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Abstract

The behavioral equivalence that is typically used to relate Markovian process terms
and to reduce their underlying state spaces is Markovian bisimilarity. One of the rea-
sons is that Markovian bisimilarity is consistent with ordinary lumping. The latter is
an aggregation for Markov chains that is exact, hence it guarantees the preservation
of the performance characteristics across Markovian bisimilar process terms. In this
paper we show that two non-bisimulation-based Markovian behavioral equivalences
— Markovian testing equivalence and Markovian trace equivalence — induce at the
Markov chain level an aggregation strictly coarser than ordinary lumping that is
still exact. We then show that only Markovian testing equivalence may constitute a
useful alternative to Markovian bisimilarity, as it turns out to be a congruence with
respect to the typical process algebraic operators, while Markovian trace equivalence
is not a congruence with respect to parallel composition.

Key words: process algebra, Markov chains, behavioral equivalences, bisimulation
semantics, testing semantics, trace semantics.

1 Introduction

In order to account for performance aspects, in the last two decades alge-
braic process calculi [20,17,1,3] have been extended so that stochastic pro-
cesses can be associated with their terms. In this field, the focus has primarily
been on equipping process terms with performance models in the form of
continuous-time Markov chains (CTMCs). Several Markovian process calculi
have been proposed in the literature (see, e.g., [16,14,6] and the references
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therein). Although they differ for the action representation — durational ac-
tions vs. instantaneous actions separated from time passing — as well as for
the synchronization discipline — asymmetric vs. symmetric — such Markovian
process calculi share a common feature: Markovian bisimulation equivalence.

Markovian bisimilarity [16] is a semantic theory building on [20,19] that has
proven to be useful to relate Markovian process terms and to reduce their un-
derlying state spaces. Two Markovian process terms are bisimilar if they are
able to mimic each other’s behavior stepwise, both from the functional view-
point and from the performance viewpoint. The reason of the success of Marko-
vian bisimilarity is that — besides being decidable in polynomial time [14] and
preserving branching-time properties [2] — it is appropriate both on the alge-
braic side and on the performance side. First, it is a congruence with respect
to all the typical process algebraic operators [16], thus allowing for compo-
sitional reasoning and compositional state space reduction. Second, it has a
sound and complete axiomatization [15], which elucidates the fundamental
equational laws on which Markovian bisimilarity relies. Third, it is consistent
with ordinary lumping [16], which means that Markovian bisimilarity makes
sense from the performance viewpoint. Ordinary lumping [8] is an aggrega-
tion for Markov chains that is exact, i.e. the transient/stationary probability
of being in a macrostate of an ordinarily lumped Markov chain is the sum of
the transient/stationary probabilities of being in one of the constituent mi-
crostates of the original Markov chain. Thus, whenever two process terms are
Markovian bisimilar, they are guaranteed to possess the same performance
characteristics.

In the continuous-time setting research has mainly concentrated on branching-
time equivalences [2] due to their connection with ordinary lumping. Only re-
cently linear-time equivalences and testing scenarios have been investigated as
well in the continuous-time case. In [7] Markovian testing equivalence has been
proposed on the basis of [12,9,10]. Unlike Markovian bisimilarity, in which the
ability to mimic the functional and performance behavior stepwise is taken
into account, Markovian testing equivalence relies on a generic notion of ef-
ficiency measured by an external observer, which is given by the probability
of passing tests within a certain amount of time. In [22] a behavioral equiva-
lence for a process algebraic language based on probabilistic I/O automata has
been considered, which is parameterized with respect to generic observables
that associate real numbers with rated traces. In [23] the Markovian variants
of several linear-time equivalences — trace equivalence, completed-trace equiva-
lence, failure(-trace) equivalence, ready(-trace) equivalence [17,18] — have been
investigated by means of push-button experiments conducted with appropriate
Markovian trace machines.

All the Markovian behavioral equivalences defined in [7,22,23] are strictly
coarser than Markovian bisimilarity, so at the CTMC level they result in



aggregations that are strictly coarser than ordinary lumping. Although this
can be helpful in practice to attack the state space explosion problem, we do
not know whether such non-bisimulation-based Markovian behavioral equiva-
lences make sense from the performance viewpoint. We are in fact facing the
following open problem: are the CTMC-level aggregations induced by such
equivalences exact? In other words, given two process terms that are related
by one of these non-bisimulation-based Markovian behavioral equivalences, we
do not know whether they possess the same performance characteristics.

The main contribution of this paper is to solve the above open problem by
showing that both Markovian testing equivalence and Markovian trace equiva-
lence induce at the CTMC level an aggregation strictly coarser than ordinary
lumping that is still exact. This result ensures that any two process terms
that are Markovian testing or trace equivalent possess the same performance
characteristics. A further consequence is that Markovian testing and trace
equivalences turn out to aggregate more than Markovian bisimilarity while
preserving the exactness of the aggregation.

The strategy adopted in this paper to prove the exact aggregation property
is to demonstrate first that Markovian testing and trace equivalences have
sound and complete axiomatizations, which in turn requires to prove first
that Markovian testing and trace equivalences are congruences. These two
side results are provided for a basic Markovian process calculus with dura-
tional actions, which generates all the finite CTMCs with as few operators as
possible: the null term, the action prefix operator, the alternative composition
operator, and recursion. This ensures the general validity of the exact aggre-
gation property without complicating the proof of the two side results. Once
the axiomatizations of Markovian testing and trace equivalences have been
obtained, we shall observe that they differ from the axiomatization of Marko-
vian bisimilarity just for a new axiom schema subsuming one of the axioms
of Markovian bisimilarity. As a consequence, in the proof of the exact aggre-
gation property it will be necessary to concentrate only on the aggregations
resulting from the application of this new axiom schema.

Besides the exact aggregation property and the congruence and axiomatization
results proved on a sequential Markovian process calculus, this paper conveys
further contributions related to Markovian testing and trace equivalences.

First, we exhibit several alternative characterizations for both equivalences.
In particular, we show that considering the (more accurate) probability dis-
tributions quantifying the durations of the computations leads to the same
two equivalences as considering the (easier to work with) average durations
of the computations. For Markovian testing equivalence we additionally find
a fully abstract characterization in terms of traces extended with the sets of
the action names permitted at each step by the environment, which avoids



analyzing the process term behavior in response to tests. It also turns out
that such extended traces precisely characterize a set of canonical tests.

Second, we investigate the connections of Markovian testing and trace equiv-
alences with their nondeterministic and probabilistic counterparts. We also
study the connections among Markovian bisimilarity, Markovian testing equiv-
alence, Markovian trace equivalence, and the completed, failure, ready, failure-
trace and ready-trace variants of the latter, thus providing information about
the Markovian linear-time/branching-time spectrum.

Third, we prove that Markovian testing equivalence is a congruence with re-
spect to (a restricted version of) parallel composition, whereas Markovian
trace equivalence is not. In light of both the exact aggregation property and
this last result, of the two non-bisimulation-based Markovian behavioral equiv-
alences considered in this paper, it turns out that only Markovian testing
equivalence may constitute a useful alternative to Markovian bisimilarity.

This paper, which is a full and revised version of [7,4], is organized as fol-
lows. In Sect. 2 we introduce the syntax and the semantics for a sequential
Markovian process calculus (SMPC) and a concurrent Markovian process cal-
culus (CMPC), together with some notation that will be used several times
throughout the rest of the paper. In Sect. 3 we recall the definition and the
properties of Markovian bisimilarity over CMPC. In Sect. 4 we define Marko-
vian testing equivalence over SMPC and we prove that it has a number of
alternative characterizations, it has precise connections with other behavioral
equivalences, it is a congruence with respect to the operators of SMPC, it has
a sound and complete axiomatization over SMPC, and induces a CTMC-level
aggregation coarser than ordinary lumping that is exact. In Sect. 5 we define
Markovian trace equivalence over SMPC and we prove the same kind of prop-
erties enjoyed by Markovian testing equivalence; in particular, we show that
both equivalences result in the same exact CTMC-level aggregation. In Sect. 6
we reconsider Markovian testing and trace equivalences over CMPC and we
show that only Markovian testing equivalence is a congruence with respect to
parallel composition. Finally, in Sect. 7 we report some concluding remarks.

2 Basic Markovian Process Calculi

In this section we introduce two basic Markovian process calculi with dura-
tional actions. The first one is a sequential Markovian process calculus (SMPC)
and generates all the finite CTMCs with as few operators as possible: the null
term, the action prefix operator, the alternative composition operator, and re-
cursion. The second one is a concurrent Markovian process calculus (CMPC)
as it additionally includes a parallel composition operator governed by an



asymmetric synchronization discipline. Then we introduce some notation con-
cerned with the exit rates of the process terms and the set of the attributes
associated with their computations.

2.1 Syntax and Semantics for SMPC

In SMPC every action is durational, hence it is represented as a pair <a, A\>,
where a € Name is the name of the action while A € R+ is the rate of the
exponential distribution quantifying the duration of the action. The average
duration of an exponentially timed action is equal to the inverse of its rate.

Whenever several exponentially timed actions are enabled, the race policy is
adopted, hence the fastest action is the one that is executed. As a consequence,
in this generative [13] selection mechanism, the execution probability of any
enabled exponentially timed action is proportional to its rate.

We denote by Acts = Name x R~ the set of the actions of SMPC. Unlike
standard process theory, where a distinguished symbol 7 is used as the name
of the invisible action, here we assume that all the actions are observable.

Definition 2.1 The set of the process terms of SMPC is generated by the
following syntax:

P:=0
| <a,A\>.P
| P+ P
| A

where A is a process constant defined through the (possibly recursive) equation

A 2 P. We denote by Ps the set of the closed and guarded process terms of
SMPC. -

The semantics for SMPC can be defined in the usual operational style. As a
consequence, the behavior of each process term is given by a multitransition
system, whose states correspond to process terms and whose transitions — each
of which has a multiplicity — are labeled with actions. From such a labeled
multitransition system the CTMC underlying the process term can easily be
retrieved by (i) discarding the action names from the transition labels and
(17) collapsing all the transitions between the same two states into a single
transition whose rate is the sum of the rates of the original transitions.



We now provide the semantic rules for the various operators of SMPC:

e Null term: 0 cannot execute any action, hence the corresponding labeled
multitransition system is just a state with no transitions.

e Exponentially timed action prefix: <a, A>.P can execute an action of name a
and rate A\ and then behaves as P:

a,\
<a,\>.P——P

e Alternative composition: P; + P, behaves as either P, or P, depending on
whether P, or P, executes an action first:

a,\ a,\
pP—— P Py—— P
a,\ a,\
P1—|—P2—>PI P1—|-P2—>P/

e Process constant: A behaves as the right-hand side process term in its defin-
ing equation:

a,\ A
P——P A=P

a,\
A—— P’

2.2 Syntar and Semantics for CMPC

CMPC extends SMPC with a parallel composition operator governed by an
asymmetric synchronization discipline, which is enforced on an explicit set of
action names and makes use of passive actions. Multiway synchronizations are
allowed provided that they involve at most one exponentially timed action,
with all the other actions being passive.

A passive action is of the form <a, *,>, where w € R is called weight and
is used to quantify choices among passive actions with the same name. Every
passive action has a duration that will become specified upon synchronization
with an exponentially timed action having the same name.

Whenever several passive actions are enabled, the reactive [13] preselection
policy is adopted. This means that, within every set of enabled passive ac-
tions with the same name, each such action is given an execution probability
proportional to its weight. The choice between two enabled passive actions
having different names is instead nondeterministic.

We denote by Actc = Name x Rate the set of the actions of CMPC, where
Rate = RsoU{*, | w € Rsp} is the set of the action rates (ranged over by ).
As for SMPC, we assume that all the actions are observable.



Definition 2.2 The set of the process terms of CMPC is generated by the
following syntax:

P:=0
| <a,A\>.P
| <a,*,>.P
| P+P
| PlsP
| A

where S C Name and A is a process constant defined through the (possibly

recursive) equation A £ P. We denote by Pc the set of the closed and guarded
process terms of CMPC. |

We now provide the semantic rules for the additional operators of CMPC:

e Passive action prefix: <a, *,,>.P can execute a passive action of name a and
weight w and then behaves as P:

a’*’UJ
<a,%y>.P — P

e Parallel composition: P || P> behaves as P; in parallel with P, as long as
actions are executed whose names do not belong to S:

a\ ax
P——P a¢$ P,—— P, a¢S
a,S\ a,S\
Pl”SPQ%Pl,HSPZ PIHSP2—>P1HSP2,

with synchronizations being forced between any non-passive action executed
by one term and any passive action executed by the other term that have
the same name belonging to S:

a,\ Ay
Pl——>P1/ PQ——>P2/ CLGS

a

N ek )
Pillsh————P[[s P,

ke a,\
p—%pP P—"5P a€es

WA Teghi P )
PillsPh————P|s P

and between any two passive actions of the two terms that have the same



name belonging to S:

¥y Ak

p—5P PB—LP, a€eS

a,*

w1y ] wo ] . .
weight(Py,a) weight(Pg,a) (weight(Py,a)+weight(Py,a))

Pills P P |s P

where the weight of a process term P with respect to the passive actions of
name a that it enables is defined as follows:

weight(P,a) = > {|w | 3P". P S p [}

We point out that the CTMC underlying a process term in P can be retrieved
only if its labeled multitransition system has no passive transitions. In this case
we say that the process term is performance closed. We denote by Pc . the
set of the performance closed process terms of Pc. Note that Pg . = Ps.

2.3 Notation for FExit Rates and Computations

The Markovian behavioral equivalences that we shall define over SMPC and
CMPC are based on concepts like the exit rates of the process terms and the
traces, the probabilities, and the durations of their computations. Since these
concepts will be used several times in the paper, we collect in this section the
related notation.

By exit rate of a process term we mean the rate at which it is possible to
leave the term. We distinguish among the rate at which the process term can
execute actions of a given name that lead to a given set of terms, the total
rate at which the process term can execute actions of a given name, and the
total exit rate of the process term. The latter is the sum of the rates of all the
actions that the process term can execute, and coincides with the reciprocal
of the average sojourn time in the CTMC-level state corresponding to the
process term whenever the process term is performance closed.

Since there are two kinds of actions — exponentially timed and passive — we
consider a two-level definition of each variant of exit rate, where level 0 cor-
responds to exponentially timed actions and level —1 corresponds to passive
actions.

Definition 2.3 Let P € Pg, a € Name, | € {0,—1}, and C' C Pc. The exit
rate of P when executing actions of name a and level [ that lead to C'is defined



through the following non-negative real function:

a,\
SUN[IP e PL P ifl=0

rate(P, a,l,C) = s
S{w|3Pec. PPy ifl=—1

where each summation is taken to be zero whenever its multiset is empty. =

Definition 2.4 Let P € Pc and [ € {0,—1}. The total exit rate of P at
level [ is defined through the following non-negative real function:

rate(P,l) = Y. rate(P,a,l,Pc)

a€Name

where rate(P, a,l,Pc) is called the total exit rate of P with respect to a at
level |. |

By computation of a process term we mean a sequence of transitions that can
be executed starting from the term. The length of a computation is given by
the number of transitions occurring in it. We say that two computations are
independent of each other if it is not the case that one of them is a proper
prefix of the other one. In the following, we denote by C¢(P) and Z;(P) the
multisets of the finite-length computations and independent computations of
P € Pc. Below we inductively define the trace, the execution probability, the
average duration, and the duration distribution of an element of C¢(P).

