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ABSTRACT

The present Thesis addresses the problem of specification and verification of com-
municating systems with value passing. We assume that such systems are described
in the well-known Calculus of Communicating Systems, or rather, in its value passing
version. As a specification language we propose an extension of the Modal p-Calculus,
a poly-modal first-order logic with recursion. For this logic we develop a proof system
for verifying judgements of the form b F £ : ® where F is a sequential CCS term
and b is a Boolean assumption about the value variables occurring free in £ and
®. Proofs conducted in this proof system follow the structure of the process term
and the formula. This syntactic approach makes proofs easier to comprehend and
machine assist. To avoid the introduction of global proof rules we adopt a technique
of tagging fixpoint formulae with all relevant information needed for the discharge
of reoccurring sequents. We provide such tagged formulae with a suitable semantics.
The resulting proof system is shown to be sound in general and complete (relative
to external reasoning about values) for a large class of sequential processes and logic
formulae. We explore the idea of using tags to three different settings: value passing,

extended sequents, and negative tagging.
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Chapter 1

Introduction

Communicating Systems Since their invention, computers have evolved from
simple calculators to extremely complex devices which have been entrusted with a
wide range of information processing responsibilities. Alongside with information pro-
cessing, interaction has become an increasingly crucial aspect of computer systems.
For many types of systems this aspect is in fact the more important one. Communi-
cation protocols, telephone switching systems and mobile robot control systems are
examples of systems, which fulfill their primary goals by interacting with other sys-
tems rather than by processing information. The terms reactive and real-time systems
often refer to systems of the above type. In this thesis we use the term communicat-
ing system to refer to any system for which the information processing aspect can be
considered less relevant, and whose interaction behaviour is of main interest.
Interaction can be understood differently depending on the properties of the com-
munication medium. It can also be viewed on different levels of abstraction. Here we
consider only a most basic type of interaction, namely handshake-type atomic inter-
action between two agents, on which Milner’s Calculus of Communicating Systems
(CCS) is based [Mil89]. This calculus has been designed to serve as a theoretical
foundation for the study of concurrency rather than as a specification language for
real-world applications; nonetheless, there are numerous practical examples where

this economic language has proved adequate. We also assume that actions (as inter-
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actions are called in CCS) can have parameters, so that values in some data domain
can be transmitted via actions. This phenomenon is called value passing; the resulting
version of CCS is usually referred to as Value Passing CCS.

One significant conceptual difference between communicating systems and infor-
mation processing systems in general is presented by the role of termination. While
termination is usually a desired property for information processing applications, in-
dicating that some task has been successfully completed, for communicating systems
it has to be considered rather a catastrophe: termination of a communicating system
implies that no communication with the system is henceforth possible. Most existing
formal techniques for functional analysis and synthesis of systems rely on the notion
of termination, representing the behaviour of a system as a mapping from some set
of allowable initial configurations to some set of desirable final configurations. This
approach is not adequate for describing the ongoing behaviour of communicating sys-
tems. One alternative operational approach is to consider not the overall behaviour,
but just the result of a single communication, as a mapping between configurations;
the resulting formal notion is called a Labelled Transition System (LTS) and provides
a semantic framework for many formal notations for describing ongoing systems be-
haviour, including CCS.

Another important characteristic of communicating systems is that they are inher-
ently distributed: a communicating system is usually interacting with other systems
of the same type, so the overall system consists of components which are commu-
nicating systems themselves. This brings about the question of how to represent
adequately global configurations as (possibly structured) collections of local config-
urations, and how to compose component behaviours to form the behaviour of the
composite system. The approach taken by Milner is to interleave these behaviours,
but other approaches are also possible, notably the partial order semantics approach

advocated by Petri in [Pet76].
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Communicating Systems Design A rigorous systematic design methodology for

communicating systems would include the following design phases:

o Specification: from an informal description of the requirements to the system’s
behaviour a formal specification, written in a suitable formal (e.g., logic) lan-

guage is derived;

o Modelling: guided by the formal specification, a formal model of the desired

system’s behaviour is obtained;

o Verification: the formal model is checked against the formal specification to
ensure all requirements are met. If these are not met, the Modelling phase is

reentered;

o Test Generation: from the model, test suites are derived to test (validate) the

system after it has been implemented;

o Implementation: the verified model is implemented in hardware/software (This

phase can be performed concurrently with the previous one);

o Vulidation: the implemented system is tested using the test suites generated

earlier.

Such a rigorous methodology is rarely used in practice due to the enormous compe-
tition and pressure for early delivery of software products. Producers of safety-critical
systems, however, cannot afford risk and have to ensure the correct functioning of
their products. This means that they have to follow a more or less rigorous design
methodology like the above one. The techniques we develop here assume such a for-
mal approach and address the specification and mainly the verification phases, but
are necessarily related to the modelling phase as well, since these three phases cannot
be considered separately.

There are two main approaches to formally specifying a communicating system.

In the first of these, the specification is itself a model and is described in the same
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modelling language in which the system is modelled later. This model describes the
behaviour of the system as seen from the environment (in other words, its interface
behaviour), and does not show the system’s internal organization. Then, to verify the
model resulting from the modelling phase means to show that the two models, i.e.,
specification and actual model, are equivalent according to some suitable notion of
behavioural equivalence. One such notion is bisimulation equivalence (or observation
congruence) [Mil89].

The second approach, which we follow here, is a logical one: a communicating
system 1s specified with a set of logic formulae expressing the properties which the
interface behaviour of the system is required to possess. Then, to verify the model
means to check whether all formulae in the set hold in this particular model. The
process of accomplishing this is usually called model checking.

These two approaches can complement each other if one wants to start with a very
high-level specification, which is best given as a set of properties, and then to produce
a high-level interface model, and finally to obtain through a sequence of refinements

a model detailed enough to be implemented.

Aim of the Thesis This thesis addresses the following verification problem: Given
a system, described in Value Passing CCS, and a system property, described as a
formula in a suitable logic language, check whether the system possesses the property
(i.e. the model satisfies the formula). The logic language we consider is the Modal
p-Calculus, introduced by Kozen in [Koz83], which we extend with appropriate (first-
order) constructs to take into account the values being communicated. We present a
proof system for proving satisfaction between a process and a formula which is sound
and complete for a large class of sequential processes (i.e., processes not involving
parallel composition') and logic formulae. Soundness of the proof system means that

one cannot derive satisfaction unless it really holds. Completeness on the other hand

IParallel composition is handled separately with the help of an additional proof system; this shall
be discussed later.
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guarantees that one can always derive such a satisfaction when it holds. Together,
these two properties of the proof system guarantee that one can prove (in this proof
system) that a process satisfies a formula exactly when this is really the case. Due
to the expressive power of the logic, our completeness result is necessarily a relative
one: we assume that all reasoning concerning the values being communicated is done
externally to the present proof system.

Proof systems of the above kind have been the focus of many research papers and
dissertations. These papers differ from our approach in that they refer to the LTS
of the system being verified instead of the process description itself (as for example
in [Cle90, SWO91, Bra92, BS92, And93, Dam93, HL95, Rat97, RH97]), or in that
they consider propositional modal p-calculus formulae only, i.e. do not address value

passing (as in most of the above references, as well as in [ASW94, Dam95]).

Value Passing Our interest in value passing comes from the fact that many com-
municating systems do not just carry around values, but also use values to achieve a
desired distributed behaviour. For example, in the Alternating Bit Protocol (ABP)
special values are passed during the communication between sender, receiver, and
medium, to assure the correct transmission of data. If the value domain necessary
to achieve a desired distributed behaviour is finite (as it is the case with the ABP),
one could abstract from the values thus simplifying the verification process. This,
however, is not always possible. It would also require the formulae from the specifi-
cation to be translated accordingly, which might result in huge and unreadable ones.
Another drawback of abstracting from the values being communicated is that the
resulting process description becomes even more abstract and unrealistic, creating a
dangerous conceptual gap between model and implementation. After all, what mat-
ters is whether the final system operates correctly, and not just whether the model
is correct. It is our belief that, if a proof system has been designed properly, the

complexity of proving a system property should be affected by the complexities of
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the property and the system’s behaviour, and not so much by the complexity of the
specification and modelling languages. So, if values are treated properly (for example
symbolically) they should not make a proof more complicated unless the proof really

depends on the values being communicated.

Compositionality The model checking problem is undecidable for infinite state
systems in general and p-calculus formulae. This means that verification for value
passing processes is in general not fully automatable. It can be substantially machine
assisted, but human guidance cannot be dispensed with completely. A proof assistant
would reduce the initial verification goal, consisting in our case of a value passing CCS
term and a p-calculus formula, to sub-goals, and would repeat this process, guided
by the user, until all sub-goals are evidently true (for example axioms or memorised
theorems in the proof system). To be able to guide the derivation process, however,
the user has to be able to interpret the intermediate sub-goals; in other words, the
sub-goals should be represented in a way which is intuitive and meaningful to the
user. A natural solution is to represent sub-goals in the same way as the initial goal,
namely, in our case, as pairs consisting of a value passing CCS term and a p-calculus
formula (such pairs are usually called sequents). In this case the proof of a sequent
could be guided not just by the structure of the formula but also by the structure of
the process term. Such proof systems are usually termed compositional.?

There is also another reason for using compositional proof systems. An important
aspect of a design methodology is modularity. A design of a compound system is called
modular if the system’s components have been designed independently by taking into
account the requirements for putting them together. One immediate benefit from
using a methodology which facilitates modular design is that in the case of repeated
or similar components much effort can be saved. This is called design reuse. In our

context, the important issue is modular specification and verification, which requires

?This term is also used in a weaker sense, meaning that it handles “compositionally” processes
composed in parallel.
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systems to be specified in such a way that the correctness of the components of a
system imply the correctness of the composite system. Then, verifying a system
reduces to verifying the components. Compositional proof systems facilitate modular
verification in a natural way by reducing the proof of system properties to proving
properties of components.

Another important problem which compositional proof systems aim to solve is the
infamous state explosion problem: the global state space of a communicating system
composed of several components running in parallel is of size roughly the product of
the sizes of the state spaces of the constituent processes. This phenomenon makes
verification intractable even for relatively small practical systems. Compositionality
attacks this problem by reducing the verification of a global property of a system to
verifying local properties of its components. Because of the significance of parallel
composition to system design, and because of some technical reasons to be explained
in later chapters, it is useful to separate the treatment of this operator on processes
from the rest. Following Stirling [Sti87], we divide our proof system in two parts,
the first of which treats all process combinators except parallel composition, and the

second for inferring properties of a process from its parallel components.

Contributions The main contributions of the present thesis are the development
of a suitable logic for specifying value passing processes, and the development of a
compositional proof system which is sound and complete for a large class of processes.
A unifying theme in our research has been the attempt to adapt the so called technique
of tagging (to be explained in later chapters) to the different parts of our proof system.
This technique allows global proof rules to be avoided, and simplifies considerably the

machine-assistance of the proof system.

Credits The research presented here is partly joint work with Sergey Berezin from
Carnegie Mellon University. More specifically, the second part of our proof system,

namely the one dealing with parallel composition, was originally developed by Sergey
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in his M.Sc. Thesis [Ber95]. For this part of the proof system, our contribution
lies in collaborating with Sergey on modifying this proof system to employ tags, and
adopting a suitable semantics for tagged formulae to facilitate an economic proof of

soundness and completeness. The study of “negative” tagging presented here has been

performed independently. Part of the results have been published in [GBK96, BG97].

Organisation The thesis is organised as follows. The next chapter presents the
background necessary to understand and evaluate the contributions of the present
work. Chapter 3 introduces a first-order extension of the Modal p-Calculus as a suit-
able specification language for sequential CCS processes with value passing, presents
a proof system which is compositional in the term structure of the processes and em-
ploys a technique known as tagging to eliminate the need for global inference rules, and
illustrates the use of this proof system on some illuminating examples. The following
chapter is dedicated to the correctness of the proof system. Chapter 5 investigates
other settings in which tagging may be a suitable choice, notably negative tagging.
The last chapter summarises the accomplishments of this thesis, draws conclusions
about the merits and deficiencies of the chosen approach, and proposes directions for

improvement and future research.
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Chapter 2

Models, Logics, and Verification

In this chapter we give the background needed to appreciate the results presented
later. We first present Labelled Transition Systems (LTS) as a semantic domain
for representing the behaviour of communicating systems. We next present Milner’s
Calculus of Communicating Systems (CCS) [Mil89]. Then, we discuss the Modal -
Calculus as a process logic. The last section explains the ideas behind model checking

as a technique for verifying systems behaviour.

2.1 Labelled Transition Systems

The semantics, or meaning, of a process language or a process logic is best given in a
well understood semantic domain for representing communicating systems behaviour.
As discussed already in the Introduction, the approach of representing the behaviour
of a system as a mapping from some set of allowable initial configurations to some
set of desirable final configurations is not adequate for describing the ongoing be-
haviour of communicating systems. Instead, one can consider as a mapping between
configurations the result of a single communication. But communicating systems are
inherently distributed. This brings about the question how to treat local configura-
tions. A conceptually simple approach is to abstract from these and to interleave local
behaviours. Other approaches are also possible, notably the partial order semantics

approach advocated by Petri [Pet76].
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The interleaving approach described above leads to a simple model of behaviour
in which the structure of states is irrelevant: a state is characterised only by the
sequences of choices among communications which are offered from this state. The
resulting mathematical structure, called labelled transition system (LTS), can be de-
fined as a triple

(S, T.{C SxS§ |teTl})

consisting of a set 5 of states, a set T' of transition labels, and a set of transition
relations for each transition label [Mil89]. We shall use the infix notation s — s’ for
(s,s) e—Ls. and call s’ a t-derivative of s.

If the size of S is small, an LTS can be visualised as a graph whose nodes are the
states and whose edges are labelled. For example, consider a system which allows
the user to depress one of two buttons and then, depending on the button depressed,
makes a "beep” sound or a "boop” sound, and stops.! If we denote the four events as
labels depe, depo, beep, and boop, respectively, an LTS describing the above behaviour
could be graphically depicted as?:

beep
sl —— = 2

boop

Figure 2.1: A small LTS

Such a semantics is called branching-time semantics, since it contains information
about what choice of actions is available at any particular state. In the case of com-
municating systems, we shall interpret labels as "handshake”-type communications,

also called actions. The set Act of actions is formed from a set A of names, the

!This is not really a communicating system, since these actions are not really handshake”-type,
but the notion of LTS is more general and does not interpret the nature of the labels.
2To be exact, the behaviour of the system is characterized by its initial state, namely by sq.
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corresponding set A of co-names, and a pre-defined silent action 7. Since actions
are handshakes between two agents, each action [ € AU A has its co-action [; the
result of a handshake is the silent action. If the above system is to be interpreted as
a communicating system, then in its initial state it offers the user to communicate
either through action depe or through action depo; the user (as a system) has con-
sequently to offer the corresponding co-actions depe or depo to be able to engage in
a communication with the system. A system engaging in the silent action 7 means
that there is internal communication taking place somewhere between components of
the system. The user has no influence on this action, hence its identity is considered
irrelevant; even more, its identity is considered as information that one would like to
ignore in order to be able to produce manageable descriptions of large behaviours.®

A natural question is when to consider two states in an LTS as corresponding
to the same behaviour (i.e., as being behaviourally equivalent). The usual automata-
theoretic notion of equivalence (trace equivalence) is often too weak for practical
purposes since it is not sensitive to deadlocks: two systems can be trace equivalent
so that the first is deadlock-free while the second is not. The main reason for this
insensitivity is that traces do not reflect the branching structure of behaviours. Since
we found branching time semantics as being appropriate for communicating systems
we should rather choose an equivalence notion sensitive to branching. The main
guideline should be the question as to what constitutes a legal experiment, i.e., what
do we consider to be our means of distinguishing between two behaviours? Then, two
behaviours should be considered equivalent if and only if they cannot be distinguished
by any allowable experiment. In the case of communicating systems it is natural to
assume that experiments are sequences of interactions, and that experimenters are
communicating systems themselves. If we assume that the experimenter is able to
Un?

see” at every state the choice of actions offered by the systems to be compared,

then one naturally comes to the notion of experimental equivalence introduced by de

3This and the following considerations are introduced in [Mil89] at the level of CCS. They are,
however, of semantic nature, and are therefore presented here.
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Nicola and Hennessy [NH84]. If the experimenter is also allowed to create identical
copies of the behaviours in any state, then to perform experiments on the copies, and
finally to combine the results, one arrives at the notion of equivalence with respect
to duplicator experiments [BM92]. Milner prefers an even finer equivalence, namely
bisimulation, also called observation congruence, originally proposed by Park [Par81].

