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Abstract

Since the seminal paper by Bloom, Fokkink and van Glabbeek, the Divide and Congruence technique allows
for the derivation of compositional properties of nondeterministic processes from the SOS-based decomposi-
tion of their modal properties. In an earlier paper, we extended their technique to deal also with quantitative
aspects of process behavior: we proved the (pre)congruence property for strong (bi)simulations on processes
with nondeterminism and probability. In this paper we further extend our decomposition method to favor
compositional reasoning with respect to probabilistic weak semantics. In detail, we consider probabilistic
branching and rooted probabilistic branching bisimilarity, and we propose logical characterizations for them.
These are strongly based on the modal operator () which combines quantitative information and weak
semantics by introducing a sort of probabilistic lookahead on process behavior. Our enhanced method will
exploit distribution specifications, an SOS-like framework defining the probabilistic behavior of processes, to
decompose this particular form of lookahead. We will show how we can apply the proposed decomposition
method to derive congruence formats for the considered equivalences from their logical characterizations.

Keywords: Modal decomposition, Nondeterministic probabilistic transition systems, SOS, Congruence
formats, Probabilistic branching bisimulation

1. Introduction

Structural Operational Semantics (SOS) [68] is the standard framework to define the operational seman-
tics of processes. Briefly, processes are represented as terms over a proper algebra, giving the abstract syntax

of the considered language, and their operational behavior is expressed by transition steps that are derived

from a transition system specification (TSS) [68], namely a set of inference rules of the form %

whose intuitive meaning is that whenever the premises are satisfied, then the transition step constituting
the conclusion can be deduced. The set of transitions steps that can be deduced, or proved, from the T'SS
constitutes the labeled transition system (LTS) generated by the TSS [46]. Usually, behavioral relations, such
as preorders or equivalences, are defined on the LTS in order to compare the behavior of processes, possibly
abstracting away from details that are irrelevant in a given context.

Equipping processes with a semantics, however, is not the only application of the SOS framework. One
of the main targets in the development of a meta-theory of process description languages is to support
compositional reasoning, which requires language operators to be compatible with the behavioral relation
R chosen for the application context. In algebraic terms, this compatibility is known as the congruence
property of R with respect to all language operators, which consists in verifying whether

f(ti, ... ta) R f(t),...,t,) for any n-ary operator f whenever t; Rt; forall i =1,... n.
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The congruence property guarantees that the substitution of a component of a system with an R -equivalent
one does not affect the behavior of that system. The SOS framework plays a crucial role in supporting
compositional reasoning and verification: a rule (or specification) format (see the survey papers [1, 65]) is a
set of syntactical constraints over inference rules ensuring the desired semantic properties of the generated
LTS. Thus, one can prove useful results, as the congruence property, for a whole class of languages at the
same time. For instance, the De Simone format [70] ensures that trace equivalence is a congruence, the
GSOS format [11] works for bisimilarity and in [10] the ntyft/ntat format [49] is reduced to the ready trace
format and its variants to guarantee that decorated trace preorders are precongruences.

1.1. Probabilistic process algebras

Quantitative phenomena occur whenever the behavior of a system is not deterministic and it is charac-
terized by a variety of uncertainties, which can be either empirical, and thus due to incomplete knowledge
on system design, or physical, due to random (physical) events and the interaction of the system with the
external environment. Probability is one of the most important measures of uncertainty and is employed,
e.g., in networks [38, 50], security [2, 51], embedded systems [30].

Probabilistic process algebras [21, 54], such as the probabilistic versions of CCS [7, 23, 54], CSP [7, 19, 27,
54] and ACP [3, 4], extend classical process algebras with suitable operators allowing us to express probability
distributions over sets of possible events or behaviors. The most general semantic model extending LTSs
to capture probabilistic behavior is that of nondeterministic probabilistic labeled transition systems (PTSs)
[69], where, essentially, transition steps take processes to distributions over processes.

The SOS framework has been applied also in the probabilistic setting. For instance, considering only
congruence formats proposed on TSSs generating PTSs, the PGSOS format [7] and the ntuff /ntpad format
[19] ensure the congruence property of probabilistic bisimilarity [59]. Then, in [61] a probabilistic version of
the RBB safe format from [31] for (rooted) branching bisimilarity is proposed.

1.2. The Divide & Congruence technique

Irrespective of probability being considered or not, one of the main questions that needs to be answered
is “How can we derive compositional results for a behavioral relation from a rule format?”

One possible answer, the one that will be pursued in this paper, is to exploit the logical characterization
of the considered equivalence relation, which consists in exhibiting a class of modal formulae L such that two
processes are equivalent if and only if they satisfy the same formulae in £, thus expressing that two processes
cannot be distinguished by the observations that we can make on their behavior [53]. Hence the congruence
property becomes equivalent to state that the set of formulae satisfied by any process f(t1,...,t,) can be
determined from the sets of formulae satisfied by the subprocesses t1, ..., t,.

Concretely, in [60] a compositional proof system for the Hennessy-Milner logic (HML) [53] is provided.
In order to obtain system implementations that are correct with respect to their specifications, the authors
propose an implementation by contexts reasoning: instead of extracting an implementation for the complete
system from the specification, it is easier, and hence preferable, to implement first the behavior of subcom-
ponents. Thus, to obtain the correctness of the whole system we need to establish what properties each
subcomponent should satisfy in order to guarantee that the system in which they are combined (or more
generally their context) will satisfy some given property (by the specification). Since the specification of
a system can be expressed in terms of modal formulae, the above statement can be reduced to establish
whether given a formula ¢ and a context C' there are formulae ¢, ... ¢, such that

whenever ¢; = ¢; foreachi=1,...,n then Clt1,...,t,] E ¢. (1)

The analogy with the congruence property is immediate. To obtain it, [60] exploits an SOS machinery to
specify contexts [58]: by means of action transducers they reformulate a given TSS into a TSS in De Simone
format from which the formulae ¢; required in (1) are derived by means of property transformers.

Inspired by this work, [10] introduces the modal decomposition method. The underlying idea is the
same: reducing the satisfaction problem of a formula for a process to verifying whether its subprocesses
satisfy certain formulae obtained from its decomposition. This is obtained by the notions of ruloids [11] (an
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enhanced version of the action transducers of [60]), namely derived inference rules deducing the behavior of
process terms directly from the behavior of the variables occurring in them, and of decomposition mappings
(the property transformers of [60]) associating to each pair term-formula (¢, ¢) the set of formulae that the
variables in ¢ have to satisfy to guarantee that ¢ satisfies ¢. The contribution of [10] and the subsequent
works [32-37] is not only related to the definition of the decomposition methods but also to their application.
In fact, they show that by combining the logical characterization of a relation, the decomposition of such a
logic and a rule format for the relation it is possible to systematically derive a congruence format for that
relation directly from its modal characterization. Briefly, it is enough to guarantee that the construction
of ruloids from the considered TSS preserves the syntactical constraints of the format. At the same time
the modal decomposition has to preserve the logical characterization, that is formulae in the characterizing
class £ have to be decomposed into formulae in £. Then, from the compositional result (1) related to the
modal decomposition, the congruence property follows.

For what concerns probabilistic processes, in [39] the model of reactive probabilistic LTSs [48] is con-
sidered and a method for decomposing formulae from a probabilistic version of HML [66] characterizing
probabilistic bisimilarity with respect to a probabilistic TSS in the format of [57] is proposed.

1.3. Our goal: the Probabilistic Divide & Congruence

In our earlier papers [13, 14] we extended the Divide and Congruence technique to nondeterministic and
probabilistic processes in the PTS model. We defined a decomposition method for formulae in the probabilis-
tic extension of HML from [24] and we derived congruence formats for probabilistic strong (bi)simulations.
To obtain the decomposition, we developed an SOS-like machinery, called distribution specification, by which
we modeled syntactically the behavior of probability distributions over process terms. This allowed us to
decompose the formulae capturing the quantitative behavior of processes.

Our aim is now to generate congruence formats for probabilistic weak semantics, which allows us to
abstract from unobservable (also called internal, or silent) computation steps by processes, which, as usual,
are represented in the transition system by transitions labeled with the special symbol 7. The target is
therefore to pave the way to the development of a Probabilistic Divide and Congruence technique allowing
us to deal with the interplay of nondeterminism, probability and weak semantics.

Considering the vast amount of technical definitions and results that we will need, we decided to present
only the congruence formats for probabilistic branching bisimulation and its rooted version, so that we can
support our results with examples and thorough explanations. Accordingly, we will consider only process
terms defined in the PGSOS specification format [17], instead of the more general ntuff/ntux@ format
[19]. This will allow us to give an inductive definition of ruloids. Moreover, the PGSOS format allows for
specifying nearly all probabilistic process algebras operators, so that our results will still have a wide range
of applications, as shown in Section 8. We delay till Section 9 an in depth discussion about the potential
extension of our results to the more general ntuff /ntuxf format.

1.4. Implementation of the goal

The derivation of the congruence property for probabilistic (rooted) branching bisimilarity is obtained in
three main steps: 1. First, we have to provide a logical characterization for the considered relations. 2. Then,
we have to develop a decomposition method for the characterizing class of formulae. 3. Finally, we have to
define the formats for the considered relations and verify that the constraints of both the formats and the
logical characterization are preserved in the decomposition procedure. In detail:

1. Logical characterization (Section 3).

We introduce a class of modal formulae L, obtained by extending HML with special formulae (7)), {¢)v
in which the modalities (7) and (e) express the execution of (sequences of) silent steps, while a formula
1 is defined via the probabilistic choice operator @ from [24] and expresses the probabilistic behavior
of a process. In particular, the interplay of probability and weak semantics is specially captured by
formulae of the form (g)1) which express a form of probabilistic lookahead. Informally, a process satisfies
(e)t if via the execution of an arbitrary number of silent steps it reaches a probability distribution
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7 that satisfies 1. Such distribution 7 is obtained by combining all the probabilistic choices that are
performed during the execution of the silent steps. Hence, to define m we need to keep memory of
the probabilistic choices that have been performed. For this reason, we shall say that a formula (g)1)
gives us constraints on future behavior without loosing all the information on probabilistic step-by-step
behavior. Thus, similarly to what happens in the classic lookahead, to verify the desired probabilistic
behavior we need to check the entire sequence of weak steps and probabilistic choices leading to that
particular final distribution .

As a first result, we prove that two fragments of L, denoted by L;, and L., allow us to characterize,
respectively, branching bisimilarity and its rooted version (Theorem 1).

2. The decomposition method (Sections 5-6).

The decomposition of a formula ¢ € L. with respect to any term f(¢1,...,t,) is defined as the set of
formulae that the subterms t1,...,t, must satisfy to guarantee that f(¢,...,t,) satisfies ¢. Hence,
we first need to find a method to infer the behavior of open terms directly from that of the variables
occurring in them. This is obtained via the notion of ruloids. In particular, we define ruloids from
PGSOS rules to derive the behavior of process terms and we exploit the distribution specification
introduced in [13] to define distribution ruloids dealing with the behavior of open distribution terms,
namely the syntactic expressions we use to denote probability distributions. Then, by means of
PGSOS ruloids we obtain the decomposition of formulae expressing the reactive and nondeterministic
behavior of processes and by distribution ruloids we derive the decomposition of formulae expressing
the probabilistic behavior of processes.

The main novelty of our method with respect to those in [13, 37] is in the decomposition of formulae of
the form (e)e, as the probabilistic lookahead introduced by them is strictly related to the interplay of
probability and weak semantics. It has never been addressed in previous work on modal decomposition.
We will combine PGSOS ruloids and the distribution ruloids to decompose this form of lookahead.
Informally, we introduce formulae of the form (%), in which the superscript - is a marker that allows
us to record, in the decomposition procedure, that ¥ occurs in the scope of (). Then, we alternate the
decomposition of a 7-step in the e-sequence, via a PGSOS ruloid, and the decomposition of a (proper)
formula 1[}<8>, via a distribution ruloid, until we consume the entire sequence of 7-steps and reach a
distribution term on which ¥ can be directly decomposed.

Ours is the first proposal of a decomposition method capturing nondeterminism, probability and weak
behavior (Theorem 4). Our technique applies to other notions of behavioral equivalence.

3. The congruence formats (Sections 7-8).

We introduce the congruence formats on PGSOS specifications for probabilistic branching bisimilarity
and its rooted version, the probabilistic branching bisimulation format (PBB) and the probabilistic
rooted branching bisimulation format (PRBB), respectively. These, can be considered as the extensions
to the probabilistic setting of the corresponding formats in [37].

Then we prove the congruence result. Firstly, we prove that the syntactic constraints of the formats
are preserved in the construction of PGSOS ruloids (Theorem 5). Then, we prove that our logical char-
acterizations are preserved by the decomposition, namely formulae in Ly, (resp. Ly1,) are decomposed
into formulae that are still in L, (resp. L) (Theorems 6, 7). Finally, by combining these results with
the decomposition theorem (Theorem 4), we get that (rooted) branching bisimilarity is a congruence
for a PGSOS specification in our PBB (resp. PRBB) format (Theorems 8, 9).

Finally, we apply the PRBB and the PBB formats to the operators of Pp4, a probabilistic process
algebra from [40] that includes most of probabilistic operators. We observe that the majority the
operators in Pp 4 are included in our formats, thus showing that these formats are not too demanding.
Moreover, operators out of the formats do not enjoy the congruence property.
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1.5. Summary of results

Our contributions can then be summarized as follows:

1. We provide a logical characterization of probabilistic branching bisimilarity and its rooted version via
proper subclasses of the modal logic L, a probabilistic extension of HML tailored to express weak
semantics.

2. We define a modal decomposition method for formulae in .. To decompose formulae expressing
probabilistic behavior, our method will make use of distribution specifications, an SOS-like machinery
that we introduced in [13] to specify the behavior of open distribution terms. In particular, the
distribution specification allows us to decompose the probabilistic lookahead introduced by formulae
of the form (g)1. As this special form of lookahead depends only on the interplay of probability and
weak semantics, the decomposition of formulae of the form (£)%) is a unique feature of our method. To
the best of our knowledge, ours is the first proposal of a modal decomposition for formulae expressing
nondeterministic, probabilistic and weak behavior of processes.

3. We define the PRBB and the PBB formats guaranteeing, respectively, that probabilistic rooted branch-
ing bisimilarity and probabilistic branching bisimilarity are congruences for nondeterministic proba-
bilistic processes.

4. We prove that ruloids derived from PGSOS rules preserve the syntactic constraints of the formats.

5. We prove that the decomposition method preserves the logical characterization, namely formulae
belonging to a particular class are decomposed into formulae belonging to the same class.

6. We obtain the congruence result as a direct consequence of previous results.

1.6. Outline of the paper

We start by recalling the necessary notions on the PTS model and the PGSOS framework in Section 2.
In Section 3 we introduce the modal logic IL as well as the characterization results. In Section 4 we review the
distribution specification introduced in [13] and we define the ruloids in Section 5. We dedicate Section 6
to the definition of the decomposition method. Our main results, the probabilistic (rooted) branching
bisimulation format and the congruence results, are presented in Section 7, whereas Section 8 comes with
some examples of their application. In Section 9 we discuss the extension of our decomposition method to
specifications in the ntuff/ntuxf format. Finally, we conclude the paper in Section 10 by discussing related
and future work.

2. Background

2.1. The PTS model

In the process algebra setting, processes are inductively defined as terms over a suitable signature, namely
a countable set X of operators. We let f range over ¥ and n denote the rank of f € ¥. Operators with
rank 0 are called constants. We assume a set of (state) variables Vi disjoint from ¥ and ranged over by
Z,Y,.... The set T(X,V) of terms over ¥ and a subset of variables V' C V; is the least set such that:
(1) VCT(E,V), and (ii) f(t1,...,tq) € T(X,V) whenever f € ¥ is of rank n and ¢,...,t, € T(X,V). By
T(X) we denote the set of the closed terms T(X, ), also called processes. By T(3) we denote the set of all
open terms T(X, V). By var(t) we denote the set of the variables occurring in term t. We say that a term
t is univariate if each variable in var(t) occurs exactly once in it. Otherwise, ¢ is called multivariate.

A very general semantic model for probabilistic processes is that of nondeterministic probabilistic labeled
transition systems (PTSs) [69], which combine classic labeled transition systems [55] and discrete-time
Markov chains (MCs) [52], allowing us to model, at the same time, reactive behavior, nondeterminism and
probability. The state space is given by the set of the processes T(X). Each transition has a label describing
the underlying computation step and takes a process to a probability distribution over T(X), i.e. a mapping
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m: T(X) — [0,1] with 3=, cqx) m(t) = 1. By A(T(X)) we denote the set of all probability distributions over
T(X). We assume a set of action labels A and a non observable, or silent, action 7 ¢ A. The set AU {7} is
denoted with A.. We let a,b,... range over A and «, 3,... over A,.

Definition 1 (PTS, [69]). A PTS is a triple (T(X2), A, —), where: (i) ¥ is a signature, (ii) A is a countable
set of action labels with 7 ¢ A, and (iii)) -C T(X) x A, x A(T(X)) is a transition relation.

As usual, a transition (t, o, ) €— is denoted t =+ 7. Then, t 4 denotes that ¢t >+ 7 holds for no 7.

We need some notation for distributions. For m € A(T(X)), supp(n) = {t € T(X) | n(t) > 0} is
the support of distribution 7. For a process ¢ € T(X), d; is the Dirac distribution with 6;(t) = 1 and
d:(s) = 0 for all processes s # t. For f € ¥ and m; € A(T(X)), f(m1,...,m) is the distribution with
fr, o ma)(f(tr, ooy te) = [Ty () and f(m1,...,m)(t) = O for all ¢ not in the form f(t1,...,%a).
The convex combination ), ; p;m; of a family of distributions {m;};c; € A(T(X)) with p; € (0,1] and
Y icr Pi = 1is defined by (32, pimi)(t) = > ;o (pimi(t)) for all t € T(X). We may write pmy + (1 — p)ma
for Zie{m} pim; with p = p; and (1 —p) = p2. Note that 6, . +.) = f(0e,, ..., 0¢,)-

In a PTS, given an infinite set I, a divergence is a sequence of processes {t; };c; and distributions {m; };cs
with t; — 7; and tiy1 € supp(m;), for all i € I. To avoid the use of additional technical expedients in our
paper, we consider only divergence-free PTSs, namely those having no divergence.

2.2. Probabilistic branching bisimulation

A probabilistic branching bisimulation is an equivalence relation over T(X) that equates two terms if
they can mimic each others observable transitions and evolve to distributions related, in turn, by the same
equivalence. To formalize this intuition, we need to lift relations over terms to distributions. This is obtained
via the notion of matching, also known as coupling or weight function, for distributions.

Definition 2 (Matching). Let X,Y be two arbitrary sets and consider two distributions 7x € A(X) and
my € A(Y). A matching for mx and 7y is a distribution over the product space o € A(X x Y') having mx
and 7y as left and right marginals, respectively:

(1) X ey w(z,y) = mx(z), for all 2 € X (ii) > pex w(z,y) = 7y (y), for all y € Y.
We denote by 2(mx,my) the set of all matchings for 7x and 7y

In the literature, we can find several equivalent definitions of lifting for relations over terms. We recall
here that in [69], other proposals will be recalled in the Appendix. In the upcoming proofs, we will use the
most suitable definition of relation lifting among the proposed ones.

Definition 3 (Relation lifting, [69]). The lifting of a relation R C T(X) x T(X) is the relation R C
A(T(X)) x A(T(X)) with 7 RT «’ iff there is a matching ro € (7, ') s.t. s’ Rt whenever t(s’,#') > 0.

In order to define weak transitions, which allow us to abstract away from silents steps, we need to lift
the notion of a transition to a relation between probability distributions. This is called a hyper-transition
in [61, 63] and stems from [26].

Definition 4 (Lifted transition). Assume a PTS (T(X),A;,—). We define the relation S (T(2) U
A(T(X))) x Ar x A(T(X)) from — as follows:

oforaeA,tiHrifftiMr;
otiwriffeithertlwrorw:ét;

o forac A, w2 ol iff (i) t Ly m for all t € supp(m), and (i) 7' =3~ g pp(m) ()T
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As usual we write ¢ < 7 for the reflexive-transitive closure of the relation —s. We remark that, since we
are considering divergence-free PTSs, a lifted transition ¢ — §; can never be inferred from any transition
t =+ §;. Therefore, t — §; is syntactic sugar to denote that no silent-move took place. As in [26], this

notation allows us to write 7 — 7/ when only some of the processes in the support of 7 have the 7-transition.
Our definition of branching bisimulation is equivalent to the scheduler-free version defined in [5, 61].

Definition 5 (Probabilistic branching bisimulation). For a PTS (T(X), A,, —), a symmetric relation B C
T(X) x T(X) is a probabilistic branching bisimulation if whenever s Bt and s — 7, then

e cither o = 7 and 7, B §;;

° ortiwrimrtWithésBTﬂandﬂsBTm.

Of course, in order to guarantee compositionality with respect to the nondeterminisitc choice operator,
which is offered by most process algebras, the rootedness condition is necessary.

Definition 6 (Probabilistic rooted branching bisimulation). Assume a PTS (T(X),.A,, —) and a branching
bisimulation B on T(X). A symmetric relation R C T(X) x T(X) is a probabilistic rooted branching
bisimulation if, whenever s R ¢, then if s — 7, then there is a transition ¢t — m; such that 7, BT 7.

The union of all (rooted) branching bisimulations is the greatest (rooted) branching bisimulation, denoted
~2p, (resp. ~,), called (rooted) branching bisimilarity. In [8] it is proved that in the classical non-probabilistic
case, branching bisimilarity is an equivalence relation. A similar result is given in [5] for the alternating
model of probabilistic processes [67]. In order to infer that the result holds also in the case of the PTS
model we consider in the present paper, it is enough to rephrase the proof in [8].

2.8. PGSOS specification

PTSs are defined by means of SOS rules, which are syntax-driven inference rules allowing us to inductively
infer the behavior of terms with respect to their structure. Here we consider rules in the probabilistic GSOS
(PGSOS) format [17, 18], which allows for specifying most probabilistic process algebras [40, 44]. These
rules are based on expressions of the form ¢t — O, with ¢ a term and © a distribution term, which will
instantiate to transitions through substitutions.

Distribution terms are defined assuming a countable set of distribution variables Vg disjoint from ¥ and
Vs. We use i, v, ... to range over Vg and ¢, ¢’ to range over V, U V. The set of distribution terms over X
and the subsets of variables V; C V; and V; C Vy, notation DT(X, Vi, Vy), is the least set satisfying:

o {5 |teT(X,Vy)} CDT(E, Vs, V),

o V; CDT(X%, Vs, Va),

e f(©4,...,0,) € DT(%,V;,Vy) whenever f € ¥ and ©; € DT(X, V;, Vy),

e > .1 € DT(X,V,, Vy) whenever ©; € DT(X, V;, V) and p; € (0,1] with }-,.; p; = 1 and I finite.

We write DT(X) for DT(X, Vg, Vy), i.e. the set of all open distribution terms, and DT(X) for DT(X, 0, 0), i.e.
the set of the closed distribution terms. We may write p©; + (1 — p)©2 for Zi€{1,2} p;©; with p = p; and
(1 — p) = p2. Notice that closed distribution terms denote probability distributions over T(X). We denote
by var(©) the set of variables occurring in distribution term ©.