Definition 2.5 Let P € Pc and ¢ € C¢(P). The trace associated with the
execution of ¢ is the sequence of the action names labeling the transitions
of ¢, which is defined by induction on the length of ¢ through the following
Name*-valued function:

£ if length(c) =0
trace(c) = o
aotrace(d) ife=P——¢
where ¢ is the empty trace. |

Definition 2.6 Let P € Pc e and ¢ € C¢(P). The probability of executing
¢ is the product of the execution probabilities of the transitions of ¢, which
is defined by induction on the length of ¢ through the following R ;-valued
function:

1 if length(c) =0
prob(c) = i
raepoy © Prob(d)  ife=P——¢




We also define the probability of executing a computation of C' as:

prob(C) = X prob(c)
ceC

for all C' C Zy(P). ]

Definition 2.7 Let P € Pcpe and ¢ € C¢(P). The average duration of ¢ is
the sequence of the average sojourn times in the states traversed by ¢, which
is defined by induction on the length of ¢ through the following R¥ -valued
function:

‘ 5 if length(c) =0
time,(c) = o

1 ; / : — /
motzmea(c) ifc=P——c

where ¢ is the empty average duration. We also define the set of the compu-
tations of C' whose average duration is not greater than 6 as:

Ccp = {c € C | length(c) < length(8) N
Vi=1,...,length(c). time,(c)[i] < 0[d]}

for all C' C C¢(P) and 6 € RY,,. n

Definition 2.8 Let P € Pcpe, C C Zy(P), and 8 € R%,. The probability
distribution of executing a computation of C' within a sequence 6 of time
units on average is given by:

length(c)<length(0) length(c)

prob, (C,0) = gc prob(c) - il;ll Pr(time,(c)[i] < 6[d])

where Pr(time,(c)[i] < 0]i]) € {0, 1} is the probability of the event “time,(c)]i]
< 6[i]”. n

Definition 2.9 Let P € P, and ¢ € C¢(P). The duration of ¢ is the se-
quence of the random variables quantifying the sojourn times in the states
traversed by ¢, which is defined by induction on the length of ¢ through the
following random-variable-sequence-valued function:

. £ if length(c) =0
timeq(c) = aA
Xrate,(Po) © timeq(d)  ifc=P——¢

10



where ¢ is the empty duration while X, 4., (p0) is the exponentially distributed
random variable with rate ratei(P,0) € Rxo. n

Definition 2.10 Let P € Pcpe, C C Zi(P), and 0 € R%. The probability
distribution of executing a computation of C' within a sequence 6 of time units
is given by:

length(c)<length(0) length(c)
proby(C,0) = > prob(c) - Pr(timeq(c)[i] < 0[i])
ceC i=1

where Pr(timeq(c)[i] < 0]i]) = 1 — e 0l1/tmealolil is the cumulative distribution
function of the exponentially distributed random variable timeq(c)[i], whose
expected value is time,(c)[i]. ]

We conclude by observing that the average duration (resp. duration) of a
finite-length computation has been defined as the sequence of the average
sojourn times (resp. of the random variables quantifying the sojourn times) in
the states traversed by the computation. The same quantity could have been
defined as the sum of the same basic ingredients, but this would not have
been appropriate from the point of view of non-bisimulation-based Markovian
behavioral equivalences.

Example 2.11 Consider the two following process terms:

<a,y>.<a, \>.<b, u>.0 + <a,v>.<a, u>.<d, \>.0

<a,y>.<a, \>.<d,u>.0 + <a,y>.<a, u>.<b, \>.0

with A\ 2 p and b # d. The first term has the two following maximal compu-

tations each with probability 1/2:
a,”y a,\ b,

C11 = .
a,y ap d,\

C1,2 = . . .
while the second term has the two following maximal computations each with
probability 1/2:

a,”y a,\ d,p

Ca1 = .
a,y ap b,A

Coo2 = .
If the average duration were defined as the sum of the average sojourn times,
then ¢;; and ¢y would have the same trace a o a o b and the same average
duration == + % + i, and similarly ¢;2 and cy; would have the same trace

2.
aoaod andwthe same average duration ﬁ + i + % This would lead to conclude
that the two terms are equivalent, whereas an external observer equipped
with a button-pushing machine displaying the names of the actions that are
performed and the times at which they are performed [23] would distinguish
between the two terms. |
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3 Markovian Bisimilarity for CMPC

The behavioral equivalence that is typically used to reason on the process
terms of a calculus like CMPC is Markovian bisimilarity. In this section we
recall from [16,15,6] its definition and its properties.

3.1  FEquivalence Definition

The basic idea behind Markovian bisimilarity is to capture whether two pro-
cess terms are able to mimic each other’s functional and performance behavior
stepwise. This is formalized through the comparison of the two process term
exit rates when executing actions of the same name and of the same level that
lead to the same class of terms.

Definition 3.1 An equivalence relation B C Pg X P¢ is a Markovian bisim-
ulation iff, whenever (P;, P») € B, then for all action names a € Name, levels
[ € {0,—1}, and equivalence classes C' € Pc/B:

rate(Py,a,l,C) = rate( P, a,l,C)
n

Since the union of all the Markovian bisimulations can be proved to be the
largest Markovian bisimulation, the definition below follows.

Definition 3.2 Markovian bisimilarity, denoted by ~yg, is the union of all
the Markovian bisimulations. ]

3.2 Congruence Property

Markovian bisimilarity supports compositional reasoning and state space min-
imization, as it is a congruence with respect to all the operators of CMPC.

Theorem 3.3 Let P, P, € Pc. Whenever P, ~yg Ps, then:
(1) <a, \>.Py ~yp <a, \>.P; for all <a, A\> € Actc.
(2) P+P~ypP+Pand P+ P ~yg P+ P forall Pe Pe.

(3) P1 ||SP ~MB PQ ||5'P and PHSPl ~MB P||SP2 for all S Q Name and
P e Pc. [ ]

12



3.3 Sound and Complete Azxiomatization

The basic equational laws characterizing Markovian bisimilarity over the set
Pc.ue of the non-recursive process terms of Pg are elucidated by the set AMP
of axioms shown in Table 1. As far as the expansion law A for parallel
composition is concerned, I and J are finite index sets (if empty, the related
summations are taken to be 0). The validity of this law is a consequence of the
memoryless property of the exponentially distributed durations, which allows
the semantics for the parallel composition operator to be defined in the usual
interleaving style.

(AYP) P +P=P+P

(AY'P) (PL+P)+P3 =P+ (P + P)

(A3B) P+0=P

(AR/IB) <a,\>.P+ <a,\o>.P = <a, A\ + \o>.P
(A3"™P) <Ay ko, > P 4 <@, %5, > P = <@, %y 49y > P

(AF™) Z:I<aia5\i>~P1,i s ZJ <bj, fi;>.Pj =
1€ JE

> <ap, \p>. (Pl,k [ <bja/1j>-P2,j> +
kel,apds jes

> <bp,fip>. <Z <aj, \i>.Pi;|s P2,h> +
heJbp¢S i€l

- o
Z~ > ) <ap, Ak - W(P%bh)>‘(P1’k ||S Pg}h) +
kel,areS, k€R>0 hEJ:bh:akvﬂh:*wh

~ v
3 Z _ <bh7lufh : weight(Pl,ak)>'(P17k HSPQ,h) +
heJbpeS,iin€R>o keI,ak:bh,/\k:*vk

> >, <ag,

kel,akes,f\k:*vk he‘]:bh:akvﬁh:*wh

% Ve wp, . . >. P P
weight(Py,a) ) weight(Py,by) '(welght(Pl»ak)+we7‘ght(P2’bh)) ( Lk HS Z’h)

Table 1
Axiomatization of ~\p over Pc nr

Theorem 3.4 The deduction system DED(AMB) is sound and complete for
~MB over Po oy, L.e. for all P, Py € Po

PlNMBP2<:>AMB|_P1:P2 n

For the sake of simplicity, in Table 1 we have not considered the axioms dealing
with recursion. We also observe that axioms AMB-AY® result in a sound and
complete deduction system for ~yg over Pg ;.

13



3.4 FExact Aggregation Property

Markovian bisimilarity is consistent with a notion of aggregation for CTMCs
that is known under the name of ordinary lumping [8].

Definition 3.5 A partition £ of the state space S of a CTMC is an ordinary
lumping iff, whenever s;,s5 € L for some L € L, then for all equivalence
classes L' € L:

SN TS € Losi—— s =S A3 € Losy—— [} .
The fundamental property of an ordinary lumping of a CTMC is that the
stochastic process resulting from it is a CTMC that is an exact aggregation of
the original one. This means that the transient /stationary probability of being
in a macrostate of the CTMC resulting from the ordinary lumping is the sum
of the transient/stationary probabilities of being in one of the constituent
microstates of the original CTMC.

Theorem 3.6 The CTMC-level aggregation induced by ~yp is an ordinary
lumping. |

Corollary 3.7 The CTMC-level aggregation induced by ~yp is exact. |

An important consequence of this result is that, whenever two process terms
of Pc pc are Markovian bisimilar, then they are guaranteed to possess the same
performance characteristics. In other words, Markovian bisimilarity makes
sense from the performance viewpoint, as it preserves the value of the per-
formance measures across equivalent process terms.

To be more precise, this is the case unless we consider performance measures
that distinguish between ordinarily lumpable states by assigning them different
rewards. The interested reader is referred to [6] for a complete treatment of
this issue.

4 Markovian Testing Equivalence for SMPC

In this section we introduce and study the properties of a non-bisimulation-
based Markovian behavioral equivalence — originally defined in [7] — that cap-
tures a generic notion of efficiency measured by an external observer, which
relies on the probability of passing tests within certain amounts of time. For
the sake of simplicity, for the time being we present this Markovian testing
equivalence by restricting ourselves to SMPC.

14



4.1 Test Formalization

Two process terms can be considered equivalent if an external observer cannot
distinguish between them. The only way that the observer has to infer infor-
mation about the behavior of the two process terms is to interact with them
by means of tests. In our Markovian framework with asymmetric communica-
tions, the most convenient way to represent a test is through another process
term composed of passive actions only, which interacts with the terms to be
tested by means of a parallel composition operator that enforces synchroniza-
tion on any action name. In this way, the parallel composition of a performance
closed term to be tested and a test will still be performance closed.

From the testing viewpoint, the idea is that in any of its states a process term
to be tested generates the proposal of an action to be executed by means of
a race among the exponentially timed actions enabled in that state. Then the
test either reacts by participating in the interaction with the process term
through a passive action having the same name as the proposed exponentially
timed action, or blocks the interaction if it has no passive actions with the
proposed name.

Since it is necessary to measure the probability with which process terms pass
tests within a finite amount of time, for the test formalization we can restrict
ourselves to non-recursive terms (composed of passive actions only). In other
words, the expressiveness provided by labeled multitransition systems with a
finite, dag-like structure will be enough for the tests.

In order to represent the fact that a test is passed or not, each of the terminal
nodes of the dag-like semantic model underlying a test must be suitably la-
beled so as to establish whether it is a success or failure state. At the process
calculus level, this amounts to replace 0 with the two zeroary operators “s”
(for success) and “f” (for failure). Ambiguous terms like s+f will be avoided in
the test syntax by replacing the action prefix operator and the binary alterna-
tive composition operator with a set of n-ary guarded alternative composition

operators, with n ranging over the whole N+.

Definition 4.1 The set 7 of the tests is generated by the following syntax:

| > <ag, *0,>.T;
el

where [ is a finite, non-empty index set. ]
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4.2 FEquivalence Definition

Markovian testing equivalence relies on comparing the process term probabili-
ties of performing a successful test-driven computation within a given average
amount of time. A test-driven computation is a sequence of transitions in the
labeled multitransition system underlying the parallel composition of a process
term and a test. Due to the restrictions imposed on the tests in Sect. 4.1, all
the considered test-driven computations will turn out to have a finite length,
hence the inductive definitions of Sect. 2.3 apply to them.

Definition 4.2 Let P € Pg and T € 7. The interaction system of P and T
is process term P || ngme T € Pc pe, where we say that:

e A configuration is a state of the labeled multitransition system underlying
P ”Name T.

e A configuration is successful (resp. failed) iff its test component is “s”
(resp. “f”).

e A computation is successful (resp. failed) iff so is its last configuration. A
computation that is neither successful nor failed is said to be interrupted.

We denote by SC(P,T) the multiset of the successful computations
of C¢(P || Name T). m

Note that SC(P,T) C Z¢(P ||Name T'), because of the maximality of the suc-
cessful test-driven computations, and that SC(P,T) is finite, because of the
finitely-branching structure of the considered terms.

Definition 4.3 Let P, P, € Ps. We say that P, is Markovian testing equiv-
alent to P, written P, ~y P, iff for all tests T' € 7 and sequences 0 € R,
of average amounts of time:

prob(SC<y(Py,T)) = prob(SC<o(P, T)) .

We now provide some necessary conditions for ~yp, which are based on the
average durations of successful test-driven computations exhibiting the same
traces as well as on the total exit rates with respect to any action name of
the process components of the last configurations of such computations. These
necessary conditions will be useful in the remainder of Sect. 4. In the following,
we denote by C¢(T,s) the multiset of the (finite-length) computations of ' € 7
ending with s.

Definition 4.4 Let P € Ps, T € T, and ¢ € C¢(P ||Name T'). The projection
of ¢ on T is defined by induction on the length of ¢ through the following
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Ct(T')-valued function:

T if length(c) =0

. a,\
proj(c,T) = T ——proj(d,T7") ifc=PllvameT —— ¢

a7*w
deriving from T"—— T”

where ¢ starts with P’ || yame 7" for some a-derivative P’ of P. [

Definition 4.5 Let P € Ps, T € T, c € C¢(T), and ¢ € C¢(P ||name T'). We
say that ¢ exercises c iff:

proj(c¢,T) =c
We denote by EC(P, T, c) and ESC(P, T, c¢) the multisets of the computations
of C¢(P ||Name T') and SC(P,T') that exercise c. ]

Note that EC(P,T,¢) € Z¢(P || Name T) and ESC(P, T, ¢) C (P || Name T') be-
cause the same test computation is exercised.

Proposition 4.6 Let P,,P, € Ps, T € 7, and ¢ € C¢(T,s). Whenever
P, ~yr P, then for all ¢, € ESC(Py,T,c) with k € {1,2} there exists
cp € ESC(Py, T, c) with h € {1,2} — {k} such that:
time,(cy) = time,(cp)

and for all a € Name:

rate( Py ast, @, 0, Pc) = rate( P ast, @, 0, Pc)
with Py jast (resp. Ph1ast) being the process component of the last configuration
of ¢ (resp. ¢y).

Proof Taken ¢, € ESC(Fy, T, ¢), we proceed by induction on length(c):

o If length(c) = 0 then necessarily ¢ = T = s. As a consequence, we immedi-
ately derive that there exists ¢, € ESC(Py, T, ¢) such that:
time,(cr) = € = time,(cp)
with Py jast = Pr ~m1 Pr = Phjass. Now suppose that Py 1as and P 1as¢ have
a different total exit rate with respect to some a € Name, say e.g.:
rate( Py ast, @, 0, Pc) > rate( P ast; a, 0, Pc)
If we considered the test 7" = <a, *;>.s, for 6 = 1/rate( Py 1ast, a, 0, Pc) we
would have:
pT’Ob(SCSg(Pk’last, T/)) = 1 7& 0 = pT’Ob(SCSg(PhJaSt, T/))
which contradicts Py jast ~MmT Prast- AS a consequence, it must be:
Tate(Pk:,lasta a, 07 PC) = Tate(Ph,lasta a, 07 PC)
for all a € Name.
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e Let length(c) =n > 0, withc ="’ L s and ¢’ ending with T7”. Let 7" be a
test obtained from 7' by anticipating s by one step along every computation
of T ending with s, and let ¢’ be the consequent contraction by one step of c.
Then ¢ € C¢(T",s). Let ¢, € ESC(Py,T", ") be the successful computation
corresponding to the contraction by one step of ¢. Since length(c’) =n—1,
by the induction hypothesis there exists ¢, € ESC(P,T", ') such that:

time,(c),) = time,(c},)
and for all a € Name:
mte(P,;last, a,0,Pc) = mte(P,’l,laSt, a,0,Pc)
with Py . (resp. P ,) being the process component of the last configu-
ration of ¢} (resp. ¢},). As a consequence:

1

Tatet(PIé,last |Name T",0)

1
rateg (P;L,last | Name T",0)

where ¢;, € ESC(Py, T, ¢) is one of the successful computations correspond-
ing to the extension by one step of ¢}, according to ¢, which must exist in
order not to violate P, ~y1 Pj.

Now assume that for each such ¢;, there exists a;, € Name such that:

rate( Py 1asts an, 0, Pc) # rate(Phast, an, 0, Pc)
where Py 1ast (resp. P 1ast) is the process component of the last configuration
of ¢ (resp. ¢). Then we can build a test that distinguishes Py from P,.
In fact, let us call strong sort a set of computations that intersects both
ESC(Py,T,c) and ESC(Py, T, c) if it comprises all the computations with
(the same trace and) the same average duration, whose last configurations
have process components that enable actions with the same names and have
the same total exit rate. Note that, due to P, ~yr P, the computations of a
strong sort in ESC'(Py, T, ¢) have the same probability as the computations
of the strong sort in ESC' (P, T, c). We then say that a strong sort is rate-
matching if for each computation of the strong sort in ESC(Py, T, ¢) there
exists a computation of the strong sort in ESC( Py, T, ¢) such that the process
components of their last configurations have the same total exit rates with
respect to all action names, and vice versa. Note that, due to P, ~ur Py,
for all a € Name the probability of performing a computation of a rate-
matching strong sort in ESC'(P, T, ¢) extended with an a-transition is the
same as the probability of performing a computation of the rate-matching
strong sort in ESC'(Py, T, ¢) extended with an a-transition.
After removing from ESC(Py, T, c) and ESC(Py, T, c) every rate-matching
strong sort, at least one of the two sets of remaining computations — which
we denote by ESC' (P, T, ¢) and ESC' (P, T, ¢) — will be non-empty because
of the assumption that ¢, is not matched by any ¢, deriving from the ex-
tension by one step of ¢, according to c. There are two cases.
First case: there exist some remaining computations in the same set, say e.g.
ESC' (P, T, c), such that the process component of the last configuration of

time,(cy) = time,(c},) o

= time,(c),) o = time,(cp)
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each of them has the same maximum sum 7 of the total exit rates with
respect to some aq,as,...,a, € Name with m > 1, while the process com-
ponent of the last configuration of each of the other remaining computations
has a lower sum. In this case we build a test 7" deriving from ¢ extended
with a choice among m passive transitions labeled with aq, as, ..., a,, each
leading to s.

