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Summary

Stochastic process calculi represent widely accepted formalisms within Com-
puter Science for modelling nondeterministic stochastic systems in a composi-
tional way. Similar to process calculi in general, they are suited for modelling
systems in a hierarchical manner, by explicitly specifying subsystems as well
as their interdependences and communication channels. Stochastic process cal-
culi incorporate both the quantified uncertainty on probabilities or durations of
events and nondeterministic choices between several possible continuations of
the system behaviour.

Modelling of a system is often performed with the purpose to verify the sys-
tem. In this dissertation it is argued that the verification techniques that have
their origin in the analysis of programming code with the purpose to deduce
the properties of the code’s execution, i.e. Static Analysis techniques, are trans-
ferable to stochastic process calculi. The description of a system in the syntax
of a particular stochastic process calculus can be analysed in a compositional
way, without expanding the state space by explicitly resolving all the interde-
pendencies between the subsystems which may lead to the state space explosion
problem.

In support of this claim we have developed analysis methods that belong to
a particular type of Static Analysis — Data Flow / Pathway Analysis. These
methods have previously been applied to a number of non-stochastic process
calculi. In this thesis we are lifting them to the stochastic calculus of Interactive
Markov Chains (IMC). We have devised the Pathway Analysis of IMC that
is not only correct in the sense of over-approximating all possible behaviour
scenarios, as is usual for Static Analysis methods, but is also precise. This gives



us the possibility to explicitly decide on the trade-off between precision and
complexity while post-processing the analysis results.

Another novelty of our methods consists in the kind of properties that we can
verify using the results of the Pathway Analysis. We can check both qual-
itative and quantitative properties of IMC systems. In particular, we have
developed algorithms for constructing bisimulation relations, computing (over-
approximations of) sets of reachable states and computing the expected time
reachability, the last for a linear fragment of IMC. In all the cases we have the
complexities of algorithms which are low polynomial in the size of the syntactic
description of a system. The presented methods have a clear application in the
areas of embedded systems, (randomised) protocols run between a fixed number
of parties etc.



Resumé

I datalogien bruges stokastiske procesalgebraer til at modellere nondeterminis-
tiske stokastiske systemer pa en kompositionel made. Som det normalt geelder
for procesalgebraer, ggr de det bekvemt at modellere den hierakiske struk-
tur af systemer ved blot at identificere deres delsystemer og deres indbyrdes
afheengigheder og kommunikationskanaler. I de stokastiske procesalgebraer hand-
teres derudover kvantitativ information om de usikkerheder og ventetider der
indgar i systemet, hvilket giver en seerlig udfordring i forbindelse med de ikke-
deterministiske handlinger, som omgivelserne matte patrykke.

Det veaesentligste formal ved at modellere IT systemer er normalt at kunne
verificere deres opfgrsel. Hovedtesen for denne afhandling er, at de verifika-
tionsteknikker der kendes fra programmeringssprog, fx programanalyse, kan
overfgres til analysen af stokastiske procesalgebraer. Det giver mulighed for at
analysere systemerne med udgangspunkt i den kompositionelle made i hvilken
de er beskrevet, hvilket kan mindske risikoen for at skulle udfolde hele tilstand-
srummet til at kunne blive eksponentielt stort og dermed vanskeligt handterbart.

Som stgtte for denne tese udvikler afhandlingen en rackke analysemetoder fra
en bestemt type programanalyse, kendt som data flow analyse. De er tidligere
blevet brugt pa ikke-stokastiske procesalgebraer men forst i denne afhandling
pa stokastiske procesalgebraer - konkret en meget udtryksfuld procesalgebra
der tillader at udtrykke interaktive Markov kaeder. I afhandlingen udvikles en
avanceret data flow analyse, som giver en bade praecis og korrekt beskrivelse
af alle mulige opfgrsler af systemet. Det giver mulighed for kun at foretage
tilneermede analyser nar det giver en tids- eller pladsmaessig gevinst.

En anden nyskabelse i de praesenterede resultater er den made som kvalitative



og kvantiative egenskaber ved interaktive Markov keeder kan beskrives pa. Der
udvikles saledes algoritmer til at konstruere bisimulationsrelationer mellem IT
systemer, algoritmer til at beregne de tilstande der kan nas, og for et linesert frag-
ment af interaktive Markov kaeder ogsa tidsforbruget langs en given udfgrelse.
I alle tilfzelde opnas algorithmer af lav polynomiel kompleksitet. Afhandlingens
resultater har brede anvendelsesmuligheder indenfor indlejrede systemer og de
randomiserede kommunikationsprotokoller der indgar i service-orienterede IT
systemer.
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CHAPTER 1

Introduction

The study of concurrent systems has been a dynamically developing field of
research in Computer Science in the last decades. Such systems can be recur-
sively constructed out of several subsystems that progress in parallel, can exhibit
nondeterministic behaviour and interact at some time points during their execu-
tion, or globally influence each other’s execution in some way. Many real-world
systems can be modelled as concurrent systems — embedded, distributed, net-
worked, etc. — therefore their understanding and verification is of increasing
importance.

Widely accepted formalisms for describing concurrent systems are process cal-
culi, also called process algebras. Starting from the pioneering process calculi
CCS [Mil80] and CSP [Hoa85], we have now a broad class of process calculi,
some of which are more general and some are more adapted to specific applica-
tion areas. We can name among others m-calculus [MPW92] (added communi-
cation between processes through channels) and its enhancement for modelling
cryptographic protocols Spi-calculus [AG97], Ambients [CGI§| (added move-
ment of processes), and its version for biological systems BioAmbients [RPST04],
a higher-order process calculus KLAIM [dNEFP98] (a language for distributed
systems), etc. Process calculi provide operators that make it possible to specify
systems in a compositional way, by building more complex systems out of simple
ones, and to explicitly declare nondeterministic choices. A syntactic description
of a system in a particular process calculus is always finite, while it can also
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describe an infinite system behaviour.

The behaviour of each subcomponent of a concurrent system can be represented
by a labelled transition system, which is called its semantic model. Labelled
transition systems consist of states and transitions between the states. The
number of states and transitions can be finite or infinite. Each transition is an-
notated by a label that describes the meaning of the transition and influences the
way in which a labelled transition system can interact with other labelled tran-
sition systems external to it — the latter are often called external environments.
A finite expression in a syntax of a particular process calculus corresponds to a
labelled transition system where all the interdependencies between subcompo-
nents have been resolved and the behaviours of separate subsystems have been
“merged together” in one integrated representation. In this way all possible
behaviour of a model becomes explicitly declared. The rules according to which
this transformation is performed, i.e. from a compositional system description
in a particular process calculi into a labelled transition system, are often defined
in the spirit of Structural Operational Semantics [Plo81].

Historically the first process calculi could only describe functional aspects of
systems behaviour: they did not incorporate the notions of time and quantified
uncertainty (for example, of probabilities). A number of stochastic process
calculi have been defined later on that add quantitative information to the
qualitative in the description of systems — among others, we can name TIPP
IGHRO2], PEPA [Hil96], EMPA [BG98|, stochastic m-calculus [Pri95], stochastic
CCS [KS08], and IMC [BHO00]. With these calculi it is possible to model the
same systems as with purely functional process calculi with added information
on their performance and also new systems where quantitative information is
decisive — for example, biochemical or randomised. A usual way to represent the
time information is by using Continuous-Time Markov Chains as formal models
of delays between qualitative progress steps in the system execution.

Modelling of a system is usually accompanied by the verification of its properties
— for example, safety or liveness properties, — or by comparison with a reference
implementation. For stochastic process calculi a new class of properties — per-
formance properties — can be verified as well. Moreover, it becomes possible to
express quantitatively the difference between two systems. The usual method of
doing system verification is to use Structural Operational Semantics rules of the
corresponding process calculus to build a labelled transition system out of the
system’s syntactic description. Consequently model-checking algorithms can be
run on the constructed labelled transition system [CESS6].

One potential problem with this approach is the state space explosion: a small
description of a process in a corresponding process calculus’s syntax can give
rise to a large or even infinite labelled transition system, whose verification is
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undecidable in the general case. Even if the state space of a particular system
is finite, and therefore its verification is decidable, the existing model-checking
algorithms are usually of high time and space complexity. For this reason there
is a need for simplified, more efficient verification methods. The Static Analy-
sis methods can provide us with the necessary methodology. They have been
originally applied to the analysis of programs, but later on have shown to be
useful in other areas as well, for example, in the analysis of biological systems
or cryptographic protocols. In all cases they have been able to provide efficient
algorithms, often at the price of precision.

Main Thesis. We can now formulate the main thesis of this dissertation:

Static Analysis techniques can be used for verification in a syntax-
directed and compositional way of systems modelled by stochastic pro-
cess calculi.

Our main thesis is thus the statement that it is possible to “lift” the Static
Analysis methods from a discrete / functional / qualitative world to a stochastic
/ non-functional / quantitative world, i.e. to apply them to stochastic process
calculi. We will obtain a “concise description” (the result of the Static Analysis)
of the semantics of a concurrent stochastic system, and can verify a number of
properties with a chosen level of precision by post-processing it. Static Analysis
can in particular be useful in order to compare the behaviour of such systems,
to assess possible system behaviour at some point in the future, and to estimate
the expected time interval until reaching that point.

1.1 Background

Static Analysis has initially been developed in the field of imperative program-
ming languages. Its purpose was to check for errors in a program without
actually executing it, purely by analysing the code (see [NNH99| for a detailed
description of different Static Analysis techniques). Some of the Static Anal-
ysis techniques (Control Flow Analysis, Data Flow Analysis, etc.) have been
later adapted to a variety of process calculi with a similar purpose — to deduce
some properties of system’s behaviour directly from the syntax, without actu-
ally building a complete labelled transition system induced by the semantics.
In this thesis we have been inspired by the adaptation of Data Flow Analysis
to CCS [NNO7] and to Pathway Analysis for BioAmbients [NNPR04], [Pil07].
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After the application of Data Flow Analysis methods to a syntactic description
of a system, a deterministic finite automaton can be constructed based on the
analysis results which safely over-approrimates the execution scenarios of the
labelled transition system induced by the semantic rules of a particular process
calculus. By safely we mean that all existing execution scenarios of the labelled
transition system are taken into account. By over-approximation we mean that
some impossible scenarios can also be embedded into the deterministic finite
automaton. This kind of approximation is also called may-approzimation as
the deterministic finite automaton represents the behaviour that may occur.

Also must-approximations are feasible with Data Flow Analysis methods where
the deterministic finite automata represent only the existing execution scenar-
ios of semantic models but not necessary all of them [NNNO§]. While over-
approximations are useful for deciding safety properties, under-approximations
are useful for deciding liveness properties; besides, their comparison can help
us to estimate the “error gap” of the analysis. In both cases it is a challenge
to build the smallest possible automaton that is still good enough for checking
interesting properties, i.e. for which the “error gap” is the smallest possible.
Unlike with model-checking methods, infinite labelled transition systems can
be analysed by Data Flow Analysis methods, and for finite systems we usually
have lower time and space complexity while using Data Flow Analysis methods
compared to model-checking methods.

In this PhD project we are mainly concentrating on the application of Data
Flow Analysis or a broader class of Static Analysis methods to concurrent non-
deterministic stochastic systems. The systems are modelled on a high level of
abstraction as processes which synchronise and communicate with each other,
and are described using stochastic process calculi. We have chosen one such
calculus — the calculus of Interactive Markov Chains [BH00] (IMC) - for our
analysis. The IMC is an orthogonal union of labelled transition systems and
Continuous-Time Markov Chains. This calculus is useful for our purposes, as
we can model purely stochastic systems, purely concurrent nondeterministic sys-
tems, and a combination of both in this calculus. Also syntactically the calculus
of IMC is beneficial for us, as actions and delays are treated in a very similar
way. Therefore the “lifting” of Data Flow Analysis methods from dealing only
with actions to dealing with delays as well is quite straightforward. As IMC
allows the presence of nondeterministic choices in a complete model, the power
of Static Analysis methods can be exploited in this aspect.

As already mentioned, an alternative way to verify concurrent nondeterminis-
tic stochastic systems is to model check them. Model checking of stochastic
systems, especially with inherent nondeterminism, is a problem with a high
computational complexity: it can be solved by using numerical algorithms that
may show themselves unstable on some instances. Therefore uniformisation
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[HKMEKSO00] or discretisation [NZ10] techniques are often applied to such sys-
tems prior to model checking them, and the result is computed up to some
precision level.

We give a schematic view of the relation between (stochastic) model-checking
and Static Analysis methods applied to (stochastic) process calculi in Figure
A syntactic expression in a particular process calculus can be either analysed
by Static Analysis methods (in our case by the Pathway Analysis) or a labelled
transition system induced by the semantics of the process calculus can be built,
eventually followed by merging states through abstraction of some of the state
properties — see, for example, [KKLW07], [KKNQ09], [Smil0].

The verification of properties can take place by either post-processing the Path-
way Analysis results in the first case or by model-checking methods carried out
on the (abstract) labelled transition system. As it is described in Figure
post-processing the Pathway Analysis results can be understood as a model-
checking method. In case the Pathway Analysis is not only correct but also
precise, we could, for example, build the deterministic finite automaton based
on the results of the Pathway Analysis which would be equal or bisimilar to the
labelled transitions system induced by the semantic derivation rules and apply
model-checking methods to it. If the Pathway Analysis is not precise then we get
an over- or under-approximation which we can model check using, for example,
three-valued logic — see, for example, [NNO7] or [NNNOg].

In general, verification based on Static Analysis may lead to insufficient precision
but we might improve on it by some additional post-processing. Model-checking
methods are based on exhaustive exploration of the state space, therefore they
lead in principle to precise results, but the precision might be not sufficient
due to a preceding abstraction, so several rounds of model refinement might be
necessary in order to reach a sufficient precision level. Pathway Analysis results
can also be post-processed in several rounds for reaching the necessary precision
— for this to be possible we need that the Pathway Analysis is precise, i.e. that
no information is lost while doing the analysis. As it is indicated in Figure
the relations between Model Checking and Static Analysis methods are quite
complex.

1.2 Contributions

We will shortly describe the main contributions of our work and put them into
relation to the previous work.
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Labelled transition
system

Merging states
by abstracting
state properties

Verification of
properties by model-

checking methods

Figure 1.1 — Schematic illustration of the relations between Pathway Analysis
and Model Checking of (stochastic) process calculi.

Pathway Analysis of a stochastic process calculus

We have adapted Pathway Analysis for the application to Interactive Markov
Chains (IMC) systems [BH00]. A significant difference of IMC from other
process calculi to which Data Flow / Pathway Analysis has been applied before
(CCS, Bioambients etc.) is that IMC incorporates time information into the
modelling of systems, while the other calculi are purely functional. Moreover,
IMC makes use of a different synchronisation model: any number of actions can
synchronise in IMC, not just two as in CCS or Bioambients. This is a a so-
called CSP [Hoa85] or multi-way synchronisation. Which actions can/have to
synchronise depends on the global structure of an expression in IMC calculus.
We have defined an additional operator on the syntax of IMC in order to analyse
the global “synchronisation structure” of an expression.

The second difference of our version of Pathway Analysis to the previous work
is that our analysis is not only correct (it over-approximates the behaviour
scenarios) but also precise (it also underestimates the behaviour scenarios), i.e. it
predicts ezactly the behaviour scenarios that are possible in the analysed system.
We could achieve this result in particular due to the fact that IMC — unlike other
process calculi to which Data Flow / Pathway Analysis has been applied before
— has only finite semantic models [Her(2]. The number of processes running
in parallel and the way they are interacting in an IMC system do not change
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throughout their lifetime though some of the processes may become inactive.

The obvious advantage of making a precise analysis is that we can decide which
level of precision is acceptable while doing the verification of a system using the
analysis results. The results of the analysis in this case succinctly describe all
the possible behaviour of an initial IMC process and any process into which it
can evolve with the time.

Syntax-directed construction of bisimulation and reachabil-
ity relations

Conducting Pathway Analysis on the syntax of IMC systems has allowed us
to devise algorithms for computing in a compositional way relations on the
states of labelled transition systems that are induced by the semantics. This
has allowed us to construct relations in time and space complexities which are
low polynomial in the size of the syntactic description of an IMC system and
not in the number of states in the labelled transition system, which can be
exponentially larger than the size of the syntax.

Identifying bisimilar states can be very beneficial: bisimilar states behave “in
the same way” and therefore can be merged, which leads to smaller systems
and helps to alleviate the problem of state space explosion [Par81], [Mil89].
We have devised conditions based on the results of the previously conducted
Pathway Analysis under which states are guaranteed to be bisimilar. This is
to the best of our knowledge the first case of applying Pathway Analysis to
calculating bisimulation relations.

We have defined two bisimulation relations, of which the first is contained in
the second one. Even though the devised bisimulation relations are in general
not the coarsest ones for IMC systems, they can lead to a considerable state
space reduction and are the coarsest bisimulation relations on a subclass of IMC
systems. Our methods can be extended in order to compute coarser bisimulation
relations than currently.

We have also devised several algorithms for computing (in general an over-
approximation of ) reachable states using the results of the previously conducted
Pathway Analysis. We have considered the reachability problem in different
aspects — which states are possible in principle, which states are reachable from
a particular state, which states can be reached repeatedly — and have devised
suitable algorithms for these problems which are time polynomial in the length of
the syntax of an IMC system. We show how the estimations can be recomputed
after new information becomes available (i.e. after one semantic step taken by
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a system) with a lower complexity than if computed from scratch; in this way
the precision of the estimation can be improved.

Timed reachability on linear fragment

We have devised an algorithm for computing the minimum expected time needed
to reach a state on a linear fragment of IMC. The algorithm requires the
application of an additional operator to the syntactic description of an IMC
system and the post-processing of the results which can be implemented in time
and space that is polynomial in the size of the process. The minimum time
is computed under the class of simple schedulers. This is an important step in
the direction of the verification of time properties of stochastic nondeterministic
systems in a syntax-directed way.

The contributions presented above support our thesis, i.e. we can make a pre-
liminary conclusion that Static Analysis can in fact be used in the verification of
systems that can be modelled in stochastic process calculi and that give rise to fi-
nite labelled transition systems — in particular, to IMC systems. We can perform
the correct and precise Pathway Analysis of such systems, and using the anal-
ysis results construct bisimulation relations, compute (an over-approximations
of) reachable states, and for linear systems also tackle the minimum expected
time reachability problem.

1.3 Dissertation outline

In Chapter [2| we discuss necessary preliminaries for the following chapters. In
particular, we discuss the syntax and the semantics of the IMC calculus in
Section 2.1} We also present Static Analysis methods in general and its subclass
Data Flow / Pathway Analysis methods in Section We give a short overview
of model-checking methods applied for verification of stochastic systems with or
without nondeterminism in Section 2.3

Our main contributions are presented in Chapters [3] [l and [} In Chapter 3]
we first present the syntactic/semantic specifics of the version of IMC which
we have named guarded IMC (IMCG Sections . We present then the
Pathway Analysis of IMC® in Section and prove that it is correct and precise
in Section [3.5
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In Chapter [4 we first transfer the usual notion of a strong bisimulation relation
on IMC systems to the Pathway Analysis setting in Section After that we
introduce two bisimulation relations on IMCY systems that can be computed
using the Pathway Analysis results and prove their relation to each other in

Sections and [4.4]

In Chapter [5] we use the results of the Pathway Analysis to tackle a number
of reachability problems. In Section [5.1] we discuss how we can exclude some
states as impossible based on the Pathway Analysis results. In Section we
discuss how the usual model-checking methods can be applied in the Pathway
Analysis setting to verify the existence of states with predetermined properties.
In Section we give the algorithms for assessing which states are reachable
from some initial state and how to update the assessment after one semantic

step. In Section [5.4] we discuss the timed reachability for a linear fragment of
IMC.

We summarise, make conclusions, give possible directions for future work, and
evaluate their implementability in Chapter [6]
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CHAPTER 2

Setting the scene

The technical developments of the thesis consist in the application of Data Flow
/ Pathway Analysis methods [NNOT7] to a version of the process calculus of
Interactive Markov Chains (IMCs) [BHOQ]. The novelty of the approach is that
the calculus of IMC is considerably different from the ones that Pathway/Data
Flow Analysis and Static Analysis in general have been applied until now — these
are, for example, CCS [Mil80], BioAmbients |[RPST04], m-calculus [MPW92],
that do not have the notions of time and probability distributions that determine
the probabilities of taking some of the transitions (as it is the case in IMC) and
admit infinite semantic models (semantic models in IMC are finite).

Also properties checked with the help of Pathway Analysis results are different
— in previous work, for example, in [NNO7] and [Pil07], the main purpose was
building a deterministic finite automaton that in a sense over-approximates the
possibly infinite semantic model by simulating it, with the granularity function
regulating the size of the automaton and therefore the degree of precision in
the over-approximation. We had our sight on a wider range of problems. First,
we can build with the results of the Pathway Analysis a deterministic finite au-
tomaton that bisimulates the system that has been analysed. Moreover, we solve
the problems of reachability and time reachability in an efficient way without
building a semantic model, just based on the results of the Pathway Analysis.
On the other hand, we have gained a few insights concerning the limitations of
applying Pathway Analysis (and Static Analysis in general) to process calculi.
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The Pathway Analysis that we have developed strongly depends on the proper-
ties of IMC. Therefore in Section [2.1]in this chapter we will first of all shortly
present the stochastic process calculus of IMC, its syntax and semantics, and
also the main differences of IMC from other widely used stochastic process cal-
culi. We will then present the principles of Pathway/Data Flow Analysis for
programs and for process calculi in Section 2.2 Our own Pathway Analysis is
the extension thereof. We have namely the same operators on IMC syntax as
the original Data Flow Analysis for CCS, but we have extended it with several
new operators.

In the last part of the chapter, i.e. in Section we will give an overview
of the current state of verifying IMC systems and, closely connected to them,
Continuous-Time Markov Decision Processes (CTMDPs). We will present both
properties (i.e. logics) that are currently being checked and methods that are
often used in doing this. It is namely the case that direct model checking of large
IMC systems is often not possible due to the presence of both non-determinism
and stochastic features; therefore abstraction or/and approximation techniques
need to be used. Our own methods can be seen as an alternative to currently
used abstraction methods, hence it will be advantageous for the reader to get
an overview of the state-of-the-art.

2.1 IMC calculus

2.1.1 Main features of IMC

Interactive Markov Chains, shortly IMC, is a stochastic process calculus that
combines features of non-stochastic process calculi and of Continuous-Time
Markov Chains (CTMCs). It was introduced by Brinksma and Hermanns in
the 90s [BHOO] and was extended in [Her02]. IMC features most wide-spread
compositional operators of process calculi, in particular the choice operator (+)
between two possible system transitions, CSP-style [Hoa85] or also often called
TCSP-style [SDBR&4] parallel composition, and in particular synchronisation of
actions, when two or more actions can be executed only “together”, otherwise
they cannot be executed at all, prefizing, action internalisation (hide), and re-
cursion operators. See Table 2.I] below for the formal definition of the IMC
syntax. We will come back to these operators in some more detail in the next
chapter in Section while presenting a version of IMC that we will work on
— we have called it IMC® or “guarded” IMC.

There are two types of prefixes in IMC — “action” and “delay” prefixes. An
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Figure 2.1 — Probability density functions (figure on the left) and cumulative
distribution functions (figure on the right) for exponential distribution with three
different rate parameters. Source: www.wikipedia.org.

intuitive understanding would be that “actions” denote moments in time (with
0 duration) when some events happen. The name of the action points to the
nature of the event — for example, some action a might mean that a request
from a client application has just arrived at the server or that a user has pushed
a button on the coffee machine, depending on the previously agreed notation.
“Delay” prefixes on the other hand denote non-zero time durations when no
events happen — this can be, for example, time duration between the user’s
pushing of the button on a coffee machine and the moment the coffee is ready.

All delays in IMC are exponential, i.e. their duration is drawn from a special
class of probability distributions, namely, exponential distributions. In order to
define a particular exponential distribution from a class of exponential distribu-
tions it is enough to specify only one parameter — its rate, which is a positive
real number. The density of exponential distribution with a rate A is given by
the function Ae~* for ¢t > 0 and the cumulative distribution function is then
fot e AMdt = 1—e~* [Tri02]. Intuitively the value of the cumulative distribution
function at ¢ > 0 determines the probability that an exponentially distributed
delay with the rate A will be over before the time point ¢. See the graphics in
Figure for exponential density and exponential distribution functions with
rate parameters from {0.5,1,1.5}.

The expected duration of exponentially distributed delays with the rate A is %
and the standard deviation is % as well. If two or more exponentially distributed
delays are possible, then the system will “execute” (i.e. move along with) a delay
transition whose respective delay expires first. This situation is called a race
condition. The sojourn time (i.e. the time until the first delay expires) is then
distributed with the rate A; if Ap.. A, are rates of all possible (also called

1=1..n
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“enabled”) delay transitions — this fact can be easily derived from the properties
of exponential distributions.

Exponentially distributed delays are often used in stochastic process calculi,
as they are easy to describe (only one parameter is needed, i.e. the rate) and
memoryless, i.e. do not take system execution history into account. Furthermore
many delays in real systems (for example, time until an error occurs or a request
for a service arrives at the server) can be best described by an exponential
distribution. At the same time each so-called phase-type distribution [O’C99)
can be represented by a finite CTMC with exponentially distributed delays,
more exactly by a distribution of time until reaching an absorbing state in the
CTMC. Phase-type distributions are interesting as they allow to approximate
any other kind of probability distribution with an arbitrarily high precision by
using more and more states in a CTMC [Tri02]. We might mention here that in
many real systems the delay rates change in fact over the time — for example,
the rate of server requests might be different in the day- and night-time etc.
This discussion is however outside the scope of this thesis.

2.1.2 Syntax and Semantics of IMC
Syntax of IMC

We will shortly present the syntax and semantics of IMC systems [BHO0]. Let
Act denote a set of names of external actions, 7 be a distinguished name for
an internal action such that 7 ¢ Act, Var be a set of names of variables (often
called “process variables”) different from action names. Then each IMC system
can be described by an £-type expression with a syntax inductively defined in

Table 211

The rules (1)-(6) in Table [2.1| define the so-called linear fragment of IMC. The
rules (2)-(3) define a prefix operator, the rule (4) defines a choice operator and
the rule (6) defines a halted process. The rule (5) is often called a recursive
definition of a variable. See the definition of a weakly guarded and closed ex-
pressions below.

Definition 2.1. A wvariable X occurs bound in an expression E if it occurs
contained in a subexpression X := E' of E for some E'. A wvariable X occurs
free in an expression E if there is no E' such that X := E’ is a subexpression
of E. A wariable can occur both free and bound in the same expression. An
expression is called closed if there is no variable that is occurring free in it.
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P s X e
a.P | (2)
(0. B
P+P | (4)
X:=P | (5)
0 (6)
E u= P | (7)
hide Ain P’ | (8)
P nAn P’ | (9)

Table 2.1 — Syntax of IMC: IMC expressions are E-type expressions, with a €
ActU {7}, A € RT, X € Var, A C Act, P’ is a closed and weakly guarded
P-type expression.

A variable X is called weakly guarded in an expression E if its every occurrence
i E is contained in a guarded expression, i.e. expression of the form a.E’ or
(M\).E' for some E'. An expression is called weakly guarded if all variables that
are occurring in it are occurring weakly guarded.

Intuitively, in a weakly guarded expression there is always at least one action
or delay in the definition of each variable. The expression X := X is thus ruled
out as X is not uniquely defined: in fact, any expression composed according
to the rules (1)-(6) would be a solution for X. On the other hand, X :=a.X
is weakly guarded and also uniquely defines the variable X. We talk about
“weakly” guarded expression because it is allowed that X is guarded by the
internal action 7. A “strong” guardedness is sometimes required in [Her02],
namely, when the axioms for the weak bisimulation are presented for the linear
fragment of IMC.

Note that the parallel composition or synchronisation (rule (9)) and the inter-
nalisation (rule (8)) operators are only applied to closed expressions. As we
will see from the definition of the IMC semantics, this ensures the finiteness of
the semantic model for every IMC expression. Parallel composition puts two
IMC process to run “in parallel”, synchronising on a set of actions (for only one
action in the set we may leave out the set notation, just writing an action name)
and internalisation makes internalised actions behave as if they were internal
actions, see the semantics of IMC in Table 2:2] below. We will have a more
permissive syntax for our variation of IMC concerning application of parallel
composition and internalisation operators (see Table in Section 7 but we
will be a bit more restrictive with the guardedness condition.
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As we will see from the definition of the IMC semantics, X := a.X is at the
same time a definition of the variable X and a definition of a process which
continuously repeats the action a. These two meanings can be made more clear
if we take as an example the IMC expression X :=a.X +Y :=b.Y. This IMC
expression defines the variables X and Y and it defines at the same time a
process which either continuously repeats the action a or continuously repeats
the action b.

We have presented the syntax of IMC according to [Her02]. In [BHOQ] the au-
thors have used a different syntax, where the two aspects mentioned above —
definitions of variables and definitions of behaviour — are separated. The exam-
ple from above X :=a.X +Y :=b.Y will be written in the syntax from [BH00]
as a set of definitions [X = a.X,Y = b.Y] and the IMC expression determining
the behaviour X + Y. Both variants of syntax are semantically equivalent. We
have chosen (and subsequently extended) the syntax from [Her02] for technical
reasons.

Semantics of IMC

The interleaving semantics of IMC is defined in Table using Structured
Operational Semantics (SOS) in the style of Gordon Plotkin [Plo81]. There
are two kinds of transitions — “interactive” or “action” transitions denoted by
solid arrows and “exponential” (“Markovian”, “delay”) transitions denoted by
dashed arrows. It can be proved by induction of a transition derivation that

from E -5 E' for a € Act U {r} or E 2 B for A € R* follows that E' as

an IMC expression as well. We will sometimes skip decorating a transition by
a corresponding action name or delay rate and denote the fact that there exists
a transition from F to E’ simply by £ — E’.

We will say that an IMC expression FE,, can be reached from another IMC
expression E7 in case there exists a sequence of transitions F; — FE;;; for

1 <i<mn,n>1 We can denote the fact of the existence of such sequence of
transitions as E; — F,,. We can also say that F, is reachable from FEq, is a

derivative expression or a derivation of . We will also call in the following an
IMC expression E and its derivative expressions states, as it is usual for state
transition systems. In fact the semantics of IMC is defined in terms of labelled
transition systems (LTSs) [Plo81] of a special kind.

The semantics of an IMC expression is defined as a set of all interactive transi-
tions and a multiset of all Markovian transitions derivable for it and its deriva-
tive expressions from the SOS rules in Table This means that we need
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to take into account all derivable Markovian transitions, but only one of each
kind of derivable interactive transitions. For example, X := a.X + a.X has ex-
actly the same semantic model as X := a.X but the semantics of the expression
X := (N).X + (N).X is not the same as of the expression X := (A).X. We will
explain the difference between interactive and Markovian transitions in the next
section.

Another unusual feature of IMC semantics is the condition F = which means
that there is no IMC expression F’ such that the transition F — F’ is derivable

from the rules in Table 222l This condition is needed in order to ensure the
mazximal progress assumption (see explanation below). It is always decidable
whether F = for an arbitrary IMC expression F due to the guardedness of
variable occurrences by either action or delay and the requirement that every
variable is defined — see the requirement of the weak guardedness and closeness
in rules (7)-(9) in Table This refers of course also to transitions decorated
by any other action name or delay, i.e. it is always decidable whether F' % for
all € Act or a € R*. The state E’ such that £ - E’ for « € Act U {7} or

E-2+ E for a € R is uniquely defined for fixed F and « or F and A.

Note that a structural congruence is not defined for IMC expressions, but is
rather “incorporated” into the SOS rules of IMC. Thus, the rules (3) and (4) for
action-transitions and the rules (11) and (12) for delay-transitions in Table
express that for two summands their order of appearance does not matter, which
is a typical equivalence in the structural congruence [Mil99]. The same refers to
the order of parallel processes (rules (4) and (5), (13) and (14)). For recursion
unfolding (rules (9) and (16)) the structural congruence rules usually state that
the behaviour of a process with and without recursion unfolding is the same,
and this is also the case for the rules (9) and (16). However, due to the specifics
of IMC syntax we need to do recursion unfolding before executing some prefix
from the process definition. From the semantic rules (9) and (16) we can see
that variable definitions are replicated after their unfolding.

It has been proved in [Her02] that IMC expressions have finite semantic mod-
els. The intuitive reason for this is that the parallel operator is always applied
“on top” of variable definitions. As a consequence no new processes can be
“spawned”: for example, the process X := a. X 1l b.X is not allowed. An IMC
process can therefore only repeat the same behaviour patterns and its semantics
is finite. The restriction on application of the internalisation operator is also
necessary in order to ensure finiteness of semantic models: for example, the
process X := hide ) in a.X has the infinite semantic model due to the repetition
of the hiding construct after each transition.
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aE - E (1) (\).E-2+E (10)
E5F E-*E Fh
E+F 25 E @ E+F-2+FE )
F 25 F F-2~F EL
E+F 25 F ®) E+F-2+F 12)
E-LF agA ” E-2o g FZ a3)
EnAl F 2 E' WAl F E 1A F*?\**» E' 1AW F
F2 F agA - A EZ 14)
EnAl F 2 EnAn F E AN Fﬁ)\ff»EnAn F’
EE  F2F  acA
6
EuAn F 25 E'wAn F/ (6)
E25E adgA B
7 15
hide A in E — hide A in F’ (7) hide A in E -2~ hide A in E' (15)
E- E ac A
8
hide A in E - hide A in E’ (®)
E{X:ZE/X}i)E/ E{X =E/X ”)\”*EI
o PR (16)

X.—E-SF X.:=E->+F

Table 2.2 — Structural Operational Semantics of IMC: a € Act U {7}, A € RT,
X € Var, A C Act.

An example of an IMC system together with it’s semantic model is shown in
Figure (with a simplified syntax for better readability). We have two systems
S and C (for example, a server and a client) which are synchronising. They
execute together the action a and then need some time to process information
internally before the next interaction becomes possible. There are two different
behaviours for a client — if Ay > A9, then we will have one faster information
processing and one slower processing for a client. Remember that a higher rate
for an exponential delay means a lower expected delay’s duration. The server
cannot influence which kind of internal processing the client will have.



2.1 IMC calculus 19

C=C = a()\l)C’ + a()\z)C S=S := a()\3)S

___________________________________________

/
—————®— - - -
\

Figure 2.2 — Syntax and semantics of IMC process C := a.(A1).C +a.(A2).C 1
anS:=a.(A3).S.

Interactive and Markovian transitions

Let us shortly discuss the main differences between so-called “action”- and
“delay”-transitions in IMC. The exact number of action-transitions with the
same action name from one state in an IMC system to another state does
not have any importance for the semantics. This is totally different for delay-
transitions: all delay transitions are important for determining the complete
semantics of IMC. The reason is that we can compute the probability of taking
a transition to another state in a correct way only if we know all delay transitions
possible for the initial state.

Take as an example the IMC expression (A1).a.0 + (A\1).a.0 + (A2).b.0. The
probability to take a transition into the state a.0 is then equal to (A; + A1)/ (A1 +
A1 + A2) and the probability to take a transition into the state b.0 is equal to
A2/(A1+A1+XA2). The reason is that the time until the state (A1).a.04(A1).a.0+
(A2).b.0 decides to “move on” is given by the minimum of all transition delays,
which is as we have seen above exponentially distributed itself with the rate
equal to the sum of rates of all outgoing transitions: A\; + A1 + A2. In a similar
manner the minimum of two A;-transitions is exponentially distributed with the
rate A1 + A1. The probability that one exponential delay completes before the
other one can be determined as the ratio of the rate of the first exponential
delay and the cumulative rate, therefore we get (A + A1)/(A1 + A1 + A2) as the
probability to move to the state a.0.

From the discussion above we can conclude that in case there are several delay-
transitions between two states, they can be substituted by one transition with
the rate equal to the sum of rates. In the example above, the process (A;



20 Setting the scene

2).a.0 + (A2).b.0 is equivalent to the process (A1).a.0 4+ (A1).a.0 + (A2).b.0.

Probabilistic choices in IMC are thus characteristic for choosing among several
delay transitions. In most other cases (between two interactive transitions,
between an interactive transition and a Markovian transition) the choice in
IMC is done nondeterministically, but there is one important exception — the
principle of mazimal progress. The maximal progress is the only case in IMC
in which actions and delays influence each other.

The maximal progress assumption requires that if an internal action and a delay
transition are enabled at the same time then the internal transition is chosen for
execution. An intuitive justification is that internal actions are always executed
“on their own”, i.e. never synchronise, and are immediate; so there is no reason
for a system to delay something that can be done immediately. On the other
hand, a Markovian transition never executes after exactly 0 time units, it always
takes some time before it “fires”, therefore the internal transition always “wins”.
An external action can be on the other hand blocked by the environment, so its
immediate execution cannot be guaranteed.

We have already mentioned that IMC has an interleaving semantics. This means
that non-synchronising actions of two parallel processes can be executed in any

order. For example, we may have both a.0 i b.0 = 0 10 b.0 L0001 0
and 2.0 10 b.0 - 2.0 1P 0 = 0 @i 0. From the SOS rules in Table

follows that the same holds for delays instead of actions.

In fact, interleaving semantics for delays is in concordance with the properties of
exponential distribution, in particular, the memoryless property. Take as an ex-
ample the process (A1).a.0 nan (A2).a.0. According to the interleaving semantics,

the only possible executions for this process are (A1).a.0 nai (Az).a.0 A0
ai (Az).a.0 22 3.0 121 2.0 =5 0 nan 0 and (A1).a.0 nan (A2).a.0 e (A1).a.00

aina.o S a.0 nana.0 — 0 nan0. This would mean, that the fact that

the delay-transition with the rate A1 has completed its execution does not in-
fluence the duration of the second delay transition — it is still exponentially
distributed with the rate A5. The situation is similar if the transition with the
rate A\g has completed first — then the process (\1).a.0 can just proceed with the
Ap-transition. Such simplicity in interleaving of delay transition is due to the
memoryless property of exponential distribution: the already passed time does
not influence the expected transition duration and the form of time distribution
until the event occurs.
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2.1.3 Nondeterminism and probabilistic choices in IMC

Design choices in IMC

We will discuss in this section the differences between IMC and other stochastic
process calculi that have a similar expressive power. This will also give us some
insights into the SOS rules of IMC systems that have been defined in Table
An overview of design choices made for widely used stochastic process calculi
can be found in [BHOO] and [KSO08].

One of the design decisions in constructing IMC was a choice of synchronisation
model. There are two main synchronisation models that have been used until
now: so-called CCS synchronisation [Mil80] and CSP synchronisation [Hoa85)].
In the first case only two explicitly denoted actions can synchronise with each
other (for example, a and a), while in the second case any number of actions
can synchronise — this is clearly the case for IMC. The second case allows for
more flexibility in building bigger systems from smaller ones, but it also harder
to analyse, as we will see below in the definition of Pathway Analysis for IMC.

Some difficulties in understanding IMC semantics may arise from the fact that
there is no explicit distinguishing between external and internal choice in IMC.
An external choice is the one that is made by an external environment. This
is modelled in IMC as a possibility of blocking some actions that have to be
synchronised. An internal choice is made by a scheduler independently of the
environment. Internal choices can be modelled in IMC as choices between
actions with the same action name. The rest of the situations (i.e. choices
between several external actions with different names none of which is blocked by
the environment) may be interpreted as external or internal choices, dependent
on possible environments that we might not know yet.

Probably the most important design choice in IMC concerns the nature of in-
teractions between actions and delays. At the time of the creation of IMC there
had already been proposed a number of stochastic calculi. The most well-known
example is probably Performance Evaluation Process Algebra (PEPA) [Hil96].
In PEPA each action has a rate. There are “active” actions, whose duration
is exponentially distributed with their rate, and “passive” actions whose rate
is infinite. Active actions can be executed on their own with their own rate.
Passive actions on the other hand cannot be executed in isolation, but only in
synchronisation with active actions; the joint execution has the execution rate
of the active action. If there is more then one passive action which is executed
simultaneously with an active action, the joint execution rate is still defined by
the active action in the same way.
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A question arises what happens if two or more active actions are executed simul-
taneously — and that can happen according to the semantics of PEPA. In this
case the joint rate of two or more active actions is assigned to be the minimum
of all their rates [Hil96]. The intuitive explanation that the authors of PEPA
have proposed is that simultaneous execution of two actions is not the same
as two totally independent executions, where we just wait for both of them to
complete. In the last case we would have a random variable which is not expo-
nentially distributed anymore, because the class of exponential distributions is
not closed under maximum. We would rather get a random variable that is gov-
erned by a phase-type distribution [0’C99]. In PEPA it is assumed instead that
two processes develop together, and they do it with the tempo of the slowest
process. This is similar to a situation where two runners are “chained” together,
so they can only run with the speed of the slowest runner.

Other possibilities have been proposed in other stochastic process calculi, for
example, multiplications of two rates (sometimes called “mass action law”) in
MTIPP [HR94] and in the variant of PEPA for modelling biomolecular systems
[CGHO5]. This solution can be easily understood if one of two actions partici-
pating in a transition is considered as “passive” and its rate as a “scaling factor”
for the rate of the active action. Multiplying two rates if both actions are “ac-
tive” can be understood in the context of biochemical reactions as multiplying
current concentrations of reactants with each other. In PEPA the result of the
multiplication is additionally multiplied with a rate denoting the “speed” of the
reaction [CGHO5].

It is also possible just to assign combined rates to all sets of synchronising actions
with rates (for example, saving them in a separate data structure), but this is
also not the best solution, as it may violate the principle of compositionality —
the main advantage of describing systems by process calculi instead of directly
by labelled transition systems. We can conclude this short overview of the
formulas for combining rates with a remark that it is assumed in general that
there is no “best” combining function but the function used for combining rates
should depend on the application area.

In IMC it is assumed instead that two synchronising actions are not executed
jointly “the whole way”, but rather “check” with each other. Synchronisation
itself does not take any time and can be regarded as a moment in time when
several subsystems have reached each a certain state which allows them all to
continue their executions after the check that all processes are “ready”. The
synchronisation is therefore only possible for actions which take no time to
execute, but not for delays which are completely independent from actions. This
design choice solves in some sense a problem of combining synchronisation rates
(there is no need to combine), but it also means that we have an interleaving
semantics and nondeterminism as a natural feature of IMC semantics (there is
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no nondeterminism in PEPA).

Nondeterminism is not only a “curse” for a system (it does lead in general to a
state space explosion and to a much higher complexity of model checking), but
it also creates a possibility of generalisation. In one model we are “synthesising”
many models. Nondeterminism allows to account for, for example, implemen-
tation freedom (each concrete implementation can choose to implement only a
subset of nondeterministic choice alternatives), scheduling freedom (a concrete
scheduler can decide which alternative is chosen in any moment of time) and an
external environment (some alternatives might be blocked by an environment)
[Her(02]. We can therefore reason about many systems by reasoning about one
IMC system, while systems without nondeterminism basically represent only
one system, though necessarily abstracted from some details.

Another design choice that has been made in IMC is only considering IMC sys-
tems with finite semantic models. This is an easily explainable design decision
as it is obviously much easier to work with semantic models which are known
to be finite. The same design choice has been made in PEPA. In [BHO0] and
[Her(2] the ways to achieve the finiteness of semantic models are slightly differ-
ent. In [BHOO] it is required that the parallelisation operator is applied only to
closed IMC expressions, while in [Her02] it is only allowed to be applied on the
highest syntactic level (see Table — this automatically means that it can
be applied only to closed expressions but also that no choice operator can be
applied “on top” of the parallelisation operator. The first variant of restricting
the parallelisation operator is clearly more permissive than the second one. We
have decided in favour of the first variant of restriction in the syntax of IMCC
in Section 3.2 in order to limit ourselves to finite semantic models as well.

Examples of process calculi with infinite semantic models are the well-known cal-
culi CCS [Mil80] and CSP [Hoa8%], the new developments include the BioAm-
bients calculus [RPST04]. In all mentioned examples there are no restrictions
on “spawning” new processes in parallel to already existing ones, so there can
be any number of (similar) processes running in parallel. This leads to in gen-
eral an infinite state space of the labelled transition systems that are semantic
models of, for example, CCS processes. In many cases, however, some of the
states can be merged without information loss, and there can even exist a finite
labelled transition system with the same behaviour as an “original” infinite la-
belled transition system (so-called bisimulation equivalent to it). In this work
we will only analyse finite systems, but our analysis methods can be potentially
extended to some of the systems with infinite semantic models, especially if
there exist bisimulation equivalent to them finite systems.

Recently new developments have been taken place in the area of stochastic pro-
cess calculi with a purpose of creating higher-level formalisms in which widely-
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used stochastic process calculi can be understood as particular cases. This way
of representation can help to compare process calculi with each other, to under-
stand their similarities and differences, and to create new process calculi with
predictable properties. For example, in [KS08] a so-called SGSOS framework
has been developed for defining Markovian stochastic transition systems called
Rated Transition Systems. This work is based on the developments from [TP97].
It was shown that the operational semantics of, for example, PEPA [Hil96] and
stochastic m-calculus [Pri95] can be formulated as Rated Transition Systems. A
number of further stochastic process calculi can be also defined in the SGSOS
framework. An important result is that stochastic bisimilarity is guaranteed to
be a congruence for Rated Transition Systems, i.e. we get a method of defining
process calculi with guaranteed congruence properties.