A positive (resp. negative) literal is an expression of the form t =+ © (resp. t —4) with t € T(X), a € A,
and © € DT(X). The literals t = © and t —4 , with the same term ¢ in the left-hand side and the same
action label «, are said to deny each other. In the following, we let H denote an arbitrary set of literals.
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«@ « « « @ «
T —pu y—4 T27Iﬁ§ y—v ry = T— U y—v

= [ [ a
THpy — THpy — v z+py —pu+(1—pyv
= inﬁl a¢ B re = yinfa aé¢ B TG:xiu; yain/ a€B
zlzy—nlls dy zlpy—6d lpv zlpy—nlsv

Table 1: The probabilistic alternative choice +, and the CSP-like parallel composition || g operators.

Definition 7 (PGSOS rules, [17, 18]). A PGSOS rule r over a signature ¥ has the form:

{2, 2 pi i€ Im € My} {a; =% i€ I,n € N}
flxy,...,zq) = ©

where f € ¥ is an operator of rank n, I C {1,...,n}, M; and N; are finite sets of indexes, & m, ¥ n, @ € Ar
are action labels, x; € V; are state variables, p; ., € Vg are distribution variables and © € DT(X) is a
distribution term. Furthermore: (i) all variables z1,...,x, are distinct, (ii) all distribution variables f; m,
with ¢ € I and m € M; are distinct, (iii) var(©) C {p;m |1 € I,m € M;} U {x1,..., 20}

Constraints (i)—(iii) are inherited by the classic GSOS rules in [11] and are necessary to ensure that
strong probabilistic bisimulation [60] is a congruence [13, 17, 18].

Definition 8 (PGSOS-TSS). A PGSOS-transition system specification (PGSOS-TSS) is a tuple P =
(X, A, R), with ¥ a signature, A, a countable set of actions and R a set of PGSOS rules.

For a PGSOS rule r, the positive (resp. negative) literals above the line are called the positive (resp.
negative) premises, notation pprem(r) (resp. nprem(r)). The literal f(x1,...,2,) — © is called the con-
clusion, notation conc(r), the term f(z1,...,z,) is called the source of the rule, notation src(r), and the
distribution term O is called the target of the rule, notation trg(r).

Exzample 1. The operators of probabilistic alternative composition +,, with p € (0, 1], and of the CSP-like
parallel composition with multi-party synchronization on actions in B C A, are specified in Table 1. The
probabilistic alternative composition t+,t’ evolves to the probabilistic choice between a distribution reached
by ¢ (with probability p) and a distribution reached by t' (with probability 1 — p) for actions which can be
performed by both processes. For actions that can be performed by either only ¢ or only ', the probabilistic
alternative composition t +, t’ behaves just like the nondeterministic alternative composition ¢t + ¢’. The
term t || t' describes multi-party synchronization where ¢ and ¢’ synchronize on actions in B and evolve
independently for all other actions. Notice that since B C A it follows that 7 ¢ B. <

A PTS is derived from a TSS through the notions of substitution and proof.

Let 'V denote the set of all variables V. = V, U V. A substitution is a mapping o: V — T(2) U DT(X)
with o(x) € T(X), if z € V5, and o(p) € DT(Y), if p € V4. It extends to terms, distribution terms,
literals and rules by element-wise application. A substitution is closed if it maps variables to closed terms.
Henceforth, a closed substitution maps an open term in T(X) to a process and an open distribution term in
DT(X) to a distribution over processes. A closed substitution instance of a literal is called a closed literal.

Definition 9 (Proof). A proof from a PGSOS-TSS P = (X, A,, R) of a closed literal ¢ is a well-founded,
upwardly branching tree, with nodes labeled by closed literals, such that the root is labeled ¢ and, if ¢ is
the label of a node and K is the set of labels of the nodes directly above it, then:

e cither ¢ is positive and % is a closed substitution instance of a rule in R,

e or /' is negative and for each closed substitution instance of a rule in R whose conclusion denies ¢/, a
literal in K denies one of its premises.
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A closed literal ¢ is provable from P, notation P I ¢, if there is a proof from P of /.

We have that each PGSOS-TSS P is strictly stratifiable [46] which implies that P induces a unique model
corresponding to the PTS (T(X), A,, —) whose transition relation — contains exactly the closed positive
literals provable from P. Moreover, the existence of a stratification implies that P is also complete [46],
thus giving that for any term ¢ € T(X) and action label a € A, either P ¢t = 7 for some 7 € A(T(X))
or P+t 4. In particular, the notion of provability in Definition 9 (which is called supported in [46])
subsumes the negation as failure principle of [16] for the derivation of negative literals: for each closed term
t we have that P -t 24 iff P I/t %5 7 for any distribution 7 € A(T(X)), namely the PTS induced by P
contains literals that do not deny each other [11].

Next, we introduce the notion of disjoint extension of a TSS which allows us to introduce new operators
without affecting the behavior of those already specified.

Definition 10 (Disjoint extension). A PGSOS-TSS P/ = (¥, A, R') is a disjoint extension of a PGSOS-TSS
P=(3,AR)if X CY¥, RCR and R introduces no new rule for any operator in X.

We recall now the notion of liquid and frozen arguments of an operator with respect to a given predicate.
We remark that in these preliminary definitions we will refer to a generic predicate I' on operators. In
upcoming Sections 7 and 8 we will concretely instantiate I' with special predicates X and A from [37], where
A marks as liquid the running processes, namely the processes that have already started their execution, and
N marks as liquid the ones that can start their execution immediately. For instance, in [37] both arguments
of the classic nondeterministic choice operator _+ _ are marked as A-frozen, since in a given process s + t
both s and ¢ cannot have already performed any transition, and R-liquid, since both s and ¢ are able to
start running immediately. If we take the sequential operator _;_, then the first argument is N-liquid and
A-liquid, whereas the second one is R-frozen, since in a given process s;t it is possible that s is running, in
the sense that it is the result of a transition, and that it can continue its execution, and we are sure that ¢
cannot move, since it has to wait for the termination of s.

Definition 11 (Liquid and frozen arguments of operators [10]). Let I" be an unary predicate on {(f,7) | f €
¥, 1 <i<n}. UT(f, i) then argument ¢ of f is labeled as I'-liquid, otherwise it is I'-frozen. An occurrence
of a variable z in a term ¢ is I-liquid if either t = z, or t = f(t1,...,t,) and the occurrence is I'-liquid in ¢;
for a I'-liquid argument ¢ of f; otherwise the occurrence of x is I'-frozen.

A context is a term having one occurrence of the context symbol [ ] as a subterm. A T-liquid context is
a term where [ ] appears at a I-liquid position. A predicate I' is universal if it holds for all arguments of all
operators in the considered signature.

In particular, in Sections 7 and 8, we will use the liquid / frozen differentiation of arguments of operators
with respect to the predicate A to distinguish those process arguments that must satisfy the rootedness
condition (namely the A-frozen ones) from those that can simply satisfy the weak branching condition
(namely the A-liquid ones). Moreover, we will mark as R-frozen the arguments of an operator f that cannot
be tested in the premises of the rules defining f.

Example 2. We mark the arguments of the probabilistic alternative choice operator 4, both A-frozen and
R-liquid. In fact, considering the rules defining +, in Tablel, they can both start their execution (N-liquid)
but none of them can be a process that already started its execution (A-frozen). Conversely, we mark both
arguments of the multi-party synchronous parallel operator ||z as (X N A)-liquid. <

Finally, we introduce patience rules, expressing that a term can mimic the 7-moves of its arguments.
Definition 12 (Patience rule). A PGSOS rule is a patience rule for argument i of f if it is of the form
T 5
F@1, ) = fOayseey Oy b Oy ey 00,)

Given a predicate T', a patience rule for the i-th argument of f is called a I-patient rule if T'(f,i). A
PTSS is said to be I'-patient if it contains all the I'-patience rules.
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Exzample 3. Consider the PGSOS rules 74, r5 defining || 5 in Table 1 and recall that we mark both arguments
of this operator as (XN A)-liquid (cf. Example 2). As by definition 7 ¢ B, by instantiating o = 7 such rules
are (X N A)-patient rules for the arguments of || 5. <

3. Logical characterization

In this section we introduce the class of modal formulae that will allow us to characterize probabilistic
(rooted) branching bisimilarity. We combine the logic used in [37] for the characterization of (rooted) branch-
ing bisimilarity in the non-probabilistic setting with the probabilistic choice operator of the probabilistic
extension of HML from [24].

Definition 13 (Modal logic L.). The modal logic . = L* UL is given by the classes of state formulae LL°
and distribution formulae LY over A, defined by

L pu= T | | Necsei | (@v | (DY | (v
LY gi= @i | Njes i

where: (i) ¢ ranges over IL°, (ii) 1 ranges over L4, (iii) o € A, (iv) I and J are at most countable sets of
indexes, and (v) r; € (0,1] for each i € I and ), ;r; = 1.

We let ¢ range over L and we write ¢1 A ¢ in place of /\j€{1,2} @, T11 @ r2¢p2 in place of @iel Ti0;
with I = {1,2}, and (-)p for () @, ; riws with I = {i}, r; = 1 and ¢; = ¢. Notice that instead of using T
we could use /\;. We decided to use T to improve readability.

Formulae are interpreted over a PTS. The meaning of Hennessy-Milner operators is as usual [24, 53].

The special modalities (7)1 and ()t allow us to capture the weak semantics. In detail, a process ¢
satisfies the formula (7)¢ iff either the distribution &; satisfies ¢ or there is a transition ¢+ — 7 such that

the distribution 7 satisfies 1». This can be summarized by saying that there is a lifted transition t — 7 with
7 satisfying 1. We stress that the difference between state formulae (7)1 and (7)) is in that the former is
satisfied only if the process actually performs a T-move, whereas the latter does not require such a step. In
particular, (7)1 will be used to guarantee the rootedness condition on the silent step 7.

The formulae of the form ()t will be used to capture the weak property of branching bisimulation:
processes may execute an arbitrary, and potentially different, number of 7 steps before reaching equivalent
distributions. Moreover, the latter ones can be obtained as a convex combination of the distributions reached
via the sequence of 7 steps and thus we consider lifted transitions. Hence, ¢ satisfies (¢)# if and only if there

is a (possibly empty) sequence of n lifted transitions t — 71 — 7o ... — 7, for some n € N, such that
7, satisfies the formula +. Notice that this can be restated as t — « for a distribution = with 7 = 1, or,

equivalently, t — 7’ for a distribution 7’ such that 7/ <+ 7 for a distribution 7 with 7 = ).

Finally, a probability distribution 7 satisfies the distribution formula ¢ = €, ; 7:; if ™ can be rewritten
as a convex combination of distributions m;, using the r; as weights of the combination, such that all the
processes in the support of 7; satisfy the formula ¢;. This is formalized by requiring that there is a matching
w for m and ¢ such that t = ¢; whenever w(t, ;) > 0.

Definition 14 (Semantics of L). The satisfaction relation =C (T(X) x L) U (A(T(X)) x L4) is defined
by structural induction on formulae by:

o t =T always;
o t =~y iff t = ¢ does not hold;
o t':/\jeJ(pj lfft):goj for all]ej,

e t |= (a)t iff there is a transition ¢ — 7 for a distribution 7 € A(T(X)) with 7 |= 1)
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t = (7)) iff there is a lifted transition ¢ 2, 7 for a distribution 7 € A(T(X)) with 7 |= 1;

t = (e)9 iff there is a lifted transition ¢ <5 7 for a distribution 7 € A(T(X)) with 7 = ;

T |= @, ri: iff there is a matching o € W (7, @, ; ri0:) with ¢ = ¢; whenever w(t, ;) > 0;

T /\je.]wj iff 7 |=4p; for all j € J.

As usual we denote by L*(¢) the set of state formulae in L* which are satisfied by ¢, namely L°(¢) = {¢ €
L® | t = ¢}. Moreover, we denote by L4(7) the set of distribution formulae in LY which are satisfied by T,
namely LY(7) = {¢ € LY | 7 |= ¢}. Then, we write ¢ = ¢’ if p and ¢’ are equivalent, namely if it holds
that t | @ iff t | ¢ for all ¢ € T(X). Similarly, ©» = ¢’ holds if 7 = ¢ iff 7 ¢ for all 7 € A(T(X)). We
let .= denote the quotient of the class of formulae L. with respect to =.

Exzample 4. Consider process s and formulae ¢1, p2, p3 in Figure 1. We have s |= ¢1, s = o, and s £~ 3.

Let us start with ¢;. It is enough to notice that s — 1/28,, + 1/265, — 1/20,, + 1/205, = 71, where
0s, is not forced to perform any 7-move together with ds,. It is immediate to verify that s3 = (a)T and
sy = (b)T, so that we can infer m; = 1/2(a)T @ 1/2(b) T. Hence, s — 71 allows us to infer that s = ¢;.

Consider the formula 9. It requires s to perform a silent step (notice that the first 7 does not have a hat)
and reach a distribution satisfying the formula ¢y = 1/2(#)(a) T ©1/2(#)(b) T. Clearly, s — 1/254, + 1/26,, =
ma. Now, 51 — Jss 4, Oni and therefore s; = (7)(a) T. Similarly, so LN Oni1 implies so I, Os, LN Onil (recall
that the lifted transition s, — d5, is only syntactic sugar) so that so |= (#)(b)T. As 7y assigns probability
1/2 to both s; and sy, we can conclude that mo = 19 and thus s = ¢o.

Finally, we deal with 3. Notice that such formula does impose to s to perform a T-move (the first 7 in
fact has a hat) but requires the processes in the eventually reached distribution to perform either a silent

step followed by an a, or a silent step followed by a b, both with probability 1/2. We can distinguish two
cases:

e s does not perform the silent step, and thus s — J,. Hence §, should satisfy the distribution formula
g = Y2(r){a)T @ 1/2(r)(b) T which, implicitly, means that s has to satisfy both ¢$ = (7)(a)T and
©% = (7)(b) T. However, s satisfies neither of them as it only has probability 1/2 to perform b after the
7, and thus s [~ 8, and it needs two 7-steps to reach a process that performs a and again with only
probability 1/2, and thus s = ¢3. Hence 5 = 3.

e s performs the silent step, and thus s — m,, with 75 the distribution 7y = /285, + 1/2d5,. Therefore,
we need to verify whether mo = 13. Clearly, s1 = (7){(a)T. However, sq = (7)(b)T, since it cannot
perform the required silent step. Hence 7o p& 3.

From these two cases we infer s3 & ¢3. <

Now we introduce two subclasses of L: the class Ly, of branching formulae and the class L, of rooted
branching formulae, that characterize branching and rooted branching bisimilarity, respectively.

Definition 15 (Subclasses Ly, and Ly,). The classes of branching formulae Ly, = L UL{ and of rooted
branching formulae Ly, = L3, U}Lg over A, are defined by:

L: @u= T -¢ | Nesei | @1en @) | ()1(pA#F)y) (with ¢ € L)
Li: ¢u= @uerrivi | Njests (with o € 1)
and

i own= T =9 | Nesoi | (@ | ¢ (with ¢ €Ly and ¢ € L)
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I

i/2 1/3 o1 = (e) (/2(a) T @ 1/2(b) T)
|7 [P =0 LE@T @ (BT
‘1

: o3 = (#) (1f2{r) (@) T & 1/2(r) (4) T)

Figure 1: Process s satisfies 1 and @2 but not ¢3. An arrow u —— with no target models an a-step by u to the Dirac
distribution d,j, with nil the process that can execute no action.

Informally, in a formula of the form (e)1(¢ A (a)1)) the formula ¢ plays the role of a guard for branching
bisimulation. Given processes s ~y, t, if s — 7 then all the processes (recall that the probability weight
is 1) in the support of the distribution 7’ reached by ¢ after the possibly empty sequence of 7-moves have
to be branching bisimilar to §;. This is due to the notion of lifting of a relation, in Definition 3. Thus,
they all have to: (i) satisfy the same formulae satisfied by s, of which ¢ is a representative, and (ii) mimic
the execution of a by s reaching a distribution satisfying the same formulae satisfied by 7, of which ¢ is a
representative. The idea behind formulae (€)1(¢ A (7)4)) is similar, the only difference being that equivalent

processes have to mimic the execution of the lifted transition —. We notice that we can combine formulae
of this kind to obtain the same expressive power of the linear formula ¢ U (a), using the ‘until’ operator
U, whose non-probabilistic version was introduced in [20] to characterize branching bisimilarity.

Theorem 1 (Logical characterization). Let P = (T(X), A, —) be a PTS and s,t € T(X). Then:
1. s =yt if and only if Ly (s) = Ly (¢).
2. s tif and only if Lip(s) = Lyp(t).

We delay the comparison with the logical characterization of (rooted) branching bisimilarity proposed
in [62] until Section 10.

4. Distribution specifications

The decomposition of state formulae, expressing properties over terms, will be given in Section 6 and
relies on a collection of rules extracted from the TSS, called ruloids [11]. Essentially, a ruloid is an SOS rule
with an arbitrary term not necessarily of the form f(x1,...,z,) as source and with variables occurring in
that term as source variables. Intuitively, ruloids relate the behavior of any term with the behavior of its
variables. Based on ruloids, any formula for a term can be decomposed into formulae for its variables.

In order to have a similar method for distribution formulae, expressing properties over distribution terms,
we need a notion of ruloid relating the behavior of any distribution term with the behavior of its variables, so
that any formula for a distribution term can be decomposed into formulae for its variables. By behavior of
a distribution term we intend the probability weights it assigns to terms. Notice that the behavior of closed
distribution terms may be defined by a simple function, defined inductively starting from Dirac distributions
and having as inductive steps those for convex combinations and for lifting of operators in 3 to distributions.
However, this would not allow us to express the relations between the behavior of open distribution terms
and the behavior of their variables. To this purpose, we need an SOS-like machinery. We developed such a
machinery in [14], and we dedicate this section to recall it.

The first target is to have a set of SOS inference rules allowing us to infer the expression © -5 ¢ whenever
a closed distribution term © assigns probability weight ¢ to a closed term t.
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A distribution literal is an expression of the form © % ¢, with © € DT(X), ¢ € (0,1] and t € T(X). A
set of distribution literals {© Lty | i € I} is called a distribution over terms if ), ; q; = 1 and the terms
t; are all syntactically distinct. This expresses that © is the distribution over T(X) giving weight ¢; to ;.

Then, X-distribution rules are inference rules allowing us to infer distributions over terms {© - ¢; |
i € I'} inductively with respect to the structure of ©. Let dy, := {d, | € Vs} denote the set of all Dirac
distribution terms with a variable as term, and ¢, 9;,... denote distribution terms in DT(X) ranging over
V4 U évy,. Then, for arbitrary sets S1,...,S,, we denote by X?=1 S; the set of tuples k = [s1,...,s,] with
s; € S;. The i-th element of k is denoted k(7).

Definition 16 (X-distribution rule and Y-distribution specification [13]). Assume a signature ¥. The set
Ry of the X-distribution rules consists of the least set containing the following inference rules:

1o ——— for any state variable x € Vy;
{6, —
qi,j .
U {ﬁZ—J).’El,j|]EJZ,Zq7‘]:1}
9 i=1,...,n JEJ;
’ q
{f(ﬁ1>-~~»19n) = f( @1 k(1) Tagp) | e = H Giriy, k€ X Ji}
i=1,...,n 1=1,...,n
where f € 3, the distribution terms ¥; € Vg U dv, are all distinct, and the state variables z; ; with
j € J;and i =1,...,n are pairwise distinct;
qi,j .
U {191' — x| j € Ji, Z 4ij = 1}
3 iel jed;
: qz . .
{Zpﬂ%*—)ﬂ?“]z: Z Di- Gij andxe{xi,”]GJi,zGI}}
i€l iel,jed; st. x; j=x

where [ is a countable set of indexes, the distribution terms ¥; € V45 U dy, are all distinct, and the
state variables x; ; with 7 € J; and 7 € I are pairwise distinct.

Then, the X-distribution specification (3-DS) is the pair Dy, = (X, Ry).

For each X-distribution rule rp, all sets above the line are called premises, notation prem(rp), and the
set below the line is called conclusion, notation conc(rp). Clearly, all premises and the conclusion are
distributions over terms. This was formally showed in [14].

Exzample 5. An example of a X-distribution rule having as source the distribution term u ||g v, with ||z
the parallel composition operator explained in Example 1, is the following:

1/4 3/4 1/3 2/3
{u#ml, u%xg} {VL>y1, V#yz}

1/12 1/6 1/4 1/2
{wllsv——=ax1llByr, wplsv—"21lBY2, plav—"22BY1, RK|BYV—22 B Y2}
<

The following notion of reduction with respect to a substitution allows us to extend the notion of
substitution to distributions over terms and to 3-distribution rules.

Definition 17 (Reduction with respect to a substitution). Assume a substitution ¢ and a distribution over

terms L = {© L ¢, | i € I}. We say that o reduces L to the set of distribution literals L' = {c(©) —L tj |
j € J}, or that L' is the reduction with respect to o of L, notation o(L) = L', if:

1. for each j € J there is at least one ¢ € I with o(t;) = t;;
2. the terms {t; | j € J} are pairwise distinct;

3. for each j € J, it holds ¢; = Z{iel‘o(ti):t” .
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For a Y-distribution rule rp, we call its reduction with respect to o the reduced instance of rp wrt. o.

Definition 18 (Proof from the ¥-DS). A proof from the ¥-DS Ds; of a closed distribution over terms L is
a well-founded, upwardly branching tree, whose nodes are labeled by closed distributions over terms, such
that the root is labeled L, and, if 8 is the label of a node and K is the set of labels of the nodes directly
above it, then % is a closed reduced instance of a Y-distribution rule in Ry.

A closed distribution over terms L is provable from Dy, written Dy, - L, if there is a proof from Dy, for L.

Since Y-distribution rules have only positive premises, the set of the distributions over terms provable
from the X-DS is trivially unique. In [14] we proved that the set of the distributions over terms provable
from the X-DS give the correct behavior of all closed distribution terms.

Proposition 1 (14]). Assume a signature X. Let m € DT(X) be a closed distribution term and {tm }menm C
T(X) a set of pairwise distinct closed terms. Then

Dy F {rm X t,, |m € M} < for all m € M it holds that w(ty,) = qm and Z Gm = 1.
meM

We conclude this section by introducing the novel notion of liquid and frozen arguments of a distribution
term with respect to a given predicate. This is obtained by lifting the labeling of arguments of operators to
arguments of distribution terms.

Definition 19 (Liquid and frozen arguments of distribution terms). Let I' be a unary predicate on {(f,1) |
feX,1<i<n}, © adistribution term, x € V; a state variable and p € V; a distribution variable.

An occurrence of z in © is I-liquid if: (i) either © = §; and = occurs I'-liquid in ¢, or (ii) © = f(O4,...,0n)
and the occurrence of z is I'-liquid in ©; for a I'-liquid argument i of f, or (iii) © = >, ; p;©; and the
occurrence of z is I'-liquid in some ©;. Otherwise, the occurrence of x in © is I'-frozen.