Its strong version, called strong bisimulation, is given in [Mil89] as follows:*

P and @) are equivalent iff, for every action «, every a-derivative of P is

equivalent to some a-derivative of (), and conversely.

For practical purposes, strong bisimulation is too strong an equivalence notion be-
cause 1t does not abstract from the unobservable internal communication represented
by silent actions taking place in a system. For this reason Milner also introduces the
weaker equivalences weak bisimulation and observation congruence.

Many other equivalence notions have been proposed in the literature. Choosing
a “good” one is particularly important if one has adopted the approach of describ-
ing both the specification and the model in the same process notation, and to do
verification by showing the two descriptions equivalent. Then, one should choose an
equivalence notion which is fine enough to catch important differences between spec-
ification and model, and is coarse enough to guarantee that verification would not
fail because of unimportant ones. The experimenter is in this case the user of the
system; it is hence the capabilities of the user which should also guide the choice of

an appropriate equivalence.

2.2 Calculus of Communicating Systems

The process language on which we focus our attention is CCS and its value passing

extension. CCS is an algebraic language which defines atomic behaviours and opera-

4The experiments corresponding to these notions of equivalence can be described nicely in terms
of games [Sti96].
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tors for constructing more complicated behaviours from simpler ones. We start with
an informal overview of the language and its semantics.

Expressions in the language are termed processes. The only atomic process is the
nil process, denoted 0, which is not capable of participating in any action. If a is
an action, and P is a process, then we can construct out of them a new process a.P
which can initially engage in @ only, and behave as P afterwards. So “a.” can be
understood as a unary operator on processes, called prefiz. So, process tick.0 can
just participate in one tick action. The behaviour of tick.0 can be given by an LTS
having as states the two processes tick.0 and 0, and a single tuple tick.0 kK 0.

If P and @) are processes, then P + () denotes a process which can behave either
as P or as (), depending on the first action chosen. For example, a.P + b.Q) offers
to the environment a choice between participating in a or participating in b. If a
is chosen, the process continues to behave as P, otherwise as (). In the case of
a.b.0 + a.c.0 we have non-deterministic choice: after choosing a the process decides

non-deterministically whether to continue as 6.0 or as ¢.0 . This behaviour is better

explained by viewing its LTS:

b.) ———— ¢

a.b.0+a.c.0

cl)— 9

It should be distinguished from the behaviour of a.(b.0 + ¢.0), where after a the

choice between b and c¢ is still to be resolved by the environment:
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0

a.(b.04c.0) 3  b.04c.0

Using process constants and defining equations, one can give names to specific
processes. For example, the notation P 2 4.b.0 defines process P as a.b.0. Using
recursive definitions one can define processes with ongoing behaviour: e.g., process
Clock 2 tick.Clock has the ability to engage in an infinite sequence of consecutive
tick actions. Another example is a simple vending machine, which can accept a
one-cent or a two-cent coin, after which a little or a big button may be depressed
depending on the coin inserted, and finally a little or a big item may be collected,

upon which the vending machine enters its initial state:

Ven 2 le.Venl 4+ 2¢c.Venb
Venl 2 little.collectl.Ven
Venb 2 big.collectb.Ven

The LTS of process Ven is as follows:

litile
Venl —  collectl. Ven

Venbm————p  collectb. Ven

big

Given two processes P and (), process P|(Q) denotes their composition, i.e., a new
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process, which is like P and ) taken together, but allows also P and () to inter-
act. Let Buffer, 2 in.transmit. Buffer, and Buffer, 2 transmit.out. Buffer, be two
one-element buffer processes. Then Buffer,|Buffer, is a process, which can engage
in an in action and become transmit. Buffer,|Buffer,, or engage in transmit and
become Buffer,|out. Buffer,. Process transmit.Buffer,|Buffer, can engage in both
transmit and transmit, but can also engage in an internal communication, i.e.
perform a 7-action, between Buffer; and Buffer, and become Buffer|out.Buffer,.
If we wish to stop the environment from interfering in this internal communica-
tion, we can hide transmit and transmit using the CCS restriction operator: pro-
cess (Buffer,|Buffer,)\{transmit} can engage initially in in only, thus becoming
(transmit. Buffer,| Buffery)\{transmit}, then in 7 only, becoming ( Buffer, |oul. Buffer,)
\{transmit}, which can engage in both in and out. A renaming operator is also pro-

vided to allow for reuse of already defined processes. For example, both Buffer; and

Buffer, can be defined via Buffer 2 in.out. Buffer as follows:

Buffer,
Buffer,

Buffer[transmit/out]
Buffer[transmit /in]

e 1l

S0, a two-element buffer can be defined using two one-element buffers as:
TwoBuffer £ ( Buffer{transmit/out]| Buffer{transmait /in])\{transmit}

Of course, at this high level of abstraction there is no difference between process
Buffer 2 in.out. Buffer and Clock 2 tick.tock.Clock except for the different names
of actions; what is missing in Buffer to be really appreciated as a one-element buffer
are the values being communicated. The version of CCS providing a notation for

communicated values is called Value Passing CCS; in this language we could specify

Buffer as follows:
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Buffer 2 in(x).out(x). Buffer

where = ranges over some pre-defined domain D of values. If D is the set of natural
numbers, then Buffer can engage initially in any of the actions in(1), in(2), in(3),
etc., becoming respectively out(1). Buffer , out(2). Buffer , out(3).Buffer , etc. Thus,
input actions have binding power in the Value Passing CCS.

The original definition of CCS has instead of the binary choice operator + the
operator > ;¢; called summation (also having binding power), where [ is an indexing
set. In our value passing version of CCS we choose I to coincide with the domain D
of values, and use values instead of indices.” For example, the process Ya out(x).0 is
ready to put out any value from the respective domain.

A more interesting example showing the higher modelling power of the value pass-
ing extension would be a simple teller machine which accepts and offers cash without

giving credit:

Teller(balance) = Deposit(balance) + Withdrawal(balance)
Deposit(balance) 2 deposit(amount).Teller(balance + amount)
Withdrawal(balance) 2 Samount

if 0 < amount < balance
then withdraw(amount).Teller(balance — amount)

After this informal introduction to CCS,® we are ready to present the formal
syntax and semantics of the language. We assume a set A of names, ranged over by
a, each name having a non-negative arity. Let £ denote the set AUA of labels, ranged
over by [, and let @ denote a. We also assume a set D of values, value expressions
e and Boolean expressions b built from variables x,y, z,... (possibly indexed), value
constants d and arbitrary operator symbols defined in the domain. We use tt and ff

to denote the usual Boolean constants “true” and “false.”

>This does not decrease the expressiveness of the language, provided we drop the convention that
input actions have binding power.
5We shall henceforth always understand under CCS the value passing version of the calculus.
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Agent expressions E over A and D are generated by the grammar:”

E =0 |7nFE|F+FE|XFF | FEE| E\U| E{Z} | ifbthen F | A(€)
T ou= o) | ale) | T

Here A are agent constants, each having a defining equation

&>

AT 2 B

N

L

where the right-hand side £ may contain no free variables except the ones in #. U

are restriction sets, and = : £ — L are relabelling functions satisfying Z(I) = Z(I)
and =(7) = 7. Input actions and infinite summation have binding power. Closed
agent expressions (i.e., expressions with no free variables) are termed processes and
are ranged over by P, (), ...

8 is given in terms of an LTS whose states are

The semantics of a CCS process
processes, i.e., closed agent expressions, and whose transition labels are actions, i.e.,
either 7 or of the form l(af), where [ € £ and d € D. The set of actions is denoted Act
and is ranged over by a. What remains to be defined is the set of transition relations
of the LTS.? A denotational approach to giving semantics for a process would define
the LTS of the process through the LTSs of the sub-expressions of the process; for
example, it would define the L'T'S for a. P through the LTS for P, possibly by extending
the latter with the state a.P and with the tuple a.P —*+ P. Milner preferred to give
a transitional semantics to his calculus by giving transition rules for inferring the
transitions of a composite process from the transitions of its component processes.
Figure 2.2 presents such a set of transition rules. We use the usual notation for term
substitution, and use [¢] and [b] to denote the values of € and b, respectively.

An LTS of the type described above is called transition closed if whenever the

hypotheses of a rule are satisfied (i.e., there are processes in the set of states of the

"We use vectors of variables, expressions etc. when the arity is of no particular relevance.
8We shall not give a semantics for open agent expressions here.
9Gince processes are states themselves in such a LTS, there is no need to identify an initial state.
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R(7) — R(in) ~ — R(out) —=
rP P 7.5 0 )3 a(e).r "V p
P % P P, % P
R(41) —11 1 R 2 2
(+D) Pt P P () P+ P, Py
R(S) E[d/7] -2 P r() B Wopr p, Y pr
SPE P PP, = P{IP;
P - P P, - P
R(|l ) 1 R 2
(|)P1|P2L>P1/|P2 (|)P1|P2—>P1|Pl
1d) ., ~ _ (d) _
RO L= P Tgr mE) L2 ==y
p\U M pry Pz p=)
. p -2 p Ay Bld/3] =5 P o A
R@f - bl =tt R(= & A EF
() o then r = 7 1] S = AW

Figure 2.2: Transition rules for processes.

LTS which are in the corresponding transition relations), then the conclusion also
holds (i.e., the two processes occurring in the conclusion are in the set of states of the
LTS, and they are in the respective transition relation). Given a set of processes, we
are interested in the least transition closed LTS containing these. This LTS has the
property that two processes are in a given transition relation if and only if this can be
derived using the rules. It is by such LTSs that we give meaning to processes. This
style of providing a semantics for processes is not very intuitive, since it is not always
obvious, as it is for example in the case with Petri nets, what transitions are enabled
in a CCS process involving several parallel components. It is, however, technically
very elegant and economic, which makes it preferable for theoretical investigations.
Let us see, for example, what behaviour these rules specify for process Buffer 2

in(x).out(x). Buffer. One would expect to be able to establish Buffer 4 P; and

out(d)

P; — Buffer for any d € D and appropriate processes P;. This can be achieved
as follows. Axiom rule R(in) implies that in(x). W( ). Buffer inld) out(d).Buffer, and
axiom rule R(out) implies that out(d). Buffer —% Buﬁer

follows by rule R(é) that Buffer il out(d). Buffer, and taking P; to be out(d). Buffer

outld From the first of these

establishes the expected transition relations.
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2.3 Modal Logics and p-Calculi

When specifying a communicating system, we are usually interested in the observable
properties only, i.e., what sequences of choices of actions we observe when interacting
with the system. Since we are talking about capabilities for interaction it is natural
to use Modal Logics for describing such properties.

A simple modal logic for describing local capabilities for interaction is Hennessy-

Milner Logic (HML) [HM80]. The formulae of HML are easy to define:

e the propositional constants tt and ff are formulae;
o if ® and W are formulae, then so are & V ¥ and ® A ¥; and

e if & is a formula and « is an action, then (o) ® and [o] ¢ are formulae.

The meaning of these formulae can be given in terms of LTS by specifying when
a process P of the LTS satisfies a formula ®. This is denoted P |= @, and can be

defined as follows:

P = tt always holds, i.e. tt means “true”;

P = ff never holds, i.e. ff means “false”;

PEoVvVUiff PE®or Pl VU;

PEOAVIff PE®and PV,

P = (o) ® iff there is an a-derivative P’ of P so that P’ |= ®.
P = [a] @ iff for every a-derivative P’ of P, P’ |E ®;

We shall refer to this style of giving semantics to formulae as local, or intensional,
semantics.

For example, P |= (a) tt means simply that P can engage in an a action, while
P = [a] ff means that it can not. For the vending machine process Ven described in

the previous subsection, Ven |= (2¢) (big) (collectb) tt A [1c] [big] ff, i.e., Ven offers a
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big item to be selected after 2c have been inserted, but not if only 1c has been inserted.
The lack of negation in the logic is not incidental; it can easily be shown (by referring
to deMorgan-type equivalences) that every HML formula involving negation (if we
allow negation in the logic) has a negation-free equivalent.

HML is in fact a poly-modal logic: instead of having just the two modalities [ ] and
() as is the case with Classical Modal Logic where there is just a single “accessibility”
(i.e., transition) relation, HML has a whole family of such modalities, namely a “box”
modality and a “diamond” modality for each action corresponding to the respective
transition relations.

The properties that are expressible in HML are local, or next-step, properties
in the sense that they allow only the immediate capabilities for interaction (and
internal action) of a process to be described. Properties of more general temporal
character like “always ®” or “eventually ®” are not expressible in this logic. This
concerns also silent actions. For example, we can express in HML a property of the
form “process P can perform a silent action and offer a afterwards”; however, when
specifying the interaction behaviour of a system we shouldn’t discriminate between
one or more silent actions in a row, but should rather be only able to speak of internal
activity in general, like "process P can engage in some internal activity and offer a
afterwards”. Additional modalities have been suggested in the literature for specifying
such properties [Sti96].

If we are to specify properties like “always ®” or “eventually ®” we enter the
realm of Temporal Logics. Computation Tree Logic (CTL), proposed by Clarke and
Emerson [CE81], is just one example for such a logic. It has explicit constructs for
“always”, “eventually” and “until,” as well as path quantifiers. A more economic
approach, leading at the same time to a more powerful logic, is to use HML as a
basis and to add recursion; the price to be paid is the intuitiveness of the resulting
logic. Consider the recursive equation Z = (a) Z, where Z is a propositional variable.

A property would be a solution to this equation if every process satisfying it has
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an a-derivative satisfying the same property. Fortunately every such equation has
a solution; unfortunately however it is not necessarily unique. ff is one solution to
the above equation, since ff = (a)ff, but this solution is of little interest. Another
property satisfying the equation would be the capability of engaging in an infinite
sequence of a actions. There can be other solutions as well; the mentioned two
properties however (the second of which is not expressible in HML) are the least and
the greatest ones w.r.t. logic implication, and are hence uniquely characterizable. In
fact, any equation of the sort Z = ®, where ® is allowed to include occurrences of the
propositional variable Z, has a least and a greatest solution denoted pZ.® and vZ.9,
respectively. This is an immediate consequence of Tarski’s fixedpoint!® theorem for
complete lattices [Tar55].

The logic resulting from adding least and greatest fixpoint formulae to HML is
called the Modal p-Calculus, which was introduced by Kozen [Koz83], but was de-
veloped earlier by Park [Par69] in a more general relational setting. Stirling [Sti92]
suggests a slight generalization of this logic by allowing sets K of actions to appear in

[44

the “box” and “diamond” modalities, and by using the notation “—K” to abbreviate

“Act — K7 and “=” to abbreviate “Act — {}” (i.e. Act itself). The resulting logic
allows many other logics, like Dynamic Logic and CTL, to be conveniently encoded
(see, e.g., [Dam94]).

Let us consider some properties which are often important in practical applica-

tions, and give their formalisation in (Stirling’s extension of) the Modal p-Calculus:

e A communicating system is called deadlock free if regardless of how we interact
with it there is always a communication, possibly an internal one, in which
the system can engage. Deadlock freedom can be expressed by the formula
vZ.(=)tt A [—] Z, saying that some action is enabled, and whatever action is
taken the same property holds again. In other words, there is always some

action which is enabled. Note that the least fixpoint wouldn’t be of any use

0The term firedpoint or fizpoint of a mapping f refers to any solution of the equation f(z) = .
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here since it is equivalent to “false”.

e Action a is always enabled: vZ. (a) ttA[—] Z. In general, vZ.® A[—] Z formalises

the safety, or invariant, property “always ®”.

o A livelock is the capability of engaging in internal chatter, i.e. in an infinite

sequence of 7 actions. Livelock freedom can be formalised as uZ.[7] Z.

e The property that action a can potentially become enabled is formalisable as
pZ.(a)tt V (=) Z (i.e. either a is enabled right away, or otherwise we can
do something so that the same property holds afterwards, and so on, but not

forever).

e Action « is eventually to be chosen: pZ. (=) tt A [—a] Z (i.e. if we interact with
the system but avoid choosing a, then sooner or later we will arrive at a point

where only « is offered).

e There is a sequence of interactions so that a is enabled infinitely often along

this sequence: vZ.uY. (a) ZV (—a) Y. This property is not expressible in CTL.

As mentioned above, the formulae of this logic are often difficult to interpret. We
gave little justification as to why the above formulae express the mentioned properties.
Unlike CTL which formalises notions of time about which humans have a strong
intuition, the Modal p-Calculus is a typical example of a logic language which is the
product of theoretical investigations in a search for expressive power, economy, and
elegance, rather than intuitiveness. Therefore, using this formalism requires some
training and thorough understanding of its formal semantics, which we are about to
explain.

