparable with most of the other equivalences.

Theorem 3.18. It holds that:

~rdis © ~r =~ for all 7 € {PS,PCS, PFS, PRS} over image-finite NPLTS models.

~pB,o' C ~PRS,c = ~PFS,c C ~pcs,e C ~ps,s for all o € {dis,e, U} and o’ € {dis, e, UN} related to o.
~PS,dis © ~PTr,dis-

~PCS,dis & ~PCTr,dis-

~PRS,dis & ~PTe-tbt,dis-

O W=

Proof Let (S, A,—) be an NPLTS and s1, s € S:

1. The proof of the fact that ~r gis C ~r C ~r, for all 7 € {PS,PCS,PFS, PRS} is similar to the proof
of Thm. 6.5(1) in [1]. Moreover, it holds that ~. |, C ~, (and hence ~, =~ ;) when the NPLTS
is image finite. In fact, supposing that s; ~r | S2, given a ~, -closed set S’ C S image finiteness
guarantees that the following two sets:

U DS} and U {Da(5")}

S1 L Dl S2 L> DZ
are finite. In turn, the finiteness of those two sets ensures that their suprema respectively belong to
the two sets themselves. As a consequence, starting from:
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L Du(s) < L DY)
51— D, 52— Da
when both s; and sy have at least one outgoing a-transition, it holds that for each sy LN D] there exists
59— D} such that Dj(S") < D,(S’) because we can take Dj such that D5(S) = | | Do (S").
This means that s; ~; ss.

2. The fact that ~pp o C ~prs,c C ~pPFs,c C ~Pcs,c C ~ps,s for all o € {dis,&, |_|} and o’ € {dis,a, |_|F|}
related to o is a straightforward consequence of the definition of the various equivalences. Moreover, it
holds that ~prs » C~prs,» (and hence ~prs » =~prs ). In fact, supposing that s; and so are related
by a simulation semantics so that init(s1) C nit(sq), if init(s1) # init(s2) because of some a € A
such that a ¢ init(s1) and a € init(s2) — which means that s; 7prs,» s2 — then nit(s;) N {a} = 0 but
init(s2) N {a} # 0 — which means that s1 %pps + S2.

3. We show that s; Cpg gis S2 = 51 Cpry,dis S2 from which the result will follow, where s1 Cpry qis S2
means that for each Z; € Res(s1) there exists Z5 € Res(sz) such that for all & € A* it holds that
prob(CC(zs, , ) = prob(CC(zs,, a)).

Suppose that s; Cpg gis S2. This means that (s, s2) € S for some probabilistic set-distribution simu-
lation S over S. In turn, this induces projections of S that are fpr-simulations over pairs of matching
resolutions and, since resolutions are fully probabilistic, we derive from [10] that such projections are
actually fpr-bisimulations [6]. As a consequence, whenever (r1,72) € S, then for each Z; € Res(r1)
there exists Z; € Res(rz) such that the preorder S; 2 over Z = Z; U Z; corresponding to S projected
onto Z X Z is an fpr-bisimulation, i.e., it is an equivalence relation and, whenever (zsr1 723'2) € Si,2,

82L>’D2

then for each Zst —25 Dy there exists Zs, — Dy such that for all equivalence classes C' € Z /S12 it

holds that D, (C) = Ds(C).

Given s, s5 € S such that (s},s5) € S and given Z; € Res(s}) and Z5 € Res(s) such that z, and

zg, are related by one of the projections of S, we prove that for all a € A* it holds that:
prob(CC(zy, ) = prob(CC(zy,, )

by proceeding by induction on the length n of a:

e If n=0,ie., a=c¢, then:
prob(CC(z,, ) = 1 = prob(CC(zy, a))

e Let n € Ny and suppose that the result holds for all traces of length m = 0,...,n —1 that label
computations starting from pairs of states of Z related by one of the projections of S. Assume
that o = a /. Given s € S and Z € Res(s), it holds that, whenever z, — D, then:

prob(CC(zs, ) = > D(zg) - prob(CC(zs,a')) =  >°  D([zs]) - prob(CC(zs,a’))
2, €Z z41]€2/S!
where S’ is a projection of S and the factorization of prob(CC(zs,a’)) with respect to the specific
representative zy of the equivalence class [zy] stems from the application of the induction hy-
pothesis on o' to all states of that equivalence class. Since zg and zg are related by a projection
81,2 of S, it follows that, whenever zy -5 Dy, then Zs) 25 Dy and:
prob(CC(zy, ) = > D1 ([zs]) - prob(CC(zs, ")) =
[ZS/JGZ/SLQ
= > Dy ([25]) - prob(CC (25, ")) = prob(CC(zy;, )
[25/]62/5112
Therefore s1 Cpry,qis S2-
4. The proof that s1 Epcs,dis S2 = 51 Epcr,dis 52, from which the result follows, is similar to the proof
of the previous result. We note that:

e For fully probabilistic models like resolutions, fpr-completed simulations are coarser than
fpr-bisimulations and finer than fpr-simulations. Since fpr-simulations are fpr-bisimulations over
these models [10], also fpr-completed simulations are fpr-bisimulations.

e In the base case of the induction, it additionally holds that:

prob(CCC(zy;,a)) = prob(CCC(zyy, ) = { (1) ﬁ zzzigz

) = init(sh) =

0
) # 0 # init(s3)

_~ o~
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Figure 18: Two NPLTS models distinguished by ~pg_qis/~pB/~PB,un and identified by ~pRrs dis/~PRS/~PRS,U

where init(s}) = 0 iff init(sh) = 0 because (s],s5) € S and S is a probabilistic set-distribution
completed simulation.

e In the general case of the induction, prob(CCC(zs, «)) is expressed recursively in the same way as
prob(CC(zs, a)).

5. The proof that s; Cprs,dis 52 = 51 CpTe-tbt,dis S2, from which the result follows, is similar to the
proof of Thm. 6.5(2) in [1]. We note that:

e We exploit the fact that states related by CTpgrg qis have the same set of actions labeling their
outgoing transitions to establish a connection among resolutions of the interaction systems that
are maximal (remember that states not enjoying that property are trivially distinguished by
C P Te-tbt,dis ) -

e For fully probabilistic models like maximal resolutions, fpr-ready simulations are coarser than
fpr-bisimulations and finer than fpr-simulations. Since fpr-simulations are fpr-bisimulations over
these models [10], also fpr-ready simulations are fpr-bisimulations. [ |

All the inclusions in Thm. 3.18 are strict:

e Figures 3 and 4 respectively show that for all 7 € {PS, PCS, PFS, PRS} it holds that ~ qis is strictly
finer than ~, and ~ is strictly finer than ~ .

o Figure 18 shows that ~pp o is strictly finer than ~prs, for all o € {dis,e,U} and o’ € {dis,e, UM}
related to o. In particular, s; and so are not bisimilar because the leftmost state with outgoing
b-transitions reachable from s; is not bisimilar to the only state with outgoing b-transitions reachable
from ss.

e Figure 5 shows that ~pgrg . is strictly finer than ~pcg , for all o € {dis, e, U}. In particular, s; and sz
are not ready similar because the leftmost state with outgoing b-transitions reachable from s; is not
ready similar to the only state with outgoing b-transitions reachable from ss.

e Figure 6 shows that ~pcg,, is strictly finer than ~pg . for all o € {dis,e,U}. In particular, s; and so
are not completed similar because the rightmost state reachable from s; after performing a is not
completed similar to the only state reachable from s, after performing a.

e Figure 8 shows that ~pg dis, ~pPcs,dis;, and ~prg,dis are strictly finer than ~pry qis, ~PcTr,dis, and
~PTe-tbt,dis) respectively. It holds that s; ’/’PS,dis So (and hence s; ’%/PCS,dis s9 and s7 7Z/PRS,dis 82)
because the leftmost state with outgoing b-transitions reachable from ss is not set-distribution similar
to the two states with outgoing b-transitions reachable from s;. In contrast, s; ~pTetbt,dis S2 (and
hence s; ~pctrdis S2 and s1 ~ptr.dis S2) because success probabilities are computed in a trace-by-trace
fashion without adding up over different traces.
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Moreover:

® ~pcs dis is incomparable with the five testing equivalences and the twelve decorated-trace equivalences.
Indeed, in Fig. 5 it holds that s; ~pggais S2 — as can be seen by taking the preorder that pairs
states having at least one equally labeled transition — s1 %pretbt,un S2 (and hence s; and sy are
also distinguished by the other four testing equivalences, the three failure equivalences, and the three
failure-trace equivalences) — due to the test having an a-transition followed by a c-transition leading to
success, which results in a maximal resolution with completed trace a when interacting with the first
process and no maximal resolution with completed trace a when interacting with the second process
—and s1 %prun S2 and $1 Yprry,un S2 (and hence s; and sp are also distinguished by the other
two readiness equivalences and the other two ready-trace equivalences) — due to the ready pair and
ready trace (a,{b}) having maximum probability 1 in the first process and 0 in the second process.
In contrast, in Fig. 8 it holds that s1 #pcs,dis S2 — as the leftmost state with outgoing b-transitions
reachable from s5 is not set-distribution completed similar to the two states with outgoing b-transitions
reachable from s; — and s; ~pre-tbt,dis S2 (and hence s; and sy are also identified by the other four
testing equivalences and the twelve decorated-trace equivalences).