In [NLLMO9b| so-called Rate Transition Systems have been introduced as basic
models for stochastic processes. In Rate Transition Systems there are rates as-
sociated with all state, all executable actions, and sets of possible next states.
Stochastic extensions of both CCS and CSP can be formulated as Rate Tran-
sition Systems that preserve the associativity of the parallel composition. Rate
Transition Systems have been subsequently generalised to Function Transition
Systems.

IMC and CTMDP

Many stochastic process calculi (for example, PEPA) have CTMCs as their
semantic models. As we have already mentioned, the situation is more com-
plicated for IMC. As it is often pointed out in the literature, the semantics
of IMC is similar to the semantics of Continuous-Time Markov Decision Pro-
cesses (CTMDPs), but there are also some differences. CTMDPs have only one
kind of transition. Each transition has an associated action name and a set of
transition rates to other states. The idea is that firstly a scheduler chooses an
action name among all enabled transitions and then a transition to that state
takes place whose associated delay completes first.

See an example of a CTMDP in Figure Note that we do not use any state
names — they are not necessary, as a state is fully characterised by its transitions
as in IMC. Basically CTMDPs can be understood as IMCs where interactive
(i.e. with only interactive transitions) and Markovian states (i.e. with only delay
transitions) strictly alternate, initial states are interactive, and absorbing states
have only Markovian incoming transitions.

In [Joh07] the question of transforming IMC systems into CTMDPs has been
thoroughly considered. Such conversion can be useful as CTMDP is a better
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Figure 2.3 — Example of CTMDP used in [BHKHO03].

studied performance model than IMC. The premise is that an IMC system is
free from interactive cycles, i.e. it is not possible for a system to have an infinite
path consisting of only interactive transitions. Such behaviour is considered
unrealistic [Joh(07] and therefore it can and should be avoided.

The transformation is done in several stages: an IMC system is converted firstly
into an Alternating IMC (IMC with no hybrid states, i.e. states that both have
at least one Markovian and at least one interactive transition). The latter is
then converted into a Markov Alternating IMC (alternation of interactive and
Markovian transitions is achieved by inserting 7-transitions), which is in turn
converted into an Interactive Alternating IMC by “compressing” sequences of
interactive transitions into single transitions. The result of the conversion is
a CTMDP, which has a corresponding state for any state in the original IMC
system except for those interactive and non-initial states in the original IMC
system that do not have any Markovian predecessor state.

The transformation preserves the timed probabilistic behaviour [Joh(7], but it
is non-compositional. Transformation results for “smaller” IMCs cannot be
reused for “bigger” IMCs [Joh07], because the maximal progress assumption
is also applied to external actions and not only to the internal action during
the transformation. This is justified by the assumption that we are transform-
ing only “ready” or “closed” systems where the environment has already been

integrated [Joh(07].
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2.2 Pathway Analysis

The main contribution of the thesis is applying Static Analysis methods to sys-
tems representable in a version of IMC. Static Analysis methods have been
first developed for analysing programs without executing them (e.g. [NNH99]):
hence the name — static (program code) in contrast to dynamic (program exe-
cution) analysis. It has been established that many interesting properties could
be extracted from a program text alone.

In many cases precise analysis results are unobtainable or too expensive to
compute in the sense of complexity, but acceptable “over-approximations” or
“under-approximations” (also called “safe” results) can be computed instead.
That means that results that we can compute from a program text “contain”
in some sense the correct results, but in general also include incorrect results
(over-approximation) or “contain” an in general strict subset of correct results
(under-approximation). We may get therefore sometimes “false positives” but
no “false negatives”, or the other way round — mistakes in only one direction
make Static Analysis results useful. Static Analysis methods have shown them-
selves so advantageous in the area of program analysis that they have been
transferred to other areas as well — in particular to the analysis of systems
described by process calculi.

In the following we will shortly describe one Static Analysis method — Data Flow
Analysis [NNH99]. Consequently we will give an account of its application to
process calculi, in particular, to CCS [Mil80] and BioAmbients [RPST04]. A ver-
sion of Data Flow Analysis applied to BioAmbients has been named “Pathway
Analysis” by association with “pathways”, which are development sequences in
biology [NNPRO4]. Our own method is an adaptation of a Data Flow/Pathway
Analysis to IMC systems, even though we subsequently post-process our anal-
ysis results in order to answer more complex questions than has been done
before.

2.2.1 Data Flow Analysis as a program analysis method

Data Flow Analysis is a form of Static Analysis which is a well-known method
of program analysis, being one of the so-called Formal Methods for analysing
programs [BIMO3]. The idea is to deduce some information about program ex-
ecutions based on the program text alone without actually executing it. The
advantage is that each program text is finite while its execution can run for-
ever. Therefore we can always check the program code for mistakes but we
cannot always check the program at run-time. Moreover, all interesting, i.e. non-
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Figure 2.4 — Static Analysis and variable’s values.

trivial, program properties are undecidable [HMUQ6], therefore methods similar
to Static Analysis are needed if we would like to obtain at least “safe” if not
precise answers. Static Analysis works on reachable configurations (i.e. states
of memory and registers) which are finite even for infinite program executions
and in general either over- or under-approximates them.

Traditionally program analysis has been used for optimising compilers. One
of the purposes was to determine whether two syntactically different programs
always return the same outputs on the same inputs [NNH99]. To this end Static
Analysis methods have been used, for example, in order to determine variables’
values or relations between values of several variables: for example, whether
x < y always holds for two variables x and y. See a typical relation between
Static Analysis results and actual values of some variable (that can be different
for different program inputs) in Figure — in this case Static Analysis over-
approximates a variable’s possible values.

In the last decade Static Analysis has become a popular method for verification
of security properties of programs [CM04]. Namely, Static Analysis methods are
constructed in such a way that if they return “yes” then the program is secure
and if they return “no” then the program might be insecure. Static Analysis thus
under-approximates the security properties of the program. See the schematic
presentation of this situation in Figure [2.5] If a Static Analysis method returns
“no” then the programmer should debug the program with another methods
or rewrite potentially unsafe parts of the program and apply Static Analysis
methods again.

A broader understanding of Static Analysis methods has led to their acceptance
in other domains than conventional program analysis — in particular, in the
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Figure 2.5 — Static Analysis and program security properties.

analysis of process calculi which we are doing in this thesis. In this section we
will shortly present the Data Flow Analysis method. For other program analysis
methods, e.g. Control Flow Analysis, see, for example, [NNH99].

Data Flow Analysis tracks how the data (mostly variables) changes from one
program point to another one. The initial stage in Data Flow Analysis is as-
signing to each program block (usually each program command) a unique label.
The purpose of performing Data Flow Analysis is to associate with each label
an information describing executional status (e.g. the state of the memory and
registers) of the program when the program counter has moved past the cor-
responding program block. This means that the information should correctly
describe the state of the memory and the registers also in case the program block
will be executed many times, infinitely often or never in a concrete program run.

Clearly it is not always possible to obtain exact information characterising a
program block: for example, the block in question might be executed many times
and the variables used in it might have different values during each execution.
Some Static Analysis methods unfold a loop 1-2 times in order to achieve higher
precision, but they do not unfold the loop until the looping condition changes
for performance reasons. Another source of imprecision is that values of some
variables might not be known in advance, for example, are obtained from the
user input. Moreover, there can be some complex conditions in a program for
execution of some program blocks which cannot be checked with Static Analysis
methods, therefore it cannot be determined whether a particular program block
will be executed or not.

As a consequence, a variable’s possible values returned by Static Analysis are
usually represented by elements of a complete lattice, with the lattice’s ele-
ments representing more and more imprecise information. If two different bits
of information (e.g. two different values of the same variable during two different
program executions) need to be merged then their least upper (or greatest lower,
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depending on the analysis purpose) bound has to be taken. It is usual to work
with Moore families which represent the chosen steps of losing the precisions
while merging several informations. See a formal definition of these concepts
below. For a more detailed explanation see [NNH99).

Definition 2.2. A partial order (S, <) is a set S with a reflexive, transitive and
antisymmetric binary relation < defined on it.

For a subset Y C S its least upper bound | |Y is the smallest upper bound of Y,
i.e. the smallest element which is equal or bigger than any s € Y. Similarly the
greatest lower bound [ Y of Y is the greatest element which is equal or smaller
than any s €Y.

A complete lattice is a non-empty partial order where each set of elements has
the least upper and the greatest lower bound.

A Moore family is a subset S" of a complete lattice which is closed under the
greatest lower bounds: for all S C S" holds []S"” € S’.

Let us have a look at the following example. If the information we are tracking
is the value of the variable x, then we might have the following elements in the
complete lattice, with their ordering determined by interval inclusion relation:
[0,0], [1,1], [-1,-1], [0,1], [-1,0], [-1,1], [0,400), (—o0,0], (—o0, +00). If we
only know that, for example, 3 < x < 5 then we need to write x € [0, +c0). Due
to the complexity of computation we might even not be able to know anything
about the value of x; then we will need to write x € (—o0, +00).

For the starting/finishing program points the values are usually assigned and for
the rest of program points they are computed with the help of so-called transfer
functions. Transfer functions indicate how the values in the successive/preceding
program blocks depend on the values in the current block.

Let us take as an example the following program fragment:

[x := some_function();]"

[x:=x+1; ]52

We have the following transfer function £ (x) — ¢3(x):

1(x) = [0,0] = £2(x) = [1,1]

61(x) = [1,1] = £a(x) = [0, +09]
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l1(x) = [—00,0] = f2(x) = [—00, +00] etc.

For monotone transfer functions, a complete lattice of values that are assigned
to program blocks and a program with all program blocks being reachable there
exists the best solution, i.e. the best assignment of values from the lattice to the
labels denoting program blocks [NNH99|. It is a least fixed point of the transfer
functions. The least fixed point can be computed as a Kleene fixed point if
the transfer functions are continuous — it is equal to the least upper bound of
the transfer functions’ applications to the least element of the complete lattice
INNH99).

2.2.2 Data Flow/Pathway Analysis of process calculi
Monotone Framework and its application to process calculi

Data Flow analysis has been applied to process calculi, in particular to CCS cal-
culus (see [Hoa89]), for the first time in [NNO7]. Until then Data Flow Analysis
has mainly been applied to imperative languages and the usual Static Anal-
ysis methods for analysing process calculi had been type systems [NN99] and
Control Flow Analysis [BDNNOS], [NRNPdR07]. There is an obvious difference
between imperative programming languages and process calculi, namely, there
is no clear distinction between data and commands in the latter. Some adjust-
ments therefore were needed in order to transfer Data Flow Analysis techniques
to process calculi.

The idea is to generalise Data Flow Analysis of programs to the Monotone
Framework, which can often be simplified to a bit vector framework [NNOT].
In this framework the information can be described in a binary way, i.e. some
elements are present or absent in the current state, and all transfer functions
remove or add some elements to the information about the current state, in-
dependently of other present or absent elements. It is easy to see that such
transfer functions are monotone, and if the state information is described by a
complete lattice, then the least fix-point solution exists [NNO7].

All transfer functions at the program point £ can thus be expressed as
transfery(E¢) = (E\killy) U geny,
with F denoting analysis information at the program point ¢, kill, denoting the

“kill” function that removes/invalidates some elements and gen, denoting the
“generate” function which adds/generates some elements. There is however an
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important difference to the analysis of imperative languages: in the latter we
usually know which are the possible next program points. If, for example, the
only next program point is ¢/ then we would have an equation

Ey = transfery(Ey).

We do not have a notion of the “next program points” in process calculi, where
data and control structures are not separated. Therefore we have to identify
both the next program point(s) and the analysis information that characterises
them from the current information, i.e. £ and ¢ from the previous formula
become the same, as well as transfery(E;) and £. This is only possible if analysis
results for ¢ contain enough information to compute all possible next program
points, also called next states. This is the case for the Data Flow Analysis of
CCS: the analysis information contains (an over-approximation of) actions that
can be “executed” in the next step and this is enough to predict all the possible
next states. The number of the next states is given thus implicitly by a number
of different transfer functions for the analysis information E.

In the Data Flow Analysis of CCS the generate and kill functions are computed
that are the same for all states [NNO7]. In short, the applicability of Data Flow
Analysis to process calculi is due to the fact that we can “predict” all possible
transfer functions from the current analysis information of a state and from
the common generate and kill functions. In this way an (abstract) control flow
graph of a system described by a particular process calculus expression can be
obtained just from the initial configuration and the generate and kill functions
computed on it. Generate and kill functions can be computed “once and for
all” states are characteristic for all process calculi that Data Flow Analysis has
been applied to until now. The method might be extendable also to generate
and kill functions that change after some of the transitions in a certain way, but
this has not been tried yet.

Data Flow Analysis of CCS

In this section we will shortly present the original idea of applying Data Flow
Analysis to CCS process calculus (see [NNO7] or [NNQ9] for the detailed de-
scription). We will use as a running example the CCS process

let C' = (a’*.C' + 7%2.0)[a*.C in C.
This process first “forks” into two parallel processes, the first of which can

execute either the action a or 7 and then restarts with the same behaviour,
and the second process executes the action a and then restarts with the same
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behaviour. The actions a and a can only be executed together according to the
semantics of CCS. See the syntax and semantics of CCS in [Mil80].

Note that in contrast to the original CCS all action names in our example got
labels assigned to them. The labels make the task of defining the Data Flow
Analysis on CCS expressions easier. Usually we start with a uniquely labelled
expression in the syntax of a process calculus, i.e. all labels are different, but
after several semantic steps it is not necessarily the case anymore that all the
derived expressions are uniquely labelled. Our example CCS expression above
is uniquely labelled, but its derivative expression

let C' = (a%.C + r%2.C)|a%.C in C|a%.C|a%.C

is not uniquely labelled anymore. However it is still consistently labelled, which
means that each label has only one action name that it refers to.

The analysis information that describes a particular CCS expression is given
by its ezposed actions, usually denoted by their labels. Those are action/labels
that are prefixes of CCS expressions that can be involved in the derivation of
the transitions according to the SOS rules for CCS [Mil80]. For the running
example expression

let C' = (a®1.C' + 7%2.0)|a%.C in C
the exposed labels are £1, {5 and ¢3, while for its derivative expression
let C' = (a’t.C' + 7%2.C)[a*.C in C|a%.C|a*.C

we have three exposed /3-labels. We can conclude that the number of exposed
labels of the same kind can grow in derivative expressions. Therefore the number
of exposed labels of the same kind is potentially unbounded.

The kill operator and the generate operator are applied to CCS expressions and
return functions on labelled actions. They determine which actions/labels are
killed, i.e. cease to be exposed, and which actions/labels are generated, i.e. be-
come exposed, after the parameter of the function returned accordingly by the
kill or the generate operator has been executed. For our example CCS expres-
sion

let C = (a.C + 7%2.C)[3%.C in C

the execution of the label ¢; will kill both the label ¢; and its choice alternative
{5 and generate the labels ¢1, f5 and £3. The execution of the label {5 has the
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same effect. The execution of the label /5 kills the latter and generates the
labels £1, /5 and /3.

The analysis results of the syntax of the CCS expression running example, i.e. its
exposed labels and the results of the generate and kill operators, can be used by
the Worklist Algorithm from [NNOT7] in order to construct a deterministic finite
automaton that can simulate the semantics of the analysed CCS expression.
This is possible due to the following considerations: first, any exposed label is
executable (enabled according to the terminology from [NNO7]) if it either refers
to the 7-action or otherwise if there is another label which is also enabled that
refers to the complementary action name (for example, a and 3 are complemen-
tary). An issue with one of the labels being hidden and therefore not available
for synchronisation does not arise, as CCS processes with action names with
simultaneous global and local scopes are not allowed for the analysis [NNO9).
Another requirement is that two complementary labels come from two parallel
processes — such labels are called compatible. In order to determine whether
two labels are compatible, an additional operator comp has been defined to
keep track of pairs of compatible labels [NN0O9]. We will continue this line of
thought in our own Pathway Analysis by introducing the chains operator in

Section B.4.4]

As it has been proved in [NNQ9], the generate and kill operators computed on
some CCS expression correctly over- and underestimate accordingly generated
and killed labels on all the derivatives of the CCS expression. Altogether, we get
a safe estimate (i.e. an over-approximation) of exposed labels and can therefore
simulate the semantics of the analysed CCS expression. In order to merge
some of the states created by the Worklist Algorithm, the widening operator
(for merging the analysis information on exposed labels) and the granularity
function (for merging states of the created deterministic finite automaton) have
been introduced in [NNO7]. Merging some of the states is beneficial for obtaining
deterministic finite automata with smaller state spaces and is unavoidable for
CCS expressions with infinite semantic models.

See the automaton created by the Worklist Algorithm for our example CCS
process in Figure [2.6] Every transition is decorated by the labels that are “exe-
cuted” during the transition, i.e. participate in the derivation of the transition.
From the figure it is clear that we have used the granularity function that merges
all label’s multiplicities larger than 1, i.e. we can have only 0, 1 or an infinite
number of label occurrences. The widening operator can be defined accordingly:
if one of the operands has the multiplicity of some label ¢ bigger than 1, then
the result of the application of the widening operator will map ¢ to co. The
number of states in the automaton is less than the maximal possible, which
is 33 = 9. If we would group together all multiplicities larger than 0, i.e. al-
low only 0 and infinite number of occurrences, the automaton would consist
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Figure 2.6 — Finite deterministic automaton simulating the semantics of the
CCS process let C' = (a*.C' 4 72.C)[3%.C in C.

of only two states — the initial state (characterised by the label multiplicities
£y — 00, €y — 0,03 — o) and the states with an infinite number of occurrences
for all three labels.

Note that in our running example the exposed, generated and killed labels are
computed correctly, i.e. they are not over-approximations of the actual exposed,
generated and killed labels. This can be achieved in general if the analysed
CCS expression is uniquely labelled. In case of a non-unique labelling if there
are two different possibilities for the generate operator, then the least upper
bound should be taken; if there are two different possibilities for the kill op-
erator then their greatest lower bound should be taken. This ensures that the
analysis results will be still correct, but possibly less precise than with the unique
labelling. A non-unique labelling can be used in order to reduce the state space
of the automaton constructed by the Worklist Algorithm already on the analysis
stage and also to be able to choose explicitly which actions/labels to equalise
in the analysis. For CCS processes with infinite semantic models the impreci-
sion in the constructed automaton is unavoidable — the states to be merged are
determined in this case by the granularity function.
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Analysis extensions: Pathway Analysis and Modal Transition Systems

The original Data Flow Analysis of CCS has been applied to a number of other
process calculi and has been extended in doing so in several ways. The Pathway
Analysis of the BioAmbients calculus [RPST04] extends the original Data Flow
Analysis in order to be able to deal with the features of the BioAmbients calculus
that are not present in CCS (see [NNPRO4], [Pil07]). In BioAmbients commu-
nication over channels is possible which leads to name bindings; moreover, there
is a notion of ambients that can merge, enter other ambients, etc. In the Path-
way Analysis of BioAmbients an over-approximation of name bindings and of
the spatial structure of ambients (which represent biological compartments) is
“pborrowed” from the results of the Control Flow Analysis [NRNPdR07] which
has to be performed first.

Moreover, in [Pil07] the idea to determine a subclass of well-formed calculi
expressions with the help of derivation rules has been introduced. The Pathway
Analysis is guaranteed to be correct for well-formed expressions, while it is not
necessarily the case for the non-well-formed ones. The advantage of derivation
rules is their relative simplicity, so a calculus expression can be easily proved
on well-formedness by induction on its syntax. We have used the same idea
in order to limit the IMC® expression to the ones on which our own Pathway
Anabésis is both correct and precise (see Table for well-formedness rules for
IMC™).

In [NNNO7] Data Flow Analysis has been applied to the broadcast calculus
bKlaim. The result of the analysis was the construction of so-called abstract
transition systems that are finite abstractions for broadcast networks describable
in bKlaim. The constructed transition systems are called “abstract” because
some of the states in the concrete semantics of bKlaim processes are merged
in the abstract transition systems according to the granularity function. The
processes in bKlaim might have infinite semantic models therefore the use of
the granularity function different from the identity, i.e. a granularity functions
that assigns to one state several different informations on exposed labels, may
be unavoidable.

Formulas in Action Computation Tree Logic (ACTL) [NV90] can be conse-
quently interpreted over abstract transition systems, with the 3-valued results
of the interpretations - “true”, “false” and “unknown”. Combining the interpre-
tations on states to the interpretation of the whole formula occurs according
to the rules of Kleene’s strongest regular 3-valued logic [Kle52]. The “true”
and “false” interpretations of a formula mean that the formula also evaluates
to accordingly “true” or “false” on the corresponding concrete semantic model.
The “unknown” result does not allow to make any conclusion concerning the
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concrete semantic model.

The final result of Data Flow/Pathway Analysis of CCS, BIOAMBIENTS and
bKlaim systems is building a finite deterministic automaton which could simu-
late an original system. In contrast to them the result of Data Flow Analysis of
CCS processes in [NNNOS] is constructing modal transition systems. These are
systems which are 3-valued both in states and in transitions: we have instead
of just presence / absence of an exposed action or transition the possibilities of
may(possibly present) / must(necessary present) / absence(necessary absent).
A modal transition system can be constructed because intervals are used during
the analysis in order to store the multiplicities of exposed actions. Note that this
kind of analysis combines the advantages of both over- and under-approximation
of labels” multiplicities.

Abstracting a CCS system into a modal transition system allows to check not
only safety properties, as in previous works, but also liveness properties. How-
ever in order to be able to create modal transition systems both over- and
under-approximation of exposed actions needs to be performed. Instead of one
number or infinity, the intervals are used in order to keep track of labels’ multi-
plicities. The modal transition system can be then constructed in the following
way: use must-transitions when the interval does not include 0; use may transi-
tion when the interval includes 0 but is bigger than 0, do not use any transition
in case of the “0”-interval. As already mentioned, an additional operator has
been introduced that determines whether two labels referring to compatible ac-
tion names are in fact compatible; it is also determined whether two labels are
just possibly compatible or definitely compatible, which increases the precision.

It has been proved in [NNNOS] that a fragment of Action Computation Tree Logic
(ACTL) [NV90] can be verified on modal transition systems constructed by the
Worklist algorithm on CCS systems: the result is expressed in the Kleene’s
three-valued logic, with 0 expressing “definitely does not hold”, 1 expressing
“definitely holds” and 1/2 expressing “possibly holds”. In the evaluation of
logical formulas the difference between “may” and “must” transitions in modal
transition systems is taken into account.

The Pathway Analysis for IMC that we will present in the next chapter differs
in several ways from the previous work. For the first, we have to deal with a
different synchronisation model. Synchronisation in CCS and BioAmbients in-
volves only two components. Moreover, information about a second component
is implicitly encoded into the action name: for example a and 3 are synchronis-
ing with each other, b and b etc. In IMC the number of synchronising actions
can vary, even for the same action name. Moreover, we adopt a more permissive
syntax of IMC which allows the number of synchronising actions to grow with
the time. To deal with the first situation we will introduce another Pathway
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Analysis operator, the “chains” operator. The second situation will be ruled
out by our well-formedness condition.

Another difference of our own Pathway Analysis to the Data Flow/Pathway
Analyses of process calculi which have been conducted before is that we limit
ourselves to finite systems and we aim to achieve the exact modelling on the
analysis stage. We do not use therefore an operator (i.e. a granularity function)
for merging states. Future research can consist in extending our methods to
infinite systems while using either a granularity function similar to the one
in [NNO7] or another methods for merging states. For example, we could merge
first all bisimilar states together and then merge “more similar states” together
before merging “less similar” states, depending on the number of states to which
we want to reduce the automaton build by the Worklist Algorithm.

2.3 Model Checking of IMC

Model checking of IMC systems and systems similar to IMC in their expressive-
ness is currently a “hot topic” and a dynamically developing area of research.
We will give here a short overview of the recent advances in this area. The rea-
son for giving such an overview is that in this thesis we have looked into several
questions which are usually either solved by model-checking methods (reachabil-
ity, timed reachability) or can be considered as the first phase of model checking
with the purpose of minimising the system that has to be verified (constructing
bisimulation relations), so it might be interesting for the reader to compare our
methods to the state-of-the-art. In fact, even if we do not treat the whole range
of model checking problems on IMC systems with our methods, we are confi-
dent that Static Analysis techniques can be useful in answering many questions
related to model checking.

Verification of a system usually starts with deciding which properties should be
checked. The latter are often established by the choice of a particular logic.
For CTMC-systems, for example, the usual choice of a logic is the Continu-
ous Stochastic Logic or CSL [ASSB00]. The CSL is usually considered to be a
continuous-time analogue of CTL ( Computational Tree Logic) [CES86] or PCTL
(Probabilistic CTL) [HIJ94]. CSL contains two kinds of logical formulas: state-
formulas and path-formulas. The logic is very powerful: for example, state
formulas can specify intervals of probabilities of taking paths with properties
expressed by path formulas. Path formulas can specify time intervals for the
first transition on a path and until the states with some predefined properties
(expressed by state formulas) are reached. Also steady-state probability inter-
vals are expressible in CSL. The computation of the sets of states satisfying CSL
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state formulas is relatively easy if the path formulas with probability intervals
that are contained in the state formulas are checked beforehand. The latter is
however not an easy task in general.

CSL has been model-checked over Continuous Time Markov Chains using the
uniformisation technique in [BHHKO3]. The uniformisation is performed in the
following way: a constant rate e is chosen that is bigger or equal to the highest
exit rate (the rate of leaving a state) in the system and each state with an exit
rate, for example, r is equipped with a self-loop with the rate e — r. Then
all the states will have the same exit rate. Consequently transition rates can
be substituted by the probabilities of transitions. There are efficient iterative
methods for computing transient probabilities. Finding steady-state probabili-
ties requires the reachability analysis and solving linear equation systems.

For CTMDPs and IMC systems (that can be understood as a generalisation
of CTMDPs) the situation is more complicated. There are non-deterministic
choices that have to be resolved before the verification of, for example, CSL
formulas. The problem that is often posed is to compute either the minimum
or the maximum probabilities to reach a set of goal states in some non-empty
time interval: for example, the minimum or the maximum probability to reach
a state s within the time between 1 and 2 time units since the start of the
system in the initial state. Non-deterministic choices are resolved by a so-called
scheduler (also called policy or adversary, see, for example, [BKO§| or [NSK09]).

Instead of having one fixed scheduler for resolving non-deterministic choices
often the whole class of schedulers is considered. The most powerful class of
schedulers for CTMDP systems contains history- and time-dependent schedulers.
Those are schedulers that resolve non-determinism based both on the states that
have been passed “on the way” to the current state from the initial state, and on
the time that was spent on each of the transitions — the whole history including
time is assumed to be known to the scheduler. The opposite of history-dependent
schedulers are history-independent schedulers that do not know which states
have been passed “on the way”; the opposite of time-dependent schedulers are
time-abstract schedulers that do not know how much time has passed since the
system has started in the initial state.

For globally uniform CTMDPs (with the same exit rate in each state) the CSL
model checking is easier than in general case (see [BHHT09]). However IMC
systems in general do not give rise to globally uniform CTMDPs. In order
to transform non-uniform CTMDPs or IMC systems into uniform ones, some
additional transformations, similar to the uniformisation of CTMCs which has
been described above, are necessary. Uniformisation of IMC systems can be
done in a compositional way: parallel composition, action hiding and strong
bisimulations preserve the uniformity [Joh07]. For the parallel composition the
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exit rate of all states in the resulting system E nAn F' is equal to the sum of
the exit rate of the states in E and the exit rate of the states in F'; in the other
two cases the exit rates do not change.

These transformations however may lead to losing some of the information on
time. For uniformised IMCs and CTMDPs that have not been uniform from
the start, the model checking of CSL formulas for time- and history-dependent
schedulers is not exact in general. This class of schedulers is strictly less powerful
on uniformised systems, which means that the best reachability time computed
on a uniformised system can actually be worse than the best reachability time
achievable on a non-uniformised system [BHKHO05]. The example CTMDP in
Figure has been taken from [BHKHO5] where it was used in order to show
that the expected time to reach the absorbing state is strictly smaller in the
uniformised than in the non-uniformised system in the class of time- and history-
dependent schedulers. This issue does not arise in CTMCs: computations of
timed-bounded reachability on uniformised and non-uniformised CTMCs lead
to the same results.

Without uniformisation the computation of the minimum or maximum proba-
bilities of reaching any of the goal states over all time- and history-dependent
schedulers requires solving an integral equation system over the minimum or
maximum of functions, and this is not tractable [NZ10]. The alternative that
has been proposed in [NZ10] is to discretise the time, i.e. divide the continuous
time into small time slices and characterise the behaviour of an IMC system dur-
ing one time slice. The generated discrete system is called in [NZ10] Interactive
Probabilistic Chains (IPC): instead of rates it has now probabilities character-
ising the former Markovian transitions which are the probabilities to take the
transitions within one time slice. Consequently the interval-bounded reacha-
bility problem for a constructed IPC has to be solved. It has been proved in
[NZ10] that probabilities computed on IPCs converge to the probabilities in the
corresponding IMCs with the diminishing of time slices. IPCs have probabil-
ities instead of time, as their name suggests, therefore solving the reachability
problems for them is easier — it is solved in [NZ10] by a modification of the
value-iteration algorithm.

Besides uniformisation and discretisation, another commonly used technique in
the model checking of IMC systems is abstraction. For example, after uniformi-
sation some of the states can be merged and the probabilities of transitions
into states which are to be merged can be abstracted by intervals of proba-
bilities which contain all the abstracted probabilities [KKLWO07]. Interactive
transitions into states to be merged can be in their turn abstracted by may-
and maust-transitions [KKNQ09]. Approximations can be applied also during the
model-checking phase: for example, in [BHKHO5] the approximation algorithms
for time-abstract but history-dependent schedulers are using history only up to
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a certain depth.

Another kind of abstraction which can be used for CTMDPs is abstracting them
as continuous-time stochastic two-player games (CTSTPG). Concrete states in
the original systems can be partitioned into a smaller number of abstract states.
The intervals for the minimal and maximal probabilities to reach a set of goal
states under some time constraints can be computed on the resulting abstrac-
tion, i.e. the interval in which the actual minimal probability is contained and
the interval in which the actual maximal probability is contained. The coarser
the abstraction, the larger are the intervals — if the intervals are considered to be
too large, the abstraction can be refined, i.e. a finer partition of concrete states
into abstract states can be used. It is even possible to predict which abstract
states to subdivide in order to achieve a quick precision improvement. For now
this technique has only been implemented for MDPs and their corresponding
stochastic two-player games (STPG) [KNPO6].

Model checking is mostly done for properties related to state labellings, but for
process calculi it is often more natural not to connect the checked properties
to the states. The reason is that for systems describable in a particular pro-
cess calculus the properties of states are defined though all the transitions that
can be taken from them and through the other states reachable from them.
Consequently the states usually do not have any additional atomic propositions
associated with them. For such cases other kinds of temporal logics can be used,
for example, ACTL, ACTL* [NV90] or ACSL [HKMKS0(] logics (A stands for
“action”). The logic of ACTL has been mentioned in Section because a
fragment of it can been verified (in the 3-valued Kleene’s logic) on the modal
transition systems created by Data Flow Analysis. It is possible to do a transla-
tion from ACTL to CTL and from ACSL to CSL formulas [HKMKS00] (which
also involves a translation from action-labelled to state-labelled transition sys-
tems), but it often requires less effort to model-check ACTL or ACSL formulas
directly.

There are also more “general” modal logics that can be interpreted over all la-
belled transition system — therefore also over Structural Operational Semantics
of IMC systems. They do not have means to express probabilities or timed prop-
erties, but there exist on the other hand efficient algorithms for model checking
of properties expressible in them. The Hennessy-Milner logic [HMS85] fully char-
acterises observational equivalence of two processes which are image finite —
i.e. if each process has finitely many transitions decorated by the same action
name. See Section for a more detailed discussion of observational equiv-
alences which are also called bisimulations. The Hennessy-Milner logic with
recursion (see, for example, [Lar88]) admits recursively specified formulas and
the minimal and maximal interpretations of the formulas. The Hennessy-Milner
logic with recursion is very expressive and can be understood as a reformulation
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of the p-calculus [Koz83] (also called modal p-calculus). The latter is equipped
with a least fixed point operator p and is strictly more powerful than, for exam-
ple, the Hennessy-Milner logic, the temporal logics CTL [CES86], LTL [Pnu77],
CTL* [EH86], etc.
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CHAPTER 3

Pathway Analysis of IMC

3.1 (General description

In this chapter we will introduce the Pathway Analysis of IMC systems which
will be the basis for our developments in the rest of the thesis. We start by
deciding on the syntax of IMC to be used further on. In order to simplify the
proofs about the correctness and precision of our version of Pathway Analysis,
we integrate the requirement that all valid IMC expressions should be guarded
in order for their semantics to be well-defined directly into the syntax. Therefore
we call our version of IMC syntax the guarded IMC or IMCC.

On the other hand, we seek to increase the compositionality of the syntax of
IMCC. Therefore we have dropped the requirement that the internalisation and
parallelisation operators are applied exclusively at the highest syntactic level —
these operators had to be applied “on top” of the other syntactic constructs in
the syntax of IMC in [BHO0] and [Her02], see Section However, allowing
internalisation and parallelisation not only at the top syntactic level might lead
to infinite semantic models which are not considered to be IMC systems [Her(02].
We have therefore introduced additional so-called well-formedness conditions
for excluding cases with infinite behaviour (actually, we are also ruling out
some cases with finite syntactic models, for the sake of simplicity of the well-
formedness conditions). Well-formed IMC® expressions have finite semantic
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models, and this means that they represent IMC systems [Her02]. On the other
hand, any system written in the IMC syntax from [Her(02] satisfies our definition
of a well-formed IMC® expression (apart from labels).

Another important enhancement in the syntax of IMCS compared to the syntax
of IMC is that we have added labels to all the action names and delay rates
in the syntax of IMC®, similarly to the developments in [NNO7] for the CCS
calculus. This is done in order to differentiate between different occurrences of
the same action name in the syntax. For example, in X := a.X 4 a.b.X we have
two occurrences of a with different behaviours. By assigning labels to them we
can specify which of the occurrences is meant: for X :=a®. X +a®.b%. X we
could explicitly specify whether we mean a‘* or a‘2.

Moreover, semantic transitions become decorated by the labels of action names
or delay rates that participate in the derivation of the transition through the
prefix rule. We have adopted this feature from [NNOT7] as well. It is reminiscent
of the transition decoration by the information on the derivation tree in [Pri95],
as we are also recording transition derivation trees in a concise way, but we do
not record unused information. An advantage of decorating transitions with
labels is that information on labelled action names or delay rates that give
rise to the transition is explicitly recorded. This is especially advantageous for
especially well-behaved IMCY systems called “IMC® programs” (see Definition
. In their semantic models different transitions (i.e. with different derivation
trees) have different labels decorating them. Therefore we can deduce the effect
of the transition from an expression, i.e. we can unambiguously determine E’ for
which E =+ E’ holds from knowing E and C, with C recording the labels that

C
have been examined during the transition derivation. Moreover, multirelations
for delay transitions always consist of just one relation because all the outgoing
transitions have different labels decorating them.

In Section we develop the Pathway Analysis for IMCS. We have called
our analysis the Pathway Analysis because it is closely related to the Pathway
Analysis of BioAmbients [NNPR0O4, [Pil07] where it was used in order to infer
information on biological pathways. The Pathway Analysis in [NNPRO04, [Pil07]
enriches Data Flow Analysis with in particular the well-formedness condition.

We adopt the main Data Flow / Pathway Analysis operators from [NNO7],
namely exposed, generate and kill operators. We introduce the additional chains
operator, in order to deal with the synchronisation model of IMC which is multi-
way synchronisation, and several auxiliary operators for convenience. We prove
subsequently the correctness of the Pathway Analysis, i.e. that we can construct
a finite automaton based on the Pathway Analysis results that can simulate the
behaviour of the system that has been analysed — this is similar to what has been
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proved in [NNO7], [Pil07] and [NNNO§| in relation to other calculi. Moreover,
we also prove that our Pathway Analysis is precise — the finite automaton that
we would build with the Worklist Algorithm from Section [3.6]is in fact bisimilar
to the one induced by the semantics of the system. This means that we can
explicitly choose a precision level while post-processing the analysis results — up
to the exact computation.

3.2 IMCS calculus

3.2.1 Syntax

When defining the syntax of the IMC® calculus we assume a countable set of
external actions, Act, and a distinguished internal action, T, such that 7 ¢ Act.
A countable set of constants, Rate C RT, shall be used to describe Markovian
delay rates. The fact that we are using Rate C R™T instead of the whole R*
as in IMC (see Section is not really a limitation because we will only
use a finite number of rates. In the discussion below « will often range over
Act U {7} URate. Furthermore, we shall draw upon a countable set of labels,
Lab, in order to annotate action names and delay rates that occur in processes.
Finally, a countable set of process variables, also called process identifiers, Var,
shall assist us in the definition of recursive processes.

The syntax of the calculus, which is shown in Table comprises the follow-
ing syntactic classes: action- (1) and rate-guarded process variable (2), action-
(3) and rate-prefived process (4), sum or choice construct (5), internalisation
or hiding construct (6), parallel composition or synchronisation construct (7),
recursive process definition (8), and terminal process (9). Internalisation and
synchronisation constructs are parameterised by sets of action names from Act:
these are namely actions that are internalised or hidden in the first case and on
which to processes running in parallel synchronise in the second case.

The reason for using guarded process variables in the rules (1)-(2) in Table
is to ensure that process variables only occur in guarded positions, which will in
particular guarantee that the semantics of IMCY processes is well-defined: we
are automatically excluding, for example, X := X. Apart from this practical
restriction, another difference from the syntax of IMC in [Her02] is that we
allow the application of the internalisation and synchronisation constructs in
the rules (6) and (7) in Table not only at the highest syntactic level.

As we will see in Section which describes the Structural Operational Se-
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P = atX | (1)
X | (2)
at.p | (3)
M.P | (4)
P+ P | (5)
hide Ain P | (6)
PuAn P | (7)
X:=P | )
0 9)

Table 3.1 — Syntax of IMC®: a € ActU {7}, A € Rate, £ € Lab, X € Var,
A C Act.

mantics rules of IMCG, labels annotating action names and delay rates do not
have a special semantic meaning, but we will make an active use of them in
the definition of our analysis and in proving its correctness. As discussed ear-
lier, synchronisation in IMCY, similarly to IMC, is defined in the CSP-style
[Hoa85], i.e. any number of actions can synchronise with each other. Process
definitions in IMC®, as in the IMC syntax from [BHOQ], perform two functions:
they define process variables and represent process expressions at the same time.
Therefore, for example, X := P represents X where X = P.

As usual, we consider only IMC® processes with finite syntactic definitions.
Therefore the actual number of action names, delay rates, variables and labels
used in the description of a particular IMC® process is always finite.

Similarly to IMC, an IMC© expression is called closed if all process variables in
it are bound or not free, i.e. are contained in corresponding recursive definitions
complying with the syntactic rule (8) from Table For example, X :=a’. X
is considered to be a closed expression, while a®.X.X := a®.X is not, because
the first X is not bound. In the following we will mainly consider closed IMC®
expressions apart from the proofs where we will sometimes encounter expressions
with free process variables.

We will most often assume that every occurring recursive definition in an IMC©
expression uses a different variable, because in this way we will not need to
differentiate between different definitions of the same variable. If this is not the
case for a particular IMCC expression, we can easily rename process variables
in order to achieve unique process variables’ definitions. We will also mostly
assume that IMC® expressions are uniquely labelled, i.e. any appearance of a
particular label inside the expression is unique. This property makes it possible
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X =atx (1)

X = AX (2)

P=al.P (3)

P=ALP (4)

(Pr 2 (PL+ P)) AN (P2 = (P + P)) (5)
P =< hide A in P (6)

(Pl j (P1 nAn Pg)) N (P2 j (Pl nAn PQ)) (7)
P<X:=P (8)

Table 3.2 — Subexpression relation < on IMCY expressions.

Labs(a®.X) = {¢} (1)
Labs(\*.X) = {{} (2)
Labs(a®*.P) = {{}U Labs(P) (3)
Labs(\*.P) = {{}U Labs(P) 4)
Labs(Py, + P;) = Labs(Py)U Labs(Ps) (5)
Labs(hide Ain P) = Labs(P) (6)
Labs(Py nAn P;) = Labs(Py) U Labs(Py) (7)
Labs(X :=P) = Labs(P) (8)
Labs(0) = 0 (9)

Labs(X) = 0 (9)

Table 3.3 — Definition of the operator Labs : IMC® — 2A¢t,

to differentiate between two appearances of the same action name or the same
delay rate: for example, in X := a’.a®?.b%. X we can differentiate between a*
and a®2. This is important for obtaining the maximal precision of our analysis.
If an expression is not uniquely labelled, then we can easily relabel it in a unique
way.

We will often conduct proofs by induction on the syntax of IMCC expressions.
In doing so we will prove that if some property holds for all subexpressions of
an expression in question then it also holds for the whole expression. Formally
speaking, if a property holds for all E/ < E, then it also holds for E. The
subexpression relation < is defined as the reflexive and transitive closure of the
relation from Table

We define in Table the operator Labs that operates on IMCC expressions
and process variables, and returns a set of labels that occur inside the input
expression. This operator will be useful in the definitions and proofs below.
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M == Lab—+ Ny
I () = 0 for all £ € Lab
My <M, <& M0 < M) for all £ € Lab
[My+ M) (¢) = Mi(0) + My(¢) for all £ € Lab
[My — Ms] (€)= My(€) — Ma(0) if Mi(£) > Ma(¢)
[My — M| () = 0 if My(£) < My(¢)
dom(M) = {¢eLab|M(¢) >0}

Table 3.4 — Definition of 9, its least element Loy and the operations <, +, —
and dom on M. M, My, Mz € M.

3.2.2 Semantics

In this section we will present Structural Operational Semantics (SOS) of IMC®
and prove several results that will be useful in our further developments. We
have adopted the Structural Operational Semantics of IMCY from IMC in
[BHOO] with one exception: transitions are additionally decorated with so-called
multisets of labels that are elements of the domain 9. Decorating transitions
with multisets will help us to prove the correctness of our analysis. The domain
<M and several operations on it are formally introduced in Table

We use multisets instead of sets of labels because in general there can be several
labels of the same kind in the expression: for example, in a.0 1 a’.0 there
are two £ labels that both can be executed in the next transition. We will
show in Lemma that this cannot happen for so-called IMCY programs (see
Deﬁnition which are particularly “well-behaved” IMC® expressions.

We define 91 as a set of functions assigning each label from Lab a positive natu-
ral number or zero, i.e. each label has its corresponding number of occurrences.
The least element of 9t is denoted Lgy and is defined in a natural way, as a
function that assigns zero to all the labels. The sum operation on the elements
from 9 is defined in a straightforward way, while for the subtraction we have to
pay attention that labels cannot be assigned negative numbers in 91: the small-
est number of label’s occurrences is zero. The domain of an element M from
M (returned by the function dom) is a set of labels that are assigned positive
natural numbers in M.

The rules in Table show how syntactic terms from IMCS can be put into
correspondence to labelled transition systems in a compositional manner. Most
of the rules closely follow usual SOS rules for process calculi: for example, the
rules for prefixing (1) and (10), choice (2)-(3) and (11)-(12), synchronisation (4)-



3.2 IMCE calculus 49

. E—2 4 F (1) \).E—2 4 E (10)
Lon [£ — 1] Lon [€— 1]
E-2 F EMNE FH
< 2 < 11
E+F > F @ E+F 2 F )
C
F 25 F FXF ES
C C
— (3) - (12)
E+F -5 F E+F 2% F
C
E-5FE adA ESE  F%
c 4 c 13
E nAn F—Z—>E'IIAH F @ E1Al F 2 B wAn F 13)
C
F2F  agA FF E%
c 5 c 14
EnAu F%)E”A” F ) E 1Al F 25 EwAn F 14
C
E2E F23F acA
= 2 (6)
EnAn F—2 3 E' Al F'
C1 + C2
E-E  adA E2SF
c 7 c 15
hideAinE%)hideAinE’ @ hide A in E -2 hide A in E' (15)
C
E F ac A
B (8)
hide A in E —/ hide A in E’
C
E{X:=E/X} - E' E{X =E/X} 5 E
< (9) < (16)

X::E%)E’ X=EXFE
C

Table 3.5 — Structural Operational Semantics of IMC®: a € ActU {7}, C € I,
A € Rate, ¢ € Lab, X € Var, A C Act.

(6) and (13)-(14), hiding (7)-(8) and (15), and recursion unfolding (9) and (16).
If several labelled actions are involved in the derivation of a transition, then all
the labels are added to the multiset decorating the transition — see rule (6). The
term E{X := E/X} in rules (9) and (16) denotes an expression E with every
free occurrence of the variable X in it substituted by the expression X := F. In
the following we may refer to a labelled action name or delay rate, a label or a
multiset of labels as “executable” or “executed” if they occur in the rules that
are used in the derivation of respectively some executable or executed transition.
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Similarly to IMC, actions are executed by IMC© processes instantaneously,
while rates denote exponentially distributed waiting time. Delay rates cannot
synchronise and they cannot be internalised. In case several action-transitions
are possible, the choice between them occurs nondeterministically, while the
choice between several enabled Markovian transitions is probabilistic and is
subject to a probabilistic race (see Section . The Structural Operational
Semantics of IMCC is defined as a multirelation for delay transitions, similarly
to IMC. See the definition of SOS for IMC in [BHO0] for more details.

Similarly to IMC, the choice between action-transitions and Markovian tran-
sitions if both are possible is made nondeterministically except for internal ac-
tions: if an IMCY process has something internal to do, it will win over waiting
for some time period. In order to describe this situation we have conditions
respectively F' = and E - for Markovian transitions of the choice and syn-
chronisation constructs in the rules (11)-(14). The denotation E - means that
there is no multiset of labels C' and no IMC® expression E’ such that there is
a transition F —;—> E'.