The formulae of the Modal p-Calculus can be defined as follows:

e Propositional variables are formulae;

o if ® and V¥ are formulae, then so are ® V ¥ and & A U;
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e if & is a formula and « is an action, then (o) ® and [a] ¢ are formulae; and

o if ®is a formula and 7 is a propositional variable, then yZ.® and vZ.® are also

formulae.

The logic constants ff and tt are definable as uZ.7 and vZ.Z, respectively.

It is not easy to give a local semantics for fixpoint formulae; this we do later by
employing approximant formulae. It is far more convenient to present the semantics
of Modal p-Calculus formulae extensionally, i.e., by defining for every formula the
set of processes satisfying it. We call this set the denotation of the formula. The
denotation has to be defined relative to a LTS and a valuation ¥V mapping subsets of
the set of states of the LTS to propositional variables, since ® or some sub-formulae of
it can contain free occurrences of propositional variables. For a fixed LTS, we define

the denotation ||®||,, of a Modal yi-Calculus formula ® inductively as follows:

1z, = V(2)
lev ), = [of,ulv],
leAw], = [, ||,
ey @y, = Jiedlly (12]])
ol @lly, = []lly (2]
nZ.olly, = pX )@y
lvz.ally, = vX. [0y

where ¢ X.f(X) and v X.f(X) denote the least and the greatest fixpoints of a map-

ping f, and where the following state transformers are used:

[()]l, & AXAP | 3P eX. PP}
lelll, & AXAP | VP.P -5 P implics P' € X}

The valuation V[X/Z] is as V but mapping the set X to Z. We can define satisfaction

(now relative to a valuation) through denotation, namely:
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Plyd® =2

Peol,

As mentioned above, the existence of least and greatest fixpoints is guaranteed
by Tarski’s fixedpoint theorem for complete lattices [Tar55]. This theorem says that
every monotone mapping over a complete lattice has a least and a greatest fixpoint.
The lattice we have in our case is formed by the set S of states (processes) together
with set inclusion C. It is simple to show that in the absence of negation in our logic
the transformers A X. HCI)HV[X/Z] are all monotone w.r.t. set inclusion (i.e., X7 C X,
implies | @][3px, /2 € 19l3px, /2)-

There are two main ways of characterising pf and v f for monotone mappings on
complete lattices. One one hand, they can be presented as:

pf o= N{X | X
U{x [ X

J(X)}
vf = J(X)}

)

NI

The other approach is to refer to fixpoint approximants. This characterisation often
leads to a better understanding of the formulae of the Modal p-Calculus. Let Ord
denote the class of all ordinals, and let v and A range over ordinals and limit ordinals,

respectively. Fixpoint approximants are defined inductively as follows:

Wf = { Lf 28
R ) v 2 F )
R U A R NS

It can be shown that the following equations hold:

pnf = Uyeora W f
Vf = ﬂwEOrd wa

The term approzimant is justified by the fact that (since f is monotone):
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POV fFOVifD...Duf
Furthermore, uf and vf are approximants themselves; this means that the above
sequences stabilise after some ordinal, called the closure ordinal of uf and vf, re-
spectively, and become equal to pf and vf. The closure ordinal is the first ordinal
k such that p"f = " f resp. v*f = v"*1f., and its cardinality is bound by the
cardinality of the carrier set of the complete lattice.

In the context of the Modal p-Calculus we can define approximant formulae (using

infinite conjunctions and disjunctions) as follows:

W07 = ff NZe 2 ff
OTZe 2 2.0/ VT2 2 O Z.0/7]
PO 2 N Ze S Ze 2N LG

and we obtain the following characterisation of satisfaction®!:

PEyuZo ifft PEyu'Z.o for some v.
PEyvZdo iff PEyv"Z.d forall 4.

As a consequence, least fixpoint formulae are suitable for expressing liveness (i.e.
eventuality) properties, while greatest fixpoint formulae are suitable for expressing
safety (i.e. invariant) properties. The more complicated reactivity properties'? usu-
ally necessary for specifying communicating systems require nesting (alternation) of
fixpoints of different kind.

Let us now see how this definition helps in understanding Modal p-Calculus for-

mulae. Let us consider the formula pZ.[a] Z. Its first few fixpoint approximants are:

HUThese two clauses, together with the ones we gave above for HML formulae, can be considered
as giving a local semantics for the Modal p-Calculus.
12For a classification of program properties see for example [MP92].
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plZz. lalZ = ff

p'Z.lal Z = [a]ff

prZ. alZ = [a]la]ff
pZ.a) Z = [a][a][a] ff

Process a.a.0 satisfies ©*Z.[a] Z and hence also pZ.[a] Z. Obviously, every process
that can engage only in finitely many consecutive a actions satisfies the formula.
What is less obvious is that the opposite holds as well: if a process satisfies one of
the approximants, then all its a-derivatives satisfy smaller approximants. Since the
ordinals are well-founded (i.e. all strictly decreasing sequences of ordinal numbers are
of finite length) this amounts to saying that a process satisfies uZ. [a] Z if and only if

it cannot engage in infinitely many consecutive a actions.

2.4 Model Checking

The idea of model checking was pioneered by Clarke and Emerson in [CES81], where it
is described as a technique for automatic verification of finite state reactive systems
specified in CTL. The term is now used in a wider sense, and refers here to determining
satisfaction P = ® between a model P and a property ®.

The characterisation of fixpoints using fixpoint approximants presented in the
previous section suggests a straightforward procedure for computing the least and
greatest fixpoints of a monotone mapping f on a complete lattice, which is guaranteed
to terminate when the state space is finite: starting with the empty set (resp. the
set of all states), compute its image under f, then the image of the image, and so
on, until a set is found which is equal to the set obtained at the previous step, and
stop. The set obtained in this way is the least (resp. the greatest) fixpoint of f. Of
course, this procedure can be quite inefficient, and, if the state space is infinite, not
even effective, but it serves as a systematic basis for automatic verification of finite
state systems in the Modal p-Calculus, since determining P = ® can be understood

as computing the denotation ||®|| of ® and checking whether P is in this set.
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Techniques as the above, where the whole denotation of a formula is computed,
are termed global. More efficient (in average) are local techniques which consider only
those states in the state space necessary for determining the required satisfaction.
In the worst case all states have to be investigated anyway, but in many cases it is
possible to obtain the needed result even when the whole state space is infinite and
global model checking is not applicable. Local model checking was first suggested
by Larsen [Lar88] for a sub-logic of the Modal p-Calculus, but the term itself was
proposed only later by Stirling and Walker [SW91], who deal with the full calculus.

The following approach can be used as a basis for local model checking in the
Modal g-Calculus. The goal P |= @ to be checked is successively reduced to sub-goals
until all resulting subgoals can be resolved trivially. This reduction can be performed
for all non-fixpoint formulae (i.e. not of shape uZ.® or vZ.®) following the local
semantic clauses we gave for HML formulae. For example, checking P = & V ¥ is
reduced to checking P |= @, and if this fails, then P |= W is checked. A goal of the
form P = tt can be resolved successfully.

The difficulty of local model checking lies in reducing fixpoint formulae. If the
state space is finite, and if we know the closure ordinal of the respective formula (or at
least some upper bound x on the number of states, which would also provide an upper
bound for the closure ordinal), then a naive approach would be to use approximants
by referring to the following local semantic clauses:

PEplo iff PEuZo

PEZO  false
Pl tze iff Pl o2.0/7]

PEvZd iff PEVZ®
PEWLZ®  true
PEVTIZ0 iff PEOVZD/Z]
i.e. fixpoint formulae are unfolded, but at most « times, and if the 0-th approximant

is reached, the sub-goal is discharged successfully in the case of greatest fixpoints and
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unsuccessfully otherwise.

Termination and correctness of this procedure follow immediately from the seman-
tic clauses. The drawbacks of this naive approach, however, are obvious: it works for
finite state systems only (we would not be able to handle limit ordinals in the same
way), and it is quite inefficient since one and the same state might be investigated
for the same property more than once, which is certainly redundant.

A more sophisticated approach would be to use the approximants implicitly, by

performing simple unfolding of the fixpoint formulae, justified by:

PEpZ® iff Pl ousz.e/7]
PEvZ.® iff PlEo[v2.6/7]

but keeping track (for each fixpoint formula separately) of the states at which we
unfold the formulae. Finding a “loop” establishes a transitive dependence on the
0-th approximant, and the sub-goal can be discharged accordingly. Termination is
still guaranteed for finite state spaces only, but now there is at least the possibility
of successfully checking a local property even in an infinite state system. To keep
track of the states visited, one can tag the fixpoint formulae, an idea first suggested
by Winskel [Win91].

Let us illustrate the above ideas on a small example. Consider process Clock
defined by Clock 2 tick.Clock, and let us prove that it has the property of being
able to engage in infinitely many consecutive tick actions, which is formalisable as

vZ.(tick) Z. Our initial goal is then to show that:
Clock = vZ. (tick) Z

We now unfold the formula, and tag the fixpoint just unfolded (with the singleton set
{Clock}) to indicate that the formula has already been unfolded once at state C'lock:
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Clock |= (tick) vZ{Clock}. (tick) Z

According to the local semantic clause for the "diamond” modality, the above goal
is equivalent to P |= vZ{Clock}. (tick) Z for some tick-derivative P of Clock. But

there is only one such derivative, namely C'lock itself, so our new sub-goal can only be:

Clock = vZ{Clock}. (tick) Z

Here the tag tells us (without having to trace back our proof) that vZ. (tick) Z has
already been unfolded at Clock. As discussed above, this establishes a direct de-
pendence on the 0-th approximant of the formula, which for all greatest fixpoints
is just “true”, and the sub-goal can be trivially discharged as successful. Since
there are no other sub-goals to be dealt with, this establishes also the truth of
Clock = vZ. (tick) Z.

The above ideas are central, in one or another way, to most approaches to model
checking finite state systems in the Modal p-Calculus [Cle90, SW91, Win91, ASW94].
In our Thesis we deal predominantly with systems which are inherently infinite state
due to the infinite domains of communicated values. These can be treated as above,
but with no guarantee for termination. Since the model checking problem becomes
undecidable in this case, and human intervention in the proof process unavoidable,
presenting proofs in a way intuitive to the human becomes of crucial importance. On
one hand, to limit the number of sub-goals simultaneously generated when treating
some goal, one has to be able to treat sets of processes, for example by allowing goals
of type P = @, where P denotes a (possibly infinite) set of processes, and where the
meaning of such goals is simply that all processes in P satisfy ®. On the other hand,
to limit the length of the proof, one has to introduce inference rules like widening,

where a goal is reduced to a sub-goal having the same formula as the goal but a larger
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set of processes, as well as more sophisticated rules for dealing with least fixpoints!?.
In this way it becomes possible to produce finite proofs even for infinite state systems,
and these proofs can be nicely presented as proof trees [BS92, Bra92, And93, Sti96).

All the above considerations suggest that model checking in the Modal p-Calculus
for infinite state systems can be done conveniently in a proof-theoretic style employing
proof systems. Proof systems consist of a set of azioms and a set of inference rules**
for deriving sequents of the form P F @, the syntactical counterpart to P = ®. Such
a sequent is called valid if P |= ® holds, and it is called derivable in a proof system
if it can be constructed starting from the axioms and using the proof rules of this
proof system, i.e. if there is a proof for this sequent. A proof system is called sound
if derivability of P F & implies its validity; if the reverse holds, the proof system
is termed complete. Together, soundness and completeness guarantee that what we
can derive really holds and vice versa. Notice that completeness only guarantees the
existence of a proof, and does not say there is an effective procedure for constructing
proofs for arbitrary sequents; if this is the case, the system is called decidable.

Proofs can be viewed nicely as finite proof trees (tableaux) with axiom leaves.
Since we usually start with the goal to be proven, and then reduce this goal until
axioms are obtained, it is convenient to present both the rules and the proofs in a
goal directed fashion (i.e., as reversed trees).

In our example proof above we implicitly referred to the transition semantics of
CCS when applying the rules. We had to do so, because the process was defined in
CCS, but the semantics of the formula is given in terms of LTS. If we are to fully
guarantee the correctness of our proof, we should refer to an external proof system
for inferring semantic sets like the set of all a-derivatives of a CCS process. The
presentation of a “complete” proof has to mix these two types of inferences. A more

convenient and intuitive approach, in our opinion, is to require the proof system for

13The problem of dealing with least fixpoints in finitely many steps requires inductive reasoning
to be used. This is the most complicated aspect of applying these ideas in practice; therefore, the
greatest care should be taken to facilitate easy and intuitive application of induction.

1 Axioms can also be represented as proof rules, but with an empty set of premises.
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sequents of type P = ®, where P is a CCS term, to refer directly to the structure of
P to determine the resulting sub-goals. Such proof systems are called compositional
and inevitably have a larger set of inference rules since all combinations of possible
forms of P and ® have to be covered by such rules.

There are at least two other important reasons for using compositional proof
systems. The first is that they greatly facilitate reuse of proofs, which is part of
design reuse. For example, suppose we have constructed a proof for P 4+ () = ® by
reducing it to P = ®; and () = ®,. If for some reason the specification of ¢) had to
be changed without changing the one for P + (), then we would only have to redo the
proof for () F ®,, and not the whole proof.

The second and more important problem at the solving of which compositional
proof systems aim is the infamous state explosion problem: given a communicat-
ing system composed of several processes running in parallel, its global state space
would be of size roughly the product of the sizes of the constituent processes. This
phenomenon makes verification intractable even for relatively small practical systems.
One way to avoid this exponential blowup of states is not to construct the global state
space at all, but rather to represent it in some economic form suitable for manipula-
tion. A breakthrough in the magnitude of the number of states that can be model
checked automatically in reasonable time was achieved through the introduction of
symbolic model checking [McM92], where the global state graph is represented as a
Binary Decision Diagram [Bry86]. This technique, however, has proven successful in
hardware verification mainly, due to the higher architectural regularity of hardware
systems compared with software systems.

Since the only operator of CCS causing state explosion is parallel composition,
reducing a goal of type P|Q F @ to sub-goals P F ®; and @ F ®; would essentially
solve the problem, provided of course that the size of these formulae is comparable.
Unfortunately, and not incidentally, it is exactly the parallel composition operator of

CCS which is quite difficult to be treated in such a purely compositional way. The
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core of the problem is that finding algorithmically appropriate formulae ®; and @, in
the above sequents is, in the worst case, as expensive a problem as checking the global
state space. In practice, however, they can often be guessed if one understands the
system well. The following approach, suggested by Stirling [Sti87], seems particularly
attractive: a separate proof system is introduced for proving sequents of the form
®,, P, - & meaning that any two processes satisfying ®; and @5, when put in parallel,
satisfy ® as a composite process. We can then reduce P|Q) F ® to proving P + &,
and Q F &, and ®,, P, - & for suitable formulae ®; and ®,. The state explosion
problem can thus be avoided, or to be more precise, be converted into the problem
of finding the local properties of the components yielding the corresponding global
property of the whole system.

We are now ready to present the difficulties arising in the presence of value passing,

and our approach to verifying communicating systems with value passing.
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Chapter 3

Verification of Value Passing CCS
Processes

In this chapter we address the problem of extending the techniques presented in
the previous chapter to the case when processes are capable of communicating and
storing values, and making decisions as to how to continue based on these values.
As a process description language we assume the value passing extension of the CCS
presented earlier.

Value passing can significantly influence the behaviour of a system. For example,

consider the teller machine process defined in the previous chapter:

Teller(balance) = Deposit(balance) + Withdrawal(balance)
Deposit(balance) 2 deposit(amount).Teller(balance + amount)
Withdrawal(balance) 2 Samount

if 0 < amount < balance
then withdraw(amount).Teller(balance — amount)

If we assume the domain of values to be the set of integers, then it is a property
of this system that it cannot participate in an infinite sequence of withdrawals. If we
abstract from the values, however, we obtain the following value-free version of the

S5a1mne process:

Teller 2 deposit. Teller + withdraw.Teller



CHAPTER 3. VERIFICATION OF VALUE PASSING CCS PROCESSES 34

which no longer has the above property.
In this example the property did not explicitly mention any values. However, this
is usually not the case when specifying value passing processes. Consider for example

the following process modelling a memory cell [Dam93]:
Mem(x) 2 out(x).Mem(x) +in(y).Mem(y)

It has the property that the value being read out is always the last value which has
been written. This is a property which cannot be described in the propositional
Modal p-Calculus.