® ~pgdis iS incomparable with the five testing equivalences, the twelve decorated-trace equivalences,
and the three completed-trace equivalences. Indeed, in Fig. 6 it holds that s; ~pgdis sS2 — as can
be seen by taking the preorder that pairs states having equally labeled transitions — s1 #pcre,un S2
(and hence s; and sy are also distinguished by the other two completed-trace equivalences, the three
failure equivalences, and the three failure-trace equivalences) — due to the completed trace a having
maximum probability 1 in the first process and 0 in the second process — $1 %pre-tbt,un S2 (and hence
s1 and sg are also distinguished by the other four testing equivalences) — due to the test having an
a-transition followed by a b-transition leading to success, which results in a maximal resolution with
completed trace a when interacting with the first process and no maximal resolution with completed
trace a when interacting with the second process — and s; %pr,un s2 and s1 %prry,un S2 (and hence
s1 and ss are also distinguished by the other two readiness equivalences and the other two ready-trace
equivalences) — due to the ready pair and ready trace (a,() having maximum probability 1 in the
first process and 0 in the second process. In contrast, in Fig. 8 it holds that s; opg gis s2 — as the
leftmost state with outgoing b-transitions reachable from ss is not set-distribution similar to the two
states with outgoing b-transitions reachable from s; — and $1 ~pre-tbt,dis S2 (and hence s; and sy are
also identified by the other four testing equivalences, the twelve decorated-trace equivalences, and the
three completed-trace equivalences).

e ~, and ~ , are incomparable with the five testing equivalences and the eighteen trace-based equiva-
lences for all m € {PS,PCS, PFS, PRS}. Indeed, in Fig. 7 it holds that s; ~pgrs $2 (and hence s; and
s9 are also identified by the other seven simulation-based equivalences) — as can be seen by taking the
preorder that pairs states having equally labeled transitions leading to the same distribution — and
S1 %PTe,un S2, S1 %PR,.UN S2, and $1 %prry,un S2 (and hence s; and sy are also distinguished by the
other fifteen trace-based equivalences and the five testing equivalences) — due to the trace abe, the
ready pair (abc, ), and the ready trace (a, {b}) (b, {c}) (¢, ?) having maximum probability 0.68 in the
first process and 0.61 in the second process. In contrast, in Fig. 8 it holds that s1 o#pg n s2 (and hence
s1 and sy are also distinguished by the other seven simulation-based equivalences) — as the leftmost
state with outgoing b-transitions reachable from s, is not U-similar to the two states with outgoing
b-transitions reachable from s; — and $1 ~pre-tbt,ais S2 (and hence s; and sg are also identified by the
other four testing equivalences and the eighteen trace-based equivalences).

e ~pp and ~pp n are incomparable with ~, 4;s for all 7 € {PS,PCS,PFS,PRS}, because in Fig. 3
it holds that s; ~pp s2 (and hence s; ~ppun s2) and s1 7pg.dis S2 (and hence s1 %pcs.dis S2,
S1 7APFS,dis S92, and sq %PRS,dis 82), while in Fig. 18 it holds that s; ’/‘PB,I_II_I So (and hence s 7413]3 82)
and s; ~prs,dis 52 (and hence s; ~prg dis 52, 51 ~Pcs,dis 52, and 51 ~pg dis 52)-
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Figure 19: Full spectrum of strong behavioral equivalences for finitely-branching NPLTS models (deterministic schedulers)

® ~pRS, ~PFS, ~PRS,u; ahd ~ppg, are incomparable with ~pcg qis and ~pg qis, because in Fig. 3 it
holds that S1 ~YPRS S2 (and hence S1 ~“PFS S2, S1 ~PRS,U 52, and S1 ~PFS,U 82) and S1 ’%‘PS,dis S92 (and
hence s1 %pcs.dis S2), while in Fig. 5 it holds that s1 sprs 1y s2 (and hence sq prs i S2, S1 %pFs S2,
and s1 7¢prs s2) and s1 ~pcs.dis S2 (and hence $1 ~pg qis 52)-

e ~pcg and ~pcg,y are incomparable with ~pg qis, because in Fig. 3 it holds that s; ~pcs s2 (and
hence s1 ~pcs,u S2) and $1 7%ps.ais S2, while in Fig. 6 it holds that s; ~pg qis S2 and s1 %pcs,u S2
(and hence s1 pcs $2).