Second case: the previous case does not apply. Then take the non-rate-
matching strong sort such that the process component of the last configu-
ration of each of its computations has the maximum total exit rate 7. Let
ai,as,...,a, be the names of the actions enabled by each of these process
components. In this case we build a test 7" deriving from ¢ extended with
a choice among m passive transitions labeled with aq, as, ..., a,,, such that
only some of them lead to s, while the others lead to f. Those leading to s
have to be chosen on the basis of the different total exit rates with respect
to ay,as,...,a, exhibited by the process components of the last config-
urations of the computations of the considered non-rate-matching strong
sort, so that the extended versions of the computations of the sort in e.g.
ESC'(Py, T, c) get an higher probability than the extended versions of the
computations of the sort in ESC'(Py,, T, c).

In each of the two cases, for some suitable § such that length() = length(c)
we would have:

prob(SCgo1 (P, ") =pr+ax > pn + qn = pmb(SCSe—O%(Ph,T’”))

where p, = 0 in the first case and g, ¢, > 0 are the possible contributions of
rate-matching strong sorts (whose average duration does not exceed 6 and
whose last configurations have process components such that the sum of
their total exit rates with respect to the names of the actions enabled at the
end of 7" does not exceed 7), with g, = g by virtue of P, ~yr Pj. Since
the above inequality contradicts P, ~yr P, for at least one ¢, deriving
from the extension by one step of ¢ according to ¢ it must be:

rate( Py last, @, 0, Pc) = rate( P ast, a, 0, Pc)

for all a € Name. (]

Corollary 4.7 Let P,,P, € Ps and T € 7. Whenever P, ~yr P, then

for all ¢, € SC(P,T) with k£ € {1,2} there exists ¢, € SC(P,,T) with
h € {1,2} — {k} such that:

trace(cy) = trace(cp) N time,(cx) = timea(cp) .

Corollary 4.8 Let P, P, € Ps. Whenever P; ~yr P,, then for all a € Name:

rate(Pr,a,0, Pc) = rate(Ps, a,0,Pc) .

Corollary 4.9 Let P, P, € Ps. Whenever P, ~yr Ps, then:

ratey(Py,0) = ratey(Ps, 0)
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4.3

Alternative Characterizations

We now provide the following alternative characterizations of Markovian test-
ing equivalence:

(1)

The first characterization is based on a predicate establishing whether
a process term is able to pass a test with a probability that is above a
given threshold, by taking an average time that is below another given
threshold. This characterization, which is inspired by the may-pass and
must-pass predicates that are at the basis of the classical definition of
testing equivalence [12], will be useful in Sect. 4.4 to establish connections
between ~yr and its nondeterministic and probabilistic counterparts.
The second characterization is based on the probability distribution of
passing a test within a certain average amount of time. This characteri-
zation, which results in a slightly different definition with respect to the
one of ~yr, will be useful to prove the third characterization.

The third characterization is based on the probability distribution of pass-
ing a test within a certain amount of time. This characterization, which
involves random variables instead of their expected values, justifies the
definition of ~yr in terms of the average durations of the test-driven
computations, which are easier to work with than the probability distri-
butions quantifying the same durations.

The fourth characterization is based on traces that are suitably extended
with the sets of the action names permitted at each step by the environ-
ment. This characterization — inspired by the one of [10] for probabilistic
testing equivalence and consistent with the definition of the latter given
in [9] — avoids analyzing the process term behavior in response to tests.
Like in [10], a consequence of the structure of the proof will be the iden-
tification of a set of canonical tests, i.e. a set of tests that are necessary
and sufficient in order to establish whether two process terms are Marko-
vian testing equivalent. As we shall see, a canonical test admits a single
computation leading to success, whose states can have additional com-
putations each leading to failure in one step.

The fourth characterization will be useful in Sect. 5.3 to establish connec-
tions between ~y and Markovian trace equivalence and its variants, as
well as in Sect. 6.1 to prove the congruence property of ~yr with respect
to parallel composition.

4.3.1 First Characterization: Pass Predicate

The first alternative characterization of ~yr relies on a predicate establishing
whether a process term can pass a test with a probability that is above a given
threshold, by taking an average time that is below another given threshold.
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Definition 4.10 Let P € Ps, T' € 7, p € Rjo), and 0 € RY,. We say that
P passes T with probability at least p within a sequence 6 of time units on
average, written P pass,, T, iff:

prob(SC<o(P,T)) > p .

Definition 4.11 Let P, P, € Ps. We say that P; is Markovian pass-testing
equivalent to P, written P ~\rpass 2, iff for all tests T € 7', probabilities
p € Rjo,1), and sequences 0 € RY, of average amounts of time:

Py pass,y T <= Pypass,,T L

Proposition 4.12 Let P, P, € Ps. Then:
Py ~MT pass 2 = Pi ~ur P

Proof (=) We prove the contrapositive. From P; 4yt Ps it follows that
there exist 7' € 7 and 6 € R¥ such that e.g.:

prob(SC<y(Py,T)) = p > prob(SC<p(P2,T))
Then Py pass, o T' whereas it is not the case that P, pass, o T'. As a consequence

Pl ’7LMT,pass PQ'

(<=) Assume that P pass,,T for some k € {1,2} and arbitrary T" € 7,
p € Ryj, and 0 € R%. Then prob(SC<y(Py,T)) > p. From Py ~yr P it
follows that prob(SC<¢(P,,T)) > p for h € {1,2} — {k}, hence P, pass,, T
too. Therefore P, ~n\ir pass Po. [ ]

4.8.2  Second Characterization: Average Durations

The second alternative characterization of ~yr is based on the probability
distribution of passing a test within a certain average amount of time.

Definition 4.13 Let P, P, € Ps. We say that P, is Markovian average-
testing equivalent to P, written P, ~yra. P, iff for all tests 7' € 7 and
sequences ¢ € R, of average amounts of time:

prob, (SC(Py,T),0) = prob,(SC(P,,T), ) ]

Lemma 4.14 Let P € Pcp, C C Z¢(P), and 0§ € R%,. Then:
prob, (C,0) = prob(C<p)
Proof It suffices to observe that for all ¢ € C such that length(c) < length(0):

length(c) _ ) ) 1 if c € C<9
[T Pr(timea(c)li] <0[i]) = -
i=1 0 ifcgCxq n

Proposition 4.15 Let P, P, € Ps. Then:
P~y P = P ~vr P

Proof A straightforward consequence of Lemma 4.14. |
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4.8.8 Third Characterization: Duration Distributions

The third alternative characterization of ~yr is based on the probability
distribution of passing a test within a certain amount of time. A consequence
of this result is that considering the (more accurate) probability distributions
quantifying the durations of the test-driven computations leads to the same
equivalence as considering the (easier to work with) average durations of the
test-driven computations, hence to ~yr.

Definition 4.16 Let P, P, € Ps. We say that P; is Markovian distribution-
testing equivalent to P, written P, ~yra P, iff for all tests 7' € 7 and
sequences ¢ € R, of amounts of time:

proby(SC(Py,T),0) = proby(SC(P,, T),6) -

Lemma 4.17 Let P, P, € Ps, T € T, and ¢ € C¢(T,s). Whenever P ~yrq
Py, then for all ¢, € ESC(Py, T, ¢) with k€ {1, 2} there exists ¢, € ESC(P, T, ¢)
with h € {1,2} — {k} such that:
timeq(cx) = timeq(cp)

and for all a € Name:

rat€<Pk,last7 a, 07 PC) - Tate(Ph,lasb a, 07 PC)
with Py jast (resp. Ph1ast) being the process component of the last configuration
of ¢ (resp. cp).

Proof Similar to the proof of Prop. 4.6. |

Corollary 4.18 Let P, P, € Ps and T' € 7. Whenever P, ~yrq P, then
for all ¢, € SC(P,T) with k£ € {1,2} there exists ¢, € SC(P,,T) with
h € {1,2} — {k} such that:

trace(cy) = trace(cp) N timeq(ck) = timeq(cp) -
Lemma 4.19 For n € N let:

o {pi€ Ry |1<i<n}and {p; € Ry |1 < i < n} besuch that Xn:pl- <1
i=1
and 3 p < 1;
i=1

L] {Dl : RZO—>R[0,1] | 1 SZS TL} and {D,/L : R20—>R[0,1} | 1 < 7 Sn}

be strictly increasing, non-linear, continuous functions such that D;(0) =

0= D;(0) for each i = 1,...,n, with D; # D; and D; # D/ for i # j.
Whenever D; = D} for each i =1,...,n and for all t € R>:

£ pie Dilt) = £ 1t DU

then p; = p foreach i =1,... n:
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Proof Observed that for each ¢ = 1,...,n it holds D;(t) = Dj(t) = 0 iff
t =0, let us consider the hypothesis rewritten for all ¢ € R as follows:

n

Z;(pz —p;) - Di(t) =0
If we view each p; — p; as an unknown, say z;, then we are facing a homo-
geneous linear system composed of uncountably many equations. Since the
values belonging to the i-th column (1 < ¢ < n) of the coefficient matrix of
the system are all positive and taken from the strictly increasing, non-linear
function D;, with such D;’s being all different from each other, the rows of the

coefficient matrix are all linearly independent. As a consequence, the system
admits only the solution z; = 0, i.e. p; = p}, for each i =1,...,n. |

Theorem 4.20 Let P, P, € Ps. Then:
Py ~vra P = Pro~wra Po

Proof Taken T € T, for each k = 1,2 we denote by S,Z:l the set of the com-
putations of SC(Py,T) with the same length [ € N. Note that:

SC(P., T) = U Siy

In the following the computations of S/, with the same duration will be
counted only once with their total probability. In order to exploit Lemma 4.19,
we also assume that the computations of S,CTJ with different durations are such
that the products of the [ elements of their average durations are all different,
hence the products of the cumulative distribution functions of the [ elements
of their durations are all different. If this were not the case, without loss of
generality we could consider two maximal subsets of ST i, and ST ; satisfying
the above constraint, chosen in such a way that they respect both Cor. 4.18
and Cor. 4.7.

Since time,(-)[.] is the expected value of random variable timeq(_)[.], given an
arbitrary 6 € R%, such that [ < length(6) the result stems from the fact that
the following equalities — in which functions prob and time are shortened by
indicating only their initial — are all equivalent to each other:

5 ple) I Pr(ta(©)i] < 01]) = 5 ple)- 1T Prlta(e)li] < 01

ceST, i=1 ceST,
l ! . .
Pr(tq(c)[¢]<0[7]) _ dPr(tq(c)[i]<0[3])
5 (0)- I =33 nglp () =
N g dPr(ta(@i<Ol) _ L g dPr(ta(0)fil<0li])
CG%:lTl p(c) il;lle[ﬂ do[i] = ce%lp (c) - 11;11‘9[] 0[]
’ [ oo [ oo
> p(e) - I1 [olil- P Gli=D dgfi) = 52 p(e) - T [ olil- " gfi<e gl
CGSEZ =10 CGST =10
l !
> ple)- Il (@] = X ple)- 11 ta(c)[d]
cEST i=1 ces], i=1
l
> ple)- H Pr(ta(c)[i] < 0fi]) = > plc) - II Pr(ta(c)li] < 0li])
CGSEZ i=1 ceST =1
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In order to prove =, we have initially exploited Cor. 4.18, the assumption
about the products of the cumulative distribution functions of the [ elements
of the durations of the considered computations, and Lemma 4.19. In order
to prove <=, we have initially exploited Cor. 4.7 via Prop. 4.15. Then the
same conclusion as Lemma 4.19 has been reached. In fact, since P, ~yr.a Po
implies Py ~yr P, by virtue of Prop. 4.15 and Sf; and S3; collect all the
successful computations with certain average durations, due to P, ~yr P> for
each such average duration the probability of performing a computation in Sf: !
having that average duration must be equal to the probability of performing a
computation in 827: ; having that average duration. Finally, in both directions
we have exploited the fact that “=" is a congruence with respect to addition
and multiplication, which has allowed us to substitute equals for equals within
the same context “>" p(c) - [I” of both sides of the equalities. ]

Corollary 4.21 Let P;, P, € Ps. Then:
Py ~yvrg P <= P ~ar B u

4.8.4  Fourth Characterization: Full Abstraction via Extended Traces

The fourth alternative characterization of ~yT is based on traces that are suit-
ably extended with the sets of the action names permitted at each step by the
environment. The meaning of this result is the possibility to characterize ~yr
in a way that fully abstracts from the tests. The proof of this full abstraction
result will consist of demonstrating that for each test computation there exists
an extended trace with the same probabilistic and temporal characteristics as
the test computation and that, conversely, for each extended trace there exists
a test with the same probabilistic and temporal characteristics as the extended
trace. A consequence of this proof structure will be the identification of a set
of canonical tests, each having exactly one computation leading to success.

Definition 4.22 An element o of (Name x 2V9™¢)* is an extended trace iff
either ¢ is the empty sequence or:

g = (ala 51) © (0’27 82) ©0...0 (angn)
for some n € N+g with a; € &; for each i = 1,...,n. We denote by £7 the set
of the extended traces. =

Definition 4.23 Let 0 € £7. The trace associated with o is defined by
induction on the length of o through the following Name*-valued function:

£ if length(c) =0
trace(o) =
aotrace(o’) if o= (a,€) oo’
where ¢ is the empty trace. |
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Definition 4.24 Let P € Pc, ¢ € C¢(P), and o € ET. We say that c is com-
patible with o iff:

trace(c) = trace(o)
We denote by CC(P,o) the multiset of the computations of C¢(P) that are
compatible with o. |

Note that CC(P, o) C Z;(P) because of the compatibility with the same o.

Definition 4.25 Let P € Pc e, 0 € €T, and ¢ € CC(P, o). The probability
of executing ¢ with respect to ¢ is defined by induction on the length of ¢
through the following R 1j-valued function:

1 if length(c) =0
’ X a,\
prob?(c) = W cprob” ()  ife=P——(

be&

with o = (a,&) o o’

We also define the probability of executing a computation of C' with respect
to o as:

prob? (C') = X prob?(c)
ceC

for all C C CC(P, o). m

Definition 4.26 Let P € Pcype, 0 € €T, and ¢ € CC(P,0). The average
duration of ¢ with respect to o is defined by induction on the length of ¢
through the following R ;-valued function:

€ if length(c) =0
, . a,\
timeg(c) = Y rartprazg © tmed () ife=P——¢

be&

with o = (a,&) o o

where ¢ is the empty average duration. We also define the set of the compu-
tations of C' whose average duration with respect to o is not greater than 6
as:

2o = {c € C | length(c) < length(0) A
Vi=1,...,length(c). time?(c)[i] < 0[i]}

for all C' C CC(P,0) and 6 € R%,,. ]
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Definition 4.27 Let P, P, € Ps. We say that P; is Markovian extended-
trace equivalent to P, written P, ~ymy e P, iff for all extended traces o € €7
and sequences 0 € R of average amounts of time:

prob? (CCZy( Py, 0)) = prob? (CCZy( P2, 0)) -

Definition 4.28 Let T' € 7 and ¢ € C¢(T'). The extended trace associated
with the execution of ¢ is defined by induction on the length of ¢ through the
following £7 -valued function:

€ if length(c) =0
trace.(c) = (a,&) o trace,(c) ifc=T L

with & = {b | weight(T,b) > 0}

where ¢ is the empty extended trace. |

Definition 4.29 Let 7' € 7 and ¢ € C¢(T). The reactive probability of ex-
ecuting c is defined by induction on the length of ¢ through the following
Rjo,1-valued function:

1 if length(c) =0
prob.(c) = ! (a),*w

Wﬁ(TG) ‘pT’Obr(Cl) ife=T——¢

where reactive is intended in the sense of [13]. ]

Lemma 4.30 Let P € Ps, T € T, and ¢ € C¢(T). Then for all § € R%:
prob(EC<¢(P, T, c)) = prob,(c) - prob™ () (CCZZC%(C)(P, traceo(c)))

Proof We proceed by induction on length(c):

o If length(c) = 0 then trace.(c) = ¢, hence for all § € R ;:
prob(EC<4(P,T,c)) = 1 = prob,(c) - probee=(®) (CCZZCEE(C)(P, traces(c)))
o Let length(c) = n > 0, with ¢ = T2 ¢ and T being the first process
term occurring in ¢’. We preliminarily observe that for some r € R>:
rates(P || Name T, 0) = r = Y rate(P,b,0,Pc)
bee
with & = {b | weight(T,b) > 0}. Let € R%,. If » = 0 or length(f) = 0 or
0[1] < %, then:
prob(EC<y(P, T, c)) = 0 = prob,(c) - prob™ (CCchee(C)(P, tracee(c)))
If instead r > 0 and 6 = i o 0" with i > 1 then:
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prob(EC<p(P, T, c)) = 3 ~ AwlweightTa) oo (EC_o (P, T',¢))