Then, an occurrence of y in O is T-liguid if: (i) either © = pu, or (ii) © = f(O4,...,0,) and the occurrence
of p is T-liquid in ©; for a I'-liquid argument i of f, or (iii) © = >, ; p;©; and the occurrence of y is
I'-liquid in some ©;. Otherwise, the occurrence of p in © is I'-frozen.

Example 6. By using the marking for the arguments of operator ||z given in Example 2, we mark the
occurrences of p and v in the term p ||p v used in Example 5 as (X N A)-liquid. <

A distribution context is a distribution term having one occurrence of the context symbol [ ] as a subterm.
A T-liquid distribution context is a distribution term where | | appears at a I-liquid position. The notion of
a I-liquid distribution context generalizes the notion of w-nested context from [61].

{(n—5a;)icl} UH

{0225, |meM}
for each 7 € I, there is at least one target ¢, such that x; occurs I'-liquid in ¢,,.

Remark 1. Consider any >-distribution rule and assume that p occurs I'-liquid in ©. Then,

5. Ruloids and distribution ruloids

We dedicate this section to the presentation of ruloids [10, 11, 13] and distribution ruloids [13], which
will play a central role in the modal decomposition in Section 6. Informally, as anticipated in Section 4, (dis-
tribution) ruloids are derived (distribution) rules, with an arbitrary (distribution) term as source, allowing
us to infer the behavior of that (distribution) term directly from the behavior of the variables occurring in
it. Both classes of ruloids have been proved to sound and specifically witnessing according to [11]: a closed
literal ¢ (resp. a distribution over terms Lp) is provable from a PGSOS-TSS (resp. the X-DS) iff ¢ (resp.
Lp) is an instance of the conclusion of a ruloid (resp. distribution ruloid) (Theorems 2-3 below).

We remark that the definition of a ruloid is in general quite technical. However, our choice of considering
PGSOS specifications, in place of the more general ntuff /ntuxf format of [18], allows us to give an explicit
inductive construction technique for them, thus simplifying their presentation. Besides, we also notice that,
as in the non-probabilistic setting, to derive ruloids from an ntuff/ntuxf specification we would first have
to transform such a specification into an equivalent PGSOS-like one (cf. [10]).
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5.1. Ruloids

Ruloids are defined inductively from PGSOS rules. All PGSOS rules are ruloids. Then, from a rule r
and a substitution o, a ruloid p with conclusion o (conc(r)) is built as follows: 1) for each positive premise ¢
in o(r), we take any ruloid having ¢ as conclusion and we put its premises among the premises of p; 2) for
each negative premise ¢ in o(r) and for each ruloid p’ having a literal denying ¢ as conclusion, we select any
premise ¢; of p’, we take any literal ¢5 denying ¢;, and we put ¢ among the premises of p (we recall that
two literals deny each other if they have the same term in the left-hand side, have the same label, one of
them is positive and other is negative).

Definition 20 (Ruloids, [13]). Let P = (X, A,, R) be a PGSOS-TSS. The set of P-ruloids R is the smallest
set such that:

L ? £ is a P-ruloid for all z € V,, a € A, and 1€ Vy;

T—

UCU Hiwo U He)

o €L meM; neN; is a P-ruloid if there is a PGSOS rule r € R
flt1, ... tn) — O

{xiai—’m>,ui7m\iel,m€Mi} {ml% |i€l,neN;}
f(@y,... @) — O

together with a substitution o, with o(z;) =t; for i =1,...,n and ¢(0’) = ©, such that:

. . Qjm
— For every positive premise ; —— p; , of 7:

% either o(x;) is a variable and H; ,,, = {o/(2;) — 0(ttim)},
Hz’,m

Qqom

o(z;) — o(tim)

* or there is a P-ruloid p; ,,, =

— Right-hand side variables rhs(p; ,,) are all pairwise disjoint.
— For every negative premise x; % of r:

% either o(x;) is a variable and H;,, = {o(;) —24},
x or H; , = opp(pick(%f;i )))> where
i §Rfai ) € P(P(Lit(P))) is given by §Rf)ai ) = {prem(p) [ p € RE conc(p) = o(x;) —2s
0,0 € DT(X)} of the sets of the premises of all P-ruloids with conclusion o(z;) Ly,
for some 6 € DT(X);
ii. pick: P(P(Lit(P))) — P(Lit(P)) is any mapping such that for any sets of literals Ly,
with k € K, pick({Lx | k€ K}) ={lx | k € K Nl € Ly };
iii. opp: P(Lit(P)) — P(Lit(P)) is any mapping satisfying opp(t’ =+ ) = ¢’ 24 | and
opp(t’ =4) =t % 0 for some fresh distribution term 6.

Ezample 7. Let P be any PGSOS-TSS containing the rules in Table 1. Assume the operator || with
B = {a}. All the ruloids having as source the term z +, (y [|{a} 2) are in Table 2. We describe in detail the
construction of the P-ruloids p; and pg. Graphically, assuming 8 # a, their construction can be detailed as
follows:

s s .
Yy 2 A y %

4 p ———a_

T —p Y llfay 2 — (06) TS Y llfay 2 7

T4y ¥ ey 2) D &4y (Y ey 2) 2 u

(p1)
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pI,QCi)# yﬁ Zﬁﬂé 8 #a , = x@é yiﬂz 8 #a s = s Sy B #a
- B B B B 8
z+p (Y ll{ay 2) = 1 T +p (U ll{ay 2) = v [l{a} 32 z+p (Y ll{ay 2) = 0y ll{ay v
oy = xi>,u yiu/ B #a ps = xi>,u PRy B #a
- B 5T B
T +p (Y ll{a) 2) = P+ (1 =)V ||{a} 02) T +p (Y ll{ay 2) — pr+ (1= p)(by [l{ay v)
e e xS Sy 250
Pe = a pr = a P8 = a
T+p (Y ll{ay 2) = 1 T +p (Y ll{ay 2) — 1 z+p ¥ ey 2) = v l{ay v

T ou ySv 25w
T +p (Y ll{a) 2) = pro+ (1= p)(¥ |l {a} v)

P9 =

Table 2: The P-ruloids for the term = +p (y |l{a} 2)-

Both ruloids are inferred starting from the rule ry in Table 1, with the source variable x in r; instantiated
as x and the source variable y instantiated as y ||{,3 2. Then, the action « in 7 is instantiated with any

B # a in p1, whereas @ = a in pg. Both the premise x LN w in the first case, and the premise  — p in
the second case, have a variable as left-hand side, thus implying that the premise x i> 1 appears in p; and
the premise  — u appears in pg. Conversely, the left-hand sides of the negative premises y ll{ay 2 gé
and y [[{a} 2 24 are more structured terms and cannot directly appear in the ruloids. By Definition 20 we
need to consider all the PGSOS rules having as conclusion instance y | {43 2 i) O, in the first case, and

Y l{a} # == ©, in the second case, for some © in DT(X), namely any proper instance of rules ry — rg in
Table 1. Hence, we need to distinguish two cases:

e a = (3 # a. In this case, both rules r4 and 75 could be used in the derivation of literal y |[{4} 2 0.
Hence we need to choose, and deny, one premise instance for each of those rules. Since r4 and 75

have a single premise each, we deny both of them, thus getting y ﬁﬁé and z gé Moreover, since the
left-hand sides of both y 7[34 and z gé are variables, these negative literals are premises in p;.

e a = a. In this case, the literal y |4 2 <5 © can be derived only through the synchronization of
terms y and z over action a, namely we need to apply rule rg. Thus, we choose one of the premises for
such rule, for instance the one having y as left-hand side, and we deny it. In our example, from this

construction we obtain the single negative premise y —4 whose left-hand side is a variable and can be
a premise of the ruloid pg. Notice that by taking z —4 instead of y 4 we get p; in Table 2.

In [14] we showed that ruloids are sound and specifically witnessing.
Theorem 2 ([14]). Assume a PGSOS-TSS P and a closed substitution 0. Then P+ o(t) = @' for
any term t € T(X) and closed distribution term ©' € DT(X) iff there are a P-ruloid ti@ and a closed
substitution o’ with P+ o'(H), o'(t) = o(t) and ¢/(©) = ©'.

Remark 2. By looking at Definition 20, we note that treatment of negative premises allows us to get also

ruloids of the form tH“ that are usually called non-standard rules [10, 37]. Then, it is easy to see that,

according to the negation as failure principle, by means of non-standard rules we obtain the analogous of
Theorem 2 for closed instances of negative literals: P - o(t) 4 for t € T(X) and o closed substitution iff
there are a non-standard rule - and a closed substitution ¢’ with P - ¢/(H) and o’(t) = o(t).

=7
The notion of patience for rules can be extended to ruloids. Given a predicate I' and a P-ruloid p with
conclusion labeled 7, we say that p is [-patient iff it is of the form p = —Z—£ for a I-liquid context
Claz]—Cu]

C[]. Otherwise, p is I-impatient. Notice that all I-patient PGSOS rules are I'-patient ruloids.
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5.2. Y-distribution ruloids

Y-distribution ruloids are a generalization of X-distribution rules and capture the behavior of arbitrary
open distribution terms. More precisely, they allow us to infer the behavior of a (possibly open) distribution
term as a probability distribution over terms from the distribution over terms that characterize the behavior
of the variables occurring in it. For instance, distribution ruloids allow us to infer the behavior of a distribu-
tion term of the form 2+ £ (v ||p v) from the behavior of the variables 11, v and v. Notice that distribution
rules are not enough to meet this purpose, since in the source of distribution rules only one operator over
distributions is admitted, and therefore there is no ¥-distribution rule with source 2p+ 1 (v ||p v). Similarly
to P-ruloids, a X-distribution ruloid is defined by an inductive composition of Y-distribution rules and the
left-hand sides of its premises are the variables occurring in the source, which is an arbitrary open distribu-
tion term. As the Y-DS is positive, the definition of Y-distribution ruloids is technically simpler than that
of P-ruloids.

Definition 21 (Distribution ruloids, [13]). Let Dy = (X, Rx) be the X-DS. The set of X-distribution ruloids
R is the smallest set such that:

1
. M is a Y-distribution ruloid in R* for any state variable z € V;
{6, — z}
s x| Z q =1}

i€l
w2z liel}

is a Y-distribution ruloid in R®* for any distribution variable p € Vy;

U H
{f(@l,...,@ ) 27 F(trmy - tam) | mE M

stitution o with o(¢;) = ©; and a X-distribution rule rp € Ry as in Definition 16.2 such that:

U (& 25 tin|heH, Y qin =1}

} is a Y-distribution ruloid in R®* if there are a sub-

heH;
—o(rp) =
{f(@h"w@n) q_ﬁ> f(tl,n(l)a” nﬁ(n) ‘QK = H Qi,k(i)s K € >< H}
i=1,. i=1,.

there is a bijection f: X|_| H; — M with t; ;) = t; () and g = Qj(x);

for every ©;, fori=1,...,n
% either ©; € VU dy, and H; = {©; qz—h>tzh | h € H;, ZheH gin =1},
H,
{0, X t; 1 | he H; }
— right-hand sides of premises are pairwise distinct.

U

161

{Zple -+tm|m€M
el
©; for i € I and a X-distribution rule rp € Ry as in Definition 16.3 such that:

J{&: =5 tin [he H, > qin =1}

icl heH;

{Zpi@iq—u>u|QU: > pi'Qi,hvue{ti7h‘heHiaiEI}}

il i€, heH; st. t; p=u
— there is a bijection f: {t; | h € H;,i € I} — M with u = t;(,,), and q, = Qju);

* or there is a Y-distribution ruloid p? =

} is a Y-distribution ruloid in R* if there are a substitution o with o(¥;) =

— o(rp) =
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— for every ©;, fori € I

4i,h

x either ©; € VU 5Vg and H; = {@1 —_— ti,h | h e Hi, ZheHi, qi,h = 1},
H; .
{@z ﬂﬁ—) ti,h ‘ h e Hl},

— right-hand sides of premises are pairwise distinct.

* or there is a Y-distribution ruloid p? =

Ezample 8. Consider the distribution term 2y + (v || 6.) (which is an instance of the target of the
P-ruloid p4 in Table 2, for p = 2/3). Then, we can build the following ¥-distribution ruloid pP:

{Vl/—2>y1, Viyg} {52i>z}
1/4 3/4 1/2 1/2
e p 2 a0 Wlsd. - yillsz vis s~ s 2}

2 1 1 2 1 1 2 1 1 2 1 1 '
§H+ g(l/ B d.) = z1, gHJF §(V B d.) = z2, glﬁL g(V Iz d.) —y1ls 2 §H+ g(V B d.) = y2 2

<

In [14] we showed that also distribution ruloids are sound and specifically witnessing.

Theorem 3 (14]). Consider the $-DS Dy, and a closed substitution o. Then Ds, - {o(©) 2 t,,, | m € M}
for a distribution term © € DT(X) and closed terms t,,, € T(X) pairwise distinct iff there are a X-distribution

ruloid ————— and a closed substitution o’ with Ds, - o/(H), 0/(0) = 0(©) and o' (uy,) = tm for
{&—uy,|meM}
allm e M.

The following two technical lemmas will support some of our proofs. They state that the conclusion of a
Y-distribution ruloid is a distribution over terms and that all variables appearing in a Y-distribution ruloid
already appear in its premises, respectively.

Lemma 1. The conclusion of a X-distribution ruloid is a distribution over terms.

H

—————— is such that
{O0——tm|meM}

Lemma 2. Any X-distribution ruloid

1. for all distribution variabels p € Vg, u € var(0) iff p is the left-hand side of a premise in H;
2. for all state variables x € Vi, x € var(0O) iff 6, is the left-hand side of a premise in H;

8. Umens var(ty,) = rhs(H).

6. Decomposition of modal formulae

In this section we present our method for decomposing formulae in L, which exploits the two classes of
ruloids introduced in Section 5. The idea behind the decomposition of a state (resp. distribution) formula ¢
with respect to a term ¢ (resp. distribution term ©) is to establish the constraints that the closed instances
of the variables occurring in ¢ (resp. ©) must satisfy in order to ensure that the closed instance of ¢ (resp. ©)
satisfies ¢. Therefore, the decomposition method is firmly based on ruloids (resp. X-distribution ruloids),
since they relate the behavior of ¢ (resp. ©) with that of its variables.

The decomposition of state formulae consists in assigning to each term ¢ € T(X) and formula ¢ € L*® a
set of functions £: Vy — IL®, called decomposition mappings, assigning to each state variable x in ¢t a proper
formula £(x) in L® such that for any closed substitution o it holds that o(¢) |= ¢ if and only if for some for
some of the decomposition mappings ¢ for ¢ and ¢ it holds that o(z) = £(x) for each x € var(¢) (Theorem 4).
Each mapping £ will be defined on a P-ruloid having ¢ as source, P being the considered PGSOS-TSS, and
on a predicate I' on arguments of operators. The motivation for using I' is that, besides having a correct
decomposition, we also aim to infer a congruence result, which requires that decomposition preserves the
modal class of formulae, namely formulae in Ly, (resp. L,1,) are decomposed into formulae in Ly, (resp. Lyp).
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Figure 2: Process s satisfies the formula (g)(2/3(a) T @ 1/3(b) T).

To this purpose, we will instantiate I' as I' = RN A, for the predicates X and A discussed in Section 2.3.
This particular instance will allow us to distinguish the arguments for which we must test the rootedness
condition, namely the (RN A)-frozen ones, from those for which the branching property by itself is sufficient,
namely the (X N A)-liquid ones.

Similarly, the decomposition of distribution formulae consists in assigning to each distribution term
© € DT(X) and distribution formula ¢» € L4 a set of decomposition mappings 1: V — LY UL® such that for
any closed substitution o we get that o(©) | v if and only if for some of the decomposition mappings 7 for
© and ¢ it holds that o(¢) = n(¢) for each ¢ € var(©) (Theorem 4). Each mapping 1 will be defined on a
Y-distribution ruloid having © as source.

6.1. Decomposing ()

Our decomposition method is inspired by those in [37], dealing with weak semantics in the classic
nondeterministic case, and [14], dealing with strong semantics in the probabilistic case. The main technical
challenge caused by the interplay of weak semantics with probability is in dealing with formulae (g).

In the non-probabilistic setting of [37], the (¢)-modality occurred in formulae of the form ()¢, with ¢ a
state formula, and expressed a sequence of T steps leading to a process satisfying ¢. Hence, the decomposition
of ()¢ was obtained from both I'-patient and I'-impatient P-ruloids allowing one to infer that sequence of
T-steps originating from the process satisfying (€)¢. Our case is technically different since ¢ is a distribution
formula that should be satisfied by a distribution whose support contains processes that may be reached by
sequences of 7-steps of possibly different length originating from the state satisfying (¢)¢. More concretely,

these sequences of silent steps give rise to a lifted transition s — m, of the form s — 7, — T — ... — T,
where each 7; “memorizes” the probabilistic weights of the distributions reached so far through the execution
of part of the sequence of 7-steps.

Consider, for instance, process s € T(X) in Figure 2 for which we have P F s - 7 with m =

128, +1/285,, P+ 51 5 0ui1, P F sy — mp with oy = 1/30s, + 2/30s,, P I s3 Ly 6 and P+ sy LN Onil-

We have that s |= (e)1, for ¢ = 2/3(a)T @ 1/3(b)T. This is given by the lifted transition s — 7’ with
7' = 1/204, + /605, +1/305, for which ' = 1 clearly holds. We can observe that process s; must “wait” for so
to finish the execution of the sequence of 7-steps, thus reaching s3 and s4, and, then, s1, s3 and s4 contribute
to the satisfaction of the distribution formula v accordingly to the probabilistic weights “inherited” from 7y
and 7o, that is 1/2 for s1, 1/2-1/3 for s3 and 1/2 - 2/3 for s4.

In a broader sense, a formula (g)1) expresses a form of probabilistic lookahead on the behavior of processes,

which is formally represented by sequences of lifted transitions of the form 7 — 7’: we allow processes in
the support of a distribution to perform some 7 steps in such a way that the global distribution that will
be obtained, as described in Definition 4, will satisfy .

The decomposition of formulae (€)1 must follow the same principle. To this aim, we recall that, as we
discussed in Section 3, the semantics of {e)¢ could be expressed by splitting the sequence of 7 steps into a
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first 7 transition ¢t — 7 performed by the process ¢, and a sequence of lifted transitions m — 7’ with 7/ E .
Hence, we abuse of notation and introduce the distribution formulae ¢(¢?, with () a marker allowing us to
record, during the decomposition, that the distribution formula 1) occurred in the scope of (g). Hence, (e
could be either of the form (€0, ; ri¢:)' or (Njes D er, i, ;) and we will use this kind of formulae
to express that a closed distribution term performs a sequence of 7 lifted transitions by which it reaches a
distribution satisfying the formula ¢. Actually, we could rewrite the semantics of (¢)¢ in Definition 14 as:

o t=(e)yifft Zymand 7 = () for some 7 € A(T());
o ¢ iff 1 <5 7 and 7 |= ¢, for some 7' € A(T(X)).

The decomposition of {e)y with respect to term ¢ will be obtained via a P-ruloid allowing us to derive a

silent step t — © and the decomposition of the formula (¢} with respect to ©. The latter will be obtained
via a Y-distribution ruloid allowing us to derive the probabilistic behavior {© % w,, | m € M} of © and,
for each m € M, the decomposition of a formula (e)t),, with respect to term w,,. Here, (¢) allows for the
derivation of the (possible) next 7-step in the sequence and 1), captures the probabilistic behavior that the
distribution reached by u,, via the entire sequence of silent steps has to show in order to guarantee that the
probabilistic behavior of the distribution reached by the initial term ¢ via the entire sequence of silent steps
is as in 9. The construction of the formulae 1, will exploit the matching from Definition 2 to keep memory
of the probabilistic behavior of ©. The alternation in the decomposition of formulae of the form (£)7) and
¥{9) s0 obtained will allow us to properly decompose the probabilistic lookahead introduced by (e)9.

We remark that formulae () occur only in the decomposition of formulae of the form ()7 and play
no role in the decomposition of other state or distribution formulae. We also stress that we do not allow a
formula ¢} to be constructed over a nesting of conjunctions of distribution formulae. Such restriction has
the only purpose to simplify the presentation of the decomposition method, and moreover it does not limit
the expressive power of the logic, in that it is always possible to unfold the nested conjunctions in order to
obtain a single conjunction on distribution formulae defined via the probabilistic choice operator.

6.2. The decomposition method

Given any term ¢ € T(X) and variables © € var(t) and p € Vg, we denote by t[u/z] the distribution term
obtained by substituting « with p and y with J, for all state variables y € var(t) \ {z} in the term ¢.
Then, we consider the notion matching for a distribution over terms and a distribution formula.

Definition 22. Assume a distribution term © € DT(X), a distribution over terms {© 2 t,,, | m € M}
and a formula ¢ = @, ; i € L4, Then a matching for © and 4 is a distribution over the product space
w € A(T(X) x L*) having © and v as left and right marginals, that is

® > icr(tm, vi) = gm, for all m € M, and
® > en W(tm, ;) =1, foralli e I.
We denote by 20(©, ) the set of all matchings for © and .

To favor readability, we will provide a formal discussion of the decomposition method after its technical
definition (Definition 23 below).

Definition 23 (Decomposition of formulae in ). Let P = (3, A, R) be a I'-patient PGSOS-TSS and let
Dy, be the X-DS. We define the mappings

o ~L:T(Y) = (L® — P(Vs, = L%)), and
e ~L:DT(X) - (LY — P(V = L))

as follows. For each term ¢ € T(X) and state formula ¢ € L*, t71(p) € P(Vs — L°) is the set of decomposition
mappings £: Vg — LL° such that for any univariate term ¢ we have:
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1. £ et=X(T)iff £&(z) = T for all state variables x € V.
2. £ € t71(~p) iff there is a function f: t~1(¢) — var(t) such that
/\ =& (x) if z € var(t)

£(z) = eef1(a)
T otherwise.

3. £ €t71 (e, wy) iff there is a decomposition mappings §; € t'(;) for each j € J such that

()= N\ &), for all z € V.

jeg
4. &€ € t71({a)r) iff there are a P-ruloid —2— and a decomposition mapping 7 € ©~!(¢)) such that

t—30

AN @nw) A N T An) if z e var()
f(l‘) = miMJ,EH fﬁ%eH
T otherwise.

5. € € t=1((#)%) iff one of the following three cases holds:

(a) there is a decomposition mapping n € (6;)~*(z)) such that

T if x & var(t)
&(z) = ¢ (F)n(z) if x occurs T-liquid in ¢
n(x) otherwise.
(b) there are a variable y occurring I'-liquid in ¢, a T-patient ruloid % and a decomposition
u/y

mapping 7 € ([u/y])~" () such that

T if x & var(t)
§(@) = (Fm(p) ifz=y
n(x) otherwise;

(c) there are a I'-impatient P-ruloid ; LH> 5 and a decomposition mapping 7 € ©~1(z)) with

N Bmw) A N\ ~(NT Anz) if z e var(t)
g(w) = xi>ueH I%GH
T otherwise.