3.4. A Full Spectrum

The spectum of all the considered equivalences is depicted in Fig. 19. We have followed the same graphical
conventions mentioned at the beginning of Sect. 3, with adjacency of boxes within the same fragment having
the same meaning as bidirectional arrows connecting boxes of different fragments, i.e., coincidence. Note that
there are many more dashed boxes (corresponding to equivalences introduced in this paper) than in Fig. 1.

The top fragment of the spectrum in Fig. 19 refers to the considered equivalences that are based on fully
matching resolutions. Similar to the spectrum for fully probabilistic processes in [11, 8], many equivalences
collapse into a single one; in particular, ready-simulation semantics coincides with failure-simulation seman-
tics, ready-trace semantics coincides with failure-trace semantics, and readiness semantics coincides with
failure semantics. Different from the fully probabilistic spectrum, in the top fragment we have that the var-
ious simulation-based semantics do not coincide with bisimulation semantics [10] and that completed-trace
semantics does not coincide with trace semantics [11, 8]. Moreover, testing semantics turns out to be finer
than failure semantics.

The central fragment and the bottom fragment of the spectrum in Fig. 19 instead refer to the consid-
ered equivalences that are based on partially matching resolutions and extremal probabilities, respectively.
These equivalences are coarser than those in the top fragment and do not flatten the specificity of the
intuition behind the original definition of the behavioral equivalences for LTS models. Therefore, the two
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fragments at hand preserve much of the original spectrum in [18] for fully nondeterministic processes, with
testing semantics being coarser than failure semantics. It is worth noting the coincidence of corresponding
simulation-based equivalences in the two fragments (due to the fact that the comparison operator < is used
in their definitions), whereas this is not the case for the two bisimulation equivalences (as the comparison
operator = is used instead in their definitions). We finally stress the isolation of bisimulation semantics,
simulation semantics, ready-trace semantics, and readiness semantics in the two fragments, as well as the
partial isolation of ~pre. .

4. Deterministic Schedulers vs. Randomized Schedulers

So far, we have considered strong equivalences for NPLTS models that compare probabilities calculated after
resolving nondeterminism by means of deterministic schedulers. We now examine the case of randomized
schedulers. Each of them selects at each state a convex combination of equally labeled transitions, which
is called a combined transition [14]. Notice that a deterministic scheduler is a special case of randomized
scheduler in which every selected combination involves a single ordinary transition.

Definition 4.1. Let £ = (S, 4, —) be an NPLTS and s € S. We say that an NPLTS Z = (Z, A, —z)
is a resolution of s obtained via a randomized scheduler iff there exists a state correspondence function
corrz : Z — S such that s = corrz(z,), for some z5 € Z, and for all z € Z it holds that:

e If z—%5 2 D, then there exist n € Nxg, {p; € Rjgq; | 1 < i < n}, and {corrz(z) - D; | 1 <i < n}
such that Y1 p; =1 and D(2') = > p; - Di(corrz(2')) for all 2’ € Z.

o If %% Dy and z 2z Dy, then a1 = as and D; = Ds. [ ]

For each strong behavioral equivalence ~ introduced in [1] and in this paper, we denote by ~°* the corre-
sponding equivalence based on combined transitions (ct-equivalence for short), i.e., in which nondeterminism
is resolved by means of randomized schedulers. For the eighteen trace-based equivalences and the five testing
equivalences, the only modification in their definitions is the use of Res® in place of Res, where Res is
the set of resolutions of a state obtained via a randomized scheduler. For the fifteen (bi)simulation-based
equivalences, the only modification in their definitions is the direct use of combined transitions (denoted by
—¢) instead of ordinary transitions.