These considerations motivated our search for a suitable extension of the Modal
p-Calculus for specification, and a compositional proof system for verification of com-

municating systems described in the Value Passing CCS.

3.1 A p-Calculus for Value Passing Processes

In searching for a suitable extension of the Modal p-Calculus to handle values it seems
to us a natural approach first to augment HML with values, and then to add fixpoint
formulae.

The definition of the memory process given above describes in fact a whole fam-
ily of processes. For example, it specifies process Mem(3) as oul(3).Mem(3) +
in(y).Mem(y). Process Mem(3) has the property that it can put out 3, but it cannot
put out 4. In HML this property is formalisable as:

® = (oul(3))tt A [oul(4)]ff

In fact, Mem(3) cannot put out any value different from 3. This property, however,

cannot be expressed in HML unless we add quantifiers to the language. Using value
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variables and quantifiers, it is expressible as:

o5 2 Vy. oul(y)]y = 3

i.e., if y is an arbitrary value in the value domain, and if y can be put out, then y
equals 3.

Consider now the following simple process:
P(x) 2 oul(x).P(z + 1)

P(1) is capable of putting out successively all natural numbers. Expressing this prop-
erty requires fixpoint formulae to be used. We introduce fixpoints again by considering
modal equations. Let Z range now not just over propositions, but also over predicates
over the value domain. Then the above property would be the Z(1) element of the

greatest solution to the following system of modal equations:
Vo (Z(x) = (out(x)) Z(x+ 1))

We would like, however, to express this as a single equation having just Z on the
left-hand side. To achieve this, we use the well-known lambda notation, i.e., we add

lambda abstraction and application to our logic. The equation can then be written as:
Z = . (out(z)) Z(x + 1)
The greatest solution to this equation is denoted vZ.Az. (out(z)) Z(x + 1), and the

property of being able to put out successively all natural numbers becomes formalis-

able as:
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O 2 (vZe. (oul(2)) Z(x +1))(1)

In other words, the greatest shift in thinking implied by these considerations is that
we have fixpoint predicates instead of fixpoint formulae. It is now predicates that have
fixpoint approximants, and these approximants are predicates of the same arity. For
example, the 0-th approximant of the above predicate II 2 L Z. (out(z)) Z(x + 1)
is not tt but the one-argument predicate Ax.tt. The first few approximants are (after

simplification using (-reduction):

IM° = Mz.tt
' = Aa. (out(x)) tt

I1* = Aa. (out(z)) (oul(z + 1)) tt

II° = \z. (out(x)) (out(z + 1)) (out(x + 2)) tt

When applied to 1, these approximants yield:

(1) = tt

(1) = (oul(1)) tt

I1(1) = (oul(1)) {oul(2)) tt

(1) = (oull(1)) (oul(2)) (oul(3)) tt

which justifies our claim that & = II(1) formalises the property of being able to put
out successively all natural numbers.
As another example, the property of the teller-machine process of not being able

to offer infinitely many successive withdrawals can be formalised as:

uZ.Namount. [withdraw(amount)] 7
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After this intuitive introduction we are ready to present the syntax and semantics
of the resulting logic. We again assume a set A of names, ranged over by a, each
name having a non-negative arity. £ denotes the set AU A of labels, ranged over
by [, and @ 2 4. We also assume a set D of values, value expressions e and Boolean
expressions b built from value variables x,y, z,... (possibly indexed), value constants
d and arbitrary operator symbols defined in the domain. Vectors € of expressions or

¥ of values are used where the arity is not important.

3.1.1 Syntax

In the syntax of formulae we distinguish the following syntactic categories: Boolean
expressions b, value expressions ¢, action expressions 7, predicates I, and formulae
®. The syntax for Boolean and value expressions is left open.

The formulae of the logic are defined inductively as follows:

Boolean expressions b are formulae;
o if ® and V¥ are formulae, then so are ® V ¥ and & A U;

e if ¢ is a formula and 7 is an action expression of the form «a(€), @(€), or 7, then

(m) ® and [7] ¢ are formulae;
o if ¢ is a formula, and z is a value variable, then dz.® and Vx.® are formulae;
e zero-ary predicates are formulae;

o if II is a predicate, and € is a value expression of the same arity, then II€ is a

formula.
where predicates and their arity are defined by:

e predicate variables Z are predicates of no specific arity;

e formulae are zero-ary predicates;
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o if ® is a formula, and ¥ are value variables, then AZ.® is a predicate of arity

the length of ¥;

o if IT is a predicate, and Z is a predicate variable, then pZ.Il and vZ.II are

predicates of the same arity as 1I.

To illustrate these rules, we show that (vZ. A x. (out(x)) Z(x+ 1))(1) is a formula.
Since Z is a predicate of no fixed arity, Z(z +1) is a formula. Then (out(z)) Z(z +1)
is also a formula, and Az. {out(z)) Z(x + 1) is consequently a one-argument predi-
cate, and so is vZ.Ax. (out(x)) Z(x 4+ 1). Therefore (vZ.Ax. (out(x)) Z(x +1))(1) is a
formula.

We identify zero-argument predicates with formulae. Note that if we deal with
0-ary syntactic categories only, the above syntax coincides with the one of the propo-
sitional Modal p-Calculus.

The notions of free and bound variables are defined as usual. We also assume the

usual notion ®[€/Z] of capture-avoiding substitution.

3.1.2 Semantics

The semantics of formulae is given, as in the propositional case, by their denotation
relative to transition closed LTS with labels being either 7 or of the form l(af), where
l€Landde 5, and relative to a valuation ¥V, which has to provide values not only
for predicate variables, but also for value variables. So, the models M which provide
interpretations for our formulae are pairs (7,V), where T is a transition closed LTS,
and V is a valuation.

Given a model M, the semantics of a formula ® is defined inductively by the
denotation ||®||,, of ® w.r.t. M, i.e. by the set of states in S satisfying ®. We write

H@Hg for ||®|| ,, and often omit the superscript when understood from the context.

The denotation of the different syntactic categories is of the following type:
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6]l € {tt, ff}
Il € D,

7l € Act,

|®]|, € S, and
Tl : D = o(S).

We assume that closed Boolean expressions b have a fixed truth value [b] € {tt,ff},
and closed value expressions e have a fixed value [e¢] € D. The notation b[V] and
e[V] denotes the expressions obtained from b and e by substituting all free variable
occurrences according to V.

Let €5, £ etc. range over the set [5 — (9)] of mappings from D to subsets of
S, and let £; stand for Eﬁ(cf). We define the partial ordering C on [5 — p(9)] by

>

E5C &5 =Vde D.&;C &

Let £ C [D — o(5)] . We define:

UE = M. Ug,er &
|_|E é )\Ci ﬂgD'eE gd_‘

The denotation of formulae ® of the logic is defined inductively as shown in Fig-
ure 3.1.

The domain of predicates of a certain arity, together with C, forms a complete
lattice. Consequently, by referring to Tarski’s fixpoint theorem [Tar55], the seman-
tics of fixpoint formulae can indeed be given by the corresponding fixpoints on the
predicate transformers AEs. HHHV[%/Z].

The denotation of closed formulae does not depend on valuations; we can hence

write ||®] instead of HCI)HV when @ is closed.
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e, £ [evn lzll, 2

V(Z)

la(@)lly, = a(lely) @@, = allél,) lrll, = 7

T S At [o[V]] = tt
4 {} otherwise

A A
H‘I)l/\%HX = [[@ally 0 [[ D]l H‘I)l\/q)zHX = [[®ally U [Pl
[7] @[, N =[] N2y [(m) @], N {1 NPy
[Va. @, = dQDHq)HV[d/x] [Fz. @, = ngH(I)HV[d/x]

o A . . A7
ey, = [y [lélly [AZ.®[[, = Ad[[®]ly74
A A

|vZ.11|,, = Vgﬁ-HHHV[sﬁ/Z] |2 10}, = /v‘gﬁ-HHHV[sﬁ/Z]

Figure 3.1: Denotation of formulae.
3.2 A Compositional Proof System

In this section we present a compositional proof system for sequential value passing
CCS processes. To simplify the analysis of soundness and completeness, we shall not
treat here the CCS operators of renaming and restriction. Our main interest is in
value passing, but these two operators do not affect the values being communicated.?,
and their treatment is standard [ASW94, Bru93]

A main concern in designing the proof system has been to allow for proofs to be
conducted in a way which follows our intuition nicely. For this reason, we started
our investigation with designing intuitive pseudo-proofs for many communicating sys-
tems and their properties, we then selected from these a set of candidate proof rules,
and tried to justify them semantically. After several iterations we arrived at a set of
proof rules which we find intuitive, and for which we can prove that they are sound
and complete relative to external reasoning about the value domain. We also aimed
at keeping the rules as syntactic as possible, i.e., replacing semantic relationships
between objects in sequents with syntactically checkable ones wherever this was pos-

sible. In our opinion, this simplifies the verification process since it minimises the

1Only the channel names are renamed or restricted.
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cases in which a proof assistant would request help from an external tool handling

the reasoning about the values.

3.2.1 Sequents

Following [HL95], the judgements, or sequents, of the proof system are of the form
b E : & wherebis a Boolean expression, called assumption, F is a value passing
CCS term, and @ is a formula in our extension of the Modal p-Calculus. The intended
semantic counterpart b | F : ® of such judgments is: whenever b holds, then F
satisfies ®. Consider for example the teller machine process described in the previous

chapter. The judgement
amount < balance |= Teller(balance) : <withdraw(am0unt)>tt

means that if some amount is not greater than the current balance of the teller
machine, then this amount can be withdrawn. We find judgements of this type very
intuitive. The Boolean conditions in sequents are needed to handle the Boolean
conditions that might occur in CCS expressions. Note that in the above example
we have an open Boolean condition, process term, and formula, but we somehow
assumed that variables occurring in different parts of a sequent denote the same
value. To capture this intuition formally, we have to refer again to valuations V. We
have also to give meaning to open process terms relative to a valuation. We hence
define the denotation ||E||,, of an agent expression I relative to a valuation V as the
process which is obtained from F by substituting all free variables in £ according to
V,ie.,
I1E]l, £ EV]

and define the meaning of judgements by:

A

bEFE: @ foranyV, ||b]l, = tt implies ||E||,, € ||®],,
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3.2.2 Rules

The proof rules of our proof system can be grouped according to the parts of a
judgement on whose structure they depend. There are also some rules which do not
look into the structure of any of these parts; they are referred to as general rules.
All rules are given in Figure 3.2 and are presented, for convenience of application,
in a “goal-oriented” fashion, i.e., with the conclusion above the premises. Azioms
are presented as rules with an empty premise, denoted by a dot. The names of the
rules appear on the left-hand side of each rule, while side conditions appear on the
right-hand side.

We shall briefly discuss the rules and explain how they are to be applied. Several
small but instructive example proofs are given in the next section.

The first group of rules are the rules that look into the structure of the process
term only. We call these rules process rules, or E-rules. The first rule allows the
guarding condition of a process to be ignored if it is implied by the assumption of
the sequent. The notation b = b means that b implies &’ under all valuations. The
second process rule deals with process constants by substituting them according to
their definitions. Note that the substitution of expressions for variables might have
to perform renaming of some variables to avoid variable capture.

The second group of inference rules are the so called logic rules, or ®-rules, which
look only into the structure of the formula. The rules for dealing with conjunctions
and disjunctions are standard; the only peculiarity compared with applying these rules
in the propositional case is that in the presence of values each application of the rules
for disjunction will generally have to be preceded by an application of the cut-rule
given below. Universal quantifiers can be eliminated due to the adopted semantics of
sequents where free variables are implicitly universally quantified, but the quantifier

variable has to be renamed if it occurs free somewhere in the sequent. Existential
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Figure 3.2: Proof Rules.
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quantifiers can also be eliminated, but the quantifier variable has to be substituted
with a suitable expression. The validity of a sequent having a Boolean expression as
formula obviously depends only on the assumption. Hence, the rule for dealing with
such sequents does not generate sub-goals, i.e., it is an axiom rule. Lambda expres-
sions are naturally dealt with using (-reduction. So, the only logic rules requiring
special attention are the fixpoint rules; we therefore defer their consideration.

The only case where we cannot reduce a sequent without looking into the structure
of the process is when the formula is of the form [7] ® or (7) ®, since the semantics
of these modalities concerns the immediate next-step behaviour of processes. For
treating this case there is a group of rules, usually referred to as dynamic rules, or
E®-rules. The “nil” process 0 has no derivatives, and therefore possesses vacuously all
“box” properties. This explains the simplicity of the first rule which is an axiom. A
similar case is when the process starts with a prefix action 7 which is not compatible
with the action 7’ of a leading “box” modality, denoted 7 ¢ 7', i.e., when either
exactly one of them is 7, or otherwise if 7 = [(€) and 7’ = I'(€"), then [ # I". The
T-rules are obvious. So are the other rules for treating prefices; the difference between
treating input and output actions is only due to the adopted convention that input
actions have binding power while output actions have not. It should only be noted,
that applications of rule E®(@,()) have usually to be preceded by an application
of rule G(=), given below, to unify the two value expressions. The binary choice
operator on processes is handled similarly to disjunction in the logic rules, if the
formula is of type (7)®, and similarly to conjunction otherwise, which is a simple
consequence of their semantics. A similar correspondence exists between the rules for
infinite summation on one hand, and the logical quantifier rules on the other. The
last dynamic rule is for dealing with processes having guarding conditions. Note that
there is no dynamic rule for such processes for formulae of type (m) ® - this case is
covered by rule E(if) discussed above.

The fourth and last group of rules are the so-called general rules for dealing with
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value expressions and assumptions. The first rule allows vacuously true sequents,
i.e., sequents based on a false assumption, to be discharged. The second rule allows
expressions to be "moved” to the assumption, and plays an important réle in our proof
of completeness. The third rule is a "cut” rule. The last general rule is for unifying
expressions occurring in different parts of a sequent. Its side condition requires £ to
be identical to £ up to equivalence of terms under b, and the same for ® and ®’. For
example, F(z?) =,-; E(x) holds since z? and z are equal when z = 1.

The greatest difficulty in designing such a proof system is presented by the treat-
ment of fixpoint formulae. For this reason we present our approach in detail, starting
with intuitive considerations. To allow for a simpler treatment of fix-point formulae,
we impose the restriction on the syntax of formulae that all fix-point sub-predicates
of the root formula be closed. Note that all rules preserve this property. This restric-
tion does not affect the expressive power of the logic, since every formula containing
fix-point sub-predicates with free object variables can easily be converted into an
equivalent formula in which all fix-point sub-predicates are closed. For example,
oZ.(a(x)) 7 is equivalent to (o Z.Ax. (a(x)) Z(x))(x). We begin with the easier case

of treating greatest fixpoints.

3.2.3 Greatest Fixpoints

Consider a parametrised process capable of putting out infinitely many successive

numbers:

P(x) 2 oul(z).P(x + 1)
2 vZ e (oul(x)) Z(z + 1)

and let us attempt to show that

Before focusing on the process term, we manipulate the formula using logic rules until
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a formula of the form [7]® or (7) ® is obtained. We start by unfolding the fixpoint

predicate:

F P(x) @ (Ax. (out(a)) I(xz + 1))(x)

and apply B-reduction to obtain:
F P(x) @ (out(x))I(z+1)
Now we unfold the process constant according to its definition:
Foout(z).P(x+1) : (oul(z)) (x4 1)
After applying the respective dynamic rule we obtain:
FPlx+1): M(z+1)

which is actually a partial case of the initial goal: this can be made explicit by

applying universal substitution (a derived rule presented below):

We have reached the same sequent from which we started, but implicitly we descended
the approximant hierarchy, thus allowing the sequent to be discharged successfully.

To avoid the necessity for using global proof rules, i.e., investigating the whole
proof tree, and to simplify the theoretical investigation of our proof system, we employ
Winskel’s approach of tagging greatest fixpoint formulae [Win91], and generalise it to
the case with value passing. The difficult question is what information to include in
these tags to allow loops in the proof to be detected, and what would be a suitable
semantics for tagged formulae.

