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Abstract

This thesis concerns the formal verification of open systems. The behaviour of an open
system may be not completely specified and may present some uncertainty due to the
environment in which it operates.

In particular, we study the module checking problem for several temporal logics, as
defined by Kupferman and Vardi. A module is a Kripke model refined in order to take
into account a possible interaction with an environment. Every environment induces a
particular behaviour of the module, which may be considered as a standard Kripke model.
Hence, given amodule M and atemporal logic formula ¢, the module checking problem
isthe verification whether every induced behaviour of the module M satisfiesthe property
¢. We show how to use compositional analysis techniques developed in concurrency
theory for the solution of this problem, in particular for modal —calculus.

Then we show how computer security properties may be defined through underspeci-
fication. It turns out that it is very natural to consider the verification problems that arise
in security property analysis as module checking problems. In particular, we study in-
formation flow security properties, as proposed by Focardi and Gorrieri, together with
security protocol properties. We define suitable compositional analysis techniquesin or-
der to study these kinds of properties. The resulting approach may be regarded as a new
methodology for the analysis of security properties.

Finally, we study a synthesis problem that arises when we consider systems which
may have an unspecified component, i.e. subsystem construction. We show how to im-
prove algorithms for solving this problem for particular cases in the context of process
algebra.
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| ntroduction

This thesis concerns the study and the verification of complex systems with unspecified
components. We investigate many situations and problems that may be described through
underspecification.

In particular we deal with so called reactive systems as originaly defined by Pnueli
in his seminal work (see [80]). This kind of systems keeps an ongoing interaction with
the environment by receiving and emitting stimuli. Many computer systems can be de-
scribed by means of this paradigm, for example operating systems, monitoring programs
and network protocols. In contrast with transformational systems, which generally given
an input produce an output, their semantics should rely on their behaviour and on their
capabilities of interaction during their progress.

A typical situation where underspecification arisesis during the development of com-
plex systems. Thisactivity involvesat least three steps: specification, implementation and
verification. In thefirst step the requirements of the system are written in some language,
in the second step the implementation is provided in some executable language, and in the
third step the consistency of the implementation with the specification is checked. One of
the major challenges of computer science is to find suitable formalisms and methods to
perform these activities correctly.

Formal methods can be considered as a set of mathematical tools and notions used
to reason rigorously about the behavior and the properties of systems. The language for
the description of the properties of these systems and the language for the description
of systems must have a clear formal semantics. Once a formal model of a system has
been given, the proof of the coherence between the specification and the implementation
can be performed. While in general the specification language can be descriptive, the
implementation is given in a prescriptive language.

When the specification language is different from the implementation one, the ver-
ification is called heterogeneous, otherwise homogeneous. In this thesis we will show
applications of both kinds of verification.

Semantics

The semantics of languages for the description of (sequential and concurrent) systems can
be defined in severa ways; the following classification is widely accepted (see [107]):



Operational semantics. This assumes the notion of an abstract machine where programs
are executed and shows the transitions of states of the machine, possibly together
with some information about the activity that caused the changes. This approach
wasformalized by Plotkinin [79] inthe so called Structured Operational Semantics
(SOS, for short), where states of the machine represent terms of the language, and
transitions are obtained by an inference system. Moreover the semantics of terms
is generaly given by means of the semantics of their subterms.

Denotational semantics. Every program has an associated mathematical object (its deno-
tation). Thisway of providing semanticsfor programming languages has been very
fruitful for the sequential programming paradigm, where the meaning of programs
can be identified by the function they compute.

Axiomatic semantics. The semantics is not given directly, but a proof system for terms
of the language is provided. The characteristics of the constructs of the language
are expressed implicitly by the axioms and rules of the proof system.

Formal semantics for programming languages should abstract from irrelevant aspects
of the language. From a formal semantics designers, implementers and programmers of
the language can benefit.

Designers may give unambiguous definitions for their languages. Moreover they may
establish relationships among operators of the language and also between operators of
different languages (but with the same formal model).

Implementers can have a clear guide for their work, hence they can easily produce
implementations of the language that are machine-independent.

Programmers benefit from formal semantics sincethey can get aclear “mental” model
of each functionality of the language, and so they can program their applications (almost)
independently of the machine in which the language is implemented.

Verification

One of the most important activities of software/hardware developers should be the cer-
tification that their programs/systems meet the requirements, as expressed by the specifi-
cation. If the languages for specification and implementation have formal semantics, then
the certification can be carried out in a formal setting. Moreover this verification may
be computer-aided. There are two main approaches in the field of formal verification of
reactive/concurrent systems (see [20]):

1. proof theoretic,
2. model theoretic.

The proof theoretic approach uses proof systems, which consist of axioms and rules,
for inferring properties of programs. Generally, a proof system is divided into two parts:
1) alogical part 2) a specific part for program reasoning (see [27]). Theorem proving is



the activity of finding a proof of a property within the proof system. In this approach it is
possibleto deal directly with infinite domains, for example by exploiting structural induc-
tion principles. Hand made proofs are usually error-prone and tedious, hence automated
theorem provers and proof checkers are needed. The former permit one to automatically
find the proof of the correctness of the system. The drawbacks of theorem proving result
from the intrinsic complexity of the problem thus automated tools work well for small
systems while, in general cases, require non trivial human efforts.