All the results connecting the various equivalences and the counterexamples showing strict inclusion or
incomparability are still valid for the ct-equivalences. A notable exception is given by the counterexamples
based on Fig. 4, as the central offer-transition of s; can now be obtained as a convex combination of the
two offer-transitions of sy with both coefficients equal to 0.5. Indeed, no ct-equivalence can be finer than
the corresponding equivalence arising from deterministic schedulers, as matching ordinary transitions induce
matching combined transitions.

While every ct-equivalence based on fully matching resolutions is still strictly finer than the correspond-
ing ct-equivalences based on partially matching resolutions or extremal probabilities (the counterexample
provided by Fig. 3 is still valid), it turns out that every ct-equivalence based on partially matching resolu-
tions coincides with the corresponding ct-equivalence based on extremal probabilities. As far as ~pre.n
and ~prey3 are concerned, their ct-variants coincide as well. In other words, when moving to randomized
schedulers, the central fragment and the bottom fragment of the spectrum in Fig. 19 collapse. Pictorially,
all the ordinary arrows in Fig. 19 going from the central fragment to the bottom one become bidirectional
in the presence of randomized schedulers. Moreover, it holds that every ct-equivalence based on extremal
probabilities coincides with the corresponding equivalence in the bottom fragment of the spectrum in Fig. 19.

Theorem 4.2. It holds that:

1. ~ C ~° for every considered equivalence ~.
2.~ €~ =~ = ~gun for all m € {PB, PTe-tbt, PRTr, PFTr, PR, PF, PCTr, PTr} over image-
finite NPLTS models.
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3.

4.

~ g © ot =~ = ~p ) for all e {PS, PCS, PFS, PRS} over image-finite NPLTS models.

™ d is =" "m
ct — ¢t — ¢t : :
~PTe-UM = ~PTeun = ~PTeva = ~PTetbtdis OVer image-finite NPLTS models.

Proof Let (S, A,—) be an NPLTS and s1,s2 € S:

1.

2.

Since matching ordinary transitions induce matching combined transitions, ~°* performs at least the
same identifications as ~.
The proof of the fact that ~¢' ;0 C ~S C ~¢' ) is similar to the proof of Thm. 6.5(1) in [1] when
7m = PB, to the proof of Thm. 5.9(2) in [1] when 7w = PTe-tbt, and to the proof of Thm. 3.5 in [1] in
all the other cases. Moreover, it holds that ~' - € ~¢' (and hence ~5' = ~¢' ) when the NPLTS is
image finite.
Consider the case m = PB and suppose that s; ~$p , s2. This means that there exists a
ct-probabilistic LIN-bisimulation B over S such that (si,s;) € B. Given G € 298 and a € A, as-
sume that there exists s; — Dy such that Dy(|JG) = p. Since (s1,52) € B and the NPLTS is image
finite, there exist sy —, D} such that D(|JG) = p’ < p and sy ——. DY such that DY (JG) =p” > p.
Ifp =p (resp p"” = p), then s; —— D; is trivially matched by sy ——. D} (resp 59 —. DY) with
respect to ~ when considering G. Assume that p’ < p < p” and note that sy ¢ (v - Dy +y - DY)
for all z,y € R]OJ] such that x +y = 1. Indeed, directly from the definition of combined transition,
we have that:

o Since sy 5. D}, there exist n € Nso, {p} € Rjg.q | 1 < < n}, and {s2 D! |1<i<n}such

that Z?:l p; =1 and Z?:l 2 75; =Ds.
e Since sy —. DY, there exist m € Nsg, {P] €Rypqy [ 1 <j <m}, and {sg L>ZA);/ [1<j<m}
such that 377" pf =1 and 337, p/ - D” Dy.
Hence, (x - D) + y - DY) can be obtained from the appropriate combination of:
{s2-5Dj|1<i<n}U{ss-5D/|1<j<m}
with coeflicients:
{x-p;eRm] | 1<i<n}U{y-p”€R]01] | 1<j<m}

If we take ¢ = ;’,,,/_ > and y = ﬁ, then s —25. (p,, > - DL+ - D!, ) with:
(5= Dy + 22 2)<ug> = =L DY) + 52 - DY(UY)
_ p'—p p=p 1 _ pp'—pp+pp”—pp”’
- p//_yl/ ? + p//_p p - p//_p/
=p ey = p = Di(U9)

Due to the generality of (s1,s2) € B,a € A, and G € 25/B it turns out that B is also a ct-probabilistic
bisimulation, i.e., s1 ~§p sa.