6. £ € t~1({e)) iff one of the following three cases holds:
(a) there is a decomposition mapping n € (6;)~1(¢)) such that
T if © & var(t)
&(z) = ¢ (e)n(x) if z occurs T-liquid in ¢

n(x) otherwise.
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(b) there are a variable y occurring I'-liquid in ¢, a I'-patient ruloid ?TJ and a decomposition

t—>t[n/y]
mapping 7 € (t[u/y])~" () such that

T if © & var(t)
£(z) = Emp) ifz=y
n(z) otherwise.

(c) there are a I'-impatient P-ruloid ti@ and a decomposition mapping 7 € ©~ (1)) with

T if x & var(t)
(el /\ BYn(w) A /\ (7T A n(z) | if z occurs T-liquid in ¢
() = ) /
c—rpeH IAAGH
/\ (B)n(u) A /\ ()T A n(z) otherwise.
miMJ,EH 17746H

7. £ € (a(t))"t(p) for a non injective substitution o: var(t) — Vj iff there is a & € t~!(y) such that

/\ & (y) if z € var(t)
£(z) = q veo 1(x)
T otherwise.

Then, for each distribution term © € DT(X) and distribution formula ¢ € LY, ©~(¢) € P(V — L) is
the set of decomposition mappings n: V — L such that for any univariate distribution term © we have:

8. n € @*1(@1.61 rip;) iff there are a X-distribution ruloid WHImeM} and a matching o €

WHO I wu, | m € M}, @D, riwi) such that for all m € M and i € I there is a decomposi-
Emi € upt (i) if W (um, i) >0

and such that:
&m,i € up, (T)  otherwise

tion mapping &, ; defined by

(a) for any distribution variable u € Vy:

@ qj /\ fm,i(xj) if n e V&I‘(@)
() = { tn—Drayyem TN
LT otherwise.

(b) for any state variable x € V:

/\ Em,i(z) if x € var(©)
n(z) = < iel,meM
T otherwise.

9. n€ @’I(Ajej 1;) iff there exist decomposition mappings n; € ©~(¢;) for all j € J such that

n(¢) = /\ n;(¢), for all variables ¢ € V.
jed



6 DECOMPOSITION OF MODAL FORMULAE 23

10. n € O~ (P, riws)() iff one of the following two cases holds:
(a) there is a decomposition mapping 7/ € O~ (P, ; riv:) with n(¢) =7'(¢) for all ¢ € var(©);
(b) there are a Y-distribution ruloid ——H2——— and a matching v € WH{O X wu,, | m €
{&©—uy, |meM}

M}, @,c; rigi) such that for all m € M there is a decomposition mapping &, € u,,' ((€)thm),
where 1,,, is the formula

(U, Pi : -
Y = @ Mgp,’, with I, = {i € I | o(upm, ¢;) > 0},

i€l m
for which we have
@ q; /\ Em(z;) if p € var(©)
i. for any distribution variable p € Vg, n(p) = (nDroyer "M
1T otherwise.
/\ Em(z) if z € var(O©)
ii. for any state variable x € Vj, n(z) = { mem

T otherwise.
11. n e @’1((/\jEJ1/)j)<5>), for ¢; = ®ijelj ri; i, for all j € J, iff one of the following two cases holds:

(a) there is a decomposition mapping 1’ € @’1(/\3.67 ;) with n(¢) = n'(¢) for all € var(©);

(b) there are a X-distribution ruloid ——————— and, for each m € M, a decomposition mapping
(02" s |meM}

Em € ut({e) /\ VYm.j), With ¥, ; defined from {© ™5 w,, | m € M} and v; as in previous
JjeJ
item 10b, i.e., we consider a matching w; € W({O L u,, | m € M},4;) and define

10 (U, Pi; . .
’l/)md' = @ M@Z, with Im,j = {Zj S Ij | I'O(Um,(pz7) > 0},

ij EI'm,j Qm
for which we have
@ an /\ Em(zp) if p € var(©)
i. for any distribution variable p € Vg, n(p) = (nmyem MM
1T otherwise.
N\ &n(@) if z € var(0)
ii. for any state variable x € Vg, n(z) = { mem

T otherwise.

12. n € (6(0))~1(¢) for a non injective substitution o: var(©) — V iff there is a decomposition mapping
n' € ©~1(3) such that

N\ () if ¢ evar(O)
n(¢) = ¢'eo—1(0)
T otherwise.

We refer the reader to [37] for an explanation of the decomposition of the standard Hennessy-Milner
operators and to [13] for an explanation of the decomposition of distribution formulae of the form &, ; r:¢;.
Here we detail our decomposition method for formulae of the form (7)¢ (item 5 of Definition 23), () (item 6
of Definition 23) and () (items 10 and 11 of Definition 23).
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We start with (7)¢. Given any term ¢ € T(X) and closed substitution o, we aim to identify in
¢ € t71({(#)¢) which properties o(z) has to satisfy in order to guarantee o(t) = (7)1, for all z € var(t).
According to Definition 14 we can distinguish two cases for o(t) = (F)¢: either 0,4 =1, or PFo(t) = 7
for a distribution # € A(T(X)) with 7 = t. The former case, in which o(¢) does not execute any 7 step,
motivates item 5a in Definition 23. In the latter case, by Theorem 2 the 7-transition by o(t) is inferred by

a ruloid p = ; ;H> 5" Item 5b applies if p is [-patient whereas item 5c applies if p is [-impatient. In detail:

Definition 23.5a: To have 6, = 1 we need that o(¢) = n(¢) for all variables ¢ € var(d;), for a suitable
decomposition mapping 1 € (§;)~*(¢)). Since var(d;) = var(t), this is equivalent to have o(z) = n(z) for all
state variables x € var(t). However, for x occurring I'-liquid in ¢, we define the decomposed formula £(z) as

the less demanding &(x) = (7)n(x). This is to guarantee that the decomposed formula does not discriminate
processes by their ability of performing a 7 step.

Definition 23.5b: Since p is a [-patient ruloid, there is a variable y that occurs I'-liquid in ¢, H is of the
y—rp
t—>tu/y]
particular case, the closed substitution ¢’ satisfying o’(t) = o(t) must be such that: (i) P F o’(y) — o’(p)
and (ii) o’ (t[/y]) E 9. Hence, given n € (t[u/y]) "1 (), the first condition is satisfied if o/(y) | (T)n(u)
and the second if o’(z) |= n(x) for all z € var(t) with x # y. The reason why we have £(y) = (7)n(u) instead
of the more demanding property £(y) = (7)n(u) is that this allows us to obtain formulae in Ly, whenever we
decompose formulae in Ly, (Theorem 6 below). In particular, since (7)n(p) does not impose the execution
of the silent step, we are guaranteed that the decomposed formula does not discriminate processes by their

ability of performing a 7 step.

form H = y - p and © is of the form © = t[u/y], namely p = . By tuning Theorem 2 on this

Definition 23.5¢ By tuning Theorem 2 to this particular case we get a substitution ¢’ with ¢’ (¢) = o(t), that
must satisfy: (i) P+ o/(H), and (i) ¢/(0) = . Hence, given n € ©71(v), the validity of condition (i) fol-
lows if, for each x occurring in ¢, o’ (x) is such that o’(z) = (b)n(u) for each x LN pweH, and o' (z) = —(c)T
for each 2 -4 € H. The validity of condition (ii) then follows if o’ (x) |= n(x) for the variables 2 occurring
in ©. Notice that, since we are considering a I'-impatient ruloid, the decomposed formula is obtained from
the premises of the ruloid without relaxing any constraint on the execution of the silent steps. This is
to guarantee the preservation of the rootedness condition, so that to obtain formulae in L,, whenever we
decompose formulae in L, (Theorem 7 below).

Now consider (g)1. Accordingly to Definition 14 we can distinguish two cases for o(t) = ()1): either

sy E ¥, or P+ o(t) = m for a distribution 7 € A(T(X)) with = |= 1. The former case, in which
o(t) does not execute any 7 step, motivates item 6a in Definition 23. In the latter case, o(t) executes an
arbitrary number of lifted transitions with label 7 before reaching a distribution that satisfies v». However,
since we are considering lifted transitions, such a distribution may be obtained as a convex combination of
the distributions that have been reached through the execution of each 7-step. Hence this case motivates
items 6b and 6¢, and the introduction of formulae of the form (). In particular, item 6b applies when the
first T-transition by o (t) is inferred by a I'-patient P-ruloid and item 6¢ applies when the first 7-transition
by o(t) is inferred by a I'-impatient P-ruloid. Formulae of the form (€ and their decomposition that we
will detail below, allow us to proceed in the decomposition of the sequence of 7 steps by also keeping track
of the probabilistic behavior of the process. In detail:

Definition 23.6a: this case is analogous to that of Definition 23.5a.

Definition 23.6b: this case is analogous to that of Definition 23.5b. The main difference is in that we
must ensure that after having derived the first 7-step, we can continue the decomposition of the remain-
ing silent steps in the (¢) sequence. Therefore, we exploit the formula 1€ and we look for the mapping

n € (tlu/y]) " (x'%)), such that o’ (y) |= (e)n(p) and o’ (x) |= n(z) for all x # y with = € var(t).
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Definition 23.6¢: this case is analogous to that of Definition 23.5¢ to which the same observations made in
the case of Definition 23.6b apply. Hence, we consider a mapping n € @‘1(¢<5>) to build the decomposition.
Moreover, we notice that if z occurs I'-liquid in ¢ then we have to admit that certain silent moves of ¢’(x)

have to be executed in order to enable the steps required in H. Hence, we define £(x) as the formula ()¢
where 1) is the distribution formula that assigns probability 1 to the state formula obtained for I'-frozen
variables x. Notice that the weight 1 guarantees that all the processes in the support of the distribution
reached via the sequence of silent steps must satisfy the state formula obtained from the premises of H. This
is fundamental to guarantee that such premises are enabled and that no modification in the probabilistic

behavior of the subprocess occurs in the initial sequence of silent steps.

We proceed now to discuss the decomposition of distribution formulae of the form (€, ; riapi)(5>. We
remark, once again, that such formulae occur only in the decomposition of state formulae of the form
(€) @,y mitwi and their decomposition is tailored to capture the probabilistic lookahead introduced by such
state formulae. This is the reason why here we cannot apply the same decomposition method proposed for
distribution formulae of the form @ie 1 Ti%i

Given any distribution term © € DT(X) and a closed substitution o, our purpose is to identify in
neo (B r30:)$%)) which properties each (), with ¢ € var(©), has to satisfy in order to guarantee
that 0(©) = (D,c; ri:)$). Informally, we should find the requirements guaranteeing that either o(0)
satisfies @, rigs, or it will satisfy it after the execution of an arbitrary number of 7-steps performed by all
the processes in its support. The former case motivates item 10a of Definition 23, whereas the latter case
leads to item 10b of Definition 23. The interesting case is the second one. Here, a decomposition mapping

n € O (D, riv:)) is built on the derivation of a lifted transition o(©) — , where 7 satisfies, in
turn, (P;c; rivi)'®. Decomposing (D, i) in terms of the decomposition of (P, ripi)® itself is
correct since we assume that the PTS is divergence-free. To obtain that P ¢(0) — m, for the desired T,
we must have suitable processes t,,, distributions m,, and probability weights gy, such that:

L Ds F{0(©) ™t | 3 cas @m = 1 and t,, € T(D)};

2. Pi—tmgﬂ'mforallmEM;

3. = ZmEM ImTm = (@ie[ Ti90i><5>-

Firstly, we notice that by Theorem 3 (distribution ruloids are sound and specifically witnessing) and the
construction of lifted transitions, items 1 and 2 are equivalent to say that there are a 3-distribution ruloid

pPP=——HH  anda closed substitution ¢’ with

{0y, lmeM}

4. ¢'(©) = 0(0);

5. Dy F o'(H), and

6. Pt o' (um) N Tm, With ¢/ (tup,) = t,, for all m € M.

Then we have to understand which formula should be satisfied by each 7, in order to obtain the validity of
item 3. We rely on some matching o € 2({© X w,, | m € M}, ;e rii) to establish which processes
of those in the support of the distribution 7’ reached by ¢’(©) via the sequence of 7-steps, knowing that
for each m € M the first step takes o/ (u,) to m,, will have to satisfy the formula ¢;. Informally, for each
1e1, W expresses the probability that ¢’(u,,) has to reach, via the sequence of silent steps, (a subset

W to ¢y, is therefore the formula

of) such processes. The formula (€)t),,, with 1, assigning weight
that must be satisfied by o’(u,). Notice that the division by g,,, namely the probability weight assigned to
o' (um) by 0’(©), derives from the conditioning on the first 7-step performed by ¢/(0) and it guarantees both

that 1y, is a well-defined distribution formula, and that 7’ satisfies »,_; ri;. Then, for each m € M, we
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consider a decomposition mapping &, € u,,'({¢)1,,) that will allow us to assign to each variable z occurring
in u,, a proper formula &,,(x) such that whenever o'(z) |= &, () for all x € var(u,,), then o’ (um) = (€)m,
namely P & o' () — T and 7, = N

Once the distribution formulae v, are built, consider any p € var(®). Then there is a distribution
over terms {p — xzj | j € J} € H such that Dy F {o'(n) A, o'(xzj) | 7 € J}. Since the weights ¢, of
o'(©) are univocally determined by the distributions over terms in H, and thus also by those of ¢’(u), we
define the decomposed formula 7(u) as the distribution formula that has as weights exactly the ¢; of the
distribution over terms for u in H. Then, to ensure the validity of item 6, we assign to each variable z; the
conjunction of the formulae obtained from the decomposition mappings &, when applied to x;. Similarly,
for each variable € var(©), we define n(z) as the state formula obtained from the conjunction over m € M
of the decomposed formulae &,,(x). Intuitively, the conjunction over m € M is needed since the same
variable y may occur in more than one term u,,, and moreover, from the construction of the mappings &,,
described above, we can be sure that o’(y) = A,,ca §m(y), for all variables y occurring as right-hand sides

of distributions over terms in H or in var(©), gives that Pt o’ (uy,) 2y 7y, and 7, = P for all m € M.
By the construction of the formulae v,,, this implies the validity of item 3.

The decomposition of formulae (A jed wj)<5), which allow us to obtain a proper decomposition for formu-

lae of the form () A\;c ; ;. follows the same ideas of that of (P;c; ;). Informally, we decompose all
the formulae 1; at the same time with respect to a single distribution term. This is to avoid to consider dis-
tinct probability distributions possibly reached via the execution of distinct silent steps by the same process.
Hence, from each formula v; in the conjunction and the distribution term ©, we construct the formulae
¥, as described above, and we consider the decomposition mappings &, € u,,'({) A et Vm,;) will allow
us to assign to each variable z occurring in u,, a proper formula &, (z) such that whenever ¢’(z) | & ()

for all z € var(uy,), then o'(um) = (€) \jc; ¥m,j, namely P = o' (uy,) = M and 7, = (Njes Vm.j) )
As in the previous case, the construction of the formulae ¢, ; guarantees that o(0) = (A<, ¥;)(), thus
giving us a well-defined decomposition.

Example 9. We show now how we can decompose the state formula ¢ = (e)t, with ¢ the distribution
formula ¢ = 1/a(a)T @ L/a(1)T @ 1/2=(b) T, with respect to the term ¢t = x +5/3 (y ||{a} 2). For sake of
simplicity, we propose the construction of a single decomposition mapping ¢ € t~1(p). In particular, we
consider I' = RN A and we will choose arbitrarily the ruloids that have to be used in the construction, in
order to enlighten the peculiarities of our decomposition method. Moreover, in the formulae we will omit
all occurrences of conjuncts of the form AT.

We recall that in Example 2 we discussed that both arguments of probabilistic alternative composition
should be marked as N-liquid and A-frozen. Hence, any derivation of a silent move for the term ¢ will be
obtained via a (NN A)-impatient ruloid. For instance, we consider the P-ruloid p4 in Table 2, that for 5 =7
and p = 2/3 constitutes a X N A-impatient ruloid for ¢, and we derive a decomposition mapping by following
Definition 23.6c. Let © = 2/3u + 1/3(v |14} 0.) denote the target of such an instance of ps. Then, for

n € O~ (), from the premises of py we get

§(x) = (Mn(p) An(z) &) = (mnw) Anly)  &(z) = n(z).
We build the decomposition mapping 7 € © (1)) by applying Definition 23.10b with the X-distribution
ruloid pP in Example 8 and the matching to € 20(conc(pP), ) for the distribution over terms conc(pP) and
the distribution formula 1) defined by
w(x, (@) T) = 1/12 w(z1, (b)) T) = Y12 w(z, (1) T) =1/8 w(zg, (b)) = ¥/8

(Y1 [l{a} 2, (@) T) = Yo W (Y2 [l{ay 2, (1) T) =18 W (Y2 [l{ay 2, 7(b)T) = 1/21
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and giving value 0 in all other cases. Following Definition 23.10b, we can now construct, for each term ¢’ in
the support of ©, the proper formula 1y allowing us to proceed in the decomposition of (<)
112 112 1 1
= T = — —
Yo, = LT © 120)T = ST © 50T
8
by = LA T 0 2T =
Y2 Y2
/6
/l/}ylll{a}z = 1/6< >

Pyallarz = 1§8< )T & 1//24 (bT = Z<T>T ® i%b)‘l’.

HeE S,

= 1a)T

Accordingly to Definition 23.10b, to obtain the decomposition mapping 1 we need to consider, for each term
t', a decomposition mapping & € (#')~*({(e)1) so that

1 3 1 1
n(p) = Zle(xl) & me (22) n(v) = ifyll\(a}z(yl) & gfyzll{a)Z(yQ) n(z) = 5yll\{a}Z(Z) A fyz\l{u}z(z)'

To simplify reasoning, we assume that both &;, and &,, are derived by applying Definition 23.6a, namely that,
for i = 1,2, there is a mapping 7, € (6z,) *(¢s,) such that &, (x;) = 1., (z;). Hence, by Definition 23.8b
and thus by combining the Y-distribution ruloids having a Dirac delta as source and the P-ruloids having
a variable as source, we can directly infer that

oy (1) = (@) T A=(B)T S (2) = (1) T A=(D)T

Zq _>Ih
T; —>

Let us focus now on the construction of the mapping &, |- € (41 [/{a} 2)71({e)1{a)T). We remark that
since the distribution formula assigns weight 1 to the state formula (a)T then, no matter how may 7-steps
can be derived for y; {43 z and how clunky can the probability distributions reached via those steps be, all

where, in particular, we get the conjuncts —(b)T by applying Definition 23.2 to the P-ruloids

the processes in the support of the distribution 7 s.t. y1 |4} 2 =5 7 will have to satisfy the formula (a)T.
Hence, for sake of simplicity (ant to keep this example with an acceptable length) we construct &, (a2 by
applying Definition 23.6a. This, considering that Definition 23.8b, is equivalent to say that we build the
decomposition mapping gyll\{a}z (1 ll1ay 2)"'({a)T) and Eyillray=(W) = §;l‘|{a}z(w) for all w € V;. Since
ll{ay forces the synchronization on action a, to decompose (a)T we use the P-ruloid corresponding to the
PGSOS-rule rg in Table 1 from which we infer

fllll\{n,)z(yl) = gyl\l{a,}z(z) =(a)T.

Finally, we consider the mapping &, .,= € (¥2 [{a} Z)_1(<5>¢y2“{a}z). As shown in Example 2, both
arguments of ||(,) are marked as R N A-liquid. Thus, for a = 7, rules 74 and 75 in Table 1 are X N A-patient
ruloids for the considered term. So, we construct &, (a2 by applying Definition 23.6b with the proper
yzéu/
y2ll{ay 2=V |l{a} 0=

instance of rule r4 as X N A-patient ruloid. Let be such an instance. Hence, we need now

to look for a decomposition mapping 7" € (v ||{a} (;Z)_I(Q/in?l\(a}z) s.t.

€uall (o= (y2) = () (V') €yallpay2(2) = 7'(2).

Assume that n’ is built by applying Definition 23.10a and thus we need to decompose the distribution
formula vy, ... wrt. the term v/ |[{4} d.. Following Definition 23.8, we consider the ¥-distribution ruloid

”{a}
, 1/3 , 2/3 1
D {v'——ys, v ——ya} {6.—=}

s Y and the matching ro; € 23(conc(pP), Vys |l 0y =) defined by
{V'lfaydz—vsll{ar2,  V'll{ayd:—vall{ay 2}

W1(Ys [l{ay 2, (7)T) = 1/12 (Y3 [l{ay 2, 2(0)T) = 1/4 W(Ya [l{ay 2, (T)T) = 2/3
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and assumes value 0 in all other cases. To conclude we need to construct the decomposition mappings
&1 € (13 ll{ay 2) 71N T), &2 € (s ll{ay 2) 1 (=(O)T) and &5 € (ya llgay 2) 7 ((T)T) s.t.

T = 56 Ao &) () =6() A AG(E).

We can assume that &; and &3 are obtained from Definition 23.4 applied to proper instances of, respectively,
rule r4 and rule 75 in Table 1, so that

§iys) = ()T &u(z)=T E3(ya) =T &(2)=(n)T.

Conversely, to obtain the mapping &, we need to exploit Definition 23.2. Thus, first of all we need to
construct the set of decomposition mappings (y3 ||{a1 2)~*((b) T). Since there is no synchronization on action
b, we get (yz [l{ay 2) 7 ((OT) = {x1,x2} with x1(y3) = (0T, x1(2) = T and xa(y3) = T,x2(2) = (O)T.
Then we consider the function §: (y3 |lfa3 2)~'((5) T) — {ys3, 2} defined by f(x1) = y3 and f(x2) = z. By
applying Definition 23.2 with such function § we infer

E2(y3) = ~x1(y3) = ~(O)T  &2(2) = ~x2(2) = ~(O)T.

Finally, if we trace back the construction of all the decomposition mappings, we obtain

€)= () | Ul T A=) @ 3n) T A-01T)

)= ) [T @ 3 (T A M @ )]

6.3. The decomposition theorem

We can show now that our decomposition method is correct. Anyhow, the proof of the decomposition
theorem (Theorem 4) will make use of some auxiliary results that we present here.

Firstly, we have that the decomposition mappings correctly assign state formulae to state variables and
distribution formulae to distribution variables.

Lemma 3. Assume the terms t € T(X) and © € DT(X) and the formulae ¢ € L® and ¢ € L4,
1. For all state variables x € V, we have that £(x) € L° for each &€ € t=1(p).
2. For all distribution variables p € V4 we have that n(u) € LY for each n € ©71(¢).
3. For all state variables x € V, we have that n(x) € L° for each n € ©71(3).
Then, we notice that the decomposition mappings are not sensible to a-conversion.

Lemma 4. Consider terms t € T(X) and © € DT(X) and formulae ¢ € L and ¢ € LY. Moreover, let
o: V =V be any bijective renaming of variables.

1. Let £ € t71(p). Then &(x) = T for all x & var(t).
2. Let £ € o(t)1(p). Then there is a & € t=1(p) with &' (z) = &(o(z)) for all z € V.
3. Letn € o(©)~Y(y). Then there is an 7’ € O~ () with n'(¢) = n(c(¢)) for all ( € V.