The model theoretic approach simply considers a program as a model for the interpre-
tation of a logical formula, which represents the requirements of specification. Thus the
verification of the consistency of the program and of its specification consistsin checking
whether the semantics of the program is a model of the formula (model checking). In
particular this approach has been advocated for the analysis of concurrent systems. In
a landmark paper Clarke et al. (see [19]) introduce the notion of model checking as an
automated method for the analysis of protocols.

The protocols are modeled as Kripke models, i.e. triples (W, R, L), where IV is a
set of worlds (or states), R is arelation on W and L is a labeling function. A Kripke
model may be considered as a simple computational model. States represent possible
configurations of the machine. The labeling function L expresses the basic propertiesthat
hold in a state, and the accessibility relation R shows the possible next computation steps
of the system.

The specification is expressed in a temporal logic, for example Computational Tree
Logic (CTL, for short). This logic permits us to reason about the temporal relations of
events. If the Kripke model isfinite then the model checking problem can be solved with
a complexity that is polynomial in the length of the formula and in the dimension of the
model (see[19]).

Among the positive aspects of model checking, we recall the following ones: it is au-
tomatic (so it can be used by non experts of formal methods) and fast, it can find errors
and produce evidence of errors of systems, which may subsequently be exploited for de-
bugging. Among the drawbacks of model checking, we recall: generally the system to be
checked has to be completely specified; infinite state systems are not directly manageable
(instead suitable abstractions must be provided).

In a certain phase of the implementation, it is possible that decisions which have a-
ready been taken about the design of a component, make impossible the design of other
components in such way that the whole system could satisfy the specification. By ap-
plying model checking techniques, this situation can be detected only at the end of the
development stage. This problem has been tackled by many researchers. A possible ap-
proach is to study the system in a compositional way, i.e. by deriving properties of a
system starting from the properties of its subcomponents.

Compositional analysis

Compositional analysis techniques have been developed for many concurrent languages
(see[4, 40, 55, 56, 106]). Supposethat ¢ sat ¢ means the system ¢ satisfies a specification



¢, expressed in some logical formalism. Moreover assume that ® is an operator of the
language. A typical rule for compositional reasoning is the following:

C1 sat ¢1 Co sat ¢2
c1 ® ey sat ¢

The rule should be read upward i.e. in order to verify that a composed system ¢; ® ¢,
satisfies a property ¢ check that components¢; and ¢, verify the two properties ¢, and ¢-,
respectively. The problem is reduced to two subproblems, hopefully both simpler than the
previous one. The choice of aright decomposition of the property ¢ in the two properties
¢1 and ¢, isusually adifficult task.

In [55] Larsen and Xinxin tackle a problem related to the correct decomposition of
properties. They study how to compute the properties that unspecified subcomponents of
a system must verify so that the whole system satisfies a certain requirement. Moreover,
they address the problem of finding properties of subcomponents that are as weak as
possible, in order not to restrict unnecessarily the choice of further implementation steps.

They introduce the notion of context. Roughly a context C'(X;, ..., X,,) isasystem
that presents some non specified components X1, . . ., X,,. Suppose we have the following
problem: find a property pe(C, ¢) such that C'(P) sat ¢ iff P sat pe(C, ¢). In other words
we search for a formula such that a subsystem satisfies this formula iff the complete
system (obtained by the insertion of the submodule P in the context C'(X)) satisfies the
formula¢. It isworthwhile noticing that the requirements, expressed by the formula ¢ are
changed into the ones expressed by the formula pe(C, ¢), in order to correctly take into
account the behaviour of the components already defined (i.e. the context C'(X)).

In this way, after defining a partial implementation, it is possible to find the mini-
mal properties that the unspecified components must ensure in order to build a complete
system with particular requirements. A similar problem was analyzed by Andersen (see
[4, 5]) but instead of using the abstract notion of context (with its operational semantics)
he prefers to start his analysis from a very general process algebra (see [43, 44, 69]). In
Andersen’sterminology the formulais a partially evaluated, or rather, reduced formula.

We study a slight extension of their work. The ideais to define the function that per-
formsthe reduction of theformula(or the partial evaluation), according to the components
already specified, directly from the SOS definition of the language in which the semantics
of systemsisgiven, instead of using a specific language, even though very powerful, such
as context systems. The underlying motivation indicates SOS definitions as a suitable
basic language for which general theories may be developed (see[3, 12, 26, 90]).

Module checking

Part of thisthesisis dedicated to the study of open systems as defined recently by Kupfer-
man and Vardi in [50, 51, 101]. Open systems heavily depend on the environment in
which they operate. The environment is thus able to influence the behaviour of systems.
These systems are called open, in contrast with closed systems, whose behaviour isnot in-
fluenced by the environment. If we consider an open system then it is possible that in cer-



tain states it requires interactions with the environment in order to evolve. Hence certain
potential capabilities of the system may be exploited or not depending on the interaction
with the environment in which the system operates. Generaly, different environments
may induce different behaviours of the system.