The proof for the other seven cases is similar, with actions being replaced by traces and transitions be-
ing replaced by resolutions. For instance, suppose that s; NSTE,_,H so. Given oo € A*, assume that there
exists Z; € ResS'(s1) such that prob(CC(zs,,a)) = p. Since s, N%tTr un S2 and the NPLTS is image fi-
nite, there exist 24, 2 € Res{(s2) such that prob(CC(z},,a)) = p’ < p and prob(CC(z),, @) = p” > p.
If p = p (rvesp. p” = p), then Z; is trivially matched by Z4 (resp. Z%) with respect to ~fiy, when
considering . Assume that p’ < p < p” and consider the resolution Z5 = x - Z5 +y - Z of s5 defined
as follows for z,y € Ryg 1) such that z +y = 1. Since p’ # p” and they both refer to the probability
of performing an a-compatible computation from s, the two resolutions 24 and Z4 of s, differ at
least in one point in which the nondeterministic choice between two transitions labeled with the same
action occurring in « has been resolved differently. We obtain Z; from Zj and ZJ by combining
the two different transitions into a single one with coefficients = and y for their target distributions,

respectively, in the first of those points. If we take z = ;’,/,/_p, and y = ,, ,, then:
pOHCC ) = F - prOMCC(Ls ) + 2 - prob(CC(: )
_ p'=p . P+ D p = p -p’ fpp +pp —p'-p”
p"—z;/’ , p’ —p p"'—p’
=p- H = p = prob(CC(zs,,))
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Due to the generality of v € A*, it turns out that s ~&p. so.

The fact that ~; 0 C Nf})ul—l stems from the first result of this theorem. Moreover, it holds that
~%'n € ~run (and hence ~$* | =~ n) when the NPLTS is image finite.

Consider the case m = PB and suppose that s; ~§5 , s2. This means that there exists a
ct-probabilistic UM-bisimulation B over S such that (s1, s2) € B. In other words, whenever (s}, s5) € B,
then for all G € 29/B and a € A it holds that s} —* iff s;, —%+ and:

L DiU9) = U DU9)

Sll L>C D, 5/2 Lﬂ: Do
[ DuU9 = [1 DU9)
st 25Dy 54 2. Dy

Since the NPLTS is image finite, given G € 2%9/B, ¢ € A, and s € S having at least one outgoing

a-transition, it holds that:
L pU9 = U DU9)

SL>CD s D
[ pUY9 = [1 DUY9)
si>CD s D

because the supremum and the infimum on the left are respectively achieved by two ordinary
a-transitions of s. In fact, let Dy (resp. D) be the target of an a-transition of s assigning the
maximum (resp. minimum) value to | JG among all the a-transitions of s and consider an arbitrary
convex combination of a subset {s — D; | 1 < i < n} of those transitions, with coefficients py, ..., pn
and n € N5g. Then:

éprmug) < ;ilpi-Du<ug> DY)
_Zzlpi-mug) > gpivnwm - D(U9)

As a consequence, whenever (s/,s5) € B, then for all a € A and G € 2%/8 it holds that s| —% iff s;, -

and:
LU DuU9) = U D(U9)
s'liWDl sé#Dz
[T DuU9) = [1 D2AU9)
s/li>D1 sf‘,i>D2

This means that B is also a probabilistic UM-bisimulation, i.e., s; ~pp,un S2.
The proof for the other seven cases is similar, with actions being replaced by traces and transitions
being replaced by resolutions. For instance, suppose that s; NCPtTr,ul‘l So. This means that for all

a € A*:
L prob(CC(zs,, ) = L prob(CC(zs,, )
Z1€ResS(s1) Z2€ResS (s2)
[T prob(CC(zs,, ) = [T prob(CC(zs,, a))
Z1€ResS(s1) Z3€ResS (s2)
Given a € A* and s € S, it holds that:
L] prob(CC(zs, ) = Ll prob(CC(zs,))
Z€EResSt(s) ZEResqa(s)
[1  prob(CC(zs, ) = [1 prob(CC(zs,))
Z€EResSt(s) ZEResq(s)