Since in our case we unfold predicates rather than formulae, it is natural to assume
that it is the predicates that should be tagged. Hence, when unfolding a predicate
IT in a sequent b = FE : Ilé, the tag should "remember” all components of the

sequent except Il itself. Consequently, tags should be sets L of triples of the form



CHAPTER 3. VERIFICATION OF VALUE PASSING CCS PROCESSES 47

(b, E,€). This is as far as the syntax of tagged formulae is concerned. Finding a
suitable semantics is far more complicated. Winskel suggested tags to be understood
as hypotheses. Following his idea, we interpret tags as predicates: triples (b, I, €) are
interpreted as predicates, and tags, being sets of such triples, are interpreted as the
disjunction of these predicates. Intuitively, the meaning of a triple (b, E, €) should be
the least predicate II' for which b = E : II'é. A formal justification of this intuition is
given in the next chapter; here we only give the definitions. With a triple [ = (b, E, €)

we associate the indexed set Eg of processes defined by:
A — o —
S5 2 AP | IV.(blly =t A BN, = P A [l = &)

The semantics of tagged predicates, both for greatest and least fixpoints, is de-

fined as follows:
A
|oZ{L} 1|y, = o&5. UL U HHHV[EB/Z]

where LI 2 Lier EB If L is empty, UL = Ad.{}, and hence o Z.1l = o Z{}.11.

We are now ready to explain the rules for handling greatest fixpoint formulae.
Axiom rule ®(20) allows a sequent to be successfully discharged if (b, F,€) € L,
which is abbreviated as Cy. Rule ®(v1) is for unfolding combined with tagging; its
side condition C,, however, is stronger than simply requiring (b, F, €) € L. As justified
by our analysis of completeness in the next chapter, we require that [ ¢ [2, where
[ and L are the value-free versions of (b, E,€) and L. This does not decrease the
inferential power of the system, but prevents fixpoint formulae from being unfolded

unnecessarily.
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3.2.4 Least Fixpoints

The treatment of least fixpoint formulae is more complicated. Consider the following

process which is capable of putting out only finite-length sequences of numbers:

P(x) £ if 2 > 0 then oul(z).P(z — 1)
O 2z N [oul(z)) Z
and let us attempt to infer the following goal
FPz): @

Unfolding ® yields
F P(x) : Ya.[out(x)] ®

We can eliminate the universal quantifier by introducing the fresh variable y, thus
obtaining

- Ple) : [oul(y)] @

Unfolding P(x) according to its definition yields
F if 2 > 0 then out(z).P(z — 1) : [oul(y)] ®
The guarding condition @ > 0 can be moved to the sequent assumptions
x>0 F out(z).P(x—1) : [oul(y)]®
and after applying the corresponding dynamic rule we arrive at
(x>0)A(e=y) F Pla—1): ®
which can be further simplified to

t>0F Pla—1): @
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This is the crucial point in the example, where one would expect to be able to resolve
this goal, since further unfolding is obviously redundant. The following inductive
argument seems to suggest that we can discharge the goal successfully. Substitute
any value d of the value domain for x in the goal sequent. One could repeat the
above derivation sequence for d. This means, that d >0 = P(d —1) : & implies
E P(d) : ®. Note that if d < 0 the former sequent can be discharged using axiom
rule G(ff). So, | P(d) : ® holds for all non-positive values d, and it holds for all
other values d if it holds for d — 1. By induction, therefore, = P(d) : ® holds for all
values d, and hence = P(x) : ®. This inductive argument, however, is not really
present in the above derivation sequence: the semantics of sequents we have chosen
does not support such “pointwise” reasoning, i.e., inference for every particular value
of the domain. The desired effect can be achieved if one substitutes the symbol ¢ for
x in the above derivation, ¢ being interpreted as some arbitrary constant of the value
domain.

We employ an idea by H.Andersen [And93] to use tagging for inductive reasoning.
The rationale behind it is that, with the semantics of tagged predicates chosen, tags
can be interpreted as being assumptions (hypotheses) and can hence be used for
encoding of the induction hypothesis of an inductive argument. However, instead
of doing induction on sets of processes explicitly, as this was done in [And93], we
do this implicitly by using induction on the domain of values. In this way we avoid
the introduction of infinitary proof rules in our proof system. One has, however, to
introduce into the language a new syntactic category, namely constants. These are to
be treated as constants from the domain of values. In this way we obtain an implicit
second level of universal quantification which is necessary to conduct an inductive
pointwise argument over the domain of values.

We are ready to explain the side condition C, for applying rule ®(u1). First, as
in ®(v1), we require [ ¢ L. And second, there have to exist variables 7 (which may

be termed induction variables) occurring free in b, E, or €, fresh arbitrary constants



CHAPTER 3. VERIFICATION OF VALUE PASSING CCS PROCESSES 50

¢, and fresh variables 7', so that & = b[¢/¥], F' = FE[¢/¥], and € = €[c/Z], and
the new triple [ inserted in the tag is (b"[¢/Z], E[2'/Z], €]Z"/Z]), for some b” implying
b[# /] under all valuations and inducing a well-founded relation < on D defined by
d<d= b//[J/f,J;/f/]. Well-foundedness means that < has no infinite decreasing
chains.

The formulation of the rule is rather complicated, but the idea behind it is not.
The variables @, called the primed version of Z, can be understood as capturing the
"new values” of ¥ after unfolding a least fixpoint, and the arbitrary constants ¢ are
intended to "store” the old values. In the tag we encode the induction hypothesis
that the sequent is valid for all values less than ¢ w.r.t. <. Reducing the validity of a
sequent for any fixed values of its variables to the validity of the same sequent but for
smaller values w.r.t. some well-founded relation establishes, by Noetherian induction,
the general validity of this sequent. The main difficulty in applying the rule is finding
a suitable triple [ for which one expects to be able to reach the corresponding sequent
allowing the axiom rule ®(10) to be applied. The use of the rule is exemplified in the
next section.

Note that rule ®(p1) can always be applied trivially by choosing & to be a null-ary
vector, and b” to be false; this is equivalent to simple unfolding without changing the

tag.

3.2.5 Extensions and Derived Rules

There are two main approaches to defining new operators in the process language:
by explicitly defining their transitional semantics by giving transitional rules, or by
defining them in terms of the already existing operators [Mil89]. While the first
approach is more flexible and more powerful in general, in the second case one can
derive proof rules for the new operators from the already existing rules. The same
can be said about defining new constructs in the logic.

A useful and common extension of the value passing CCS is the construction
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if bthen F; else F,. It can be defined in terms of if b then F as follows [Mil89]:

if b then F, else Iy if b then F;

e
4+ if -bthen Iy

Using rules E®(+1,()), E®(+,()), and E(if), we derive the rules E®(iftel, ()) and
Ed(ifter, ()), given in Figure 3.3. In the same way, using rules E®(+,[]) and E®(if, []),
rule E®(ifte,[]) is obtained.

b - if b’ then F; else By : (7)) ®

Ed(iftel b=1
(iftel, ()) bt FEy:(m® ~
. b - if b’ then F; else By : (7)) ®

E(ift b= b
(ifter, ()) bt FEy:(m® ~

b I if &/ then F; else £, : [n]®
bAY F Fy @ [r]®  bA-Y F By i [n]®

ble/Z] F E[e/Z] : ®[é]7]
b L : ®

Ed(ifte, [])

G(=) L% h o1 G(us)

Figure 3.3: Derived Rules.

We shall often use the widening rule G(=-), which can be derived from rule G(Cut)
by taking " to be false, and rule G(ff). The last rule, called universal substitution,
is also a widening rule since its conclusion is a specialisation of the premise due

to the adopted semantics of sequents where free variables are implicitly universally

quantified. It can be derived using G(Sub) and G(=).

3.3 Example Proofs

In this section we present some example proofs conducted in the proof system given
above. Let us outline the general proof scheme followed in these proofs. This scheme
is derived in a natural way from the analysis of completeness performed in the next

chapter, yielding what one might call canonical proofs.
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1. We apply logic rules until the formula becomes of the form [7] ® or (7) ®, or the
resulting sub-goal can be discharged with an axiom. The rules for disjunction
have usually to be preceded by a suitable application of the cut rule, while
the fixpoint rules might have to be preceded by applications of more than one

general rule.

2. Next, process and dynamic rules are applied until the process becomes of the
form m.F, or the resulting sub-goal can be discharged with an axiom. The rules
for binary choice have usually to be preceded by a suitable application of the

cut rule.

3. At this point, the process is of the form 7.F, and the formula is of the form
[1] ® or (m) ®. The corresponding dynamic rule is applied, and the first step is
re-entered. Rule E®(a@, ()) has usually to be preceded by a suitable application

of G(=) to unify the respective expressions.

Our first example is the memory-cell process described at the beginning of this

chapter [Dam93]:
Mem(x) 2 out(x).Mem(x) 4+ in(y).Mem(y)

It has the property that it cannot put out a value different from the value = currently
stored in it:

A

¢, = Vy. [oul(y)]y =2
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We can prove that Mem(x) satisfies @, as follows, proofs being presented as goal-
directed tableaux:

F Mem(x) : Vy. [W(
F Mem(z) : [W(y) B(A)
F out(x).Mem(z) + in(y).Mem(y) : [O_(y)] y==

F out(z).Mem(z) : [out(y)]y == B (@, [])
t=yF Mem(z) : y=ux ’

—|
~—

o(b)

The proof follows “blindly” the above outlined steps. The only place where external
reasoning about values is required is the application of rule ®(b). The application is
justified on the account that x = y implies y = .

As an example for handling greatest fixpoints, consider process P defined as fol-

lows:
P 2 Q)
Q(z) = R(z,x+1)
R(z.y) & oul(z+2,y+3).R(z+1,y+2)

This process is capable of engaging in the infinite sequence of interactions

out(2,4) out(3,6) out(4,8)
So —= S1 —=+ 52

i.e., of putting out all consecutive pairs (z,2x) starting with @ = 2. This property

can be described as I1(2) where:

vZ A x. (oul(x,2z)) Z(xz + 1)
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The proof could be conducted as follows:

BLERRON
- Q) e "
F R(0,041) : II(2)
F R(0,2x 0+ 1) : 1(0+2)
F R(x,2¢4+1) : TI(z+2)
Rz, 2z + 1) : (Az. (oul(x,2x >H(g:—|—1 (x +2) N
F Rz, 22+ 1) : (oul(x +2,2(x+2))) ' ((x +2) + 1 (8)
; (A

)
Foout(z +2, (20 + 1)+ 3).R(x +1,2e + 1) +2) : (oul x—|—22x—|—2))> (z+2)+1) g(z))

Foout(x + 2,20 +4).R(x+ 1,22+ 3) : < ut(x + 2, 2x+4)> (z+3) (T, ()
F R(z+1,22+3) : I'(z + 3) G(=) ’
FRE+L2@+1)+1) : T((z+1)+2) G(GS)

F R(z,2x+1) : I'(z +2) B(w0)
where TI! 2 vZ{l}. e (out(x,2x)) Z(x + 1) with [ 2 (e, R(z,22 + 1),2 + 2). It is
worth noticing the way in which rule G(US) is used in combination with rule G(=):
in the first case as a widening, allowing the proof to be completed with just one
unfolding of the v-formula, and in the second, to allow for rule ®(0) to be applied.

Here is an example for using the least fixpoint rules. Consider process P defined

by:

P
Q(x)

in(x).Q(x)
if © > 0 then oul(z).Q(z — 1)

e e

and its property (for any integer x) of not being able to engage in an infinite sequence

of the form

formalisable as:

® 2 Ve [in(2)] ()
2 pZ e [out(z)] Z(z — 1)
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The proof goes as follows:

- Qy) : 1y
- QW) O (@I~ D)) g
F Qe) : [out(c)]1I°(c — 1)

F if ¢ > 0 then out(c).Q(c— 1) : [out(c)]
c>0F out(e).Q(c—1) : [out(c)]II°(c — 1)
c=c¢) F Qlc—1) : II°(c—

c>0F Qc—1) : I°(c—1)

= QU] g

where T1¢ £ pZ{l e Jout(x)] Z(x — 1) with [, 2 ((c>0)A(y =c—1),Q),¥).
Rule ®(p1) has been applied with y, ¢, and (y > 0) A (y <y —1) for Z, ¢, and " in
the description of condition C,, respectively. The binary relation < on D defined by
y <y 2 ¥ is well-founded.

Our last example is a simple communication protocol composed of a sender and
a receiver. As a system, the protocol behaves as a one-element buffer, i.e., it can
repeatedly input a natural number and afterwards output the same number. The
sender accepts a number n, engages afterwards in n consecutive tick communications
with the receiver, informs the receiver through a last action about the last tick, waits
for an acknowledgement ack from the receiver that n has been read out, and finally

enters the initial state:

Sender
Sender'(x)

in(x).Sender'(x)
if >0 then H.Sender’(m - 1)
else last.ack.Sender

Il [

The receiver repeatedly accepts tick actions, incrementing a counter, until a last ac-
tion is accepted, then the value of the counter is put out, and an acknowledgement

is given to the sender:
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Receiver Receiver'(0)
tick. Receiver!(x + 1)

+ last.out(x) .ack. Receiver

I>=ine

Recewver'(x)

The protocol hides the internal communication between sender and receiver:
Protocol £ (Sender|Receiver)\{tick,last, ack}

Many character-oriented communication protocols exchange data packets character-
by-character at the physical layer, and this behaviour is only slightly more complex
then the behaviour of Protocol.

We first show that Protocol can repeatedly input a natural number n and engage
afterwards in exactly n tick actions, followed by ack (here Iy should be understood
as a formula scheme):

o =2
Iy

vZNx. (in(x)) lz(x)
S WY ((y >0 A (fick) Yy —1)) v (y=0 A (last) (ack) ©))

Here is a proof tableau:

F Sender : vZNzx. (in(x
F Sender : Va. (in(z)) llg: () o
F Sender : (in(z))Ile(z) E(é)
Foin(z).Sender’(z) @ (in(z)) e () . _a
F Sender'(z) : llg(2)
- Sender'(c) « Ow.((y> 0 A (Tick) g, (y — 1) V (y=0 A (Tast ) (ack) 9')))(c)
F Sender'(c) : (¢>0 A <ﬂ> Hg (c—1)) V (¢=0 A <w> (ack) ®')

1 @)

P (pl)
)
G(Cut)
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where sub-tableau (1) is:

¢>0F Sender'(c) : (e>0 A <M> I (e—=1)) V (e=0 A <@> (ack) @)
¢>0F Sender'(c) : ¢>0 A <M> g, (e — 1)
¢>0F Sender'(c) : ¢>0 ¢>0 F Sender'(c) : <M> g, (e — 1)
ife>0 thenick'.Sender’(c -1)
else last.ack.Sender

c>0F M.Sender’(c -1) : <M> Mg (e — 1)

o(V1)
®(A)

c>0F : <W>H%,(c—1)

p e E®(a, ()
¢>0F Sender'(c—1) : T (c—1) G (Sub)
(e>0)A (¢ =c—1) F Sender' (") : T (2') B(40)
and sub-tableau (2) is:
c=0F Sender'(¢) : (¢>0 A <m>ﬂf{>,(c— 1)) V(e=0A <@> (ack) D) oV
c=0F Sender'(c) : c=0 A <@> (ack) D' 51)(7;\))

¢c=0F Sender'(c) : ¢e=0 c=0 F Sender'(e) : <@> (ack) D'
if ¢ >0 thentick.Sender'(c—1)  — ,
else last.ack.Sender ’ <la5t> {ack) @

c=0 F last.ack.Sender : <@> (ack) D'

c=0+F

— : p E®(@,())
¢ =0 F ack.Sender : {ack)®
— — E®(a, ())
¢c=0F Sender : ®
G(=)
F Sender : @
— ¢(v0)

where @' and 1§ are as ® and Ily, but the first being additionally tagged with
(¢, Sender, €), and the second with ((¢ > 0) A (¢’ = ¢ — 1), Sender’(2'),2"). Note how
rule G(Cut) has been applied in combination with rules ®(Vv/) and ®(Vvr) to allow the
proof to be completed.

Process Receiver has the property, that it can repeatedly accept tick actions,
thereby incrementing its counter (which is initialized to zero), until a last action is
accepted, after which the value of the counter is output, and an acknowledging ack

action is performed:
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We can show that Receiver satisfies ¢ as follows:

F Receiver @ vZ.114(0)
F Receiver : 1g/(0)
F Receiver’(0) : Ilg:(0)
F Receiver'(x) @ Hgi(x)

vl)

(US)

om e

F Receiver'(x) @ (Ax.({tick) Ug(z + 1) A {last) (out(x)) <G_E> ®'))(x) EE;?
F Receiver'(x) @ (tick) Up/(z + 1) A {last) (out(x)) <ack> @’ ()
(1) (2)
where sub-tableau (1) is:
Fk@ece;vez’(x) r)<tick> (2 + 1) F(2
tick.Sender'(x + 1 i ' N
+ last.out(z).ack. Receiver (tick) Iy (w + 1) E(+1, ())
F tick.Receiver(x + 1) + (tick) U/ (x4 1) Ed(a, () ’
F Receiver’(x 4+ 1) @ g (e +1) G(US) 7
F Receiver’(x) = Uy (x) (0)
and sub-tableau (2) is:
F Receiver'(z) : (last) (out(x)) <E> o’ E(é
tick.Sender'(x + 1) — —\ &
+ last.m(x)._ﬂ.]%eceiver (fast) {out(z)) <ack>q) B (+r, ()
F last.out(z).ack.Receiver : (last) (oul(z)) <ack> o’ o (a <>)7
+ m(:p).@ﬁ’eceiver : <@x)> <E> o’ Ro(@, () ’
F ack.Recerver <ack> o’ o7, ()) 7

where @ and IIy, are like ® and Ily, but the first being additionally tagged by
(¢, Receiver, €), and the second by (e, Receiver’(x), x).