Kupferman and Vardi define the following verification problem: check whether the
induced behaviours of an open system with respect to any possible environment satisfy a
certain property (generaly it involves an infinite number of verifications).

Assume we have a machine that has to gather food for two kinds of pretty animals,
for example goldfish and green parrots. It could work as follows. First it prompts the
environment with a request for food for the goldfish or for the green parrots. Next, it
sendsfood to the chosen group of animalsand returnsto ask the environment for food. For
example, we may ask if wherever we place the machine, it is always possible to give food
to the goldfish. Clearly, the answer depends on the environment in which the machineis
inserted. Imagine an environment which loves animals but dislikes goldfish, then it would
only give food to the second group of animals! Kupferman and Vardi argue that model
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Figure 1: Module for the example.

checking approach cannot correctly tackle the above verification problem, since model
checking assumes the so called possible world semantics of Kripke Models, namely that
every world, which isaccessible from another, may actually be accessed. The underlying
assumption of model checking is that the system is checked w.r.t. an environment that
enables every behaviour. Hence, model checking algorithms defined for reasoning about
Kripke models do not work correctly for the analysis of open systems. There is a need to
define different model checking problems for open systems.

Kupferman and Vardi define the structure of module. A module is a refined Kripke
model, such that the set of worlds is partitioned into two sets. the environment worlds
where an interaction of the system with the environment is necessary in order to proceed,
and the system worlds, where the system can proceed autonomously. Every environment
in composition with the module induces a particular computation tree, which depends
on the choices made by the environment in the environment worlds. Figure 1 shows
a possible definition for the module of our food gathering machine. It is worthwhile
noticing that if we consider the module as a Kripke model then the answer to our question
on goldfish is YES. In fact in this case from every world a path exists that reaches the
world representing the delivery of food to the goldfish.

Given an open system, modeled by a finite module, and a temporal logic formula



expressing the desired requirements, module checking is the verification whether, for any
environment, the induced system satisfies the formula. Kupferman and Vardi propose an
algorithmic approach to the solution of module checking for many temporal logics, such
as PLT,CTL,CTL*, by applying constructions on infinite tree automata (see [98]).

In thisthesis, we study the module checking problem as a situation of underspecifica-
tion. We give a uniform alternative solution to the module checking problem for several
temporal logics. In particular, we solve this problem for modal ;. —calculus (see [49, 92]).
The underlying idea relies upon compositional analysis concepts.

Moreover, while module checking is an interesting theoretical problem in itself, we
believe that its paradigm is well suited for modeling interesting real problems, such as
security property analysis.

Synthesis problems

When considering systemswith an unspecified component, one may wonder if there exists
an implementation that can be plugged into the system replacing the unspecified one, by
satisfying some properties of the whole system. Following an analogy with top-down
design methodology, at a certain point in the development it is possible to automatically
derive the implementation of subcomponents, that have still to be designed. In thisway, it
is possible to avoid the final verification step since the system is correct by construction.

This problem was first analyzed by Merlin and Bochman in [68]. Their specifica-
tions are given as transition systems and the subcomponents are considered correct if the
combined system has the same execution sequences (traces) as the specification. In [86],
Shields reformulated the problem in the CCS process algebra ([ 70]) by calling it interface
equation. This name depends on the fact that the problem can be restated as follows (see
chapter 4 for acomplete overview) :

Japrocess X suchthat (p||X)\L =~ ¢

where p, ¢ and X are processes, || isthe parallel composition operator and ~ is an equiv-
alence relation. The term interface follows from the fact that the component (process) p
can actually be seen as being composed by two components that have to communicate
by exploiting the communication features of X. Since programs can be represented by
models of some temporal logic, it appears reasonable to use classical satisfiability pro-
cedures for the automatic synthesis of programs. By using partial evaluation techniques,
we can use satisfiability procedures to solve also interface equations (obviously when the
two systems p and ¢ are finite-state).

On the other hand, in this thesis we prefer to perform our analysis by using more
specific methods. We study the theory proposed by Shields and we find a property that
we exploit to improve existing algorithms. Under certain conditions, we can achieve
a better computational complexity and we can synthesize better solutions than through
temporal logic satisfiability procedures.



Security analysis

In the second part of thisthesis we apply the ideas devel oped in the first one for the anal-
ysisof security problems. In the last few years, research on the definition of formal meth-
ods for the analysis and the verification of security properties of systems has increased
greatly. Thisis mainly due to the practical relevance of these systems and moreover to
preliminary encouraging results achieved by the application of formal methodsto security
property analysis.

There are many definitions of security properties, among which information flow
properties. Generally, information flow in complex systems must respect a particular
policy. Many notions of information flow security properties exist, in particular Focardi
and Gorrieri have defined the so called Non Deducibility on Composition (NDC, for short)
in the CCS process algebra. The problem consists of modeling a system where there are
severa levels of confidentiality, and information flow should be directed from lower to
higher level processes, only.