.
a, A\
P P/
and:

probtracee©) (ch”gcee(c) (P, traceq(c))) =

y 2 -probtmce‘*(cl)(CCZZ,C%(C,)(P’, traceo(c’)))
Pt pr
Since length(c’) = n — 1, by the induction hypothesis we have:

prob(ECo (P, T',¢)) = prob () - prob'reces(<) CCZG,C@G(CI) P’ trace.(c
< r <0

hence the result. [

Lemma 4.31 Let P, P, € Ps. Whenever Py ~ymye P, then for all T € 7,
c e C(T), and 0 € R%,;:

prob(EC<o(P1, T, c)) = prob(EC<o(Pe, T, ¢))

Proof P, ~ymye P» means that for all 0 € £7 and 0 € R%;:
prob? (CCZy(P1,0)) = prob? (CCLy( P2, o))
hence in particular for all 7' € 7, c € C¢(T), and 6 € R,
probracee(©) (CCZZCEG(C)(H, traces(c))) = prob'reee© (CCZZCGG(C)(PQ, traceq(c)))
The result then follows by virtue of Lemma 4.30 after multiplying both sides
of the previous equality by prob,(c). n

Definition 4.32 Let 0 € £7. The test associated with o is defined by induc-
tion on the length of o through the following 7 -valued function:

S if length(c) =0
test(o) 2
<a,x1>.test(o’) + Y <byx;>f ifo=(a,E)od’
beE—{a}

where the summation is absent whenever £ — {a} = (). We denote by 7 the
set of the tests associated with the extended traces. n

Lemma 4.33 Let P € Ps and 0 € 7. Then for all § € RY;:
prob(SC<g(P, test(o))) = prob’ (CCZy(P, o))
Proof We proceed by induction on length(o):

o If length(o) = 0 then 0 = ¢ and test(o) = s, hence for all § € R%;:
prob(SC<o(P, test(a))) = 1 = prob?(CCZy(P, o))
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e Let length(o) = n > 0, with 0 = (a,&) o 0’. We preliminarily observe that
for some r € R>:

rates(P || Name test(0),0) = r =3 rate(P,b,0,Pc)
bee

Let § € R%,. If r = 0 or length(f) = 0 or §[1] < %, then:
prob(SC<p(P, test(c))) = 0 = prob? (CCZ,(P, 7))
If instead » > 0 and 0 = i o with i > %, then:
prob(SC<q(P, test(a))) = X 2 prob(SC<¢ (P, test(a”)))
A

a,
P p

and:

prob?(CCZy(P,o)) = X 2. prob”/(CCga/(P’, a'))
Pt pr

Since length(c’) = n — 1, by the induction hypothesis we have:
prob(SC<g (P, test(c"))) = prob” (CC%/Q/(P’, a'))
hence the result. |

Lemma 4.34 Let P, P, € Ps. Then P, ~ymne P iff for all T € 7. and
0 € R%,:
prob(SC<y(Py,T)) = prob(SC<o(P, T))

Proof P, ~ymve P» means that for all 0 € £7 and 0 € R%;:
prob? (CCZy(P1,0)) = prob? (CCLy (P2, 0))
By virtue of Lemma 4.33 this means that for all 0 € £7 and 6 € R
prob(SC<y( Py, test(o))) = prob(SC<y( Py, test(o))) -

Theorem 4.35 Let P;, P, € Ps. Then:
Py ~ymve Po = Py ~ur P

Proof (=) For each k = 1,2 it holds that for all T € 7 and 0 € R%;:

prob(SC<y(Py, T)) = > prob(ESC<y(Py, T, c))
ceCe(T,3)

Since Py ~ymve P, from Lemma 4.31 it follows that for all ¢ € C¢(T,s) and
0 € R,
prob(ESC<o(P1, T, ¢)) = prob(ESC<y(Py, T, c))
hence P1 ~MT PQ.
(<=) If P, ~\r Ps then it holds in particular that for all T € 7o, and 6 € R :

prob(SC<y(Py,T)) = prob(SC<y( Py, T))
hence P, ~nmve P2 by virtue of Lemma 4.34. [

Corollary 4.36 Let P, P, € Ps. Then P, ~yr P iff for all T € T, and
0 € R%,:
prob(SC<y(Py,T)) = prob(SC<o(P, T)) -

28



4.4 Connections with Other Behavioral Equivalences

We now prove the following properties of Markovian testing equivalence:

(1) ~pr is a strict refinement of nondeterministic testing equivalence [12].
(2) ~pr is a strict refinement of probabilistic testing equivalence [9,10].
(3) ~pr is strictly coarser than ~yp.

Definition 4.37 Let P € Ps and T' € 7. We say that:

e P may pass T, written P may T, iff at least one maximal test-driven com-
putation is successful:
SC(P,T)#0
e P must pass T, written P must T, iff all maximal test-driven computations
are successful:

SC(P,T) =Z¢(P || Name T) n
Definition 4.38 Let P, P, € Ps. We say that:

e P, is may-testing equivalent to P, written Py ~rppmay [, iff for all tests

TeT:
PrmayT < Po,mayT

e P is must-testing equivalent to Ps, written P, ~r st FPo, iff for all tests

TeT:
PrmustT <— P, mustT

e P is testing equivalent to P, written P, ~1 P, iff:
Pl ~T, may P2 A Pl ~T, must P2 |

Lemma 4.39 Let P € Ps and T' € 7. Then:

(1) PmayT iff there exist p € Rjo1) and 6§ € R%, such that P pass,,T.
(2) P must T iff there exists 6 € R%, such that P pass, 47T

Proof (1) PmayT means that there is at least one computation in
SC(P ||Name T'), which will have execution probability p € Rjpq and aver-
age duration ¢ € R%,. This amounts to say that P pass,,T.

(2) P must T means that all the computations in Z¢(P || yame T') are successful.
Since Zt(P || Name T') is finite, P pass, 4T for 6 € R%, built from the element-
by-element maximum of the average durations of such computations. |

Proposition 4.40 Let P, P, € Ps. Then:
Pyt Py = Py~ P

Proof We have to prove that from P, ~yr P it follows that Py~ ay
PQ VAN P1 ~T must PQ. Let k € {1,2} and h € {1,2} — {]{7}
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o If P, may T for an arbitrary T € 7, then by Lemma 4.39(1) there exist p €
Rjo,;) and 6 € RY, such that P pass, o T'. Thus Py pass, T by P ~ur P,
and Prop. 4.12, hence P, may T by Lemma 4.39(1).

o If P, must T for an arbitrary 7" € 7, then by Lemma 4.39(2) there exists 0 €
R, such that P pass, 4 T'. Thus Py pass, o T by P; ~yt P> and Prop. 4.12,
hence P, must T by Lemma 4.39(2). ]

Example 4.41 The converse of Prop. 4.40 does not hold, i.e. nondeterminis-
tic testing equivalence is strictly coarser than Markovian testing equivalence.
If we consider:

P = <a,\>.0+ <b,u>.0

P, = <a,u>.0+ <b,A>.0
with @ # b and A\ # p, then P, ~1 P, because both process terms can only
perform an a-action and a b-action, but P, «yr P». For instance, the two
process terms are distinguished by test:

T =<a,*1>.8+ <b,x>.f
In fact, although Py ||nameT and Py ||name T have the same average sojourn
time t = 1/(A+p), the probability of passing 7" within ¢ time units on average
is A/(A =+ u) in the case of P;, while it is /(A + p) in the case of P;. ]

Definition 4.42 Let P € Ps, T € 7, and p € Rjp;). We say that P passes T
with probability at least p, written P pass,T', iff:

prob(SC(P,T)) > p -

Definition 4.43 Let P, P, € Ps. We say that P, is probabilistic testing
equivalent to P,, written P, ~pr P, iff for all tests T" € 7 and probabilities
p e R}QHZ

Py pass, T <= Py pass,T -

Lemma 4.44 Let P € Ps, T € T, and p € Rjoy). Then P pass, T iff there
exists 0 € RY, such that P pass,,T.

Proof P pass,T means that the sum of the execution probabilities of all the
computations in SC(P,T') is at least p. Since SC(P, T) is finite, P pass,, 41" for
0 € R%, built from the element-by-element maximum of the average durations
of such computations. n

Proposition 4.45 Let P, P, € Ps. Then:
Py ~yr P, = Py ~pr P

Proof Let k € {1,2} and h € {1,2} — {k}. If P, pass,T for an arbitrary
T €T and an arbitrary p € Rjg,1), then by Lemma 4.44 there exists 6 € R
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such that Py pass,,T. Thus Py, pass,,T by Py ~yr P> and Prop. 4.12; hence
Py, pass, T by Lemma 4.44. |

Example 4.46 The converse of Prop. 4.45 does not hold, i.e. probabilistic
testing equivalence is strictly coarser than Markovian testing equivalence.
If we consider:

P; = <a, \>.0+ <b,u>.0

Py =<a,2-2>.0+<b,2-u>.0
with a # b, then P; ~p1 P, because both process terms can only perform an
a-action and a b-action with the same probabilities — /(A + u) and p/ (A4 p),
respectively — but P3 «yr Py. For instance, the two process terms are distin-
guished by test:
T = <a,*>.8+ <b,x>.f

In fact, the average sojourn time of Pj || yame 1" 18 1/(A+p) whereas the average
sojourn time of Py || Name I i 1/(2- A+ 2 pu), hence the probability of passing
T within 1/(2+ A + 2 - u) time units on average is 0 in the case of P3, while it
is A/(A+ ) in the case of Pj. n

Corollary 4.47 ~yp C ~pp C ~. [ ]

Proposition 4.48 Let P, P, € Ps. Then:
Py~ Po = Py ~yr P

Proof We proceed by induction on the syntactical structure of an arbitrary
test 7" in order to prove that from P, ~yp P; it follows prob(SC<y(Py,T)) =
prob(SC<¢(P,,T)) for all 0 € RY:

o If T"=f then for all € RZ,:
prob(SC<y(P1,T)) = 0 = prob(SC<y(Po,T))

o If T"=s then for all § € RY:
prob(SC<g(P1,T)) =1 = prob(SC<p(FP»,T))

o Let T'=3Y",cr <a;, *u,>.T; with [ finite and non-empty. From P, ~yp P it
follows that Py ||vame T ~MB P2 ||Name T by virtue of Thm. 3.3(3), hence for
some 1 € R>o:

ratey( Py || Name T, 0) = 7 = ratey(Ps || Name T, 0)

Let 0 € R%,. If r = 0 or length(9) = 0 or §[1] < %, then:
prob(SC<y(P1,T)) = 0 = prob(SC<p(P2,T))

If instead 7 > 0 and 0 = i o 0" with i > 1 then for each k = 1,2:

prob(SCop(P, 7)) = &2 3 Fmetlied . prob(SCp(Q.T)
P ——Q

By applying the induction hypothesis to all the process terms in the same
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equivalence class [@] with respect to ~yp when tested against T; for any
1 € I, we derive:

pT’Ob(SCSQ(Pk, T)) _ Z Z rate(Pk,ai,O,[Q])T-,wi/weight(T,ai) .
i€l [Q]€Ps/~mB

prob(SC<y (Q, T3))
From P, ~yp P it follows that for all ¢ € I and [Q] € Ps/ ~us:
rate( Py, a;,0,[Q]) = rate( Py, a;, 0, [Q)])
hence the result. |

Example 4.49 The converse of Prop. 4.48 does not hold, i.e. Markovian test-
ing equivalence is strictly coarser than Markovian bisimilarity.
If we consider:

Ps = <a, \i>.<b, u>.P' + <a, \y>.<b, u>.P"

Ps = <a, Mt + Ao>.(<b, 2 - p>. P+ <b, 23 - p>. P

then we have Ps ~\r P but Ps ooyp Ps if P/ oy P”. In fact, no test starting
with a passive a-action possibly followed by a passive b-action can distinguish
between the two terms, because in both terms the average time to perform
an a-action followed by a b-action is 1/(A; + A2) o 1/ and the probability of
reaching P’ (resp. P”) is A1/(A1 + A2) (resp. Ao/ (A1 + Ag)). By contrast, there
is no way to relate <b, u>.P" and <b, u>.P" with <b, A;/(A + \o) - p>.P' +
<b, Aa/(A1 + A2) - p>.P” through ~y\p whenever P’ »yp P”. n

4.5 Congruence Property

We now show that Markovian testing equivalence turns out to be a congruence
with respect to all the operators of SMPC.

Lemma 4.50 Let P € Pg and T € 7. Then for all a € Name, \,w € Ry,
and 0 € R%

prob(SC<y(P,T)) = prob(SC§%09(<a, A>.P, <a, *,>.T))

Proof It follows from the fact that a finite-length computation ¢ belongs

a,\
to SC(P,T) iff <a, \>.P ||name <@, *,>.T —— ¢ belongs to SC(<a, \>.P,
<a, %,>.T), with the average time spent before executing the additional initial
transition equal to 1/, n

Lemma 4.51 Let P € Ps, T' = Y ;c; <ai, *u,>.1; € T, and a € Name such
that weight(T', a) > 0. Then for all A € R and 0§ € R%;:

prob(SC<o(<a, \>.P,T))= 3
i€l

a

W;(T,a) - prob(SC<yp(<a, \>.P, <a;, *u,>.T;))

where I, ={i €I | a; = a}.
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Proof The only summands of T that can interact with <a, A>.P are those

initially enabling a-actions, hence the restriction to I,. The result stems from
a,\w; /weight(T,a)
the fact that <a, \>.P ||ygme T ——— ¢ belongs to SC(<a, \>.P,T)

iff <a, \>.P || Name <ai, *w,>.T; a—A> ¢ belongs to SC(<a, A>.P, <a;, *,,>.T})
for some ¢ € I,, with the probability of executing the initial transition equal to
w; /weight(T, a) in the first case and the average time spent before executing
the initial transition equal to 1/ in both cases. n

Lemma 4.52 Let P;, P, € Ps and T' € T — {f,s}. Then for all § € R{:

p1 - prob(SC<g, (P1,T)) + p2 - prob(SC<p, (P2, T))
ifry >0A1r9 >0

prob(SC<¢(P1,T))
ifriy>0Ars =0

prob(SC<y( Py, T))
ifri=0A1ry>0

pTOb(SCSQ(Pl + PQ, T)) =

0
if r = 0A Ty = 0
where:
r1 = ratey( Py || vame T, 0) ro = ratey( Py || Name T, 0)
b1 = 1”127“2 p2 = 7”17:&7“2
gli] + (£ — L) ifi=1 0li] + (£ — L1 )ifi=1
91 [Z] — [ ] (7“1 T1+T2) 92[2} — [ ] (7"2 1"1+7"2)
01 ife>1 01 ifi>1

Proof Observed that the computations in SC(P; + P, T') differ from those in
SC(P,, T)USC(P,,T) only for their initial state, we concentrate on the first
case, as the other three are trivial. Therefore, we assume that both P; || yame T’
and P, || yame T can execute at least one action. There are two aspects to be
taken into account.

From the probabilistic viewpoint, the computations in SC(P, + P, T') differ
from those in SC(P;,T)USC(P,,T') only for the probability of executing their
first transition. More precisely, if ¢ € SC(Pg,T') for some k € {1,2}, then the
probability of ¢ computed in the interaction system of P; + P, and T is the
probability of ¢ computed in the interaction system of P, and T multiplied
by a factor representing the fact that the first transition of ¢ stems from an
action of Py. Such a factor is exactly pg.

From the timing viewpoint, the computations of SC(P; + P, T) differ from
those of SC(Py,T) U SC(P,,T) only for the average time spent in the ini-
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tial state before the execution of their first transition. More precisely, if ¢ €
SC(Py,T) for some k € {1,2}, then the average time spent in the initial state
is 1/7 in the interaction system of Py and T', whereas it is 1/(r; 4 o) in the
interaction system of P; + P, and 1. This means that on average P takes
more time to reach success than P, + P, with the extra average time equal
to 1/ry — 1/(rq + 7). This justifies the definition of 0[:] for ¢ = 1. ]

Theorem 4.53 Let P, P, € Ps. Whenever P, ~yr P, then:

(1) <a,A\>.P; ~yr <a, \>.P, for all <a,\> € Acts.
(2) P+P~yr PB+Pand P+ P~y P+ B fOI'aHPGPS.