Showing that Protocol behaves as expected, i.e., proving

F Protocol : vZNxz. (in(z)) (out(x)) Z
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can be reduced, using compositional reasoning, to the local properties of Sender and
Recerver we just verified. We address this problem in Chapter 5.
The examples considered in this section give an insight into how the proof system

is to be used, and to what extent proofs can be guided and assisted by a machine.
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Chapter 4

Correctness of the Proof System

In this chapter we investigate the correctness of the proof system presented in the
previous chapter, namely whether it is sound and complete. As explained earlier,
soundness means that every sequent derivable in the proof system is valid. A proof
system which is not sound is hardly of any use for verification. Since all proof rules
in our system are local, proving soundness can be reduced to proving the individual
soundness of each rule, i.e., showing that axioms are valid and that all other rules
preserve validity. Completeness means the reverse, namely that all valid sequents
are derivable. Together, the two properties imply that the valid sequents are exactly
the ones derivable in the proof system. Proving completeness is usually far more
complicated a task than proving soundness. The approach taken here is standard:
we show completeness by showing that every valid sequent can be reduced to valid

sequents which are in some sense simpler.

4.1 Soundness
In our proof of soundness we refer to the following results.
Property 4.1 For any B, I/, € and indexed set Eg the following holds:

B,E,é _
ST g5 = W(IBlly =t — |IE|y € §ay,)
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—

Lemma 4.2 (Reduction lemma) For any monotone f : [D — o(S)] = [D —

o(5)] and any Ug : D — o(9) :

UsEvf = Us C f(vEs.(Up U f(Ep)))

Proof. Our proof is based on the following two relationships:

(1) UpU f(wEs.(UpU [(Ep))) = vEp.(Up U f(Ep)) {fix-point property}
(2) vf C vEs.(UsU f(E5)) {easy to show}

() Follows immediately from (2) and monotonicity of f.

(¢=) Let Up C f(v€5.(UpUf(Ep))) - Then f(vEs.(UsUf(Ep))) = vEs.(UpUf(Ep))
because of (1), and hence v€5.(Us U f(€5)) is a fix-point of f and is thereby less
or equal to vf since the latter is the greatest fix-point of f. It follows by (2), that
vf = v€s.(Us U f(E5)) and consequently:

Up E fw&p(Up U f(€p)) = vEp-(Up U [(Ep)) = vf
which completes the proof. O

Corollary 4.3 The following equivalence holds for any predicate 11 and any valuation
V:
Ep C lwz{L}.1), = &5 CuLu|U[pZ{l, L}.1/Z]|,

Proof. The equivalence is established as follows:

€5 C [vz{L}.1],

= 5% C v€s.(UL U HHHV[%/Z]) {Def. tagged predicates}
_ al -

= 5% CuLuy HHHV[HUZ{I,L}.HHV/Z] {Def. tagged predicates}
= 5% C urL U ||\ pz{l, L} 11/ Z]||, {Prop. of substitution}
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Our system is sound, as the following theorem states.

Theorem 4.4 (Soundness) [f sequent B & FE : ® is derivable in the proof system,
then B = E : ® holds.

Proof. It is sufficient to show by case analysis that all rules are individually sound.
The result then follows by induction on the height of the derivation tree. We give

only the more interesting cases here.

Case E(if). Let the side condition b = &' hold. Then:

b=FE: 9O

vV.([olly = tt = [[E]l, < [|9]],) {Def. =}

Vbl =t — [Vl = teA Bl € |8]l,) {b= b )

YV.(||b]ly, = tt — [jif ¥’ then E||,, € ||®]|,,) {Def. transition rules}
b = ift/thenF : ¢ {Def. =}

Case E(é) Let the side condition A(Z) 2 [ hold. Then:

b E Elé/7] : @

W(blly = tt = (Bl € [@l,)  (Def. )

vV.(l|blly, = tt = E[[e[V]] /7] € ||®]],) {Def. denotation}
YV.([Iblly, = tt = A([EV]]) € |2]l,) {Def. transition rules}
YV.(lIblly, =t = [JA@)]], € |2]l)) {Def. denotation}

b E A : @ {Def. |}

Case ®(V). Let y be freshin b F E : Va.®. Then:

bE B oy
YV.([Iblly =t — [|E|ly € |®[y/2]]]y) {Def. =}
VV.(HbHV =tt — HEHV c H(I)HV[V(y)/x]) {Substitution}

vV.vde D.([olly, =ttt — |[E]l, € H(I)HV[d/x]) {y - fresh}
Y.([jblly, = tt = Vd e D.||E], € [|®]ly/,)) {Calculus}

Wby =it = By € 0 [Py {Coleulus]
= YV.(||blly, =tt = ||E], € |[Vz. D)) {Def. denotation}
= bEF V2o {Def. E}

Case ®(3).
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b E E : ®le/z]
Wby =t > By € [0le/all,)  {Def. |}
YV.(lIblly, =t = ||E]y € H(I)HV[HeHV/x]) {Substitution}

vYV.3de D.(|blly, = tt — [[E]ly, € |®[lyy,) {llelly € D}
YV.(|Iblly, =ttt — 3d e D.||E||, € HCI)HV[d/l,]) {Calculus}
Wby =t~ 1Bl € U @) {Caleuius)

YV.(lIblly =ttt = B, € ||Fz.@]|,) {Def. denotation}
b= E: Jdz.d {Def. E}

(TR TR

Case E®(T,()).

b=FE: 9O

vV.([olly = tt = [[E]l, < |2]],) {Del. =}

YV.(J[olly, =t — || E|l, € {7y [[®]ly) {Def. transition rules}
YV.(Jjolly =ttt — ||[7.E|ly, € [[(T) ®||,) {Def. denotation}
bl=r1E :(r)® {Def. E}

Case E®(a, ()).

b E Elé/7] : @
= WL(Jplly =t — [EFy € [],) [Det. |-}
= Wbl = tt = @]l € [ (a(@)lly @) {Def. transition rules}
= YV.(||blly =tt = |la(Z).E||,, € |[(a(€)) @||,) {Def. denotation}
= b al@).E : (a(€) {Def. =}
Case E®(a, []).

bA(e=€") = E : @
= WA @E= Ny =t = |Ely € [l) e 1)
= YV.(blly =ttAlle=¢", =ttt = [[E|, € ||®]y) {Def. denotation}
= Wbl =t — (7=, = tt — [Ely € [@],)) {Caleulus}
= VV (Jlolly = tt = (llelly = [l€”ll, = £l € [[@]ly))  {Def. denotation}
= Y(|Plly =ttt — [[a().Elly € |[ae)]lly [®]ly) {Del. transition rules}
= VV (JI6lly, = tt — |[a(e).El, € ||[a(e)] ®],) {Def. denotation}
= b E ).k : [aé))® {Def. =}

Case E®(X, ().
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b= E[E/7] : (n)®

= Wbl =t (B € 1l ol e 1)
= Wbl =t = IELIEy [7ly € Ny [],)) {Def. denotation)

— YV.(|Ib)ly, =ttt = |27 L]y € [[im]lv12]lv) {Def. transition rules}
= YV.(||bl]y, =ttt = |7 E||,, € ||{m) |, {Def. denotation}

= b YFE : (m)® {Def. =}

Case E®(X,[]).

b = Ely/a] : [r]®
vV.([lolly =t = [|E[g/ ]|y, € [|[x ]‘DHV) {Del. =}
vV.(llblly =t = £l /], € (7]l [[2ly) {Def. denotation}

EVVWEwawﬂyi\[guemwnmm»{gwmm
W (bl =t~ vde BB/, < il 19l,) {Caleutus)
&

[

= YV.(|blly =ttt = |27 E, € ||[7]]ly |2l,) {Def. transition rules}
= YV.(|bly, =ttt = |27 E, € ||[7] D[, {Def. denotation}
= bEXIE : [7]® {Def. =}
Case G(Sub).

ANi=¢) | E:® {Def. =}
= YW.(|bA(Z=¢€),=tt — ||E], € |®|,) {Def. denotation}
= YV.(bl, =tt A Hf =dl|, =tt — ||E]|, € [®],) {Def. denotation}
= W[l =eélly =tt = (o], =tt = [|E]], € H‘DH ) {Calculus}
= YV.(Ibllyge, s =t = [1Elvga,a € 1®lvyay,a) {7 - fresh}
= w.(ple/aly =t — (Bl € 10/ ly) {Substitution}
= [H/ 7l Ele/a] - ®le/7] {Def. =}

The soundness of ®(10) and ®(r1) can be established as follows (assuming v Z{L}.11

is closed):

b= FE : (vzZ{L}.Il)e

V.ol =ttt — |IE]l, € |[(vZ{L}.ID)ell,,) {Def. =}

V. (HbHv =tt — ||F|, € |lvZ{L}.10]| ||€]l,,) {Def. denotation}
VP C |vz{L}.n| {Property 4.1}
](%E 9C UL u|Opz{l, Ly.11/ 7)) {Corollary 4.3}

From this it follows that:
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(b,E,€) € L
— 5];;’”) C UL {Def. LIL}
bE.8) .
— &5 C UL u||Opz{l, L}.11/Z]|| {Monotonicity}
= b F: (wz{L}.1)e {Above equivalence}

i.e., that ®(r0) is sound. If C, holds, i.e., E ¢ L, then Eg)’E’éj NuL = )\cf{} follows
directly from the definitions, and hence:
b= F : (Upz{l,L}.11/Z))e

vV.([blly =t = (| Elly € [|(IrZ{l, L}.11/Z])ell,) - {Def. =}
YV.(lIblly, =t = |E||y, € ||H[vZ{l, L}.11/Z]]||€]],) {Def. denotation}

= 0PI Cnwz{l, L}.11/2))| {Property 4.1}

_ oBEd RN

= &j C UL u||Opz{l, L}.11/Z]| {E &L}

= b F: (wz{L}.1)e {Above equivalence}

i.e., ®(r1) is sound.

Case ®(u0) is similar to ®(10).

Case ®(ul) is the most involved one. The idea behind it, however, is rather
simple, and is based on the well-known principle of Noetherian induction. Assume
condition C, holds for some #, ¢, 7', and 4", and assume the notation chosen in the
explanation of the condition. One could consider the sequent b = E : (pZ{L}.I1)é
as a predicate ¢ on ¥, or more exactly, as VZ.¢(Z). Given a well-founded relation
< on 5, one could use Noetherian induction to establish VZ.p(Z) if one could show
that for arbitrary constants ¢, Vi’ < c.o(2') implies ¢(¢). This is exactly what
bV = B (H[pz{l, L}.11/Z])€’" amounts to, since the assumption Vi’ < ¢.p(Z’) is
encoded as a triple [ in the tag, and ¢(¢) corresponds to v/ = E' : (Il[uZ{L}.11/Z])é".

We now give a formal version of the proof. Let I’ denote (b, E, €).
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Vo= B (IM[pz{l, L}.11/Z))é’
WLy =t = 1By € [(Tuz{l, LYIZDEN],) {Def. =}
W6y =t = 1B € [Muz{L, LY.1/Z][ 1€7],)  {Def. denot.}

= ¢ Cuz{1, Ly.1/7)| {Prop. 4.1}
= vdeD. 5g[d/f]g\\H[MZ{J[J/a],L}.H/Z]\\) {Caleulus)
~ vieb. 5g[d7f]g\\MZ{J[J/a],L}.H\\) {Monoton.}
2 = (Gl Vd/a)

s vdeD. (55 C|jpz {1} — 4 H/,LZ{L}.HH) (5.1 [And93]}
~ vde D.(vd < d. (5g[d’/f] C H/,LZ{L}.HH) o

57 C Iz {Ly.1) {Cond. €,}
s vdeD. (gg[d/f] C H/,LZ{L}.HH) {Noeth. ind.}
= &L C ||uz{L}.11| j {Calculus}
= Wbl =t — [1E], € lnZ{L}10a,) {Prop. 4.1}
= b B (uZ{I}ID)E (Def. =1

This concludes the proof of soundness.

4.2 Completeness

In this section we investigate completeness of the proof system we propose. More
precisely, we establish the conditions under which completeness holds. Indeed, only
a relativised completeness result is obtainable, since in the general case of an infinite
domain of values and arbitrary languages for Boolean and value expressions there
cannot be a sound, and at the same time complete, proof system. We therefore
assume that all reasoning about the value domain is performed externally to our proof
system. But this is not the only restriction we shall impose. Instead of listing these
restrictions here at once, we shall explicate them one-by-one during our discussion,
and summarize them at the end of the section. Here it suffices to say that, since
we are not giving proof rules for parallel composition, restriction and relabelling, we
consider only CCS terms without these combinators.

Proving completeness of a proof system can in many cases be established using the
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following argument. First, one shows that for each valid sequent there is a rule, or a
set of rules, and a way of applying these “backwards”, so that the resulting sequents
are guaranteed to be valid as well. If one can prove that following the prescribed way
of applying the rules is guaranteed to terminate, then one has essentially established
completeness, since there is no way of terminating (under the above conditions) other
than by eliminating all sub-goals by applying axiom rules, i.e., by constructing a
proof. Note that it is only required that there be a way of applying the rules, and it
is not required that we know how to find it effectively.!

For some simple logics there are proof systems all proof rules of which have
premises which are in some sense simpler than the corresponding conclusions. For
example this is the case when the premises of each rule are strict sub-formulae of the
rule’s conclusion, or are formulae of a strictly smaller size. In this case all proof trees
are finite, and termination is guaranteed. In our proof system, however, this simple
argument is not applicable, since we have rules for unfolding process constants and
fixpoint formulae. This unfolding increases the size of the process, respectively the
formula. Nevertheless, a more complicated completeness argument along the same
lines can still be made even in this case.

In the following subsection we investigate the conditions under which for every
valid sequent there is an applicable proof rule or set of rules yielding valid sub-goals.
From this investigation we extract a schema for applying the proof rules, i.e., for
constructing what one might call canonical proofs. In the second subsection we inves-
tigate the conditions (i.e., restrictions) under which the construction is guaranteed to
terminate. The last subsection summarizes all these restrictions, yielding a relative

completeness result.

If the latter is the case (as it is in fact in many proof systems, but not in ours), then one has also
established semi-decidability, namely the existence of a procedure for proving valid sequents. For
the system to be decidable, the decision procedure has also to terminate (with a negative response)
when the initial sequent is not valid.
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4.2.1 Canonical Proofs

To show that for every valid sequent there is an applicable proof rule or set of rules
yielding valid sub-goals, we look one level into the structure of the process and the
formula in the sequent, and make sure that every possible case has been covered.
Naturally, the inference rules which are backward sound substantially simplify the
process of finding how canonical proofs should look. Most of our rules are indeed
backward sound, as can be seen from our proof of soundness where many of the
individual soundness proofs were established through sequences of equivalences. Here,
we present the remaining cases only.

Case (K, ®1V®;). Let b = E : &,V P, bevalid, ie.,b = £ : &V Py Let b and
b" be the weakest Boolean expressions expressible in the given language such that
b = E: ®yand b’ = F : ®,. It is natural to require, that the language for Boolean
expressions be complete, i.e., that every function of type D — {ff,tt} is expressible
in this language. In this case b = & V b” holds, and hence b = £ : &; V &, can be
reduced by applying G(Cut), ®(Vv[) and ®(Vr) to the valid sequents &' - F : ®; and
(74 o DR P

Case (F1 + Fa, (m) ®) is similar.

Case (£, Jz.®). Let b + FE : Jx.® be valid. It is also natural to require
that the language for value expressions be complete, i.e., that every function of type
D = D be expressible in this language. Then, there is an expression e yielding for
every valuation an “appropriate” value for the free occurrences of = in @, so that the
sequent b F E : ®[e/x] resulting from applying rule ®(3) is also valid.

Case (X7 E, () ®) is similar.