The intuition behind NDC' is that for every high level process that the system is
composed with, the resulting system always has the same behaviour with respect to low
level processes. This means that no high user can downgrade information to low level
processes, since if asystem is N DC then low level processes always perceive the same
behaviour of the system. Formally it can be stated asfollows (see chapter 5 for acomplete
overview):

V high processes X we have (E||X)\H ~ E\H.

After the above discussion, the relationship between this problem and the module check-
ing one should be clear. Theintuition of the relevance of properties that must be specified
with respect to many environments was identified in the area of information flow analysis
by Focardi and Gorrieri in ([33]).

We have followed the same ideas we used for solving modul e checking for the analysis
of NDC like properties. So we have defined adecision procedurefor NDC like properties
(when restricted to finite-state systems). Then we have pushed the anal ogy further and we
have tried to model other security properties by following the module checking schema,
in particular security protocol properties. Among these protocols we recall the authenti-
cation ones. These are used in distributed systems, where each process must identify the
others during a communication session.

Authentication is a mandatory task also for accessing remote services by users, in
particular for services managing security-sensitive information. These protocols involve
at a conceptual level only afew steps of interaction among parties nevertheless they are
very difficult to be designed and moreover to be proved correct. Thisis testified by the
great number of erroneous protocols found in the literature (see [17, 18, 59, 60, 61]).
Concepts and tools from logic and concurrency theory have recently been exploited for
the analysis of these protocols. As in the classical verification problems we have two
possible approaches:
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A proof theoretic approach relies on authentication logics, i.e. knowledge or belief
logicswith axiomsand rulesfor specifically reasoning about authentication protocols (see
[2, 48, 78, 96]). Asusual, the initial assumptions of the protocols and an “idealization”
(namely, areduction of the protocolsto a set of formulas) are used to infer properties that
must hold at the end of arun of the protocol. Unfortunately, as observed by many authors,
the“idealization” step isvery difficult (and not formally defined) in authentication logics,
hence it sometimes causes unintentional modifications to the protocol semantics, that
may lead to inferring the correctness of protocols that actually present some errors. A
notable example is the so called Needham-Schroeder Public Key protocol (see [73]). It
was proven correct in [17], but later in [59] a non trivial error in the protocol was found
and fixed (about twenty years after the publication). The problem wasinthe*idealization”

step.

A model theoretic approach is based on the use of the process algebra theory for the
analysis of authentication protocols. One advantage is the possibility to reason on a rep-
resentation of the protocols which is near to an actual implementation. Moreover the
concepts and the tools aready developed in this area can be fruitfully exploited. In [59],
Lowe shows how to use a verification tool for checking properties among processes for
findings flaws in protocols. He formally describes a model of verification of these pro-
tocols, which assumes the presence of an agent that does not correctly take part in the
communications, by trying to leak secrets or to impersonate other agents in order to ac-
cess information or services that he is not legitimate for accessing. This agent acts as an
intruder that can listen, fake and intercept messages exchanged during the communica-
tions.

The presence of an environment (i.e. the intruder) in which the systems operate must
be taken into account in the definition of correctness of protocols. Thisis one of the main
differences with standard protocols, and the source of many misunderstandings about the
proof of correctness of protocols.

Our proposal is to consider the intruder as an unknown, or rather unspecified, com-
ponent of the system and to reason about the correctness of the protocol with respect to
each unspecified component. So we feel natural to consider the verification problem as an
example of module checking (obviously in a different theoretical framework). Naturaly,
the next step is to apply the compositional analysis concepts also for the solution of this
problem in this setting. We have successfully followed the previousidea, by producing a
new approach for the analysis of cryptographic protocols.

An implementation of this approach has been developed. Preliminary experiments
show that these ideas may be fruitfully exploited in practice.

We believe that the analysis methods given in the second part of this thesis may be
regarded as a unified framework for the analysis of computer security properties.

Furthermore, security analysis seems to be an appropriate example for the necessity
of astudy of practical applications of the module checking paradigm.
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Organization of thethesis

In thefirst two chapters we provide the reader with a background tailored for treatment of
the remainder of the thesis. The original contributions are above al in chapters 3,4,5 and

6.

The thesis consists of the following chapters:

Chapter 1. A brief introduction to temporal logics and fixpoint logics (u—calculi)
is given. A dlight variant of Walukiewicz's axiomatization (see [103, 104]) for
pu—calculusis shown, where formulas interpreted over deterministic Labeled Tran-
sition Systems. Some other variants of the ;,—calculus are described.

Chapter 2. An introduction to SOS formats is presented, together with CCS pro-
cess algebra. We recast the theory of [4, 40, 55] for defining partial evaluation
functions for languages whose semanticsis given by means of a GSOS definition.

Chapter 3. A uniform approach is proposed for the solution of the modul e checking
problem for modal .—calculus, and other temporal logics. The approach relies on
compositional analysis techniques.

Chapter 4. A synthesis problem is studied, namely finding the solution of the
interface equations. We show how to improve a gorithms for solving this problem.
In particular, we improve an algorithm that produces “good” solutions.