Proof (1) In order to avoid trivial cases, consider T' = Y",c; <a;, %y, >.T; € T
with I, ={i € I | a; = a} # 0. From P, ~yr P it follows that for all i € I,
and 0 € R
prob(SC<y(Py,T;)) = prob(SC<y(Po, T}))

By virtue of Lemma 4.50, for each k£ = 1,2 we have that for all : € I, and
0 € RE,:

prob(SC<y( Py, T3)) = pmb(SCS%OQ(<a, A>. Py, <ag, *y,>.T;))
Then for all i € I, and §' = i o6 € R, such that i > % we have:
prob(SC<p (<a, \>. Py, <a;, *y,>.T;)) = prob(SC<y (<a, \>. Py, <aj, *4,>.T;))
hence:

Z} Figggma) - prob(SC<yp (<a, \>. Py, <a;, *,,>.T;)) =
1€1q

XI: W;(Ta) - prob(SC<yp (<a, \>. Py, <a;, *,,>.T;))
from which, by virtue of Lemma 4.51, we derive that:
prob(SC<y (<a, \>.P,T)) = prob(SC<y (<a, \>.P5,T))
Since T # s, for §' = ¢ and for all ¢ € R such that ¢'[1] < § we have:
prob(SC<y (<a, \>.P;,T)) = 0 = prob(SC<p (<a, \>.P,T))
(2) In order to avoid trivial cases, consider T' € T — {f,s}. By virtue of
Lemma 4.52, for each k = 1,2 we have that for all § € RZ:

pr - prob(SC<p, (P, T)) + pj, - prob(SC<p (P, T'))
ifry,>0A7r>0

prob(SCo( Py, T))
ifry,>0Ar=0

prob(SC<y(P,T))
ifrp=0Ar>0

prob(SC<o(P, + P,T)) =

ika:O/\T:O
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where:

ri = ratey( Py || Name T, 0) r = ratey(P || Name T, 0)

po= =
0li] + (£ — L) ifi=1 0li] + (L — 2)ifi=1
0[2] ife>1 9[7,] ifi>1

By virtue of Cor. 4.8, from P, ~yr P, it follows that r; = ry. Therefore
P1 = Pa, pll = pIQ, 01 = 02, and 01 = 6/2 From P1 ~MT P2 it also fol-
lows that prob(SC<g, (P1,T)) = prob(SC<p,(P»,T)) and prob(SC<¢(P1,T)) =
prob(SC<y(P,, T)), hence prob(SC<y(Py + P,T)) = prob(SC<¢(P2 + P, T)).
Since T' # s, for 6 = ¢ we have:

prob(SC<y(Py, + P,T)) =0 = prob(SC<o(Po + P, T)) ]

4.6 Sound and Complete Axiomatization

As shown by Prop. 4.48 and Ex. 4.49, ~\p is strictly contained in ~yr, hence
the axioms AYB-AYB of Table 1 are still valid for ~yr over Ps ., but not
complete. In fact, the two process terms considered in Ex. 4.49, which are
depicted below:

a,\ N
1, 2 +MB
MT
b,u b,u
P’ P” P, PH

show that ~yp is highly sensitive to branching points. By contrast, ~yr allows
choices to be deferred as long as they are related to branches starting with
actions having the same name that are immediately followed by actions having
the same names and the same total rates in all the branches.

Here we prove that the two terms above constitute the simplest instance of an
axiom schema subsuming A}E that we have to introduce in order to obtain a
sound and complete axiomatization of ~yp over Pg ;. Such an axiomatization
is given by the set AMT of axioms shown in Table 2, where I and J; are finite
index sets with |I| > 2 (if J; = 0, the related summations are taken to be 0).

Theorem 4.54 The deduction system DED(AMT) is sound for ~yt over
Ps s 1.€. for all Py, Py € Pg
AMT}_Plng — P ~ur P

Proof Since ~yr is an equivalence relation and a congruence with respect to
action prefix and alternative composition by virtue of Thm. 4.53, in the proof
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(AMT) P+ P=P+P
(AY) (PL+P)+P3 =P+ (P + P3)
(AYT) P+0="P
AMT by biv i i>.P s =
( 4 ) Yo <a,\>. ) < iy Mig > i =

iel jeJ;

A
<0, 2per Ae>- 20 2, <bijy g~ piig> P
el jed; kel "'k

if for all i1,19 € I:
{bihj ’JE Ji1} - {bi2,j ‘]E JiQ} = {blvwa--abn}
and for all h =1,...,n:

o i i =0t = 3 {tisg | bing = bn [} = g
Jj€Jiy J€Jiy

Table 2
Axiomatization of ~y1 over Ps

of AMT = P, = P, it is correct to use reflexivity, symmetry, transitivity, and
substitutivity with respect to action prefix and alternative composition.

As far as the set AMT of specific axioms is concerned, from Prop. 4.48 it follows
that ~y 1 inherits all the axioms of ~yg, hence A¥T-A§4T are certainly correct
for ~yr. For AYT it suffices to observe what follows:

e Both terms can initially execute only a-actions.

e The average time to execute them is 1/ ,c; Ay in both terms.

o If J; = () for all i € I, then the a-derivative term is 0 with probability 1
both on the left and on the right, so no test can distinguish between the
two original terms. If instead J; # () for all ¢ € I, then the a-derivative term
is 3 e <bij, pi;>.P;; with probability A;/ > rer Ar on the left, while it is
Sier 2jes; <bij, Aif Zger Ak - pij>. P ; with probability 1 on the right. Not
even at this point can a test make a distinction because:

- All the a-derivative terms can initially execute only bj-actions for h €
{1,...,n}.

- Each of the bj,-actions has the same total rate p;, in all the a-derivative
terms.

- For all tests initially enabling a followed by one or more alternatives among
which b; ;, the a-b; j-derivative term F;; is reached with the same proba-
bility (Ai/ Yrer Ak) - (i) 2on—1{ pen | by, test-enabled [}) both on the left
and on the right. n

Definition 4.55 Let P € Ps,,. We say that P is in testing-minimal sum
normal form (tmsnf) iff P = 0 or P = > ,c; <a;, \;>.P; with [ finite and
non-empty, P initially minimal with respect to AT, and P; in tmsnf for all
1€ 1. |
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In the previous inductive definition, by initial minimality of P with respect
to AY'T we mean that no subset of summands of P matches the left-hand
side term of A}'T. From the definition it follows that the initial minimality
holds with respect to AQAT as well. We denote by Psnrimsnt the set of the
non-recursive process terms of Pg that are in tmsnf.

Lemma 4.56 For all P € Pg,, there exists () € Psnrtmsnt such that
AMT - P — (.

Proof We proceed by induction on the syntactical structure of the non-
recursive process term P:

e If P =0, the result follows by taking @ = 0 (which is in tmsnf) and using
reflexivity.

e If P = <a, A\>.P’, then by the induction hypothesis there exists @' in tmsnf
such that AMT - P’ = (0’. From substitutivity with respect to action prefix
we obtain that AMT F <a, A\>.P' = <a, \>.QQ', from which the result follows
as <a, A\>.()" is in tmsnf.

o If P= P, + P,, then by the induction hypothesis there exist ()1 and (- in
tmsnf such that AMT - P, = @, and AM" P, = Q. From substitutivity
with respect to alternative composition we obtain that AMT - P, + P, =
Q1+ Q. If Q1 + Q2 is in tmsnf, we are done. If instead ()1 + Q)2 is not in
tmsnf — because it is not initially minimal with respect to A}'" or A}T —
the result follows after as many applications of AY" and A} to @ + Q- as
possible (possibly preceded by applications of AMT and AMT) by virtue of
substitutivity with respect to alternative composition as well as transitivity.

u

Theorem 4.57 The deduction system DED(AMT) is complete for ~yr over
Psr, 1.e. for all Py, Py € Pg
PlNMTPQ — AMTl_P:l:PQ

Proof There are two cases. If P, and P, are both in tmsnf, we proceed by
induction on the syntactical structure of P:

o If P, =0, from P, ~yr P, and P, in tmsnf it follows that P, = 0, hence
the result by reflexivity.

o If P, =3y <a;, \i>.Py; with I; finite and non-empty, from P, ~yr P
and P in tmsnf it follows that P, = 37,7, <bj, u;>. P, ; with I finite and
non-empty. By virtue of Cor. 4.8, from P, ~yr1 P> we derive that:

{a; i€ L} ={bj|j€ L} ={cco...,cn}
with:
rate( Py, cx, 0, Pc) = rate( Py, ¢k, 0, Pc)
for each k£ =1,...,n. We can then concentrate on a generic ¢; and on the
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two related sets of summands:
Sk:,l = {<CL¢,/\¢>.P17,L' ’ 1 € [1 Na; = Ck}
Sko = {<bj, 1;>.Poj | j € Iy Nbj = ¢}

which satisfy the following two properties:

(1) Xpes,, rate(P,ci,0,Pc) = Ypes, , rate(P, ¢, 0, Pc).

(2) The derivative terms Py ; (resp. P, ;) occurring in Sy (resp. Sk2) are all
inequivalent with respect to ~y due to the initial minimality of P; (resp.
P,) with respect to A}, In fact, due to such an initial minimality, taken
two derivative terms in the same summand set, it must be the case that
their sets of initial action names are different or the total exit rate with
respect to one of these initial action names is different in the two derivative
terms, thus violating the necessary condition for ~y;r stated by Cor. 4.8.

We now prove by proceeding by induction on |Sy 1| that for each summand

<aj, \i>.P1; € S, there exists exactly one summand <bj, p1;>. P € Sk

such that A\; = p; A Py; ~wr Poye

- If |Sk1| = 1, then Sk contains a single summand, say <a;, A\;>.P;;.
Then Sj » must contain a single summand as well, say <b;, u;>.Ps ;, with
Ni = pj AP~y Py (as Py ~yr Py, hence P and P, cannot be distin-
guished by tests starting with a ¢g-action). The reason why S o cannot
contain several summands — each starting with a cg-action — is that this
would contradict P; ~yr P» (in the case in which the inequivalent deriva-
tives of the summands violated the necessary condition for ~yr stated by
Cor. 4.8) or the initial minimality of P, with respect to A}T (in the case
in which the inequivalent derivatives satisfied that necessary condition).

- Suppose that |Sg1| =m > 1. Let Si| be the set of the summands of Sy
whose derivative terms have — among all the derivative terms occurring in
Sk,1 — the maximum total exit rate § with respect to an action name d. By
virtue of property (2), d can be chosen in such a way that S,‘il # Si.1. Then
the derivative term of each summand of S,‘il passes with probability 1 the
test <d, *;>.s within the minimum average time 1/4, hence P, passes with
probability Y pegs rate(P, ck, 0, Pc)/ Ypes,, rate(P, cy,0,Pc) the test
<Cg,*1>.<d,*1>.s within the minimum average time sequence
1/2P€Sk71 rate(P, ¢, 0,Pc) o 1/4. Since P, ~yr Py, also P, must pass
the same test in the same way as P, hence there must exist a subset
S,f’g of Si2 whose derivative terms all have the maximum total exit rate
0 with respect to d, with 512172 # Sko and 2 Pesd, rate(P, ¢, 0,Pc) =
> pesy, rate(P, cx, 0, Pc).
Since Sy, and Sy, satisfy properties (1) and (2) with [S{,| < m, by the in-
duction hypothesis it follows that for each summand <a;, \;>.P;; € Sff’l
there exists exactly one summand <bj,u;>.P,; € Si, such that \; =
N Py ~vr P
Likewise, since S}, = Sp1 — S, and Sy, = Spo — Sf, satisfy proper-
ties (1) and (2) with [Skal < m, by the induction hypothesis it follows
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that for each summand <a;, \;>.P;; € S,gl there exists exactly one sum-

mand <bj, u;>.Pp; € Si 5 such that A\; = p; A Py ~yr Py Thus the

result follows for the whole Si; and Sk .
By proceeding in a similar way we can prove that for each summand
<bj, t;>.P, ; € Sk there exists exactly one summand <a;, \i>.P;; € Sk
such that \; = p; A P1; ~vr Poj.
As a consequence, a bijective correspondence can be established between Sy, |
and Sjio. Let us now take a pair of corresponding summands <a;, \;>.P;
and <bj, /Lj>.P27j, so that a; = b]/\/\z = ,uj/\Pl,i ~MT PQJ‘. Since Pl,i and P2,j
are in tmsnf, by the induction hypothesis it follows that AMT - P, = P, ;,
hence AMT - <a;, \;>.Py; = <bj, pi;>.P,; by substitutivity with respect
to action prefix, hence AMT F 3, <a;, \i>.Pi; = Yjcp, <bj, pu;>.Pyj by
substitutivity with respect to alternative composition and the bijectivity of
the correspondence.

If instead it is not the case that P; and P, are both in tmsnf, we exploit
Lemma 4.56 in order to derive Q; and Qs in tmsnf such that AMT - P, = Q,
and AMT = P, = Qy. By virtue of Thm. 4.54 it follows that P, ~yr @ and
Py ~yr @2, hence Q1 ~yr @2 since Py, ~y\r P, by the initial hypothesis and
~MmT 1S a transitive relation. Since ()7 and ()5 are both in tmsnf, from what
demonstrated in the previous part of this proof we obtain that AMT F @, =
Q, hence AMT |- P, = P, by transitivity. [ ]

4.7  FEzxact Aggregation Property

The axiomatization of ~y over Pg,, differs from the one of ~yp over Pg
only for the last axiom, thus we can concentrate on AN to study the aggre-
gation induced by ~yr at the CTMC level. If we view AT as the following

rewriting rule:

?Z(N(
A A
ﬁmw i

Ri

where for all i1,i5 € I:

> Hiyj = Z Hizg = 1
J€Jiy

J€Jiy
it turns out that AT aggregates |I| > 2 states into a single one and, as a

consequence, merges the |I| > 2 transitions entering the states sq,s2,..., s
into a single transition entering the new state s”.
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Now the question arises as to whether this kind of aggregation is exact, i.e.
whether the transient/stationary probability of being in the macrostate s”
of the aggregated CTMC on the right is the sum of the transient/stationary
probabilities of being in one of the constituent microstates si, s, ..., s of the
original CTMC on the left. A positive answer would entail the meaningfulness
of ~yr for performance evaluation purposes, i.e. the preservation of the value
of the performance measures across process terms that are Markovian testing
equivalent (the remark done at the end of Sect. 3.4 applies also here).

Theorem 4.58 The CTMC-level aggregation induced by ~yr is exact.

Proof With respect to the figure above, we denote by Wl(t) and m (resp. )
and mr;) the vectors containing for each state of the original CTMC on the left
(resp. the aggregated CTMC on the right) the transient probability at time
t € R>( and the stationary probability of being in that state. Assumed that
WI(O) is given and that w®) is obtained from it by letting:

(0) [

<[5 = 7so]
a0[s"] = ZWI(O) [s,]
il
a0[g] = Wl(o) [] any other state s ¢ {s',s"}

what we have to prove is that for all t € R<q:

0[] = =" [s0)
a0 = L [si
el
a®[s] = o [s] any other state s ¢ {s',s"}
and that:
w:[s'] = m[so]
m[s"] = X m[si]
iel
m.[s] = m[s] any other state s ¢ {s',s"}
Let us define for all P € Pg the backward reachability set as follows:

a,\

brs(P) ={P' | Ja,\. P —— P}
and for all P, P' € Pg the backward rate as follows:
ratey(P', P) = S A | 3a. P~ P}
As far as the transient case is concerned, we preliminarily recall that, given
the infinitesimal generator matrix Q = [gx;] and the initial probability vec-
tor Wg) of an arbitrary finite-state CTMC and chosen ¢ € R<g such that
q> II’llf)iX |qn.|, the transient probability vector at time ¢ € R+ is given by:

) _ %O: ot . (a1)? 'ng)

Lt 1
Q = d!

where:
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P=_.Q+I

is the probability matrix of the DTMC embedded in the g-uniformized version
of the given CTMC and:

ng) :ng_l)-P:ng_2)~P2:...:Wg))'Pd

is the transient probability vector of the DTMC after d € N.q steps, with
20 D).

Let us denote by W’l(d) (resp. w¥) the vector containing for each state of the
DTMC embedded in the g-uniformized version of the original CTMC on the
left (resp. the aggregated CTMC on the right) the probability of being in that
state after d steps. As uniformization rate g we take the maximum absolute
value occurring in the infinitesimal generator matrices of the two CTMCs.
We now proceed by induction on d € N to prove the exact aggregation prop-
erty for the two DTMCs in the transient case. From this fact, i.e. for all d € IN:
T[] = " [s0)

7D[s"] = ¥ w[s,]
el
ad[s] = xV|s] any other state s ¢ {s',s"}

it will follow that for all t € R<q:

Wﬁt) [s'] = § e—dt (q;!)d ’Wr(d) [s'] = ioj edt . (q;!)d 'Wl(d) [so] = 7]“.1(15) (o]
d=0 d=0
[e'e} d 0 d
Wﬁt) [s”] = 3 e et (q;!) -Wﬁd) [s//] = 3 e et (th') Zwl(d) [Sz] _ Zﬂﬁ(t) [Sz]
d=0 d=0 i€l i€l
o0 +\d [e.e] o +\d
Wr(t) [s] = dgo e—dt . (th!) ~7/rr1£d) [s] = dzoe gt . (th!) 'Wl(d) [s] _ Wl(t) [s]

with s being as usual any other state not in {s’, s"}.