Two IMC® expressions E and E’ are connected by a transition relation if £ ——

C
E’ can be derived from the rules in Table[3.5|for some a € ActU{r}URate and
C € M. We call a transition E — E’ “enabled” or “executable” for E. We may
C

also say that we have obtained E’ from E after the execution of the transition
5. We will often call E' a derivative expression or just a derivation of E.
C

Labelled Transition System (LTS) is constructed for an IMCY expression E by
registering all possible transition relations for E and its derivative expressions.

We write F —= E’ if there exists some C' € 9 such that a transition £ -~ E’
(e}
is derivable for E from the rules in Table We write E — E’ if there exists
C

some a € Act U {7} U Rate such that a transition £ —~+ E’ is derivable for
(e}
E from the rules in Table Finally, we write E — E’ if there exist some

a € Act U {7} URate and some C' € 9 such that a transition £ 5 E’ is
C
derivable for E from the rules in Table We write E —— E’ if E’ is in the
reflexive and transitive closure of the relations — for all & € ActU{7}URate
C

and C € M. If E =5 E’ then we can call E' a derivative expression or a

derivation of E similarly to the case E — E’. We will also talk about a

sequence of transitions F — ... =5 E’ or a path from E to E' while explicitly
cy Cn

referring to a particular transition sequence between E and E'.
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We will prove now two useful lemmas concerning the SOS rules of IMCES,
Lemma asserts a rather evident fact that closed IMC® expressions can
give rise only to closed IMCY expressions as a result of any number of semantic
transitions.

Lemma 3.1 (Preservation of IMC® syntax). Given a closed IMC® expression
E and E —s E', then E' is also a closed IMCY ezpression.

Proof. See Appendix A. O

Lemma proves a useful fact about recursion unfoldings in the rules (9) and
(16) in Table We will show that we can perform substitutions in these rules
also after the transition instead of performing it before the transition.

Lemma 3.2 (Transition from process definition). Given a closed IMCC ez-
pression X := E, then X := E — E' if and only if there exists E" such that
Cc

E-5 E" and E' = E"{X := E/X}.
C

Proof. See Appendix A. O

The result proved in Lemma [3.2) will make it easier for us to derive facts concern-
ing an IMCS expression E’ from already known properties of another IMCS
expression F' by induction on the structure of F' provided F' ——> E’. In case

F=X:=F —> E’ we could namely derive from E —> E"" some properties of
E" and adapt them to B"{X :=E/X}.

3.3 Well-formedness

In this section we will present conditions under which an IMCC expression
will be considered “well-formed”. Our purpose is that for IMCC expressions
that comply with these conditions their properties that are relevant for the
Pathway Analysis stay invariant under any number of transitions. We have got
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fn(a®.X) = {a} (1)
fm(\.X) = 0 (2)
fn(a®.P) = {a}ufn(P) (3)
fn(\.P) = fn(P) (4)

(P +P) = f(P)Uufn(P) (5)
fo(hide Ain P) = f(P)\A4 (6)
(P nAn P) = fn(P)Uf(P) (7)
fn(X:=P) = fn(P) (8)
o) = 0 (9)

Table 3.6 — Rules for the operator fn : IMC® — 24° returning free (i.e. non-
internalised) names of IMC® expressions.

an inspiration for the well-formedness rules for IMC® calculus from [Pil07] where
well-formedness conditions have been devised for the BioAmbients calculus. Our
rules are however simpler and easier to understand.

Before presenting the well-formedness conditions we will introduce two auxiliary
operators on IMCS expressions. We will make use of them in the definition of
well-formedness. The operator fn captures the notion of so-called free names of
IMCC expressions. These are action names that appear in IMC© expressions
following the syntactic rules (1) and (3) in Table and have not been inter-
nalised, i.e. are not contained in any set A of the hide-construct from rule (6)
in Table [3.1] applied on top of the action name appearance. Internalised action
names are deleted from the set returned by fn in rule (6) of Table For
example, fn(hide {a} in a’.0) = () but fn(a**.0) = {a}.

Free and hidden action names differ in two aspects. The first is that free ac-
tion names decorate corresponding semantic transitions in an unchanged way,
while hidden names decorate corresponding transitions with 7: for example,
a’n.0 ——2—— 0, however hide {a} in a®>.0 ———— 0. The second dif-

Loy [61 — 1] Lop [€1 — 1]
ference is that free actions can synchronise with each other, while internalised
actions do not participate in the synchronisation anymore. For example, there is
a transition decorated by the action a for the IMC® process a‘*.0 1 {a} 1 a*2.0,
but not for the process (hide {a} in a*.0) 1 {a} i a%2.0, because in the second
case the action a is internalised in the process on the left.

The inductive definition of the operator fn : IMCSE — 2Act jg presented in
Table We are basically collecting all action names that we encounter while
parsing an Mc¢ expression and throw at the same time those of them away
for which we encounter the hide-construct.
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fpi(a®.X) = {X} (1)
fpi(\*.X) = {X} (2)
fpi(a’.P) = fpi(P) (3)
fpi(\.P) = fpi(P) (4)
fpi(P1 + ) = fpi(P) Utpi(F2) (5)
fpi(hide Ain P) = {fpi(P) (6)
fpi(Py Al Pg) = fpi(P) Ufpi(P) (7)
PiX =P) = fi(P\(X}  (3)
fpl(O) = 0 (9)

Table 3.7 — Rules for the operator fpi : IMC® — 2V2F returning free process
identifiers in IMC® expressions.

Another auxiliary operator that we will use in the well-formedness rules is the
free process identifiers operator fpi. It returns for a given IMCY expression a
set of process variables that occur in it unbound. For example, fpi(a®.X) = {X}
but fpi(X :=a’.X) = 0. The rules for the operator fpi : IMCY — 2Var are
presented in Table and are self-explanatory. Bound process variables are
deleted from the set of process variables returned by fpi in rule (8) in Table
Obviously an IMC® expression P is closed if and only if fpi(P) = (.

The well-formedness rules are listed in Table 3.8 We characterise an IMC®
process P as well-formed relative to a set of action names S C Act if Fg P can
be derived from the rules in Table 3.8 In the following, in case we will call an
IMCY expression P well-formed without explicitly specifying the corresponding
action set, we will assume the latter to be equal to fn(P), i.e. P will be called
well-formed if gy py P holds.

Generally speaking, an IMC® expression P is considered to be well-formed
relative to an action set S if the following conditions are fulfilled:

e there is no action name from S that occurs internalised in some subex-
pression of P (rule (6) in Table [3.8);

e the parallel composition can be applied only to closed subexpressions of
P (the side condition to rule (7) in Table [3.8));

e moreover, free action names of a subexpression of P to which the parallel
composition has been applied do not occur internalised in that subexpres-

sion (rule (7) in Table [3.§).
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Fgal X
Fg ALX
Fs P
Fgal.P
Fs P
Fs AP
Fs P Fs P2
Fs P+ P
Fg P
Fghide Ain P

Fsuta(py) P1 Fsutn(py) P2

}_S P1 nAn P2
Fg P

Fs X:=P
Fs X
Fs O

if ANS=0

if (fpi(Pl) = @) A (fpi(Pg) = @) (7)

Table 3.8 — Well-formedness rules for IMC® expressions: S C Act.

By checking whether t¢,(p) P holds for a closed IMCS expression P we are
excluding cases where the same action name appears both free and hidden in
P: this might lead to situations where initially non-internalised actions will
become internalised after a number of semantic steps, due to the recursion
unfolding. Moreover, the number of recursion unfoldings until the action name
is internalised might be non-deterministically determined which basically means
that the semantic model of such IMC® expression is infinite. For example, two
different transitions are derivable for X := a®.X + hide {a} in a*2.X:

X :=a%. X + hide {a} in a%2. X

a

and

X := a1 . X + hide {a} in a2. X

Lon €1 — 1]

X :=afl. X 4 hide {a} in a2, X ——— hide {a} in X :=a’t.X + hide {a} in a’2.X.

Lop €2 — 1]

In the first case the action a‘* remains free in the right-hand side expression and



3.3 Well-formedness 55

in the second case it becomes hidden. The action a®* might be executed both
as a and as 7 in the next semantic step. In order to rule out such situations we
consider such IMC“ expressions to be not well-formed because the condition of
rule (6) in Table is not satisfied.

It appears, however, that in order to make the semantic behaviour of IMC®
expressions “predictable” it is not enough to only rule out expressions where
globally free action names might be subsequently hidden. Consider the follow-
ing IMC® transitions:

-

hide {a} in (X := a®1.X 4 hide {a} in a’2.X 1 {a} 1 Y :=a’8.a% bl5.V)

Lop [€q = 1,03 = 1]

hide {a} in (X := a’1.X + hide {a} in a’2.X 1 {a} 1 a%.b% Y := af8.a%4 .b%.Y)

and

T

hide {a} in (X := a’1.X + hide {a} in a®2.X 1 {a} n Y := a’3.a% .b%.Y)

Loy [2 = 1]

hide {a} in (hide {a} in (X :=a’1.X + hide {a} in a2.X) n {a} 1 Y := af3.a% b?.Y).

The action a is globally hidden in all the expressions above. However as a
appears “locally” both free and hidden inside a synchronising process, it will
leave us with a nondeterministic choice whether an a-transition decorated with
the multiset Loy [¢1 — 1,¢4 — 1] will be possible in the next step or not. If it
is (the first case) then the action b will be executed consequently. Otherwise
(the second case) b will never be executed. The initial IMCY expression is
considered to be not well-formed because the condition of rule (7) in Table
is not satisfied.

Finally, the reason for excluding synchronising IMC® processes with free process
identifiers (the side condition of rule (7) in Table is the following: such
expressions can potentially “grow” by means of creating several copies of some
original MC¢ subexpression after recursion unfoldings. Consider the following
example:

X:=alt.Xn{a}nY :=al2y 5 X :=alt. Xu{a}uY :=a2Vu{fa} 1Y :=a2y.

We are excluding such cases from being considered well-formed because the
growth can be both non-deterministic and unbounded, i.e. an unbounded num-
ber of copies of some IMC© process can be created which can mean that the
semantic model of such IMC® expression might be infinite. We do not analyse
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such expressions with our Pathway Analysis.

We consider process identifiers and terminal processes to be well-formed (rules
(9) and (10) in Table[3.8). The first may be somewhat unexpected but we have
introduced rule (9) solely for technical convenience in the proofs below. Note
that in spite of rule (9) in Table a process variable is not considered a well-
formed IMCY expression because it is not a valid IMC® expression according
to the syntax rules in Table 3.1 We will be a bit sloppy in the definition of
Pathway Analysis operators below in Section [3:4] by saying that they take as
an input IMCC expressions, while they will also be defined on variables. The
reason is, similarly to the well-formedness rules, that it is convenient to define
the operators inductively on the syntax of IMC® by defining them also on
process variables.

Note the symmetry in the well-formedness conditions on the “global level” of
the whole IMC® expression and on the “local level” of its synchronising subpro-
cesses: we require that in both cases we do not have any free process identifiers
and do not hide free names. These two conditions are directly stated for synchro-
nising subexpressions in rule (7) from Table while for the whole expression
we have to check them explicitly, by including the set of globally free action
names in the set S and by considering closed IMC® expressions.

We will prove in Lemma that any well-formed and closed IMC® expres-
sion remains well-formed after any number of semantic steps. This statement
is not only useful for our further proofs but also shows the stability of the
well-formedness concept under semantic transitions which assures us in its non-
transient nature.

Lemma 3.3 (Preservation of well-formedness). Given an IMCY expression E
such that Feqpy E holds and Labs(Ey) N Labs(Ey) = 0 for all By wAn Ey =

E, then for all E' such that E — E' also Fg(pry E' holds and Labs(Ey) N
(e}
Labs(Ey) =0 for all E1 nAn Ey <X E'.

Proof. See Appendix A. O

Derivatives of an initially uniquely labelled IMCC expression are not necessar-
ily uniquely labelled themselves. For example, the uniquely labelled expression
X :=a%.(b%.X + c*.X) gives rise after one semantic transition to the non-

uniquely labelled b%.X :=a%.(b%.X + c.X) + c¢%.X :=a% .(b2. X + . X).
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From Lemma [3.3] follows however that we can deduce some guarantees concern-
ing labelling of well-formed expressions: in particular, labels of synchronising
processes will still be disjoint after any number of semantic steps.

We will define now “well-behaved” IMCY expressions that we will call IMC®
programs. Most of our results in the rest of the chapter and in the following
chapters refer to IMCC programs and their derivative expressions.

Definition 3.4 (IMCG programs). An IMCS expression F which is well-
formed (relative to the set of action names fn(F)), uniquely labelled, closed
and contains unique process identifier definitions is called an IMCY program.

3.4 Pathway Analysis

In this section we will introduce the Pathway Analysis for IMC®. As we have
explained in Section the purpose of conducting Data Flow / Pathway
Analysis in the previous work (see [NNO7], [INNPRO04], [Pil07], [NNNOT]) was to
safely over-approximate the, possibly infinite, state space of the process defined
by a given process calculus expression by a finite automaton. Our goal in doing
the Pathway Analysis of IMCY was slightly different. The semantic models
of IMCG, as well as IMC, are always finite — contrary to CCS, BioAmbients
and bKlaim. Therefore we had as an aim to conduct the Pathway Analysis of
IMC® in such a way that we can build consequently the finite automaton which
does not only over-approximate the state space of the IMCE system but the
approximation is as small as possible.

The advantage of a precise analysis is that we have better control over the
merging of states if we decide to do so while building the finite automaton.
We can also relax the precision requirement on the analysis stage by assigning
non-unique labels to the algebraic process description. We can use the analysis
results for post-processing (see Chapters [4] and [5) — here the precision of the
analysis can be handy in proving that the computed properties indeed hold. In
particular, we can make conclusions not only about safety properties, as it is
usual for Data Flow / Pathway Analysis (“nothing bad will ever happen”), but
also about liveness properties (“something good will eventually happen”) — this
is possible because the approximation of the execution scenarios is tight.

While extending Pathway Analysis methods to IMC® we had two major tasks:
first, to adapt Pathway Analysis to the synchronisation model of IMC® that
is different from CCS; second, to be able to construct after conducting the
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analysis a labelled transition system which will be strongly bisimilar to the one
induced by the semantics of IMC®. Similarly to [Pil07], we apply the Pathway
Analysis to a subclass of IMCY on which our analysis can be guaranteed to
deliver correct results: to IMC® programs. The previous applications of Data
Flow / Pathway Analysis in [NNO7], INNPR04], [Pil07] and [NNNO7] were using
in their correctness proofs the fact that monotone functions on complete lattices
always have the least fixed points. As we need to prove that our analysis is not
only correct but also precise, we had to change some definitions and proofs in a
considerable way.

We have not only achieved that the analysis is precise, but there is another
positive effect as well. We could namely renounce a granularity function which
has been necessary in the previous work (see Section in order to guarantee
the termination of the Worklist Algorithm. The negative side effect of the
application of granularity functions was that, for example, model checking could
not be made “on the fly”, during construction of the finite automaton by the
Worklist Algorithm. There was a possibility that some states would later be
merged by the Worklist Algorithm (if the granularity function would map them
to the same state) and so previously calculated model-checking results would
become obsolete. This is not a problem anymore with our method, because we
have no granularity functions, therefore states cannot be merged and each state
is visited only once by the Worklist Algorithm. Accordingly we can develop in
the future some “on the fly” verifications of interesting system properties.

3.4.1 Pathway Analysis operators

We have devised a number of Pathway Analysis operators that accept IMCY
expressions as input. The theoretical results that we have proved about these op-
erators apply however only to IMCS programs. We have also devised a number
of auxiliary operators — for example, an operator that saves the correspondence
between labels on the one hand and action names and rates on the other hand.

We have defined the following Pathway Analysis operators on IMCY expres-
sions: exposed operator, chains operator, generate operator and kill operator.
Three of the operators — exposed, generate and kill — are adjustments from the
corresponding definitions in the previous work, in particular in [NNO7] where
they have been introduced. In the named work these three operators have been
defined on expressions written in the CCS calculus syntax. We have addition-
ally devised the chains operator, which has not been introduced in the previous
work, in order to save the “synchronising structure” of the IMCC expression
and thus to be able to determine which actions synchronise with each other.
The introduction of the chains operator has mainly been triggered by the dif-
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ference between the synchronisation model of IMC and accordingly IMCS and
the synchronisation model of CCS. In CCS only two actions can synchronise
with each other, moreover, they are explicitly denoted as two synchronisation
sides. In IMC any number of actions can synchronise (multi-way synchronisa-
tion); whether a particular action participates in the synchronisation depends
on the overall syntactic structure of the whole IMC expression and not on the
action name itself.

We will shortly describe now the ideas behind the different operators. A more
detailed account will be given below, where we will formally define each opera-
tor. The exposed operator returns a multiset of labels of the actions or delays
which may be executed in the next semantic derivation step. For example, in
X :=a"". X +Y :=b®.Y both ¢; and ¢, are exposed. For delays we can make a
clear statement: if the label of some delay is exposed, then there exists a tran-
sition, derivable through the rules of Table decorated by the corresponding
delay and label. For actions, things are more complicated because a correspond-
ing action may participate in some synchronisation. We can however state that
if there exists for some IMCY expression a transition decorated with an action
name and a multiset of labels, then all the labels from that multiset are returned
by the exposed operator with the expression as an input.

The generate and kill operators take as input an IMCC expression and return
a mapping from labels to multiset of labels. Generally speaking they return for
each label those labels that after the “execution” of the first label will either
become newly exposed (generate operator) or cease to be exposed (kill operator).
We characterise a label as having been executed in case it is included in the
multiset decorating the transition which has been carried out. In the example
above X :=a%. X +Y :=b®.Y the label ¢; kills both ¢; and ¢, but generates
Only fl.

If an IMC® expression is uniquely labelled then the generate and kill operators
return unambiguous results for each label. The generate and kill operators’
results on the syntax of IMCC programs are applicable to all their derivative
expressions (this will be proved in Section . Namely, the generate operator
on a derivative expression will return the same results for all the labels present
in the derivative expression and the kill operator will return the same result if
we take into account only exposed labels of the derivative expression.

The chains operator returns for an IMC“ expression a set of multisets. We will
call any returned multiset a chain as the multiset “connects” the labels that are
to be executed simultaneously. For example, the only chain for the expression
alr.0 nan a%.0 consists of labels ¢, and 5. It is clear that labels in each chain
should correspond to the same action name or delay. Chains that have in their
domains more than one label correspond only to action names and not to delays:
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no failing synchronisation can prevent the execution of a delay. We will prove
in Sectionthat chains computed on an IMCC program are applicable to any
IMCY expression derivable from it.

In the following section we will give formal definitions for all the operators. After
that we will prove a number of theoretical results concerning the operators’
application to IMC¢ programs and what is especially important — concerning
the relations between the results returned by the operators on some IMCC
program and the labelled transition system induced by the semantics of that
program.

3.4.2 Exposed operator

We will now formally define the exposed operator £. It accepts an IMCC
expression or a process variable and returns a value from 91 which charac-
terises exposed labels, also sometimes called exposed prefixes. It is enough to
save only exposed labels in case their correspondence to action names or de-
lay rates can be unambiguously determined. Exposed are labels that may
be executed in a transition directly derivable for the corresponding expres-
sion. For example, the exposed operator returns on X :=a“*.X 4+ b®.X the
multiset Loy [¢1 — 1,5 — 1] because the following transitions are derivable for

the input expression: X :=a®?. X +b2. X —2— X :=a"". X +b%.X and
Loy [61 — 1]

X =al' X +b2.X — 2 4 X =3l X +b2.X.

Lon o — 1]

The result of the application of the operator £ is defined inductively on the
syntactic structure of its input. The rules for £ are presented in Table[3.9] Most
of the rules are clear: the only exposed label of a prefixed expression is a label
of the prefix (rules (1)-(4)), exposed labels of two expressions connected by the
choice or synchronisation constructs include exposed labels of both expressions
(rules (5) and (7)) etc. We need however to explain rule (9).

The operator £ is parameterised with an environment I' € 2Var*™ which is a
set of mappings from process variables to multisets of labels. We make use of an
environment in case we need to determine exposed labels of a process variable
— in these cases we will just look up mappings for a particular variable in T.
The operator £ returns Lgy if there are no mappings for a particular process
variable in I and returns a sum of corresponding multisets of labels if there are
several such mappings.

In the following, as we will consider only those IMCY expressions that have
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Er[a*X] = Ll [l—1] (1)
Er[MN.X] = Llax [ 1] (2)
Erf[a®.P] = Lon[(+1] (3)
Er[MN.P] = Lop [0+ 1] (4)
gp[[Pl + PQ]] = ¢&r ﬂPl]] +&r [PQH (5)
Erfhide Ain P] = ¢&r[P] (6)
gr‘[[Pl nAn PQ]] = ¢&r [[Pl]] +ér [[PQ]] (7)
Lom if (X, M)¢T VM €M
Er[X] = Z M  otherwise. 9)
(X,M)el’
é&rfo] = Lo (10)

Table 3.9 — Definition of the exposed operator £ : IMC® — M, T e 2VarxM,

FVar[[Pl IIAH PQ]] FVar[[Pl]] U FVarHPQ]]

FVar HaZ~X]] = (Z) ].)
Tvar[N.X] = 0 2)
Cvar[a*P] = Tvar[P] 3)
Tvar[N.P] = Tvar[P] 4)
1_‘Valr‘[[P)l + P2]] = FVar[[Pl]] U FVar[[PQ]] )
Tvar[hide Ain P| = Tvar[P] )
)

)

)

0

NN N N N N N N S
= O 00 ~J O Ot

Ivar[X :=P] = (X,&[P]) UTvar[F]
I'var [[X]] =0
FVar [[0]] = @ )

Table 3.10 — Definition of the operator I'var : IMCE — gVarxm returning
exposed labels of process definitions.

unique process identifiers for all process definitions, we will only encounter cases
where the environment I will contain a unique entry for each process variable
occurring inside an IMCY expression P for which &r [P] will be computed. The
environment ' will mostly be an output of another operator I'ya, on P. The
rules for the operator I'yva, are presented in Table This operator collects
exposed labels of all process definitions occurring in its input expression. If
an input expression P is closed and contains unique process definitions, then
I'var[P] is a union of unique mappings from variables in P to exposed labels of
their corresponding process definitions.
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In rule (8) of Table we make use of an empty environment while computing
exposed labels of an IMC® expression P. This can be justified with the help
of Lemma which proves that the environment parameter is not important
for computing exposed labels of an IMC® expression (due to its guardedness),
therefore we can parametrise the exposed operator in rule (8) of Table with
an empty environment for simplicity.

Lemma 3.5 (Exposed labels of IMCC expressions). Given an IMCS expression
E, then &[E] = Er[E] holds for any environment T' € 2Ver<™,

Proof. See Appendix A. O

We will now prove that the result of the application of the operator I'var to
an IMC® expression is in a sense invariant under semantic transitions — which
is what we would expect. In doing so we will need an additional Lemma [3.0]
on variables’ substitutions, which will also be useful in proving a number of
theoretical results in the rest of this chapter.

Lemma 3.6 (Exposed labels under substitution). Given an IMCY expression
E"”, then Er[E"] = Er[E"{X := E'/X}] holds for all environments T and all
IMCS expressions X := E'. If E" = X then, provided that (X, EE']) is a
unique mapping for a variable X in T, i.e. for all (X, M) € T it holds that
M = &[E'], then Er[E"] = Er[E"{X := E'/X}] holds as well.

Proof. See Appendix A. O

We will now show in Lemma that exposed labels of process definitions do
not change after any number of semantic transitions: a set returned by the
operator I'yar on derivative expressions of a closed F is always a subset of
a set returned by the same operator on E. The application result can be
strictly smaller if some recursive definitions disappear as a result of transi-
tions. For example, for X :=a. X+Y := a2y —2— X := a® . X, we have

Lop [61 — 1]
Dvar[X :=a%. X+Y :=a%2.Y] = {(X, Lon [t1 = 1]), (Y, Lon [f2 — 1])} but only
ITvar[X :=a%. X] = {(X, Lon [(, — 1])}.
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Lemma 3.7 (Variable definitions under transitions). Given a closed IMC®
expression E and a transition E = E', then T yar[E'] C T var[E] holds.
C

Proof. See Appendix A. O

Note that the exposed operator defines an equivalence relation on IMCY expres-
sions: each equivalence class contains IMCS expressions with the same exposed
labels. For example, &r[X :=a®.X] = &p[X :=a%.a%2.X] for any I'. This
equivalence relation does not have a particular meaning in the dimension of the
whole IMCG, but, as we will see later on, it is a strong bisimilarity relation
when limited only to derivative expressions of a fixed IMC® program.

3.4.3 Generate and kill operators

In this section we will formally define the generate and kill operators. The gen-
erate operator G returns for an IMCS expression or process variable a result
from 2L2P*M Tt returns a set of mappings from all the labels occurring in its
input expression to multisets of labels. Each multiset has in its domain those
labels which will become newly exposed after the corresponding label mapped
to them has been executed. For example, the set returned by the G opera-

tor on X :=a®.a® X contains ({1, Loy [f2+— 1]) as X :=afta2 X — 2
Lon €1 — 1]

a2, X :=a".a"?. X and the exposed operator will return Lgy [f +— 1] on the
derivative expression a’2. X :=a®.a%.X.

The rules for the generate operator are presented in Table 311} For prefixed
expressions we map labels of prefixes to exposed labels of the residual expres-
sions (rules (1)-(4)). For the rules (1)-(2) we will need to determine exposed
labels of process variables. From the rules for the exposed operator in Table
[3:9] we remember that exposed labels of a process variable are determined by
corresponding mappings in an environment. We need therefore to parametrise
the operator G by an environment I' € 2Var*M o that this environment can
be “forwarded” to the exposed operator whenever necessary.

The rest of the rules in Table [3.I1] are rather straightforward: the union of
the results of the generate operator on subexpressions is taken in case we have
choice, hiding, etc. constructs on the highest syntactic level. If one label occurs
several times in an input expression, the operator G saves several mappings
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Grla’.X] = {(&[X])} (1)
GriX.X] = {(&[XD)} (2)
gra*.Pl = {(&[PDIudelr] (3)
Gr\P] = {(t,&[PDIudr[P] (4)
Gr[P+P] = Gr[P]UGr[P] (5)
Grlhide Ain P] = Gr[F] (6)
Gr[PnAn P = Gr[P]UGr[P.] (7)
gr[X:=P] = Gr[F] (8)
gr[X] = 0 9)

grfo] = 0 (10)

Table 3.11 — Definition of the generate operator G : IMCY — 2LabxM T ¢
2Var><9ﬂ.

for it in the resulting set (rules (5) and (7) in Table [3.11)). This will however
never be the case for a uniquely labelled input expression. The definition of
the generate operator on process variables (rule (9)) has been introduced for
technical convenience and will be used in some of the proofs below.

The kill operator K also returns results from 292P>*™  gimilar to the G op-
erator. Multisets of labels mapped to a label have in their domains in this
case those labels that will cease to be exposed after the corresponding la-
bel has been executed. The K operator will return on X := a‘.0 4+ b%.0 the
set {(¢1, Lo [¢1 — 1,89 — 1]), (€2, Lop [€1 — 1,45 — 1])} as two transitions are
enabled: X :=a.04+b%.0 —2—— 0 and, with the other choice option,

Lop [1 — 1]

X :=2a%.04+b%2.0 —> 0. In both cases we have Loy [61 — 1,05 — 1] re-

Loy L2 — 1]

turned by the exposed operator on the initial expression and gy returned by
the exposed operator on 0.

The definition of the K operator is divided into two parts for technical conve-
nience: the kill operator K., for the “upper” syntactic level of expressions and
the kill operator Ky for expressions with their upper syntactic level excluded.
The output of the K operator on an IMCE expression is defined in Table as
a set union of the outputs of the operators ICy,, and Kyp on the same expression.

The two different kill operators K., and Kyp have been introduced in order to
deal with the choice construct: as we have already seen in the example above,
for the expression X := a’*.0 + b®.0 each executed label will kill all the exposed
labels of the sum. We cannot therefore define the operator L on P, + P in a
purely inductive way. It would be a mistake, for example, to add Ey[P:] to all
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KIPl = KuplP]U KeplF]

Table 3.12 — Definition of the kill operator K : IMC® — 2LaPxM Qoo the
definitions of the operators Kup and Kep in Tables [3.13] and [3.14]

Kup[a®.X] {(¢, Lo [( — 1])} (1)
KupIXN.X] = {(£; Lon [0 1))} (2)
Kupla®P] = {(6, Lon [ = 1))} (3)
Kup[X.P] = {(¢, Lox [(—1])} (4)
KuwplPr+ 2] = Uganer,,pgilM + &[]V

U rner,, ipg {6 M + &P} (5)
Kuplhide Ain P] = Kup[P] (6)
Kup[[Pl IIAII PQH = Kup[[Pﬂ] U ]Cup[[PQ]] (7)
KuplX :=P] = KyplF] (8)
KuplX] = 0 (9)

Kupl0] = 0 (10)

Table 3.13 — Definition of the operator Kup : IMCY — 2LabXM returning
“killed” labels on the upper syntactic level.

M such that (¢, M) € K[P1] and Ey[P1](¢) > 1: we should take into account the
possibility of several occurrences of the same label ¢ inside the expression P;, so
that we will not be able to differentiate between their corresponding mappings
in K[P;]. By computing separately K., [ P1] and K[ P1] we exclude any confu-
sion. Note that, according to Lemma[3.5 £[P2] = Ep[P»] for all environments
I'. We can therefore use the empty environment in rule (5) for the operator /C,,

in Table for simplicity.

In rule (5) in Table[3.13] we reflect the fact that exposed labels of two expressions
connected by the choice construct mutually “kill” each other — this is basically
due to the semantic rules for the choice operator (2)-(3) and (11)-(12) in Table
35l The rest of the rules for the operator K, in Table are straightforward.
For any prefixed expression the label of the prefix “kills” itself (rules(1)-(4)).
We take a union of two sets returned by C,,;, on two expressions put in parallel
(rule (7)) because a transition of one of two parallel processes does not influence
the other one. Rule (9) has been added for simplicity in some proofs below,
similarly to the generate operator.

The rules for the operator Ky are presented in Table We need to use
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ICW[[aZ.X}] = 0 (1)
KaplN.X] = 0 (2)
Kala’.P] = K[P] (3)
Kap[M\P] = K[P] (4)
KapPr+ 2] = Kg[Pi]UKeg[P] (5)
Kﬁﬂhide AinP] = IC@[[P]} (6)
Kap[P nAn Py] = Kg[P]UKg[P] (7)
KeplX :=P] = KglF] (8)
KeplX] = 0 (9)

Kal0] = 0 (10)

Table 3.14 — Definition of the operator Kgp : IMCY — 282PXM returning
“killed” labels with the upper syntactic level excluded.

the operator K for the rules (1)-(4) but this is not a problem because we are
applying the operator K to a strict subexpression. The rest of the rules are
clear. We take a union of two sets returned by Kgp on two summands (rule (5))
or two parallel processes (rule (7)) because, unlike for the operator K, results
returned by Kgp on two summands do not need to be altered.

We can prove now Lemma[3.8 concerning application results of the generate and
kill operators to well-formed expressions before and after a variable substitution
has been performed. This lemma will be useful in order to prove Lemmas |3.10
and below concerning the comparison of the output of the generate and
kill operators on an IMCY program and on its derivative expressions. The
substitution is important because it is conducted in the SOS rules (9) and (16)
in Table during the recursion unfolding.

Lemma 3.8 (Generate and kill operators under substitution). Given well-
formed IMCS expressions E' and X := E, T € 2V>™M (X &[E]) a unique
mapping for X in T, then Gr[E'{X :=E/X}] C Gr[E'] U Gr[X :=E] and
KIE'{X = E/X}] CK[E|UK[X := E] hold.

Proof. See Appendix A. O



3.4 Pathway Analysis 67

Arapla’.X] = {(¢,a)} (1)
ALab[P\é-X]] = {(& A)} (2)
Avrab [[aZ.P]] = {(f, a)} U Apab [[Pﬂ (3)
ALab [I)\KP]] = {(E, )\)} U Avab [[P]] (4)
Arab[Pr+ P2] = Avrab[Pi]UAvan[P2]  (5)
ALab[[hide Ain P]] = ALab[[P]] (6)
ALab[[Pl nAi Pg]] = ALab[[Plﬂ U ALab [[PQ]] (7)
ALab[[X = P]] = ALab[[P]] (8)
Aap[X] = 0 (9)

Aren[0] = 0 (10)

Table 3.15 — Definition of the Apap : IMCY — gbabx(Actu{r}URate) horator,

3.4.4 Chains operator

In this section we will define the last of the major operators that we need for our
Pathway Analysis of IMC®~ the chains operator €. In doing this we will need
one more auxiliary operator — the operator Apap which returns for an IMCY
expression a result from 2Labx(Actu{r}URate) Thig gperator collects mappings
from the labels occurring in an IMCE® expression to their corresponding action
names or delay rates.

The rules for the operator Aya,p are presented in Table [3.15] These rules are
fairly straightforward — we take a union of all the encountered mappings. In case
we encounter several appearances of the same label with different corresponding
action names or delay rates, we save all of them in the resulting set. This will
however never be the case for uniquely labelled IMCC expressions and their
derivatives. It is easy to see that the correspondence between labels and action
names or delay rates does not change after any number of semantic transitions.

We will need an auxiliary function Name" (see the definition in Table
that has a multiset of labels as its input, makes use of the environments A €
gLabx(ActU{r}URate) 51 A C Act, and returns an action name or delay rate
corresponding to labels in the domain of its input. The correspondence between
labels and action names or relay rates is looked up in the environment A. In
case the corresponding action names or delay rates of labels in the domain of
the multiset differ, then “undefined“ (i.e. symbol “?”) is returned. For action
names the internalisation will be taken into account — for internalised action
names the internal action name 7 will be returned. The internalised action
names are considered to be those that are not contained in the environment A.
This environment will usually contain free names of some IMC® expression.
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a if (M # Log) A (VL€ dom(M)V(,B) €A S =a)
?  otherwise.

T if Names(M) € Act\A

Names(M) otherwise.

Namep(M) =

Namel; 4(M)

Table 3.16 — Definition of the operators Name, : M — Act U {7} URate U {7}
and Namej 4 : 9 — Act U {7} URateU {7}, A € 2lebx(Actuir}URate) = 4 C
Act, M € M.

We will introduce now the important concept of “chains”. A chain always refers
to an IMCY expression, i.e. it does not have a particular meaning without this
relation. As a starting point we can declare that every multiset of labels that
decorates a transition derivable from the SOS rules for a particular IMC® ex-
pression is contained in the set of chains for that expression. For example,
for X :=b%.a"%. X nanY :=c%.a%2.Y the set of chains will contain the chains
Lon [€3 — 1] and Log [€4 — 1], because both of these multisets decorate the tran-
sitions derivable from it. A set of chains also contains multisets of labels that
may become executable later on: the label multiset Loy [¢1 — 1,45 +— 1] is also
contained in the set of chains of the above example, even though it will become
executable no earlier than b’ and c’ have been executed. In fact we will prove
below in Lemma that for well-formed IMC® expressions the set of their
chains contains all the chains of their derivatives.

The chains operator ¥ is defined in Table It operates on IMCC expressions
and returns elements from 2™, We parametrise the chains operator with an en-
vironment A € 2Labx(Actu{r}URate) e will usually assume that the operator
Arab has been run beforehand on the same IMC® expression and its output
has been saved in the environment A.

The rules for the operator T are easy to understand besides rule (7) for the
parallel construct. We can directly add to the resulting set of chains all the
chains from both IMC® processes running in parallel that either refer to delay
rates or to action names which are not in the synchronisation set or have been
internalised. Chains with their corresponding action names being internalised
“behave” as T-chains (see the semantic rule (8) in Table [B.5), so the synchro-
nisation construct cannot influence their execution anymore. We are using the
function Nameﬁy 4 defined in Table , in order to determine an action name
or a delay rate corresponding to a particular chain.

Additionally chains from two parallel processes that correspond to the same
non-internalised action name from the synchronisation set are combined in all
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Ta[a*.X] = {lom [~ 1]} (1)
TADX] = Lo [0 1]} (2)
Ta[a*.P] = {Llon [{— 1}UZA[P] (3)
TANP] = {Lon [( = 1]} UZA[P] (4)
‘IA[[Pl + Pgﬂ = ‘IA[[Pl]] U ‘IA[[PQH (5)
‘IA[[hide Ain Pﬂ = SA[[PH (6)
IA[PLnAn B = {C|C € ‘IA[[Plﬂ,Namern(Pl)(C) g AU
{C|C € ‘EA[[PQ]},Namern(PZ)(C) g AU
{Cl + CQ‘Cl S ‘IAHPl]],CQ S SA[[Pl]L
Name/h\fn(Pl)(C’l) N Name}/iﬁfn(PQ)(C’g) NA#G} (7)
Ta[X:=P] = TA[F] (®)
TaX] = 0 (9)
Tal0] = 0 (10)

Table 3.17 — Definition of the chains operator T : IMCY — 2 A ¢
2Lab><(ActU{T}URate)'

possible combinations and added to the resulting set of rule (7). Note that from
the construction of chains follows that each chain has a unique corresponding
action name or delay rate, i.e. Nameji 4 on a chain will always return an action
name or delay rate. Also note that chains corresponding to delay rates will have
only one label in their domain (with one occurrence), because delays do not
synchronise in IMCS.

We will prove in Lemma that substitutions in IMCY expressions do not
lead to any “new” chains. This lemma is analogue to Lemma |[3.8| concerning the
generate and kill operators results after the substitutions in IMC® expressions.

Lemma 3.9 (Chains operator under substitution). Given well-formed IMC®

expressions E and E', then TA[E{E'/X}] C TA[E] U ZA[E'] holds for all
Ac 2Lu,b><(ActU{T}URate).

Proof. See Appendix A. O
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3.5 Correctness and precision

In this section we will prove several theoretical results about the Pathway Anal-
ysis of IMC® programs. These results will be enough in order to prove that
our version of Pathway Analysis is correct and precise. While performing the
Pathway Analysis we obtain therefore a form of the concise representation of the
semantics of an IMC® program, avoiding any imprecision stemming from the
analysis technique. At the same time, as we will see in Chapters [4] and [5] below,
the results of conducting the Pathway Analysis are often more convenient for
further analysis then the syntax of IMC®.

We will first show the correctness of the Pathway Analysis: we will prove that the
Pathway Analysis results on IMCE programs are in some sense also applicable
to all their derivative expressions. In particular, we will show that the results
returned by the generate and chains operators on derivative expressions are
subsets of the results returned by the same operators on the “initial” IMC©
program on which they have been computed. The situation is more complicated
for the kill operator, as we do not necessary have the subset relation. We will
however prove that the kill operator results on the initial IMCC program and
on its derivative expressions are equivalent when subtracted from the exposed
labels of the derivative expression — and this is the only way we will use them
in the future.

After this we will also prove several results concerning the precision of the
Pathway Analysis on IMCY programs. In particular, we will show how to use
the Pathway Analysis results to predict transitions and we will prove that all
enabled transitions of all IMC® expressions derivable from the initial IMCS
program are predictable in this way. The generate and chains operator results
on the initial expression are precise enough to exactly calculate the exposed
labels of the derivative expressions after any number of steps. Finally, we will
show that there cannot be more than one exposed label of the same kind for any
derivative of an IMC® program. In particular, this means that any transition
derivable for it has a unique multiset of labels decorating it. All these results
will lead us to the algorithm for building a labelled transition system which is
strongly bisimilar to the labelled transition system induced by the semantics of
the initial IMCY program.

3.5.1 Correctness

In the first Lemma [3.10] we will prove that the generate operator’s output on
any derivative expression is included in the output of the same operator on the
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initial IMC® program from which it can be derived after several transitions.
The inclusion relation may be strict, i.e. we may “lose” some behaviour as a
result of the transition. For example, we have Gr[X :=a%. X + Y := b2.Y] =
{(£1, Lon [€1 — 1]), (€2, Loyt [l2 — 1])}, but for IMC® expressions derivable from
it after one transition we have either Gr[X :=a%.X] = {(¢1, Lon [1 — 1])}
or GrY :=b%2.Y] = {(¢2, Lon [l — 1])} while making use of the environment
I =Tvar[X:=a%.X +Y := b2.Y].

Lemma 3.10 (Generate operator under transitions). Given an Mce program
F,T =Ty [F], F =+ E and E — E', then Gr[E'] C Gr[FE] holds.

Proof. See Appendix A. O

As already mentioned, the relation of the kill operator results on the initial
IMCC expression and on its derivatives is not necessary a subset relation. We
can however prove the equality after the subtractions:

Lemma 3.11 (Kill operator under transitions). Given an IMCC program F,
I'= FVar[[F]]; F —*_> E> (67 Ml) € ’CIIE]L Lo [e — 1] < 5F[[E]]7 (&M?) € IC[[FH}
then gr [[E]] — M1 = 51“ [[E]] — MQ holds.

Proof. See Appendix A. O

Note that under the conditions in Lemma [3.11] it can actually happen that
K[E] contains two different multisets referring to the same label. In this
case the result of their subtraction from the exposed labels of E will still
be the same. Let us have a look at the following example: it holds that
(fl,J_g;n [51 — 1,0 — 1,03 — 1]) € ]C[[Y =X :=all. X +clY + b&Oﬂ On the
other hand, for the derivative IMCY expression we have two different elements
mapped to f1: K[X :=a®%. X +c2.Y := X :=a%. X + c2.Y + b%.0] contains

both (El,J_gm [[1 — 1,62 — 1,63 — 1]) and (Zl,J_g;n [61 — 1,62 — 1])

It holds however that Ep[X :=at. X +c2.Y = X :=a%. X + 2.V +b%.0] is

equal to Loy [¢1 — 1, ¢y — 1], therefore two subtraction results are equal. It
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holds that Loy [¢1 — 1,80 — 1] — Lon [¢1 — 1,05 — 1] = Ly and it also holds
that Lop [61 — 1,0o+— 1] — Lon [€1 — 1,05 +— 1,05 — 1] = Loy, i.e. the result of
the subtraction is the same in accordance with the statement in Lemma B.11]

We will prove in Lemma that there is an inclusion relation between the
results of the chains operator on any derivative expression and on the initial
expression if it is well-formed:

Lemma 3.12 (Chains inclusion). Given a well-formed IMCE expression F,
F 5 B, A = Aab[F], then SA[E] C TA[F] holds.

Proof. See Appendix A. O

Note that some chains may be “lost” after a transition, i.e. the inclusion relation
in Lemma can be strict. For example, for the transition X :=a%.X
ana?0 ———2—— X :=a%. X nan 0 it holds Ty[X := a".X nana®.0] =

Lo [61 = 1, L3 — 1]
{Lon [l1 > 1,05+ 1]} but TY[X :=a". X 1an 0] = 0, if A = Apap[X :=a%. X 1l
aia®2.0]. The set of chains for the derivative expression is empty even though
the process on the left (X :=a®.X) can still perform the action a, because no
transition is derivable for the terminal process on the right.

3.5.2 Precision

In the following Lemma we will prove that every chain of an IMC® program
is also a chain of any of its derivative expression, provided that all the labels
from the chain domain occur in the derivative expression.

Lemma 3.13 (Chains preservation). Given an IMCY program F, F - E,
A = Apap[F], C € TA[F], dom(C) C Labs(E), then C € TA[E] holds.

Proof. See Appendix A. O
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From the next Lemma[3.14]follows that we can predict all the enabled transitions
(and only them) based only on exposed labels and on computed chains of an
IMCY expression if it is a derivation from some IMC® program. The action
name or delay rate decorating the transition can be determined based both on
the output of the operator Apap on the IMC® expression and (for action names)
on the knowledge about free names of the expression. For internalised action
names the transition is decorated with the T-action. For delay-transitions the
maximal progress assumption has to be taken into account.

Lemma 3.14 (Transition existence). Given an IMCC program F, F — E,

A = Arap[E] and T = Ty, [E], then E -5 E’ holds if and only if C € TA[E]
C

and C < Ep[E], and one of the following cases occurs: o = Name” fn(E)(C')

and o € ActU {r} or a = Name} tn()(C), a € Rate and there is no chain
C" € TA[E], C' < &r[E] with Name; g, )(C') =T

Proof. See Appendix A. O

In the next Lemma we will prove that multisets of exposed labels of IMC®
programs and all their derivatives belong in fact to a special type of multisets,
with each label mapped either to zero or one. This is not astonishing taking
into account the results on the precision of the Pathway Analysis that we have
already proved. This result will make it easier to discuss the precision of the
Pathway Analysis as we do not need to take into account the possibility of
several exposed occurrences of the same label.

Lemma 3.15 (Unique exposed labels). Given an IMCC program F, F = E

and T' = Ty, [F], then either Er[E](¢) = 0 or Er[E](£) = 1 holds for all ¢ €
Lab. Given two transitions E — E' and E — E" with different derivation

cy Cq
trees, then Cy # Cy holds.

Proof. See Appendix A. O

The next Theorem |3.16| is important because it proves that our analysis is
exact in relation to exposed labels of an IMCY expression derivable after one
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semantic transition from another IMC® expression the exposed labels of which
are already known. We will show below in the proof of Theorem that this
result is extendable to any number of semantic transitions due to the lemmas
proved above.

Theorem 3.16 (Pathway Analysis is precise). Given an IMCS program F,
F = E and E = E', then &[E] — X gomcy (M6, M) € Ky,[E]} +
C

Zéedom(c){Ml(& M) € Gr[E]} = &r[E'].