In fact, observing that:
L] prob(CC(zs,0)) > Ll prob(CC(zs,))
Z€EResSt(s) ZEResqa(s)
because the set of probabilities on the left contains the set of probabilities on the right (a dual property
based on < holds for infima), we prove that:
L] prob(CC(zs, ) < L] prob(CC(zs,))
Z€EResC(s) ZEResq(s)
by proceeding by induction on the length n of o (a dual property based on > can be proved for infima):

e If n=0,ie., a=c¢, then:
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L] prob(CC(zs,00)) = 1 = L] prob(CC(zs,))
Z€EResC(s) Z€EResq(s)
e Let n € Ny and suppose that the property holds for all traces of length m = 0,...,n — 1.
Assume that & = a/. If s has no outgoing a-transitions (an outgoing non-a-transition in the
case of infima), then:

LI prob(CC(zs,0)) = 0 = || prob(CC(zs, )
Z€eRest(s) o Z€EResq(s)
otherwise, indicating with s —.D. a combined transition from s with D, = Zzl pi - D;,

we have that:

prob(CC(zs, ) =

Z€EResC(s)

= U X |Ds): LJ prob(CC(zL,,a))
s, D, $'E€S Z'€Res®, (s")

< U X (D) LJ prob(CC(zL,,a))
s 2. D, S'ES Z'€Res 1 (s")

= U (i Di(s')) L prob(CC(zy, "))
s 25 De s’es \i=1 Z'€Res/(s")

= U X Di(s")- 1 prob(CC(z,a"))
525, D, =1 s'es Z/€Res /(s')

< U Xe-U | X |Dis) U prob(CC(zy,a))
s %D, =1 =1 \s'€S Z'€Res i/ (s")

= U U Dy(s') - L] prob(CC(zL,,a))
s -2, D, i=1 \ s’eS Z'€Res i/ (s")

= U 3 [D()- L] prob(CC(zL,,a))
s p s'€S Z'€Res i (s')

= L] prob(CC(zs,))
ZEResq(s)

where in the third line we have exploited the induction hypothesis and in the seventh line the
fact that >0, p; = 1.

As a consequence, for all o € A*:

LI prob(CC(zs,, ) = LI prob(CC(zs,,))
Z1EResq(s1) ZyEResq(s2)

I prob(CC(zs,, ) = [ prob(CC(zs,, )
Z1EResq(s1) ZyEResq(s2)

This means that s; ~p1yn s2.
. The proof of the fact that ~¢ ;0 €~ =~  is similar to the proof of Thm. 3.18(1).

,dis
The proof of the fact that Ngrt,u =~ is similar to the proof of the corresponding part of the second
result of this theorem for bisimulation semantics.
. We start by proving that ~pren = N(l:)tTe—l_IH' Given an arbitrary state s € S and an arbitrary NPT

T = (0, A, —7) with initial state o € O, it holds that:

L prob(SC(zs,0)) = L] prob(SC(zs,0))
Z€ResSt,  (s,0) ZEResmax(8,0)

[l prob(SC(zs,0)) = [ prob(SC(zs,0))
Z€ResSt, (s,0) ZEResmax(s,0)

In fact, first of all we note that:

L prob(SC(zs,0)) > L] prob(SC(zs,0))
Z€ResSt,  (s,0) Z€Resmax(s,0)

because a deterministic scheduler is a special case of randomized scheduler and hence the set of prob-
abilities on the left contains the set of probabilities on the right (a dual property based on < holds for
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infima). Therefore, it suffices to show that:

L] prob(SC(zs,0)) < L prob(SC(2s,0))

Z€ResSt,  (s,0) Z€eResmax(s,0)
as we prove below by proceeding by induction on the length n of the longest successful computation
from (s,0), which is finite because T is finite (a dual property based on > can be established for
infima):

e If n=0,1ie., 0 =w, then:

L] prob(SC(zs,)) = 1 = L] prob(SC(zs,0))

ZEResSt, (s,0) Z€EResmax(8,0)

max

e Let n € Ny and suppose that the property holds for all configurations from which the longest
successful computation has length m = 0,...,n — 1. Indicating with (s,0) —. D, a combined
transition from (s,0) with Do = Y~ p; - D;, we have that:

L] prob(SC(zs,)) =

ZEResSt,  (s,0)

max

- U

(8,0) %3¢ D, (87,0))ESXO

D.(s',0) - L] prob(SC(z;/p,)))

Z'€Restt, (s',0")

max

Do(s'.0)- L prob(SC(z;,,o,»)

Z’€Resmax(s’,0")

( i 'Di(!g" O/)) . I_l pT’Ob(SC(Z;/ 0/))
i=1 Z'E€Resmax(s’,0") 7

= L S pi - Di(s',0') - L] prob(SC(z, )
(5,0) ¢ D =1 (5,0 )ESXO Z/€Resmax(57,0') ’