Chapter 5. An application of compositional analysis techniques for establishing
information flow security properties is proposed. Moreover, an extension of N DC
theory of Focardi and Gorrieri is given for treating with real-time systems. A pro-
totype tool is provided to the reader for computer aided analysis.

Chapter 6. A new methodology is proposed for analyzing security properties of
cryptographic protocols. It is based on compositional analysis concepts. A tool
which implements the theory is presented.

Some results of this thesis have been aready published (see [62, 65, 66, 67]) or are
under consideration for publication (see[64]).
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Chapter 1

Temporal logics

In this chapter, we briefly recall some basic definitions about (propositional) temporal
logics. In particular we follow the trestment of Emerson in [27]. Then we describe in
more detail an expressive branching time logic, called modal ;. —calculus, that subsumes
all the others presented in this thesis. Walukiewicz's proof system (see [103]) that com-
pletely characterizes the logic is presented. We slight modify this system in order to deal
with deterministic Labeled Transition Systems. A particular attention is given to variants
of u—calculus, that have received a great deal of interest for their technical convenience
w.r.t. standard p—calculus (see [5, 10, 55, 92]). These concepts will be used later in this
thesis for program verification purposes.

1.1 Introduction

Temporal reasoning istied to the necessity to deal with assertions whose truth value may
change during time. It is reasonabl e to observe the behaviour of complex reactive systems
during their activities. Hence, we can imagine to express propertieslike “ after performing
the activity a the system eventually performs an activity b”, or “the system is able in any
possible future moment to perform some activity”. These assertions express a temporal
relation among events. In hislandmark work (see [80]) Pnueli proposed temporal logics
as a well-suited formalism to reason about reactive system behaviour. His intuition has
been followed by many researchers. Since non termination is, usually, one of the main
characteristics of concurrent systems, it is reasonable to search for a formalism whose
operators can express properties about possibly non terminating executions of systems.
Temporal logic modalities permit to reason about executions (computations) of systems.
Temporal logics may differ about the underlying nature of time which is assumed: if
time has only a single possible future moment we call them linear time logics, otherwise
if there may be many possible future moments, we call them branching time logics. Tem-
poral operators of the logic typically reflect the underlying nature of time, so linear time
temporal logics have operators for expressing properties about a single time line, while
branching time logics have al so operators that permit to quantify along possibletimelines
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Figure 1.1: Intuition for linear-time operators. In the figure, the black states satisfy for-
mula ¢ and the crossed state satisfies 1.

(also referred to as computation tree) that may start from atime point.

1.2 PLTL

In this section, we recall the linear time structures that formalize the notion of time line,
and we present a simple (propositional) linear time logic (PLT L, for short). Let AP be
an underlying set of atomic propositions.

Definition 1.1 Alinear timestructureisatriple M = (S, z, L), where S isa set of states,
x : N — S isan infinite sequence of states, and L : S — 24 isalabelling of each
state with a set of atomic propositionsin AP true at the state.

For the infinite sequences we sometimes use the more convenient representation » =
(s0,51,...) = ((0),z(1),...). Thestatez(0) isreferred to asinitial state of thetimeline
Z.

The basic temporal operators of thislogicare F ¢ (“sometimes¢”), G ¢ (“aways ¢”),
X ¢ (“nexttime ¢”) and ¢ U ¢ (“¢ until ¢»”). A graphical explanation of these operators
isshown in figure 1.1. In the sequel we informally say that aformula PLT L holdsin a
state of atime line by intending that it holdsin thetimeline that startsfrom thisstate. The
formulaF ¢ istruein atimelineif and only if there is areachable state (future) where ¢
holds. G ¢ istrueinatimelineif and only if a every futuretime ¢ holds. X ¢ istruein
atime line if the formula ¢ holds in the next time. Finally ¢ U ¢ holdsin atime line if
a state isreachable s.t. ) holds in this state, and the crossed states satisfy the property ¢
(excepted, possibly, the last one).

The formulas of PLT L logics are built using the following grammar:

p=p| P |P1 A2 | X D] P1U ¢
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Figure 1.2: A branching structure, where the black states are labeled by the proposition p.
Hence, the CT L* formulad F V G p istruein the state 1, since in the state 7 the formula
YV G p holdsand 7 is reachable from 1.

wherep € AP and AP isaset of propositional symbols. We can then define the other
temporal operators as derived ones:

F = pA-p

T = —F

G1V iy = (g1 A o)
p=1 = VY

p=1v¢ = (p=V)A (Y= 9)
Fo = TU ¢

G ¢ = —F ¢

Among the derived temporal operatorsthereisalsoy B ¢ (“v before ¢”), which expresses
the fact that during atime line the formula ) istrue before the formula ¢, this abbreviates
the formula—(—y U ¢).