Proof. See Appendix A. O

3.6 Worklist Algorithm

In the last section of this chapter we will put all the results that have been proved
until now together. We show how to use the results of the Pathway Analysis in
order to build a labelled transition system where all the states and transitions
have their corresponding states and transitions in the labelled transition system
induced by the semantic of the IMCC program that has been analysed and the
other way around. This clearly proves that our Pathway Analysis is correct and
precise.

In the previous work on Data Flow / Pathway Analysis (see [NNO7], [Pil07],
INNNOQ7]) the definitions of the operators on the syntax of a particular process
calculus have been followed by devising a so-called Worklist Algorithm. The
purpose of the latter was to build a labelled transition system that could simulate
the labelled transition system induced by the semantics of a process calculus
expression for which the Data Flow / Pathway Analysis has been conducted.
We will now present the schematic Worklist Algorithm that will complete our
analysis. It is quite similar to the Worklist Algorithms from the previous works
but it does not make use of a granularity function (the semantic models of
IMCY are always finite, therefore it is not necessary) and makes use of several
auxiliary operators.

The Worklist Algorithm accepts as input an IMCC program F' and returns as
output a labelled transition system with states denoted by multisets of exposed
labels. It is schematically described in Table |3.18] The idea is to start with
applying the Pathway Analysis operators to F'. The auxiliary operators I'vay,



3.6 Worklist Algorithm 75

1. Compute I' := Ty, [F] and A := Apap[F].
2. Compute fn(F).

3. Compute Ep[F]: this label multiset will characterise the first
state of the labelled transition system to be constructed. Add the
first state to the worklist: worklist := {Er[F]}. Assign it to the
current state M of the Worklist Algorithm: M := Ep[F].

4. Compute Gr[F], K[F] and TA[FT], i.e. the generate, kill and
chains operators on F.

5. For each C € T, [F], such that Nameﬁ’fn(F)(C) € ActU{r},
check whether C' < M. If yes, create a new state (if not al-
ready existent) M’ = M — 37,cp,my{M1|(¢, M) € K[FT} +
2 vedom(c)iM2| (¢, M2) € Gr[F]} and add it to worklist. Create
a transition from the state M to the state M’: the transition is
decorated by the action name o = Nameﬁ’fn(F)(C) and by the
label multiset C'.

6. If no transitions decorated with 7 have been created in p.5,
repeat p.5 for each C' € T [F] such that Nameﬁyfn(p)(C) € Rate.

7. Check whether worklist is empty. If yes, we are done. If no,
choose an arbitrary state out of the worklist, assign it to M and
proceed with p.5.

Table 3.18 — The Worklist Algorithm which builds a labelled transition system
given an IMC® program F.

Apab and fn are applied to F first (can be applied in any order). Consequently
the exposed, generate, kill and chain operators are computed (their order is in
fact not important as well). Then, starting with the multiset of exposed labels
of F', all the possible label multisets reachable from the exposed multiset of F'
in the sense of Theorem [3.16| are created. Note that the maximal progress is
taken into account in rule (6): rate-transitions are created only from the states
that do not have any outgoing 7-transitions.

We will prove in Theorem [3.17)that the Worklist Algorithm constructs a labelled
transition system where there is a clear correspondence between the states added
by the Worklist Algorithm and the expressions derivable from F. We say that a
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state M corresponds to E such that F —— E if M = Ep[E] with T' = Tvar[F].

Moreover, no states are added by the Worklist Algorithm for which there is no
corresponding derivative of F'. The transitions between pairs of states created
by the Worklist Algorithm correspond to the transitions in the semantics of F’
as well. There is also a termination guarantee for the algorithm.

Theorem 3.17 (Worklist algorithm). Given an IMC© program F', then the
Worklist Algorithm terminates on F. The Worklist Algorithm creates a state
M if and only if there exists an IMCC expression E such that F = E and

M = Er[E] with T = Ty [F]. Moreover, from F - Ey, F — Fy, M} =
Er[E1] and My = Er[Es] follows that Ey %) FEs if and only if the Worklist

Algorithm creates the transition My —— M.
(e}

Proof. See Appendix A. O

In Chapterwe will introduce a notion of strong bisimilarity on IMC® systems.
With this knowledge we will be able to show that the Worklist Algorithm con-
structs a labelled transition system which is strongly bisimilar to the labelled
transition system induced by the semantics of F'.



CHAPTER 4

Bisimulation relations and
Pathway Analysis

4.1 Bisimulations and logical equivalences

In this chapter we will discuss a special class of binary relations which can be
established on the states of labelled transition systems, namely, bisimulation
relations. These relations are equivalence relations (reflexive, symmetric and
transitive) of a special kind: states that are in a bisimulation relation with each
other (called “bisimilar” states) “behave” in a similar way. The bisimulation
equivalence is not the same as the trace equivalence and is in general finer
than the latter (see, for example, [BK08] for a comparison), as it is the possible
behaviour of states that is compared and not only the behavioural traces without
reference to the states that were passed through while producing the trace.

The understanding of what a similar behaviour means can be very different,
also the labelled transition systems can be of different types, therefore there
exist lots of types of bisimulation relations. For example, for labelled transition
systems with labelling of transitions by external action names it is usual to apply
a notion of a so-called strong bisimulation. In a strong bisimulation two states
are bisimilar when each transition from one of the states has a corresponding
transition from the other one of the states — for transitions to be corresponding
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means that both transitions have the same labelling and go to states that are
again bisimilar. This is a notion of bisimulation that has been introduced by
Park [Par81] and Milner [Mil89].

Many other types of bisimulation have been introduced later on — weak bisimula-
tion [Mil90], probabilistic bisimulation [LS89], Markovian bisimulation [HR94]
etc. There have also been defined bisimulations based on state labellings (in
contrast to transition labellings) but these two kinds of bisimulations are mu-
tually convertible if the labelling is qualitative (e.g. by action names) [BKOS§].
Such conversion is however not possible for transitions decorated by quantita-
tive labels (for example, by rates), as in order to calculate the probabilities of
the transitions we should know all transition rates to other states and not only
the cumulative exit rate of a state.

It is usual to look for the coarsest bisimulation relations, i.e. the coarsest re-
lations that satisfy the definition of the particular bisimulation. The coarsest
bisimulation relations are usually called bisimilarities. Bisimulations and bisim-
ilarities are often directly linked to logics: for many bisimulation/bisimilarity
relations there has been constructed a corresponding logic that in some sense
captures the “meaning” of the bisimulation relation. The logic is sound or both
sound and complete for a particular bisimulation relation.

We understand soundness in such a way that formulas in the logic either hold
or do not hold on all bisimilar states. By completeness we mean that for each
pair of non-bisimilar states there exists a formula in a particular logic with holds
on one of the states and does not hold on the other one, i.e. there is a formula
in the logic that can discriminate non-bisimilar states. For example, on finite
labelled transition systems without terminal states, both CTL and CTL* fully
characterise strong bisimilarity [BKO0S§]|, i.e. they are sound and complete for
strong bisimilarity. The same result can be established for infinite transition
systems with finite branching but not for infinite transition systems in general
were there can exist non-bisimilar states which are equivalent according to all
CTL formulas [BK0S§].

Bisimulation relations on states can be naturally extended to relations on tran-
sition systems: for a fixed bisimulation relation on states we consider two tran-
sition systems to be in a bisimulation relation if every initial state of each of the
systems has a corresponding bisimilar initial state in the other system. On the
other hand, for those bisimulation relations that are equivalences it is possible
to build bisimulation quotients of transition systems: in a bisimulation quotient
each equivalence class is represented by only one state, which can lead to a con-
siderable state space reduction. Equivalent states are thus merged or in a sense
“compressed” together thus obtaining a smaller system for further analysis. A
bisimulation quotient is clearly smaller for coarser bisimulations. The smallest
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bisimulation quotient is computed based on the coarsest bisimulation, i.e. on
the bisimilarity.

There are standard methods for computing bisimulation relations which usually
are aiming at computing the coarsest bisimulations. The idea is to start with all
states with the same labelling considered as potentially bisimilar and refining
equivalence classes until no refinement is possible. The exact way how a parti-
tion should be chosen for the refinement in the next step can be different and
therefore leaves space for improvements [BKO0S].

Building bisimulation quotients is a preferred way of dealing with state space
explosion [BKO0S] and often yields a considerable performance gain. In case the
bisimulation relation based on which the states are merged is not the coarsest
one, then model-checking of a corresponding logic on a smaller system is still
sound [BKO§|] even though some states may be indistinguishable in the logic.
This is an application that we envision for our approach as we will be construct-
ing bisimulations (see Sections and and not bisimilarities in general.

It is very useful if a bisimulation relation is also a congruence relation for the
main composition operators of process calculi (for example, synchronisation,
choice or internalisation operators). Then bisimilarity-minimisation can be car-
ried out before the application of, for example, synchronisation, rather then after
it, and can be applied many times after the application of each compositional
operator, which leads for many systems to a considerable decrease in the com-
plexity of computing the bisimulation quotient [ASSB94]. A similar method can
be used for abstractions, where abstractions are applied many times on system
subcomponents rather than once on a whole system [KKNQ9].

Hermanns has proposed an algorithm for computing the strong bisimilarity on
IMC systems in [Her02]. His algorithm is based on combining the standard
algorithms for computing the strong bisimilarity on labelled transition systems
(see, for example, [KS83]) and the Markovian bisimilarity on CTMCs [Her93].
We will show how his algorithm can be transferred into our setting before going
on with our own algorithms for computing bisimulations based on the results of
the Pathway Analysis of IMCS.

There have been proposed improvements of the algorithm from [Her02] for sys-
tems that do not have cycles [CHZ08]. Those can be, for example, systems that
model dynamic fault trees [BCSQOT]. In acyclic labelled transition systems it is
possible to construct the bisimilarity relation by visiting each state only once,
starting with absorbing states, this is why the complexity of construction is only
O(m), where m is a number of transitions [CHZ0§|]. However, as we are mainly
interested in studying systems with a repetitive behaviour, we will not discuss
the algorithms for acyclic IMCs further on.
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We have discussed in Section [2.1.3] that those IMC expressions that do not have
interactive cycles in their semantics can be transformed into CTMDPs [Joh07].
Algorithms for computing bisimulation relations on CTMDPs are therefore rel-
evant also for IMC systems. In [BHH™09] an algorithm for computing bisimu-
lations on CTMDPs (which can be considered as a subclass of IMCs) has been
proposed which uses optimisation techniques based on BDDs. BDDs are used
both for assigning states to partition blocks and for computing “signatures” of
the states: signatures denote whether there is a transition decorated by the
fixed action to any of the states of the transition block. Moreover a so-called
“backward signature” is computed for each block in a current state partition in
order to know which blocks might be influenced if the current partition would
be split — this allows to devise a splitting algorithm which is more efficient in
the general case than the usual one. The worst-case complexity is however the
same as for the algorithm without BDDs.

Our own approach differs in several ways from the usual methods for computing
bisimulations. On the one hand, we are not computing the coarsest bisimulations
(i.e. bisimilarities) but rather bisimulations that are easy enough to compute —
our aim is that the complexity of computations is polynomial in the length of
the syntactic description of an IMCE system and not on the number of states in
the labelled transition system representing the semantics of the IMCY system.
We are achieving this by analysing labels (i.e. the generate and kill operator on
them and chains containing them) for being bisimilar and using the results of
this analysis for concluding (with an easy enough procedure) that two multisets
are or are not bisimilar.

In the rest of the chapter we will first present a definition of a strong bisimula-
tion on IMC systems (Section [£.2.1)), its adaptation to label multisets (Section
and a standard algorithm for computing bisimulations adopted to the
label multiset setting (Section . After this we will present two equiva-
lence relations on multisets — a so-called chain-bisimulation (Section and a
synchronisation-bisimulation (Section — of which the first one is easier to
compute than the second one. On the other hand, chain-bisimulation is con-
tained in synchronisation-bisimulation. We prove that both relations are indeed
bisimulations and that there is an inclusion relation between them.

Note that if we can derive that two multisets are contained either in a chain- or
synchronisation-bisimulation, then they are in fact contained in a bisimulation
in the usual sense. However, if two multisets are not contained in the coarsest
either chain- or synchronisation-bisimulation, then it does not necessarily mean
that they are not contained in the coarsest bisimulation (i.e. bisimilarity) in the
usual sense — it can namely be the case that our procedure is not strong enough
to identify them as bisimilar.
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We do not currently analyse systems with rates. The reason is that states
with enabled delay transitions cannot be merged in the same way as states
with only instantaneous action transition enabled. Two different enabled action
transitions do not influence each other, while the probabilities and expected
durations of delay transitions depend on all the delay transitions enabled in a
particular state (see Section. We could however first compute the coarsest
chain- or synchronisation-bisimulation for a system with rates, not taking labels
corresponding to rates into account during the computation, and then do some
additional splitting based on transition rates between equivalence classes as in
the usual algorithm for computing the coarsest bisimulation relations on IMC

(see Table [4.5).

4.2 Bisimilar IMC systems

In this section we will introduce a definition of strong bisimulations on IMC
systems. After this we will explain how this definition can be “transferred” in
a straightforward way to label multisets that can be constructed based on the
Pathway Analysis results of IMC¢ systems and represent states reachable in
the Structural Operational Semantics of IMCEC.

4.2.1 Definition and properties of strong bisimulations

The usual definition of a strong bisimulation on processes, which can also be
regarded as states of a Labelled Transition System, is that it is a binary relation
such that states matched by it can both do a transition decorated by the same
action name and move after that transitions into states which are again matched
by the strong bisimulation relation [Mil89]:

Definition 4.1. A binary relation R on a set of states/processes that can only
execute instantaneous actions is a strong bisimulation if for all (E1,FE3) € R
holds:

1. if By = EY for some action a then there exists Ey € IMCY such that
By 25 Eb and (B}, E}) € R;

2. if By =25 EY for some action a then there exists E} € IMC® such that

B, 25 B, and (E},E})) € R;
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Note that strong bisimulation defined in this way is an equivalence relation. It is
obviously reflexive, it is symmetric (follows from the two conditions in Definition
4.1), and it is easy to show that it is transitive.

This notion of bisimulation is however not directly applicable to IMC/ IMCE
systems for several reasons. On the one hand, we need to take into account de-
lay transitions in some way because, for example, X := a®. X and X :=a®. X +
3.0 obviously should not be considered bisimilar. On the other hand, if
we treat action- and delay-transitions in the same way, then we might be
too restrictive. For example, we would not be able to equate the processes
)\fl.ab.O + \5.af.0 and /\gf.ae‘"’.O in case A3 = A1 + A2, while they have in fact
the same behaviour according to the rules of exponential distribution. Therefore
for delay transitions we cannot just compare transition labels, but rather need
to compute joint or cumulative transition rates. At last, cumulative transition
rates are only important if no internal transitions are possible, i.e. there are no
enabled 7-transition. Thus, A{".a%.0 4 \5.a%.0 + 7.0 and A5°.a’7.0 + 7¢1.0
are bisimilar even if A3 # A\ + As.

There is one more aspect that is not necessarily required for non-stochastic sys-
tems but is required for systems involving probability and time — we require,
namely, that any bisimulation relation is an equivalence relation for such sys-
tems. This is due to the necessity to compute rates, probabilities, time to pass,
etc. into sets of states, which are all pairwise contained in the bisimulation rela-
tion. If it is not possible to subdivide states into equivalence classes in case the
bisimulation relation is not an equivalence relation, because it is not clear how to
compute cumulative probabilities, rates, etc. into sets of bisimilar states in this
case. Therefore, for example, probabilistic bisimulations have been introduced
from the beginning as equivalence relations [L.S89].

All these aspects have been taken into account by the definition of strong bisim-
ulations on IMC systems by Hermanns in [Her02]. We directly adopt his def-
inition for IMC® systems in Definition We will usually assume that all
states in a strong bisimulation relation from Definition [£.4] are derivatives of
some IMC® program. The mentioned above cumulative transition rates are
introduced in Definition [£.3l There are however some technical differences with
the definition in [Her02] which make our definition even a bit simpler.

First, in most cases we just ignore the labelling of the transitions by chains as
these are not relevant for the comparison of the behaviour of states — a chain
that has been executed is not visible and does not influence either transition
duration or the interaction with the environment. On the other hand, chains
decorating transitions from some derivative expression of an IMCC program are
unique for each transition derivation (see Lemma due to the uniqueness of
exposed labels. Therefore we do not need to have a multiset of delay transitions
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as it is necessary for IMC, but rather just a set of delays transition as we shall
illustrate below.

Take the following example as an illustration. There are two different, i.e. involv-
ing different chains, transitions from the IMCY process X := M1.X 4+ \2.X:

X =M X4\ X — 2 o x = \ao X4 AX

Lon [ — 1]

and

X=X\t X 4\ X — 2 o X.= )\ X 422X,

Lop [€2 = 1]

but there is only one transition

X = AX4+AX 25 X = AX +\X

in IMC. In IMC® we can distinguish between two delay transition based on
the involved chains, while in IMC we need to have a multiset of transitions
remembering that the transition from X := A.X + A\. X to itself can be derived
in two different ways from its syntax.

Lemma 4.2 (Transition derivation). Given an IMCS program F, F = E,

then there exists only one transition derivation for each transition E —— F'.
C

Proof. The proof is by induction on the path length F —— E. For each number

of steps the proof is by structural induction on F —in this way we are also proving
the statement for all subexpressions of F. O

We will define in Definition [4.3] a so-called cumulative rate: it is in fact a delay
transition rate between a state and a set of states. It is necessary for the
definition of a strong bisimulation on IMC® below.

Definition 4.3. A cumulative rate between E € IMCS and a set S € 2MCY g
denoted v(E, S) and is equal to ZE%E/ o mes A. An outgoing rate of E is a
cumulative rate between E and all IMC® expressions derivable from E in one

step. It is denoted Rate(E) and is equal to ZE—A—>E’ A
C
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We are now ready to give a formal definition of a strong bisimulation relation
on IMC® processes: it is an equivalence relation such that processes in this
relation have the same enabled actions and the same cumulative rates (in case
there are no enabled internal transitions) into the equivalence classes.

Definition 4.4. An equivalence relation R C IMCY x IMC is a strong bisim-
ulation relation if for all (Eq, Es) € R holds:

1. if By =5 E} for some a € ActU {r} and C; € 9 then there exist
C1
E) € IMC® and Cy € M such that By —— EY and (E}, E}) € R;
C2

2. if By = then v(Ey, S) = (B3, S) for all S € IMC®/R.

Note that from E; - and (FEj, F») € R for some strong bisimulation relation
R follows E5 -, as R is defined to be an equivalence relation. Therefore either
both equivalent in the sense of strong bisimulation IMCS processes have at least
one T-transition and their outgoing delay-transitions are not taken into account,
or none of them has an outgoing 7-transition and their cumulative rates to sets
of states constituting an equivalence class of R are equal for all equivalence
classes.

The following two definitions are standard and have their direct correspondence
in the definitions for IMC in [Her02):

Definition 4.5. Two IMC® processes By and Eo are strongly bisimilar, denoted
FEy ~ Es, if they are contained in some strong bisimulation.

Definition 4.6. The coarsest strong bisimulation relation on IMCY x IMC©
1s called the strong bisimilarity.

The next two lemmas are standard results for strong bisimilarities. The proofs
are easy adaptations from the proofs in [Her02].

Lemma 4.7. The strong bisimilarity on IMCE is:

1. an equivalence relation on IMCE;
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2. a strong bistmulation on IMCG;

3. the coarsest strong bisimulation on IMCEC.

Lemma 4.8. The strong bisimilarity on IMCC is substitutive with respect to
parallel composition and hiding operators, i.e. from FEy ~ Es and E] ~ FE)
follows Ey wAn E{ ~ Es nAn E} and hide A in Ey ~ hide A in Ey for all
A C Act.

4.2.2 Definition of bisimulation relations on 9

In this section we will adopt the definition of a strong bisimulation on IMC®
to label multisets from 9t: corresponding relations on 9t will be called simply
“bisimulations”. We will introduce a notation which will be used in the rest
of the chapter and prove the link between strong bisimulations on IMCS and
bisimulations on 1.

In the discussion below we will assume that we have already conducted the
Pathway Analysis of some IMCC program F'. We will group the results of the
Pathway Analysis and several additional functions that are using these results
into a tuple and assign it to the function F as in Definition[£.9] In the definitions
and proofs below we will often refer to the functions from the tuple F where
the last has been computed for some fixed IMCY program F. This will simplify
the notation a lot as we will not need to index the functions G, K, etc. from
Table with their corresponding F', and we will not need to denote each time
in which way they have been computed.

Note that normally all labels and chains to which the operators Name, Name,p,
etc. from Table [I.1] will be applied will be labels or will contain only labels from
the syntactic description of F', therefore the information on their corresponding
action names or rates will be available through the operator Apap. Also all mul-
tisets to which the operators Name., and Namegh will be applied will be chains
from ¥, therefore all their constituting labels will have the same corresponding
action name or rate and it will be enough to check only one of the labels for its
action name or rate.

Definition 4.9. Given an IMC® program F', then we define a tuple
F=(G,K,Gen, Ken, T, Name, Name", Name,p,, Name?h,imp,IMCg,parents)

using the definitions from Table [{1]
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I' = TvarlF]
A = Avab[F]
G = Gr[F]
K = K[F]
GCh(O) = EZEdom(C’) G(E)
Kch(c) = Z(Gdom(C)K(e)
T = TA[F]
Name(t) = a if Ja st ((6,a) € A)A(FB st ((€,8) € A) A (a # B))
? otherwise.
Nameh(0) = T if Name(?) € Act\fn(F)
ame | Name(¢) otherwise.
~Ja i (|C] > 0) A (VL € dom(C) Name(l) = )
Nameen(€) - = ? otherwise.
Namel (C) = T if Name.,(C) € Act\fn(F)
e | Namec,(C)  otherwise.
Mp = {MeM3E c IMCY st (F = E)A (M = Er[E])}
IMC$ = {EeIMCYF - E}
parents(¢) = {¢ € Labs(F)|L € dom(G(¢'))}

Table 4.1 — Definition of a number of operators on an IMC® program F, £ € Lab,
Cem

Assume therefore that an initial IMC® program F is fixed, we have performed
the Pathway Analysis of F' and saved the computed operators in the function
F as in Definition £9 Then we can formulate a rather self-evident definition of
a bisimulation relation on 9t — see Definition 11l The multisets from 91 that
we are interested in are clearly only those that are equal to exposed multisets
of IMC® expressions derivable from F. However we often do not know which
expressions are derivable from F', so we accept bisimulation relations involving
also unreachable states. It is clear that we can in any case exclude elements of
M that contain labels not occurring in F'.

Analogously to the definitions of a cumulative rate, strong bisimulation and
bisimilarity for IMC® processes in Section we introduce the definitions of
a cumulative rate, bisimulation and bisimilarity relations on the elements of 9.

Definition 4.10. Given an IMC® program F and F as in Deﬁmtion@ then
a cumulative rate between M € M and a set S € 2™ is denoted o (M, S) and
18 equal to
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Z{C\(Ce‘f)/\(CSM)/\(Nameeh(C)eRate)/\(M—Kch(C)+Guh(C)es’)} Namec,(C).

An outgoing rate of M is a cumulative rate between M and all multisets deriv-
able from it in one step. It is denoted Rategn(M) and is equal to

Z{C\(CET)/\(CgM)/\(Namech(C)eRate)} Namecy(C).

Definition 4.11. Given an IMC® program F and F as in Deﬁnition@ then
a bisimulation relation on M is an equivalence relation R C M x M such that
for all (M1, Mz) € R holds:

1. for all C; € ¥ and My € M such that C; < My and M| = M; —
Kn(Ch) + Gep(Ch) there exists Cy € T and My € M such that Cy <
My, Name®, (C1) = Namel, (C2), M} = My — Ko(C2) + Gen(C2) and
(M{, M) € R;

2. if 3C € T such that C < My and Name", (C) =1 then yon(My,S) =
Yo (M2, S) for all equivalence classes S € M/R.

Definition 4.12. Given an IMCS program F and F as in Deﬁm‘tion@ then
two elements My € M and My € M are bisimilar, denoted My ~ My, if they
are contained in some bisimulation.

Definition 4.13. Given an IMCY program F and F as in Deﬁm’tion@ then
the coarsest bisimulation relation on 9 x M is called bisimilarity on IN.

Bisimulations and bisimilarities in Definitions [£.12] and .13] are defined on the
whole 901 as it is often the case that we do not know which multisets from 9t are
reachable from the exposed labels of F'. Also note that there are not only many
different bisimulations but also many different bisimilarities on 91 — namely,
depending on F' for which the Pathway Analysis has been performed.

We prove in Lemma below that there is a direct correspondence between
strong bisimulations/the bisimilarity on IMC® on the one hand and strong
bisimulations/bisimilarities on 9t on the other hand. Note that we are con-
straining strong bisimulations on IMC® and bisimulations on 90 only to states
reachable accordingly from an IMCY program F' or from its exposed labels.
This is because we can only talk about bisimulations on 91 in the context of
some initial IMC® program.
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Lemma 4.14 (Bisimulation on 90 and strong bisimulation). Given an IMC®
program F and F as in Definition[{.9, then the following statements hold:

1. if R € Mp xMp is a bisimulation relation on M then the induced relation
R’ € IMCE x IMC$ defined as R' = {(E1, E2)|(Er[E1], Er[E2]) € R} is
a strong bisimulation relation on IMC™;

2. if a relation R € IMCEXIMC$ is a strong bisimulation relation on IMC®
then the induced relation R’ € MpxMp defined as R' = {(Er[E1], Er[E-])]

(E1, E2) € R} is a bisimulation relation on 9M;

3. if a relation R € Mp x Mp is the bisimilarity relation on M constrained
to Mp then the induced relation R’ € IMCS x IMCS defined as R’ =
{(E1, E2)|(Er[En], Er[E=]) € R} is the strong bisimilarity relation on
IMCY constrained to IMCS;

4. if a relation R € IMC% X IMC% is the strong bisimilarity relation on
IMCY constrained to IMC% then the induced relation R’ € Mp x M de-
fined as R' = {(Er[EA], Er[E=])|(Er, E2) € R} is the bisimilarity relation
on M constrained to M.

Proof. The proof is based on the fact that for all E; € IMC$ all derivations

of transitions from F; have one-to-one correspondence with the enabled chains

among the exposed labels of F;. le. for each By — Es, Ey — E} such
fel} Cy

that Ey # E5 holds C; # Cs. Let us prove this statement by proving an
equivalent statement: for all transitions £ — E’, £y — E” such that FE is
C C

an IMC® expression and the exposed labels of E are pairwise different, it holds
that E' = E".

We prove this by induction on the transition derivation based on the SOS rules
for IMC® in Table The base cases are rules (1) and (10) in Table and
the statement clearly holds for them because there is only one possible enabled
chain and one derivation. For the rest of the rules the statement follows from
the induction hypothesis and from the uniqueness of exposed labels besides may
be the rules (9) and (16). It is however the case that we can apply the induc-
tion hypothesis for E{X := F/X} instead of X := F (because the transition
derivation for F{X := E/X} is smaller) as exposed labels for E{X := E/X}
are pairwise different according to Lemma [3.6] therefore the induction hypothe-
sis is applicable. As a whole we can deduce that for E{X := E/X} - E' and

E{X:=FE/X} — E" holds E' = E”, therefore also for X := F — E’ and
C (e}
X:=F — E"” holds E' = E".
C
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Figure 4.1 — Graphical illustration for the proof of Lemma a bisimilarity
on M is the strong bisimilarity on IMC$ because the presented situation is
impossible.

It can also be easily proved that for all transitions £y — FEs and E; —
c Co

FE5 with the same transition derivation holds C7; = Cs. 1NOW, returning to
proving the statements of the lemma, this establishes that we have a one-to-one
correspondence between the transitions in IMC% and the transitions in Mp,
therefore any bisimulation on IMC$ is a bisimulation on 9z and the other
way round.

The coarsest bisimulation (i.e. bisimilarity) R on 9tz corresponds to the coarsest
strong bisimulation (i.e. strong bisimilarity) R’ on IMC$ because it is a bisim-
ulation according to the reasoning above, and if there would exist a coarser
bisimulation R” > R’ on IMC$%, then R” would have to correspond to R.
Schematically the situation is presented in Figure This situation is how-
ever impossible as for any (E,E’) € R” for which (Er[E],Er[E’]) € R holds
(E,E") € R as well.

On the other hand, the strong bisimilarity on IMC% corresponds to the bisim-
ilarity on 9p because the situation presented in Figure 4.2 is also impossi-
ble. For any (My, M3) € R” such that all (Ey, E2) € R if &r[F1] = My and
Er[E>] = Ms it obviously holds (M, Ms) € R'. O

Note that in the proof of Lemma we do not necessarily have a one-to-one
correspondence between the elements in 9r and the elements in IMC%: the
correspondence can be between the elements in 9Tz and the sets of elements
from IMC%. For example, two IMC® expressions

Y :=X:=alh. X +b2Y

and the expression derived from it after one transition
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Figure 4.2 — Graphical illustration for the proof of Lemma the strong
bisimilarity on IMC$ is a bisimilarity on 9z because the presented situation is
impossible.

X =a X +b2Y =X :=a". X +b2Y

have the same exposed labels, but are syntactically different. They both cor-
respond however to the multiset of exposed labels Loy [¢1 — 1,¢5 — 1]. There
is still a strict one-to-one correspondence between the elements in M r and the
sets of elements in IMC$ and therefore Lemma holds. Basically we are
just simplifying things with mapping several IMC™ expressions with essentially
the same semantics that differ syntactically only due to the different number of
process definitions in their syntax to one multiset of exposed labels.

4.2.3 Non-additivity of bisimilarity on 91

Let us look more attentively on the properties of bisimulation relations on mul-
tisets. First of all we will find out that if two multisets are pairwise bisimilar to
some other two multisets then it does not necessarily mean that their sums are
also bisimilar:

M, ~ M,

My + My ~ M| + M,
MQNMQ/}# 1 2 1 2

A counterexample is F = a’.0 1an a®2.0 + a%3.0 ain a®.0 1an a%.0, with M; =
Lon [61 — 1], My = Lon [52 — 1], M{ = Lop [63 — 1] and Mé = Loy [64 — ].]
Obviously M; ~ M{ and My ~ M hold because there are no enabled chains
in any of the multisets. However My + My ¢ M{ + M) because My + My =
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Lon [61 — 1,45 — 1] and there is an enabled chain in M; + My while M|+ M} =
Lon [¢3 — 1,£4 +— 1] and there is no enabled chain in M| + Mj.

We can easily find a counterexample with minus instead of plus for which a
bisimulation relation on 9t is also not compositional. It is therefore no surprise
that the effect of the execution of bisimilar chains on bisimilar multisets does
not necessarily result in bisimilar multisets:

M ~ M,y
Kp(Ch) ~ Kep(Ca) p & My — Kep(Ch) + Gen(Ch) ~ My — Kep(Co) + Gen(Co)
Gch(cl) ~ Gch(C2)

We can use the following counterexample: (c.X :=a®.X) nanY :=b%.Y +
(ch.Z:=al%.Z) nbn W =bls.W, My = Lop[ly — 1,05 — 1,04 — 1,05 — 1],
My = My, C; = Lon[li— 1], Co = Log[ls—1]. It is easy to see that
K (Cr) ~ Kep(Co) and G, (Cr) ~ Gep(Ca): compare, for example, G (Cr) =
Lon [la = 1] and Gep(Ca) = Lon [€5 — 1]. The execution of C; will lead to the
IMCY process X := a’2.X jan Y := b%.Y while the execution of Cy will lead to
the IMC® process Z :=a’.Z i W := bW — it is clear that these two pro-
cesses are not bisimilar as the first cannot execute the action a and the second
can.

Note that the counterexamples that we have presented do not even involve rates
but are rather based on blocking some labels by the environment in one case
and not blocking the labels in the other case. Some kind of information is
needed therefore about the chains in which labels that constitute multisets in
question do not participate currently but might participate in the future. Also
the information about the chains in which labels that can be generated in the
future can participate should be preserved. We will go into more details of this
discussion while presenting below two bisimulation relations defined by us which
use the information on chains.

The discussion above has illustrated why we cannot use the following seem-
ingly efficient strategy for determining if two multisets are bisimilar (assume for
simplicity of illustration that there are no delay transitions):

1. determine whether each chain C; in the first multiset has a corresponding
chain Cs in the second multiset with the same action name;

2. determine whether K(C7) ~ K(Cs) and G(C1) ~ G(C3).
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It is also clear that we can execute two non-bisimilar chains, with non-bisimilar
kill and generate label multisets, on two non-bisimilar multisets and arrive at
bisimilar states: for example, in (a®t.X :=b’.X) 1bi 0 and b*3.0 the execution
of the labels ¢; and /3 will in both cases lead to transitions to the terminal
states, which are bisimilar.

“Non-additivity” of bisimilar multisets does not allow for much improvements in
the algorithms for constructing bisimilarities in the general case: the algorithm
that we will present in Section is a direct adaptation of the algorithm
from [Her02]. In Sections and we will however discuss how we can exploit
the knowledge about the “internal structure” in multisets, i.e. the knowledge
about labels’ participation in chains, in order to devise more efficient algorithms.

4.2.4 Algorithm for computing bisimulations on I

In this section we will shortly present an algorithm for computing the coarsest
bisimulation relation on a set of label multisets. As usual, we assume that an
IMCY program F is given, the Pathway Analysis has been conducted on it and
the results have been saved in JF as in Definition 9l

The multisets of labels in the set states on which the bisimulation algorithm
will be executed may either be equal to exposed labels of the derivatives of
F, ie. states = {M € M|IE € IMCY st (F = E) A (M = &p[E])}, or
they may be just all the multisets of labels whose domains contain only labels
from Labs(F), i.e. states = {M € IM|Iy..4, st (\,_, ,(li € Labs(F))) A
(M = >, ,, Lon[l; = 1])} (this is clearly an easily computable safe over-
approximation of states reachable from Er[F]), or something in between. In
Section [5.1] in the next chapter we will discuss how some of the states can be
ruled out as unreachable without computing the whole semantics of F.

The algorithm for computing the coarsest bisimulation on states is essentially
the same as the algorithm presented in [Her(02] for computing the coarsest strong
bisimulation on IMC systems. The advantage of our method is, first, that we
do not need to derive transitions from the syntax of IMCC expressions (going
through the whole syntax in the worst case) but rather only compare exposed
labels with chains. This is a general advantage of Pathway Analysis methods.
The second advantage is that we do not need to build the semantics of IMC®
if states is not computed as a set of reachable states or at least do not need to
save transitions between states — this leads to a lower space complexity. We can
use BDDs in order to represent sets of states — it is straightforward as for each
label there is a binary value, i.e. it is present or not present in a multiset.
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names(M) = U{CGTICSM}{Namefh(C’)|Name?h(C’) € ActU{r}}
names_set(S) = |UJyeginames(M)}
rate_set(S) = JycglRateon(M)}

Table 4.2 — Definitions of the functions names : MM — 247} pames_set -
oM _y 2AtVIT} rate set 1 270 — 2R0+, given an IMCC® program F and F as in
Deﬁnition Mem, S e 2™,

The algorithm is based on the idea of partition refinement. It is a combination
of the algorithms for strong bisimulation and Markovian bisimulation. It has a
time complexity of O((mI+mM)x*log(n)) where mI is the number of interactive
transitions, mM the number of Markovian transitions and n is the number of
states, as the original algorithm in [Her02]. The space complexity of the original
algorithm is O(mI + mM). The space complexity of our algorithm is O(n) as
we only save states — the existence of transitions is then checked by comparing
exposed labels with precomputed chains. However the encoding of one state in
our algorithm requires in general more space than in the original algorithm in
[Her02] because we are encoding all the exposed labels of a state in the state
name.

The algorithm consists of two main steps:

1. create an initial partition of states such that all states in one partition class
have the same outgoing rate and the same set of action names decorating
their enabled action transitions;

2. refine the partition according to the differences between the elements con-
stituting partition classes in their cumulative rates into the other partition
classes and in the presence/absence of action transitions decorated by fixed
action names into the other partition classes until no further refinement
is possible.

We define several auxiliary functions in Table As usual, we assume that an
initial IMCY program F is fixed and the Pathway Analysis has been conducted
on it. The fist function names in Table has a multiset M as an input and
returns all the action names that correspond to enabled chains in M. The
functions names_set and rate_set have as their input a set of label multisets and
return accordingly a set of action names of enabled action transitions in all the
label multisets (names_set) or a set of all the outgoing rates of label multisets
(rate_set).
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so :=Er[F]; mo :={s0};
Part := {mp}; states :={sp}; WS :={sp};
while WS # 0 do
choose s € WS
WS := WS\{s};
if {C € chains(s)|Nameh, (C) =171} #10
then Chains := U{C/Echains(s)|Name?h(C’)EActU{T}}{O/};
else Chains := chains(s);
for all C' € Chains
s'i=5—Kn(C)+ G (CO);
if s’ & states then
WS .= WSuU{s'}
flag = false;
for all m € Part
if (names(s’) = names_set(m))A
({Rateon (s')} = rate_set(m))
then m:=m U {s'};
flag = true;
if (flag = false)
then 7 pares|+1 = {8'}; Part := Part U T pares|+1;
Return Part

Table 4.3 — Algorithm for computing the initial partition of states which is used
by the algorithm determining the coarsest bisimulation relation on states, given
an IMC® program F and F as in Deﬁnition Algorithm is taken from [Her(2).

Assume that the set states contain only those label multisets that are reachable
from Er[F]. Then creating the initial partition can be done by the algorithm
in Table which groups together states with the same outgoing rate and the
same action names decorating their outgoing transitions. The second part of
the algorithm, i.e. the refinement of partition classes, is essentially the same
algorithm as the one devised by Hermanns in [Her02]. We also sometimes use
the notation from [Her(02].

At the beginning of the refinement algorithm in Table we divide the parti-
tion classes into “stable”, i.e. with no enabled internal actions (S_Part), and
“unstable”, with at least one enabled internal action (U_Part). Unstable par-
tition classes are refined only according to their action-transitions, while stable
partition classes are refined both according to their action-transitions and ac-
cording to their delay-transitions. Rate-transitions are irrelevant for unstable
partition classes because according to the internal progress assumption no de-
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o {5 — Ken(C) + Gan(C)}
U{s€7r1 |deriv(s,a)Nma#0} {S}}U

deriv(s,a) = U{Ceg\(cgs)/\(Namegh
p-deriv(my, o, T2)

{sem|deriv(s,a)Nme=0} s
(U e part p-deriv(n’, a, m))\D

(Urepart Urerg {{s € 7'|yam(s, ) = r}H\D

Refine(Part, a, )
M _Refine(Part, )

Table 4.4 — Definitions of the functions deriv, p_deriv, Refine, M _Refine, given
an IMC® program F and F as in Definition Definitions are taken from
[Her02].

lay transition is possible from a state that has an enabled internal transition
[Her02].

We define several auxiliary functions in Table [£:4 The function deriv returns
for a multiset and an action name all the multisets that can be reached in one
step from the input multiset by performing a transition decorated by the action
name. The function p_deriv splits a partition class which is its first parameter
according to the presence or absence of transitions from it into another partition
class (third parameter) decorated by the action name specified by the second
input parameter. The function Refine uses the function p_deriv in order to
split all partition classes in the current partition. The function M _Re fine splits
partition classes according to their cumulative transition rate into the partition
class given as the second input parameter.

Using the functions defined in Table [£:4] we can write down the partition split-
ting algorithm — see Table

Lemma has its direct analogue in [Her02] and can be proved in a similar
way:

Lemma 4.15 (Bisimilarity computation). Given an IMC® program F and F
as in Definition[].9, then after the initialisation phase Part is coarser then any

bisimulation on {M|3E st (F — E) A (M = Er[E])}. After each loop run of

the splitting algorithm the partition Part is coarser than any bisimulation on
{M]3E st (F = E) A (M = Er[E])} and the algorithm returns the coarsest

bisimulation.

Proof. See [Her02]. O
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S_Part := {r € Part|}C € chains(r) st Name", (C) = 7};
U_Part := Part\S_Part;
Spl:= (fn(F)U{r}) x (S_Part U U_Part)
while Spl # 0 do

choose (a, ) € Spl

Old := S_Part U U_Part;

S_Part := Refine(S_Part, a,7);

U_Part := Refine(U_Part, a, 7);

S_Part := M _Refine(S_Part, );

New := (S_Part U U_Part)\ Old

Spl = Spl\{(a, ™)} U (fn(F)U{r}) X New
Return S_Part U U_Part

Table 4.5 — Algorithm for partition refinement with the purpose of determining
the coarsest bisimulation relation on states, given an IMC® program F and F as
in Definition Algorithm is taken from [Her(2].

Altogether we have shown how the coarsest bisimulation relation can be com-
puted on label multisets which are reachable from the multiset of exposed labels
of an IMC® program F on which the Pathway Analysis has been conducted.

4.3 Chain-bisimulations

4.3.1 Constructing bisimulations with Pathway Analysis

As we have pointed out in Section [4.2.4] computing the coarsest bisimulation re-
lation on label multisets has the same time complexity as computing the coarsest
strong bisimulation on the states of the labelled transition system representing
the semantics of an IMC® program. In this section we will explore the possibil-
ities of determining some kind of equivalences firstly on labels, and then, using
the gathered information, — on label multisets. In this way we can potentially
devise algorithms for computing bisimulations with a lower complexity, ideally
in the size of syntax — much in spirit of the Pathway Analysis in general. The
downside of this approach is that we will compute in general not the coarsest
possible bisimulation but a strictly smaller relation, as we will be partially miss-
ing information about the context in which the labels are executed. There is
however a possibility that for some subclasses of IMC® we can achieve the com-
putation of the coarsest bisimulation with our methods. We leave this question
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as a topic for future work.

In the following we will define two interdependent binary relations, one on labels
and one on multisets, called accordingly a label chain-bisimulation and a multiset
chain-bistimulation. The interdependence means that the relations cannot be
defined separately but only in pair. In order to determine whether an arbitrary
binary relation, for example, on multisets satisfies our definition we will need to
know its “counterpart” on labels. The relations will depend on a fixed IMCS
program F' for which the Pathway Analysis has been conducted.

Label chain-bisimulations will be relations on all labels from Labs(F') and mul-
tiset chain-bisimulations will be relations on all multisets that contain labels
from Labs(F) — in this way we avoid computing the whole finite automaton
representing Structural Operational Semantics of F' before computing the rela-
tions. We will prove that every multiset chain-bisimulation is a bisimulation.
The idea is thus first to compute a bisimulation relation on the syntax of F'
and then to merge bisimilar states “on the fly” while constructing the labelled
transition system representing the semantics of F. Our approach has therefore
several potential benefits, including low time and space complexities. As we do
not compute the coarsest bisimulation in general, we will recognise some pairs
of bisimilar states but not all of them.

For now we only consider IMC© programs without rates. Multiset chain-
bisimulations are compositional (i.e. additive), therefore dealing with conditions
for bisimilar states and proving that we have in fact constructed bisimulations
is much easier if we only have to consider actions. Dealing with rates is harder
both because we have to consider all transition rates in a state and because
we may need to take into account the maximal progress assumption, i.e. that
no delay transitions can be executed if an internal action is enabled. We leave
therefore considering rates in computing bisimulations as a topic for future work.

The coarsest label chain-bisimulation and its corresponding coarsest multiset
chain-bisimulation will be called the label chain-bisimilarity (denoted ~§", ) and
the multiset chain-bisimilarity (denoted ~gr). Computing the coarsest relations
is preferable as we will be able to match a bigger number of bisimilar states
with them. Labels contained in the label chain-bisimilarity will be called label
chain-bistmilar and multisets contained in the multiset chain-bisimilarity will
be called multiset chain-bisimilar.

In a sense chain-bisimulation equivalent labels do not only “behave in the same
way”, but moreover “cooperate” (i.e. participate in the same chains) with other
labels following the same pattern. Two multisets are in the relation Ngj}{ and
therefore bisimilar if their participating labels are either in the relation Ni’;b

with each other or do not participate in any chain, therefore they can never
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be executed and do not contribute to the behaviour of the multisets containing
them.

Even though we are always talking about computing bisimulation relations on
one particular MC¢ program, it is easy to see that we can compute the relation
Ngj’% on several IMCY programs, by ensuring that their labelling is mutually
disjoint. In particular, if we have two different programs F} and F5, then we
can conduct the Pathway Analysis on F = 76 . Fy + 7% .F,, if {1 & Labs(F;) U
Labs(Fy), o € Labs(F1)U Labs(Fy) and Labs(Fy) N Labs(F3) = (. Both F; and
F5 will be then derivatives of F' and their generate, kill and chains functions
will be included in the corresponding functions of F'.

We can then obtain an answer “yes” or “no” concerning the question whether
two particular IMCY processes are bisimilar by checking whether the multisets
of labels describing their initial configurations (in the example above these are
exposed labels of accordingly F; and F») are in Ngj}{. However, as Ngj}{ is in gen-
eral not the coarsest bisimulation relation on the multisets of labels representing
derivatives of an IMC® program, the answer “no” does not necessarily mean
that two IMC® programs are not bisimilar. For example, the McC processes
a".b".0 1{a, b} a®2.b%.0 and a‘*.b*.0 will not be in the relation ~§r, because
chains with different number of components cannot be identified by ~gr. The
bisimulation relations devised by us are still useful in order to reduce the state
space of IMCY systems and thus to make the further verifications easier.