If d =0 then W’l(d) and @® trivially meet exactness because we assumed:
w01 = =" o)
aO[s"] = Y [si]
i€l
a0[s] = 1(0) [s] any other state s ¢ {s,s"}

T

Consider now Wl(d) and w9 for d € N+, and suppose that exactness holds for

all d € N_g4, ie.:
7[5 = m[s0]
s = T a"si]
el
ad)[s] = o ¥)[s] any other state s ¢ {s',s"}

The linear equation system after d steps for the DTMC embedded in the ¢-
uniformized version of the original CTMC on the left is the following:
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iOs] = ¥ alt I[P el

P'ebrs(so)
m@si] = m* o] - & iel
rD[Py] = w@ V], - a2 ieljel
7Tl(d) Pl= X Wl(d_l)[P’]  raten(P,P) any other state P
P’ebrs(P) a

while for the DTMC embedded in the g-uniformized version of the aggregated
CTMC on the right we have:

1Ds] = ¥ gld-b[p. el
P'cbrs(s’) ' g
(D)o — (d=1)[o/ Ak
s s S
] = 7eD]s] - 3
m{DPy) = mD[s") - g2 - ieljel
kel
D[P = ¥ gld-b[p]. eel™P) gy other state P
P’ cbrs(P) a

with both the 7(”[]’s and the 7(?[.’s summing up to 1.
We now show that, through the introduction for all d” € N4 of a new vari-
able y(@") replacing the set of variables {Wl(d”)[si] | i € I}, the system of linear
equations for the DTMC associated with the original CTMC on the left can
be transformed into a linear system having the same number of variables and
equations as well as the same coefficient matrix as the system of linear equa-
tions for the DTMC associated with the aggregated CTMC on the right.
By summing up over all ¢ € [ the second group of equations in the linear
system for the DTMC associated with the original CTMC, we derive:

£ m s =m o] - T 2

iel kel ¢
which can be rewritten as follows:

if we let:

el
Observed that:
d—1
i sl =yt
hence for all 7 € I:
(d) _ .. N .(d s
T [SZ] - y( ) kZI Ak a y( : kel Ak
it will be:
d—1 _ .
s =y A
where:



Therefore the third group of equations in the linear system for the DTMC
associated with the original CTMC can be rewritten as follows:
rp 1 d=1) . AN By ; .
m [Pl =y S ze[,zEJz
In conclusion, the introduction of the new variables y(*")’s causes the system

of linear equations for the DTMC associated with the original CTMC to be
equivalent to the following one:

7Ps] = ¥ V[P el
P’ebrs(so) a
y D = m D [so] - Yper 2
d — i i, . .
ﬂ-l( )I:P’L,_]} — y(d 1), 4:;[,\,; . % 1 € [7,7 c J,L
7Tl(d) Pl= X Fl(dfl)[P'] . rates(PLP) - any other state P
P’ebrs(P) 4

with all the occurring ﬂl(d)[.]’s plus @ summing up to 1, which has the same

form as the system of linear equations for the DTMC associated with the ag-
gregated CTMC. By virtue of the induction hypothesis we have:

P = 7P P € brs(so) = brs(s)

S
Wl(dfl) [so] = = D]s]
y @t = D"
ﬂ_l(d—l)[P/] = nl@=D[P'] P’ € brs(P), any other state P
hence:
mfso] = 7]
Y = 7]
[

NP, iel,jed;

9[P] any other state P

from which exactness follows since 3@ = 3,; 7r1(d) [s4].

Whenever the two stationary probability vectors m and m, exist, m satisfies
the following linear system of global balance equations for the original CTMC

on the left:

m(si] - p = m[so] - \i el
7T1[Pi’j] . mtet(Pi,j, 0) == 7T1[8i] © i 1€ I,] < Jl
m[P] - rate,(P,0) = > m[P']- rate,(P', P)  any other state P
P’ebrs(P)

while for the aggregated CTMC on the right we have that =, satisfies:
me[s"] - = mls']- X Aw
kel

m[Pij] - ratey (P, 0) = m[s"] - s~ i iel,je;
kel
m[P] - rate(P,0) = > m[P’]- rate,(P', P)  any other state P
P’ebrs(P)
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with both the m[.]’s and the 7,[.]’s summing up to 1.
Similarly to the transient case, we now show that, through the introduction
of a new variable y replacing the set of variables {m[s;] | i € I}, the system of
linear equations for the original CTMC on the left can be transformed into a
linear system having the same number of variables and equations as well as the
same coefficient matrix as the system of linear equations for the aggregated
CTMC on the right.
By summing up over all ¢ € I the first group of equations in the linear system
for the original CTMC, we derive:

> mlsi] - = m[so] - X A

i€l kel
which can be rewritten as follows:

Y- p=mlso] - X Ak
kel
if we let:
y = > mlsi]
i€l

Observed that:

) =y s
hence for all 7 € I:

m[s;] = m[so] - % =y E,:,Ak % =

kel M
the second group of equations in the linear system for the original CTMC can
be rewritten as follows:
— Ai g ; .
m[P, ;] - ratey(P;;,0) =y - S Mg el,jeJ;
In conclusion, the introduction of variable y causes the system of linear equa-
tions for the original CTMC to be equivalent to the following one:

y'/i:?Tl[So]' > Ak
kel

7T1[Pi,j] . mtet(HJ,O) =19y~ Z:; v i j 1€ I,j € J;

m[P] - rate,(P,0) = > m[P']- rate,(P’, P)  any other state P

P’ebrs(P)
with all the occurring m[.]’s plus ¥y summing up to 1, which has the same form
as the system of linear equations for the aggregated CTMC. As a consequence:

7T1[Pi7j] = T, Pi,j] iE],j € J;

m[P] = m[P] any other state P
from which exactness follows since y = Yo7 m[s:]. ]
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5 Markovian Trace Equivalence for SMPC

In this section we introduce and investigate the properties of another non-
bisimulation-based Markovian behavioral equivalence — originally defined
in [23] — which relies on the probability of exhibiting certain computations
that are performed within certain amounts of time. Like in the case of Marko-
vian testing equivalence, for the time being we present this Markovian trace
equivalence by restricting ourselves to SMPC.

5.1 Equivalence Definition

Unlike Markovian testing equivalence, given a process term P € Ps we no
longer have tests that interact with P in the case of Markovian trace equiv-
alence. Instead, we directly consider the multiset C¢(P) of the finite-length
computations of P taken in isolation.

Definition 5.1 Let P € Pg, ¢ € C¢(P), and a € Name*. We say that c is

compatible with « iff:

trace(c) = «
We denote by CC(P,«) the multiset of the finite-length computations of P
that are compatible with a. |

Note that CC(P, o) C Z¢(P), because of the compatibility of the computations
with the same trace «, and that CC(P, «) is finite, because of the finitely-
branching structure of the considered terms.

Definition 5.2 Let Py, P, € Ps. We say that P, is Markovian trace equiv-
alent to Py, written P, ~y1. Ps, iff for all traces a € Name™ and sequences
0 € R%, of average amounts of time:

prob(CC<y( Py, c)) = prob(CC<p(Pa, ) n

We now provide some necessary conditions for ~yr., which are based on the
average durations of computations exhibiting the same traces as well as on
the total exit rates of the last configurations of such computations. These
necessary conditions, some of which are looser than those shown in Sect. 4.2
for ~yr, will be useful in the remainder of Sect. 5.

Proposition 5.3 Let P, P, € Pg and o € Name*. Whenever P, ~ye P,
then for all ¢, € CC(Py, ) with k € {1,2} there exists ¢, € CC(Py, ) with
h € {1,2} — {k} such that:

time,(cx) = time,(cp)

and:
ratet(Pk,lasta O) - ratet(Ph,lasta 0)

with Py 1ast (resp. Phast) being the last configuration of ¢ (resp. cp).
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Proof Taken ¢; € CC(Py, «), we proceed by induction on length(a):

e If length(a) = 0 then necessarily o = e. As a consequence, we immediately
derive that there exists ¢, € CC(Py, «) such that:

time,(cr) = € = time,(cp)
with Py ast = Pr ~v1e Pr = P last.- Now suppose that P a5 and P, jas have
a different total exit rate, say e.g.:

ratet(Pk,lasm O) > Tatet(Ph,lasta O)

Then necessarily P jast and P 1ase have a different total exit rate with re-
spect to some a € Name:

rate( Py last, @, 0, Pc) > rate( P ast, a, 0, Pc)
If we considered the trace o = a, for 0 = 1/rate( Py jast, 0) we would have:
prob(CC<p(Prast, @) > 0 = prob(CC<y( Py 1ast, )
which contradicts Py jast ~mmr Phast- As & consequence, it must be:
rate( P 1asts @, 0, Pc) = rate(Pp st @, 0, Po)
for all a € Name and hence:
rate (P jast, 0) = rate;( P jast, 0)

e Let length(a) =n > 0, with a = o/ 0 b. Let ¢}, € CC(Fy, ') be the contrac-
tion by one step of ¢. Since length(a’) = n—1, by the induction hypothesis
there exists ¢}, € CC(Py,a’) such that:

time,(c),) = time,(c},)
and:
'r’atet(P,;Jast, 0) = mtet(P,;’last, 0)
with Py .o (resp. Py ) being the last configuration of ¢ (resp. ¢;,). As a
consequence:

timea(cr) = timea(ch) © ooy =

= time,(c),) o = time,(cp)

1
rates (P} 0)

h,last?
where ¢;, € CC(Py, o) is one of the extensions by one step of ¢}, according to
«, which must exist in order not to violate P, ~ytr P.

Now assume that for each such c¢y:

rates( Py ast, 0) # ratey (P ast, 0)
where Py jast (resp. P ast) is the last configuration of ¢ (resp. ¢;). Then we
can build a trace that distinguishes P, from Pj,.
In fact, let us call weak sort a set of computations that intersects CC( Py, «)
and CC(P,, «) if it comprises all the computations with (the same trace
and) the same average duration whose last configurations have the same to-
tal exit rate. Note that, due to P, ~vy P, for all a € Name the probability
of performing a computation of a weak sort in CC'(P, a) extended with an
a-transition is the same as the probability of performing a computation of
the weak sort in CC'(P,, ) extended with an a-transition.
After removing from CC(Pyg, ) and CC(Py, «) every weak sort, at least one
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of the two sets of remaining computations — which we denote by CC'( Py, @)
and CC'( Py, a) — will be non-empty because of the assumption that ¢ is not
matched by any ¢, deriving from the extension by one step of ¢}, according
to a. Then there exist some remaining computations with the same average
duration and in the same set, say e.g. CC'( Py, @), such that the last configu-
ration of each of them has the same maximum total exit rate 7, while each
of the other remaining computations has a different average duration or its
last configuration has a lower total exit rate. Denoted by a the name of one
of the actions enabled in the last configurations of the considered remaining
computations, if we took the trace a” = aoa, then for some suitable 8 such

that length(0) = length(a) we would have:
prob(CC g1 (Pr, ")) = pr + @i > qn, = prob(CCg,1 (Pr, "))

where qx, qn, > 0 are the possible contributions of weak sorts (whose average
duration does not exceed @ and whose last configurations have a total exit
rate that does not exceed 7), with g, = g5, by virtue of Py ~ym Pr. Since
the above inequality contradicts P, ~yt Pn, for at least one ¢;, deriving

from the extension by one step of ¢, according to « it must be:
ratet<Pk,last7 0) = ratet(Ph,lasta O) ]

Corollary 5.4 Let P, P, € Ps. Whenever P, ~y1. P», then for all ¢, €
Ce(Py) with k € {1,2} there exists ¢, € Ce(F,) with b € {1,2} — {k} such
that:

trace(cy) = trace(cp) N time,(cr) = timea(cy) -

Corollary 5.5 Let P, P, € Ps. Whenever P, ~y1 P, then for all a €
Name:

rate( Py, a,0,Pg) = rate(Ps, a,0, Pc) -

Corollary 5.6 Let P, P, € Ps. Whenever P, ~y1 P, then:
ratey(Py,0) = ratey(Ps,0) -

5.2  Alternative Characterizations

We now provide the following alternative characterizations of Markovian trace
equivalence:

(1) The first characterization is based on a predicate establishing whether a
process term is capable of executing a trace with a probability that is
above a given threshold, by taking an average time that is below another
given threshold. This characterization will be useful in Sect. 5.3 to estab-
lish connections between ~y 1 and its nondeterministic and probabilistic
counterparts.
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(2) The second characterization is based on the probability distribution of
executing a trace within a certain average amount of time. This charac-
terization, which results in a slightly different definition with respect to
the one of ~yry, will be useful to prove the third characterization.

(3) The third characterization is based on the probability distribution of ex-
ecuting a trace within a certain amount of time. This characterization,
which involves random variables instead of their expected values, justifies
the definition of ~y1, in terms of the average durations of the compu-
tations, which are easier to work with than the probability distributions
quantifying the same durations. This result was originally proved in [23]
with a different technique.

5.2.1 First Characterization: Erecute Predicate

The first alternative characterization of ~y1, relies on a predicate establishing
whether a process term is capable of executing a trace with a probability that
is above a given threshold, by taking an average time that is below another
given threshold.

Definition 5.7 Let P € Ps, a € Name™, p € Ry}, and 0 € R%,. We say
that P executes a with probability at least p within a sequence @ of time units
on average, written P ezecute, g o, iff:

prob(CC<o(P, ) > p -

Definition 5.8 Let P, P, € Ps. We say that P; is Markovian execute-trace
equivalent to P, written Py ~\my execute 12, iff for all traces o € Name™, prob-
abilities p € Rjo,1), and sequences € RY of average amounts of time:

Py execute, g <= P, executey, g n

Proposition 5.9 Let P, P, € Ps. Then:
Pl ~MTr,execute P2 — Pl ~MTr P2

Proof Similar to the proof of Prop. 4.12. |

5.2.2  Second Characterization: Average Durations

The second alternative characterization of ~y is based on the probability
distribution of executing a trace within a certain average amount of time.

Definition 5.10 Let P, P, € Ps. We say that P; is Markovian average-trace
equivalent to P, written Py ~\my . P, iff for all traces o € Name™ and se-
quences 0 € RY of average amounts of time:

prob, (CC(Py, a),0) = prob,(CC(Py, &), 0) -
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Proposition 5.11 Let P, P, € Ps. Then:
Py~ P <= P ~une P

Proof A straightforward consequence of Lemma 4.14. |

5.2.3 Third Characterization: Duration Distributions

The third alternative characterization of ~y1, is based on the probability dis-
tribution of executing a trace within a certain amount of time. A consequence
of this result is that considering the (more accurate) probability distributions
quantifying the durations of the computations leads to the same equivalence as
considering the (easier to work with) average durations of the computations,
hence to ~py.

Definition 5.12 Let P, P, € Ps. We say that P; is Markovian distribution-
trace equivalent to P, written Py ~\myq P, iff for all traces a € Name™ and
sequences 0 € RY, of amounts of time:

proby(CC(Py, &), 8) = proby(CC(Py, ), 0) -

Lemma 5.13 Let P, P € Ps and o € Name®. Whenever P~y g Pa,
then for all ¢, € CC(Py, ) with k € {1,2} there exists ¢;, € CC(Py,a) with
h € {1,2} — {k} such that:
timeq(cx) = timeq(cp)
and:
ratey( Py ast, 0) = rateq (P ast, 0)

with P jast (resp. P 1ast) being the last configuration of ¢ (resp. ¢p).

Proof Similar to the proof of Prop. 5.3. |

Corollary 5.14 Let P, P, € Ps. Whenever P, ~y\1 Ps, then for all ¢, €
Ce(Py) with k € {1,2} there exists ¢, € C¢(P,) with h € {1,2} — {k} such
that:

trace(cy) = trace(c,) N timeq(cy) = timeq(cp) -

Theorem 5.15 Let P, P, € Ps. Then:
Py ~yvmea Po = PL~vmea Po

Proof Similar to the proof of Thm. 4.20, with the difference that CC(Py, «)
has to be considered instead of SC(Py, T) for each k = 1,2, and that Cor. 5.14
and Lemma 4.19 — for = — and Cor. 5.4 (via Prop. 5.11) — for <= — have to
be used. |

Corollary 5.16 Let P, P, € Ps. Then:
Py ~yvmva P = P~ P -
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5.3  Connections with Other Behavioral Equivalences

We now prove the following properties of Markovian trace equivalence:

(1) ~yry is a strict refinement of nondeterministic trace equivalence [17].
(2) ~mTy s a strict refinement of probabilistic trace equivalence [18].

(3) ~my is strictly coarser than ~yyr.

(4) ~ummr and ~yr have precise connections with some variants of ~yry.
From [23] it is known that ~y1, coincides with Markovian completed-
trace equivalence — hence ~ 1y is deadlock sensitive — and that Markovian
failure-trace equivalence coincides with Markovian ready-trace equiva-
lence. It can also be derived that Markovian failure equivalence coincides
with Markovian ready equivalence from a similar result proved in [18] for
the failure and ready variants of probabilistic trace equivalence.

Here we demonstrate that ~yr coincides with Markovian ready equiva-
lence. This result, together with those mentioned above and those proved
in Sect. 4.4 and Sect. 4.3.4, provides useful information about the Marko-
vian linear-time/branching-time spectrum.