Next, we show that the formulae v, and 1, ; used, respectively, in Definition 23.10 and Definition 23.11
are well-defined with respect to the satisfaction of distribution formulae.
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Proposition 2. Let © € DT(X) and o be a closed substitution with o(©) = >\ @m0y, for tm, € T(X)
pairwise distinct. Then

1. 0(0) F (D, 70;) ) iff there is a matching o € W(o(0), P,c;miwi) such that for each m € M it
holds that ty, = () with Ym = @, 2%Lg; and I, = {i € I | ®0(tm, @) > 0}.

2. 0(0) = (N;jes ¥3) iff for each m € M it holds that ty, |= () \jc; ¥m.j with P ; defined from ©
and v; as in Definition 25.10.

Proof. We expand only the prof of the first item. The proof for the second item follows by similar arguments.
We prove the two implications separately.

(=) Assume that o(0) |= (@, ri¢:)(®. Then, we can distinguish two cases.

1. 0(©) = @, riwi- By Definition 14, this implies that there is a matching o € W(o(0), P, ripi)
such that whenever to(t,,, p;) > 0 then ¢, | ;. It is then immediate to verify that the thesis follows
for v, constructed using the matching v as to.

2. P+ o(©) S rand T = @,c; miwi, which implies the existence of a matching w € W(w, P, ripi)
such that whenever w(t,¢;) > 0 then ¢ = ;. By Definition 4, o(©) S implies that, for each

me M, Pt t, — m, and 7 = ZmeM qmTm- To simplify the reasoning, we assume that the
supports of the distributions m,, are all distinct. If this is not the case, then we can reason on the
support of 7 as the multi-set obtained by the union of the supports of the 7,,. Define

l%(tmagpi) = Z m(tvwi)'

tesupp(mm)

The proof that w is a well-defined matching for o(©) and @, ; rip; is straightforward. Hence, to

V0 (tm,04)

conclude the proof, we need to show that for each m € M we have m,, &= ¥, = @ie Im g Vi

Define, for each m € M
w(t, i) .
—2 iftes
W (t, pi) = Im ' uPp(Tm)
0 otherwise.

Then we have

Zt su Tm, m(t7901) tﬁ tma@i
Z mm(tﬂpi): mm(tﬂpi): Soupp(Tm) = ( )

teT(X) tesupp(mom,) m m
Z' m(t? 90) qm - T t

S (o) = S w(typy) = e 0P Tl g

icly, el am m

and thus t,, is a well-defined matching for 7, and ,,. Moreover, notice that tw,,(t,@;) > 0 iff
w(t, p;) > 0 and therefore we gather ¢ = ¢; whenever 1,,(t, ;) > 0. We can therefore conclude that
the matching to is such that t,, |= (€)1, for each m € M.

(<) Assume now that there is a matching w € (0 (0), @, ; riw:) such that t,, = (€)¢n, for each
m € M. By Definition 14, for each m € M we have that P F t,, N T With 7, E ¥n. Hence, by

Definition 4 we can infer that P o(©) S wform = > mem @mTm- To conclude the proof, we need to show
that 7 = @,.; ripi. For each m € M, from 7, |= v, we get that there is a matching r,, € (7, ¥rn)
such that t = ¢; whenever 1w, (¢, ¢;) > 0. Define

©(t, i) = > Gm Wt 0i).
meM
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Then we have

Z w(t, ;) = Z (Z Gm * mmtgol):Zq,m Z 0., (¢, ;i) :qu~m:m

teT(X) teT(X) \meM meM tesupp(mm) meM
Ztﬁ(tv()oi) = Z (Qm mm t @z Z dm * <Z mm(t7¢i)> = Z dm 'Wm(t) = ﬂ-(t)'
el el meM el meM

Hence, 1 is a well-defined matching for m and €, rip;. Then, note that w(t, ;) > 0 iff 1, (t, ;) > 0 for
at least one m € M. Hence we infer that ¢ = ; whenever w(t, ;) > 0 and conclude 7 = @, rigi- O

We can now present the decomposition theorem.

Theorem 4 (Decomposition theorem). Let P = (¥,A, R) be a I'-patient PGSOS-TSS and let Dy, be the
¥-DS. For any term t € T(X), closed substitution o and state formula ¢ € L® we have

o(t) = p < 3E €t (p) such that for all state variables x € var(t) it holds o(z) = &(z) (2)
and for any distribution term © € DT(X), closed substitution o and distribution formula v € L% we have
() E ¢ < 3In € O (YY) such that for all variables ¢ € var(©) it holds o (¢) = 1(C). (3)

Proof. We start with univariate terms, by proceeding by structural induction over formula ¢ € L to prove
both statements at the same time. Showing the two statements at the same time is necessary since state
formula are constructed on distribution formulae, and, analogously, distribution formulae are constructed
on state formulae. For each inductive case we prove both implications. Then, we will conclude with showing
how the result for univariate terms can be extended to multivariate terms.

Proof of the base case ¢ = T

Then by Definition 23.1 we have that £ € t=1(T) iff {(z) = T for all € V,. Then Equation (2) directly
follows from Definition 14.

Proof of the inductive step ¢ = -

We have

oft) e
o(t) o
S VEet H(p) Ju € var(t) so(z) I &(x)
& 3t (@) = var(t) st VE € t71() it holds o(f(€)) ¥ €' (7€)
& 3f: 7 () = var(t) s.t. Va € var(t) it holds o(z) = /\ —&' ()
gef~ (=)
& 3Ect () s.t. Va € var(t) it holds o(x) = &(x)

where the second relation follows by the inductive hypothesis and the last relation follows by construction
of t71(—yp) (Definition 23.2). Hence, Equation (2) holds also in this case.

Proof of the inductive step ¢ = /\jeJ Pj

We have

o) = N\ ¢

jeJ
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o(t) = ¢j, forall j € J
& 3¢ €t p)) s.t. Va € var(t) it holds o(z) |= &;(x), for all j € J

&3 et (g) forall j € J s.t. Ya € var(t) it holds o(z) =\ &(x)
JjeJ
< 3E e t_l(/\ @;) s.t. YV € var(t) it holds o(z) = &(z)
jeJ

where the second relation follows by the inductive hypothesis and the last relation follows by construction
of t‘l(/\jej ¢;) (Definition 23.3). Hence, Equation (2) holds also in this case.

Proof of the inductive step ¢ = ®i€I TP

Since ¢ € L4, we need to show Equation (3). To this aim, we prove the two implications separately.

(=) Assume first that 0(©) = @,c; rip: and that o(©) = > 1/ Gmd:,, with t,, € T(X) pairwise
distinct. By Definition 14, there is a matching w € W(c(0), P, riw:) with t,,, = ; whenever 1 (t,,, p;) >
0. Moreover, by Proposition 1 we get D {U( ) st | Mo M } which, by Theorem 3, implies that there

are a Y-distribution ruloid p° = ——*—— and a closed substitution ¢’ with Dy, - ¢/(H), ¢/(©) =
{@—>um\m€M}

0(©) and o’ (u,) = ty, for each m € M. Define tw € 2 (conc(pP), @D, c; rivi) as w(um, i) = (0’ (um), i)
for all m € M,i € I. Then we can infer:

1. from 0/(©) = 0(©) we obtain that ¢'({) = o({) for all variables ¢ € var(0);

2. whenever 10(tm,, ;) > 0 it holds that o’(u.,) = ¢;. By the inductive hypothesis we derive that there
is a decomposition mapping &, € u;!(¢i) s.t. 0/ (z) | &m.i(x) for all z € var(uy,);

3. from Dy F ¢/(H) we obtain that for all premises {C N zj | j € J} € Hwehave Ds; F {0/(¢) 2> 1), |
h € H}, where {o’(¢) 25t | h € H} is o' ({C ——> m] | j € J}), for a suitable set of indexes H and

proper terms t). By Proposition 1, Ds. - {0/(¢) 5 ¢, | h € H} iff o/ (¢)(#},) = qn and dohen dn =1
Hence, as the t}, are pairwise distinct, we have that

dO=ady =Y Y. @)y =>( > Sor(z))) = D 4i00 (ay)

heH heH jedo (z;)=t] heH jeJ,a’(x,-)zt jeJ

Let n € @_1(@1.61 r;0;) be the decomposition mapping defined as in Definition 23.8 by means of the

Y-distribution ruloid ———H— and the decomposition mappings ; as in item (2) above for each
P p ppings §m i (2) abov

m € M and ¢ € I s.it. W(up,p;) > 0, and &, ; defined by &, i(z) = T for all x € V; for those m,i
8.t (U, i) = 0. We aim to show that for this n it holds that o/(¢) = n(¢) for each ¢ € var(©). By

construction,
@ q; /\ gm,i(xj) if C €Vy

meM

n(¢) = {(—>ajljelyeH e
N &mi@) if¢(=2zeV,
meM
i€l
For each y € {z; | j € J} U{z} and for each m € M and i € I, we distinguish three cases:
4. y € var(uy,) and 1w(uy,, ;) > 0. Then, by item (2) above, we have o'(y) = &n.i ().

5. y € var(u,,) and 1 (uy,, p;) = 0. Then by construction &, ;(y) = T, thus giving that ¢'(y) = &m.,i(v)
holds trivially also in this case.
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6. y & var(u,,). Then, whichever is the value of w0 (up,, ¢;), we have &, ;(y) = T (see Definition 23) and
consequently o’(y) = &mn.i(y) holds trivially also in this case.

Since these considerations apply to each m € M and ¢ € I we can conclude that if ( € V; then for all
{¢ = z; | j € J} € H it holds that for each z; with j € J we have o'(z;) B A,crrics Em.i(T;)-

Furthermore, by item (3) above, if {¢ — zj | j € J} € H then Dy, = o' (H) gives 0/(C) = 327 4j007 (a;)
from which we can conclude that

dOEPs N\ &milz;), namely o’ (C) = n(Q).

jeJ i€el,meM

Similarly, if ( = x € V; then

@) N\ Emala), namely o (2) = n(a).

meM,icl

Thus, we can conclude that for each ¢ € var(©) it holds that ¢'(¢) = n(¢). Since moreover o({) = o'(¢)
(item (1) above), we can conclude that o(¢) = n({) as required.

(<) Assume now that there is a decomposition mapping n € O~ (D,; rigi) s.t. o(¢) | n(¢) for all
¢ € var(©). Following Definition 23.8, the existence of such a decomposition mapping 1 entails the existence

of a ¥-distribution ruloid pP = m with > 1/ ¢m = 1 (Lemma 1) and of a matching w for

conc(pP) and P, c; rig: from which we can build the following decomposition mappings:

Emi € 1 (i) i w0 (tm, 0i) >0
Emi €,1(T)  otherwise.

In particular, we have that for each p € var(©)

n(p) = b G\ &milz))

a5 i€l meM
(=25, =1y

and for each z € var(©)
n@ = N nile).

i€l meM

We define a closed substitution o’ s.t. 0/({) = () for each ¢ € var(©) and o' (x) = o(z) for each z € rhs(H).
Then, the following properties hold:

(a) From g/(C) = U(O and U(O ): 77(C) we derive a'(() ): 77(() In particular we obtain that U/(x) ':
/\iel,meM &m,i(z) for each z € var(O).

(b) As o'(u) = n(p) for each p € var(®), and, by Definition 23.8a, the weights of the distribution formula
n(y) coincide with the weights of the distribution literals in {p — zj | Xjes9 = 1} € H, we gather
o'(z;) E /\iel,meM &m,i(z;), for each j € J.

(¢) From o(¢) = ¢'(¢) for each ¢ € var(©) we infer that ¢'(0) = ¢(©). Moreover, by Lemma 2.3 we have

that rhs(H) = U, ,,c s var(tm), so that o’(x) = o(z) for each x € rhs(H) implies o’ (t,,,) = o (t,,) for each
m € M.

From items (a), (b) above and by structural induction we gather o’(t,,) = ¢; for each m € M,i € I
with to(t,,p;) > 0. Moreover, from o'(¢) = n(¢) for each { € var(®), item (a) above, we obtain that

Dy + ¢/(H), namely Dy, proves the reduced instance w.r.t, o’ of each set of distribution premises {¢ I
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zj | > jes45 =1} € H. This fact taken together with item (c) above and Theorem 3 gives that Dy proves

the reduced instance of {© ™ t,, | m € M} wrt. o, that is Dy, - {0(©) 5 #, | h € H} for a suitable
set of indexes H and a proper set of closed terms t} s.t. for each h € H there is at least one m € M
s.t. tj, = o’(ty) and moreover g, = Z{m€M|a/(tm):t§L} @m (Definition 17). In addition, by Proposition 1 it
follows that g, = o(©)(t},) for each h € H and ), qn = 1. Since moreover ¢ € (0,1] for each h € H,
this is equivalent to say that 0(0©) = >, qndy -

To conclude, we exhibit a matching in 20(c(0), P, ; 1i:) s.t. t), = p; whenever w(t}, ¢;) > 0. Define

ﬁ)(thv 4101') = Z{me]\/ﬂgl(tm):th} m(tnu QO'L')' Asw € QH(COHC(pD), @ie[ Ti@i)a we have

Dot e) = > wltm, i) =7

heH meM
Ztﬁ(t/}u@i) = Z (Z m(tma(pi)> = Z dm = Qqh-
i€l {meM|o’ (tm)=t;} \i€l {meM|o’ (tm)=t,}

Hence 1 is a well-defined matching for ¢(©) and @, ; 7ip;. Moreover, notice that w(ts,e;) > 0 iff
1 (tm, ;) > 0 for at least one index m € M with o’(t,,) = t,. Since 1 (¢, ;) > 0 implies o’ (t,,) & ¢,
we can infer that ¢, = ¢; whenever w(ty, ;) > 0. Therefore, we can conclude that o(0) = @,.; i as
requested.

Hence, Equation (3) follows from the two implications.

Proof of the inductive step ¢ = /\jeJ P

Since ¢ € L4, we need to show Equation (3). We have
a(0) = A ¢
jeJ
© 0(0) =y, forall jeJ
< 3n; € 071 () s.t. V(¢ € var(0) it holds o(¢) = n;(¢), for all j € J

& 3n; € ©71(¢y) for all j € J s.t. YV € var(®) it holds o(¢) = /\ 7;(C)
jeJ

& 3ne 07 (A ;) st. V¢ € var(0) it holds o(¢) = n(¢)

JjeJ

where the second relation follows by the inductive hypothesis and the last relation follows by construction
of eil(AjeJ ;) (Definition 23.9). Hence, Equation (3) holds also in this case.

Proof of the inductive step ¢ = (@ieI 7“1'901')(5)

We prove the two implications separately.
(=) Assume first that 0(©) = @,c;rip: and that o(©) = > 1/ Gmdy,, with t,, € T(X) pairwise

distinct. By Proposition 1, we get D F {o(©) 2= t,, | m € M} which, by Theorem 3, implies that

there are a Y-distribution ruloid p° = ———— and a closed substitution o’ with Dy F o' (H),
(013, |meM}

0’ (0) = o(0) and o'(u,,) = ty, for each m € M. Then we can infer that:
1. from ¢/(©) = ¢(O) we obtain that ¢’(¢) = o(¢) for all variables { € var(©);

2. from o’(u,,) = t,, and Proposition 2, we get that there is a matching w € W(o(0), P, rigi) s.t.
for each m € M we have ¢'(up,) = (€)1, for ¢, built on to as in Definition 23.10. By the inductive
hypothesis we derive that, for each m € M, there is a decomposition mapping &,, € u,t((e)tm) s.t.
o'(x) | &n(x) for all z € var(uy,);
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3. from Dy, o’/ (H) we obtain that for all premises {¢ —= zj | j € J} € Hwehave Dy - {0/(¢) 2 ¢}, |
h e HY, where {0'(¢) 25t | he H} is o/ ({¢ 2 xj | j € J}), for a suitable set of indexes H and
proper terms t;. By Proposition 1, Dy F {o’(¢) 2t/ | h € HY iff o/ (¢)(t}) = gn and Y oherdn = 1.
Hence, as the t), are pairwise distinct, we have

a'(¢) = Z qnoy = Z ( Z ;)0 = Z ( Z 100 (2;)) = Zqﬁa/(zj)-

heH heH jelJ,o'(xz;)=t}, heH jelJ,o'(xz;)=t}, jeJ

Let n € 07 (D,er ri<pi)<5>) be the decomposition mapping defined as in Definition 23.10 by means of

the YX-distribution ruloid ———H— and the decomposition mappings as in item (2) above for
{@ am um\meM} p pp g fm ( )

each m € M and ¢ € I s.t. w0(up, ;) > 0, and &, defined by &, (z) = T for all z € V; for those m,:
s.t. 10(tm, ;) = 0. We aim to show that for this 7 it holds that ¢’(¢) E n(¢) for each ¢ € var(©). By

construction,
@ qj /\ Em(z;) i CEVy

Q) = { (c—Dalienyen N

N &n(@) if ¢ =2 €V,

meM

For each variable y € {x; | j € J} U {z} and for each m € M and i € I, we distinguish three cases:
4. y € var(uy,) and 1o(uy,, ¢;) > 0. Then, by item (2) above, we have o’(y) = &n(y).

5. y € var(un,) and to(um,, ;) = 0. Then by construction &,,(y) = T, thus giving that o/(y) = &n(y)
holds trivially also in this case.

6. y & var(u,,). Then, whichever is the value of 0 (u,, ¢;), we have &, (y) = T (see Definition 23) and
consequently o’ (y) E &, (y) holds trivially also in this case.

Since these considerations apply to each m € M and ¢ € I we can conclude that if ( € V; then for all
{¢ A, x| j € J} € Hit holds that for each z; with j € J we have o'(z;) = A,,cp Em(x;). Furthermore,

by item (3) above, if {¢ —= zj | j € J} € H then Dy F o'(H) gives 0/(C) = > ;¢ y 4007 (x;), from which we

can conclude that
dOE@Pa N\ &), namely o’ (¢) = n(<)-

j€J  meM

Similarly, if { = x € V; then

o'(2) =\ &n(@), namely o' (2) = n(a).

meM

Thus, we can conclude that for each ¢ € var(0) it holds that ¢/(¢) = n(¢). Since moreover o(¢) = o’({)
(item (1) above), we can conclude that o(¢) | n(¢) as required.

(«<) Assume now that there is a decomposition mapping 7 € O~ ((@,c;i¢:)) s.t. o(¢) | n(C) for
all ¢ € var(0). Following Definition 23.10, the existence of such a decomposition mapping 7 entails the
existence of a ¥-distribution ruloid p° = ——H—— with 3" _,, ¢n = 1 (Lemma 1) and of a matching

{®—>t7n‘m€]\/f} .

t for conc(pP) and @D, ; rip; from which we can build the following decomposition mappings:

Em € 11 ((E)m) with ¥, = P ot 0i)

i€l Gm
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In particular, we have that for each pu € var(©)

n(p) = b 4G N &m(z))

aj meM
{h—=r2;130,c;9;=1}€H

and for each z € var(0)

@)= N\ Eml@).

meM

We define a closed substitution o’ s.t. ¢’(¢) = o(¢) for each ¢ € var(©) and o’ (z) = o(z) for each = € rhs(H).
Then, the following properties hold:

(a) From ¢’(¢) = o(¢) and o(¢) = n(¢) we derive ¢/(¢) = n(¢). In particular we obtain that o'(z) =
Amens §m(x) for each z € var(0).

(b) As o'(p) = n(p) for each p € var(©), and, by Definition 23.10b, the weights of the distribution formula

n() coincide with the weights of the distribution literals in {u — zj | > es 9 =1} € H, we gather
o' (z;) E Npmen Em(xj), for each j € J.

(¢) From o(¢) = o’(¢) for each ¢ € var(©) we infer that o’(©) = o(0). Moreover, by Lemma 2.3 we have
that rhs(H) = (J,,,c s var(tm), so that o’(z) = o(x) for each 2 € rhs(H) implies ¢’ (t,,) = o(t,,) for each
m € M.

From items (a), (b) above and by structural induction we gather o’(¢,,) = (g)¥s, for each m € M. More-
over, from ¢’(¢) = n(¢) for each { € var(©), item (a) above, we obtain that Dy + ¢'(H), namely Dy

proves the reduced instance w.r.t, o’ of each set of distribution premises {¢ — zj | X esq =1} € H
This fact taken together with item (c) above and Theorem 3 gives that Dy proves the reduced instance of

{© 2 t,, | m € M} wrt. 0. Finally, notice that by Proposition 2, from o”(t,,) = (€)4, for each m € M,
we can conclude that o(0) = (D;¢; ri<pi)<6> as requested.

Proof of the inductive step ¢ = (/\;c; P

The proof for this case is analogous to the one for the inductive step ¢ = (,; ricpi)@.

Proof of the inductive step ¢ = (a)v

Since ¢ € L®, we need to show Equation (2). To this aim, we prove the two implications separately.

(=) Assume first that o(t) = (a)1. Then, by Definition 14, there exists a probability distribution
7 € A(T(X)) with P F o(t) =5 7 and 7 = . By Theorem 2, P - o(t) -+ 7 implies that there are a
P-ruloid t;@ and a closed substitution ¢’ with P + ¢'(H), ¢'(t) = o(t) and ¢'(©) = 7. We infer that:
the following facts:

1. from o’(t) = o(t) we obtain that ¢'(z) = o(z) for all z € var(t);

2. from ¢/(©) = 7 and 7 = ¢, we gather ¢/(0) = ¢ and by the inductive hypothesis we obtain that
there exists a n € O71() s.t. o/(¢) E n(¢) for all ¢ € var(0);

3. from P F ¢'(H) we obtain that whenever 2, u € H we have P + o'(x) L, o'(p). Then, if
w € var(©), by previous item (2), we get o’(u) = n(u). Otherwise, if 1 & var(©), we have n(p) = T
thus giving o’(u) = n(p) also in this case. Hence, o/(1) = n(p) and o (x) = (B)n(u) in all cases.

4. from Pt ¢’(H) we obtain that whenever z -4 € H we have P F ¢/(x) =4, namely P t/ o’(z) -5 v
for any v € DT(X), giving o’ (x) = = () T.
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Let &€ € t~1({a)v) be defined as in Definition 23.4 by means of the P-ruloid —2— and the decomposition

)
mapping 7 introduced in item (2) above. We aim to show that for this £ it holds that o'(z) = &(x) for each
x € var(t). By construction,

@)= N\ Bmwa N\ 0T An).

5
xinLeH wﬁéeH

By item (3) above we have o’(z) = (5)n(u) for each LN € H. By item (4) above we have o’(z) |= = ()T

for each z =4 € H. Finally, if z € var(©) by item (2) above we get o'(z) k= n(z). If z ¢ var(©) then
we have n(x) = T (Definition 23.8b) thus giving ¢/(z) = n(z) also in this case. Hence, o'(x) = n(z) in all
cases. Thus, we can conclude that o’(x) | £(z). Since, by item (1) above, o(z) = ¢/(z) we can conclude
that o(x) = () as required.