4.3.2 Label and multiset chain-bisimulations

We will define label chain-bisimulation relations on Lab x Lab and multiset
chain-bisimulation relations on 91 x 9. These relations always exist in pairs,
i.e. the definition is common for a pair of such relations. They are always defined
relative to the Pathway Analysis results F as in Definition [£.9] of a particular
MC© program F without rates. In the following we will always assume F' to be
fixed and its analysis to be conducted previously to computing further operators
or relations on F'.

Definition 4.16. Given an IMCS program F without rates and F as in Defi-
nition[{.9, we call a binary relation R on labels and a binary relation R’ on mul-
tisets accordingly a label chain-bisimulation and a multiset chain-bisimulation
if the conditions (A1)-(A4) and (B1)-(B3) hold.

]f £1 REQ then:
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(A1) both labels are active, i.e. there exist C1 € T and Co € ¥ such that
Lon [@1 — ].] < Cl and Lon [62 — ].] < CQ,’

(A2) Name"(¢;) = Name"(();
(A3) for all C € T holds either

(a) ¢4 € dom(C) iff b2 € dom(C) or

(b) if £1 € dom(C) then C — Lon[l1 — 1] + Lon[la — 1] € %, if o €
dom(C) then C — Lon [la — 1]+ Lon [61 — 1] € F;

(A4) G(L)R'G(Ly).

If My R' M, then there exist sums My = Z M+ M| and My = Z M+ M,
i=1l..n 1=1..n

such that

(B1) all labels £ € dom(M) U dom(M3) are not active;
(B2) for all1 <i<mn, {1 € dom(M?), {5 € dom(M3) holds: {1 Rls;

(B3) for all 1 < i <mn, 1<k <2 holds: if |M| > 1 then V£ € M} holds
M = 2o edom(re () A (e edom(rry)) Lo [€ = 1]

We call the coarsest relations R and R’ fulfilling the conditions (A1)-(A4)
and (B1)-(B3) in Definition for a fized IMCE program F label chain-
bisimilarity and multiset chain-bisimilarity accordingly. We denote {1 N%Zb Ly
(label chain-bisimilar) and My ~gn My (multiset chain-bisimilar) if (¢1,0s) is
contained in some label chain-bisimulation and (M1, Ms) is contained in a cor-
responding to it multiset chain-bisimulation.

Computing the coarsest label chain-bisimulation, given an MC¢ program F' for
which the Pathway Analysis has been conducted, can be done by an algorithm
similar to the algorithm for computing the coarsest bisimulation on states reach-
able from Er[F] that has been described in Section The first difference
is that we have labels instead of states; the second difference is that instead of
transitions between states we have a generate-relation between labels, i.e. we
refine the partition classes of labels according to whether for each ¢ and ¢)
from the same partition class there exist ¢5 and ¢ in another partition class
such that both ¢; — ¢ and ¢{ — ¢} hold.
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We can thus compute the initial partition of labels according to the conditions
(A1)-(A3) and then do a refinement of the partition classes according to the
condition (A4). Checking the splitting condition (i.e. checking the conditions
(B1)-(B3) for the multisets generated by the labels) is not that straightforward
as just checking the existence of transitions in the splitting algorithm in Table[£.5]
but can be done linear in the size of generated multisets. The time complexity of
computing the coarsest label chain-bisimulation will be then O(m * log(n)) and
the space complexity will be O(m), where n = |Labs(F')| and m is the number of
generate-relations, i.e. m = |{¢; € Labs(F),l2 € Labs(F)|¢{; — {2}|. Deciding
whether two multisets are chain-bisimilar can be then done in the linear time
in the number of labels in the domains of two multisets.

Lemma 4.17 (Chain-bisimilarities). Given an IMCS program F without rates
and F as in Definition [{.9 the label and multiset chain-bisimilarities for F
are equal accordingly to the unions of all label and multiset chain-bisimulation
relations for F.

Proof. This is a standard result that bisimilarities are unions of all bisimula-
tions, see for example [BKOS|. It can be proved by showing that on the one
hand the union of two or more label/multiset chain-bisimulation relations is
accordingly a label/multiset chain-bisimulation itself. This can be done by go-
ing through Definition and showing that all the conditions are fulfilled for
unions of relations. On the other hand, the coarsest chain-bisimulations are
contained in the union of chain-bisimulations for the same F'. O

Intuitively, we allow two equivalent multisets to contain each any number of
“inactive” labels: as the latter do not participate in any chain, they can never
be executed and therefore do not contribute to the behaviour of the state of
the transition system which is described by the multiset. The rest of the labels
need to be equivalent, i.e. according to the condition (A2) have the same corre-
sponding action name (7 if hidden), which means that all transitions in which
they participate will be decorated with the same action name. Moreover, their
execution generates equivalent multisets. It is possible to have a correspondence
between sets of labels instead of separate labels but in this case the whole set
should be killed by the execution of each constituent label (condition (B3)).
When the execution of one of the labels kills the whole set then the multisets
will stay equivalent after the execution of equivalent labels.

Additionally the condition (A3) has been introduced: only those labels are con-
sidered equivalent that either participate or not participate together in each
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chain from % or are completely interchangeable, i.e. every chain with one of
the labels exchanged for the other one is again in €. This is enough to achieve
a bisimulation relation on multisets, as we can differentiate now between la-
bels that have some “chain relation” between each other and the chains that
don’t. Without (A3), for example, the following multisets would be matched
by the chain-bisimilarity: E; = a’.0 nana’.0 and E; = a’.0 1)1 a%.0 (both
expressions may be derivatives of some IMCY programs). Without (A3) we
would establish F; NCh E2 because /1 fo;b {3 and ¥o fo;b £4. In the reality,

however, a’*.0 nan ag2 0 —> 0 nan 0 but a’*.0 i a®2.0 —> 0 (i a*>.0 for

appropriate chains C and C’, and two resulting multlsets are not equivalent
anymore. Obviously in order to improve this situation we need to take into
account the information about the chains in which equivalent labels participate.

Note that in case ¢; ~$" ¢y these two labels can either be present in two
parallel processes (condition (A3a)) or they can be connected by the choice
operator (condition (A3b)): the confusion is not possible because these two
situations exclude each other and also because both conditions (A3a) and (A3b)
are transitive. This means that if ¢; Ni’“;b {5 and some third label ¢35 always
participates or not participates in any chain together with ¢;, then it does
the same with ¢5. If /3 is completely interchangeable with ¢;, then it is also
completely interchangeable with ¢5. The situation that, for example, ¢, Ni’;b
{5 due to the condition (A3a) and f3 ~§", ¢; due to the condition (A3b) is
impossible: if /3 is interchangeable with ¢; then there exists a chain where /5 is
present but ¢; is absent (if £; # ¢3). We will use these facts in the proof of the
transitivity of N% below.

Note that the relation on multisets ~§r is not the coarsest bisimulation on

M. For example, different chains can have the same behaviour: in the process
b’ .a’.0 nai a*2.0 4 bfs.a%.0 1ai a’.0 there are two chains, Loy [(1 — 1,y > 1]
and Loy [l3 — 1,44 — 1], with the same behaviour, but they will not be iden-
tified by our relation ~§r because (A3) is not true for any of the pairs (¢4, (3),
(€1,€4), (€a,03), (¢2,£4). Another source of non-optimality of the relation ~gn
is that the conditions (A3a) and (A3b) in Definition can in some sense
“interfere” with each other: in the process b’.a“.0 11{a}i(b%.a%2.0 4 bfs.a.0)
two states corresponding to the multisets Loy [¢1 — 1,05 — 1,85 — 1] on the
one hand and Loy [¢4 — 1,05 — 1] or Loy [ls — 1,45 — 1] on the other hand
are obviously bisimilar: both can execute the action b and then the action a.
They cannot however be identified as such by the relation N% because neither
/q N‘]ﬁb {5 nor ¢4 Ni’;b £3 holds (¢ ~ Lab ¢35 holds).

The two described sources of non-optimality will be addressed in the definition
of the equivalence relation ~g" in Section which will be proved to be an
extension of the relation NS%, Unfortunately these are not the only sources of
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non-optimality: chains with equivalent behaviour may have different number of
constituent labels, some labels may never be executed even if they participate
in some chains because they are blocked by the environment or are generated
only by actions blocked by the environment etc. The identification of such cases
requires a more complex analysis. The equivalence relation ~i has nevertheless
its advantages the main of which is the simplicity of its computation: it is
computed using only the results of the chain, generate and kill operators. The
computation, for example, of the relation ~g" will require some additional
operators on the analysed IMC® program F.

4.3.3 Chain-bisimulations and “ordinary” bisimulations

Before considering the question of how chain-bisimulations are related to “ordi-
nary” bisimulations let us discuss some of the properties of chain-bisimulations.
Chain-bisimulations (including chain-bisimilarities) are not necessary preserved
under subtraction: given an IMCY program F and F as in Definition
then from M N% M{ and M, N% MY, does not necessarily follow M; —
M{ ~gr My — Mj, even if all involved multisets represent exposed labels of
IMC© expressions derivable from F. Take as an example the MC¢ program
Y = X :=2a%. X +a"%.Y. Then for dom(M;) = {1}, dom(M,) = {f>} and
dom(Ms) = {1,032} all three multisets are chain-bisimilar. However M3 — M;
is obviously neither chain-bisimilar nor bisimilar in the sense of Definition |4.11
to M3 — M3. Chain-bisimulations are not additive in general case as well due
to the condition (B3) in Definition which might be violated.

On the other hand, multiset chain-bisimilarities have some useful properties, in
particular, they are equivalence relations on multisets of labels. This is useful
because (in case they are also “ordinary” bisimulations — which we will prove
in Lemma we could group equivalent states together and construct in
this way a smaller labelled transition system for the semantics of an IMC®
program without rates for which the Pathway Analysis has been conducted and
the multiset chain-bisimilarity has been computed.

Lemma 4.18 (Chain-bisimilarities are equivalences). Given an IMCE program
F and F as in Deﬁm’tion then the relation N%’Zb on active labels and the
relation Ngjl}” on multisets of labels are equivalence relations. This means that,
assuming Lab" C Lab is a set of labels such that V¢ € Lab' 3C € T such that { €
dom(C'), then for all labels {l1,l2,¢3} C Lab', for all mutisets { My, My, M3} C

I holds:

1. 61 N%Zb fl and M1 Nsﬁ M1
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2. 1 N%};b by = Vo N%};b l1 and M, N% My = M,y Ngj}% My

3. (b ~hy o) A (ba ~Ghy 03) = 01 ~Thy by and (My ~gy M) A (M ~g
Mg) = M, NSJ}?L M3

Proof. The definitions of the relations ~§", and Ngﬁ in Definition imply
that these are the coarsest relations for which the conditions (A1)-(A4) and the
conditions (B1)-(B3) hold. Therefore in order to prove the statements 1-3 from
the formulation of the lemma it is enough to show that the identity relations
on active labels and on multisets of labels satisfy accordingly the conditions
(A1)-(A4) and (B1)-(B3); that for any two relations satisfying accordingly the
conditions (A1)-(A4) and (B1)-(B3) holds that their inverse relations also sat-
isfy accordingly the conditions (A1)-(A4) and (B1)-(B3) (then they both are
contained in the coarsest relations according to Lemma ; that two pair
of relations satisfying accordingly the conditions (A1)-(A4) and (B1)-(B3) can
be combined together and still satisfy accordingly the conditions (A1)-(A4) and
(B1)-(B3) (then two pairs of relations as well as their combinations are contained
in the coarsest relations according to Lemma [4.17).

A pair of the identity relations on accordingly active labels (i.e. on Lab’) and
multisets satisfy all the conditions (A1)-(A3): note that both (A3a) and (A3b)
are satisfied in case ¢; = f5. In the conditions for multisets we can ascertain
that M{ = Mj for 1 < i < n — then the consitions (A4) and (B1)-(B3) are
satisfied as well.

Assume that a pair of relations R and R’ satisfy the conditions (A1)-(A4) and
(B1)-(B3). Then also a pair of relations R~ = {(f1,42)|(¢2,¢1) € R} and
R'=1 = {(My, My)|(Ma, My) € R'} satisfy these conditions as all of the condi-
tions (A1)-(A4) and (B1)-(B3) are in fact already symmetric by definition.

Assume that two pairs of relations R; and R on the one hand and Ry and R}
on the other hand satisfy the conditions (A1)-(A4) and (B1)-(B3). Then we will
show that also a pair of relations Ry o Ry = {({1,¢3)|(3(¢1,€2) € R)A(I(l2,l3) €
R)} and Ry o Ry = {(My, M3)|(3(M1, M2) € Ry) A (3(Mz, M3) € Ry)} satisfy
these conditions.

Most of the conditions clearly hold besides the condition (A3). We have already
mentioned in the discussion above that in case ¢ Nihab 2 Nihab {3 and both for
the first and for the second relation holds the condition (A3a) then the condition
(A3a) holds for ¢; and ¢3. The same is true if it is the condition (A3b) instead
of the condition (A3a) that holds for both ¢; fo;b fo and £o fo;b l5. Two
remaining configurations, i.e. (A3a) holds for ¢; ~§", f5 and (A3b) holds for
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Figure 4.3 — Graphical illustration of the proof of Lemma labels in two
chain-bisimilar multisets can be “rearranged” in such a way that the same labels
are always grouped together.

by ~§", 03 and the other way round, are impossible in case all three labels
are different. In case some of the labels are the same, for example, ¢; = /o,
then both (A3a) and (A3b) hold for this pair and we are back to the previously
considered case. O

We show an important result that, given an IMCC program F' and F as in
Definition [£.9] then for two multisets which are in a chain-bisimulation relation
which is also an equivalence holds: one of them is a chain from ¥ if and only
if the other one is also a chain from . It is a necessary step in proving that
any chain-bisimulation that is an equivalence is an “ordinary” bisimulation —
this would obviously not be the case if out of two chain-bisimilar multisets one
would be a chain and the other not.

Lemma 4.19 (Chains and chain-bisimulations). Given an IMC® program F
without rates, F as in Deﬁmtion and a pair of equivalence relations (R, R’)
that are accordingly a label and a multiset chain-bisimulations, M1 € I, My €
M, such that M1 R'Ms, then 3Cy € T such that C; < My iff 3Cy € ¥ such that
CQ S M2 and OlR/CQ.

Proof. Note that due to the fact that R’ is an equivalence it is enough to prove
the statement only one way: the other way will follow because from Mj; R’ M,
follows MyR’' M for any My € 9, My € M.

For any Cy < M; such that C; € Tand Cy = Y, , Lon [(; — 1] there exists
M < M such that M =", _,  Log[¢; — 1] and for all 1 < i < n holds ¢; Rl.
If for all ¢} holds that ¢} is interchangeable with ¢; (condition (A3b) in Definition
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4.16]) then M € ¥ clearly holds. Otherwise we can “rearrange” the relations of
labels in M to the labels in C4 in such a way that the condition (A3b) will
always be true.

Assume that there exists some Loy [¢/ — 1] < M such that ¢R¢ for some
Lon [ — 1] < C; and the condition A3(a) in Definition holds. This means
that it also holds ¢/ € C; (remember that the condition A3(a) requires that
¢ and ¢ participate in all chains “together”). Additionally there will exist
Lon [¢" — 1] < M such that £/R¢”. We can do a “rearrangement” of labels
such that ¢ R¢' and ¢R{” (remember that the relation R is symmetric and tran-
sitive). See the schematic picture of the rearrangement of labels in Figure
We can continue the rearrangement until all the labels in C; are interchangeable
with their corresponding labels in M. O

We are now ready to prove the main result of this section — namely, that chain-
bisimulations that are equivalences on the states from 91 are also “ordinary”
bisimulations in the sense of Definition {.11] i.e. that our definitions of chain-
bisimulations are correct with respect to the semantics of an IMC© program to
be analysed.

Theorem 4.20 (Chain-bisimulations are bisimulations). Given an IMCY pro-
gram F without rates, F as in Definition[{.9 and a pair of equivalence relations
(R, R') that are accordingly a label and a multiset chain-bisimulation, then R’ is
a bisimulation relation on M. In particular, from M, NSJ'% Ms follows My ~ Mo
for any My € MM and My € M.

Proof. We do not have rates in the syntactic description of F, therefore it is
enough to show that only condition 1 in Definition [4.11] of the bisimulations on
M holds. Also note that if we prove the first statement of the lemma this will also
prove that from M, N% M follows My ~ Ms: the synchronisation-bisimilarity
is also a synchronisation-bisimulation, it is an equivalence according to Lemma
4.18| and it would be contained in the relation ~ because the bisimilarity on 91
is a union of all bisimulations on 2.

We only need to show therefore that for all C; € T and M] € 9 such that
Cy < My and M{ = My — Kcp(C1)+Gen(Ch) there exists Cy € T with Cy < Mo,
Name!, (C;) = Name", (Cz), M}y = My—K o4 (Ca)+Gen(Co) and (M], M}) € R'.
From Lemma follows that there in fact exists a chain Cy € ¥ such that
Cy < My and O1R'Cy. Accordingly Name!, (C;) = Name”, (C5) holds due to

ch ch

the condition (A2) in Definition Note that if both chains contain only
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one label in their domains then it is possible that they correspond to originally
different but hidden action names. If two chains contain more than one label in
their domains then this is not possible.

We can observe that (M; — K., (Cy))R' (My — K., (C5)). This is due to the con-
dition (B3) in Definition the execution of one of the labels in a containing
more than one label in its domain M,i forl1 <k <2and1 <7 <nkills all the la-
bels from M,i and no other labels. We can add accordingly G.,(C1) and G, (Cs)
because in this particular case we have the additivity property. It is namely the
case that all newly generated labels can neither be killed or kill already exposed
labels — this can be shown by induction on the syntactic structure of F. Al-
together this proves (M; — K., (C1) + Gen(Cr))R (Mo — Kop(C2) + Gen(C2))
which is enough to show that the statement of the lemma holds. O

We have thus proved that ~§k is a bisimulation on multisets of exposed labels

of the derivative expressions of the IMC® program that has been analysed. It
is easy to see that in general Ngj}ﬁéw and we have already presented examples
of that. In the next section we will devise another bisimulation relation on
multisets ~gy" such that ~gxC~gy" and ~§hz£~g"" in general. The enlargement
of the equivalence relation will be achieved by relaxing the requirements to the
equivalence on labels and by additionally taking into account the relations of
labels inside two equivalent multisets and not only between them as in the

s ch
relation ~gg.

We conjecture that chain-bisimilarities are equal to the “ordinary” bisimilarity
on linear IMCY programs, i.e. with no parallel operator (because chains do not
play any role in the linear fragment of IMCG), and on a symmetrical composi-
tion in the sense of [Her(2], i.e. on a parallel execution of several identical (but
uniquely labelled) linear IMCC processes. We also surmise that it might “recog-
nise” situations when linear components in a symmetrical composition are not
syntactically equal but still have the same semantics. These suppositions need
the further research to be conducted in order to verify them.

4.4 Synchronisation-bisimulations

In this section we will enlarge bisimulation relations constructed above in Sec-
tion [£3] Remember that in Section 3.2l in case we would like to determine
whether two multisets are chain-bisimilar we only had to determine whether they
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consist of pairwise chain-bisimilar active labels. Analogously to label and multi-
set chain-bisimulations we will define below label and multiset synchronisation-
bisimulations. The coarsest label and multiset synchronisation-bisimulations
will be denoted accordingly ~j¥} and ~gi". Similarly to chain-bisimilar la-
bels, synchronisation-bisimilar labels will have the same associated action name
(or both will be associated either with an internalised action name or with a

7-action) and will generate synchronisation-bisimilar multisets.

On the other hand, synchronisation-bisimulations on multisets will use infor-
mation about two different relations on labels. The relations of the first type,
i.e. label synchronisation-bisimulations, are similar to label chain-bisimulations:
they relate labels with similar behaviour. In fact it holds that ~§", C~7¥} . Re-
lations of the second kind map pairs of labels to sets of external action names.
The latter contain those action names on which two IMC® subprocesses, each
containing a label from the labels’ pair, are synchronising. The reason for in-
troducing this second type of relations is in a sense that label synchronisation-
bisimulations are “too permissive”: labels equivalent according to them do not
have the same pattern of participation in the same chains with other labels. We
correct this circumstance with the use of the second relations.

It is required therefore that the relations of the second kind between “active”
(i.e. participating in at least one chain) labels inside two multisets follow the
same pattern. We will say that synchronisation-bisimilar multisets have the
same (potential) “synchronisation structure”. A synchronisation structure of
a multiset will retain the information about all the chains which contain the
labels that can be generated after any number of semantic steps by labels in a
multiset. This information will be computed by an operator Syn beforehand
on an IMC® program (using a number of auxiliary operators) and saved in the
mapping Lab x Lab — 24, The resulting mapping returns for all pairs of
labels an over-approximation of action names on which the labels generated by
them could be synchronised.

Differences in synchronisation structures will help us to determine, for exam-
ple, that the processes X :=a®.b®. X 1bnY :=a®.b%.Y and X := a%.b%.X i
O Y := a’.b’.Y cannot be considered synchronisation-bisimilar: there is a po-
tential synchronisation on b in the first case and there is no such synchronisation
in the second case. The processes are indeed not bisimilar in the sense of strong
bisimulation as the second process can execute a sequence of actions a, a, b, b
which the first cannot. We can even handle a “spurious” synchronisation in some
cases: both X :=a%. X wbnY :=a®?.Y + b%.Y and X :=a®. X wbuY :=a%.yY
will not be considered as synchronising on b according to our operator Syn.

Additionally we will require that for any multiset which is a chain all multi-
sets that are synchronisation-bisimilar to it are chains as well. This is nec-
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essary in order to determine, for instance, that the processes X := b’ .X and
X :=b".X 1{a,b}n Y := a’s.b?.Y are not bisimilar: the first process will exe-
cute the action b infinite number of times and the second process is stuck. Note
that we cannot determine this fact neither from the analysis of individual labels
(a* is not active and is therefore not taken into account) nor from the analysis
of the results returned by the operator Syn.

The final requirement concerns the possibility to identify n-to-m correspon-
dences of labels. The idea is that we can identify groups of labels that are
synchronisation-bisimilar and are excluding the execution of each other (by
“killing” each other) — this means that they are choice alternatives. A group of
n such labels will be then synchronisation-bisimilar to a group of m such labels,
which is also intuitively explainable: it does not matter how many alternatives
we have in case we can only choose one of them. It is also easy to identify
such situations — we only need to group synchronisation-bisimilar labels that
are mutually “killing” each other.

Consequently we will prove that synchronisation-bisimulation relations are bisim-
ulations on M. We will also show that synchronisation-bisimilarities contain
chain-bisimilarities (for the same IMCY program F') and are in general strictly
coarser than them. We can as a result determine many interesting bisimulation
cases: for example, match the processes X := a’*. X and Y := a’2.Y 4 a3.Y (dif-
ferent number of choice alternatives with the same behaviour), X := a’t.b%. X
and Y := a‘.b%.a% b%.Y (behaviour repetition), hide a in (X :=a“.b%.X |
bi Y :=a“.b%.Y) and hide cin (X :=c.b%.X nbiY :=c’.b%.Y) (different
action names before internalisation, the same synchronisation structure in two
processes).

Failing to recognise all bisimilar IMCY processes comes in particular from the
circumstances that they may have different synchronisation structures due to
the labels that are actually unreachable or that we only consider one-to-one cor-
respondences between labels and not one-to-two etc. correspondences. To illus-
trate the first circumstance consider the following example: c/.(X := a’.b%.X |
{a,b}u Y :=b*.a%.Y) and c’.0. In the first process all the labels besides ¢;
cannot be executed because of the different action order but the processes will
not be identified as synchronisation-bisimilar. The second fact can be illustrated
by the processes X :=a’t. X and Y := a®2.Y 1an Z := a®3.Z, where in the latter
case two synchronising processes are proceeding “in lock”. We cannot however
identify them due to different number of their exposed “active” labels.
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fap(a’.X) = {a} Ud(X) (1)
fnp(ALX) = &(X) (2)
fnq,(ae.P) = {a} @] fIl.:p(P) (3)
fng(\.P) = fne(P) (4)
fIlq>(P1 +P2) = fIlq;(Pl)UfIl.:p(PQ) (5)
fng(hide Ain P) = fng(P)\A (6)
fl’l@(Pl nAi PQ) = fn@(Pl)Ufncp(Pz) (7)
fnq)(X = P) = fnq,(P) (8)
fne(0) = 0 ()

Table 4.6 — Modified operator fn : IMCY — 24°% with an environment ® €
Var — 24¢t,

4.4.1 Operator Syn

In this section we will define an operator Syn that we have already mentioned
before. The operator takes as an input a syntactic description of an IMC®
program and returns a mapping where for each pair of labels there is a set of
external actions. We will also prove that the way Syn is defined corresponds
to our expectations: i.e. if it returns on a pair of labels (¢1,¢3) a set of external
actions A, then for each a € A holds that both labels from the pair can generate
after a number of steps two labels, e.g. ¢} and ¢, such that both ¢ and ¢
correspond to the action name a and participate in at least one chain together.

Before defining a Syn operator itself, we will need to additionally define several
instrumental operators. In particular, we will define an operator fnvar which
returns free external action names in process definitions and a modified operator
fn which takes the information gathered by the operator fnvar into account
while assessing which free action names occur in an IMC® expression. This
means that if some variable X occurs in an IMC® expression E and an action
a is free in the definition of X, then the modified operator fn will return on
E a set of free action names A with a € A even if a strictly speaking does
not occur in E. For example, for Y := a’t. X := b®?.X + .Y the operator

fovar will return Y — {a, b, c} and therefore the modified operator fn with an
environment will return {a,b,c} as free names in X := b*.X 4 /.Y if it will
use the result returned by fnvar as an environment. See the definitions of the
operators fnvar and fn in Tables [£.6] and [£.7]

We define L gyyar as the least element of the mapping Var — 2Act  The map-
ping can be regarded as a complete lattice with a partial order such that smaller
elements in Var — 24t have smaller sets of action names to which process vari-
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fnvarg [[aé.X]] = @ (1)
fovarg[\.X] = @ (2)
fovarg[a®.P] = fovars[P] (3)
fovarg[\'.P] = favarg[P] (4)
fovarg [P, + P2] = fovarg[P]Ufnvarg[P] (5)
fovarg[hide Ain P] = fnvarg[P] (6)
fovarg [P 1Al P = fovarg[Pi] Ufnvarg[P] (7)
fovarg[X := P] = fvargx e @) [F] (8)
fovars[0] = @ (9)

Table 4.7 — Free names of process definitions. The operator fovar : IMCY —
Var — 24° with an environment ® € Var — 24°t,

ables are mapped. Then clearly in L g,var €ach variable is mapped to the empty
set. We will usually calculate fng,yqr L [[F]]( ) for some IMCY program F
and its subexpression £ < F. Remember that from the well-formedness condi-
tion for F follows that any action names that are not hidden in F will remain
not hidden in any of its derivatives.

As a next step we define in Table the operator psyn : Lab x Lab — 24ct
which computes for all pairs of labels the external actions on which their gen-
erated labels can be potentially synchronising. This is a rather coarse approx-
imation: “potentially” refers to the fact that we take into account only par-
allelisation constructs and which action names are free in subexpressions (see
rule (7) in Table [£.8) but not the generated labels 1tself Thus psyn will re-
turn, for example, {a} for the pair (¢1,¢2) and the IMC® process X :=b%.X 1|
anY :=c2.Y +a’.Y. We will consequently filter out some of the external ac-
tions with the operator Syn — in particular, Syn will return the empty set on
the pair (¢1,¢5) in the above example.

We consider the codomain of psyn to be a complete lattice with a partial
order such that smaller elements in Lab x Lab — 24 have smaller sets of
action names to which pairs of labels are mapped. Then clearly Lgyn (defined
as Lgyn((£1,¢2)) = 0 for all ¢; € Lab and ¢, € Lab) is the least element of
IMC® — Lab x Lab — 24¢t,

We are now ready to define the operator Syn in Table [L.9] If the input of Syn
is an IMC® program F' then the environments R and ® will usually be equal
to accordingly psyn[F] and fovar,, _ [F]. In Lemma we will prove
that the operator Syn does return the result with the expected properties.
The statement of the lemma is graphically demonstrated in Figure [£.4] The
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psyn[a’. X]
psyn[\°.X]
psyn[a‘.P]
psyn[\‘.P]
psyn[P; + P»]
psyn[hide A in P]
psyn[P; 1A Ps

B

R

psyn[X := PJ]
psyn[0]

Lsyn
J—syn
psyn[P]
psyn[F]
psyn[P1] U psyn[F;]
psyn[F]
psyn[P;] U psyn[P:] U R where
] )
acA st ACETA[P11AnP;] st Names(C)={a}
I—I |_| J—syn [(61,62) — B]
£1€Labs(P1) £2€ Labs(Pz)
psyn[P]
Lsyn

(9)

Table 4.8 — The operator for potentially synchronizing labels psyn : IMC® —
Lab x Lab — 22t |, ,.((¢1,£2)) = 0 for all 4; € Lab and ¢ € Lab.

e @@

Figure 4.4 — Graphical illustration of the statement of Lemma@

Definition [£:21] is used in order to ease the formulation of Lemma [4.22]

Definition 4.21 (Label path). Given an IMCS program F without rates and
F as in Deﬁnition a label transition ¢; — €5 denotes the fact that o €

dom(G(¢y1)). A label path £, — ¢, denotes the fact that there exists a sequence

of label transitions such that £; — £; 11 holds for all 1 < i < n.

Lemma 4.22 (Syn operator). Given an MC¢ program F' without rates and
F as in Deﬁm’tion SF = SyDpeyn[F] favar,,  [F] [F], it holds that:
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Syng o[a’ X] =[] R[(£L2)— fng(a®.X) N R((L,£2))] 1
¢>€Lab
[1 R[(t2,0) = fng(a®. X) N R((L2,0)] (1)
¢>€Lab
Syngp o[M.X] =[] RI[(LL2) = fng(\.X) N R((L,£5))] M
¢>€Lab
[1 R[(t2,0) = fne(A.X) N R((£2,0)]  (2)
¢>€Lab
Synpgla®P] =[] R[(L L)~ e .P)NR((L, )] M
¢>€Lab
[ R[(f2,0) = fng(a®.P) N R((£2,0))] M
¢>€Lab
SynR,@[[P]] (3)
Syng o[\.P] =[] R[((62)— fge(X.P)NR((( )] M
¢>€Lab
[1 R[(t2,0) = g (X .P) N R((£2,€))] M
¢>€Lab
Synpg o[ ] (
Syng o[P1 + P] = Syngg[Pi]MSyng [P2] (
SynR’q,[[hide Ain P] SynRA)[[P]] (
Synp [P1 1A Py] Synp o[P1] N Synpg ¢ [P2] E
(

SynR,@[X = 1] SynR,q:[[P]]
SynR)q)[[O]} = R

Table 4.9 — Inductive definition of the operator Syn : IMC® — Lab x Lab —
24t The environments R € Lab x Lab — 24°% and ® € Var — 24t provided
as parameters.

1. for all a € Sp((¢1,42))
(a) there exists a label path 0, —— (5 with Name({3) = a;
(b) there exists a label path by —— 04 with Name(¢;) = a;

(c) for all label paths ¢, 5 0y and Uy == 04, both l5 and 0, active,

Name(ls) =a and Name(£;) =a holds: Log[ls—1][ls — 1] < C
for some C € ¥ such that Names(C) = a;

2. if conditions 1(a) and 1(b) are fulfilled for two labels {1 and {3, such that
¢y € Labs(Py) and ¢y € Labs(Ps) for some Py nAn Py, < F and there
exists a chain C € T such that Loy [l3 — 1][€y — 1] < C, then also a €
SF((fl,fg)) holds.
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Proof. The statement 1 holds essentially due to the well-formedness condition
for F', more precisely the condition (7) in Table According to the latter, in
any subexpression P; of F' put in parallel with another subsexpression P» (and
there exist such expressions with ¢; € Labs(Py) and ¢y € Labs(P;) according
to the definition of the operator psyn in Table there cannot be an action
name which is both free and hidden. Moreover, from the same condition (7)
follows that both P; and P, are closed. From this we can easily deduce that all
label paths starting from labels in P; only involve labels in P;. The same holds
for P,. The statement 1 follows then from the definition of the operators psyn
and Syn and from the fact that both ¢35 and ¢4 are active, i.e. participate in at
least one chain.

We will now prove the statement 1 more formally. We will first prove an in-
strumental statement that in case Name(¢) = Name(¢') = a for some active
{€,¢'} C Labs(F) then a € Sp((¢,¢")) if and only if there exists C' € ¥ such
that Log [{— 1][¢' — 1] < C. We prove the statement by induction on the
structure of F. The statement is clear for the base cases — the rules (1)-(2) and
(9) in Table — as there are no chains and Sr = Lsyn for them. Most of the
other rules follow from the induction hypothesis except rule (7) for the parallel
operator. Let us prove the instrumental statement for some P; 1A P, < F
assuming that it holds both for P, and Ps.

If a ¢ A and for example {¢,¢'} C Labs(P;) then the statement follows from
the induction hypothesis: for such a pair (/,¢') the output of Synp 4[P1] is
not changed according to the rule 8 in Table while computing SynR@[[Pl N
An P,], taking into account that Labs(Py) N Labs(Ps) = @, and the induction
hypothesis is applicable. Otherwise assume that a € A and for example {¢, ¢’} C
Labs(Py). Then from the induction hypothesis follows that a € Sp, ((¢,¢)) iff
there exists a chain C; € TA[P1] containing ¢ and ¢'. As both labels are active,
there also exists C' € TA[Py 1A Po] with C; < C and therefore containing ¢ and
¢'. Proving the other direction, from the existence of a chain C € [Py ndn Py
follows the existence of some C; € Tp[P1] containing ¢ and ¢’ and the induction
hypothesis is applicable. The case with {¢,¢'} C Labs(P,) is symmetric.

Assume that a € A, ¢ € Labs(Py) and ¢/ € Labs(Pz). Then if both ¢ and ¢ are
active this means that there exist chains C; € T7[P1] with ¢ € dom(C;) and
Cy € TA[P,] with £/ € dom(Cs), therefore there exists a chain C = C; + Cs €
TA[PL nAn Py] with both ¢ and ¢/. On the other hand, if there exists such
a chain C' € TA[P1 nAn P;] containing both ¢ and ¢’ then there exist chains
Cy € TA[P1] with £ € dom(Cy) and Cy € TA[P;] with ¢ € dom(Cs) and the
induction hypothesis is applicable. If a € A, ¢ € Labs(Py) and ¢’ € Labs(P)
then according to rule (7) in Table holds a & Sp,anp,((¢,0')) and there is
also no common chains with £ and ¢’ according to the rules for chains calculation.
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We have herewith proved the instrumental statement. We need to additionally
show that from a € Sg((¢1,¢2)) follow 1(a) and 1(b). This can be deduced
from the rules (1)-(4) for the operator Syn in Table there exist some labels
corresponding to the action name a either in the definition of X (rules (1)-(2)) or
in the process P (rules (3)-(4)). Another statement that we should prove using
the rules for the operator Syn is that for all ¢/ and ¢} such that ¢; —— ¢j — /3

and £y = 05, = ¢4 holds a € Sg((¢},£,)) — but this can also be proved using

the rules (1)-(4) of the operator Syn in Table Altogether this is enough in
order to show the correctness of the statement 1 of the lemma.

The statement 2 can be proved by the following reasoning: choose two label
paths /; — /3 and ¢y —— {4 satisfying conditions 1(a) and 1(b). From the

well-formedness rule (7) in Table in particular process identifier closeness of
Py and P, follows that also ¢3 € Labs(Py) and ¢4 € Labs(P,). From the rules
for the chains operator in Table follows that a is free both in P; and Ps.
Consequently a € psyn[F]((f1,¢2)) and this pair has not been deleted while
computing the results of Syn afterwards according to the rules (1)-(4) in Table

£l O

Remark 4.23. Note that from the proof of Lemma it is clear that in fact
either for all label paths (1 —— 3 and by —— L4 with £ # (o, Name(l3) = a and

Name({;) = a there exists a chain C € T such that Lop [lz — 1] [y — 1] < C
or for none of such paths. In the first case we will have a € Sg((¢1,42)) and in
the second case —a & Sp((41,42)). We cannot have two pairs of paths with the
same “origins” such that for the first pair there is a chain (i.e. synchronisation
on the action a) and for the second there is no such synchronisation.

Also note that in order to compute Synp,g nir] fmvar oo [F] [F] we need to
traverse the syntactic description of F' accordingly three times: to compute
fovar, _ [F], then psyn[F] and then use the both results as environments
to compute Synyeyn#] fvar Lo [P [F]. In practice we could actually combine
the operators in order to limit ourselves to only one traversal. We have used
several operators in order to make the exposition and the proofs easier. Espe-
cially in the proofs we would need to additionally argue that while traversing
the syntax of F' the environments are being updated with the information before
the time point when the information is actually utilised.

Altogether we have proved that the computed Syn g nrr] favar oo [F] [F] is a

reasonable over-approximation of what we have called a synchronisation struc-
ture of F': it takes into account all cases of generated labels that can jointly
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participate in chains, but does not take into account that some labels may be
blocked by the environment and therefore will never be executed — therefore the
computed result is an over-approximation.

4.4.2 Label and multiset synchronisation-bisimulations

We will introduce relations on labels and multisets of a special kind which we
will call label and multiset synchronisation-bisimulations. We will have a fixed
IMCS program F' without rates for which the Pathway Analysis has been con-
ducted and its the synchronising structure, i.e. Synp,e nrey fvar e [F] [F1],
has been computed. Based on the results of the Pathway Analysis and the
synchronising structure we then will be able to determine if two arbitrary in-
terdependent binary relations on accordingly labels and multisets can be called
synchronisation-bisimulations.

As usual we will call the coarsest label/multiset synchronisation-bisimulations
synchronisation-bisimilarities. We will prove that each equivalence relation
which is a synchronisation-bisimulation is a bisimulation relation on 9t. More-
over, we will prove that synchronisation-bisimilarities on multisets are strictly
bigger than chain-bisimilarities on multisets for the same initial IMC© program.

We start by formally defining label and multiset synchronisation-bisimulations.
We have divided the conditions for better readability into the conditions refer-
ring to the “label part” and the conditions referring to the “multiset part”, even
though they are interconnected.

Definitions of label/multiset synchronisation-bisimulations

Definition 4.24. Given an IMC® program F without rates and F as in Def-
inition Sp = Synpsyn[[F]],fnvalu_fmar (r1lF]; we call a binary relation R on
labels and a binary relation R’ on multisets accordingly label synchronisation-
bisimulation and multiset synchronisation-bisimulation if the conditions (A1)-

(A5) and (B1)-(B4) hold.
If 1Rl then:

(A1) both labels are active, i.e. there exist C1 € T and Co € T such that
Lon [21 — 1] < Cl and Loy [62 — 1] < Cg,'
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(A2) Name"(¢;) = Name"({2) and additionally Name(£;) = Name(lz) if 3C €
T s.t. £y € dom(C) or by € dom(C) and |C| > 1;

(A3) {|C] | (C €Z)A(t1 € dom(C))} ={|C| | (C € T) A ({3 € dom(C))};

(A4) for all MR My such that £y € dom(My) and {5 € dom(Ms) holds: M, €
T iff My € T;

(A5) G(01)R'G(Ls).

If My R' My then there exist sums My = Z Mi+M;, and M, = Z M+ M,
i=1l..n i=1..n

such that:

(B1) all labels in M| and M} are not active;
(B2) for all1<i<mn,{; € M, ly € M} holds: {1Rls;

(B3) for all1 < i < mn, 1 <k <2 holds: if |M{| > 1 then V£ € Mj, holds
My =3~ (0 cdom (K (0)))A (e €dom(Myy) Lo [€0 = 1];

(B4) for all1 <i,j <mn, all £, € dom(M7), {3 € dom(M?), t3 € dom(M3) and
0y € dom(M3) holds S((¢1,02)) = S((£s, £4)).

We call the coarsest relations R and R' fulfilling the conditions above label
synchronisation-bisimilarity and multiset synchronisation-bisimilarity accord-
ingly. We denote {1 ~70y o (label synchronisation-bisimilar) and My ~g"
My (multiset synchronisation-bisimilar) if (¢1,02) is contained in some label
synchronisation-bisimulation and (M, Ms) is contained in a corresponding to

it multiset synchronisation-bisimulation.

Computing the coarsest label synchronisation-bisimulation requires the compu-
tation of Sp = Synpeyn(r] favar., __ [F] [F] beforehand. From Tables
and we can see that the time complexity of the computation of fnvare [F] is
linear in the syntax of F for any environment while the computation of psyn[F]
and Synp, [F] (given the fixed environments) are quadratic in the syntax of
F, therefore as a whole the time complexity of computing Sr is quadratic in
the syntax of F.

We can assess the time and space complexities of computing the coarsest label
synchronisation-bisimulation in a similar way as it has been done for computing
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the coarsest label chain-bisimulation in Section [£:3.2] The initial partition of
labels can be done based on the conditions (A1)-(A3). The further refinement
of partition classes should take into account the conditions (A4)-(A5). The
time complexity of computing the coarsest label chain-bisimulation will be then
O(m x log(n)) and the space complexity will be O(m), where n = |Labs(F)|
and m is the number of generate-relations plus the number of chains in ¥,
i.e. m = |{{; € Labs(F),ly € Labs(F')|¢; — l3}| + |Z|. Deciding whether two

multisets are synchronisation-bisimilar can be then done in the linear time in
the number of labels in the domains of two multisets.

Lemma 4.25 (Synchronisation-bisimilarities). Given an IMCY program F with-
out rates and F as in Definition [[.9, the label and multiset synchronisation-
bisimilarities for F' are equal accordingly to the unions of all label and multiset
synchronisation-bisimulation relations for F.

Proof. The proof is a usual proof of bisimilarities being the union of all bisim-
ulations, see for example [BKO§]. We have to show that the unions of all la-
bel/multiset synchronisation-bisimulation relations are accordingly label /multiset
synchronisation-bisimulations itself. This can be done by going through Def-
inition and showing that all the conditions are fulfilled also for unions
of relations. The unions are on the other hand the coarsest synchronisation-
bisimulations because there cannot exist any strictly coarser relations fulfilling
all the conditions in Definition [4.24] as they would be included in the unions. [

Properties of multiset synchronisation-bisimilarity

We will show the properties of synchronisation-bisimilarities relation on multi-
sets (given a fixed IMCC program F'). These are relations that are the most
interesting for us: as the coarsest synchronisation-bisimulations they captures
the most cases of the similar behaviour of states in the labelled transition system
representing the semantics of F. We will prove the following statements:

1. the relation ~g" is an equivalence relation on multisets;

2. any multiset synchronisation-bisimulation which is an equivalence, there-

fore also ~gi", is a bisimulation relation on 9t;
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Lemma 4.26 (Synchronisation-bisimilarities are equivalences). Given an IMC®
program F without rates and F as in Deﬁmtion the relations ~7, and ~g"
are equivalence relations on accordingly the active labels from Lab and on .

Proof. We need to prove that the relations ~3%} and ~3}" on active labels and
on multisets are reflexive, symmetric and transitive.

Let the relations Zy,5, C Lab x Lab and Zgy C 9 x 91 be the identity relations
on the active elements of Lab and on 91 accordingly. Then all conditions from
Definition are fulfilled for both Zpap and Zoy, therefore Zyan, C~j%y and
TIon Crgy” (according to Lemma the relations ~;”} and ~g" are unions
of all label/multiset synchronisation-bisimulations) and the relations ~;%} and

syn
(\/y

o are therefore reflexive.

Assume that there are some label/multiset synchronisation-bisimulations R C
Lab x Lab and R’ C 9t x 9. We will define the relations R~! and Rt
in the following way: (f2,01) € R™Yiff (¢1,0,) € R and (My, My) € R'™'iff
(My, My) € R'. Then the relations R~! and R'~" satisfy all the conditions in
Definition This holds for all label/multiset synchronisation-bisimulations
— therefore ~j¥} and ~g" are symmetric as they are the unions of all la-
bel/multiset synchronisation-bisimulations.

Similar arguments hold for transitivity: assume that there is a pair of la-
bel/multiset synchronisation-bisimulations R; C Lab x Lab, R’; C 9 x 9,
Ro C Lab x Lab, and R’y C D x 9. Then the relation R oR9 contains a pair
(€1, £) iff there exist some pairs (£1,¢3) € Ry and (¢3,f2) € Ro. The relation
R’'10R’s contains a pair (M, M) iff there exist some pairs (M, M3) € R'1 and
(M3, M3) € R'5. The relations R10R2 and R’10R’5 satisfy all conditions in Def-
inition As this holds for all label/multiset synchronisation-bisimulations
and ~p7} and ~g}" are the unions thereof, they are transitive as well. O

Another important fact that we will need in order to prove that synchronisation-
bisimulations are bisimulations on 9 is proved in Lemma [4.2

Lemma 4.27 (Syn operator). Given an IMC¢ program F without rates and F
as in Definition S = SyDpeyn[F] favar, . [F] [F] and a pair of relations
(R, R') that are accordingly a label and a multiset synchronisation-bisimulations,
1t holds that in case
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. nA
|4
. nBi

Figure 4.5 — Graphical representation of Lemma

SR=®

1. €1R€2 and Elleé,
2. S((01,4))) = S((la,05));

3. there exist label paths {1 —— 3, 0} — 04, by — £y and ly — 0} such
that 3Ry and 05 RY)

then 5((€3,04)) = S((£4,€})-

Proof. The statement of the lemma is schematically represented in Figure [£.5]
Synchronisation-bisimilar labels are denoted by the same colours; the statement
to prove is brought out by the red circle. Note that, for example, ¢; 1A ¢] in
Figure [£.5 actually means that S((¢1,¢})) = A.