Definition 5.17 Let P € Ps and o € Name*. We say that P executes «,
written P execute «, iff at least one computation is compatible with a:

CC(P,a) # 0 .

Definition 5.18 Let P, P, € Ps. We say that P, is trace equivalent to P,
written P, ~1. P, iff for all traces o € Name™:

P, execute o <= P, execute o -

Lemma 5.19 Let P € Pg and o € Name®. Then P execute o iff there exist
p € Ry and 6 € R, such that P ezecute, g a.

Proof Similar to the proof of Lemma 4.39(1). ]

Proposition 5.20 Let P, P, € Ps. Then:

P~y P = P~y By
Proof Similar to the first part of the proof of Prop. 4.40, with the difference
that Lemma 5.19 and Prop. 5.9 have to be used. |
Example 5.21 The converse of Prop. 5.20 does not hold, i.e. nondeterminis-

tic trace equivalence is strictly coarser than Markovian trace equivalence.
If we consider the same two process terms as Ex. 4.41:
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P = <a, \>.0+ <b,u>.0

P, = <a,p>.0+ <b,A>.0

with a # b and \ # u, then P; ~1. P, because both process terms can only
perform an a-action and a b-action, but P, »#yr P». For instance, the two
process terms are distinguished by trace:

a=a
In fact, although P; and P, have the same average sojourn time ¢ = 1/(A+ pu),
the probability of executing o within ¢ time units on average is A/(A + p) in
the case of Py, while it is p/(A 4 p) in the case of Ps. n

Definition 5.22 Let P € Ps, o € Name®, and p € Rjo . We say that P
executes o with probability at least p, written P ezecute, o, iff:

prob(CC(P,a)) > p u

Definition 5.23 Let P, P, € Ps. We say that P; is probabilistic trace equiv-
alent to Py, written P; ~pr, P, iff for all traces o € Name™ and probabilities
pE R]071}:

Py execute, o <= P, evecute, a -

Lemma 5.24 Let P € Ps, o € Name™, and p € Ryp ;). Then P execute, o iff
there exists 0 € R, such that P execute, g c.

Proof Similar to the proof of Prop. 4.44. |

Proposition 5.25 Let P, P, € Ps. Then:
Py ~vme Py = Py ~pry P

Proof Similar to the proof of Prop. 4.45, with the difference that Lemma 5.24
and Prop. 5.9 have to be used. |

Example 5.26 The converse of Prop. 5.25 does not hold, i.e. probabilistic
trace equivalence is strictly coarser than Markovian trace equivalence.
If we consider the same two process terms as Ex. 4.46:

P; = <a, \>.0+ <b,u>.0

Py=<a,2-2>0+<b,2-u>.0
with a # b, then P3 ~p1, P, because both process terms can only perform an
a-action and a b-action with the same probabilities — /(A + u) and p/(A+ p),
respectively — but P; ~4y Py. For instance, the two process terms are distin-
guished by trace:
a=a
In fact, the average sojourn time of P; is 1/(A + u) whereas the average
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sojourn time of Py is 1/(2- A + 2 - i), hence the probability of executing «
within 1/(2- A+ 2 - p) time units on average is 0 in the case of P, while it is
A/(A 4+ p) in the case of Py. ]

Corollary 5.27 ~y, C ~p1y C ~ry. [

Definition 5.28 Let o € Name®. The extended trace associated with «a is
defined by induction on the length of a through the following &7 -valued
function:

€ if length(a) =0
traceo(a) =
(a, Name) o trace.(o/) ifa=aod
where ¢ is the empty extended trace. |

Lemma 5.29 Let P € Ps and o € Name®. Then for all § € RZ:
prob (@) (CCchee(a)(P, traceo())) = prob(CC<p(P, )

Proof A straightforward consequence of the fact that, due to Def. 5.28,
CC(P, trace.(a)) = CC(P, «) and for all ¢ € CC(P, trace.(c)) Def. 4.25 reduces
to Def. 2.6 and Def. 4.26 reduces to Def. 2.7. |

Proposition 5.30 Let P, P, € Ps. Then:
P~y P, = P, ~ume P

Proof By virtue of Thm. 4.35, P, ~\r P, means that for all ¢ € £7 and
0 € R%,:
p’I"ObU(CC%@(Pl, o)) = pTObU(CC‘;(,(PQ, o))
hence in particular for all « € Name™ and 6 € R
prob'racee(@) (Cngcee(a)(Pl, traces(r))) = prob™ e (Ccﬁgcee(a)(g, traces(v)))

The result then follows from Lemma 5.29. [

Example 5.31 The converse of Prop. 5.30 does not hold, i.e. Markovian trace
equivalence is strictly coarser than Markovian testing equivalence.
If we consider a slight variant of the two process terms of Ex. 4.49:

P; = <a, \i>.<b,u>.P' + <a, \y>.<c, u>.P"

Py = <a, A+ Xo>.(<b, 52 - p> P+ <e, 52 - > P")

then we have P; ~y\y Ps but Pr oLyt P if b # c. In fact, no trace starting with
a possibly followed by b or ¢ can distinguish between the two terms, because
in both terms the average time to perform an a-action followed by a b-action
or a c-action is 1/(A; + Ay) o 1/ and the probability of reaching P’ (resp.
P")is A1 /(A1 + A2) (resp. Aa/(A1 + A2)). By contrast, any test starting with a
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passive a-action followed by either a passive b-action or a passive c-action can
distinguish between the two terms as it increases the average sojourn time of
the configuration involving <b, A1 /(A1 + A2) - pu>.P' + <c, Ao/ (A1 + Aa) - u>.P”
from 1/p to (A1 + Xo) /A1 - 1/ or (A1 4+ Aa) /A - 1/, respectively. n

To conclude, we introduce five variants of ~y based on the notions of com-
pleted trace, failure set, ready set, failure trace, and ready trace. We recall
that a completed trace is a trace that ends up in a deadlock state, a failure
set is a set of names of actions that cannot be executed in a certain state, a
ready set is the set of the names of all the actions that must be executable in
a certain state, a failure trace is a trace extended at each step with a failure
set, and a ready trace is a trace extended at each step with a ready set.

Definition 5.32 Let P € Pq, ¢ € C¢(P), and a € Name*. We say that c
is a maximal computation compatible with « iff ¢ € CC(P,«) and the last
configuration of ¢ is deadlocked. We denote by MCC(P, o) the multiset of the
finite-length maximal computations of P that are compatible with a. |

Definition 5.33 Let P, P, € Ps. We say that P; is Markovian completed-
trace equivalent to P, written Py ~yy o P, iff for all traces @ € Name™ and
sequences ¢ € R, of average amounts of time:
prob(CC<y( Py, ) = prob(CC<y(Pa, v))
prob(MCC<y(Py, ) = prob(MCC<y(Py, @v)) -

Definition 5.34 Let P € Pc, ¢ € C¢(P), and p = (o, F) € Name* x 2Nome,
We say that c is a failure computation compatible with ¢ iff ¢ € CC(P, «) and
the last configuration of ¢ cannot execute any action whose name belongs to
the failure set F. We denote by FCC(P, ) the multiset of the finite-length
failure computations of P that are compatible with . |

Definition 5.35 Let P, P, € Ps. We say that P, is Markovian failure equiv-

alent to P, written P, ~\p P, iff for all traces with final failure set ¢ €

Name* x 2N9me and sequences 6 € R?, of average amounts of time:
prob(FCC<o(Pr, ) = prob(FCC<o(P2, ¢)) n

Definition 5.36 Let P € Pg, ¢ € C(P), and p = (a, R) € Name* x 2Name,
We say that ¢ is a ready computation compatible with p iff ¢ € CC(P, «) and
the set of the names of all the actions executable by the last configuration of ¢
coincides with the ready set R. We denote by RCC(P, p) the multiset of the
finite-length ready computations of P that are compatible with p. ]

Definition 5.37 Let P, P, € Ps. We say that P; is Markovian ready equiv-

alent to P, written P, ~yr P, iff for all traces with final ready set p €

Name* x 2N9me and sequences 6 € R, of average amounts of time:
prob(RCC<y(Py1, p)) = prob(RCC<o(Pa, p)) -
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Definition 5.38 Let P € Pg, ¢ € C;(P), and ¢ € (Name x 2NV9me)* We say
that ¢ is a failure-trace computation compatible with ¢ iff ¢ is compatible
with the trace component of ¢ and each configuration of ¢ cannot execute
any action whose name belongs to the corresponding failure set in the failure
component of ¢. We denote by F7CC(P, ¢) the multiset of the finite-length
failure-trace computations of P that are compatible with ¢. |

Definition 5.39 Let P, P, € Ps. We say that P, is Markovian failure-

trace equivalent to P, written P, ~ypre P, iff for all failure traces ¢ €

(Name x 2V*me)* and sequences § € R?, of average amounts of time:
prob(FTCC<o( Py, ¢)) = prob(FTCC<y(Pa, ¢)) -

Definition 5.40 Let P € Pg, ¢ € C(P), and ¢ € (Name x 2Nome)* We
say that c is a ready-trace computation compatible with o iff ¢ is compatible
with the trace component of o and the sets of the names of all the actions
executable by the configurations of ¢ coincide with the corresponding ready
sets in the ready component of p. We denote by R7CC(P, ) the multiset of
the finite-length ready-trace computations of P that are compatible with p. =

Definition 5.41 Let P, P, € Ps. We say that P, is Markovian ready-trace

equivalent to Py, written P, ~ygre Pa, iff for all ready traces o € (Name x

2Name)* and sequences 6 € R, of average amounts of time:
prob(RTCC<y( P, 0)) = prob(RTCC<y(P2, 0)) -

Proposition 5.42 Let Py, P, € Ps. Then:
P ~yp Py <= P~y P

Proof (=) We prove the contrapositive, so assume that P; #yr Ps. Then
by virtue of Thm. 4.35 there exist 0 € £7 and 6§ € R%, such that:

prob? (CCZy(P1,0)) # prob? (CCLy( P2, 0))

Let o have minimal length among all the extended traces satisfying the above
inequality, with o = ¢’ o (a,€) and trace(o) = o’ o a. Due to the minimality
of the length of o, for all #’ € R%; we have:

pmbtmcee(a’)(Cctsrglcee(a’)(pl’ trace.(a'))) =

probtrecce(@) (CCZ;C@E(QI) (Py, trace.(a)))
hence by virtue of Lemma 5.29:
prob(CC<y/(Pr,a’)) = prob(CC<y (P, a))
There are two cases. If the set of the o/-derivatives of P, and the set of the o/-

derivatives of P, result in the same family of ready sets, then from the initial
inequality we derive that for some §” € R?, lexicographically greater than 6:

prob(CC<pr (P, & 0 a)) # prob(CC<pr(Py, o 0 a))
hence P; &yt Po, from which Py oyr P follows.
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If instead the set of the o/-derivatives of P, and the set of the o/-derivatives
of P, result in different families of ready sets, then there is at least one ready
set R possessed by some o/-derivatives of e.g. P; that is not possessed by any
o'-derivative of P. Then for some 6” € R?, lexicographically greater than 6
we have:

prob(RCC<yr(Pr, (o', R))) > 0 = prob(RCC<yn (P, (¢, R)))
hence Pl ’/’MR PQ.
(<) By virtue of Prop. 4.6, from P, ~yr P; it follows that, given an ar-
bitrary T' € 7 and an arbitrary ¢ € C¢(T,s), for all ¢, € ESC(P;, T, c) with
k € {1,2} there exists ¢, € ESC(Py, T, c) with h € {1,2} — {k} such that:
trace,(cx) = trace,(cp) N timea(cx) = timey(cp)
and for all a € Name:
rat€<Pk,last7 a, 07 PC) = Tate(Ph,lasb a, 07 PC)

with Py ast (resp. Phast) being the process component of the last configura-
tion of ¢ (resp. ¢p). As a consequence, given an arbitrary o € Name™, for all
cx € CC(Py, a) there exists ¢, € CC(Py, o) such that:

time,(cx) = time,(cp)
and for all a € Name:
Tate<Pk,last7 a, Oa PC) = rate(Ph,lasta a, 07 PC)

In other words, any finite-length computation of one of the two process terms
is matched by a finite-length computation of the other process term having
the same trace, the same average duration, and the same ready set.

Let us consider the computations of CC(Py, ) and CC(Py, ) in order of non-
decreasing extended average duration, which is given by their average duration
concatenated with the inverse of the total exit rate of their last configuration.
This results in a partition of CC(Py, o) U CC(P, o) such that each class col-
lects all the groups of matching computations with the same extended average
duration. Let 61 <jox 02 <iex ... <lex On — With n € Nyg and <jex being the
lexicographical order — be the resulting extended average durations.

We now examine the class whose associated extended average duration is
0;. Let us denote by Ri1,Ri2,--.,Rim, the ready sets — in order of non-
decreasing size — characterizing the groups of matching computations in the
class being examined. As far as the group characterized by R4 ; is concerned,
take a test T, starting with a sequence of passive actions whose names are
those occurring in «, followed by DaeRy, <a; k1> Then from P, ~y1 P, we
derive:

prob(SCg,(Py, T1,1)) = prob(SCg, (P, Th 1))

where:
prob(SCg, (Pr, T11)) = prob(RCCg, (P, (o, R11)))
prob(SCg,(Py, T1,1)) = prob(RCCg,(Ph, (@, R1,1)))

For the generic group of matching computations characterized by ready set
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R, with 2 < j < my, we build a test T} ; starting with a sequence of passive
actions whose names are those occurring in a, followed by > ,cr, ; <a,*1>.s.
Then from P, ~y1 P, we derive:

prob(SCg, (Py, T1;)) = prob(SCg, (P, T15))

where:

prob(SCg, (Py, T1 ;) = prob(RCC4,(Py, (o, R15))) + Qi <;
PTOb(SCgél(Ph, Tl,j)) = pTOb<RCCS9—1<Ph7 (047 Rl,j))) + qn1,<j

with qi1,<; = qn1,<j € Ryp| being the possible contribution of the groups of
matching computations characterized by ready sets R11,Ri2,...,R1,j-1 (the
contribution is present whenever at least one among Ri1,Ri2,...,Rij-1 is
contained in Ry ;).

For the generic class whose associated average duration is 6;, with 2 < i < n,
we can reason in a similar way. The only difference is that, in the equalities
relating the probability of SC-like sets and the probability of RCC-like sets,
we have to take into account the possible additional contributions g «; =
qn,<i € Rjp[ of the classes whose associated extended average durations are
01,05, ...,0;_1 (the contribution can be present whenever at least one among
the ready sets characterizing the groups of matching computations of the
previously examined classes intersects the ready set under consideration).
Due to the generality of «, we can conclude that P, ~yr Ps. [ ]

Corollary 5.43 The Markovian linear-time/branching-time spectrum is:

~MB C ~MRTr = ~YMFTr C ~YMR = ~YMT = ~MTre = ~“MF C ~MTr,c = ~MTr =

5.4  Congruence Property
We now show that Markovian trace equivalence turns out to be a congruence
with respect to all the operators of SMPC.

Lemma 5.44 Let P € Pg and o« € Name™. Then for all <a, \> € Actg and
0 € R%,:

prob(CC<y(P, ) = pmb(CCS%Oe(<a, A>.Paoq))

Proof Similar to the proof of Lemma 4.50, with the difference that CC-like
sets have to be considered instead of SC-like sets. (]

Lemma 5.45 Let P, P, € Ps and o € Name* — {e}. Then for all § € R%:
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p1 - prob(CC<p, (P, @) 4 pa - prob(CC<p, (P, @v))
ifr; >0Ary >0

prob(CC<y( Py, @)
ifr1 >0Ary;=0

prob(CC<y( Py, av))
ifri=0Ary>0

prob(CC<y(P, + P, ) =

0
if r = 0A o = 0
where:
r = ratey(Py,0) ro = ratey( Py, 0)
pr= A P2 =0
0li] + (= — L) ifi=1 Oli] + (L — L) ifi=1
91 [Z] — [ ] (rl r1+7”2) QQM — [ ] <7”2 r1+7’2)
9[@] ifie>1 6’[2] if¢>1

Proof Similar to the proof of Lemma 4.52, with the difference that CC-like
sets have to be considered instead of SC-like sets. [

Theorem 5.46 Let P, P, € Ps. Whenever P, ~y1 P, then:

(1) <a, A\>.P; ~y1y <a, A>.P; for all <a, \> € Acts.
(2) P1+P~MTYP2+Pand P—f-Pl NMTrP—f—PQ for aHPG'Ps.