(<) Assume now that there is a & € t~1({a)¥) s.t. o(z) | &(z) for all z € var(t). Following Defini-
tion 23.4, we construct £ in terms of some P-ruloid ﬁ and decomposition mapping n € ©~1(¢). In

particular, we have that for each x € var(¢)
)= N\ Bmwa N\ 0T An).
rimeH w%eH
We define a closed substitution ¢’ s.t. the following properties hold:
(a) o'(z) = o(x) for all x € var(t). As a consequence, from o(z) = £(x) we derive ¢'(x) = £(x).
(b) As o'(z) | &(x), by previous item (a), we derive that o'(x) = (8)n(u) for each = LN @ € H. This

implies that for each positive premise in H there exists a probability distribution 7g , s.t. P F ¢’'(x) 2,

ng,, and mg,, = n(p). We define o’(u) = mg,,, thus obtaining that for each z LN 1 € H we have
P o'(x) 2 o' (1) and o’ (1) = n(p)-

(¢) As o’(z) |= &(z), by previous item (a), we derive that o’(z) = —(c)T for each z =4 € H. Therefore, we
obtain that P+ o’(z) =4 for each z —4 € H.

(d) Since var(©) C var(t) Urhs(H), previous items (b) and (c) we obtain that o’ (u) = n(p) for each p € Vy.
(e) o'(z) = n(z) for each x € var(O©).

From items (d), (e) and structural induction, we gather ¢’(0) = 1. Moreover, items (b) and (c) give
P o’(H). Hence, by Theorem 2 we obtain P I o/(t) = ¢/(©). From item (a) we have that o’(t) = o(t)
and, therefore, we can conclude that o(t) = ().

Hence, Equation (2) follows from the two implications.

Proof of the inductive step ¢ = ()1

We prove the two implications separately.

(=) Assume first that o(¢) = (7)3. Then, by Definition 14, there is a distribution 7 s.t. o(¢) 2y 7 and
7 = 1. We can distinguish two cases:

1. Either 7 = d,(;). Then 5 () |= % and structural induction imply that there is a decomposition mapping
n € 6; ' (¥) s.t. o(x) | n(x) for each x € var(t). Then, define ¢ € t~1((#)1)) by means of 1 as in
Definition 23.5a, namely &(z) = (7)n(z) for all x occurring I-liquid in ¢ and &(y) = n(y) for all other
variables. Clearly, for I'-liquid variables o(x) = n(x) implies o(x) = (F)n(x) and thus o(z) E &(z)
follows for all = € var(t).
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2. Or P+ o(t) = m. By Theorem 2, P |- o(t) = 7 implies that there are a P-ruloid ti@ and a closed
substitution ¢’ with P+ ¢'(H), ¢/(t) = o(t) and ¢'(©) = w. We infer that:

(a) from o’(t) = o(t) we obtain that o' (z) = o(z) for all z € var(t);

(b) from ¢’(©) = 7 and 7 = v, we gather ¢/(0) = ¢ and by the inductive hypothesis we obtain that
there exists a n € O71(¥) s.t. o/(¢) E n(¢) for all ¢ € var(©).

We can distinguish two cases:

I-patient ly it is of the f ——F and th f t
o — is I-patient, namely it is of the form — /o] and the unique occurrence of p in t[u/xo)

is I-liquid. Consider the decomposition mapping 7 obtained in item 2b above and define from
it £ € t71((#)%) as in Definition 23.5b. Clearly, o (i) = n(p) giving that o(x) E (7)n(p) and
o(z) = n(x) for all other variables. Hence we have obtained that o(x) = &(x) for all = € var(t).

e — s I'impatient. In this case the thesis follows by applying the same arguments used in the

proof of the inductive step ¢ = (a)1) to a decomposition mapping built as in Definition 23.5c.

(<) Assume now that there is a £ € t~1((F)v) s.t. o(z) E &(z) for all z € var(t). Following Defini-
tion 23.5, we can distinguish three cases.

1. £ is constructed in terms of a decomposition mapping n € 6, 1(1/)) as in Definition 23.5a. This implies
that o(x) = n(z) for all x € var(t) and thus, by induction we gather that d, ) = 1. By Definition 14,
we can therefore infer that o(¢t) = (7).

2. £ is constructed in terms of a I'-liquid argument zo of ¢, a I'-patient ruloid % and of a

r/Zo
decomposition mapping n € t[u/xo] (1)) as in Definition 23.5b. In this case the thesis follows by
applying the same arguments used in the proof of the inductive step ¢ = (a)v.

3. £ is constructed in terms of a I'-impatient P-ruloid . H _ and of a decomposition mapping 7 € ©~*(1))

t—©
as in Definition 23.5c. Also in this case the thesis follows by applying the same arguments used in the
proof of the inductive step ¢ = {(a)w.

Hence, Equation (2) follows from the two implications.

Proof of the inductive step ¢ = (e)p

We prove the two implications separately.
(=) Assume first that o(¢) = (€)9. Then, by Definition 14, there are distributions o, ..., T, for some

n€Nst. o(t) = 19 — 7 — ... = m, and 7, = 1b. We can distinguish two cases.

1. mo = do() = 7 and structural induction imply that there is a decomposition mapping 7 € 5;1(77/1) s.t.
o(z) | n(z) for each z € var(t). Then, define £ € t71({£)9)) by means of n as in Definition 23.6a.
Clearly, o(z) = &(x) follows for all z € var(t).

2. We have P |- o(t) =+ 7 and 7 |= ¢!}, By Theorem 2, P I- o(t) — 7 implies that there are a P-ruloid
ti@ and a closed substitution ¢’ with Pt ¢/(H), ¢’ (t) = o(t) and ¢/(©) = w. We infer the following

facts:

(a) from o’(t) = o(t) we obtain that ¢'(x) = o(z) for all x € var(t);

(b) Assume wlog. that supp(c’(©)) = {0’ (t,) | m € M} C T(X). From ¢'(0) = m, 7 = ¢} and
structural induction we get that there is a decomposition mapping n € 7 (1)) s.t. o/ (¢) = 1(C)
for all ¢ € var(©).
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We can distinguish two cases:

I'-patient ly it f the f —Zo—7l _ and th ccurrence of u in t[u/x
= is I-patient, namely it is of the form - /o] and the unique o 1 [/ o)

is I-liquid. Consider the decomposition mapping 7 obtained in item 2b above and define from
it £ € t71((e)) as in Definition 23.6b. Clearly, o(u) = n(u) giving that o(xg) = ()n(p) (as
P F o(z) = o'(n)), and o(x) = n(x) for all other variables. Hence we have obtained that

o(x) E &(z) for all z € var(t).

° ;H> 5 is I-impatient. In this case the thesis follows by applying the same arguments used in the
t

proof of the inductive step ¢ = («)1 to a decomposition mapping £ built as in Definition 23.6c¢.
We simply need to notice that for a I'-liquid argument z in ¢, whenever o(x) | £(z) then

o(z) = (e)1€(x).

(<) Assume now that there is a £ € t71((e)®) s.t. o(z) | &(x) for all x € var(t). Following Defini-
tion 23.6, we can distinguish three cases.

1. £ is constructed in terms of a decomposition mapping n € 6, 1(1/}) as in Definition 23.6a. This implies
that o(z) = n(z) for all x € var(t) and thus, by induction we gather that d,(;) = 1. By Definition 14,
we can therefore infer that o(t) = (e)v.

2. £ is constructed in terms of a I'-liquid argument zy of ¢, a I'-patient ruloid % and of a

H/Zo
decomposition mapping n € t[u/xo] ' (¥{)) as in Definition 23.6b. We define a substitution ¢’ s.t.
the following properties hold:

(a) o'(z) = o(x) for all z € var(t). As a consequence, from o(x) |= &(x) we derive o' (z) = &(x).

(b) As o'(z) = &(x), by previous item (2a), we derive that if 2 occurs I'-frozen in ¢ then o/ (z) = n(z).

(¢) Aso’'(xg) = &(xo), by previous item (2a), we derive that if z = xg, and thus z occurs I'-liquid in ¢,
then o’/ (x) = (¢)n(p) This implies that there is a probability distribution 7, s.t. P ¢'(x) s

and 7, = n(u). We define o/ () = m,. Since P is I'-patient, we obtain that P F o’(z) — o' ()

and o’ (p) = n(p).
(d) Since var(t[u/zg]) = var(t) \ {zo} U {u}, by previous items (2b) and (2¢) we obtain ¢/(¢) = n(()
for each ¢ € var(¢[u/xo]). Hence, by induction, o’ (t[u/z0]) = .

From items (2a),(2c) we obtain that P F o'(z9) — o'(u). Hence by Theorem 2 we obtain that

PF o'(t) = o (t[u/x0]). As P is I-patient we can infer that P F o'(t) N o' (t[u/x0]) and since
form item (2a) we have o’(t) = o(t) and from item (2d) o’(t[u/x0]) = ‘) we can conclude that
a(t) = ()¢

3. £ is constructed in terms of a [-impatient P-ruloid ; ;H> 5 and of a decomposition mapping n € ©7 (1))

as in Definition 23.5¢. In this case the thesis follows by combining the arguments used in the proof of
the inductive step ¢ = (a)y with the ones proposed in the previous item.

Hence, Equation (2) follows from the two implications.

The case of multivariate terms

Assume first that ¢ is not univariate, namely ¢ = ¢(s) for some univariate s and non-injective substitution
¢: var(s) — Vi. Then, o(s(s)) = ¢ iff there exists a decomposition mapping £’ € s~1(¢) s.t. o(c(y)) = €' (y),
which by Definition 23.7 is equivalent to require that there exists a decomposition mapping £’ € s~1(¢p) s.t.
for each x € var(t) we have o(z) = A\ -1, €' (y). By defining the decomposition mapping & € t=1(p) as
£(@) = Nyec-1(x) €' (y), we obtain the thesis.

The case for © not univariate, namely © = ¢(01) for some univariate ©; and non-injective substitution
¢: var(01) — V4 U dv,, is analogous. O
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@ ¢ arbitrary A
Logical characterization (Thm 1)

@ g’(t)l:(b D, > O'I(t)|:¢

Decomposition (Thm 4) A ®

Preservation
of constraints (Thm 5) A

Preservation
of modal class (Thms 6,7)

% € t1(¢) st o(2) (@), o'(a) = &)
VYV € var(t) V& € var(t)
o(x)Ro'(x) A
@ Logical characterization (Thm 1)

Decomposition (Thm 4)

Figure 3: General schema to prove that o(z) R o/(z) for all € var(t) implies o(t) R o’ (t), by combining a logical characteri-
zation of R with the related modal decomposition.

7. A congruence format for (rooted) branching bisimilarity

Since [70], a successful approach to study systematically a behavioural property of interest that should
be satisfied by processes, is the structural analysis of SOS specification (see [1, 65] for surveys). In this
approach one realizes that the property of interest depends on the patterns of the specifying SOS rules and
proposes syntactical constraints on the form of these SOS rules, called a format, that ensure by construction
the considered behavioral property. In particular, we are interested in the congruence property of behavioral
equivalences, which is fundamental for compositional reasoning on systems.

Definition 24 (Congruence). A behavioral relation R is a congruence for the operators in a signature 3
if for any term ¢ € T(X) and closed substitutions o, 0’ we have that

whenever o(z) R o’(z) for all z € var(t), then o(t) Ro’(t).

Our aim is to derive a congruence format for (rooted) branching bisimilarity by exploiting the logical
characterization given in Section 3 and the decomposition method given in Section 6. The underlying idea
is that a congruence format for (rooted) branching bisimilarity must ensure that the formulae in the class
characterizing it are always decomposed into formulae in the same class, so that by combining the logical
characterizations of the equivalence (Theorem 1) and the decomposition theorem (Theorem 4) we can derive
the congruence result, as sketched in Figure 3. Informally, given any term ¢ and closed substitutions o and ¢,
assume that o(z) R o’(x) for all  in var(¢). By the characterization theorem, to conclude that o(t) R o' (¥)
it is enough to prove that for all formulae ¢ in the class characterizing R we have that o(t) = ¢ implies
o'(t) = ¢ (step (4) in Figure 3), and viceversa. Assume then that o(¢) = ¢ for an arbitrary formula ¢ in the
class characterizing R . The decomposition theorem ensures that there is a mapping ¢ € t~!(¢) such that
o(x) = &(z) for all variables x € var(t) (step (1) in Figure 3). If, moreover, the decomposition preserves
the class characterizing R, then all the decomposed formulae £(x) are in that class. Therefore, by the
hypothesis o(z) R o’(z) and the characterization theorem, we infer o’(z) = (x) for all z in ¢ (step (2) in
Figure 3). By the decomposition theorem we conclude o'(t) = ¢ (step (3) in Figure 3). Summarizing, we
can conclude that o(t) | ¢ implies o/ (t) = ¢.

7.1. The PRBB format

Firstly we need to identify the syntactic constraints characterizing our format. Interestingly, they coincide
with those proposed in [31, 37] to obtain a format for (rooted) branching bisimilarity in the non-probabilistic
setting. Clearly, the syntactical constraints for the probabilistic version of any equivalence cannot be less
demanding that those for the classical non-probabilistic version, since any labelled transition system can be
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viewed as a particular PTS with only Dirac distributions. We can informally explain why the constraints in
[31, 37] apply also to the probabilistic case.

First of all we notice that both the format in [37] and the PGSOS format do not allow lookahead, namely
the ability to testing for two consecutive moves of a process. A consequence of this inability, is that in our
case probability is never involved in the derivation of nondeterministic transitions. Equivalently, we are
guaranteed that X-distribution rules (and ruloids) are never used to determine the provability of a closed
literal. Moreover, the constraints on the probability weights in the definition of behavioral relations do not
depend on the syntactical definition of processes and thus they are independent from the constraints of rule
formats. We refer the interested reader to a comparison of the RBB safe format of [31] and the format in
[61] as a further evidence of this fact. In addition, the syntactical representation of distributions through
Y-distribution rules together with the notion of _-liquid contexts on them, further simplify the reasoning
over PGSOS-rules. Hence, we can follow [37] and build our formats on the predicates ® and A introduced
in Section 2. Informally, these predicates allow us to properly control the weak behavior of processes, since
A-liquid arguments are those that can satisfy the weak branching condition, the A-frozen ones are those for
which we need the rootedness condition and R-frozen arguments are those that cannot be tested.

We remark that although the source terms of a PGSOS rule are always univariate, we define the format
for general multivariate terms. This generalization will simplify the reasoning when lifting the format to
P-ruloids (Theorem 5 below) and, moreover, can be easily applied to the generalization of our decomposition
method to the ntuff format discussed in upcoming Section 9.

Definition 25 (PRBB rule). A PGSOS rule r is probabilistic rooted branching bisimulation safe (PRBB)
with respect to predicates X and A if it satisfies the following conditions.

1. Right-hand sides of positive premises occur only A-liquid in target trg(r).
2. If & occurs only A-liquid in source src(r), then z occurs only A-liquid in the rule r.
3. If « occurs only R-frozen in source src(r), then x does not occur in prem(r).

4. If x has exactly one R-liquid occurrence in source src(r), which is also A-liquid, then = has at most
one occurrence in prem(r), which must be in a positive premise. If moreover this premise is labeled 7,
then r must be X N A-patient.

Since the two definitions coincide, we refer the interested reader to [37, 61] for the counterexamples
showing that the constraints in Definition 25 are necessary for the congruence result. Here we briefly give
an intuition for them. In item 1, since a positive premise 2 - p clearly implies that all processes in the
support of any closed instance of p are running, it is required that u appears in the target only at A-liquid
positions, which are those dedicated to running processes. Item 2 guarantees that running processes, namely
those marked by predicate A, maintain their mark and thus the possibility to execute. Item 3 prevents the
testing of processes that cannot execute namely those that are at N-frozen positions in the source. Finally,
item 4 regulates the testing of processes at (X N A)-liquid positions, namely those for which the rootedness
property of 2}, does not need to hold. For an immediate intuition, consider processes s = a.0yj| H{C} b.0ni1
and t = a.0p; ||{C} T.0¢,, for t1 = b.0n;1. Clearly, s = t. Since s can perform both a and b, whereas ¢ cannot,
two premises testing the ability to perform both a and b are able to discriminate them. The same happens
with a premise testing for the inability to perform b or for the ability to perform 7. For these reasons, item 4
forbids double testing and negative premises for process arguments that may be branching but not rooted
branching bisimilar and allows for these arguments the testing of 7-moves only in patience rules.

Notice that the first two constraints on the conservation of predicate A are the only ones that involve
distribution terms. However, there is no need to translate these into constraints over X-distribution rules,
as they are implicit in the definition of T'-liquid contexts on distribution terms (Definition 19).

Definition 26 (PRBB format). A PGSOS-TSS is in probabilistic rooted branching bisimulation (PRBB)
format if, for some predicates X and A, it is (X N A)-patient and it only contains PRBB rules. It is in
probabilistic branching bisimulation (PBB) format if moreover the predicate A is universal.
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7.2. Preservation of syntactic restrictions

Since the decomposition method in Definition 23 is not defined in terms of PGSOS rules but of P-
ruloids, we need to guarantee that the syntactic constraints imposed by the PRBB format are preserved
in the construction of ruloids from PGSOS rules fitting the format. Further, as differently from PGSOS
rules a P-ruloid can have a negative literal as conclusion, we need to extend the notion of PRBB rule to
non-standard rules. Briefly, no constraint on right-hand sides of premises is necessary and we need to drop
also item 4 of Definition 25. This is because non-standard rules are built by denying premises of other rules
and thus no further control on the occurrences of (X N A)-liquid arguments can be guaranteed.

Definition 27 (PRBB non-standard rule). A non-standard rule tH“ is probabilistic rooted branching bisim-

ulation safe (PRBB) with respect to predicates X and A if it satisfies the following conditions.
1. If z occurs only A-liquid in ¢, then x occurs only A-liquid in H.

2. If = occurs only N-frozen in ¢, then x does not occur in H.

Theorem 5. Let P be a PGSOS-PTSS in PRBB format with respect to predicates X and A. Then each
P-ruloid is rooted branching bisimulation safe with respect to X and A.

Proof. Assume that term ¢ is the source of ruloid. We proceed by induction over the structure of .
Base case t = x. Then the P-ruloids having ¢ as source are of the form

A
t 2%

[e3%
—

~+
=
~+

o or
=

~+
=

Both are PRBB safe wrt. X and A.
Inductive step t = f(¢1,...,t,). We distinguish two cases.

e Consider any P-ruloid
H
p= a
f(tlv"'7tn) — O

Then there are a substitution ¢ and a PGSOS-rule

r_{xiMui,m|meMi,i€I} {z; 2% |n e Ny,iel}
f(l‘17...,$n)i>@/

with o(z;) =t; and 0(0') = O s.t. H =, ,cs, ie7 Hiim UU,en, ier Hin and, by induction over each
o(xz;),

Hi,m

im
o(x;) — o (tim)

— for each positive premise, the P-ruloid p; ., = is a PRBB safe rule wrt. X

and A, and

i,n
®in

— for each negative premise, the P-ruloid p;, = is a PRBB safe non-standard rule

o(z;)
wrt. N and A.

We prove that p satisfies the four conditions of Definition 25.

1. Let p € rhs(H). As rhs(H) are all distinct by Definition 20, there is a particular pair of indexes
i,7 s.t. p € ths(H; . ) Since p; - is a PRBB safe rule wrt. X and A, by item 1 of Definition 25 we
have that p occurs bnly A—liqufd in U(pg,m). Since moreover, r is PRBB safe, the same condition
gives that y; ; occurs only A-liquid in ©’ and thus o (43 7) occurs only A-liquid in o(©'). As a
consequence, p occurs only A-liquid in ©.
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2.

4.

Assume that x € var(t) occurs only A-liquid in ¢. Let I(z) = {i € I | € var(o(x;))}. As
t=o(f(x1,...,2n)), for each i € I(z) we have A(f,7) and x occurs only A-liquid in o(z;). Since
r is PRBB safe wrt. X and A, by item 2 of Definition 25 for all ¢ € I(x) it holds that x; occurs
only A-liquid in r. Hence x occurs only A-liquid in o(prem(r)). Since p; ,, and p;,, are PRBB
safe wrt. N and A for all i € I,m € M;,n € N;, we can infer that x occurs only A-liquid in
these ruloids, thus implying that x occurs only A-liquid in H. Moreover, x occurs only A-liquid
in o(pim) for all i € I,m € M; and by item 1 of Definition 25 p; ., occurs only A-liquid in ©’.
Furthermore, for each i € I(x), A(f,%) implies that x; occurs only A-liquid in ©’. Therefore, we
can infer that x occurs only A-liquid in ©, and we can conclude that x occurs only A-liquid in p.

Assume that z occurs only R-frozen in ¢. For each h = 1,...,n, we have that either —=X(f,h)
or x occurs only N-frozen in o(xp). Notice that in the first case, since r is PRBB safe wrt. X
and A, by item 3 of Definition 25 x5 does not occur in prem(r), which clearly implies that also
x is never tested. Hence, in both cases, since p; ,, and p; , are PRBB safe wrt. X and A for all
i€ l,mée M;,n € N;, we can infer that x does not occur in the premises of these ruloids, thus
implying that x does not occur in H.

Assume that x has exactly one N-liquid occurrence in ¢, which is also A-liquid. Then there is an
i€ {l,...,n} with R(f,7) and A(f,) s.t. = has exactly one R-liquid occurrence in o(x;), which
is also A-liquid. Moreover, for each h € {1,...,n}\ {1}, either =R(f, h) or x occurs only R-frozen
in o(xp). Since r is PRBB safe wrt. X and A, by item 3 of Definition 25 if =X(f,h) then xj,
does not occur in prem(r). Further, by item 4 of Definition 25 x; has at most one occurrence
in prem(r), which must be in a positive premise. By item 2 of Definition 25 this occurrence
is also A-liquid. Therefore, we have that there is one m € M; s.t. = has exactly one N-liquid
occurrence in H; -, which is also A-liquid. Since p; ,, and p;, are PRBB safe wrt. X and A for
alli € I,m € M;,n € N;, by item 4 of Definition 25 we can infer that such an occurrence of x in
H: . must be in the left-hand side of a positive premise. Thus, x has at most one occurrence in
a ﬁremise of H which must be positive.

Assume now that this positive premise is labeled 7. Since p; ; is PRBB safe wrt. X and A, by

item 4 of Definition 25 it must be RN A-patient. Hence, RNA(f, 5) gives that z; has an NN A-liquid
occurrence in prem(r) and thus, as r is PRBB safe wrt. X and A, by item 4 of Definition 25 r
must be an X N A-patience rule. Therefore, by construction of P-ruloids for P R N A-patient, we
can conclude that p is X N A-patient.

e Consider any P-ruloid

H

p:f(tlw-wtn)%é'

where H = opp(pick(RE)) is built from the P-ruloids having f(t1,...,ts) — © as conclusion, for
some O € DT(X), as described in Definition20. In particular we note that the transformation operated
by the mappings pick and opp does not affect the labeling of arguments of operators. Moreover, as
we have shown is previous item, all P-ruloids having f(t1,...,ts) 5 © as conclusion are PRBB safe
wrt. X and A. We prove that p satisfies the two conditions of Definition 27.

1.