In the proof of Lemma [4.22]it was mentioned that from a € Sp((fa, £})), fo —

by = 05 and ¢, = ¢, = (L with Name({5) = Name(l%s) = a follows a €

Sr((£y, ). Tt is therefore enough to show that we have exactly this situation
in the conditions of the lemma.

We can easily prove (from the definition of the operator psyn) that B C A,
therefore for each a € B holds a € A. Besides, if labels corresponding to a are
reachable from /3 and ¢4 (we have proved this in Lemma , for example,

03 —5 lg and 0 LN 05, then some labels bisimilar to them are reachable
from ¢4 and ¢}, i.e. there exist the labels ¢5 and ¢ reachable from ¢, and ¢}
such that Name”((5) = Name"({s) and Name"(¢;) = Name"(f}). The last
statement follows from the condition (A2) for bisimilar labels. It is however
also the case that 5 and ¢; do not constitute chains on their own, because
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lg and (g do not constitute chains on their own (we have proved in Lemma
that they participate in a chain together). Therefore it also holds that
Name(€5) = Name(£s) = a and Name({;) = Name(};) = a. Altogether this is
exactly the case described at the beginning of the proof and therefore a €
Sr((¢4,¢))) holds.

We will prove now the main result of this section — that the synchronisation-
bisimulation is a bisimulation itself.

Lemma 4.28 (Synchronisation-bisimulation is a bisimulation). Given an

IMCE program F without rates, F as in Deﬁm’tion@ and a pair of equivalence
relations (R, R') that are accordingly a label and a multiset synchronisation-
bisimulations, then from MyR'Ms follows My ~ My for any My € 9 and
My € M. In particular, from My ~g" Ms follows My ~ My for any My € M
and My € M.

Proof. We need to show that the relation R’ is a bisimulation on 9t in the
sense of Definition if the syntax of the initial program F does not contain
rates. This will be enough to show the statement of the lemma because the
relation ~g" is an equivalence relation according to Lemma and it is a

bisimulation according to Lemma

As there are no rates in the syntax of F, it is enough to prove the condition
1 from Definition £.11] From the condition A4 in Definition [4.24] follows that
for any enabled chain C; < M, there exists an enabled chain Cy; < Ms: for
C1 < M; and Cq € ¥ follows that there exist a multiset M < M, such that
Cy ~1%% M and M € €. Both chains correspond either to 7 or to the same
external action name according to the condition A2 in Definition [£:24]

Further we can use the condition B3 in Definition [4.24] in order to prove that
(M1 — Kom(C1))R'(Ms — Kon(C2)) as all components in blocks will be killed
by the execution of the chains. The condition A5 in Definition proves
Gon(C1)R'Goy (Cs) and, similarly to the discussion in the proof of Lemma
we can determine that all newly generated labels can neither be killed or kill
already exposed labels — this can be shown by induction on the syntactic struc-
ture of F. Together with Lemma from which follows (speaking in a sim-
plified way) that all synchronising relations between “newly generated” active
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labels and the already present ones in M; and Ms are the same, this proves
(M1 — Ko (C1) + Gon(Ch))R' (M2 — Kop(C2) + Gon(C2)) and this fulfilles the
condition 1 in Definition 11l O

4.4.3 Synchronisation-, chain- and “ordinary” bisimula-
tions

We will prove that the relation ~§ defined in Section [4.3.2is contained in ~34"
and is in general strictly smaller than the latter. This will demonstrate that we
are not “losing” any information, i.e. any pairs of bisimilar states, while moving
from the chain-bisimilarity to the synchronisation-bisimilarity.

Lemma 4.29 (Chain- and synchronisation-bisimilarities). Given an IMC® pro-
gram F without rates and F as in Deﬁnition then from My Ngj’{ Ms follows
My ~3" My for any My € 9 and My € M.

Proof. It is enough to show that the relations Ni};b and N% are accordingly a
label synchronisation-bisimulation and a multiset synchronisation-bisimulation.
This will obviously prove the statement of the lemma as any label/multiset
synchronisation-bisimulation is included in the label/multiset synchronisation-
bisimilarities.

Most of the conditions in the Definition clearly hold. For example, A3
holds because either chain-bisimilar labels participate in the same chains or are
interchangeable, therefore the sizes of their chains are the same. The condition
A4 for label synchronisation-bisimulation follows from Lemma from this
lemma follows that if all labels in two multisets are pairwise connected by the
relation Ni’“;b and one of the multisets is a chain, then the other one is also a
chain. The condition B3 is true because we can assign all M}s to consist of only

one label such that for all M} = {¢} and M4 = {¢'} it holds that ¢ ~§" ¢’

It is left to prove the condition B4 in the definition of multiset synchronisation-
bisimulation. We show it schematically in Figure where 11411 denotes the
fact that S((¢1,¢})) = A and the red circle emphasises the fact to be proved.

Due to the symmetry it is enough to prove that for any a € S((¢1,¢})) also
holds a € S((f2,04)). We can prove the statement by contradiction. Assume
that we have a situation where €1 ~§", lo, 0 ~§h, 04 a € S((¢1,¢;)) but



122 Bisimulation relations and Pathway Analysis

@ @

Figure 4.6 — Graphical representation of the proof for condition B4 in the defi-
nition of multiset synchronisation-bisimulation (Definition [4.24) in Lemma@

e @-@

Figure 4.7 — Illustration of the proof by contradiction of Lemmam

a & S((€a,04)). Then according to Lemma [4.22| there exist label paths £; —— /3

and ¢y - ¢4 such that Loy [¢3 — 1,£, — 1] < C for some C' € ¥. From the

conditions of chain-bisimilarity it will follow that there exist corresponding label
paths €y — £4 and ¢y — ¢}, with £3 ~§", ¢, and ¢4 ~§", ¢, however there

does not exist any chain C’ € T such that Loy [¢4 — 1,£) — 1] < C' (otherwise
from Lemma would follow a € S((¢2,45))). Schematically the situation is
represented in Figure [1.7]

We show that this is impossible. Assume that both £z ~§", ¢, and ¢ ~§", ¢}
are caused by ¢3 being interchangeable with ¢4 and by ¢4 being interchangeable
with £,. We can make a conclusion that a chain C’ := C'— Loy [{5 — 1,05 — 1]+
Lo [a— 1,¢) — 1] exists in which both ¢4 and ¢ participate and this will
contradict our previous assumptions. If on the other hand /3 is interchangeable
with ¢4, but ¢4 participates together with ¢ in all the chains then ¢’ := C —
Lo [ls— 1] + Lon [€4 — 1] is a chain and Lop[l4— 1,04 — 1,0, — 1] < C’
which is again a contradiction. The last case is symmetrical. We can deduce
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that there necessary exists a chain in which both ¢4 and ¢ participate and
therefore our initial assumption was wrong. O

Note that Nf\’}#wf\;’[" in general. This is first of all due to more permissive bisim-
ulation relation on labels: it can be the case that ~§", #~7"} . For example,
in the IMCY expression (b%.a%.0 nai c’.af.0) ui (d‘7.a%.0 nai es.a%.0) it
holds a“ ~j“} a% for any 1 < i,j < 4 while it only holds a®* ~§", a® and
als fo;b a%. We have added the additional actions b%, cf6, d*7 and es in order
to illustrate that all a%is may be exposed independently of each other.

Also note that the relation ~;%} in contrast to the relation ~§", is “not enough”
anymore to determine bisimilar multisets. For instance, in the example above we
would consider Loy [¢1 — 1] [¢2 — 1] and Loy [¢1 — 1] [¢3 — 1] bisimilar based
only on the relation ~j%% but in fact they are not. Therefore we addition-
ally need the results of the operator Syn in order to to “narrow down” the

equivalence relation on the multisets to a bisimulation relation.

We could further extend the bisimulation relation on multisets in several ways.
We could identify labels with different external action names that have been
internalised. We do this for the synchronisation bisimulation only for labels
that constitute chains on their own. We cannot extend this identification to the
labels that do not constitute chains on their own directly because the operator
Syn should be adapted. For example, the processes X := a®*. X jan Y := a2y
and X :=b%.X b1 Y :=b%.Y could only be identified if the operator Syn
can determine that ¢; and ¢5 synchronising on a are equivalent to f3 and /4
synchronising on b.

Another possible improvement is identifying sets of parallel labels that have
an equivalent behaviour. For example, in the IMC© process (X :=a’t. X
anY :=a®?Y) + Z:=a.Z we could realise that {¢;,¢>} and {f3} behave in
the same way. Note that our synchronisation-bisimilarity will not relate different
numbers of parallel labels to each other. The question remains however how to
construct a bisimulation relation which will stay both sound and scalable while
checking all n-to-m label correspondences.

It is also very desirable to extend our compositional approach of constructing
bisimulation relations to IMCY programs with rates. It will not be easy because
while determining whether two states are bisimilar their joint rates of transitions
to classes of bisimilar states should be compared. This means that all rates in
a state should be known — which is not necessary for the actions.
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An interesting topic for future work is the question concerning subclasses of
IMCS for which we can construct bisimilarities with our methods, i.e. in which
cases our methods will have the highest “gain” compared to the usual methods
of identifying bisimilar states. We conjecture that synchronisation-bisimilarities
coincide with the bisimilarity on 9 first for the same subclasses of IMC® as
chain-bisimilarities — i.e. for the linear fragment of IMC® without rates, bisimi-
lar states in a symmetrical composition in the sense of [Her02] with linear frag-
ments not necessary syntactically equal but with the same semantics. More-
over, we can recognise the bisimilarity of two processes with several different
(but bisimilar) subprocesses in parallel and the same synchronisation structure
— for example, if none of the actions is blocked by the environment. We leave
therefore the identification of subclasses of IMC® for which the synchronisation-
bisimilarity coincides with the bisimilarity on 91 as a possible direction for future
work.



CHAPTER 5

Reachability and Pathway
Analysis

In this chapter we will discuss how the results of the Pathway Analysis of IMCY
can be used in order to answer some questions which usually fall into the model
checking domain. At the beginning of the chapter in Section [5.1] we will discuss
how the so-called wvalid states can be determined. The idea is to be able to
determine that some configurations of exposed labels are impossible (“not valid”,
not reachable) and therefore can be excluded from the further analysis. This
can simplify matters a lot, because instead of the naive approach of considering
2ILabs(F)| states of the labelled transition system representing the semantics of
some IMC® program F' we will not consider those states with exposed label from
2ILabs(F) that definitely cannot be reached from the initial state representing
the exposed labels of F. Note that we are identifying in our discussion IMC®
programs and their derivatives on the one hand and their exposed labels on the
other hand: we can do this in case the initial IMC® program F' and its Pathway
Analysis results in F as Definition are fixed, because the Pathway Analysis
on IMC® programs is correct and precise (see Section .

The idea is to exploit the fact that the presence of some labels in the domain of
a label multiset which represents exposed labels of a derivative of F' requires the
presence of some other labels and implies the absence of some other labels. We
determine these kinds of implications by using Static Analysis, i.e. by applying
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States with exposed
labels from 2L0bs(F)

Figure 5.1 — Illustration of the relation between “valid” and reachable states,
given an IMC® program F.

several operators defined by us to the syntactic description of F' and combining
the results returned by them into the function Valid which returns a boolean
value. We get an over-approximation of valid states, i.e. in general some states
for which the function Valid returns true are in fact unreachable from Ep[F1].
It is however always the case that states for which Valid returns false cannot be
reached from Er[F]. See Figure [5.1] for an illustration.

Further developments in this chapter include an illustration of how the well-
known model-checking algorithms can be transferred to the Pathway Analysis
setting. We consider as an example so-called Zeno states and an algorithm
for computing a set of all Zeno states in Section An IMC® expression
FE is called Zeno if there exists an infinite path starting from E such that all
transitions are decorated by 7, i.e. are internal transitions. Such behaviour is
often considered unrealistic in concrete systems (no time passes and the action
transitions also cannot be blocked by the environment as all the actions are
internal) — therefore checking a model for the absence of Zeno states represents
an important task. We transfer the definition of Zeno states and the standard
algorithm for their computation to our setting of label multisets, with some
small adjustments.

In the algorithm for computing label multisets that are Zeno, i.e. correspond
to exposed labels of Zeno IMCY expressions derivable from an IMC® program
F for which the Pathway Analysis has been conducted, we are utilising the
information on valid states returned by the described above function Valid. As
the function Valid returns an over-approximation of states reachable from an
initial IMC® program F, it could in fact be the case that some of the Zeno
states computed by us are simply unreachable — an additional check is required
in order to determine whether they are in fact reachable or not. On the other
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hand, if we do not find any Zeno states then we can be sure that the labelled
transition system representing the semantics of F' does not contain any Zeno
states.

Consequently we discuss similar problems — for example, model-checking a sys-
tem for deadlock states — that are even simpler than computing Zeno states.
Finding deadlock states requires only direct inspection of enabled chains in all
valid states. If no deadlock states have been found, then we can be sure that the
system is deadlock-free, otherwise the reachability of the found deadlock states
should be additionally checked.

In the following sections we discuss the questions of reachability, both within an
unlimited time (Section [5.3) and “timed” reachability (Section [5.4). We deter-
mine which labels are (in an over-approximation of) potentially reachable labels
from an initial set of exposed labels (Section and show how to update our
approximation after one semantic step without recomputing everything from
scratch (Section . We also touch upon the question of how to determine
which labels are not just reachable a finite number of times but can be gener-
ated or executed an infinite number of times — they are in some sense “renewable

resources” (Section [5.3.3)).

Finally, we will compute the minimum expected time to reach one set of labels
from another set in Section [5.4f We can only compute the expected time for
IMCC processes because the durations of transitions are not fixed but are ex-
ponentially distributed instead. “Minimum” refers to the fact that we compute
the expected time not for one fixed scheduler but for a class of schedulers — see
Section for a discussion on schedulers. We consider only so-called simple,
also called positional schedulers (see, for example, [Put94] or [NSK09]) which are
both history-independent and time-abstract, and therefore are especially simple
to analyse — hence the name. We also do not do the computations for all MC¢
programs but only for linear ones, with an additional syntactic restriction. We
are hgwever confident that our method is extendable to a broader subclass of
IMC™.

Note that even though we are working with finite labelled transition systems,
and therefore computing the exact results for such systems is possible, the al-
gorithms that we have developed in this chapter are mostly computing over-
approximations of actual system properties. For example, in the reachability
algorithm in Section we only determine for each separate label whether
it is reachable or not and do no take into account the “interplay” between the
labels, when some labels are blocked and some other labels have, for example, to
be executed several times in order to some other labels to become exposed. The
positive side of the loss in precision is the gain in efficiency of computation and
in memory usage. For example, we do not need to build the whole labelled tran-
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sition system of an initial IMC¢ program F' but only to compute the Pathway
Analysis and several additional operators on F' and to post-process the results.
For reachability we do the reachability analysis on labels and not on states —
remember, that there can be maximal 2/745(") states but only |Labs(F)| labels.

5.1 Characterisation of valid states

We will define two operators — excl and choice — which will help us to determine
which labels exclude the presence of each other (the operator excl) and which
labels presume the presence of each other. The operator excl simply uses the
fact that there is a natural order in labels’ appearance: for example, in the
IMCC program X := a’t.b®.X the presence of the label ¢; excludes the label
{5 and the other way round. The situation is more complex with the operator
choice: here we are using the fact that the presence of some labels can indicate
that two or more potential subprocesses did not start their execution yet, so
all their initial labels are exposed. Consequently we combine the results of excl
and choice in the function Valid.

5.1.1 Mutually exclusive labels

We define the operator excl IMCS — gLabxLab i) Taple It returns pairs
of labels such that if one of the labels is exposed then the other one is neces-
sarily not exposed (the operator is symmetric). We will prove this fact in the
Lemma We can subsequently rule out any M € 91 such that ¢, € dom(M),
ly € dom(M) and ({41,¢2) € excl[F] as not describing exposed labels of any E
derivable from an initial IMC® program F'. The rules in Table are mostly
clear except perhaps rule (5): labels in two choice branches are mutually ex-
clusive with the exception of labels on the highest syntactic level. Thus in the
IMCY program X := a’1.b2. X + c%3.d%.X the labels £, and ¢, are mutually
exclusive while the labels ¢; and ¢3 are not mutually exclusive. We can use an
empty environment for computing exposed labels in rule (5) because summands
in F' are guarded according to the syntax of IMCC (see Table .

Lemma 5.1 (Exzcl operator). Given an IMCS program F, F as in Definition
then for any F — E holds:

((61,03) € excl[F]) A (41 € dom(Ep[E])) = (b2 & dom(Er[E])).
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excl[a®. X] = 0 (1)

excl[M.X] = 0 (2)

caclla.Pl = Upepanm (6€), (¢,0} Ueac[P] ()

wdl NPl = Upepapmm(60), (¢,0} Uead[P] ()
excl[PL+ Po] = (U erabs(p\dom(eo[Pr]) UtseLabs(Po)\dom (s [Pa])

{(51,62),(62,£1)}) Ue:ccl[[Pl]] Uexcl[[Pg]] (5)

excllhide Ain P = excl[P] (6)

excl [Py nAn Py = excl[P1] Uexcl[P2] (7)

exc[X :=P] = excl[F] (8)

excl0] = 0 (9)

Table 5.1 — Definition of the operator excl : IMCC — glabxLab

Proof. We prove the lemma by proving the more general statement that it
holds ((¢1,¢2) € excl[F]) A (¢1 € dom(Er[E"])) = (b2 & dom(Er[E"])) also for
any subexpression E” of E, i.e. for any E” < E. This will establish the lemma
as it obviously holds £ < E. We make our proof by induction on the number
of steps in the derivation F — E.

The statement about subexpressions holds for F: we can show by induction on
the structure of F' using the rules of the operator ezcl in the Table[5.T]that for all
E" < F, 4y € dom(Er[E"]) and ls € dom(Ep[E"]) it holds (¢1,42) & excl[F]
and this is logically equivalent to the statement that we are proving.

We have to prove now that if the statement holds for some E such that FF —— E
then it also holds for E’ such that £ — E’. We prove this by induction on the

transition derivation according to the rules in Table |3.5

The statement is clear for the rules (1) and (10) in Table because in these
cases B’ X E. The statement easily follows from the induction hypothesis for
the majority of other rules (remember that Labs(P;) N Labs(Pz) = 0 holds for
P, wAn Py < E). For the rules (9) and (16) we need however to additionally
show that the statement of the lemma holds for P{X := P/X} if it holds for
X := P — this is necessary for the induction hypothesis to become applicable.

We can deduce the statement for all subexpressions P” < P directly from the in-
duction hypothesis for X := P. For subexpressions of the type P"{X := P/ X}
with P” < P we additionally apply Lemma This lemma states that
Er[E"] = Er[E"{X := E’/X}] holds for all IMC™ expressions E” and X := E’.
We can deduce therefore Er[P”] = Er[P"{X := P/X}] and in this way deter-
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mine that the induction hypothesis for subexpressions of X := P is applicable
also for P"{X := P/X} with P”" X P. O

5.1.2 Labels that appear together

In the following we will define a second operator — the operator choice. It returns
on an IMC® program a set of pairs of sets of labels. This is different from the
operator excl which we have defined above and which returns pairs of just labels
and not sets of labels. This is because we would like to determine the situation
where there is a choice not only between individual labels but between sets. For
example, for the IMC® program a’.0 + (b%.0 1 An ¢%.0) we would obtain
{({¢1},{l2,¢3})} as the result of the application of choice. Intuitively, we can
choose between an execution of the label ¢; on the one hand and the execution
of both the labels 5 and ¢3 on the other hand.

See the rules for the operator choice in Table[5.2] The most important rule is
rule (5). The idea is to “cross” the choice sets of P; and P, which are exposed
(saved accordingly in S7 and S3) with each other. In case P, or P, have some
exposed labels which are not yet returned as the choice sets of accordingly P;
or P», then new choice sets are created and added to the set S. The choice sets
returned by choice on separately P, and P, are also included. The operator
choice is defined to be symmetric, therefore for a pair of choice sets L; and Lo
it is enough to add (L1, L2) to the result of choice[F] — this would automatically
mean that (L, Lq) is in choice[F] as well.

We will show in Lemma [5.2] how to use the results of the operator choice on
an IMC® program F' in order to rule out sets of exposed labels which do not
characterise any derivation of F'. Intuitively, any set of labels L, such that
|L1| > 1 (i.e. L1 contains more than one element), and (L1, Ls) € choice[F]
for some Lo, represents the exposed labels of a synchronisation construct (see
rule (5) in Table |5.2)). If Ly contains more than one element as well then
it represents exposed labels of another synchronisation construct, otherwise it
represents simply an exposed prefix. It is easy to notice that if at least one of
the labels in a synchronisation construct has been executed, then only labels
from that synchronisation construct can become exposed anew. This is due
to the process identifier closeness of synchronisation constructs in well-formed
IMCY expressions, see rule (7) in Table Therefore if both labels from L,
and Lo are exposed, this means that no label from L; has ever been executed,
from which we can derive that all the labels in L; have to be exposed. The
same holds for Lo if it also contains more than one element, i.e. also represents
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choice[a. X] = 0 (1)
choice[N.X] = 0 (2)
choice[a®.P] = choice[P] (3)
choice[N.P] = choice[P] (4)
choice[Py + Ps]] = choice[P1] U choice[P2] U SU
U(Ll,Lz)Gsl U(L'I,Lg)eSQ
{(le L/l)a (Lla LIQ)a (L27 Lll)v (L27 LIQ)}
{(LIDLI)’(Léle)a(Llle2)7(L/27L2)} (5)
where 51 = U{(L1,Lg)echoice[[Pl]]\Llungdom(Sg[[Pl]])}{(leLQ)}
Sy = U{(L/I,L’z)EChoice[[Pz]]\L/IUL’zgdom(E@[[Pg]])}{ LIl’ LIQ)}
U(Ll,LQ)esl{(Lh dom(g@ HPQ]]))ﬂ
(dom(Ey[Pa]), 1)}
if (S1#0)A(S2=0)A(ElP] # Lan)
U(Ll,Lz)eSQ{(Lla dom(Ey[F1])),
(dom(Ey[1]), L1)}
S = if (S2 # 0) A (S1=0) A (E[P1] # Lon)
{(dom(&y[1]), dom(Ey[P2])),
(dom(Ey[Pz]), dom(Ey[F1]))}
if (S1=0)A(S2=0)A
(EolP1] # Lon) A (Eo[P2] # L)
choice[hide Ain P] = choice[P] (6)
choice[Py 1An Py] = choice[P1] U choice[ P2] (7)
choice[X := P] = choice[P] (8)
choice[0] = 0 (9)

Table 5.2 — Definition of the symmetric operator choice : IMC® — g2habx2heb

given an IMC® program F and F as in Definition

exposed labels of a synchronisation construct. Otherwise Lo represents only one
exposed prefix and the statement of the lemma is trivially true for it.

Lemma 5.2 (Choice operator). Given an IMCC program F', F as in Def-
inition F 5 E, then from (Ly,Ly) € choice[F], {1 € Ly, lo € Lo,
Ly € dom(Er[E]) and 3 € dom(Er[E]) follows:

1. for all £ € Ly holds ¢ € dom(Er[E]);
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2. for all ¢ € Ly holds ¢ € dom(Er[E]).

Proof. We can prove the statement of the lemma by induction on the syntax
of F. In order to be able to prove the statement of the lemma by induction,
we need to prove a more general statement — that the statement of the lemma
holds for any E” < E, i.e. that from ¢; € dom(Ep[E"]) and ls € dom(Er[E"])
follows that for any ¢ € Ly or £ € Ly such that (Li,Ls) € choice[F] holds
¢ e dom(Er[E"]).

We prove the statement by induction on the number of transitions in F —s FE.

We can prove that the statement holds for F' = E by induction on F, using the
rules for the choice operator in the Table [5.2] and the fact that F is uniquely
labelled. We will prove now that if F — F, E — E’ and the statement holds

for E then it also holds for E’. We prove this by induction on the transition
derivation using the rules in the Table

The statement holds for the rules (1) and (10) because it holds for any E” < E
and we have E/ < E. Most of the other rules easily follow from the induction
hypothesis. Note that the induction hypothesis is applicable for the rules (4)-(6)
and (13)-(14) because according to the rules of the choice operator in Table
for each (L1, La) € choice[E1 nAn Es] holds either (Ly, La) € choice[E1] or
(L1, Ly) € choice[Es].

It is therefore left to show that if the statement of the lemma holds for any
E"” < X :=F then it also holds for any £’ < E{X :=FE/X}. It is obvi-
ously true if E” < E. Otherwise E”/ = E"'{X := F/X} with some E"' X F
and the statement of the lemma follows from Lemma According to it,
Er[E"{X = E/X}] = Er[E"'] and we can derive the statement from the in-
duction hypothesis for F. O

We can explain the above lemma on an example. Take as an example the
process X :=a". X +Y :=b®.Y 1A Z :=c’3.Z that can execute the action a
and return to the initial configuration with the exposed labels ¢1, ¢ and /3.
Clearly if both ¢ and /5 are exposed then also /3 is exposed, also if both ¢; and
{3 are exposed then /5 is exposed. This is also what Lemma predicts as the
choice operator returns the symmetric closure of {({¢1}, {¢2,¢3})}.

However we will “lose” a part of the behaviour after choosing the second choice
alternative, i.e. either action b or action c. Therefore even if both /5 and /3 are
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exposed, it does not mean that ¢; is exposed — and this corresponds to what
Lemma[5.2]is predicting. We cannot “redo” the choice of the second alternative
process later on — £; will never become exposed again.

We saw in the above example that we are mostly interested in “choice sets”
which contain more than one label and are returned by the operator choice
in one of the pairs. The operator choice returns however also pairs with both
sets containing only one element. There are two reasons for this. First, it
would be hard to keep track of choice sets if we would only return those con-
taining more than one element on subexpressions: for example, we would like
choice[X :=a"". X +Y :=b".Y + (Z:=c".Z uAn d*.0)] to be the symmetric
closure of {({¢1},{¥¢s,04}),({l2},{¢5,€4})}, but in this case we would need to
record in some way that {¢;} and {{3} are alternative choice sets. Second, we
could use the results of choice for deciding some additional properties in the
future, where we will need to know which labels are in a “choice relation” with
each other.

The next Lemma [5.3] is easily explainable: it states namely that there cannot
be more choice alternatives in the derivative expressions than the ones already
present in the initial IMCS expression. We can however have a strict inclusion as
we have seen in the example X :=at. X +Y :=b®2.V 1Ay Z:=cB.7 —2

Lop [£1 — 1]
Y =b2Yudn Z:=cb.2.

Lemma 5.3 (Choice operator: results inclusion). Given an Mc© program F,
F as in Deﬁnition F =5 B, then choice[E] C choice[F] holds.

Proof. It is enough to prove that from F — E’ follows choice[E'] C choice[E]

for any IMCY expressions E and E’. We prove this by induction on the tran-
sition derivation.

This clearly follows for the base cases — the rules (1) and (10) in the Table
— from the rules of the choice operator in the Table [5.2] The statement follows
from the induction hypothesis for the rest of the rules from the Table besides
the rules (9) and (16). In order to use the induction hypothesis also for them
we need to show that choice[X := E] D choice[F{X := E/X}].

We prove this by showing that choice[X := E] D choice[E"{X := E/X}] for
any E” < E. We can prove the latter by induction on the structure of E”. This
is clear for the base syntax rules — (1)-(4) and (9) in Table For rule (5) we
can use the Lemma from which follows that Ep[P1] = Er[Pi{X := E/X}]
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false if dom(M) € Labs(F)

false if 301,05 ((€1,l2) € exc[F]) A ({¢1,€2} C dom(M))

false if 301, 89,0, Ly, Ly ((Ly1, La) € choice[F])) A (¢1 € L)
A(ly € Lo) A (€ € Ly U L) A ({1,062} C dom(M))
A & dom(M))

true  otherwise.

Valid(M) =

Table 5.3 — Definition of the function Valid : 0 — {false, true}, given an IMC®
program F' and the results of choice[F] and excl[F].

and Er[Pa] = &r[P{X = E/X}] for any IMC“ expressions P; and P». For
the rest of the syntactic rules we can apply the induction hypothesis. O

5.1.3 Determining valid states

We can use now the results of the operators excl and choice on some IMCC
program F' in order to predict which derivative states are possible and which are
not. This would be useful in constructing model-checking algorithms — we could
exclude some impossible states and in this way decrease the complexity of the
algorithms. In further developments (for example, in Table we will use the
function Valid which will return for a label multiset a boolean value signalling
whether it is a possible multiset according to the functions excl and choice or
not.

We will assess now the complexity of computing the function Valid for a fixed
IMCY program F and the complexity of applying it to any multiset M with
dom(M) C Labs(F). The complexity of computing Valid is determined by
the complexities of computing the results of applying the operators excl and
choice to F. These complexities are expressed as functions either of the size
of the syntax of F' (counting all the operators, action names and delay rates
that appear in the syntax) or of the number of labels in F', i.e. of |Labs(F)|.
For uniquely labelled IMCY expressions there is however not a big difference
between the two, as the number of labels occurring in them and the size of their
syntactic description differ only by a linear parameter.

As we can see from Table the time complexity of the computation of excl[F]
is quadratic in the syntax of F' and the space complexity is quadratic in the
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number of labels in F: we would need a matrix of the size |Labs(F)|* for saving
the computed exclusion relation. The application to an arbitrary multiset M
with dom (M) C Labs(F) has also the quadratic time complexity in the number
of labels in F: for each label in dom (M) we should check all the labels it excludes
for their presence in dom(M).

The computation of choice[F] can be implemented with the time complexity
linear in the size of the syntax of F' and the space complexity linear in the
number of labels in F": for each biggest sum in the syntactic description of F' we
could have a separate partition and for each summand inside the sum we would
have its exposed labels forming a “subpartition”. The application of the results
of choice[F] to some multiset M with dom (M) C Labs(F') can be implemented
as linear in the number of labels in the syntax of F' as well: we should check
whether there exist two subpartitions in one partition that both contain labels
from dom (M) but are not fully contained in dom(M).

5.2 Computing Zeno states

In this section we will demonstrate how the usual model-checking algorithms
for labelled transition systems can transferred to our setting of the Pathway
Analysis of IMCY systems. The idea is that we can first perform the Pathwa,
Analysis on an IMCY program computing the tuple F as in Definition
compute the function Valid as in Table and then based on the gathered
information do the model-checking of formulas from, for example, CTL [CES86]
or ACTL [NV9(Q] logics.

Even though the algorithms that we intend to use are well-known (see, for
example, [BK0§]), the benefit of our method is that we do not need to build
a labelled transition system induced by the semantics of an IMCY program
before the actual model-checking procedure. In the standard setting a labelled
transition system is constructed for an IMCE program by the application of the
Structural Operational Semantics rules (some abstraction can take place at this
stage though) before the actual model checking can take place. We can on the
other hand do the computations on the “valid” states (according to the function
Valid defined in Table — this may lead to a lower space complexity as we
have a more compact way of representing the semantics of the system by saving
only valid states and not the transitions between them.

In case some valid states will be found that satisfy the logical formula it would
be necessary to check whether the found states are in fact reachable from the
initial state. Also in this case we could use the methods for computing an over-
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approximation of reachable labels (see Section and in this way avoid the
building of the whole labelled transition system. There are also other potential
benefits of our method due to the fact that states have an internal structure
which is known to us — we can, for example, ignore some of the labels that are
not important for us, thus merging together a number of states that only differ
in their “unimportant” labels. This could considerably reduce the state space.

We will discuss the CTL/ACTL model checking of IMCY on the example of
computing a set of so-called Zeno states. As usual, we start with some initial
IMCC program and understand under “states” all the IMC© expressions that
can be derived from the initial program by the application of the Structural
Operational Semantics rules. States are Zeno if they are in the coarsest relation
such that they can make an internal move, i.e. a transition with the 7-action,
which will lead to a Zeno state as well (see Definition . For any Zeno
state there exists therefore an infinite path starting from it with only internal
actions. This behaviour can be easily captured by a formula in the ACTL logic.
Computing Zeno states can also be regarded as a example of computing sets
of states with properties that can be formulated co-inductively, i.e. of states
that exhibit some behaviour and can do a transition into states having the same
properties.

Definition 5.4 (Zeno states). An IMCS expression is called Zeno if it is con-
tained in the coarsest relation R on IMC® such that for each E € R there exists
a semantic transition E — E' to an IMCS ezpression E' € R.

Definition concerns IMC® expressions but it can be easily converted into
the definition for the multisets of labels. The property of states characterised
by multisets of labels to be Zeno can be expressed as the greatest fixed point
of an order-preserving endofunction. See Table for the definition of the
endofunction FZeno which operates on sets of label multisets and returns a set
of valid multisets such that each label multiset in it has a derivative in the input.
The derivation should be through a 7-chain. Note that we are identifying IMCC
expressions in Definition with their exposed labels in Table It is clear
that we need an initial IMC® program F to be fixed, its Pathway Analysis to
be conducted and all the functions from the tuple F as in Definition [£.9] to be
computed before defining the function FZeno.

In Lemma we will prove that multisets of exposed labels of Zeno MCC
expressions indeed constitute the greatest fixed point (GFP) of the function
FZeno defined above. In this way we will prove that we got a transition from
IMCY expressions to multisets “right” in our definition of the function FZeno.
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FZeno(S) = {M € M|(Valid(M)) A (3C € T (Name®, (C) = 7)A
(C< M)A (M — Kep(C) + Gen(C) € S)}

Table 5.4 — Definition of the endofunction FZeno : 2™ — 2™ given an IMC®
program F' and F as in Definition

Lemma 5.5 (Zeno processes). Given an MC¢ program F', F as in Definition
and F = E, then E is Zeno iff Er[E] is contained in the greatest fized

point of FZeno.

Proof. First of all, there exists the greatest fixed point of the function FZeno:
we can regard 2™ as a complete lattice with C as a partial order (set inclusion
relation). In this case F'Zeno is an order preserving function: it is easy to see
that from Sy C Sy follows FZeno(S1) C FZeno(S2). Knaster-Tarski theorem is
therefore applicable and the function FZeno has its greatest fixed point on 2.

We will prove now the statement of the lemma. If E is not Zeno then each se-
quence of states starting from it has the following form: Ey — Fs...E,_1 —

E, and E, i), with £ = E; and n > 1. Let fp be a fixed point of the function
FZeno. Then Er[E] & fp due to the following reasoning: assume Er[E] € fp.
Then there exists a transition such that E — Fs and Ep[Es] € fp, from the lat-
ter would follow the existence of the transition F; — Ej3 such that Er[Es] € fp

and so on until Er[FE,] € fp. The last however is impossible because Er[E,]
is not in a co-domain of FZeno: there is no chain C' representing an internal
action such that C' < E,, holds.

If on the other hand the state E is Zeno then there exists a transition £ — E-
C1

such that the IMCY expression Es is Zeno as well. Further there exists a
transition Fo CL> FE3 such that the IMCC expression F3 is Zeno and so on.
2

Therefore, with Ey = E, holds J,_, . €rl&i] = FZeno(U,_; - ErlE:]) (all
Er[E;]s are “valid”, there exists an exposed chain C; representing an internal
action such that EF[[Ei]] — Kch(C’i) + Gch(C’l) = SF[[Ei—&-l]] € Ui:l..oo SF[[EzH)7
ie. U;_y o €r[Ei] is a fixed point of FZeno. Note that we have in fact a finite
union because the domain and co-domain of FZeno are finite.

We can make a conclusion that |J,_; . Er[E;] € GFP(FZeno) (GFP denotes
the greatest fixed point), as any other fixed point of FZeno is smaller and there-
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parentsyn (M) = {M' € M|3C € T (Valid(M')) A (Gen(C) < M)A
(M = Gep(C)+ C < M' < M — G (C) + Ken(0))}

S :={M € M|IC € T (Valid(M)) A (Namel, (C) =71) A (C < M)};
Spz = {M € S|BC € T (Namel, (C) =71) A (C < M)A
(M — Kch(C) + Gch(C) (S S)},
while S,,, # 0 do
S := S\ Snz;
Spe i={M" € S|(M' € U parentsoye(M)) A (BC € T (Namel, (C) = 1)

AN (O SMi;;s A (Ml _ Kch(c) + Gch(c) € S))},

Table 5.5 — Definition of the algorithm computing S = GFP(FZeno), given an
IMCC program F and F as in Definition

fore included in the GFP(FZeno), which also means that £ [E]| € GFP(FZeno).
We have thus proved that the greatest fixed point of FZeno contains all multisets
corresponding to Zeno states and no other multisets. O

We will present now an algorithm for computing the greatest fixed point of the
function FZeno. As already mentioned, the algorithm itself is not new — it is
essentially a usual model-checking algorithm for computing a CTL formula 0P
for a CTL-state formula ®, see, for example, [BKO§]. With our algorithm in
Table 5.5 we demonstrate besides the applicability of model-checking algorithms
in our setting also the use of the function parentssy which returns for a multiset
of labels all the valid multisets that could have generated the input multiset in
one step.

We start with computing a set .S containing all “valid” states that additionally
have an enabled chain corresponding to the 7-action. Consequently the multisets
in S will be examined one by one in order to find those that do not have a 7-
transition into the set S — these are saved in the set S,,, (non-Zeno) and deleted
from S. If S,, is not empty then the “parents” of label multisets in S,,, are
examined and those of the parents that do not have any enabled 7-chain leading
to S are saved in the new S,,, which is deleted from S in its turn. This examining
of “parents” continues as long as S, is not empty. In Lemma [5.6 we will prove
that the just described algorithm (put more formally in Table computes
exactly GFP(FZeno) in S.
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Lemma 5.6 (Computing GFP(FZeno)). Given an IMC® program F and F as
mn Deﬁmtion the above algorithm terminates computing S = GFP(FZeno).

Proof. First of all, we can easily see that for any F — E — E’ and

C
M = &Ep[E'] holds Ep[E] € parentson(M): this is true because it holds that
ErE') = Er[E] — Ken(C) + Gepn(C) and due to the fact that K., (C) > C for
any C € T (the latter can be easily proved by induction on the structure of
F). Moreover, {M € M|IC € T (Valid(M)) A (Namel, (C) =7) A (C < M)}
contains GFP(FZeno), because it clearly holds that any Zeno state can do
a T-transition.

On the other hand, any M = Er[E] such that M ¢ GFP(FZeno) will be deleted
from S in one of the loop runs because for any such M holds that any path
starting from E reaches a state E’ such that E’ . Assume that n is the length
of the longest path such that £ — E’, where all the transitions are internal,

and E’ -. We can prove that M € S,,, in the n loop run — we can prove this
by induction on n. The base case is n = 0, i.e. E - and M will be deleted from

*

S without any loop run. Otherwise we have E —— E” — E’. As E" has been

deleted from S in the n — 1 loop run according to the induction hypothesis, it’s
“parent” E will be checked. It does not have however any other derivative in .S
after executing a 7-chain (because all the other paths are shorter and therefore
all derivatives have been deleted from S before), therefore E will be deleted
from S in the n loop run.

Algorithm terminates, because S is finite and at least one element of S is deleted
in each loop run. O

Some state properties that do not depend on the properties of the following
states (in contrast to Zeno) can be checked even more easily — for example, the
existence of deadlock states or of the states that have only transitions decorated
by external actions. In the latter case the execution of the external actions
can be blocked by the environment and the states will become deadlock states,
therefore the computation of such states can be of interest. For computing
deadlocks we could construct a set of multisets which are both valid according
to the function Valid and do not have any enabled chain. If the computed set
is empty then there are no deadlock states, otherwise we would need to check
whether the computed potential deadlock states are actually reachable from
the initial state. For computing states blockable by the environment we would



140 Reachability and Pathway Analysis

compute a set of valid multisets such that all the chains enabled in the multisets
correspond to external action names.

In general the transfer of usual model-checking methods to the Pathway Anal-
ysis setting is quite straightforward, does not require the building of a labelled
transition system representing the semantics of an MCC program beforehand
(but possibly at least a part thereof needs to be constructed afterwards, for
conducting reachability analysis for found states). We conjecture that the con-
siderable improvements are possible if we group states together with similar
properties before conducting the model checking — the similarities of the states
can be determined by comparing their corresponding exposed labels.

5.3 Over-approximation of reachability

In the previous sections we have often referred to the reachability problem which
consists in determining whether one state is reachable from another state in
some labelled transition system. Reachability is often regarded as the problem
in model checking, as it is the basic problem in the model-checking algorithms.
In this section we will discuss reachability of labels instead of reachability of
states: we assume that we know that some labels are/could be exposed and
we would like to assess which other labels could also become exposed. We
compute an over-approximation of reachable labels: all the labels that we assess
to be reachable are in fact reachable but we might asses as reachable some
labels that can in fact never become exposed. Consequently we discuss the
question of how to recompute our assessment after one transition and also how
to determine whether labels could be generated/executed only finite number of
times or unlimited number of times.

We can further combine the computation of reachable labels with the function
Valid from Table in order to filter out not only invalid states according to
the function Valid but also states that have at least one label exposed that is
unreachable according to our assessment.

5.3.1 Computing reachable and executable labels

The schematic presentation of our algorithm is given in Figure [5.2} The basic
idea is quite simple: we start with a set of reachable labels equal to the set of
exposed labels in some initial state (this is a parameter M of the function reach
in Table , check which chains have all their labels in the set of reachable
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xposed in the initial expression

U

Generated after one step

U

Figure 5.2 — Illustration for the computation of labels’ reachability.

reachy (L1, La) = (dom(M)U Ly ULy, Le U LY)
Ly = Uyer, dom(G(¢))
Ly = {CEeT|dom(C)C L1} dom(C)

Table 5.6 — Definition of the function reachy : 2%2P x 2l-ab s glab y oLab given
an IMCC® program F, F as in Deﬁnition M e M.

labels, add labels generated by those chains to the set of reachable labels and so
on until the saturation. The algorithm presumes the foregoing Pathway Analysis
of an initial IMC® program F'. It is clear why the algorithm will terminate: the
set of occurring labels is finite for any IMC® program.

The function reachy; is defined in Table [5.6] The function is parameterised on
a label multiset M that will usually represent the exposed labels of an initial
IMCS program F or its derivative. The idea is that first of all we consider all
exposed labels in M as reachable (this is what dom (M) refers to) and moreover
those labels are considered reachable for which there exist labels which generate
them and are executable. Executable are considered those labels for which there
exists a chain such that all labels participating in the chain are reachable. Two
input parameters of reachy; keep track of labels which are currently considered
to be accordingly reachable and executable and two output parameters return
the recomputed sets of reachable and executable labels.

Let us denote (REACH);, EXEy) 2 LFP(reachy), with LFP standing for the
least fized point. The least fixed point exists because reachy; is an order-
preserving function on the complete and finite lattice 2Labs(F) wx 9Labs(F) for
a fixed IMC® program F (for example, consider the order (A, B) < (C, D) iff
A < B and C < D). We will prove the facts about REACH); and EXE); in



142 Reachability and Pathway Analysis

the next lemma.

Lemma 5.7 (REACH); and EXE) fixed points). Given an IMCY program
F, F as in Deﬁm’tion F = E, M = &r[E], then from E = E’ and

¢ € dom(Er[E']) follows ¢ € REACHy; from E' -5 E" for some a € ActU
C
{7} U Rate and ¢’ € dom(C) follows ¢' € EXE);.

Proof. We prove this by induction on the number of derivation steps in £ —
FE’. We will namely show that if F — E’ for some n € Ny then it holds that

€ Uiz 201 (reachy, ((0,0)))]' and ¢ € [U,_;. o, (reach}, ((9,0)))]. This
will prove the statement of the lemma because the following equality is true:
(REACH), EXEn) = U;_q o reachy ((0,0)) (it is true because (0,0) is the
least element of the finite complete lattice 2-abs(F) x gLabs(F)y,

The base case is E = E’ and the statement holds because on the one hand
¢ € [reachy;((0,0))]' = M follows from M = Er[E], on the other hand ¢ €
[reach3, ((0,0))]? is true because according to the rules for the reachy; operator
[reachy, ((0,0))]* = Uicesatryidom(cycary dom(C) and these are exactly labels
from the executable chains — this follows from the proof of the correctness of
the Pathway Analysis.

Assume now that the statement of the lemma is true for some n > 1, that means
for some E — E”, and we need to show that it is also true for E’ such that

[e3%

E" — E' for some a € ActU{r}URate. Any exposed label ¢ of E’ is either also
C

an exposed label of E” and therefore already in [\J,_; o, (reachl, ((0,0)))]*
or has been generated after the execution of the chain C. As any label in C
is by induction hypothesis in [J;_; o, (reach’y;((,0)))]?, we can deduce that

le [Uizlﬂ(nﬂ)fl(reachﬁ\/[((@,@)))]1 holds. On the other hand, if E’ <, then

as we have already shown ¢ € [Uizluz(nﬂ)fl(Teachl}\/[((@,@)))]1 holds for any

¢ € dom(C"), therefore £ € [Uizl__Q(nH)(reachg\/[((@, 0)))]? follows from the rules
of the function reachy. O

The algorithm for computing the least fixed point of reachy; can be implemented
with the time and space complexities of O(]|Labs(F)|* |%]): for each label from
Labs(F) added to the set of reachable labels we should check all the chains
in which it participates in order to add further reachable labels that the chains
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generate. The number of added labels can be maximal | Labs(F)| and the number
of chains in which a label participates is at most |Z]|.