Case (if bthen E, (7) ®). We have:

b = ift/ then £ : (1)
VV.(llblly, = tt — ||if 6" then Ell), € [[(m)]ly, [|9]]))
zg-EHbHv =tt = [|P]l, =t A £y € [[imlly 12]))

(llolly =t = [|t]],, = tt) A VV.(Jplly, =t = [[Elly € [[(m)lly [[@fly)
b=0 ANb = FE: (m)®
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which implies that a valid sequent b F if ' then F : (7) ® is reducible, by applying
E(if), to the valid sequent b - E : (7) ®.

Case (a(€).E, (a(e')) ®). The reason why we have to consider this case is that

rule E®(@, ()) covers only the case when € = €. In the general case we have:

b = a(é).E : (a(é))®
VV.(l[e]ly = tt = [[a(e). £
VV.(l[elly = te = el = |
VV.([Ielly =t = [le]y, = |
=y’ ANbEE:®

v € lla(e”)) @ly)
FWVAHHREHWR)
(&

) A IV(lolly =t = By € [[2]ly)

which implies that a valid sequent b - @(€).E : (a(€’)) ® can be reduced, by applying
G(=) followed by E®(@, ()), to the valid sequent b - £ : ®.

Case (E, (vZ{L}.I1)€). This case has to be partitioned into two sub-cases*, namely
E ¢ L and E € L. The first case is handled by rule ®(v1), the backward soundness
of which is obvious from the proof of its soundness. The second case, however, is
not completely covered by rule ®(10), since its side condition Cy has the stronger re-
quirement that (b, £, €) € L. A certain discipline of applying rules ®(v1) and ®(v0)
is required to guarantee that the case Eelis reducible, by applying general rules
only, to the case (b, E,€) € L. Before proposing one such discipline, an important
note is due. So far, when saying that a sequent b = E : ® is valid, we meant that
b = E : ® holds. What is actually important, however, is that b = E : &
holds, where ®!/ is the tag-free version of ®, since tags are not part of the specifi-
cation language and are only introduced to facilitate the proofs. We call this latter
type of validity tf-validity. From the semantics of tags follows that tf-validity implies
validity. Since in our proofs we always start with tag-free formulae, and the way
we apply the proof rules outlined so far preserves not just validity, but tf-validity

as well, we have only to make sure that the rule G(Cut) and the derived rule G(=)

?Recall that the “hat” operator ~ abstracts from the values and the expressions forming and
using them, so the triples in tags are reduced to value-free processes.
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are used in a way that does not widen the assumption of a sequent “too much” to
lose tf-validity. After this note we can describe our discipline of using the greatest

fixpoint rules. Assume E ¢ L. Let & consist of all expressions occurring in ¥, and let
bt E(é) : (vzZ{L}.ll)e;

be tf-valid. We apply rule G(Sub) to put the process and the formula in a form easier
to be handled later:

We now use G(=) to perform the maximal possible widening still yielding a tf-valid

sequent; let the resulting assumption be denoted by:
by b E(Z) : (vZ{L}.ID)F,

and unfold the fixpoint predicate using rule ®(v1) with [ £ (by, E(}), T5):
by b E(Z) : (MpZ{l, L}.11/Z]),

Suppose that later in the construction of the proof we reach a tf-valid sub-goal of the

form:
bz F E(gg) . (I/Z{L/}H/)g4

where II" is as Il but possibly differing in the tag sets. Then it is guaranteed that
[ € L’ and consequently also E € I/ holds. We apply rule G(Sub) to obtain, possibly

after some renaming of variables, the tf-valid sequent:
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by AT = &) A (Ty= &) F E(T) : (wZ{L'}.I1),

We had a similar goal (up to Boolean expressions) above, and due to the maximal
widening performed there it is the case that by A (71 = €3) A (¥ = €4) = by . We can

hence apply rule G(=) to obtain:

by b B(Z) : (vZ{L'}.I1)7,

The triple (by, F(&1),#3) is already in L', and therefore the axiom rule ®(v0) is
applicable here, thus eliminating the sub-goal. The so presented discipline of using
the greatest fixpoint rules justifies their choice. As the example proofs in the previous
chapter suggest, in the above scheme, rules G(=) and G(US) can be used instead of

G(Sub) and G(=), respectively, giving the proofs a more syntactic flavour®.

Case (F, (uZ{L}.11)€). This case is treated similarly to the previous one, but

with some additional complications. Assume again E ¢ [2, and let

b B(@) : (uz{L}.1)E

be tf-valid. We apply rule G(Sub) to obtain:

bA(TL=E)A(Ta=&) F E(@) @ (uZ{L}.I1)Z,

and perform the maximal possible widening using G(=) still resulting in a tf-valid

sequent:

by b E(F) : (pZ{L}.I1)7,

31t is an interesting problem under what conditions this is always the case.
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We unfold the fixpoint predicate using ®(u1) as follows. We choose the variables in
#1 and &y as induction variables, and let 7} and &, be their primed versions. To define
a suitable " (according to the notation adopted in the description of the rules) we
first define the mapping ¢l : 51 X 52 — Ord so that Cl((fl,CZ;) 1s the least ordinal A
such that:

bildi/71, o)) | E(dy) (0 Z{L}.01Y)d;

i.e., ¢l gives the closure ordinal for the last sequent under a given valuation. This
mapping is well defined because of tf-validity of the sequent. Now, we construct 4"

as a Boolean expression containing the variables in ¥y, &5, 77, and 7, so that:
7 A e A e = — —
b = by[¥) )31, 7/ 7s) N (@, 7)) < (@1, 7s)

where < is the usual (well-founded!) ordering on ordinals. The conditions that b”
has to satisfy according to the description of rule ®(u1) follow immediately from the
construction. So, applying rule ®(u1) results in the tf-valid sequent:

b[@ /7,68 - B(@) : (MuZ{l, L}.11/Z))é

where the triple [ inserted in the tag is (b"[¢1 /%1, é2/ %3], E(Z), Z}). Suppose now that

later in the construction of the proof we reach a tf-valid sub-goal of the form:
by b E(és) @ (pZ{L'}.1")ey

where II" is as Il but possibly differing in the tag sets. Then it is guaranteed that
[ € L’ and consequently also E € I/ holds. We apply rule G(Sub) to obtain, possibly
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after some renaming of variables, the tf-valid:

by A =€) ATy = €y) B B(&) + (pZ{L'}I1),

Due to the maximal widening performed before, it is the case that:

by N (T = &) N (T = €4) = bi[T)/T1, T4/ 7]

holds here. Assume that after applying rule ®(p1) no strict widening was applied,
i.e., if some widening rule was applied, this was done in the most conservative (equiv-
alence preserving) way. Then, by going from the sequent at which ®(u1) was applied

to the last sequent, we descend the fixpoint approximation hierarchy, and therefore,

= =

cl(Z, &) < cl(ér, é2), implying:

bz A (1—/:/1 — _)3) A (1—;’/2 — 64) = b”[gl/fl,gg/fz]

holds here, and we can hence apply rule G(=) to the last sequent to obtain:

V'[ey[@1, 6a ) 3] B E(F) « (nZ{L'}.11)7,

But the triple (0"[¢1/%1, /%3], E(2)),7%) is already in L/, and therefore the axiom

rule ®(10) is applicable here, thus eliminating the sub-goal.

From the above considerations we can extract the following proof discipline, yield-

ing proofs that we can term canonical.* Starting from the goal sequent:

1. We apply logic rules until the formula becomes of the form [7] ® or (7) ®, or the

resulting sub-goal can be discharged with an axiom. The rules for disjunction

41t should be noted that canonical proofs are not necessarily the most economic ones.
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have possibly to be preceded by a suitable application of the cut rule, while
the fixpoint rules have possibly to be preceded by applications of general rules

according to the description given above.

2. Next, process and dynamic rules are applied until the process becomes of the
form m.F, or the resulting sub-goal can be discharged with an axiom. The rules
for binary choice have possibly to be preceded by a suitable application of the

cut rule.

3. At this point, the process is of the form 7.F, and the formula is of the form
[7'] ® or (n") ®. The corresponding dynamic rule is applied, and the first step is
re-entered. Rule E®(@, ()) has possibly to be preceded by a suitable application

of G(=) to unify the respective expressions.

Unfortunately we made in case (£ , (uZ{L}.l1)€) an assumption about widening,
which interferes with the fixpoint reasoning we suggest in the above proof discipline.
Hence we can only justify completeness for processes and formulae which do not
require widening to be applied before unfolding of fixpoint formulae between an ap-
plication of ®(x1) and the consequent application of ®(10). These cases are not easy
to characterise. We give here just one such case. Assume the process is finite-state
(this would usually be the case when the domain of values is finite). Then it is suf-
ficient to use ®(ul) for simple unfolding, i.e., without tagging [ASW94]. Induction
can still be applied, but it could be viewed merely as a means of making some proofs
shorter.

The completeness proof given in [And93] however suggests that with a more so-
phisticated, but far less intuitive, argument one could still prove completeness for the

general case. We leave this as a topic for future investigation.
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4.2.2 Termination

The proof discipline outlined in the preceding section has the property that it yields,
provided the goal sequent is valid, and provided that it terminates, a proof for the goal
sequent, i.e., a proof tree with the goal sequent as its root. The important question,
in view of achieving completeness, becomes: under what conditions is this discipline
guaranteed to terminate?

An important observation is that all rules other than rule E(if ), the fixpoint rules
and the general rules, reduce a sequent to new sequents with a strictly smaller size of
the process and/or the formula, while none of the two is increased. This is true for
any reasonable choice of the notion of size, assuming only that it ignores all Boolean
or value expressions and the tags (e.g. the number of logic combinator occurrences
in a formula gives such a measure). Termination of the proof discipline depends then
only on whether process constants and fixpoint formulae can be unfolded infinitely
many times.

To make sure that, when attempting to construct a canonical proof, we do not
stay forever in the second step of the proof discipline, two natural restrictions can be
made. First, we allow only finite sets of agent constants to be used when specifying
a system. And second, we demand that, in the right-hand side of defining equations,
agent constants appear only within the scope of some prefix operator. Expressions of
this sort are termed guarded [Mil89]. Under these restrictions it is obvious that any
sequence of applications of process and dynamic rules eventually leads to a sequent
with a process term which is a prefix, i.e., of the form =.F.

The above two restrictions have the additional effect that the space of value-free
abstractions E of agent expressions or sub-expressions F occurring in the specification
of a system is guaranteed to be finite. Such processes are usually referred to as
finite-control, or bound. An important consequence of this is that the tags are also
guaranteed to be of finite length, since we always start with empty tags and add a

triple to a tag only if its value-free abstraction is not already there, and there are only
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finitely many of these. Consequently, fixpoint formulae can only be unfolded finitely
many times!

As a result, under these restrictions the above described proof discipline is guar-
anteed to terminate whenever the goal sequent is valid, thus yielding a canonical

proof.

4.2.3 Completeness Conditions

The two preceding sub-sections give sufficient conditions under which there is a canon-
ical proof for every valid sequent. In other words, our proof system is guaranteed to
be complete if:

First, the languages for constructing value expressions e and Boolean expressions
b are complete, and the value domain is finite.

Second, the agent expressions in a system specification satisfy the following re-

strictions:

o agents are sequential, i.e., without concurrent composition;
o the set of agent constants used is finite;

o the defining agent expressions in agent constant definitions are guarded.
And third, the formula in the goal sequent are:

o tag-free;
e closed w.r.t. predicate variables;

e all its fixpoint sub-formulae are closed.

This concludes our analysis of correctness of the proof system proposed in the

preceding chapter.
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Chapter 5

Extensions

Motivated by the advantages the technique of tagging seems to offer in keeping fix-
point reasoning “local” (i.e., avoiding global rules), we investigate in this chapter
applications of this technique to other settings. The first section proposes a way
of tagging fixpoint formulae for a different kind of sequents and offers a semantics
for such formulae. Inference rules for handling fixpoint formulae are proposed and
shown sound. The second section considers the problem of “negative” tagging of least
fixpoint formulae, which is a technique for preventing proof trees from growing un-
boundedly, i.e., for ensuring termination of proof search. This idea has been explored
in [ASWO94] for sequents of type P = &, where P is a single process. We investigate
under what conditions this approach can be extended to sets of processes, which is

important when value passing or parallel composition is considered.

5.1 Compositionality

The proof system presented and analysed in the previous two chapters considers
sequential processes only. The reason for this is that parallel composition cannot be
treated “compositionally” in the same framework. Rather, one needs sequents of a
different type. One possibility for this is to use sequents of a more general type as
suggested by Dam [Dam95]. Another approach, advocated by Stirling [Sti87], is to

use another kind of sequents only for parallel composition. We explain and follow the
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latter approach below.
Stirling’s suggestion is to use a separate proof system for inferring sequents of the
shape
.U 0O

meaning that any two processes satisfying ® and W respectively, when composed in
parallel, yield a process satisfying ©. Then, proving P|Q) F O can be reduced to
proving P F ® and @) F W for some suitable formulae ® and ¥ for which we can

infer ®, ¥ F O. In other words, we introduce the rule

B() PIQ F ©
PFod oUFO QFW

to connect the proof systems for the two kinds of sequents. This treatment of parallel
composition is not a “truly” compositional one, in the sense that the new formulae
® and W are not necessarily subformulae of ©, and have usually to be guessed. On
the other hand, due to the complex nature of parallel composition, there seems to
be no such treatment, and the proposed way of dealing with parallel composition is
justifiable.

In [Sti87], proof rules are given for sequents of the new type, but only for formulae
in Hennessy-Milner Logic. It is a challenging problem to find rules for dealing with
fixpoint formulae. A proof system of this kind was proposed by Berezin in [Ber95],
but the treatment of fixpoint formulae proposed there was found not satisfactory. In
a later paper co-authored by the present author [BG97] we proposed the use of tags
much the same way as shown in the preceding chapter. We describe here only our
own contribution, namely the treatment of the fixpoint formulae.

Intuitively, formulae can be identified with their denotation, i.e., with sets of
processes, and for this setting the tagging approach has been used successfully. One
would expect the rules shown in Figure 5.1 to be justifiable, where L is a list of formula
pairs. The rules (pl0) and (ul1) have symmetric counterparts, not shown here for

brevity. We also omit the rules for unfolding least fixpoints on the right-hand side
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and for unfolding greatest fixpoints on the left-hand side of the turnstyle symbol;
these are simple unfoldings without tagging. It is an important question whether this
is sufficient to achieve completeness. Kozen’s proof system [Ko0z83] seems to indicate
that it is, but a rigorous proof is to be given elsewhere. Note also that to simplify
the account we consider just the propositional version of the Modal p-Calculus, but

the ideas presented here generalise easily to the logic presented in Chapter 3.

0 F vZ{L}.0
o, 0 - OpZ{(®,V),L}.0/Z]

. O, Z{I}.9 F O
(i1 O, U[Z{(®,0),L}.9/Z] - ©

O, uZ{L}.V + ©

(vrl) (®,¥) ¢ L

(¢,0)¢ L

W+ vZ{L}.0

(vr0) (®, W) e L (nl0) (9,0)€e L

Figure 5.1: Fixpoint Rules.

The task we are faced with is finding a suitable semantics for tagged formulae

which would justify the rules just presented.

Definition 5.1 Let P, P, Py, ... denote sets of CCS terms. We define the following
two operations on such sets:

PP, 2 {PIQ | (P,Q) € (P1xPy) U (PyxPy)}

P /Py 2 {P | VQ € Py PlIQ € PLAQ|P € Py}

In other words, these are a symmetric product and division operator on sets of pro-

cesses. These two operators are dual, as the following proposition shows.

Property 5.2 For any sets Py, Py and Ps of processes the following equivalence
holds:
PLCPa/Py = Pi|Pa CPs = Py C P/ Py
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Proof. We show the first equivalence; the second one is just a symmetric version.

P[Py € Ps
= {P|Q | (P,Q) € (P1xP2) U (PyxP1)} CPs {Definition 5.1}
= VP eP.VQ € Py PlQ € PsANQIP € Ps {Set theory}
= P CH{P | VQ P2 PIQ e PsANQ|P € Ps} {Set theory}
= P C P3Py {Definition 5.1}

O

Using this operators one can give a concise definition of validity of sequents of the

shape &, ¥ F O.

Definition 5.3 A sequent of the shape ®,V = O is termed valid, denoted @,V = O,
iff for all valuations V:
[y |l < 1Ol

We repeat here the Reduction Lemma, giving also its dual version for least fix-

points.

Lemma 5.4 (Reduction Lemma) Let f: S — S be a monotone mapping on the
complete lattice (S,C). Then for any U € S:

() U CoX.f(X) = UC fuX.UU f(X))

(i) U 3 pX.f(X) = U 3 f(uX.U N f(X))

We are now ready to give a meaning to tagged fixpoint formulae.