Assume that z € var(t) occurs only A-liquid in ¢. Let I(z) = {¢t € I | x € var(o(x;))}. As
t=o0(f(z1,...,2n)), for each i € I(x) we have A(f,7) and x occurs only A-liquid in o(z;). Since
all P-ruloids having f(ti,...,t,) — O, for some © € DT(X), as conclusion are PRBB safe wrt.
N and A, by item 2 of Definition 25 we can infer that x occurs only A-liquid in these ruloids, thus
implying that x occurs only A-liquid in their premises and therefore in H

. Assume that x occurs only N-frozen in ¢. For each ¢ = 1,...,n, we have that either —=R(f,7) or

x occurs only R-frozen in o(z;). In both cases, since all P-ruloids having f(t1,...,t,) — © as
conclusion are PRBB safe wrt. X and A, by item 3 of Definition 25 we have that = does not occur
in their premises. This implies that x does not occur in H.

O
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7.8. Preservation of logical characterizations

Our next task is to ensure that the decomposition of formulae in a chosen class preserves the syntactic
restrictions of that class. In particular we are interested in showing that a formula in L., (resp. Ly) is
decomposed into formulae in L3, (resp. L ). More precisely, in Theorem 7 we will show that given a term
t € T(X) (resp. distribution term © € DT(X)), if ¢ € Ly, (resp. ¢ € L) then &(x) € L3, (vesp. n(¢) € L)
for all x € var(t) and £ € t~1(¢p) (resp. ¢ € var(©) and n € ©71(¢)). Furthermore, in Theorem 6 we prove
that for (distribution) variables occurring A-liquid in ¢ (resp. ©) formulae decomposed from formulae in Ly
are in Ly .

Theorem 6. Assume a PGSOS-TSS P = (T(X), A, —) in PRBB format with respect to predicates X and
A. For any term t and variable x that occurs A-liquid in t

whenever ¢ € 1§, then for all decomposition mapping & € t~'(p) we have &(x) € Ly (4)
and for any distribution term © and variable ¢ that occurs A-liquid in ©
whenever ¢ € LY then for all decomposition mapping n € O~ (¢) we have n(¢) € Li . (5)

Proof. We start with univariate terms ¢t € T(X) and © € DT(X). We proceed by induction on the structure
of ¢ € Ly, to prove both statements at the same time.

e Base case ¢ = T. By Definition 23.1 £(z) = T € L. Moreover, we notice that by Lemma 4.1 we have
that whenever z & var(t), then £(x) = T € Lg. Hence, Equation (4) follows in this case.

e Inductive step ¢ = —p. By Definition 23.2 there is a function f: t=1(p) — var(t) s.t.

Ea)= N\ €.

gef~1(=)

By structural induction &'(z) € Li for all ¢’ € §!(z). Therefore, =¢'(z) € L for all ¢’ € §7!(z) and
thus £(z) € L. Hence, Equation (4) follows in this case.

e Inductive step ¢ = /\;c; ¢;. By Definition 23.3 {(z) = A ;¢ ; §;(z) for some ; € t=(p;) for all j € J.
By structural induction, §;(z) € Ly for all j € J, thus giving that {(z) € L. Hence, Equation (4)
follows in this case.

H
{0-"%¢,,/meM}

and a matching 0 € WH{O X ¢, | m € M}, @, riwi) s.t. for all m € M and i € I there is a
Emi € Ut (pi) i 0 (t, ;) >0
Emi €, (T)  otherwise

e Inductive step ¢ = @, ; ri;. By Definition 23.8 there are a ¥-distribution ruloid P =

decomposition mapping &, ; with and we can distinguish two cases:

1. ¢ = p € V4. Then by Definition 23.8a we have

@ q; /\ Em,i(z;) if p € var(O©)
n(p) = R men

1T otherwise

Clearly, 1T € Li, hence assume that p € var(©). By Definition 21, the right-hand sides of pP
are pairwise distinct and thus we can infer that since p occurs only A-liquid in © then for each
j € J, zj occurs only A-liquid in trg(pP). Thus, structural induction gives that &, ;(x;) € Ly
forallme M,i e I,j € J. Hence /\T,Z‘ZL &m,i(z;) € Ly for all j € J from which we can conclude

that n(p) € Ly .
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2. ( = x € V5. Then by Definition 23.8b we have

N Emi(z) if 2 € var(©)
(@) = § ik

T otherwise.

Clearly, T € L, hence assume that x € var(©). By Definition 21, the right-hand sides of pP
are pairwise distinct and thus we can infer that since x occurs only A-liquid in © then x occurs
only A-liquid in trg(pP). Thus, structural induction gives that &, ;(z) € L for all m € M,i € I.
Hence /\W:SM Em.i(x) € Ly, namely n(z) € L.

Hence, Equation (5) follows from both cases.

e Inductive step ¢ = /\jeJ ;. By Definition 23.9, n({) = /\jeJ n;(C) for some n; € O~ (¢);) for all j € J.
By structural induction, 7;(¢) € Ly for all j € J, thus giving that n(¢) € L. Hence, Equation (5)
follows in this case.

e Inductive step ¢ = (EBz'eI rigoi) <6>. By Definition 23.10, we can distinguish two cases:

1. Either there is a decomposition mapping 1’ € ©71(€P,; rip;) such that n(¢) = 7'(¢) for all
¢ € var(©). Then the thesis follows as in the case of ¢ = @, r:¢;.

D - S

{@%tm\meM}

@, rigi s.t. for all m € M there is a decomposition mapping &, € u, L ((e)thy,), where 1, =

Dicr,, W%, with I, = {¢ € I'| v0(tm, ;) > 0}. We can distinguish two cases:

(a) ¢ = p € V4. Then by Definition 23.10(b)i we have

P @ A nlz) ifpeva(O)

meM

2. Or there are a Y-distribution ruloid pP = and a matching tvo for conc(pP) and

n(u) = ,uﬂ—):rj cH
1T otherwise

Clearly, 1T € L5, hence assume that p € var(©). By Definition 21, the right-hand sides of
pP are pairwise distinct and thus we can infer that since p occurs only A-liquid in © then
for each j € J, z; occurs only A-liquid in trg(pP). Thus, structural induction gives that
Em(x;) € Ly for all m € M, j € J. Hence A\ .\ &m(x;) € L for all j € J from which we
can conclude that n(u) € Ly

(b) ¢ =x € V,. Then by Definition 23.10(b)ii we have

/\ Em(z) if z € var(O)
n(z) =  mem
T otherwise.

Clearly, T € L, hence assume that z € var(©). By Definition 21, the right-hand sides of
pP are pairwise distinct and thus we can infer that since = occurs only A-liquid in © then
x occurs only A-liquid in trg(pP). Thus, structural induction gives that &,,(z) € Ly, for all
m € M. Hence N, cys &m,i(2z) € L, namely n(z) € Li.

Hence, Equation (5) follows from both cases.

o Inductive step ¢ = (e)1(p A (a)). We can distinguish three cases:
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1. &(z) is defined on the basis of Definition 23.6a. Then there is a 5’ € &; '(1(¢ A {a)y))) s.t.
&(z) = (e)n'(x) if & occurs XN A-liquid in ¢ and &(x) = 7' (x) otherwise. As we are considering d;
as distribution term, we have that there is a & € t7(¢ A (a)9)) s.t. n/(x) = € (). In particular,
we have that by Definition 23.3 &/(z) = &1 (z) A &2(z) with & € t71(p) and & € t71((a)?h). By
structural induction we can immediately conclude that &;(z) € L. Then, by Definition 23.4

there are a P ruloid p = t;@ and an € O () s.t.

)= N\ Gnw A N\ DT A ).

5
LN neH r—AcH

By Theorem 5, p is PRBB safe wrt. X and A and therefore
— rhs(H) occur only A-liquid in © (Definition 25.1), and
— x occurs only A-liquid in © (Definition 25.2).

Thus, by structural induction over 1) we get that n(¢{) € Ly for any ¢ € {z} Urhs(H). We
distinguish two cases:

(a) The occurrence of z in t is N-liquid. Then &(z) = (e)1(&1(z) A &2(x)). The P-ruloid p is
PRBB safe wrt. X and A and thus (by Definition 25.4) z is the left-hand side of at most one
premise in H, which must be positive. Hence, either & (z) = n(x) or & (x) = n(x) A (B)n(w)

for = 2 w € H. As a # 7 we get that 5 # 7 (Definition 25.4). Therefore,

(e)1(&1(x) An(z))
(E)1((&(x) An(x)) A (B)n(w))

either &(x)
or §()

we can conclude that &(z) € Ly .

(b) The occurrence of = in t is N-frozen. Then &(x) = & (x) A &2(x). The P-ruloid p is PRBB
safe wrt. X and A and thus (by Definition 25.3)  does not occur in H, thus implying that
&(x) = n(x). We can therefore conclude that {(z) = & (x) An(z) € Ly .

2. £(x) is defined on the basis of Definition 23.6b. Then there are a I'-patient ruloid p = tf;ﬁ
—rt[pu/x
and an 1 € t[p/z]71 (L(e A (a)h)) ) s.t.

£() = (e)n(p) if 2 occurs RN A-liquid in ¢
() otherwise.

The case for « occurring N-frozen in ¢ follows by the same arguments used in the proof of previous
item. Hence, let us consider the case of x occurring N-liquid in ¢. By Theorem 5, p is PRBB
safe wrt. X and A and therefore p occur only A-liquid in ¢[u/z] (Definition 25.1), and thus it is
R NT-liquid in ¢[x/x]. By Definition 23.10(b)i, considering that the distribution formula assigns
weight 1 to the state formula ¢ A {a)t), we have that

= P ¢l
[LLCE]'GH
for a distribution ruloid
nSziu J {6 -}
D z'evar(t)\{z}
{tlu/e] = tlxs/a] | j € T}
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and decomposition mappings & € t~1((e)1(¢ A (a)1))) for each . In particular we have that
() = 1€ (x). Therefore, we can proceed as in the previous item for x occurring X N T'-liquid in
t to prove

cither £(x) = (£)1(61(2) A ()
or £() = ()1 ((&1(x) An(a)) A (Bm(w))

and thus concluding that £(x) € L.

3. &(x) is defined on the basis of Definition 23.6c, namely in terms of a T-impatient ruloid p = —£&

t—0
and an n € O~ ((1(p A <a>1/)))(5>). By Theorem 5, p is PRBB safe wrt. X and A and therefore
— rhs(H) occur only A-liquid in © (Definition 25.1), and
— x occurs only A-liquid in © (Definition 25.2).

Since moreover ¢ € Ly, by structural induction we can immediately infer that n(¢) € L for all
¢ € {z} Urhs(H). We can distinguish two cases:

(a) The occurrence of z in t is R-liquid. Then

s =@ A Bmw A A ST A @)

5
xihLeH xﬁéEH

By Definition 25.4, H has at most one premise of the form x LN 1, for which moreover 8 # T,
and it has no negative premises having x has left-hand side. Thus

either &(x) = ()1n(x)
or £(z) = (£)1(n(z) A (B)n(w))
In the first case there is nothing more to prove. In the second case we have that both

n(z),n(u) € L and thus we can conclude that £(x) € Lg.
(b) The occurrence of z in t is N-frozen. Then

()= N\ Bmw) A~ N\ T A ).

£i>MEH x;%GH
By Definition 25.3, x does not occur in H and thus &(x) = n(z) € Ly .
Hence, Equation (4) follows in this case.

e Inductive step ¢ = (¢)1(¢ A (7)9). This case is analogous to the previous one for ¢ = (€)1(p A (a)1)).
Hence, Equation (4) follows also in this case.

Finally, let us deal with multivariate terms.

Assume first that ¢ is not univariate, namely ¢t = o(s) for some univariate term s and non-injective
substitution o: var(s) — Vy. Then, by Definition 23.7 each £ € t~!(¢p), for some ¢ € L}, is built in terms
of a ¢ €571(p) s.t. £(2) = N\yey1(s) €' (2). As s is univariate and for each y € o~ '(z) the occurrence of y
in s is A-liquid we can infer that &'(y) € Ly for all y € o~ 1(x). Therefore, we can conclude that &(z) € L.
Hence, Equation (4) follows also in this case.

The case for © not univariate, namely © = o(f) for some univariate distribution term 6 and a non-
injective substitution o: var(f) — V| is analogous. O

Theorem 7. Assume a PGSOS-TSS P = (T(X), A,—) in PRBB format with respect to predicates X and
A. For any term t and variable x

whenever ¢ € Ly, then for all decomposition mapping & € t~'(p) we have &(x) € L3, (6)
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and for any distribution term © and variable ¢
whenever 1 € L then for all decomposition mapping n € ©~1(¥) we have n(¢) € L3, . (7)

Proof. We start with univariate terms ¢ € T(X) and © € DT(3). We proceed by induction on the structure
of ¢ € L}, to prove both statements at the same time.

e The proof for the base case ¢ = T and for the inductive steps ¢ = -, ¢ = /\jeJ @i, ¢ = DjcrTivi
and ¢ = A\ jed 1; follow as in the analogous cases of the proof of Theorem 6.

e Inductive step ¢ = {a)1). Notice that since Ly, C L1, we can apply induction over ¢). By Definition 23.4

there are a P-ruloid p = t;@ and a decomposition mapping n € ©71(z)) s.t.

)= N\ Bnwar N\ ~()TAn)
:ci>,uEH I%EH
By structural induction we have that n(z) € L3. Moreover, by Theorem 5 p is PRBB safe and thus,
by Definition 25.1, we have that all variables in rhs(H) occur only A-liquid in ©. Hence, by Theorem 6
we obtain that n(u) € Lg . This implies that (8)n(n) € Ly, for all = L, w € H. Further, we have that

—(y)T e L3, for all 2z =4 € H directly by definition. Therefore, we can conclude that &(z) € L3,
Hence, Equation (6) follows also in this case.

e Inductive step ¢ € LL,. The cases ¢p = T, ¢ = —, ¢ = /\jeJ ©j, ¢ = D rivs and ¢ = /\jeJ ¥,
follow as in the analogous cases of the proof of Theorem 6. Moreover, if the occurrence of z in t is
A-liquid, then &(z) € Ly, follows from Theorem 6. Hence, assume that the occurrence of x in t is
A-frozen.

— ¢ =(e)1(¢ A (a)1)). We can distinguish three cases.

1. &(x) is defined on the basis of Definition 23.6a. Since x occurs A-frozen in ¢ then there is a
n € 67 (1(p A (a)Y)) s.t. £(z) = 1/ (z). As we are considering d; as distribution term, we
have that there is a & € t=(¢ A (a)y) s.t. n/(z) = &(x). In particular, we have that by
Definition 23.3 £'(z) = & (x) A &(x) with & € t71(p) and & € t~1({a)y). Since, L} C Ly,
and (@)1 € Ly, by structural induction we can immediately conclude that & (), () € L.
Therefore, we can conclude that £(x) € L.

2. {(x) is defined on the basis of Definition 23.6b. Then there are a I'-patient ruloid p =

tf_;ﬁ and an 1 € t[p/z] 7 ((1(p A (a)1))() s.t.
(eyn(p)  if  occurs R N A-liquid in ¢
§(x) = .
n(x) otherwise.

Since x occurs A-frozen in ¢ the proof follows by the same arguments used in the proof of
previous item.

3. &(x) is defined on the basis of Definition 23.6¢c, namely in terms of a I'-impatient ruloid
p= ti@ and an n € O~ ((1(¢ A (a)v))®)). By Theorem 5, p is PRBB safe wrt. X and A
and therefore

% rhs(H) occur only A-liquid in © (Definition 25.1), and

* Since = occurs A-frozen in ¢ then x does not occur in H (Definition 25.3).
Since ¢ € Ly, by structural induction we can immediately infer that n(¢) € L3 for all
¢ € {z} Urhs(H). Moreover, as x occurs A-frozen in ¢t we have

)= N\ Bmw A~ N DT A n()

5
ziHLEH x%EH

and since x does not occur in H, we can conclude that £(z) = n(z) € L.
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— ¢ = (e)1(¢ A (7)). This case is analogous to the previous one for ¢ = (£)1(p A (a)¥)).
Hence, Equation (6) follows also in this case.

The proof for multivariate terms follows by the same arguments used in the proof of Theorem 6. O

7.4. The congruence theorems

We can now exploit the schema in Figure 3 to derive the congruence results. Firstly, from Theorem 1.1,
Theorem 4 and Theorem 6 we get that =/}, is a congruence for all operators defined in a PGSOS-PTSS in
PBB format.

Theorem 8. Let P be a complete PGSOS-PTSS in branching bismulation format. Then =2y, is a congruence
for all operators defined by P.

Proof. Let t € T(X) and let 0,0 be two closed substitutions. We aim to show that
whenever o(z) =, o' (x) for each z € var(t) then o(t) =, o’ (t). (8)

Considering the characterization result of Ly, for probabilistic branching bisimilarity (Theorem 1.1), to prove
Equation (8) we simply have to show that o(¢) and o'(¢) satisfy the same formulae in Lj,. By Definition 26
each rule in P is PRBB safe wrt. some predicate X and a universal predicate A and P is X N A-patient.
Assume that o(t) = ¢, for some state formula ¢ € L{. By Theorem 4, (taking I' = RN A) there is a
decomposition mapping £ € t71(p) s.t. o(x) | &(x) for each x € var(t). Since A is universal, we have that
each z € var(t) occurs A-liquid in ¢ and thus by Theorem 6 we gather that {(z) € Ly and moreover by
Thm 1.1 from o(z) &, o/ (x) we obtain that o’ (x) | (x) for each x € var(t). By applying Theorem 4 once
again, we obtain that o’(t) |= ¢, thus proving Equation (8). O

Similarly, from Theorem 1.2, Theorem 4 and Theorem 7 we obtain that =z, is a congruence for all
operators defined in a PGSOS-PTSS in PRBB format.

Theorem 9. Let P be a complete PGSOS-PTSS in rooted branching bismulation format. Then =y is a
congruence for all operators defined by P.

Proof. Let t € T(X) and let ,0” be two closed substitutions. We aim to show that
whenever o(z) &1, o' (z) for each z € var(t) then o(t) ~, o' (t). 9)

Considering the characterization result of L., for probabilistic rooted branching bisimilarity (Theorem 1.2),
to prove Equation (9) we simply have to show that o(t) and ¢’(¢) satisfy the same formulae in L,,. By
Definition 26 each rule in P is PRBB safe wrt. some predicates X and A and P is X N A-patient. Assume
that o(t) |= ¢, for some state formula ¢ € Ly,. By Theorem 4, (taking I' = RN A) there is a decomposition
mapping & € t1(p) s.t. o(z) | &(z) for each z € var(t). By Theorem 7 we gather that ¢(z) € L3 and
moreover by Thm 1.2 from o(x) =, o’(2) we obtain that o'(xz) = £(z) for each x € var(t). By applying
Theorem 4 once again, we obtain that ¢’(t) = ¢, thus proving Equation (9). O

8. Application

In general, an SOS specification format guaranteeing a given property is relevant only if it is not too
demanding, namely if it captures an interesting bulk of operators. In this section, we consider the operators
of the probabilistic process algebra Pp4 from [40] and we apply to them our congruence formats. Ppa
extends the basic process algebra BP A, ; [6] with probabilistic operators from (probabilistic) CCS [54] and
(probabilistic) CSP [19, 26, 54] as well as with recursion [7, 64]. More precisely, Pp4 is obtained from the
disjoint extension of the four PTSSs represented in Table 1 and Tables 3-5 below, where we let « range
over A, U {y/}, for y/ the special action from BPA denoting successful termination. We will show that
by assigning a proper liquid/frozen labeling, with respect to predicates A and R, of arguments of operators
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Table 3: Standard non-recursive operators.

in Pp4 specified in Table 1 and Tables 3-5 our formats provide congruence results for probabilistic rooted
branching bisimilarity (Corollary 1-2) and also for probabilistic branching bisimilarity (Corollary 1). We
also show that the operator in Table 5 is outside of our format.

First of all, notice that the PTSSs in Tables 3-5 are in PGSOS-format.

In Table 3 we have the PGSOS rules specifying standard non-recursive operators. The probabilistic
prefix operator expresses that the process a. @?:1 [p;]t; can perform action o and evolves to process t; with
probability p;. We mark all arguments of this operator as (X N A)-frozen) since each process ¢; has not yet
started to run and cannot start to run. The constraints in Definition 25 are trivially satisfied. The sequential
composition ;' and the alternative composition ¢+t are as usual and so is the labeling of their arguments:
the first argument of sequential composition is A-liquid, whereas its second argument and both arguments
of alternative composition are A-frozen, exactly as those for its probabilistic variant already discussed in
Example 2. In fact, the first argument of sequential composition can be a process that has already started
its execution, whereas the second argument has to wait for the first one to end its execution before starting
its own. Notice that the two rules for sequential composition satisfy constraints 1, 2 of Definition 25 since
x, i, v occur only A-liquid in them. Moreover, we set both arguments of both operators to be R-liquid as they
can all start their execution. Thus, the rules for both operators trivially satisfy constraint 3 of Definition 25.
Finally, we need to check whether the two rules for sequential composition satisfy constraint 4 of the same
Definition with respect to the first argument which is (R N A)-liquid. We have that in both rules z occurs
as left-hand side of a single positive premise. Moreover, in the first rule, if « = 7 then the rule becomes a
patient-rule for the operator.

In Example 2 we already marked both arguments of CSP-like parallel composition operator |5 as (X N
A)-liquid. The same marking holds for interleaving operator || and the synchronous parallel composition
operator |, which are special cases of ||, with B = () and B = A, respectively. Constraints 1 and 3 of
Definition 25 are then easy to check for all these three operators. As regards constraint 2, we notice that, by
Definition 19, x (resp. y) occur always A-liquid in ¢, (resp. §,) which in turns occurs at a A-liquid position in
the targets of the considered rules. Finally, the same arguments used to verify constraint 4 of Definition 25
for the first argument of sequential composition hold also in this case.

Notice that if we exclude the rules for sequential and alternative composition from Table 3 and those for
probabilistic alternative composition in Table 1 then predicate A is universal on the remaining rules in the
two Tables. Also notice that the PTSSs in Tables 1 and 3 are X N A-patient.

Corollary 1. Probabilistic rooted branching bisimilarity is a congruence for all operators specified in Table 1
and Table 3. Moreover, probabilistic branching bisimilarity is a congruence for prefizing and all parallel
composition operators specified in Table 1 and Table 3.

Table 4 presents the PGSOS rules specifying (probabilistic) recursive operators. The infinite iteration ¢t*
of process t expresses that t is performed infinitely many times in a row. The binary Kleene-star expresses
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Table 4: Recursive operators.
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Table 5: Probabilistic parallel composition is outside our format.

for t1*to that either ¢; is performed infinitely often in sequel, or ¢; is performed a finite number of times in
sequel, followed by t5. The bang operator !t expresses that infinitely many copies of ¢ evolve asynchronously.
The probabilistic Kleene iteration expresses that ¢1*7ts evolves to a probabilistic choice (with, resp., the
probability p and 1 — p) between the two nondeterministic choices of the Kleene star operation t;*ty for
actions which can be performed by both #; and ¢5. For actions that can be performed by either only ¢; or
only t2, t1*7t behaves just like ¢1*¢2. The probabilistic bang replication expresses that !,t replicates the
argument process t with probability 1 — p and behave like ¢ with probability p.