5.3.2 Updating reachability

In this section we will show how we can recompute the fixed points REACH ),
and EXEy, for M = Ep[E] such that F - E for some IMC® program F and

F as in Definition after one semantic step E — F’, i.e. how to compute

(REACH) , EXEy) = LFP(reachy) for M' = Ep[E'] without recomputing
them “from scratch”. We define the function unreachr gpxg k., m for this pur-
pose. It is namely the case that the sets of reachable and executable labels can
only become smaller after one semantic step, because some choices may lead to
“less behaviour”. We will assess this “loss” without reassessing those reachable

and executable labels which have not been influenced by the transition.

Computing over-approximations of reachable/executable labels in Section m
and updating the sets of reachable/executable labels after one semantic step
in this section have some similarities to accordingly widening and narrowing
operators in the Abstract Interpretation (see, for example, [NNH99]). Similar
to widening, our function reach computes upper approximations of the least
fixed points of transfer functions which operate on configurations of reach-
able/executable labels and return the updated configurations of accordingly
reachable/executable labels after possible semantic transitions from these con-
figurations. Similar to narrowing, we are improving the approximations in the
function unreach by utilising the information on the semantic step that has ac-
tually been taken. Like in the narrowing procedure, there is a descending chain
created by the iterative application of unreach which eventually stabilises.

The function unreachr pxg, k., m is defined in Table Assume that we are

given an IMC® program F, F as in Definition F - E, and we have
already computed LFP(reachy ) for M’ = Er[E].

for some C' € T we will be able to compute with the function unreach an
over-approximation of LEP(reachy) for M = Ep[E’] which is in general more
precise than LFP(reachy ) (it is clear from Lemma that LFP(reachy ) is
an over-approximation of LFP(reachys)).

Then in case £ — E'
C

The idea is to initialise the parameters R and EXE of unreach to REACH); and
EXE = EXFEy ((REACH)/, EXE)y) = LFP(reachys) asin Section, Kot
and M to accordingly dom (K., (C)) and Ep[E’]. The sets R and EXE are sets
of accordingly reachable and executable labels that might get smaller. The set
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unreachr pxg,K,.,,m (L1, L2, L3) = (R, EXE, Ke;)
if (L > R)V (Ls > EXE)

unreachr pxp k..., m (L1, La, L3) = (Ly — K', Ly — K", K"")
if (L € R) A (L € EXE)

with K' := {f € Ls|(parents({) N Ly = 0) A (£ & dom(M))}
K" :={l e Li|pC € T (¢ € dom(C)) A (dom(C) C L1 — K')}
K" = e g dom(G(£))

Table 5.7 — Definition of the function unreachr, pxe i, m : 252° x 212P x olab
glab  glab y 9Lab given an IMC® program F, F as in Definition [4.9] R € 2L2P

g prog ) : )
EXE € 2% K., € 2L2P A e o,

K.t includes labels which need to be examined. The labels from the domain of
the multiset M are undoubtedly reachable.

The computation of unreach proceeds in the following way: when we first start
with an input tuple from the complete lattice 2LaP x 2Lab x 9Lab iy which either
the first element is bigger than (i.e. contains) the R parameter of the function
unreach or the second element is bigger than the FXE parameter then we just
return the first three parameters of unreach. This is in a sense an initialisation
phase where we start with R and EXF as possibly reachable/executable labels;
the possibly unreachable labels that need to be examined further are passed
through the third argument. Otherwise we are doing the following: from the
set of reachable labels (the first argument of unreach) we delete those labels
which are not exposed in E’ and none of whose “parents” (see Table for the
definition of the function parents) are executable; from the set of executable
labels (the second argument of unreach) we delete those labels for which there
is no chain such that all the labels constituting the chain are reachable; labels
which are generated by those labels that have been determined to be “non-
executable” need to be examined further in the next step and are returned
therefore as the third element of the output of unreach.

The function unreach is monotone in the first and the second elements: they
can obviously only become smaller in the output. The function unreach is
not necessary monotone in the third element but it will eventually stabilise
because it is equal to the labels generated by reachable but non-executable
labels and the reachable labels (i.e. the first argument of unreach) will eventually
stabilise. We will prove in Lemma [5.8] that under this setting the first element
of GFP(unreachr, gxE, k.., m) Will be greater or equal equal to the first element
of LFP(reachyr) and the second element of GFP(unreachr gxEg. k.., m) Will be
greater or equal equal to the second element of LFP(reachys), assuming a fixed
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IMCS program F' and F as in Definition Informally speaking, we do not
“delete too much”, i.e. we still get a safe over-approximation of reachable and
executable labels. We conjecture that it is also the case that we delete all the
labels that are not contained in the least fixed point of reachy; but proving this
would be a bit more involved.

Lemma 5.8 (UNREACH fixed point). Given an IMCY program F, F as in
Deﬁnition F s E—» E", M' = &[E], R = REACHy, EXE = EXEyp,
C/

Kser := dom (Ko, (C') — C") and M = Ep[E"], then in case also E" 5 F and
¢ € dom(Er[E"]), it follows ¢ € |GFP(unreachgr pxp k..,.m)|; from E' — E"
with ¢ € dom(C) follows ¢' € [GFP(unreachr pxp. k., m)]°-

Proof. We will prove the statements by showing that on any stage of the al-
gorithm execution holds £ ¢ K’ and ¢ ¢ K". This will be enough as from the
Lemma [5.7] follows £ € REACH); and ¢’ € EXE),.

We will prove the lemma by induction on the number of steps in the transition
sequence E” — E'. If E"” = E' then the statement is clear: from the rules

for K’ follows that ¢ ¢ K’ always holds. We can deduce the fact that ¢/ ¢ K"
always holds from the fact that £ ¢ K’ always holds and there exists a chain
C < &p[E"] such that no ¢ € dom(C) is in K’ on any stage (as they are
exposed labels of E”). Therefore no label from C will be deleted from EXE and
¢ & K" always holds.

*

We need now to prove the induction step. Assume that £ — E"', B — E"",
E" — E’, the statement has been proved for E”” and we need to prove it now

for E'. For any ¢ € dom(Er[E’]) follows that either £ € dom(Ep[E"']) or there
exists a label ¢/ € dom(Er[E"']) such that £ € dom(G(£")). In the first case
£ ¢ K’ follows from the induction hypothesis. In the second case ¢ ¢ K" follows
from the induction hypothesis and therefore £ ¢ K’ holds as well because there
exists a “parent” of ¢ in EXFE which will not be deleted. For any executable
¢ in E’ there exists a chain C < Ep[E’] such that all the labels from C are
never deleted from R according to the induction hypothesis. We can make a
conclusion that ¢/ ¢ K" always holds. O

Similarly to the algorithm for computing the least fixed point of reachy;, com-
puting the greatest fixed point of unreachr, gxg k.., m can be implemented with
the time and space complexity of O(|Labs(F)|* |%|): for each label which is
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rgen(L) = {£e L|3C € T (dom(C) C L) A (£ € dom(G . (C)))}
rexze(L) = {€ € L|3C1,Cy € T (dom(C1) Udom(Cs) C L)A
(£ € dom(G(CY))) A (£ € dom(Cy))}

2Lab N 2Lab

Table 5.8 — Definition of the endofunctions rgen : and reze :

olab _, olab given an IMCC program F and F as in Definition

potentially deletable from the set of reachable labels we should check in the
worst case whether none of its “parents” are executable, i.e. whether there is
no chain containing one of the “parents” which is fully reachable. All the labels
from Labs(F') can become potentially deletable from the set of reachable labels
and each label can participate in maximum |%| chains. The complexity will be
however much lower in the average case.

5.3.3 Repeatable reachability

In some cases we would like to determine whether some labels are not “simply”
reachable, but reachable unlimited number of times, i.e. whether they represent
“renewable resources”. We also would like to compute (an over-approximation
of) the set of labels which can be executed unlimited number of times. This can
be useful for determining liveness properties. In the following we will determine
which labels can be generated/executed infinite number of times along at least
one existing infinite transition sequence and not necessary along every infinite
transition sequence.

We have defined in Table two functions rgen and rexe whose output is a
subset of their input. They have the greatest fixed points on every finite lattice
2% with S C Lab.

We will prove in Lemma that, given the Pathway Analysis results in F as in
Definition of an IMC™ program F', any label that can be repeatedly gener-
ated along some transition sequence is in GFP(rgen) on 2L%*(F) and any label
that can be repeatedly executed along some transition sequence is in GFP(reze)
on 2Labs(F) " The basic ideas of the proof for these facts are schematically pre-
sented in Figure and Figure In the first case GFP(rgen) is a union of
labels from which a sequence of chains can be formed that reproduces itself and
all the labels that are generated by these chains. Therefore ¢ € GFP(rgen) if
it is just generated by one of the chains: ¢; € dom(G.,(Cy)) in Figure In
the second case GFP(rexe) is a union of labels from the domains of the chains
itself — therefore ¢; € dom(C};) in Figure
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Figure 5.3 — Illustration for the computation of labels’ repeatable reachability.

Figure 5.4 — Illustration for the computation of labels’ repeatable executability.

Lemma 5.9 (GFP of rgen and reze). Given an IMC® program F and F as in
Definition [{.9, if there exists a transition sequence starting from F such that ¢
is generated infinitely often then ¢ € GFP(rgen) on 25°*s(F) " Moreover, if there
exists a transition sequence starting from F such that ¢ is executed infinitely
often then £ € GFP(rexe) on 2Lebs(F),

Proof. The proof is similar to the proof of Lemmal[5.5] There exist the greatest
fixed points of both rgen and reze because 2-4%5(F) is a finite complete lattice
with set inclusion as a partial order and the functions rgen and rezxe are order-
reversing.

It is enough to show that for each £ € Lab(F) that is generated unlimited num-
ber of times along some transition sequence starting from F holds ¢ € fp for
some fixed point fp € 2L%(F) such that fp = rgen(fp). From this will follow
¢ € GFP(rgen), as fp < GFP(rgen) and the partial order in this case is the set
inclusion. The same is relevant for any ¢ € Lab(F) that is executed unlimited
number of times along some transition sequence starting from F' and the greatest
fixed point of reze.

If ¢ € Lab(F) is generated infinitely often along some transition sequence start-

ing from F' then there exists a loop (as the number of states derivable from F’

is finite) £y — Fy — ... —— E,, — E) such that £ € dom(G.,(C;)) and
<1 C2

Cn-1 Cn

F = Ey. Assign L:=J,_, ,(dom(C;) U dom(Gex(C;))). Then L is a fixed
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point of rgen because for each ¢/ € L holds that ¢ is generated by some chain
C for which dom(C) C L holds. The last is obvious if ¢ has been added to L
inside some dom(Ge,(C;)). Otherwise, if £/ has been added to L inside some
dom(C;), we can argue that each label inside C; is also generated by some other
chains from the set {C;|1 < j < n}. This is due to the fact that K.,(C;) > C;
holds for any chain from ¥, i.e. all the labels from the chain C; will be killed
by execution of the chain and therefore will be generated consequently in order
for the chain C; to become executable again in the next loop. Altogether this
proves that L is a fixed point of rgen and £ € L.

If £ € Labs(F') can be executed infinitely often along some transition sequence

starting from F' then there exists a loop F; — Ey — ... E, — E;
C1 Ca Cn-1 Cn

such that ¢ € dom(Cy) and F = E;. Assign L := | dom(C;). Then

¢ € L clearly holds. Moreover L is a fixed point of reze because for each ¢/ € L
holds ¢' € C; for some 1 <4 < n, but also ¢’ € C; for some 1 < j < n: as ¢’ has
been “consumed” after the execution of the chain C; is has to be generated by
some consequent chain so that it will become executable again in the next loop.
We have thus proved that L is a fixed point of rexze and ¢ € L. O

i=1l..n

We could perform the computation of the greatest fixed points of rgen and
reze on the domain of reachable labels of an initial IMC® program F or one
of its derivations E — we can use the least fixed point of the defined in Table
function reach, i.e. reachg.[p) or reachg,.[g], in order to determine which
labels are reachable. We will obtain in this case a correct over-approximation of
the labels that can be generated /executed infinite number of times along some
transition sequences starting either from F' or from F.

Similarly to the algorithms in Sections and the computation of the
greatest fixed points of rgen and rexe can be implemented with the time and
space complexities of O(|Labs(F)|  |%|): each label ¢ in Labs(F) can be po-
tentially repeatedly reached/executed and at most all the chains from ¥ should
be checked in order to determine whether there exists a chain all the labels
in the domain of which can be repeatedly reached/executed and which gener-
ates/contains £.

There are many other properties of labels that could be defined as the great-
est/least fixed points of functions on label sets. Our developments represent an
exploration of possibilities. We are confident that we can develop our methods
further in order to check a broader class of system properties by Static Analysis
methods.
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5.4 Expected time reachability

In the previous section we have considered the question how to compute a set
of labels that contains all the labels reachable from some initial configuration
regardless of the time it takes. In this section we will discuss how the lower
bound for the expected time to reach a set of (in principle reachable) labels
can be computed. Only expected time can be computed for IMCC systems
because their delay transitions do not have fixed durations but their durations
are instead exponentially distributed with corresponding rates. We will compute
the minimum expected time to reach one state in an IMCY system from another
state, both represented by sets of their exposed labels. We will often call a set of
exposed labels in a state from which we start the computation the initial label
set and a set of exposed labels in a state to reach — the goal label set.

As the non-determinism is inherent for IMC® systems we should first of all
decide on a scheduler or a class of schedulers that will be used for resolving
non-deterministic choices. We consider a class of particularly simple schedulers
whose decisions are dependent only on states in which a decision has to be made
but not on a history before reaching the state or the time that have passed until
the current state has been reached from the initial state. These schedulers are
called Static Markovian Deterministic schedulers [Put94], positional schedulers
INSKQ9] or just simple schedulers. After all the decisions of a simple scheduler
are fixed, an IMC© system can be in fact reduced to a Continuous-Time Markov
Chain. We will be looking for a simple scheduler which makes such decisions
that the expected time to simultaneously reach all the labels from the goal set
is minimal.

We will do computations on a subclass of IMCY, introducing some serious
syntactic constraints. First of all, we consider only linear IMCS processes; the
second constraint is that we may have a choice only between external actions but
not between delays — see Table for the derivation rules for suitable IMC®
programs. The exact reason for these constraints will be explained below in
Section but we want to make a remark at this point that the introduced
constraints allow us to confine ourself to a simple algorithm on the one hand and
to guarantee that the computation is exact (in particular, because no blocking
due to the failed synchronisation can occur in linear IMC© processes) on the
other hand.

The expected time reachability has been considered for probabilistic timed au-
tomata in [KNPS06]. The standard algorithm for computing minimal and max-
imal (for goal states that are reachable with probability 1) expected reachability
time for MDPs with fixed time associated with action transitions can be found
in [AIf99] and is easily adaptable to many similar systems. It has been pointed
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out that computing expected reachability time corresponds in fact to computing
the expected cost or reward accumulated until reaching a goal state, with the
cost/reward function equal to zero for action-transitions and equal to transition
durations for delay transitions [KNPS06]. Our algorithm that will be presented
in Sections can be adapted to computing other cost/reward functions
then expected reachability time — we see this as a possible topic for future work.

Calculating minimal expected time reachability is a subclass of an intensively
studied stochastic shortest path problem [BT91] but in our setting, with the
introduced syntactic constraints and simple schedulers, the first stage of the
algorithm (see Section becomes in fact just an instance for the well-known
Floyd’s algorithm (also called Floyd-Warshall algorithm) for finding a shortest
path in a directed graph for all state pairs [Flo62]. The difference is that we
compute “shortest distances” between labels, not between states as in [Flo62].
We need consequently the second stage in the algorithm for post-processing the
results of the first stage — see Section

In the first stage of the algorithm we calculate thus the minimal expected dura-
tions (that we sometimes call distances) of label paths between the labels. Cal-
culating distances between the labels has the complexity of Floyd’s algorithm
which is cubic for time and quadratic for space, in our case it is accordingly
|Labs(F)|* and |Labs(F)|> with F an IMC® program to be analysed. We can
sum expected durations of transitions constituting a path between two labels
because the expected value of a sum of random variables is equal to the sum of
expected values of random variables [GS97]. Random variables are in our case
durations of delay-transitions in an IMCS system and their expected values are
equal to one divided by their rates.

The post-processing can be implemented as linear in the number of labels in the
initial label set plus the number of labels in the goal label set. These are clearly
lower time/space complexities than those that would be caused by applying
Floyd’s algorithm to a labelled transition system representing the semantics of
F. In the last case the complexity will dependent on the number of states in
the labelled transition system which can be up to 2/%#(F)l - We have currently
rather strict syntactic constraints but we are confident that our method can be
extended at least to the full linear fragment of IMC® and may be also to some
larger subclasses of IMCY.

Our algorithm can be useful, for example, in the verification related to reliability
of systems. Reliability is often understood as a system parameter measuring the
time interval in which a system will operate faultlessly with a sufficiently high
probability. It can be expressed, for example, as a mean time to failure (MTTF)
for irreparable systems or a mean time between failures (MTBF) for systems that
can be repaired [Abe00]. In this setting our algorithm computes MTTF (if the
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goal set of labels represents a failure state) in the worst case, i.e. with the most
unfavourable scheduler, for systems representable in a linear fragment of IMCY
with an additional restriction on the choice operator (see Table [5.10)).

5.4.1 General description of the algorithm

We will first describe our algorithm for a simple case when the initial and the
goal set each contain only one label, i.e. we will compute the minimum expected
time to reach one label ¢ (speaking more precisely, to reach any multiset M
such that £ € dom(M)) from another label ¢ (from any multiset M’ such that
0 € dom(M'")). By “reaching one label from another label” we mean that it
should hold ¢ — ¢, i.e. there should exist a label path from ¢ to ¢. We will

show below that such label paths have a direct relation to paths between the
multisets M’ and M.

Take as an example the following IMCY program, for which we would like to
determine what is the minimum (over all possible simple schedulers) expected
time to reach ¢ from fy: X :=alt.b%. (cf A\ A5 X + dfe AL A X). From
the syntax of the program it is clear that there are two possible label paths:
fz — fg — €4 — 55 — 61 and 62 — 66 — €7 — fg — 51. The expected

time for the first of the paths is /\% + )\% and the expected time for the second

path is /\% + /\% This follows from the properties of the exponential distribution
and of the expected value operator, see Section 2.1} the expected transition
duration is 1 divided by the transition rate and the expected value of the sum
is the sum of expected values. In the example we can therefore simply compute
the minimum expected time to reach ¢; from /5 as mm(%1 + %, %3 + /\%)
The syntactic constraints that will be introduced in Section [5.4.2| guarantee that
there cannot occur situations where the choice is between actions with the same
name (that a scheduler cannot distinguish) or between several delay transitions
(where the choice is done probabilistically), therefore a simple scheduler has
a full freedom in the choice of a label path. In the example above the choice
between the execution of ¢3 and /g is fully deterministic and depends on a
concrete scheduler that is used.

We will compute the expected time to reach one label from another one by
first computing expected time to reach labels directly, i.e. by generating them
according to the generate operator from the Pathway Analysis. In the above
example the defined by us in Section operator tr will return tr(fy,43) = 0,
tr(la,l3) =0, tr(ls, ls) =0, tr(ly, bs) = -, tr(ls, (1) = i etc. It is clear that
for actions the expected time is zero and for delay rates the expected time is 1



152 Reachability and Pathway Analysis

divided by the rate. It is also clear that in case ¢ -+ ¢’ we cannot reach ¢’ from
¢ directly and therefore assign tr(¢,¢') = oco: in our example tr(¢1,£3) = oo etc.

As a next phase we will compute minimum expected durations of label paths
between not directly “connected” labels, i.e. between all £ and ¢ such that
¢ - 0 but £ — ¢'. As there exists one shortest path that can be chosen by a

scheduler (or several paths with the same expected duration), we can use a well-
known Floyd’s algorithm [Flo62] for finding a path with the shortest expected
duration based on the results of the t¢r operator. The computed shortest path
durations between all pairs of labels will be saved in the mapping et. In our
example X :=a’1.b®.(cf X4 N X + df A7 \F.X) we will have et(fy, l3) =
tr(ls,f3) = 0 and et(l3,44) = tr(€s,£4) = 0, while the distance between ¢ and
¢4 will be computed as min(tr(€z,€s) + tr(€s, ls), tr(la,£y)) = min(0,00) = 0.

Until now we have talked about reaching one label from another label. We
will however in general discuss reaching a set of labels from another set of
labels. First of all note that in order to make a meaningful statement by using
the computed mapping et we need to be sure that both sets represent (the
initial state is equal and the goal set is a subsets of) exposed labels of two
IMCY expressions reachable from an initial IMC® program on which et has
been computed. Otherwise if in the example above we would try to compute
time to reach both /5 and /3 from ¢; by taking, for example, a sum, minimum or
some other function of et(¢1,¢2) and et(¢1,¥3), we would not get any satisfying
answer: £ and 3 just cannot be exposed together. We could use the function
Valid defined in Section [5.1] in order to rule out impossible combinations of
labels: it would be able to determine that /5 and ¢3 exclude each other.

The next aspect is that if the initial set of labels contains several labels then
only one of them can be executed and the rest will be killed. This is because
we are only considering a linear fragment of IMC, so if two labels are exposed
at the same time then they are connected by the choice construct. We need
therefore to take the minimum over all the labels in the initial set of their
minimal expected time to reach the labels from the goal set. Concretely, in our
example X := aft b’ (cf A4 A5 X + d?e AL AP X)) with the initial set {£3, (6}
and the goal set {£1} if {- + 35 < 5& + 5 then we choose £3 otherwise we will
choose £¢.

As for the goal set, all the labels in it are also connected by the choice construct,
but this time we need to take the maximum over all the labels in the set. If one
of the labels in the goal set is not reachable from all the labels in the initial set,
then the goal set is considered to be not reachable in general and our algorithm
will return infinity as the minimum expected time. But also in case all the labels
from the goal set are reachable, if we take a minimum also over the labels in
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the goal set, we might be computing the minimum expected time to reach only
a subset of the goal set. We will discuss this question in Section [5.4.4] in more
detail.

This was basically the full description of our algorithm. We will additionally
discuss the relation between the “goal set” and the exposed labels of concrete
IMCC expressions that the goal set is a subset of. With our method we do not
guarantee that we can reach an expression with only labels from the goal set
exposed in the expected time that our algorithm computes, even if our algorithm
computes a value different from infinity — because some additional labels may
be exposed as well. In the example a®.Y := b’ \8.c%.Y + d% .\l .ef7.0 if we
compute the minimum expected time to reach {fs} from {¢;} then we compute
in fact the minimum expected time to reach {3, ¢5} from {¢;}. Note that there
is in fact a configuration where {¢3} is reachable from {¢;} without ¢5 being
simultaneously exposed (after one unfolding of the process definition for Y).
We will not however take into account such cases where we may need several
executions of the same labels in order to reach the goal configuration. We will
only take into account the first time labels in the goal set are reached.

We will prove in Section that, accepting a possibility that the goal set is
just a subset of exposed labels, our computations deliver the exact result for
the chosen subclass of IMC® and the chosen class of schedulers. The extension
of our method to the full linear fragment of IMCY is relatively easy, but the
extension for the parallel operator is much harder. If there are two parallel
processes that both arrive at delay transitions then those delay transition that
completes first will continue, and this leads to the situation where we cannot
simply add the expected durations of label paths. For example, for the IMCY
program )\lf .a%.0 1l /\§3.be4.0 the expected time to reach {fs, 4} from {¢1, ¢35}
is strictly smaller than the expected time to reach {f2} from {¢;} plus the
expected time to reach {4} from {/3}. It is Al’}fAQ * (ﬁ + /\%) + /\1><\i’1)\2 *
(s + %) = 382 — 5 in the first case and 5= + 5= = 4152 in the
second case, see Section for the properties of exponential distributions.

Besides, as we allow the creation of a finite number of new subprocesses in
the full IMCY, it should be taken into account that a label can give rise to
several labels that are in parallel subprocesses which additionally complicates
the computations. We would namely need to additionally remember the “forking
points” and which labels can be generated only after passing these forking points.
Therefore we have decided to first present our ideas for the linear fragment of
IMC® where such situations do not arise. We leave the question of extendibility
of our method to other subclasses of IMC® as a topic for future research.
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Table 5.9 — Derivation rules for IMC® programs suitable for our expected time
reachability analysis. X € Var, a € Act U {7}, A € Rate, ¢ € Lab.

5.4.2 Syntactic constraints

In this section we will introduce a number of syntactic constraints that we will
additionally put on IMC® programs so that our method for computing the
minimum expected reachability time becomes applicable. We will require that
for an IMC® program F' the fact " F can be proved. The derivation rules for
Fi are given in Table We could have integrated the well-formedness rules
in Table and the rules in Table into one set of rules but we are not doing
this for the sake of simplicity — i.e. for the rules in Table to represent only
“new” restrictions on IMC® expressions.

Let us now discuss the rules for F" in detail. First, note that there are no
parallel operator and no hide-operator rules. We have given in Section
an example illustrating the difficulties with the parallel operator. Concerning
the hide-operator, in case some of the actions will become internalised then a
simple scheduler could not differentiate between them and the computed by our
algorithm result will not be tight (but will be still a lower bound). Second,
there are only external actions and no delays in the choice construct (see the
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X:=aht e X 1Y = b NBY 4 b (efo.Y +47.X)

Figure 5.5 — Example of an IMC® program F for which F" F holds. Arrows
go from labels to sets of labels that the first generate after their execution.

additional condition in rule (5) in Table [5.9). This means that there are no
probabilistic alternatives in case we have a deterministic scheduler. Expressions
similar to X := a’.(A\2.X + M. X) are therefore not allowed: a scheduler can-
not deliberately choose between /5 and ¢3, as the probability of executing ¢5 is
always ﬁ and the probability of executing /3 is always ﬁ irrespective
of a scheduler. Third, all choice alternatives, which are external actions as just
mentioned, are different (see the additional condition in rule (5) in Table[5.9). A
scheduler can therefore always choose any of choice alternatives and thus always

determine “which way to go”, i.e. which path to take.

See Figure for an example of an IMC® program whose syntax satisfies the
conditions of F". States in the semantics of the example IMC® program are
denoted by their corresponding exposed actions/rates and labels. Note that
the “green” (Markovian) states have only one exposed rate while there can be
several exposed actions in the “blue” (interactive) states. There are no hybrid
(i.e. with both actions and rates exposed) states in the example and there cannot
be any hybrid states in the semantics of any IMC® program F for which H" F
holds.

The reason for the introduction of syntactic constraints via F!" is that we are
aiming at constructing an algorithm with a low complexity. With the restric-
tions computations on IMCY programs become much simpler due to the ab-
sence of parallel delay transitions etc. Moreover, simple schedulers obtain the
full control over the paths taken. There is also a lower memory consumption
because we do not need to construct beforehand a labelled transition system
representing the semantics of an MC¢ program F' that we are analysing. In-
stead of that we only save a matrix of the size |Labs(F)|*: each pair of labels
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(¢,0) € Labs(F) x Labs(F) has the minimum expected time to reach ¢ from
¢ assigned to it. Remember that a number of states in the labelled transition
system for F' can be up to 2/2e0s(F)l 5o we would need to save a matrix of the
size 2/Labs(F)*2 if we would compute distances between states in the labelled
transition system.

In Lemma [5.14] below we will formally show that syntactic restrictions in Table
5.10| are enough to guarantee that the expected duration of one “shortest” path
is equal to the minimum expected duration over all paths between the initial and
the goal set of labels under the class of simple schedulers. It is therefore relatively
easy to compute — it is enough to find one of the “shortest” paths (there can be
more than one) with the least expected duration. We will additionally need to
ensure that there exists a simple scheduler such that all labels in the goal set
are reachable from some of the labels in the initial set with the probability 1.
If this is not the case then we return infinity. In the last case the probability
is always 0 as we do not have probabilistic choices in an IMCC program F' and
its derivatives if F'" F holds — see Lemma [5.14]

5.4.3 Expected durations of label paths

In this section we will formally present an algorithm for computing the mini-
mum expected time to reach one label from another one. We will compute the
minimum expected time over all possible label paths between the labels. As
usual, at the beginning we fix an IMCY program F for which we will do all
the computations. In fact all the definitions and algorithms from this section
are applicable to an arbitrary MCC program F' but putting them together in
Section gives a meaningful result only for such programs for which F" F
holds.

We start by defining the operator ¢r in Table[5.10] which computes the expected
time to reach from labels in Labs(F') their directly generated labels. Labels
corresponding to actions reach their generated labels in zero time while labels
corresponding to delay rates reach their generated labels in the expected time of
delay. We have the least upper bound operator (see Table in the definition
of tr, but for uniquely labelled IMCC expressions we do not have situations
where there are two or more ways to generate one label from another one,
therefore for an IMC® program F we will just create a union of ¢r application
results on the subexpressions of F.

We then compute a kind of transitive closure of the relation ¢r. The idea is
to compute the “least expected time” to reach one label from another one by
possibly transiting other labels in between. We compute the mapping et €
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tre[a® X] = Upecaomeerpxp t6€50)} 1
tre[N.X] = Upcaomerpxp {64, %)} 2
tre[a® Pl = Upedomerpxp t(64,0)} Utre[F] 3
tre[MP] = Upegomerpxp {60, 3)} Uire[P] 4

/\/\/—\/\/\/—\/—\/—\/—\
N D D D

t?“p[[Pl + Pg]] = tTF[[Plﬂ Utrp H:PQ]] 5
trplhide Ain P] = trp[F] 6
tTF[[Pl nAn PQ]] = t?"p[[Plﬂ Utrp [[PQ]] 7
trr[X :=P] = trp[P] 8
tTT [[0]] = @ 9

Table 5.10 — Operator tr : IMC® — QLabXLabXRJ, environment I' € 2X*™,
given an IMC® program F and F as in Definition

TuTy = Uggien
{(El,é’l,tl)} if ﬂtg st (fl,g/l,tg) ey U
{(fl,é’l,tl)} if (3752 st (61, ll,tg) S TQ) A (tl < tg)

U(&,é;,m)eﬁ
{(fg,gé,tg)} if ﬂtl st (fz,fé,tl) eTy
{(fg,éé,tg)} if (Htl st (Eg,élg,tl) c Tl) A (tg < tl)

Table 5.11 — Definition of the least upper bound operator on the domain
gLabxLabxR{

Labs(F) x Labs(F) — R{ U {oc} starting by the initialisation of all pairs of
labels in et by infinity apart from the case that both labels are equal — we assign
namely et(¢,¢) = 0 for all £ € Labs(F'). For pairs of labels where the first label
can generate the second one directly we assign the distance in et according to
the results of trp[F].

We proceed with recomputing expected times between labels, taking the mini-
mum whenever there are several alternatives. Taking the minimum is done in
a clever way, applying the Floyd’s algorithm [Flo62]: it is in succession checked
for all pairs of labels whether one of label paths through more and more labels is
“shorter” (has a smaller expected duration) then the currently computed mini-
mum expected duration of label paths from the first to the second label in the
pair. So the infinite duration in et(¢q, ¢2) after the execution of the algorithm
is finished means that there is no path between ¢; and ¢;. See a more formal
description of the algorithm in Table
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for all (¢1,42) € Labs(F') x Labs(F')
if (¢4 = ¢3) then et(fy,¥2) :=0;
else et(fy,ls) := oo;

for all (¢,¢',t) € trp[F]
et(0,0) :=t;

for k:=1 to |Labs(F)]
for i := 1 to |Labs(F)]
for j:=1 to |Labs(F)]
€t(£i,€j) = mm(et(ﬁhﬁj), 6t(£l,£k) + Et(gk,gj));

Table 5.12 — Algorithm for computing the mapping et : IMC® — gLabxLab _,
R{ U {o0}, given an IMC® program F, F as in Definition and trr[F].

Note that we have made a choice that a label can reach itself in zero time. It
seems like a natural decision but we could have made another decision that we
are interested in the mext appearance of the same label. For example, in the
process X :=a‘?.\2.X we could have chosen to have et(¢1,¢;) = } instead of
et(¢1,¢1) = 0. We have chosen the latter possibility mainly for the reasons of

simplicity.

As a next step we will prove that the mapping et computed by the algorithm in
Table corresponds to the expected time needed to generate one label from
another label. We will define the so-called expected duration of a label path and
prove its relation to et. The computations of the expected durations of label
paths are straightforward — the expected durations of all rate-transitions on a
path are just added together. We call the function that returns the expected
duration of a label path time. It is defined in Definition [5.10

Definition 5.10 (Label path’s expected duration). Given an IMCS program
F, F as in Definition and a set of labels ¢y...0,, such that £; — 0;11 for

all 1 < i < n, then the expected duration of the label path {1 — ... — £, is

returned by the function time and is computed as

, ~—L—— if Name({;) € Rate
time(l; — ... — £,) = ZlSK“ {é\/amem) P

We set time({; — ... — £,) = 0 if n = 1.
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We show in Lemma [5.11] that the expected durations of label paths are closely
related to the mapping et: we have namely computed in et(¢1,%s) the lower
bound for the expected durations of all label paths between ¢; and /{5 for all
(£1,05) € Labs(F) x Labs(F'), and this bound is tight.

Lemma 5.11 (Label path’s minimum expected duration). Given an IMC®
program F, F as in Definition and a label path {1 — ... — £,, then
n

holds. Moreover if et(£1,£,) # oo then there
exists a label path £ — ... — £,, such that time({; — ... — £,,) = et(€1,4,)
holds. If et(£y,¢,) = oo then there does not exist any label path from £y to £,,.

time(€; — ... —> £,) > et(€y, ¢

Proof. We will prove the first statement of the lemma by induction on the
number of steps in a label path ¢ — ... — £,,. For n = 1 the statement

follows from assigning et(¢,¢) := 0 for all £ € Labs(F) in the algorithm for
computing et in Table [5.12] It is also the case that time(¢y — ... — £,,) =0
for n = 1 according to Definition [5.10}

For ¢y — ¢,, i.e. n = 2, the statement follows from the definition of the

operator ¢r in Table [5.10] the definition of the generate operator from F as
in Definition [4.9] and the unique labelling of F'. We can namely see from the
definition of the operator tr that for any label £,, generated by ¢; the operator tr
returns (41, £,,t), with ¢ equal to one divided by the rate associated with ¢; or
equal to 0 if 1 is associated with an action. This is equal to time(¢; — £,,) and

also to et(¢;,¢,) according to the rules for the computation of et. Altogether
et(ly,0,) = time(l; — £y,).

Any label path ¢; — ... — £, with n > 2 can be subdivided into two label
paths ¢, — ... — ¢/, and ¢}, — ... — {,,, with lengths of both paths being
strictly smaller than the length of the label path ¢, — ... — ¢,,. We can
therefore apply our induction hypothesis to both smaller label paths and obtain
time(£; — ... — £)) < et(£;, ) and time(l], — ... — £,) < et(l., 0,). Tt
is easy to see from the algorithm for computing et that et(¢q,£,) < et(¢1,€,) +
et(),,0,): this is clear if either et(¢1,¢),) = oo or et(¢),¢,) = oo and fol-
lows from for-loops conditions otherwise. Altogether time(¢y — ... — £,,) =
time(fy — ... — £) + time(l, — ... — £,) > et(l1,0)) + et(€), 4,) >

et(l1,,) (the first equality follows from the definition of time function in Defi-

nition [5.10]).
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We have to argue now that there is in fact a label path ¢; — ... — ¢,, whose

expected duration is equal to et(¢;,¢,) if et(¢;,£,) # co. It is clear in case
¢y = £,: we have et(¢1,£,) = 0 and there is a label path consisting only of ¢;
for which the expected duration is also zero according to Definition [5.10

Otherwise the statement follows from the fact that each et(¢;,£,) has been
calculated as a sum et(€;,0,) = ., ., et(l;,liy1) such that et({;, liyq) =
tr(€;,£;41) for 1 <i < n. It is easy to see from the definition of the operator tr
in Table[5.10]and the definition of the generate operator from F as in Definition
that ¢; — ¢;,11 holds for 1 < i < n. The label path ¢/ — ... — ¢, has

therefore the required property: it holds time(¢; — ... —> £,,) = et(£1,£y,).

If et(¢;,¢,) = co then there does not exist any label path £; — ... — £,, be-
cause otherwise we would have time({; — ... — ¢,,) < 0o according to the

definition of the function time in Definition and therefore et({;,4,) < oo
according to the already proved facts, which is a contradiction. O

5.4.4 Computing minimum expected reachability time

In this section we will use the mapping et from Section[5.4.3]in order to compute
a lower bound for the expected time on paths between multisets. As already
mentioned, we will have an initial set of labels and a goal set of labels as input
parameters of our algorithm. We require that the initial set contains all the
labels exposed in one of the states reachable from the analysed IMC® program
F — otherwise we can’t make a meaningful prediction. Our algorithm returns
infinity if at least one of the labels from the goal set cannot be reached from any
of the labels in the initial set and we cannot know for sure whether this is the
case if the initial set is just a subset of the actually exposed labels. The goal set
is allowed to be smaller then the actual set of exposed labels of any derivative
of F. We will compute a lower bound for the expected time until reaching a
state with all the labels in the goal set being exposed and not necessary ezxactly
the labels in the goal set being exposed.

Assume therefore that an initial set of labels contains exposed labels of one
state and the goal set of labels contains a subset of exposed labels of at least
one state in the labelled transition system corresponding to the semantics of F'.
Reaching the goal set of labels then implicitly means reaching one of the goal
states — these are states that have all the labels from the goal set exposed, and
there can be several such states. There can be several states having the same
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1. check whether all the labels from Ly are reachable from Lq, i.e. whether
for all €5 € Lo there exists ¢ € Ly with et(¢1,¢3) # oo. If not, stop the
execution of the algorithm and return etsets(Ly, Ly) = oc;

2. return etsets(Ly, Ly) = ming,cr, maZe,cr, et(l1,02).

Table 5.13 — Algorithm for computing the output of the operator etsets : 2F2P x
glab _, R§ U {0}, given an IMC® program F, F as in Definition and a
mapping et : Lab x Lab — R} U {oc}, L; € 25t [, ¢ glabs(i),

exposed labels from the initial label set in the labelled transition system as well,
however, all of them will be bisimilar (see Section |4.2.2]).

We will shortly describe the algorithm for reaching the goal set Lo from the
initial set L1 before presenting it in a more formal way. The idea of the algorithm
is first to decide whether all the labels in Lo are reachable from L. If this is
not the case then the defined by us function etsets returns infinity. If all the
labels from Lo are reachable from at least one label in L; then we return the
result from the mapping et, taking the minimum over all the labels in L; and
the maximum over all the labels in L.

Taking the minimum over the labels in L; should be intuitively clear: we
are looking for the minimum expected time, hence a label in L; with the
shortest distance to labels in Lo is chosen. We will illustrate why we take
the maximum over the labels in Lo on the example of the IMCY program
Y =X :=a%".b% (. X +d“\5.Y) +efeY. Assume that L; = {3} and
Ly = {f1,46}. Then taking, for example, the minimum over Ly would mean
choosing the path through ¢35 which is however a path only to ¢; exposed and
not to fg as well. Taking on the other hand the maximum over Ly would mean
determining the expected duration of the path through ¢, which leads to both
£y and fg exposed.

Schematically, if we want to compute the minimum expected time to reach a
set of labels Ly from another set of labels L;, we need to do the following:

In the rest of the section we will prove that the algorithm in Table[5.13|computes
what we have claimed above. We will first of all define the notion of the expected
duration of a transition sequence. This notion will help us in further reasoning.

Definition 5.12 (Expected duration of transition sequences). Given a set of
IMCE expressions Ey...FE, such that F; N FEiyq for all1 < i < n, then the

expected duration of the transition sequence Ey — ... 2% B, is returned by
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the function stime and is computed as

L ifa; € Rate

stime(E, 25 Sl gy ) a;
(E; n) ZJSK" 0  otherwise.

Qn—1

We set stime(E; =% ... —% E,) =0 ifn = 1.

We will show in Lemma how the expected duration of some transition
sequence F1 —» ... — E,, relates to et(L, L’) such that L is a set of exposed

labels of F; and L’ is contained in the set of exposed labels of E,. Action
names or delay rates decorating transitions between multisets are omitted in
the statement and proof of Lemma [5.13] for simplicity but we implicitly assume
that they are known for each F; — E; 1 for 1 <1¢ < n.

Lemma 5.13 (Expected durations of paths). Given an IMCS program F such
that " F holds and F as in Definition F =5 E\, a transition sequence

E, — ... — E,, L1 and Ly sets of labels such that L; = dom(Er[E;]) and
Ly C dom(Er[E,]), then stime(Ey — ... — E,) > etsets(L1, La) holds.
Additionally Ey - E' for all E' € {E"|(F = E") A (Ly C dom(Er[E"]))} if
and only if etsets(Ly, La) = 00.

Moreover, the estimation is tight in case etsets(Lq, La) # oo: there exists a
transition sequence By — ... — E,, for some E,, € {E"|(F N E")A(Ls C

dom(Er[E"]))} such that stime(Ey — ... — E,,) = etsets(L1, La) holds.

Proof. It is clear that from etsets(Li,Ls) = oo follows FEj % FE' for all
E' € {E"|(F = E") A (Ly C dom(Er[E"]))}: if etsets(Li,Ly) = oo then
at least one of the labels in Ly is unreachable from none of the labels in L ac-
cording to the algorithm for etsets in Table The other direction will follow
from the yet to be proved consideration that the estimation in etsets(L, Lg) is

tight, i.e. there exists a corresponding transition sequence from F4 to one of the
elements in {E"|(F — E") A (Ly C dom(Er[E"]))}. Therefore it is not possi-

ble that etsets(L1, Ly) < oo but Fy - E for all E' € {E"|(F = E") A (Ly C
dom (Er[E"]))}.
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We will prove now that stime(E; — ... — E,) > etsets(L1, Ly) holds

for all transition sequences between E; and F, with L; = dom(&r[E1]) and
Lo C dom(Er[E,]). Tt is easy to see that for all ¢, € dom(E,,) there exists a
label ¢; € dom(E) and a label path ¢, — ... — ¢,, such that stime(E; —

.. — E,) = time({y — ... — {,). Using the estimate from Lemma
we obtain stime(Ey — ... — E,) = time({; — ... — £,) > et(ly,Ly).

As the first equality is applicable to all ¢,, € dom(Er[E,]), we can maximise
over all the labels in dom(Er[E,]). We can safely minimise over all those
labels in dom(Er[E1]) from which all the labels in dom(Er[E,]) are reach-
able (but if some of the labels in dom(Er[E,]) are unreachable from some
¢ € dom(Ep[E4]) then taking the maximum over the distances from ¢ to all
the labels in dom(Er[E,]) will return infinity). Altogether stime(E; — ... —

En) > ming, cdom(er[B1]) MOT 1, € dom(er[En]) €L (1, €n) = etsets(L1, Ly) — the last
equality uses the definition of etsets in Table

It is now left to prove that the lower bound computed in etsets(Lq, Lo) is tight.
We know that according to Lemma the bound computed in the mapping
et is tight, i.e. there exists a label path whose expected duration is equal to
et(¢,0') for all {¢,¢'} C Labs(F). From the rules of F" in Table we can
see that there is no synchronisation, therefore no action blocking due to it, and
there is also no reason to apply the internal progress rule for IMCS as there are
no delays in the choice construct in F' and hence in any of its derivative MC¢
expressions. Therefore for each label path ¢, — ... — ¢, for which there

exists an IMCY expression Ey with F — F; and ¢, € dom(E) there exists a

transition sequence Ey — ... et E,, such that ¢,, € dom(E,,) where for each
C1 Cn-1

E; =5 F;,, it holds that C; = Loy [¢; — 1], a; = Name(¢;) and ¢; — €;14
4
is a corresponding transition in the label path ¢/ — ... — ¢,. From the

given considerations and the definition of etsets in Table follows a proof for
‘L1| =1 and |L2‘ =1.

Similarly to the discussion above about etsets being a lower bound, we can take
the minimum over all the labels in L; and the maximum over all the labels in
Lo, but this will only prove that our estimation in etsets(Lq, Ls) is exact for
reaching one of the labels in Lo but not for reaching all of them simultaneously.
It is therefore left to prove that all the labels from Ly are simultaneously reached
in case a label ¢ € Ly with the maximum et(¢y,£) is reached in a label path
ly — ... — {, for {1 € Ly arbitrary.

We will do an informal proof showing how the above statement follows from
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the syntactic rules of IMC® in Table We start with a case |Lq| = 2 which
can be consequently generalised. Remember that we assume that there exists
E' such that F — E’ and Ly C dom(E’). From the rules for " in Table [5.10
it easily follows that all the labels in Lo are connected by the plus operator as
in rule (5) in Table We can therefore safely assume that Ly = {{3,¢3}
and X; := .. X, ;=0 P +Y, :=..Y,, :={3.P, < F for some P, and P>, n > 0,
m > 0. Assume also that for some ¢; € L; it holds et(¢1,42) < et(¢1,43) < co.
We need to show that for any label path /; — ... — {3, for any transition

sequence E — ... — E’ that corresponds to the label path as in the discussion
for |[L1] =1 and |Lo| = 1, it holds ¢y € dom(E").

The situation described above (et({1,¢2) # et(¢1,¢3)) is only possible if 1 € Py
or {1 € P;. Assume without loss of generality that ¢; € P,. Moreover, it
has to be the case that two different variables X and Y are reachable from /¢;
where one of the variables “generates” fs, i.e. has {5 in its definition, and the
other variable “generates” /3. Otherwise, with only one variable, it would be
the case that et({1,¢2) = et({1,¥3). Schematically we have a subexpression of
F of the type X1 := .. X, :=45...01..X...Y + Y, :=...Y,, :={35.P,. We need to
decide now on the scope of two variables X and Y. It is clear that ¢3 is not
in the scope of one of the variables, let it be X. We have therefore something
like X1 =..X = Xn = £2£1XY+Y1 = Ym = ég.PQ. It is clear that
{3.P5 is in the scope of the variable Y. It is however not possible to have a
situation X := {5....01...X...Y +Y :=/{35.P,, for example, because Y will be free

in the overall expression. It is therefore only possible to have an expression of the
type Y i= (X1 = .. X =X, i =0..0.X.Y+Y, =Y, :={;.P) as a

subexpression of F'. Altogether reaching /3 from /5 through the unfolding of the
variable Y will lead to 5 being simultaneously exposed.