Theformulasof PLT L areinterpreted over linear time structures M = (S, z, L). The
notation M, z = ¢ meansthat the formula ¢ istruein the time line = of the structure M
(M, z [~ ¢ on the contrary). When M is clear from the context we usually write = = ¢.
For notational convenience we write z* for the suffix s;, s;11, ... of thetimeline z. The
truth relation (=) is defined inductively in the structure of the formula ¢:

TP iff p€ L(so)

.77):(251/\(252 iff x)zqﬁlandx):gég

T E ¢ iff notz k¢

TEX¢ iff !¢

rE¢PUe  iff Fj(a = pand Vk < j(ab = ¢))

We say that a PLT L formula ¢ is satisfiable iff there exists a linear-time structure

M = (S,z,L) st. M,z = ¢. We say that any such structure isamodel for ¢. We say ¢
isvalid, and write = ¢, iff for all linear structures M = (S, z, L) we have M, z = ¢.
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Below we give some simple equivalences among P LT L formulas:

EGGo<=Go¢
EFFo<=F¢

Fo=F¢

EGop=2¢
EF¢o<¢VXF¢
EGo<=odpAXG¢

(7) FYUd<= oV (L AX(PU 9))

The last three equivalences are called fixpoint characterization of temporal operators
in terms of “nexttime” operator and “until”. For example the equivalence 5 can be ex-
plained by noticing that if F ¢ holdsin atime line then ¢ holds at the first instant of time
or ¢ holds at a future moment and hence F ¢ holds in the time line that starts from the
next time. On the other hand, if ¢ holds at thefirst instant of thetimelineor F ¢ holdsin
the time line that starts from the next instant then obviously F ¢ holdsin thetimeline.

An analogous reasoning is possible for G and U operators. This characterization
is useful to study the relative expressiveness among temporal logics, in particular with
respect to fixpoint calculi. It is possible to express several interesting properties in this
logic, in particular that along atimeline a property ¢ holdsinfinitely often (G F ¢), which
isuseful for expressing atypical fairness condition.

(1
(2
(3
(4
(5
(6

7

e N N N e e

1.3 CTL*

In this section we show a branching time logic, namely CTL*. The syntax of C'TL*
allows quantification on paths and states.
We distinguish between state formulas, i.e. formulasthat are evaluated on states of the
structure, and path formulas, i.e. formulasthat are evaluated over pathsin the structure.
We define the set of state formulas (¢, ¢, . . .) and the set of path formulas (¢, ¥4, . . .)
as the languages generated by the following grammar:

¢ = plorAge| g | T |V
Vo= | P A | [ X Y| P U .

wherep € AP and AP isaset of propositional symbols. The formal semanticsof C'T'L*
formulas is given w.r.t. a branching time structure M = (S, R, L), where S is a set of
states, R isarelationon S and L : S — 247, A full path of astructure M isan infinite
sequence sy, s1, . . . Of statesof M st. Vi(s;, s;+1) € R. For technical convenienceit is
assumed in the treatment of this section that the relation R of the structure M is total
(this ensures that a full path can aways be found). We write M, s = ¢ (respectively
M,z = 1) to mean that the state formula ¢ (respectively the path formula v) is true at
the state s (respectively in the full path x) of the structure M. The truth relations are
inductively defined as follows:
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M, sy = piff p € L(so)

M,S() ):¢1A¢2 iﬁM,So ):gﬁl andM,so ):(252

M, sy E —¢iff not M, s = ¢

M, sy = Fo iff Ffullpath x = (sp,s1...)in M s.t. M,z =
M, sy = V4 iff Viullpath x = (so,s1...) in M s.t. M,z =
M,z Epiff M,so Ep

M,ZL' ):’Ll)l/\@/)g 1HM,ZL‘ ):'Ll)l andM,x ):'Ll)g

M,z =X iff M,z' =

M,z =y U Yy iff Ji(M, 2" |= 1y and Vj(j < i implies 27 = ¢;))

AN AN AN AN AN N N N N
© 00 ~J O Ol W N+~
N N e e e e e e

Following [27] we say that a state formula ¢ (respectively a path formula ) is valid
provided that for every structure M and every state s (respectively fullpath x) we have
M, s = ¢ (respectively M,z |= 1)). A state formula ¢ (respectively a path formula ) is
satisfiable provided that for some structure M and for some state s (respectively fullpath
x) in M wehave M, s |= ¢ (respectively M, x = ).

In figure 1.2 is shown a simple use of the quantification over paths for expressing
properties of systems. In particular the formula 3 F V G p expresses the fact that there
exists a path that |eads the system to a state where in every path which startsin that state
the proposition p always holds.

131 CTL

In this subsection we present a simple branching time logic, namely Computational Tree
Logic (CTL for short). It isasublogic of C'T'L*. The basic tempora operators of this
logic permit to check if apath (or all paths) satisfies a property expressed by alinear time
operator whose subformulas can be CTL formulas (so the nesting of temporal operatorsis
forbidden). This restriction and the aternation between branching modalities and linear
time make model checking problem (i.e. establishing whether A/, s = ¢) for thislogic
solvable in polynomial time in the dimension of the structure and in the dimension of the
formula (see[19]). CTL formulas are generated by the following grammar:

¢ plotAde | —g |
Y ou= ¢ |IX G| IoU d2 [VX | ViU ho.