The arguments of all these operators are labeled A-frozen, as they do not contain running processes, and
N-liquid, as they can all start their execution immediately. Thus, constraints 2—4 of Definition 25 are trivially
satisfied by the rules in Table 4. To check constraint 1, notice that for each rule whenever the right-hand
side of a positive premise occurs in the target of the rule it does it in a A-liquid position, accordingly to the
liquid/frozen labeling of arguments with respect to predicates X and A discussed for the operators specified
by the rules in Table 3. Moreover, the PTSS in Table 4 is (X N A)-patient.

Corollary 2. Probabilistic rooted branching bisimilarity is a congruence for all operators specified in Table 4.

Table 5 contains the PGSOS rules defining the probabilistic parallel composition ||,, which falls outside
of our format. For actions that can be performed by both ¢ and ¢, ¢ ||, ¢’ evolves to a probabilistic choice
(with probability weights p and 1 — p) between the two targets of the asynchronous parallel composition
t || ¢'. For actions that can be performed by either only ¢ or only ', the probabilistic parallel composition
t ||, t" behaves just like the asynchronous parallel composition ¢ || t'. However, notice that differently from
the rules for || in Table 3, the asynchronous moves for ¢,¢' in t ||, ¢’ are derived by testing also negative
premises: if ¢ does an a-move, then ¢’ must not be able to perform « in order to derive the asynchronous
a-move for ¢ ||, t. The presence of negative premises causes the probabilistic parallel composition operator
to fail our format. In fact, both arguments of ||, have to be labeled (X N A)-liquid since they can both
contain processes that are running (as in asynchronous parallel composition) as well as processes that can
immediately start their execution. The testing of negative premises for one of the two arguments then
violates constraint 4 of Definition 25.

Notice that operator ||, breaks rooted branching bisimilarity. For instance, given processes s = a.7.a.€
and ¢ = a.a.c we have s =, t but s ||, t % ¢ ||p T

9. Extending the format to ntuff/ntux6 specifications

As previously outlined, the choice of considering transition system specifications in the PGSOS format
was motivated by the fact that it allowed us to present a constructive definition of ruloids as an inductive
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composition of PGSOS rules. Although technical, Definition 20 is way more simpler and intuitive than
the one proposed in, e.g., [10] for a transition system specification (TSS) in the ntyft/ntyxt format, which
involves the transformation of the TSS into an equivalent TSS (in the sense of provability) in nxytt format.
However, the reader may wonder whether the use of PGSOS rules led to an oversimplified framework and
thus how general and relevant our results can be.

In this Section we address this issue at an informal level and we show how our results can be extended
to complete PTSSs in decent ntuf/ntuxd format. The choice of discussing this section only in an informal
fashion relies on the fact that the main results of this paper already come with a such heavy amount of
technical definitions and proofs that we prefer not to add more technicalities to the paper. Moreover, most
of the results that we will discuss in this section can be adapted from their non-probabilistic counterparts
in [10] in a straightforward manner.

The key idea is that all the results in Sections 5-7 of [10] on T'SSs in ntyft/ntyxt format without lookahead
can be extended to PTSSs in the simple ntuff/ntuxd format from [41]. We remark that the latter format
does not allow lookahead by definition (see Definition 28 below). As the absence of lookahead in the rules
is required by all the aforementioned results in [10], this feature is neither a restriction nor a simplification
of the format.

We recall that a variable occurring in an inference rule is said to be free if it occurs neither in the source
nor in the right-hand sides of the positive premises of the rule.

Definition 28 (ntutf rules). A simple ntufd rule has the form

{t: “Spiliell {t; =H|jeJ}
f(wl,...7xn)i>@

with t;,t; € T(X) UDT(X), oy, o, € Ay, i € Vg, f € X, 21,...,24 € Vg, © € DT(X), and constraints:
e all p;, for i € I, are pairwise different;
e all z1,...,z, are pairwise different.
Then, starting from a simple ntuff rule we define:
o simple ntuxf rules having as source of their conclusion a variable x € Vj instead of f(x1,...,zy);
o simple ntutd rules having as source of their conclusion an arbitrary term ¢ € T(X) instead of f(x1,...,2n);

o simple nzufd (resp. nzutd) rules are ntpff (resp. ntutd) rules in which left-hand sides of premises are
variables;

o simple zunfd (resp. zuntd) rules are ntuff (resp. ntptd) rules in which left-hand sides of positive
premises are variables.

A simple ntpfd /ntuxd rule is either a simple ntpff rule or a simple ntux6 rule. For x € {ntuff, ntux6, ntuté,
nxpf, nxptd, xunfd, xuntf}, a simple x rule is decent if no free variable occurs in it. A PTSS is in (decent)
simple x format if all its rules are (decent) simple x rules.

Notice that PGSOS rules are decent simple nxuff rules.
For a PTSS P in simple ntuf6 /ntux format, the notion of P-ruloid is strictly related to that of irredun-

dant proof.

Definition 29 (Irredundant proof, [10]). Assume a PTSS P. An irredundant proof of an inference rule £
from P is a well-founded, upwardly branching tree of which the nodes are labeled by literals, and some of
the leaves are marked ‘hypothesis’, such that:

e the root is labeled by ¢,

e H is the set of labels of the hypothesis, and
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e if /' is the label of a node which is not an hypothesis and K is the set of labels of the nodes directly

above it, then % is a substitution instance of a transition rule in P.

A proof of % from P is an irredundant proof of % from P with H C K. We say that % is provable (resp.
irredundantly provable) from P, notation P I+ % (resp. P Iy, %), if an proof (resp. irredundant proof) of
% from P exists.

We recall that the notion of provability F in Definition 9 is called well-supported provability in [10, 46].
Then, to obtain the ruloids for a PTSS in ntuff/ntuxf format we would need the following results:

1. Firstly we show that for any standard PTSS P in simple ntuff/ntuxf format, there exists a standard
PTSS P’ in decent xuntf format such that P+ £ iff P’ - £ for all closed literals /.

2. We show that the notion of well-supported provability from P’ coincides with the less demanding
notion of supported provability [46] from P’.

3. From P’ we build a PTSS P in decent simple ntuf@ format such that supported provability from P’
coincides with the provability I from P*. We remark that P% is not guaranteed to contain standard
rules only and, moreover, that the transformation form P’ to Pt performed in the non-probabilistic
case [10] subsumes the same construction proposed in Definition 20 for the definition of ruloids having
a negative literal as conclusion.

4. We prove that in P, for each operator f there is a collection of decent simple nxuff rules that are
irredundantly provable from PT and that allow us to derive all the closed literals having f(t1,...,,)
as left-hand side that are provable from PT.

5. Finally, P-ruloids are defined as such decent simple ntuff/ntux6 rules that are irredundantly provable
form P*.

Interestingly, all these results can be proved by following the same reasoning and arguments proposed in
[10]. In fact, we notice that the right-hand sides of positive premises basically play no role in the proofs in
[10], that can thus be easily adapted to deal with distribution variables and terms. Clearly, the decomposition
method would be defined as in Definition 23 by exploiting the ruloids obtained from the simple ntuf6/ntux6
rules. Then, we can extend the PRBB and PBB formats to PTSSs in decent simple ntuff/ntux6 format
with respect to predicates X and A. To this purpose we need to slightly modify Definition 25 in order to
deal with the presence of arbitrary terms as left-hand sides of premises.

Definition 30 (Extended PRBB rule). An ntutf rule r is probabilistic rooted branching bisimulation safe
(PRBB) with respect to predicates R and A if it as in Definition 25, with items 3-4 rewritten as:

3. If z occurs only N-frozen in source src(r), then x occurs only R-frozen in prem(r).

4. If x has exactly one R-liquid occurrence in source src(r), which is also A-liquid, then = has at most
one R-liquid occurrence in prem(r), which must be in a positive premise. If moreover this premise is
labeled 7, then r must be X N A-patient.

Definition 31 (Extended format). A PTSS P is in probabilistic rooted branching bisimulation (PRBB)
format if, for some predicates X and A, it is (XN A)-patient, it is in decent simple ntuff/ntpxf format and
it only contains PRBB rules. It is in probabilistic branching bisimulation (PBB) format if moreover the
predicate A is universal.

The proof of the congruence results then follows as discussed in our Section 7:

A. We must show that the syntactic constraints imposed by the format on the rules of P are preserved by
the ruloids. This is done in three steps: i) We prove that the syntactic constraints on P are preserved by
the PTSS P’ introduced in item 1 above. ii) We prove that the syntactic constraints on P’ are preserved
by the PTSS P7 introduced in item 3 above. iii) We prove that the syntactic constraints on P are
preserved by the decent simple nxuff rules that are irredundantly provable from PT.
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B. We need to show that the logical characterization is preserved by the decomposition method. This is
proved by applying the same reasoning of the proof of Theorems 6 and 7.

C. We remark that the -DS is independent from the choice of the format for inference rules on terms
and thus all the results about Y-distribution rules and ruloids, and the decomposition of distribution
formulae would still hold in this general setting.

D. The congruence property is then derived by following the schema in Figure 3.

10. Conclusions

We have defined the PRBB and the PBB formats guaranteeing, respectively, that probabilistic rooted
branching bisimilarity and probabilistic branching bisimilarity are congruences for nondeterministic proba-
bilistic processes specified via PGSOS rules.

Up to our knowledge, the only other proposal of a format for probabilistic weak semantics is the RBB
safe specification format of [61]. Although the constraints on inference rules are almost the same, the con-
struction of our PRBB format results technically simpler. In [61], terms are built on a two sorted signature,
mixing state and distribution terms. Thus, to obtain a proper labeling of arguments of operators, defined
in terms of wild/tame labels as in [9, 31], they need to define w-nesting graphs which allow them to keep
track of wild arguments of operators in the derivation of transitions. The use of unary predicates and the
liquid /frozen labeling of arguments of operators, together with the use of X-distribution rules naturally
substitute this technical construction.

To derive the congruence results we have developed an SOS-based decomposition method for modal
formulae expressing both probabilistic and weak behavior of processes.

Formally, we have introduced the modal logic L. which extends HML by providing the probabilistic choice
operator € from [24] to capture probabilistic behavior, and the modalities (7) and (¢) to capture the weak
behavior. In particular, formulae of the form (g)1, with ¢ a formula capturing the probabilistic behavior,
express a form of probabilistic lookahead: it specifies the probabilistic behavior that the processes have to
show after the execution of an arbitrary sequence of silent steps and such behavior can be verified only
without loosing all the information of probabilistic step-by-step behavior.

As a first result we have proved that two fragments of I, denoted by L, and L}, allow us to characterize,
respectively, probabilistic branching bisimilarity and its rooted version.

Recently, [62] proposed an alternative characterization of branching bisimilarity obtained on a modal
logic equipped with a quantitative modality [¢], from [66] that simulates the quantitative diamond modality
from [59]: a probability distribution 7 satisfies [¢], iff 7({t € T(X) | t = ¢}) > r. Moreover, since the
hyper-transitions in [62] always subsume the silent moves, they do not need to test the € sequences, namely
our formulae {£)1(p A (a)h) and (€)1(p A (7)) are replaced, resp., by p A (a)¢’ and p A (7)¢’ for ¢’ generic
formula in their logic. However, the use of this kind of hyper-transitions would have ended up in a much
more technical dissertation of our results.

To define a modal decomposition for formulae in . we have exploited the ruloids and SOS-like machinery
for distribution terms that we proposed in [13] that, in particular, allowed us to decompose formulae of the
form (e} and thus the probabilistic lookahead introduced by them. Then, we have introduced the set
of syntactical constraints of the RBB format from [37] on PGSOS rules and we have proved that they
are preserved in the construction of ruloids. Further we have shown that the logical characterizations are
preserved in the decomposition: by decomposing formulae in Ly, (resp. L;1,) we obtain formulae in Ly, (resp.
L;»). We have then obtained the congruence theorems as direct consequences of these results.

As a final remark, we recall that differently from [10, 33, 36, 37] our decomposition method and format
are defined on a PGSOS specification instead of the more general ntuff/ntux6 specification [19]. Undoubt-
edly, this choice resulted in a simplified framework. However, we remark that all the technical results proved
in [10] and exploited in [33, 36, 37] to the derive congruence formats from the decomposition, were aimed
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at transforming a ntyft/ntyxt specification into a GSOS specification without double testing, on which the
ruloids are defined (cf. [47]). Thus, to simplify reasoning and improve the readability of our paper, we de-
cided to start directly from a PGSOS PTSS. Notice that this choice also allowed us to present the concrete
construction of P-ruloids. Nevertheless, in Section 9 we have sketched how it would possible to extend our
formats and results to ntuff/ntux specifications.

As future work, we aim to extend the formats in [10, 33, 37] to the probabilistic setting and to apply our
decomposition method to systematically derive congruence formats for other relations in the weak spectrum
[45]. This can be done in a straightforward fashion for the probabilistic relations of 7, delay and weak
bisimilarity. Intuitively, the definition of ruloids and the decomposition method would be the same that we
have proposed in this paper. The logical characterizations would be obtained on proper sub-classes of L. and
the syntactic constraints of the formats could be derived from those of the corresponding formats in [33, 37].

Conversely, the definition of formats for weak relations respecting stability or with divergence [35] would
be more challenging as the introduction of syntactic constraints also on probabilistic behavior, and thus on
distribution specifications, seems inevitable.

Moreover, in [12, 15] we provided a logical characterization of the bisimulation metric [22, 28, T1].
Inspired by this result, we aim to extend the divide & congruence approach to derive the compositional
properties of a behavioral pseudometric from the modal decomposition of formulae characterizing it. As
the metric semantics provide notions of distance over processes, the formats for them guarantee that a
small variance in the behavior of the subprocesses leads to a bounded small variance in the behavior of the
composed processes (uniform continuity [40]). We aim to use the decomposition method to re-obtain the
formats for the bisimilarity metric proposed in [42—44] and to automatically derive original formats for weak
metric semantics [29, 56], and metric variants of branching bisimulation equivalence.
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Appendix A. Relation lifting

We recall here some equivalent definitions to Definition 3 which will be useful in our proofs.

Proposition 3 (24]). Consider a relation R C X xY. Then Rt C A(X) x A(Y) is the smallest relation
satisfying

1. xRy implies 6, R dy;
2. m RYw) implies (3 ;c; pimi) RT (e piml), for any set of indexes I with >, pi = 1.

Proposition 4 (25, Proposition 1]). Consider two sets X, Y, Let m € A(X), 7' € A(Y) and R C X xY.
Then 7 RY 7' iff there are a set of indexes I and of weights p; € (0,1] with >, ; pi = 1, such that

(i) ™= Ziefpi5xi7
(ii) ' = ¥y pidy, and
(iii) x; R y; for alli€ 1.

Appendix B. Proofs of results in Section 3
In order to prove Theorem 1, we need to introduce the following auxiliary Lemma.

Lemma 5. Assume a family of distributions {m; | j € J} such that 7; = for each j € J. Then, whenever
T =3 c;Pimj, for weights p; € (0,1] with 3>, ;p; =1, then m [= 9.

The proof of Theorem 1 is based on the analogous result for nonprobabilistic processes in [37].

Proof of Theorem 1. We prove that s &, ¢ if and only if L (s) = L} (¢). The proof that s &,y ¢ if and
only if Ly, (s) = Ly (t) is analogous. We proceed as follows:

1. First we prove that s ~y, ¢t implies L§ (s) = L} (¢) by showing that for any formula ¢ € L we have:

(i) if ¢ is a state formula and s =, ¢t then we have ¢ € L} (s) if and only if ¢ € L} (¢), and

(ii) if ¢ is a distribution formula and m %}Z Ty then we have ¢ € L\ (m) if and only if ¢ € L{ ().

2. Then we prove that L (s) = L§ (¢) implies s &4, ¢ by showing that the relation
R ={(s,t) € T(X) x T(X) | L (s) = Ly, (1)}
is a probabilistic branching bisimulation.

1. We prove 1i and 1ii in parallel, by induction over ¢.

e Base case ¢ = T. In this case there is nothing to prove as s = T and ¢t = T always hold.

e Inductive step ¢ = —¢’. By Definition 14, s | —¢’ implies s & ¢, which by the inductive
hypothesis and the symmetry of ~, gives ¢ [~ ¢’ and thus, by Definition 14, ¢ = —¢'.

e Inductive step ¢ = /\jeJ ;. By Definition 14, s |= /\jeJ @, implies that s |= ¢; for all j € J,
which by the inductive hypothesis gives ¢t |= ¢; for all j € J and thus, by Definition 14, ¢ }=
/\jeJ Pj-

e Inductive step ¢ = @,.; ripi. On one hand, by Definition 3, 7, %IT) mo implies the existence of a
matching w € W(my, m2) s.t.

(a) for each s" € supp(m1), m1(s") = D 4 cqupp(my) (5", 1);
(b) for each ¢’ € supp(m2), m2(t') = Xy cqupp(m) (8" 1);
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(c) s =y, t' whenever w(s’,t') > 0.

Item (1c) and the inductive hypothesis give L§ (s") = L} (¢') whenever to(s’,t') > 0. On the other
hand, by Definition 14, m; |= v implies the existence of a matching w’ € W (71, P, rips) s.t.
(d) for cach ' € supp(m), w1 () = iy W/(', 0):

(e) foreach i € I, 1y = 3~ cquop(ny) (57, 0i);

(f) s’ E ¢; whenever w'(s’, ;) > 0.

We need to exhibit a matching w € Q(ma, @, ¢, 7i:) s.t. ' = @; whenever w(t', ;) > 0. Define,
for all ¢’ € supp(ma) and i € I,

A w(s', 1) - w'(s', i)

mi(s’)

s’ €supp(m1)

First we show that 1 is a well defined matching in (72, @, ; 7i0:). We have

R ") ! (8 o
> ot e) = > ol 73 (l:’)(s =
el i€l \ s’ Esupp(my) !
w(s',t) ’
Z m(s) Zm (&0
s’ Esupp(m1) iel
w(s'
_ Z (s, 1) i (s) (by item (1d))
s’ €supp(m1)
= Z (s, t)
s’ €supp(m1)

= mo(t)) (by item (1b))

and, similarly,

y s 1) (s, g

t’ €supp(mz) t'€supp(m2) \ s’ Esupp(m1)
ml(‘g/v(pi) v
O i B

s’ €supp(m1) t’ €supp(ma2)

ol
= Z M -m1(s) (by item (1a))
mi(s')
s’ €supp(m1)
= Z m/(slv 901)
s’ €supp(m1)
=7 (by item (1e)).

Finally, notice that w(¢',¢;) > 0 if and only if ro(s',#') > 0 and w’(s’,¢;) > 0, which, together
with items (1c) and (1f), gives that ¢’ |= ¢; whenever w(t',¢;) > 0. We can therefore conclude
that m = @, rigi-

e Inductive step ¢ = A,c;%;. By Definition 14, m | A,c;v; implies that m |= 1); for each
j € J. By the inductive hypothesis, this entails that mo = ¢, for each j € J, thus implying
T2 ): /\je] ¢j'

e Inductive step ¢ = (e)1(¢’ A (a)¥). By Definition 14, s |= ¢ implies that for some n € N there
are distributions 7, ..., m, € A(T(X)) with
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(a) s N 0,

(b) g i>7rk+1 for k=0,...,n—1 and
(©) mu = 1(' A fa)ed).

We proceed by induction over n € N.

— Base case n = 0. Then my = 0, and &, = 1(¢’ A (a)1) which means that s = ¢’ and
moreover there is a distribution 7, s.t. s — 7, and s E 1. As s &y, t, by Definition 5 we
have t = 7™ — 7, with 7 %L s and Ty mL ms. Assume wlog. that © = Zjerj(Stj- By
Definition 4, 7 — 7; implies that there are distributions m; s.t. t; — m;, for all j € J,
and 7, = Zjerjo. Then, by Definition 3, 7 %,TD ds implies ¢; =, s for all j € J. Thus,
structural induction and s = ¢’ give

tj = ¢ forall j € J (B.1)

Moreover, 7 N T, t; ~p s and s N s imply that for each j € J there is a distribution
T 8.t t; = m; and T z;g 7s. By structural induction, 7 = ¢ and 7y w,g m; implies that
m; = o for all j € J. Hence, by Lemma 5, from 7, = Zjerjﬂ—j we can conclude that
m¢ = 1. This gives that
t; = (a)y for all j € J. (B.2)
Summarizing, we have obtained:
* t 15 T,
* Equations (B.1),(B.2) give 7w = 1(¢' A (a)v)).
Therefore we can conclude that ¢ |= (e)1(¢" A {(a))).
— Inductive step n > 0. As s N mo and s =%, t according to Definition 5 there are two
possibilities.
(a) Either 7 RVJL ;. Since mo = 1(¢" A (a)tp), then s' = (e)1(¢" A (a)y) for all s" € supp(m).
Moreover, %I) 0 implies that s’ a, ¢ for all s’ € supp(mp). Hence, by induction over n
we gather that t = (€)1(¢" A (a)v)).
(b) Or ¢t S Y my with « %11 mo. Since s’ = (e)1(¢’ A (a)y) for all ' € supp(mp) and
o %I) 7, by induction over n we gather that ¢’ = (e)1(¢’ A (a)y) for all ¢’ € supp(n).
Hence, we can conclude that ¢ = (e)1(¢’ A (a)t)) as well.

e Inductive step ¢ = (e)1(¢’ A (7)1)). This case can be treated similarly to the previous case of

@ = (e)1(¢" A (a)).

9. Assume that s - 7s. Firstly we notice that whenever & = 7 and 7, R §;, then the first item of
Definition 5 is satisfied. Hence, we can assume now that either o # 7 or m, Rf 6;. We introduce two
sets:

D, = {7?/ e A(T(D)) | ¢ Sl A SR 7r'}
Dy = {7‘(’" e A(T(R)) | In' st t S Sal A R ﬂ'”}.

For each ©’ € Dy, let ¢, € L} be s.t. 65 = 1o and 7’ [~ 1o, We define

o= N ¢
7' €Dy
For each 7" € Dy, let ¢ € Lg be s.t. ms | ¥rr and 7 pE 1. We define

Y= /\ Yo

€Dy
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Clearly, ¢ € L, ¢ € L, s = ¢ and 7, |= 1. We distinguish two cases.

e a # 7. Since s |= ()1(¢ A (a)p) and sR ¢, then also ¢ = (£)1(¢ A (a)1)). Hence ¢ Sm S
with, in particular m = 1l and 72 | 9. By construction of ¢ and 1 we can infer, resp., that
8, RT 7y and 7y RY ma.

e o =7 and 7, RT6,. Let ¢’ be any formula in Lﬂ s.t. ms = ¢ and d5,0; £ ¢'. Since s |
(e)1(e A (F)(W' A @) and sRt, then also t = (g)1(p A (F)(¥' A1)). Hence t = m with
T E 1(p A (F)(¥' Av)). In particular this gives that 7 = 1¢ which, by construction of ¢ allows
us to infer that 6, RY ;. Therefore, d, [ ¢ implies that also 7; % 1’ and thus 7 = 1{(#) (¢’ A1)

only if m; — 7 for a distribution 7 s.t. mo = ¥’ A . By construction of ¢ we can thus infer
that 7, RY 7.

In both cases we have that the second item of Definition 5 is satisfied, and thus we can conclude that
R is a branching bisimulation as required.

O