We can generalise the discussion above to |Ls| = k > 2 by arguing that assuming
it has been inductively proved that there exists a variable X which “generates”
k — 1 labels from L, then we can find another variable Y that generates both
X and the remaining variable £y € L. O

In Lemma [5.14] we will show that there always exists a transition sequence
FEy — ... — E,, whose expected duration is equal to the minimum expected

time to reach FE,, from E; under the class of simple schedulers.

Lemma 5.14 (Transition sequences and simple schedulers). Given an IMC©
program F such that F" F holds, I =y E, = E,, then there is a one-

to-one correspondence between transition sequences from FEy to E, and simple
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schedulers such that the probability of taking a transition sequence £y — ... —>

FE,, under a particular simple scheduler is equal to 1.

Proof. It is enough to prove that for all IMC® expressions E and E’ such that
F =5 F and E —» E’ there exists on the one hand a simple scheduler that

can choose a transition from E to E’ with the probability 1, and on the other
hand, any simple scheduler would choose one of the transitions from E with
probability 1. It is therefore enough to show that all the transitions from FE are
decorated by different action names, i.e. if E —> E’ and E — E" such that

E’ # E” then oy € Act, as € Act and oy 7& a2 hold. We can prove this by
induction on the number of steps in the derivation F — E while proving at

the same time that this also holds for all subexpressions E” < E.

If E = F then the statement holds due to the rules for " F' in Table in
particular, rule (5), and can be proved by structural induction on F'. Otherwise
we have to prove that if the statement is true for all subexpressions of some
FE such that F — FE then it is also true for all subexpressions of E’ such

that £ — E’. We prove the last by induction on the transition derivation
E — E'. The applicable derivation rules from Table [3.5|are the rules (1)-(3),

(10)-(12), (9) and (16). In the rules (1)-(3) and (10)-(12) the right side of the
transition is a subexpression of the left side, and the statement follows from
the induction hypothesis for all subexpressions of E. For the rules (9) and (16)
we need to prove that the statement about different action names decorating
enabled transitions holds for all subexpressions of E"'{X := E""/X} with E"
being an IMC® expression if it holds for all subexpressions of X := E". This
follows however from the induction hypothesis and from Lemma[3.6]which states
that exposed labels before and after substitutions are the same. O

Theorem below contains the last statement to prove in this section. It
will assemble all the proof parts which have been shown in the lemmas above
into the proof that our algorithm for etsets correctly computes the minimum
expected reachability time over all simple schedulers.

Theorem 5.15 (Minimum expected time reachability). Given an IMC® pro-
gram F such that =" F holds, F as in Deﬁnition F = E, Ly = dom(Er[E])

and Ly C Labs(F), then the minimum expected time to reach an element in
{E"(E =5 E") A (Ly C dom(Er[E"]))} from E under the class of simple
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schedulers is equal to etsets(Ly, La). Thereby etsets(Lyi, Lo) = oo if and only if
{E"|(E = E") A (L € dom(Er[E"]))} = 0.

Proof. The statement of this theorem is directly derivable from the previously

proved Lemmas and From Lemma follows that etsets(Li, Lo) =
oo if and only if {E”|(F - E") A (Ly C dom(Er[E"]))} = 0. Otherwise there

exists a transition sequence E — ... — E' with E' € {E"|(E — E") A

(Ly C dom(Er[E"]))} with the expected duration of the transition sequence
in the sense of Definition equal to etsets(L1, Lo) and minimal out of the
expected durations of all the other transition sequences from FE to elements of
{E"|(E - E") A (L2 C dom(Er[E"]))}.

It follows from Lemma [5.14] that on the one hand, for each transition sequence
from E to an element in {E"|(E — E")A(Ly C dom(Er[E"]))} there exists a

simple scheduler inducing it (i.e. it is taken with the probability 1), and on the
other hand, each simple scheduler gives rise to exactly one transition sequence
from E to a chosen element from {E”|(E — E") A (Ly C dom(Er[E"]))}.

Altogether, according to Lemma we calculate in the function etsets the
tight lower bound for the expected duration of all transition sequences from
E to E’, and according to Lemma these are exactly transition sequences
that are executed with the probability 1 under simple schedulers. Therefore
etsets computes the minimum expected time to reach any of the elements in

{(E"|(E =5 E") A (Ly C dom(Er[E"]))} from E. O

We will make a short conclusion for this section. We have presented an algorithm
for computing the minimum expected reachability time under simple schedulers
and have proved its correctness. As input parameters we expect two label sets
representing exposed labels of IMCS expressions, both derivable from an initial
IMCC program F for which F" F holds. The rules for " allow only linear
IMCC programs and the choice only between external actions. The goal set
of labels can be a strict subset of exposed labels of the states the minimum
expected reachability time to which is computed.

Our algorithm can be potentially extended to a less restrictive syntax. We could
for example allow delay rates in the choice operator. It is not a problem with
maximal one delay in the choice operator, but in case of more than one delay we
would need to sum the results of computations on several paths multiplied with
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their probabilities and not only to determine one shortest path in the sense of
its expected duration. Introducing internalisation operator and allowing several
actions with the same name in the choice operator would lead to a situation
where our algorithm will still compute a lower bound for the minimum expected
reachability time but this bound will possibly be not tight due to internal non-
determinism.
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CHAPTER 6

Conclusions

In this dissertation we have investigated the applicability of Static Analysis
methods to stochastic process calculi. Our main thesis was that

Static Analysis techniques can be used for verification in a syntax-
directed and compositional way of systems modelled by stochastic pro-
cess calculi.

Stochastic process calculi are widely accepted formalisms for describing con-
current stochastic systems. The syntax of process calculi is suited to describe
systems compositionally, building larger systems out of smaller ones, with ex-
plicit indication of interactions and communication channels. Stochastic process
calculi allow to model not only functional aspects of behaviour, but also incor-
porate the notions of time and probabilities. In this dissertation we have studied
the calculus of Interactive Markov Chains (IMC) [BHO0].

Model-checking methods can be applied to concurrent stochastic systems in or-
der to verify whether they have required properties, both qualitative (safety, live-
ness) and quantitative (performance) ones [HKMKS00|, [BHHKO3|, [BHKHO05],
INZ10]. Model checking is however mostly done on expanded system models,
after explicit resolution of all interdependencies and all possible interactions be-
tween subsystems. This means that the advantages of compositional modelling
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(concise system description, compositionality) are not sufficiently exploited at
the verification stage.

In the dissertation we have been developing alternative methods, that can verify
concurrent stochastic systems in a compositional way, working on their composi-
tional syntactic specification. We have shown that system specifications can be
analysed by means of Static Analysis methods and have explored which prob-
lems can be handled in this way. In particular, we have extended the Static
Analysis of IMC in order to identify bisimilar states, reachable states and to
compute the expected timed reachability — the last for a linear fragment of IMC.
The methods deliver in general approximate results but the precision should be
enough for many practical purposes. Moreover, we have developed an algorithm
for refining computed reachability sets. Static Analysis methods can thus ex-
ploit the advantages of compositionality in the syntax and they are moreover
adaptable to the required precision level.

Syntax-driven verification of concurrent stochastic systems has similarities with
the methods of partial order reduction [GKPP95] and symmetry reduction
[CTEF96] that are also exploiting the modularity in concurrent systems in order
to reduce their state space. The difference is that in our case we can apply
different post-processing methods after conducting Static Analysis and thus can
exploit several ways of reducing the complexity of computations simultaneously.

6.1 Main results

We will shortly characterise the main results of this dissertation and the con-
clusions that can be made based on these results.

Pathway Analysis is applicable to stochastic process calculi.

In this dissertation we have transferred Static Analysis methods from functional
to stochastic process calculi, in particular, we have applied Data Flow / Path-
way Analysis methods to the calculus of IMC [BH00]. We have defined the
calculus of IMC® that on one hand has a slightly more permissive syntax then
IMC and on the other hand has “guardedness” conditions built into the syn-
tax. In order to deal only with those IMC® systems that have finite semantic
models and are easy to analyse with Static Analysis methods, additional well-
formedness conditions have been devised that should be checked inductively on
the syntax of an IMCC expression in question. The well-formedness conditions
have been defined with a similar purpose as the well-formedness conditions for
BIOAMBIENTS in [Pil07] — in order to exclude syntactic expressions that are
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hard to analyse with Static Analysis methods — but have been strongly revised.

A number of usual Data Flow operators previously applied to, for example, CCS
in [NNO7] and BioAMBIENTS [Pil07], i.e. ezposed, generate and kill operators,
have been redefined so that they become applicable to IMCY. A new operator
(chains operator) has been introduced in order to analyse synchronisation con-
structs in IMC®. Action names and delay rates in the syntax of IMC® have
been treated similarly on the level of transfer functions (see Section , with
only slight differences. The differences between actions and delays in the seman-
tics of IMC® influence however the way in which Pathway Analysis results are
post-processed: in many cases delay-transitions are much harder to deal with
than action transitions while checking properties.

We do not make use of a granularity function as in the previous work (see
[NNO7], [Pil07]) because semantic models of well-formed IMC® systems, as well
as semantic models of IMC systems, are always finite. Therefore it is not neces-
sary to merge states with a granularity function in the Worklist Algorithm which
constructs a labelled transition system (see Section in order to guarantee
the termination of the Worklist Algorithm. It becomes possible to check prop-
erties “on the fly”, during the construction of the labelled transition system,
because states are not merged and not revisited by the Worklist Algorithm.

Pathway Analysis can be precise. Data Flow or its subtype Pathway Anal-
ysis have been successfully applied until now to a number of process calculi —
CCS |[NNO7, NN09|, BioAmbients [NNPR04, [Pil07], bKlaim [NNNOS]. All these
calculi allow infinite syntactic models. Based on the analysis results, a finite
automaton was constructed by the Worklist Automaton that could simulate the
semantics of an analysed system. The merging of states was necessary at this fi-
nal stage of the analysis in case the system semantics was infinite. A granularity
function has been used for deciding which states should be merged. Therefore
possible imprecision (in the sense of over-approximation) of transfer functions
computed by Data Flow Analysis operators on the syntax of the analysed system
was acceptable in view of the merging of states at the final stage. The question
of whether the analysis is precise has not been explored for these calculi.

In this dissertation Pathway Analysis methods have been adopted to systems
with finite semantic models, and we have proved that transfer functions are
computed without loss of precision for uniquely labelled, closed and well-formed
IMC® expressions that we have named IMC® programs. The computed transfer
functions and several additional operators on the syntax of IMCC “capture” the
semantics of IMC® programs in a precise way.

Pathway Analysis can be used for computing bisimulation and reach-
ability relations. We have devised in Chapter [5| two bisimulation relations
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that can be computed by post-processing of the Pathway Analysis results of
IMCC programs. They can be computed in the low polynomial time and space
complexities in the size of the syntax specification of an analysed system. The
complexity gain is due to the fact that part of the decision whether two states
are bisimilar is taken on the level of labels. It is first determined which of the
labels that occur in the syntactic specification are “bisimilar”. Additionally a
kind of “synchronisation structure” of two states to be compared is computed.
Two states are contained in a defined by us bisimulation relation if their “active
labels” (decorating outgoing transitions from that states) are pairwise bisimilar
and they have the same “synchronisation structure”. We apply calculated bisim-
ulation relations to an IMC® fragment without delays as dealing with delays in
a compositional way is much harder. Also for this fragment we do not build the
coarsest bisimulations, but we conjecture that the devised by us bisimulation
relations are the coarsest bisimulations for important subclasses of IMCE.

In Section [5.3] we have devise an algorithm for computing reachable states repre-
sented by their “active labels”. Reachability on the level of labels is computed
as a transitive closure of the generate operator which is one of the operators
of Pathway Analysis. After one semantic step a set of reachable labels can be
refined. We could also determine by examining beforehand the syntax of an
analysed system that some combinations of active labels are impossible, i.e. are
unreachable, and in this way reduce the state space of the analysed system (see
Section [5.1]). These relations can be computed in the low polynomial time and
space complexities in the size of the syntax specification. On the other hand,
we compute an over-approximation of reachable labels/states in the first case
and an under-approximation of unreachable states in the second case.

Pathway Analysis can be used for computing timed reachability. We
have developed in Section[5.4]an algorithm for computing the minimum expected
time to reach a fixed set of goal states from an initial state. The algorithm is
applicable to a linear fragment of IMC® under the class of simple schedulers. It
uses the results of the previously conducted Pathway Analysis on the syntactic
specification of a linear IMC® system and has the low polynomial time and
space complexities in the size of the specification. The algorithm is exploiting
the fact that the expected value of a sum of random variables is equal to the
sum of expected values of the variables [GS97]. Therefore the expected duration
of a sequence of transitions can be computed “piecewise” and then summed up.
This result shows that Static Analysis methods can be also used for computing
quantitative information.

The purpose of the methods developed in this dissertation was to check both
qualitative and quantitative properties whenever possible directly on a system
specification, i.e. first on subsystems specifications and then to combine the
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results using information on interactions between them that could be deduced
from the specification. As the work is based on Static Analysis methods, in
general safe approximations of properties (under-approximations of bisimilarity
relations, over-approximations of sets of reachable states) have been computed.
The computations could be done however in the low polynomial time and space
complexities in the size of syntactic specifications. We can therefore make a
conclusion that the main thesis of this dissertation holds.

6.2 Future work

During the work on this dissertation we have identified a number of possible
extensions of the developed techniques and a number of research directions that
can continue this line of work. We will list most of these ideas below.

Expected time reachability for full linear IMC® and for non-linear
fragments of IMCS  The algorithm from Section computes minimum
expected time reachability for a linear fragment of IMCY. It can be extended
to the full linear IMC® and to eventually maximum expected time (for states
reachable with the probability 1). We would also like to extend the algorithm
from the linear case to several processes running in parallel. This is however
much harder than dealing with the linear case due to complex race conditions
that are possible in parallel processes. Due to the hardness of the problem, we
will aim to compute upper and lower bounds rather than actual values in order
to preserve low complexities of computations. For resolving nondeterminism
we will consider first of all the class of memoryless schedulers as they are most
suitable for compositional verification and are used in many real-life systems.
This line of work can be seen in a broader perspective as developing syntax-based
quantitative Static Analysis techniques.

Computing larger bisimulation relations The algorithms from Chapter
[] can be enhanced in order to be able to identify broader classes of strongly
bisimilar IMC® expressions. We would also like to clarify the question for
which subclasses of IMC® our existing algorithms from Chapter [4| can identify
all strongly bisimilar states. Moreover, we could possibly adapt the algorithms
to computing, besides strong bisimulations, also weak bisimulations or trace
equivalences, eventually even probabilistic bisimulations.

Enhancing well-formedness conditions We would like to explore the pos-
sibilities of using syntactic conditions similar to the well-formedness conditions
in Chapter [3| in order either to exclude beforehand, without conducting the
analysis, IMCY systems with undesirable properties or detect the ones with
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especially favourable properties. We could, for example, exclude beforehand
systems where deadlocks are possible or those with Zeno cycles.

It is clear that while computing complex properties for the whole IMC® we can
only “over-approximate” the undesirable IMCY%s and “under-approximate” the
desirable ones. This means that in the first case we will exclude all IMCCs that
have undesirable properties but also some that do not have such properties; in
the second case all IMCYs that we will detect will have the desirable properties
but also some of those that we would reject will also have these properties. We
could either accept the fact that the results are imprecise or strive to identify
subclasses of IMCY on which the algorithms deliver more precise results than
on IMC® in general.

Broader class of properties We can broaden the class of problems that could
be tackled by using methods similar to the ones developed in this dissertation.
As the class of problems is usually identified by a temporal logic, we could
explore which logics can be model-checked with our methods. We would use
3-valued logics as Static Analysis methods in general approximate the actual
values, returning upper and lower bounds. We can base our research on the
evaluation of formulas in the 3-valued ACTL logic over modal transition systems
constructed with the Data Flow Analysis of bKlaim in [NNNO8|. The temporal
logics that we could consider are subclasses of the 3-valued PCTL logic [FLW]
and the 3-valued CSL logic [KKLWOQT].

Merging of states Worklist Algorithm in Section builds a labelled tran-
sition system that can be model-checked afterwards. However due to the pre-
viously conducted Static Analysis of the syntactic specification of a system we
know the “internal structure” of states. We can therefore merge “on the fly”
either bisimilar states or states whose differences in the behaviour are not par-
ticularly important for the properties that we plan to check on the constructed
transition system. The first possibility is to abstract away from state properties
which are not relevant for answering verification questions and thus to merge
states which differ only in their “irrelevant” behaviour. The second possibility
is to assess differences between states based on the Static Analysis results and
then merge “similar” states together.

Partial construction of state space Another interesting question is how to
increase the precision of verification results if necessary. In Section[5.3.2] we have
discussed an algorithm for updating a set of reachable labels after one semantic
transition. We could develop this approach further into an algorithm for gradual
refinement of verification results. The idea is to start with an approximate
algorithm applied to the initial state of a system and then, in case the precision
of the verification results will be insufficient, to build all the states reachable
from the initial state after maximum a fixed number of transitions, run the
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verification algorithm on the newly created states and then combine the returned
verification results together. We will need to explore the questions how to assess
the precision level of the result and how to combine the verification answers
in the optimal way. The verification will thus deliver in general approximate
results (e.g. upper and lower bounds for quantitative properties), but with the
possibility to increase the precision in the next verification round.

Other process calculi We can extend the Pathway Analysis from IMC® to
other process calculi. For example, to calculi with different from IMC synchro-
nisation models such as PEPA [Hil96] and Bio-PEPA [CH09] or to calculi with
delays different from exponential such as SPADES [HS00]. Recent advances in
the field of stochastic process calculi include the creation of uniform frameworks
— in particular, Rated Transition Systems [KS0§| and Rate Transition Systems
[NLLMQ9a] (the last have been recently generalised to Function Transition Sys-
tems). By working on a uniform framework algorithms can be developed that
are applicable to all stochastic process calculi definable in that framework — both
already studied ones and potentially derivable from that uniform framework.

Implementation We plan to build a tool based on the obtained theoretical
results. The implementation can be based on the already implemented imple-
mentations of Data Flow / Pathway Analysis for CCS [NNO7], BioAmbients
[Pil07] and bKlaim [NNNOT].

Infinite semantic models We can extend the Pathway Analysis of IMC® to
infinite semantic models if we adopt a more flexible approach in the definition
of transfer functions. We have assumed in this dissertation that generate, kill
and chains operators results should be applicable after any number of semantics
steps, i.e. they should not change (see Section . In the future work we
could allow their results to change in a predictable way — for example, after
certain transitions, — and correctly model a larger class of systems with process
duplication. It will be interesting to try different subclasses of infinite systems
and to compare the achievable precision on them. It is clear that we would
need a calculus with infinite semantic models on which we could try out this
“changeable” version of Pathway Analysis.

We can make a conclusion that methods developed in this dissertation are ex-
tendable to a broader class of properties, broader class of systems, and their
precision is to some extend adaptable to the nature of verification problems and
the required precision level.
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APPENDIX A

Proofs from Chapter 3

Lemma (Preservation of IMCY syntax). Given a closed IMC® expression
F and E —s E’, then E’ is also a closed IMCY expression.

Proof. We can prove the statement by induction on the transition derivation
according to the SOS rules in Table The rules (1) and (10) are the base
cases and the statement is clear for them because the right side of the transition
cannot be a variable due to process identifier closeness of E. The rest of the
rules follow from the induction hypothesis. For the rules (9) and (16) we have to
additionally show that E{X := E/X} is a closed IMC® expression if this holds
for X := E. Process identifier closeness for E{X := E/X} follows from the fact
that the only free process variable in E can be X, therefore no free process
identifier variables are present in E{X := F/X} after the substitution. The
second statement follows from the fact that if X := F is an IMC® expression
then also E is an IMC® expression. From the rules (1)-(4) in Table follows
that we can use an IMC® expression instead of a variable — the result will still
be a valid IMCY expression. O
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Lemma (Transition of process definition). Given a closed IMCY expression
X := F, then X := E = E' if and only if there exists E” such that E —— E”
C

C
and E' = E'{X .= E/X}.

Proof. We prove this by induction on the transition derivation according to the
SOS rules in Tableﬁ Note that the existence of the transition X := E -~ E’
C

is equivalent to the existence of the transition E{X := E/X} -+ E’ due to the
Cc

rules (9) and (16) in Table We will prove that for each IMC® expression
B, for each transition E{G/X} >+ E', where every process identifier which is
C

not free in E is also not free in G, there exists a transition E — E” for some
C

E" such that E' = E"{G/X}, and the other way round. This will prove the
lemma’s statement as a particular case.

Let us note that in case X is not free in E then the statement is obviously true
because X is not free in E’ as well and we can set £/ = E”. If X is free in E
then we will prove the statement of the lemma by induction on the transition
derivation of E{G/X} % E'.

The base cases are rules (1) and (10) from Table[3.5|and the statement is clear for
them. The rest of the rules can be easily derived from the induction hypothesis
besides the rules (9) and (16). Note that in case of the synchronisation operator
we may have one of the synchronisation sides unchanged (rules (4)-(5) and (13)-
(14)). For the unchanged synchronisation side we may simply use the expression
without substitution on the right-hand side of the transition. For example, for
the rule (4) we can derive from the induction hypothesis that E{G/X} %) E’

iff £ % E” for some E” such that E' = E"{G/X} and therefore E{G/X}
An F{G/X} %) E' wAn F{G/X} it EnAn F % E" wAn F with
E"{G/X}uAn F{G/X}=E"uAn F{G/X}.

For the rules (9) and (16), if X is free in the initial expression then there exists
a transition Y := E{G/X} —Z—> E'. This is equivalent to the existence of the
transition E{G/XHE/Y{G/X}} % E’. This is however the same as the

transition E{E/Y}{G/X} - F', because Y is not free in G as it is not free in
C

Y := F. We can apply the induction hypothesis to this transition because the
transition derivation tree is smaller.

We derive from the induction hypothesis that E{E/Y }{G/X} % E' iff there
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exists E” such that E{F/Y} s E"” and E' = E"{G/X}. The last transition
Cc

is however according to the rules (9) and (16) in Table equivalent to the
transition Y := E -+ E” with E’ = E"”{G/X} and this is exactly what we had
C

to prove. O

Lemma (Preservation of well-formedness). Given an IMC® expression E
such that bgypy E holds and Labs(E1) N Labs(Es) = 0 for all By nAn Ey <

E, then for all E’ such that E - E’ also by gy E' holds and Labs(E1) N
C
Labs(E5) = for all By nAn Ey <X E'.

Proof. Note that we can prove for simplicity that g,z E’ holds. This will
also prove that g,y E” holds because, as it is easy to deduce, fn(E’) C fn(E).

We prove the lemma by the induction on the transition derivation with the
well-formedness parameter S being any considerable set of actions: we have to
assume this because if F is well-formed relative to some action set S then any
its subexpression is also well-formed relative to this set.

The base cases are rules (1) and (10) in Table the statement about well-
formedness follows from the well-formedness rules (1)-(4) in Table and the
statement about disjoint labeling is obvious. The rules concerning the choice
and hide operators follow by induction. The rules about the parallel operator are
a bit more complicated. For example, the statement concerning disjoint labeling
of E' and F’ in the rule (6) in Table follows from the disjoint labeling of £
and F and from the obvious fact that if £ % E’ then Labels(E') C Labels(FE).

For the well-formedness of E’ 1An F’ we can apply our induction hypothesis not
to the fixed at the beginning set S but to the sets SUfn(FE) and SUn(F). We
know that E is well-formed relative to the first set and F' is well-formed relative
to the second set. From the induction hypothesis follows that E’ will be well-
formed relative to S U fn(F) and F’ will be well-formed relative to S U fn(F).
From fn(E’) C fn(E) and fn(F’) C fn(F) follows that E’ is well-formed relative
to SUn(E’) and F” is well-formed relative to S U fn(F’). From the rule (7) in
Table [3.8| follows g E' nAn F'.

For proving the lemma for the rules (9) and (16) in Table we need to show
that the lemma’s conditions hold for E{X := F/X} if they hold both for E
and X := E. Labels of synchronising processes are disjoint in E{X := E/X}
because this is the case for both F and X := F and no substitution is conducted
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in the synchronising processes as F is well-formed and X cannot be free in a
synchronising process due to its process identifier closeness, according to the
rule (7) of well-formedness in Table It is left to prove that E{X := E/X}
is well-formed relative to some action set S if this is the case for both E and
X:=F.

In order to prove this fact by induction on the syntactic structure of E we
will show that for any IMC® expression E” the expression E”{X := E/X} is
well-formed relative to some action set S if this is the case for both E” and
X := F (no transition is derivable for E” € Var in case E” # X, so we can
omit this case). We prove this by induction on the structure of E”. Base cases
are the rules (1)-(2) from Table and the statement follows from the well-
formedness rules (3)-(4) in Table The rules (3)-(6) and (8) follow from the
induction hypothesis and the rules for well-formedness in Table The rule
(7) follows as E” is well-formed, therefore both synchronising sides are closed
and no substitutions can be made in them. O

Lemma (Exposed labels of IMC© expressions). Given an IMCC expression
E, then &[E] = Er[E] holds for any environment I' € 2Var=,

Proof. We can prove the statement by induction on the structure of E following
the rules from Table Base cases are rules (1)-(4) and (9) from Table
and the statement easily follows for them from the rules (1)-(4) and (9) for the
exposed operator in Table [3.9] The rest of the rules follows from the induction
hypothesis and the rules for the exposed operator. O

Lemma (Exposed labels under substitution). Given an IMC® expression
E", then Er[E"] = Er[E"{X := E’/X}] holds for all environments I" and all
IMCY expressions X := E'. If E” = X then, provided that (X,&[E']) is a
unique mapping for a variable X in I', i.e. for all (X, M) € T" it holds that
M = &y[E'], then Er[E"] = Er[E"{X := E'/X}] holds as well.

Proof. We can prove the statement by induction on the structure of E”. If
E" is a variable then in case a substitution has taken place we use the fact
that (X,&p[E’]) is the only definition of X in I From Lemma follows
Eo[E'|=Er[E’] and the statement follows from the rule (8) for the exposed
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operator in Table [3.9] The statement is obvious if no substitution has taken
place.

If E” ¢ Var then E” is an IMCY expression and we can easily prove the lemma
by induction on its syntactic structure following the rules from Table using
the rules for the exposed operator from Table [3.9] O

Lemma (Variable definitions under transitions). Given a closed IMCY
expression E and a transition £ >+ E’, then T'var[E'] € T'var[E] holds.
C

Proof. We prove this lemma by induction on the transition derivation according
to the SOS rules in Table[3.5] The base cases are the semantic rules (1) and (10)
in Table and the statement follows for them because I'var[F'] = T'var[E]-
The rest of the rules easily follows from the induction hypothesis and the rules of
the operator I'vay in Table besides the rules (9) and (16). We can however
prove that Dya,[F{X := E/X}] C I'var[X := E]: the reason is that for any
Y = F{X := E/X} < B{X := E/X)} holds &[F] = &[F{X := E/X}] due
to Lemma [3.6] O

Lemma (Generate and kill operators under substitution). Given well-
formed IMC™ expressions E’ and X := E, I' € 2Var? (X &[F]) a unique
mapping for X in T, then Gr[E'{X := E/X}] C Gr[E']U Gr[X := E] and
K[E'{X := E/X}] C K[E']UK[X_:= E] hold.

Proof. We prove this by induction on the structure of E’. The base cases are
rules (1)-(2) from Table|3.1]and the statement is obvious in case no substitution
has been made. If the substitution has taken place the statement follows from
(X, &[E]) being a unique mapping for X in I', Ep[E] = &[E] (see Lemma[3.5)
for the generate operator and the rules (1)-(4) in Tables for the generate
operator, the rules (1)-(4) in Tables and for the kill operator.

For the rules (3)-(4) from Table the statement follows from the induction
hypothesis, the rules (3)-(4) in Tables[3.11] |3.13| and [3.14| and the consideration
for the generate operator that Ep[P] = Er[P{X := E/X}] for P ¢ Var (see
Lemma [3.6). For the rules (5)-(7) from Table the statement follows from
the induction hypothesis and the rules (5)-(7) in Tables [3.11] [3.13| and [3.14}
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For the rule (8) from Table in case we have a process definition for some
process variable Y # X then the statement of lemma follows from the induction
hypothesis and the rule (8) in Tables [3.11] [3.13] and [3.14] If Y = X then no
substitution takes place and the statement obviously holds. O

Lemma (Chain operator under substitution). Given well-formed TMC®

expressions E and E’, then TA[E{E'/X}] C TA[E] U ZTA[E'] holds for all
A€ gLabx (Actu{r}URate)

Proof. We prove this by induction on the syntactic structure of E according to
the rules in Table[3.1] The rules (1)-(2) in Table[3.T]are the base cases and follow
from the rules (1)-(4) for the chains operator in Table The rest of the rules
follow by induction besides the rule (7): we need to use the well-formedness of E
for it. The statement follows because any well-formed expression does not have
free process variables in its synchronising processes, therefore no substitutions

are made and TA[(E{E'/X}) vAn (F{E'/X})] = ZA[E nAn FJ. O

Lemma (Generate operator under transitions). Given an IMC® program
F,T =Tva[F], F = E and E — E’, then Gr[E'] C Gr[E] holds.

Proof. We prove the lemma by induction on the transition derivation. The
statement follows for the base cases — the rules (1) and (10) in Table -
from the rules (1)-(4) concerning prefixed expression for the generate opera-
tor in Table [3:11] The rest of the rules follows from the induction hypothe-
sis and from the rules for the generate operator in Table [3.11} For the rules
(9) and (16) we have to additionally use the fact shown in Lemma that
GrE{X = E/X}] C Gr[E]UGr[X := E] (the unique mapping for variables
in T'var[F] is due to the fact that F' is an IMC® program). At the same time
it is easy to see from the rules for the generate operator in Table [3.11] that
Gr[X :=FE] = Gr[E] C Gr[E{X := E/X}]. Therefore Gr[E{X :=E/X}] =
Gr[X := E] and the induction hypothesis is applicable.
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Lemma (Kill operator under transitions). Given an IMC® program F,
I' =Iva[F], F = E, (¢, M) € K[E], Lox [¢ — 1] < Ep[E], (¢, My) € K[F],
then Er[E] — My = Er[E] — M> holds.

Proof. In order to be able to prove the lemma by induction on the structure
of E we will also need to show that the (extended) statement of the lemma also
holds for any subexpression of any IMC® expression derivable from F, i.e. for
F s Eand E' < E" X E, Log [l 1] < Er[E'], holds: if (¢, M) € K[E'],
(f,Mz) S K:[[FH and (ﬁ, Mg) € K:[[EH]] then gF[E/]] - M = (‘:F[[Elﬂ — My, =
Er[E'] — Ms.

We prove the lemma by induction on the number of semantic steps in F — F.

For zero number of steps the statement holds for any subexpression of F' due
to its unique labeling and from the rules for the kill operator in Tables [3.13
and in particular the rule (5) in Table Ms > My, but the difference
exactly “covers” the exposed labels of the other summand. Otherwise we have
to prove the induction step, namely, if the statement is true for £ and F % E’

then the statement is true for E’. We prove this by induction on the transition
derivation.

The base cases are rules (1) and (10) from Table and the statement is true
because the right side of the transition is a subexpression of the left side. The
statement follows from the induction hypothesis for the rules (2)-(3) and (11)-
(12) in Table for example, for the rule (2) the induction hypothesis is
applicable to E because E < (E + F) and the statement holds for E’ because
the derivation tree for the transition £ —Z—> E’ is smaller than for the transition

(E+F)-> E.
C

We can deduce the statement from the induction hypothesis for the rules (4)-
(6) and (13)-(14) from Table because the labels of two synchronising pro-
cesses are disjoint according to Lemmal3.3] therefore Er[E'] and Er[F'], Gr[E']
and Gr[F'] are label disjoint. The statement follows from the induction hy-
pothesis for the rules (7)-(8) and (15) because Erfhide A in E] = Ep[E] and
K[hide A in E] = K[E] according to the rules for the corresponding operators.

For the rules (9) and (16) we have to prove that the induction hypothesis is ap-
plicable to F{X := F/X} if it is applicable to X := F (and therefore applicable
to any subexpression of the last). It is clear that we only have to prove that the
induction hypothesis is applicable for any E”{X := F/X} such that E < E
and E” € Var. From Lemma follows that Er[E"{X := E/X}] = Er[E"].
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From Lemma [3.8] follows K[E"{X := E/X}] C K[E"] UK[X := E]. We can
therefore apply the induction hypothesis for X := F to B"{X := E/X}. O

Lemma (Chains inclusion). Given a well-formed IMC® expression F,
F 25 E, A = Apap[F], then TA[E] € TA[F] holds.

Proof. It is enough to prove that for any well-formed E from E — E’ follows
C

TA[E'] C FA[E] for all A € 2Labx(Actu{r}URate) e prove this by induction
on the transition derivation.

Most of the rules from Table[3.5are either easily provable base cases or follow by
induction using the rules for the chain operator from Table For the rules
(9) and (16) we have to additionally use Lemma in which we have proved
that TA[E{X := E/X}] C TZ[E] U TA[X :=E] = TA[X := E]. Moreover
from the proof of Lemma follows that E{X := E/X} is well-formed. Our
induction hypothesis is therefore applicable to it. O

Lemma [3.13| (Chains preservation). Given an IMC® program F, F - E,
A = ApLab[F], C € TA[F], dom(C) C Labs(E), then C' € TA[E] holds.

Proof. We prove the lemma by showing that for any well-formed F, with
Arab[E] C ALab[F], for which the additional condition described below holds,
if £ % E’ and for some C' € TA[E] holds dom(C) C Labs(E') then C €
TA[E'] and the mentioned condition holds for E’. This will prove the statement
of the lemma (assuming the additional condition holds for F') because obviously
from E % E' follows Labs(E') C Labs(E). The additional condition is that
for any E' < E” < E if for some C € TA[E"] holds dom(C) C Labs(E’) then
C € TA[E']. This is true for the initial IMCY expression F' due to its unique
labeling.

We prove the statement by induction on the derivation of the transition £ ——
(o]

E’. For the rules (1) and (10) the statement follows from the induction hy-
pothesis concerning any subexpression of E because the right-hand side of the
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transition is a subexpression of E. For the rules (2)-(3) and (11)-(12) we can
deduce the statement from the induction hypothesis.

For the rules (4)-(6) and (13)-(14) we can make use of the observation that
the labels of two synchronising processes derived from some uniquely labelled
and well-formed IMC® expression are disjoint (see Lemma . Therefore, for
example, for the rule (6) if TA[E ndn G] % TA[E 1An G'] and there is some

C € TA[E 1A G] such that dom(C) C Labs(E' nAn G'), then we can uniquely
identify C; € TA[E], Co € TA[G], such that C' = C1+Cs, dom(Cy) C Labs(E")
and dom(C3) C Labs(G’). From the induction hypothesis follows C; € TA[E’]
and Cy € TA[G'], therefore (as A = ALap[F] and Apap[E' 1A G'] C Apab[F]
can be easily shown) it also holds C' € TA[E’ 1An G']. The additional condition
holds on E’ 1An G’ as well: it holds on all subexpressions of £’ and G’ due
to the induction hypothesis and for the whole E’ 1A G’ due to the disjoint
labelling of E’ and G'.

For the rules (9) and (16) we have to show that the induction hypothesis is
applicable to F{X := F/X} if it is applicable to X := E. We will see below that
it will be enough to prove that for all E” < X := F, with X € fpi(E”), holds:
TA[E"] € A[X := E]. This fact follows basically from the consideration that
the parallel operator cannot be applied to E” because fpi(E”) # () and the
resulting expression will not be well-formed (see the rule (7) in Table[3.8). The
rest of the syntactic constructs from Table will preserve the chains from E”
in the resulting expression (see the rules for the chains operator in Table [3.17).
We can deduce therefore that TA[E"{X := E/X}] CTA[E"JUSA[X = E] =
TA[X := E] if X € fpi(E”) (the set inclusion follows from Lemma [3.9).

Now we are able to prove that the induction hypothesis is applicable to the result
of substitution F{X := F/X} if it is applicable to X := F. For £/ < E"” <
X := F the statement follows directly from the induction hypothesis for X := FE.
For B' X X :=E <X FE' if B = F""{X := E/X}, holds S5[E"] = TA[X := E]
and we know from the induction hypothesis that any chain from T, [X := E]
all the labels in the domain of which are in Labs(E’) is also in TA[E’]. For
X:=E<XFE < FE' with B/ = F"{X :=FE/X} and E' = E"{X .= FE/X},
the statement follows because the sets TA[E’] and TA[E"] are equal.

O

Lemma [3.14] (Transition existence). Given an IMC® program F, F - E,
A = Apap[E] and T' = I'var[E], then E -~ E’ holds if and only if C € TA[E]
C

and C' < &Ep[E], and one of the following cases occurs: o = Name” ta(m)(C)
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and o € ActU {7} or a = Nameﬁ fn(E)(C’), o € Rate and there is no chain
C' € TA[E], C' < Ep[E] with Nameﬁ7fn(E)(C’) =T

Proof. Note that according to the rules for the chains operator in Table
any chain has in its domain only labels correspondent to one and the same action
name or delay rate, therefore N amekfn( ) (C) is always equal to an action name
or a delay rate if C € TE[E] .

Another observation concerns the two cases mentioned in the statement of the
lemma: the second case expresses that if the 7-action can be executed by some
IMC© expression then no delay can be executed by the same expression — this is
clear from the SOS rules in Table It is also easy to show that the transition
is decorated by the action correspondent to the chain if that action has not
been internalised and is decorated by 7 if the corresponding action has been
internalised or has been the 7-action from the beginning. It is therefore enough
to prove that F - E'iff C € TA[E] and C < Ep[E].

We prove the lemma by induction on the syntactic structure of E. The statement
is clear for the rules (1)-(4) in Table [3.1{ due to the rules (1)-(4) for the exposed
operator in Table rules (1)-(4) for the chains operator in Table and the
semantic rules (1) and (10) in Table [3.5

For the rule (5) we will need a consideration that if for some subexpression
(G+ H) = E” < E there exists C € TA[E"] such that C < &[G + H] then
either C' < &p[G] or C < Ep[H]. This holds for the original expression F
due to its unique labeling and the rule for the chains operator on a sum in
Table [3.17] We need to show that this property is preservable under semantic
transitions. This is clear for the base cases — semantic rules (1) and (10) in
Table The other rules follow by induction besides the rules (9) and (16)
in Table For them we need to show that if the relevant property holds
for X := FE then it also holds for E{X := F/X}. This follows from Lemma
(BA[E"{X = E/X}] = SA[E"] U ZA[X := E] for well-formed E’) and
Lemma [3.6] (Er[H{X := E/X}] = &r[H] and Ep[G{X := E/X}] = &p[G] for
any (H+G) =X :=F).

Now we can also deduce the statement of the lemma for the sum operator
from the induction hypothesis, using the consideration above. The rule (6) for
the hide-operator easily follows from the induction hypothesis. For the parallel
composition in the rule (7) we use A = Apap[£] and the fact proved in Lemma
that labels of two synchronising processes are disjoint. We can therefore
in case C € TA[G wAn H] and C < Er[G nAn H] uniquely determine C
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and Cy, such that C = Cy + Cq, C1 € TR[GE] and Cy < Er[G], Co € TA[H]
and Cy < Ep[H], and apply the induction hypothesis. On the other hand, if
G 1A H % G’ 1An H' then we can uniquely determine C; and Cs, such
C
that C = C; 4+ Cy, G — G’ and H - H’, and the induction hypothesis is
c1 Co

applicable as well.

For the rule (8) we know from Lemma [3.2| that X := F —> E iff £ —> E”
for some E” with ' = E"{X := F/X}. From the 1nduct1on hypothesm we
know that £ — E” iff O € TA[E] and C < Ep[E]. From the rules for the
chains operatorcfollows TA[E] = FA[X := E] and from the rules for the exposed

operator follows Er[E] = Er[X := E]. This proves the statement of the lemma
also for X := F.

Lemma |3.15( (Unique exposed labels). Given an IMC® program F, F - E

and I' = Tyur[F], then either Er[E](¢) = 0 or Ep[E](€) = 1 holds for all ¢ €
Lab. Given two transitions £ — E’ and £ — E’ with different derivation

C1 Ca
trees, then Cy # Cs holds.

Proof. We will show that if for some well-formed IMC® expression E for all
E” < E holds for all £ € Lab either Er[E"]¢ = 0 or Er[E"]¢ = 1 then the same
holds for all £’ such that E % E’. This will be enough to prove the lemma

because this obviously holds for F' due to its unique labeling.

We prove this by induction on the transition derivation. Most of the rules in
Table 3.5 are obvious. For the rules (5)-(7) and (13)-(14) we have to use the fact
proved in Lemma[3.3] that the labels of two synchronising processes are disjoint.
For the rules (9) and (16) we have to prove that the statement holds for all
subexpressions of F{X := EF/X} if it holds for all subexpressions of X := E. It
is clear for all E” € Var or E” < X := E. Otherwise from Lemma follows
Er[E"{X :=E/X}] =&r[E"].

The second statement of the lemma follows from the uniqueness of exposed
labels (that are the only labels decorating the transition according to Lemma
3.14) by induction on a transition derivation tree. O
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Theorem (Pathway Analysis Exactness). Given an IMC® program F,
F - E and E % E', then Er[E] — i gom(ey (MI(6, M) € Kup[E]} +

> tedom(c)IM| (¢, M) € Gr[E]} = Er[E].

Proof. Note that from Lemma [3.14] follows that all the labels in the domain
of the executable chain C' are exposed. From the rules for the operator K, in
Table we can deduce that it is defined on all the exposed labels. Moreover,
it contains only one entry for all £ € dom(Er[E]) — this follows from Lemma
on the uniqueness of the exposed labels for all derivative expressions of an
IMCC program. Also Gr[E] contains only one entry for all £ € dom(Ep[E]) —
this can be deduced from the unique labelling of F' and from Gr[E] C Gr[F]
according to Lemmal[3.10} We can also show that for all subexpressions E” < E
both Gr[E"] and K,,[E"] contain unique mappings for all ¢ € dom(Er[E"]).

We prove the lemma by induction on the transition derivation. The rules (1)
and (10) in Table follow from the rules (1)-(4) for the generate and kill
operators in Tables and and the rule (9) in Table (applicable if
the right side of the transition is a variable). The rules for the choice operator
(2)-(3) and (11)-(12) follow from the induction hypothesis and the rule (5) for
the Ky operator in Table .13} the exposed labels of the summand that does
not participate in the transition are killed according to it. The rest of the rules
directly follow from the induction hypothesis besides the rules (9) and (16).

For the last rules we can use the fact proved in Lemmathat ifX.=F - F
C

then there also exists a transition E - E” for some E” such that E' =

C
E"{X := E/X}. From the induction hypothesis follows therefore that Ep[E] —
2tedom(e) (M6 M) € KuplED} + 3 scaom(oy {MI(¢, M) € GrE]} = Er[E"]
from the induction hypothesis. From Gr[X := E] = Gr[E], Kyp[X = E] =
KuplE], Er[E] = &r[X := E] and Ep[E"] = Er[E"{X := E/X}] (see Lemma
follows the statement Er[X := E[—> /¢ 405 {M (€, M) € Kup[X := E}+
tedom(c)\M|(€; M) € Gr[X := E]} = Er[E"{X := E/X}] as well. O

Theorem (Worklist algorithm). Given an IMC® program F, then the
Worklist Algorithm terminates on F'. The Workshop Algorithm creates a state
M if and only if there exists an IMCC expression F such that F — E and

M = Ep[E] with I' = I'yar[F]. Moreover, from F —— Ey, F - Ey, M} =
Er[E1] and My = Er[[E:] follows that Ey -2 FE, if and only if the Workshop
o]

Algorithm creates the transition M; —— M.
C
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Proof. The Worklist algorithm terminates on F' because the number of states
that are introduced are maximally 2/£90s(F)l: according to Lemma any
label can have maximally one occurrence in the multiset of exposed labels of
any expression derivable from an mMce program.

We can prove now the rest of the lemma’s statements using the theoretical
results proved before. We can prove that there is a state created by the Worklist
algorithm for all E such that F — E by induction on the number of semantic

transitions. It is clear for E = F. Otherwise if M = Ep[E] has been added to the
set of states by the Worklist algorithm, then for E — E’ also M’ = Ep[E'] will

be added to the set of states because all the existing transitions can be predicted
based on the exposed chains of F (Lemma and the exposed labels of E’
can be calculated exactly (Lemma [3.16). Note that we can use T, 177[F]
instead of Ty, (] [E] due to Lemma |3.13} we can use Gr,, [r][F] and K[F]
instead of Gr,, [g][F] and K.p[E], due to Lemmas 3.10| and On
the other hand, we can similarly prove that each state created by the Worklist
Algorithm corresponds to the exposed labels of some derivative expression of F'
by induction on the number of transitions created by the Workshop Algorithm.

The last statement of the lemma also follows from Lemmas [3.14] and and
a number of results on applicability of the chains, generate and kill operators
calculated on F' to its derivative expressions. O
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