Every quantification on path must be tied to alinear time operator. Since the nesting of
linear time operatorsisnot alowed it isnot possibleto express propertieslike “ along some
path ¢ holds infinitely often” (which can be expressed by the CTL* formula (3 G F ¢).
This limits the expressiveness of thislogic also w.rt. PLT L, when PLT L formulas are
interpreted over linear-time structures derived from branching time structures.
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132 ECTL*®

ECTL* isan extension of C'T'L*, which exploits the expressive power of automata on
infinite string (or words, see [98]). Here we follow the treatment of Dam (see [22]). First
of all werecall the definition of automata on infinite words.

Definition 1.2 A Biichi Automaton A isa b—tuple (Q, ¥, —, qo, F') where Q) is the set
of states, Y isthe alphabet, —C @ x ¥ x @ isthe transition relation, ¢, isthe initial
stateand F' C () isthe set of final states.

A run of A on an infinite word (w—word) o : N — ¥, isaw—wordr : N — @) st.
r(0) = go and r(i) x a(i) x r(i + 1) €— for every i € N. Then a Biichi automaton
A accepts an w—word «, if thereisarunr of A and astate ¢ € F st. r(i) = ¢
for infinitely many i and the language recognized by A is L(A) = {a | aisanw —
word and A accepts a}.

The syntax of EC'T'L* formulas is defined by the following grammar:

G:=p| b | ¢ Ada| E(A)
wherep € AP and AP isaset of propositional symbols, A is a Biichi automaton over
an alphabet 32 = 21?19} and ¢; isa ECTL* formula, for i € {1,...,n}. It isworth-
while noticing that all formulas are state formulas and the linear-time dependencies are
accounted by the automata. The semanticsclausesfor propositional constants and boolean
connectives are the usua ones:

sEpiff pe L(s)
sE 0N iff s = ¢and s | ¢
s E - iff not s = ¢.

To explain theinterpretation of aformula E(.A) we need some auxiliary technical def-
initions. Given afull path x = x¢, x; . .. on abranching time structure M/ and an automa-
ton A with alphabet 2{#1-¢2} we have the w—word trans(z)(i) = {¢ € {¢1,..., dn} |
z; = ¢}. Theintuition isthat the formula E(A) istruein a state s if thereis an w—word
inM z =z, x ... starting from s such that the w—word over 2{#1-+#} that encodes the
satisfaction of {¢1, ..., ¢, } dong x, is accepted from A. More formally:

s | E(A) iff 3 a fullpath x s.t. (trans(z) € L(A)).

1.4 HML

In this section we present H M L (Hennessy-Milner Logic, see [70]) which is a temporal
logic well suited for specification and verification of systems whose behaviour is natu-
rally described by state changes through actions. The syntax of HM L formulas is the
following:

¢ =T |20 P A2 (a)d
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" y,@ o {PH{at{pa} N
g ¢
¢.{p}.{d}.{p.a}

\_ 0 %

Figure 1.3: The automaton in the upper part accepts infinite paths that satisfy ¢ U p. The
automaton in the lower part accepts infinite paths where p holds only at the even instants
of time. Final states are black colored.

where a € Act and Act is a set of actions (or labels). The basic notion of information
IS N0 more an atomic proposition that represents a fact that is true or not in aworld, but
the notion of action or transition between worlds. The semantics of Hennessy-Milner
formulasis given w.r.t. Labeled Transition Systems.

Definition 1.3 A triple (S, A, {—"+}.c4) is called Labeled Transition System (LT'S),
where S is a set of states, A is a set of actions and {—+},c. is a set of relations on
S.

LTSs are mathematical objects used to give formal (operational) semantics to concur-
rent programming languages (see section 2.2 for a discussion).

Informally aformula (a) A holdsin a state if there exists an a—abeled transition from
this state to another onewhere A holds. Hence it expressesapossibility. Theformula[a] A
holds in astate if A holdsin each state that is reachable through an a—abeled transition.
Hence it expresses a necessity.

The satisfaction for aformulaw.r.t. astate of an LTS isdefined inductively asfollows:

sET for every s

s E ¢ iff notsfE ¢

sE( Ny i sE ¢ and s E oo

s = {a)¢ iff 3s'(s - s’ and s’ = @)

We give asimple example that shows how H M L formulas may be used to distinguish
between two LT'S's, whose initial states have a different branching structure. Consider
thetwo LT'Ss infigure 1.4. In particular let ¢, be ((a)(b)T) A ({(a){c)T) and let ¢, be
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T b A

Figure 1.4: The state 2 satisfies ¢, while the state 1 does not satisfy ¢-.

({a)({b)T A (c)T). Then the state 2 of the rightmost LTS satisfies ¢, and ¢,, while the
state 1 of the leftmost LT'S satisfies ¢, but not ¢,.

1.5 Modal p—calculus

Modal p—calculusisaprocesslogic which extends H M L with fixpoint operatorsin order
to reason directly about recursive definitions of properties. It permits us to analyze non
terminating behaviour of systems.