Proof (1) In order to avoid trivial cases, consider & = aod’. From P ~y1, Po
it follows that for all 6 € R :

prob(CC<y(Py,a’)) = prob(CC<p( Py, )
By virtue of Lemma 5.44, for each k& = 1,2 we have that for all 0 € RY:
prob(CC<o(Py, a')) = prob(CC1.4(<a, A> Py, a0 a))

hence for all § = i o0 € RY, such that i > %:

prob(CC<y (<a, \>.Py,a)) = prob(CC<p (<a, A>. Py, v))
Since a # ¢, for 0’ = € and for all ¢ € RE; such that ¢'[1] < § we have:

prob(CC<p (<a, \>.Py,a)) = 0 = prob(CC<y (<a, \>. P2, 0))

(2) Similar to the proof of Thm. 4.53(2), with the difference that CC-like

sets have to be considered instead of SC-like sets, and that Lemma 5.45 and
Cor. 5.6 have to be used. |
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5.5 Sound and Complete Aziomatization

As shown by Prop. 5.30 and Ex. 5.31, ~yr is strictly contained in ~yry, hence
the axioms AMT-AYT of Table 2 are still valid for ~yr, over Ps,, but not
complete. In fact, the two process terms considered in Ex. 5.31, which are
depicted below:

aA ak anMt M
T
~MT
b,u C, U ' b,)‘_l. C,L.u
M+ X M+ X
P’ P P’ P

show that, when moving from ~yt to ~y1y, the action prefix operator tends to
become left-distributive with respect to the alternative composition operator.
More precisely, choices can be deferred as long as they are related to branches
starting with actions having the same name that are followed by terms having
the same total exit rate. Note that the names and the total rates of the initial
actions of such derivative terms can be different in the various branches.

(AN Pi+P=PFP+Ph
(AT (Pr+ P)+P3 =P+ (Pa+ Ps)
(A P+0="P

(AE/ITr) Z <a,/\i>. Z <bi,jvﬂi,j>'Pi,j =
iel JE€Ji

A
<@, per Ae>- 20 3, <bij, g~"tm > P
icl jeJ; kel "k

if for all 41,40 € I:

> iy 5 = > Hig,j = H
jGJil jEJiQ

Table 3
Axiomatization of ~y\1y over Ps

Here we prove that the two terms above constitute the simplest instance of
a more liberal axiom schema A}™ that we have to substitute for the more
restrictive axiom schema A}T in order to obtain a sound and complete ax-
iomatization of ~yp over Pg . Such an axiomatization is given by the set
AMTT of axioms shown in Table 3, where I and J; are finite index sets with
|I] > 2 (if J; = 0, the related summations are taken to be 0).

Theorem 5.47 The deduction system DED(AMT) is sound for ~yp over
Ps s 1.€. for all Py, Py € Pg
AMT - P = P = P ~yn P
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Proof Similar to the proof of Thm. 4.54, with the difference that Thm. 5.46
and Prop. 5.30 have to be used, and that for A" it suffices to observe what
follows in the case that J; # () for all 7 € I:

e The union of the sets of the names of the actions initially executable by
the |I| a-derivative terms on the left, i.e. {b;; | i € I Aj € J;}, coincides
with the set of the names of the actions initially executable by the only
a-derivative term on the right.

e Each of the a-derivative terms has the same total exit rate u.

e For all traces starting with a followed by b; ;, the a-b; j-derivative term P, ;
is reached with the same probability (A;/ > rer Ak) - (1i,;/4¢) both on the left
and on the right. |

Definition 5.48 Let P € Ps,,. We say that P is in trace-minimal sum nor-
mal form (trmsnf) iff P =0 or P = ¥ ,c; <a;, \;>.P; with [ finite and non-
empty, P initially minimal with respect to AT, and P; in trmsnf for all i € 1.

n

Lemma 5.49 For all P € Pg,, there exists ) € Pgsnrtrmsnf such that
AMT - p — ().

Proof Similar to the proof of Lemma 4.56. |

Theorem 5.50 The deduction system DED(AMTY) is complete for ~y over
Ps s 1.€. for all Py, Py € Pg

P~y Po :>AMTr|_P1:P2

Proof Similar to the proof of Thm. 4.57, with the following differences.

In the case that P, and P, are both in trmsnf, with P, = 3",c;, <a;, \i>. Py
and P = 37 ¢p, <bj, pt;>. P, 5, recalled that by virtue of Cor. 5.5 from Py ~yy
P, it follows that:

{ailie L} ={bj|je L} ={ca,co,...,cn}
with:
rate(Py, ¢k, 0, Pc) = rate( Py, cx, 0, Pc)
for each k = 1,...,n, we have that for a generic ¢; and the two related sets
of summands:

Sk71 = {<aia )\i>-P1,z' | 1€ -[1 Na; = Ck:}

Sk = {<bj,;>.Poj | j € o Nbj = ¢}
the following two properties are satisfied:

(1) Xpes,, rate(P, cx,0,Pc) = Xpes, , rate(P, ¢k, 0, Pc).

29



(2) The derivative terms P;; (resp. P ;) occurring in Sy (resp. Sy o) are all
inequivalent with respect to ~y1, due to the initial minimality of P; (resp.
P,) with respect to A}, In fact, due to such an initial minimality, taken
two derivative terms in the same summand set, it must be the case that
their total exit rates are different, thus violating the necessary condition
for ~yry stated by Cor. 5.6.

In the proof by induction on |S | that for each summand <a;, \i>.P; € Sk1
there exists exactly one summand <bj, p;>.FPs; € Sigo such that \; = p; A
Py ; ~vme P j, part of the demonstration has to be modified as follows:

o If |Si1| = 1, then Sy, contains a single summand, say <a;, A\;>.P; ;. Then
Sk,2 must contain a single summand as well, say <b;, p;>.FP»j, with \; =
i APy ~vume Py (as Py o~y P2, hence Py and P, cannot be distinguished
by traces starting with a cg-action). The reason why Sio cannot contain
several summands — each starting with a cg-action — is that this would
contradict P, ~y1 P (in the case in which the inequivalent derivatives of
the summands violated the necessary condition for ~y, stated by Cor. 5.6)
or the initial minimality of P, with respect to AT (in the case in which
the inequivalent derivatives satisfied that necessary condition).

e Suppose that [Sp1| = m > 1. Let S, be the set of the summands of
Sk whose derivative terms have — among all the derivative terms occur-
ring in Sy ; — the minimum average sojourn time 1/A and the same total
exit rate d with respect to an action name d. By virtue of property (2),
d can be chosen in such a way that Sf, # Sii. Then the derivative
term of each summand of Sy, executes with probability §/A the trace d
within the minimum average time 1/A, hence P; executes with probabil-
ity (X pesa, rate(P, cx,0,Pc)/ratey(F1,0)) - (6/A) the trace ¢y od within the
minimum éverage time sequence 1/ratey(Py,0)o1/A. Since P, ~y1, Pe, also
P, must execute the same trace in the same way as P;, hence there must
exist a subset S,‘i2 of S 2 whose derivative terms all have the minimum av-
erage sojourn time 1/A and the same total exit rate § with respect to d,
with S, # Sk2 and Ypesi, rate(P, cx, 0, Pc) = Ypest, rate(P, ¢y, 0, Pg).

In the case that at least one between P; and P; is not in trmsnf, Lemma 5.49

and Thm. 5.47 have to be used. [

5.0 FExact Aggregation Property

By looking at the structure and at the rate constraints of the axiom schemata
AT and AYT it is straightforward to conclude that both axiom schemata
result in the same CTMC-level aggregation, which is the one depicted at the
beginning of Sect. 4.7.
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Theorem 5.51 ~y1, induces the same CTMC-level aggregation as ~yr. ®

Corollary 5.52 The CTMC-level aggregation induced by ~yr, is exact. m

6 Markovian Testing and Trace Equivalences for CMPC

In this section we consider ~yr and ~y over CMPC. Since passive actions
now come into play through the syntax of the process terms, the definitions of
~umt and ~y\ may become more complicated. The reason is that the presence
of passive actions that do not have to synchronize with exponentially timed
actions may hamper the calculation of the execution probability and of the
duration of test-driven and non-test-driven computations.

We shall therefore restrict ourselves to the performance closed process terms
of CMPC. Since these terms are guaranteed not to execute any passive action
that does not synchronize with an exponentially timed action, the definitions
of ~yr and ~ye will not need any change and all the results of Sect. 4 and
Sect. 5 will carry over. In this performance closed setting we shall show that
~MmT is a congruence with respect to parallel composition whereas ~y is not,
from which it can be concluded that only Markovian testing equivalence may
constitute a useful alternative to Markovian bisimilarity.

6.1 Full Congruence Property of ~yr

We now prove that ~yr is a congruence over Pc . with respect to parallel
composition as long as the context process put in parallel can only perform
synchronizing passive actions. The proof will be accomplished by exploiting
the extended-trace-based alternative characterization of ~yr stemming from
the full abstraction result of Sect. 4.3.4.

Theorem 6.1 Let P, P, € Pcpe, P € Pc such that it contains only passive
actions, and S C Name such that P, ||s P, P ||s P, P||s P1, P |ls P> € Pcpe.
Whenever P, ~yr P, then:

Py||s P ~vr P2 |ls P

Plls Py ~vr Plls P
Proof We start by observing that any computation ¢ € C¢(Py ||s P), with
k € {1,2}, is the parallel composition with respect to S of a computation

cp, € Ci(Py) and a computation cp € C¢(P). Since P contains only passive
actions and Py ||g P is performance closed, we have:
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a,
Pylls P——cp ||scp

a,\
ichkEPk———wPé/\agéS

P P a’)\.weig;;;(P,a)
%
C=Cp, ”SCP: kHS rL HSCP,

a,\ A, *qp
if cp, =P ——cp Necp=P——cp Na € S
Py lls P
otherwise

For all extended traces ¢ € £7 and for all computations ¢ = cp,_||scp €
CC(Py||s P,o) we have:

1

if length(c) =0

prob?(c) = A o'
S~ {rate(Py,b,0,P0) [bESVweight(P)>0 [} prob” (<)
be&

a,\
if c=P||s P—— ¢ with o = (a,E) o0’

and:

if length(c) =0

time? (c) = 1

> {lrate(Py,b,0,Pc)|b¢ SVweight(P,b)>0 [}
beé

o timeZ ()

a,\
if c=Py|ls P—— ¢ witho = (a,&) 00’

Let us define the environment-related restriction of the above mentioned o to
cp and S through the following £7 -valued function:

(a,{be€ & |b¢ SV weight(P,b) > 0}) o restr(c’, cp, S)
ifo=(a,E)o0’ Na ¢ S
(a,{be€ & |b¢g SV weight(P,b) > 0}) o restr(o’, cps, S)

Ak

ifo=(a,€)oc’ Nae SANcp =P ——cp

restr(o, cp, S) =

Then for all ¢ = cp, ||scp € CC(Py||s P,o):

pT‘ObU<C) — probrestr(o,CP,S)(CPk)
restr(o,cp,S)

time?(c) = timel (cp,)

As a consequence, for all 0 € €7 and 0 € R%;:
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prob? (CCLy(Py ||s Pyo)) = > prob? (c)

C:CPk ||S CPGCC%Q(PI@ ”S P,O')

_ Z Z pT‘ObreStr(U’CP’S) (CPk)

cp€Ci(P) cpy, ECCT;@S”(G’CP’S)(Pk,restT(U,CP,S))

= e%:(P) probTestr(er.S) (CC?gtr(g’CP’S)(Pk, restr(o,cp, S)))
cp€eCy

From P; ~yt P, and Thm. 4.35 we derive that for all o € ET, cp € C¢(P),
and 0 € R :

probrestrocr:s) (CC;egtT(U’CP7S)(P1, restr(o,cp, S))) =
probTestr(er:S) (CCQGQS”(U’CP’S)(PQ, restr(c,cp, S)))
hence for all 0 € £T and 0 € R%;: )
prob? (CCZy4(Py ||s P, o)) = prob? (CCZ4( P, ||s P, )
The result then follows by virtue of Thm. 4.35. u

6.2 ~yrye Is Not a Full Congruence

Unlike ~yr, it turns out that ~yr is not a congruence with respect to parallel
composition. This should not come as a surprise, as in [18] it has been shown
that probabilistic trace equivalence is not a congruence with respect to parallel
composition.

Consider the two Markovian trace equivalent process terms of Ex. 5.31:

P; = <a,\i>.<b,u>.P' + <a, \y>.<c, u>.P"

Py = <a, Mt + Ag>.(<b, 24 - p> P+ <e, 23 - p>. P

where b # c. If we place each of them in the following context:
_ ”{a,b,c} <a,*1>.<b,*1>.0

we obtain two performance closed process terms — which we call Q7 and Qg —
that are no longer Markovian trace equivalent.

The following trace:

a=aob
can in fact distinguish between ()7 and (Js. The reason is that the only compu-
tation of ()7 compatible with « is formed by a transition labeled with <a, \;>
followed by a transition labeled with <b, u>, which has execution probability
/\1’\+1/\2 and average duration /\141r 5 © i By contrast, the only computation of Qg
compatible with « is formed by a transition labeled with <a, A; + o> followed

by a transition labeled with <b, /\1’):/\2 - >, which has execution probability 1

1 o A1+)A2
A1+A2 Arp”

and average duration
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7 Conclusion

In this paper we have shown that Markovian testing and trace equivalences
induce at the CTMC level the same aggregation, which is strictly coarser
than ordinary lumping and exact. This ensures that, whenever two process
terms are Markovian testing or trace equivalent, they possess the same per-
formance characteristics. Another consequence is that Markovian testing and
trace equivalences improve on Markovian bisimilarity in terms of state space
reduction, while preserving the exact aggregation property.

From a concurrency theory perspective, the exact aggregation result of this pa-
per, together with the exact aggregation result of [16], establishes that all the
three major approaches to the definition of behavioral equivalences — bisimu-
lation, testing, trace — are sound from the stochastic viewpoint, hence useful
for performance evaluation purposes.

Viewed from a different angle, the main result of this paper is — to the best
of our knowledge — the discovery of a new exact aggregation in the Markov
chain theory, which is strictly coarser than ordinary lumping and entirely
characterized in a process algebraic setting like ordinary lumping.

The strategy adopted to prove the main result has led to demonstrate two
further results related to Markovian testing and trace equivalences over a
sequential Markovian process calculus. The first result is that the two equiva-
lences are congruences with respect to action prefix and alternative composi-
tion. The second result is that the two equivalences have sound and complete
axiomatizations.

In addition to that, we have found several alternative characterizations of
Markovian testing and trace equivalences — which justify the use of average
durations instead of duration distributions and include a full abstraction result
together with the identification of a set of canonical tests — as well as a number
of connections with other behavioral equivalences — which in particular pro-
vides information about the Markovian linear-time /branching-time spectrum.
Finally, we have proved that Markovian testing equivalence is a congruence
with respect to (a restricted version of) parallel composition, whereas Marko-
vian trace equivalence is not, thus discovering that only Markovian testing
equivalence may constitute a useful alternative to Markovian bisimilarity.

After establishing the fundamental property of exact aggregation, it becomes
meaningful to investigate further properties — besides the already addressed
congruence and axiomatization — of Markovian testing and trace equivalences.

On the theoretical side, first of all we would like to permit invisible actions
within process terms and study to what extent the two equivalences would
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be able to abstract from such actions while preserving compositionality. Note
that the probabilistic nature of our Markovian framework and the presence
of time upper bounds would avoid problems with divergence in the testing
case. Second, we would like to see what happens when admitting invisible
actions within tests. Our conjecture is that this should make the time upper
bounds useless from the point of view of the distinguishing power. Third,
we would like to extend the definitions of the two equivalences to process
terms that are not performance closed, which should by the way be useful
to extend the congruence result with respect to parallel composition in the
testing case. This extension may be accomplished by replacing the passive
rate of every non-synchronizing passive action with a symbolic exponential
rate that somehow encodes the weight of the passive action. Fourth, we would
like to derive modal/temporal logic characterizations for the two equivalences.
Some work in this direction can be found in [5].

On the verification side, a crucial issue — especially for Markovian testing
equivalence — in order to set up a useful alternative to Markovian bisimilarity
is to find out efficient algorithms. We believe that a good starting point for
Markovian testing equivalence may be the algorithm for classical testing equiv-
alence proposed in [11]. This requires a more denotational characterization of
Markovian testing equivalence, which may be inspired by the probabilistic
variant of the acceptance tree model proposed in [21]. The issue of checking
two process terms for Markovian trace equivalence has already been addressed
in [23], where a polynomial-time algorithm has been devised. The derivation
of such algorithms should also lead to an effective way to minimize CTMCs
according to the newly discovered exact aggregation.

Furthermore, we would like to assess whether Markovian testing equivalence
can be used for quantitative purposes as well. So far, it supports a merely
qualitative analysis, in the sense that — based on its generic notion of efficiency
related to the probability with which the tests are passed within a certain
average amount of time — it only allows one to establish whether two process
terms possess the same performance characteristics or not. What we envision
is the possibility of identifying classes of tests that are related to specific
performability measures, which may thus be used to evaluate process terms
with respect to certain indices of interest.

As a final remark, in the light of the exact aggregation property proved in this
paper for Markovian testing and trace equivalences, which in a sense extends
ordinary lumping, it becomes interesting to understand whether the CTMC-
level aggregation induced by such equivalences is the coarsest exact one that
can be obtained, or whether it can be further extended.
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