2 <Di(8’, o) L pmb(SC(Zé/,o/))>>

(5,0) 2+, D, =1 i=1 \ (s’,0/)ESXO Z’'€ReSmax(s’,0")

= U CI( 2 <Di(8’70’)~ U pmb(“(%x,y))))

(s",0")eSXO Z’'€ReSmax(s’,0")

IN
D
s
l —
o
o}
o]
B
b\
™
0
X
Q
YR YRR

IA
—
™
=
s

= U 2 <D(8'70’)- L pmb(SC(Zégo/))>

(s,0) =% D (s",0")ESXO Z'€ReSmax(s’,0")

= L] prob(SC(zs.0))
ZEResSmax($8,0)
where in the third line we have exploited the induction hypothesis and in the seventh line the

fact that >\, p; = 1.

We now prove that ~pre.nq = N%’tTe-VH' Suppose that s; ~pren s2 and consider an arbitrary NPT
T = (0, A, —7) with initial state o € O, so that:

L pmb(‘gc(251,0)) = bu = L prob(SC(z52,o))
Z1€Resmax(51,0) Z2€ Resmax(52,0)

[ pr0b<SC(ZSI,O)) = Pn = [ pTOb(SC(282,O))
Z1€Resmax(51,0) Z3€Resmax(52,0)

If pu = pn, then all the maximal resolutions of (s1,0) and (s2,0) have the same success probability,
from which it trivially follows that s; ~prev3 s2 and hence s ~§&p, 5 S2.

Recalling that the NPLTS is image finite and the test is finite so that Resmax($1,0) and Respmax(s2,0)
are both finite, if p;, > pn, then p, must be achieved on Z; |, € Resmax(s1,0) and Za | € ReSmax(S2,0)
exhibiting the same successful traces, otherwise — observing that both resolutions must have at least
one successful trace, otherwise it would be p, = 0 thus violating p, > pn — states s; and sy would
be distinguished with respect to ~pre..n by a test obtained from 7 by making success reachable only
along the successful traces of the one of Z; |, and 2, , having a successful trace not possessed by the
other, unless that resolution also contains all the successful traces of the other resolution, in which
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case success must be made reachable only along the successful traces of the other resolution in order
to contradict $1 ~pTe.Lin S2-

Likewise, pn must be achieved on 21 1 € Resmax(s1,0) and Z5 1 € Resmax(S2,0) exhibiting the same
unsuccessful maximal traces, otherwise — observing that both resolutions must have at least one un-
successful maximal trace, otherwise it would be pn = 1 thus violating p, > pn — states s; and so would
be distinguished with respect to ~pre..n by a test obtained from 7 by making success reachable also
along an unsuccessful maximal trace occurring only in either Z; » or Z5 .

By reasoning on the dual test 7’ in which the final states of T that are successful (resp. unsuccess-
ful) are made unsuccessful (resp. successful), it turns out that Z; ., and 25, must also exhibit the
same unsuccessful maximal traces and that Z; o and Z; n must also exhibit the same successful traces.
If 2, and Z5,, do not have sequences of initial transitions in common with Z;n and Z;pn,
then Z;,, and Z;n on one side and Z5,, and Z2 on the other side cannot generate via convex
combinations any new resolution that would arise from a randomized scheduler, otherwise they can
generate all such resolutions having a certain sequence of initial transitions, thus covering all the in-
termediate success probabilities between p_, and pr for that sequence of initial transitions. This shows

that for each Z; € ResS:, (s1,0) with that sequence of initial transitions there exists Zy € Res, (s2,0)

max
with that sequence of initial transitions such that prob(SC(zs, o)) = prob(SC(zs,,0)), and vice versa.
The same procedure can now be applied to the remaining resolutions in Resmax (81, 0) and Resmax(S2,0)
that are not convex combinations of previously considered resolutions, starting from those among the
remaining resolutions on which the maximal and minimal success probabilities are achieved. We can
thus conclude that s1 ~§p, 5 So2.
The fact that s; ~{p, 5 s2 implies s; ~pre.un s2 follows from the fact that s; ~&p, 5 s2 implies
81~ n S2 (the proof is similar to that of Thm. 5.9(1) in [1]) and from ~§p, | o = ~PTe-un-
Finally, ~31, v3 = ~Pre-tbi.ais 1S & straightforward consequence of Thm. 5.9(2) in [1]. n
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