Definition 5.5 Let L be a (possibly empty) list of pairs of closed formulae. The
semantics of tagged predicates is defined as follows:

(i) v Z{L}.0lly, = vX. ULU|1®]lypy

(ii) |nZ{L}.®, £ pX. NLO|®lypy,n
where UL £ Uy oyer, [1V]| [1©]] and ML 2 N o)z 101 /[[9]]-
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With this semantics we can show that the rules suggested in the beginning of the
section for handling fixpoint formulae in sequents of the shape ®, ¥ F O are sound.

The soundness proof uses the following corollary.

Corollary 5.6 For any formulae ®, U and O holds:
(W) 1@l HIWI < llvz{L}.0f = [[®|[ W] < ULU[[eyz{(®,V),L}.0/7]|
(i) [lOl /1@l 2 lpz{L}. 2] = (O] /@] 2 nL O |[W]pz{(®,0), L}.¥/Z]|

Proof. Again we show the first equivalence only. Let V be an arbitrary valuation.

[ W]l < [lv2z{L}.Ol,

= [[@f [|]] € vX. ULU|Olyx,4 {Definition 5.5 (i)}
= ||®ff [[W] € VLU H®HV[VX.ULU(||<I>|||||\IJ||)U||®||V[X/Z]/Z] {Lemma 5.4 (i)}

= [[®[[ V] € UL UI®llyynzie.w).Ly.0),/2 {Definition 5.5 (i)}
= [[@]|||¥] CULU|OrZ{(®,¥),L}.0/Z]|, {Substit. Property}

Ul
Theorem 5.7 The rules (vrl), (ull), (vr0) and (ul0) presented above are sound.

Proof. (i) Rule (vrl).

O, = Opz{(d,0),L}.0/7]

_ @) (0] € [OlZ{(®. V). 1.0/7]]  {Defnition 53 (i)}
~ I8] W]  ULU IOl Z{(®, W), L}.0/7]] {Set theory)

— ol ||v] € w7110 {Corollary 5.6 (i)
= o,V E vZ{L}.0 {Definition 5.3 (i)}

(ii) Rule (pl1). Similar to (i).
(iii) Rule (vr0).

(@, W) € L
= ||| |]|¥] € UL {Definition 5.5}
— @] Y] € UL U 02 {(®, W), £}.6/7)] {Set theory}
— ol ||v] € w7110 {Corollary 5.6 (i)
= o,V E vZ{L}.0 {Definition 5.3 (i)}

(iv) Rule (x{0). Similar to (iii).
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It should be noted here that the side conditions to the rules, as presented here,
are too strong as they require (®, V) to be syntactically identical to some pair in L,
including the tags of ® and W! These conditions can be relaxed as shown in [BG97].

For the above discussion, however, we chose the simpler setting.

5.2 Negative Tagging

When model checking finite state systems it is not necessary to use reasoning based on
induction for least fixpoint formulae. To obtain completeness it is sufficient to perform
simple unfolding. Inductive reasoning can reduce the size of a proof significantly, but
makes proof search more difficult. It makes sense, however, to record the states at
which a least fixpoint formula has already been unfolded. It is generally desirable to
terminate a branch in the current proof tree whenever there is sufficient evidence that
the respective sequent is not valid and that elaborating it further cannot possibly lead
to success. For example, the proof system presented in [ASW94] has a rule of the

form:
s b opZ{L}.®
R T N AX Y

which prevents unfolding a least fixpoint formula twice at the same state. Such a

rule can be justified semantically by defining tags L to denote sets of states, and by

defining the denotation of tagged least fixpoint formulae as follows:

A

lpz{L}. @y, = pX.(|®]lyx/z — L)

Rule (1) is sound and backward sound due to the following equivalence:

s € pX.f(X) = s € f(pX.(f(X) = {s}))

which holds for any monotone mapping f : o(S) — ©(5). We refer to tagging used

in this way as negative tagging, since tags are in some sense negative assumptions:
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we assume that the states in the tag do not belong to the denotation of the tagged
least fixpoint formula.

Unfortunately, this equality holds only for single states, and not for sets of states in
general. It does not justify a rule like (x) in proof systems for value passing processes
or for sequents with formulae only (like the ones considered in the previous section),
since parametrised processes and formulae are understood as sets of states. This is
why it is an interesting problem to investigate for what semantics of tags and tagged
formulae and for what relationship Rel between a set of states U and a tag L could

a rule of shape

U b uZ{L}.0
) ez U 11.0/7]

be justified (even in the more general case of infinite state spaces), and to what other

U Rel L

settings could it be adapted.
Let us start by analysing why it is that the above equality fails for sets of states.
If we adopt the notation uX{U}.f(X) for uX.(f(X) — U), the previous equivalence

could be rewritten as:
s € pXf(X) = s € f(uX{s}.f(X))
Consider the following LTS:
83 —F 89 —F 81 — S

| Z, the denotation of which is the least fixpoint pf of the
AXU[=]IX. We have pX{s2}.f(X) = {s0,s1} and hence
F(pX{s2}.f(X)) = f({so,s1}) = {s0, 81,82} includes s5. In terms of fixpoint ap-

and the formula pZ.

[_
A
state transformer f =

proximants, uX{s}.f(X) contains u®f for the greatest ordinal a such that p®f does
not include s, since this is the first point in the iterative construction of the fixpoint

that s comes into play' (in this example o equals two). Since f is monotone, s € pf

1Or dually, a + 1 is the least ordinal such that x4®*!f includes s.
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implies:
s€p = fpf) € fuX{s}.f(X))
and therefore s € f(uX{s}.f(X)). This is exactly the point where we cannot extend

this reasoning to any set of states U: if « is the greatest ordinal® for which u® f does
not intersect U, then U C u**!'f is guaranteed only when U is a singleton set. For
example, for U = {s1, so} we have uX{U}.f(X) = {so} and hence f(uX{U}.f(X)) =
{50, 81} which includes s; but does not include s,. On the other hand, the following

observation can be made: a relationship of the shape

UCp ™ f = fuf) S f(uX{U}LF(X))

would still hold if we redefine:

e o to be the greatest ordinal (if there is such) so that p®f does not contain

(rather than “does not intersect”) U/. Then U C ot

o tags to be sets of states U denoting not themselves, but rather those elements

of U only which are not in u®f. Then p*f C uX{U}.f(X) and therefore
fpof) € f(uX{U}.f(X)).

We now proceed to formalise the above intuitive ideas. Let S be a set (of states),

and let f: p(S) — p(5) be monotone.

Definition 5.8 Let U C S be a set of states. The closure ordinal coyU and closure
elements ce U of U w.r.t. [ are defined as follows:
cosU 2 the least ordinal o such that U N uf Cu~f

A
Cer = U_Uﬁ<c0fUluﬁf

Note 5.9 In the latter defining equation the term Upcco, v 1P f equals 1 f whenever

cosU is the successor ordinal of o.

2It should also be noted here, that such a greatest ordinal is guaranteed to exist only when U is
finite, a complication that does not arise for finite state spaces.
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Property 5.10 Let U C S be a set of states. Then:
(i) (U A uf) C peort .
(ii) cesU N pf is non-empty if and only if cosU is a successor ordinal.
(tii) If U is finite, then cefU is not a limit ordinal.
() If s € S, then ces{s} = {s}.

Proof. These properties are established as follows.
(i) Follows directly from the definition of coU.
(ii) We have:

ce/UNpf#0

cesUNpf € Upceo,u i f {Def. ce;U, p°f C pf}
Unpf#0 AN Usceo,u i # 0 f - {From (i)}

corlU £0 A cosU is not a limit ordinal {Def. fixp. approximant}

da € Ord. coyU = a+1 {Def. ordinal}

(iii) From the definition of fixpoint approximants follows immediately that the
closure ordinal for singleton sets is not a limit ordinal. If U is finite, the closure
ordinals of the singletons formed by the elements of U have a greatest element «
which is not a limit ordinal. This ordinal is also the closure ordinal of U.

(iv) This is a direct consequence of (iii).

Definition 5.11 Let U C 5. We define tagged mappings as follows:
fuy & AX(F(X) = cesU)
and use the notation fuv, . v,y for (fovi,. vy

Note 5.12 In the chosen notation pfury equals pX{cesU}.f(X). Because of Prop-
erty 5.10 (iv) the new semantics of tags coincides with the old one in the case of

singleton sets.
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Property 5.13 Let U C S be a set of states. Then:

(i) ufan S uf
(ii) if cosU = o+ 1 for some ordinal o, then p® f = p® fary.

Proof. These properties are established as follows.

(i) Follows directly from the equation:

pf=UX | f(X) € X}

(i1) Let cofU = a + 1. Then ce;U N p®f = @ by Definition 5.8 and Note 5.9.
Consequently ce U N u? f = ) holds for all ordinals 3 < a. Then the result holds by

a simple inductive argument.

O

The following property will be used to justify the side condition of the new proof
rule ().

Property 5.14 For any finite non-empty set U holds the inequality:

UZ pfov,. v, v

Proof. By induction on n. The base case (i.e., empty tag) holds vacuously. The
induction hypothesis assumes the property for an arbitrary k. Assume U is a finite
non-empty set. If ' =V, for some ¢ such that 2 <1 < k4 1 then the property holds,
since i fqv, .. Vigi} © I, Voo, Vis1} by Property 5.13 (i) and U ¢ WS (va, U, Vig1}
by the induction hypothesis. The case that remains to be considered is U = Vj.

Let g denote ufv,,. . v,,,3- We have to show that U & uggr. According to Prop-

erty 5.10 (iii), since U is finite, cofU is not a limit ordinal. Since U is not empty,
either there are elements in U which are not in puf, or ce;U is not empty, and in

either case U € pugqry. O
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The following lemma plays the same role as Kozen’s Reduction Lemma.

Lemma 5.15 (Reduction Lemma) For any set U C S the following equality holds:

UCuf =UC flufroy)

Proof. The two directions are established as follows:
(<) This direction holds simply because f(ufrn) C f(pf) = uf.
(=) If ce;U N pf is empty, then the implication holds trivially since in this case

pf =pfay = f(pf) = f(pfan). I ee;UNpf is not empty, then by Property 5.10 (ii)

cosU is the successor of some ordinal a. Then:

UcCpuf U C pcerVf {Property 5.10 (i)}
UCpsttf {coyU = o+ 1}

UC f(p™f) {Def. fixpoint approximants}
U C f(p* fiwy) {Property 5.13 (ii)}

UC flufan)  An®fuoy C pfand

e

O

We are now ready to give a suitable semantics to formulae tagged with lists of

sets of states.

Definition 5.16 The denotation of negatively tagged formulae is defined as follows:

Due to Note 5.12 this semantics is equivalent to the one already given for the case
when the tag sets are singletons, and is hence a proper generalisation of the latter. It

gives rise to the following (goal directed) inference rule:

UF uZiV,...,V,}.o
(1)
Ut o[uz{UVi,... .V, .9/7]

the soundness of which is established in the following theorem.

U— finite = V.V, ¢ U
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Theorem 5.17 Rule (ux) is sound and backward sound.

Proof. If we ignore the side condition, soundness and backward soundness of the
rule are a straightforward consequence of Definition 5.16 and the Reduction Lemma.
Assume the side condition does not hold, i.e., U is finite and that some set V, in the tag
is a subset of U/. But then V; is also finite, and according to Property 5.14 the sequent
Vi pZ{Vi,...,V,}.® cannot be valid, and hence neither can U = pZ{V;,...,V,}.®
be valid. O

Rule (u*) is easily seen to be a proper generalisation of rule (x). The most
interesting question that immediately offers itself is whether finiteness of U is really
important for terminating a branch in a proof tree as unsuccessful. This turns out
to be the case, as the following example shows. Consider the infinite state LTS with
states S:

e —> 83— S9 —» S — So

and the formula pZ.[—]Z. The sequent S F uZ.[—]Z is valid, but if we start
reducing it we very soon arrive at the sequent S = pZ{S}.[—]Z. It would still make
sense to stop at this point from purely practical reasons, but it would certainly not
be sound to conclude that the sequent is not valid.

What remains a topic for future research is investigating in what settings the new
rule is useful. An obvious candidate would be a proof system along the lines of the

one presented by Andersen [And93], but for the case of finite state systems.
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Chapter 6

Conclusion

6.1 Summary

This thesis addressed the problem of specification and verification of communicating
systems with value passing. We assumed that such systems are described in the well-
known Calculus of Communicating Systems, or rather, in its value passing extension.
As a specification language we proposed an extension of the Modal u-Calculus, a poly-
modal first-order logic with least and greatest fixpoints. For this logic we developed a
proof system for verifying judgements of the form b = E : & where E is a sequential
CCS term and b is a Boolean assumption about the value variables occurring free in
E and ®. Proofs conducted in this proof system follow the structure of the process
term and the formula. This syntactic approach makes proofs easier to comprehend
and machine assist. To avoid the introduction of global proof rules we adopted the
technique of tagging fixpoint formulae with all relevant information needed for the
discharge of reoccurring sequents. We provided such tagged formulae with a suitable
semantics. The resulting proof system was shown to be sound in general and complete,
relative to external reasoning about values, for a large class of sequential processes.
The problem of verifying processes involving parallel composition was only addressed
partially here. We proposed a way of tagging, and a semantics for tagged formulae,
in the context of sequents of the shape ®, ¥ - ©. To facilitate termination in proof

search we also investigated negative tagging in a more general setting than this has
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previosly been done.

6.2 Evaluation

The work presented here extends existing techniques for specification and verifica-
tion of communicating systems. These can be viewed as explorations of the idea of
using tags to three different settings: value passing, extended sequents, and negative
tagging.

The benefits from using tags are manifold: it eliminates the need for global proof
rules for dealing with fixpoint formulae, thus simplifying both the use and the theoret-
ical investigation of the proof system; it helps proof search by giving syntactic proof
termination criteria; it allows inductive reasoning to be performed by encoding the
induction hypothesis into the tag. Although formulae seem to become less readable
in the presence of tags, in an actual implementation of a proof assistant tags do not
have to be shown explicitly, but can rather be kept internally.

There are also some shortcomings to using tags in the way it is done here. One
of these is that loops in proofs are detected only when the formula in a sequent is a
fixpoint formula, i.e., of the shape o Z.®, and hence not necessarily at the earliest pos-
sible point. Another deficiency is the relative complexity of handling least fixpoints.
A much more attractive approach is the one that was recently proposed in [DF98] and
developed further in [DFG98]. There, inductive datatypes (such as integers, lists etc.)
are treated coinductively (i.e., in the way greatest fixpoints are treated here) instead
of inductively, which drastically simplifies verification. One might wonder where all
the complexity of dealing with least fixpoints goes in this case. The crucial point here
is that the properties of inductive datatypes (usually expressible as least fixpoint for-
mulae) needed for proving a property of a process are usually well-known properties
which can be assumed and hence be moved to the assumptions of the sequent. Deal-
ing with least fixpoints on the left-hand side of the turnstyle symbol is similar to the

way greatest fixpoints are handled on the other side, namely coinductively.
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6.3 Directions for Improvement

One important question which we left open is whether the restriction of having a
finite domain of values is really necessary for obtaining completeness. A more sophis-
ticated analysis along the lines of [And93] might give a completeness proof without
this restriction. Future efforts are also needed to address the shortcomings described
above. For example, one has to solve the problem of verifying systems with dynamic
processes structure. This requires the proof systems for the two different types of se-
quents considered here to be glued together in a way that respects the tags. Achieving
this in a way which does not loose inferential power and is still semantically justifi-
able (recall the different semantics for tags employed so far in the two proof systems)
presents an enormous challenge.

Another direction for improvement comes from the observation that some inference
rules require early choices to be made that can only be resolved by looking deeper into
the structure of the formula or the process term. In other words, these are choices that
one would rather like (for proof search purposes) to postpone. Such rules are the rules
for disjunction, for existential quantifier, the rules for binary choice and “diamond”,
and most notably the rule for unfolding least fixpoints (i.e., induction). Introducing
some “lazyness” into the proof system by means of Gentzen-style sequents, existential
variables, etc. would greatly facilitate machine-assisted proof search.

Of course, these techniques remain to be supported by appropriate tools. As a
next step, they also remain to be evaluated industrially, this being the only true way
of determining their value.

Concluding this thesis, we would like to express our hope that Formal Methods
will be developed in the near future to meet the great challenges posed by the recent
developments in software and hardware technology. We would like the work presented

here to be seen as a (however small) contribution to such an effort.
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