Let a bein Act, X be avariable ranging over a set of variables Vars. Formulas are
generated by the following grammar:

A=X|T|F|-AJANA A VA | {(a)A|[a]A| pX.A]vX.A

We consider the usual definitions of bound and free variables. There is a syntactic re-
striction on the formulas ;X .« (X) and v X.a(X), namely the variable X must be under
the scope of an even number of negations (—). This restriction is due to the fact that the
interpretation of aclosed formula A w.r.t. an LTS L isthe set of stateswhere A istrue. In
particular the interpretation of aformula (X)) with afree variable X is a function from
set of statesto set of states. Hence the interpretation of yX.a(X) (v X.a(X)) isthe least
(greatest) fixpoint of thisfunction. The syntactic restriction ensures that the interpretation
of aformulawith free variables, isindeed a monotonic function and so a least (greatest)
fixpoint exists.

Formally, given an LTS M = (S, A, {—>}.ca) the semantics of aformula 4 isa
subset [A], of the states of M, defined as below, where p is a function (called environ-
ment) from free variables of A to subsets of the states of M. The environment p[S’/
X](Y)isequa to p(Y) if Y # X, otherwise p[S'/X](X) = 5".



15. MODAL p—CALCULUS 21

1], = S
[F], = 0
[X], = p(¥)
[~al, = S\[4],
[A1 A As], = [Add, N [A],
[A1V 4], = [Ai], U[A],
[(a)A], = {s]3s':s—> s and s’ € [A],}
[[a]A], = {s|Vs':s— s impliess’ € [A],}
[nX.Al, = N{S[[A]ps/x) € 57}
[vX.Al, = U{S'S" S [Alps/xi}

Given amodel (LTS) M = (S, A, {—"}.c4), we write M, s = A as notation for
s € [A], when the environment p is evident from the context or A isaclosed formula(i.e.
without free variables). Actually we have presented a slight variant of the propositional
pu—calculus as described by Kozen ([49]) or Walukiewicz ([104]). In our treatment, we
omit propositional symbols. Asusual we consider o« = 3 asan abbreviationfor -« V 3.

1.5.1 Examplesand facts

Modal ;—calculus allows to express a lot of interesting properties like safety properties
(i.e., nothing bad happens) as well as progress properties (i.e., something good happens).
Moreover equivalence conditions over LTSs may be expressed through this logic (see
[4, 91]).

Safety properties are usually defined by means of greatest fixpoint formulas, while
progress properties by least fixpoint formulas.

An example of safety property is the absence of deadlocks in the system, i.e. in any
state reachable from the initial one there is always the possibility to perform an action.
A p—calculus formula that expresses this property is v X.[Act] X A (Act)Tt. Another
interesting formulais v X.[K]X A [Act\ K]F which expresses the fact that only actions
in K can be performed by a process in any reachable state.

A progress property like “there exists a path for a state which satisfies ¢” is expressed
by uX.(Act)X Vv ¢ (see figure 1.5 for a graphical interpretation of a similar property).
Figure 1.6 represents graphically an interpretation of the formula p.X.[a] X V (b)T, that
expresses that a state where b can be performed is always reached by traversing arcs
labeled by a.

Modal p—calculus can express cyclic properties, e.g. “there exists an infinite path
such that the formula ¢ is true at al even instants’. The p—calculus formula which
expresses the af orementioned property is the following:

v X.((Act)(Act) X A ).

We use an extended notation, with K C Act let [K]A be A\ . x[a]A, and (K)A be\/, . (a)A. Since
Act isfinite theindexed disjunctions (conjunctions) can be expressed by means of disjunction (conjunction).
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Figure 1.5: The crossed states satisfy (b)T. The root of the computation tree satisfies
pX.(a)X Vv (b)T.
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Figure 1.6: The crossed states satisfy (b)T. The root of the computation tree satisfies
pX.[a]X V (b)T.
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The following lemma states some well known facts about ;.—calculus (see [21]) that
will be used later in the chapter.

Lemma 1.1 Let ¢ bea u—calculusformula, p an environmentand o € {pu, v}.

1. if X isnotfreein ¢ then [0 X.¢], = [¢],-

2. Let Y be avariable that does not appear freein o X.¢.
Then [0.X.¢], = [oV.6[Y/X]],.

3. Let v beaformula, then [¢[y/X]], = [#]p1v1,/x)-
4. [0X.4], = [$oX.0/X]],.

Modal p.—calculus subsumes several temporal logicssuchas PDL, CTL and CTL*
(see[10, 22]). But, despite its expressiveness, the satisfiability problem (namely finding
a structure and a state where the formula holds) still remains EXPTIME-complete (see
[94]).

Moreover ;—calculus enjoys the finite model property, i.e. if a closed formula is
satisfiable then there exists a finite model (a finite state process) for that formula (see
[94]).

A finitary axiom system has been proposed by Walukiewicz in [103, 105].

1.6 Deterministic u—calculus

In the remainder of thisthesiswe are interested in studying validity problems with respect
to specific classes of LTS. In particular, we consider the class of A—deterministic LTS
(A—det, for short), where A is a set of actions. Roughly, for A—deterministic LTS, the
relations -, 4 are actually functions. We parameterize this class by means of a set of
actions, since this permits us to have a more flexible theory. For example, in chapter 5
we are interested in the investigations of LTS that are deterministic only with respect to a
specific action. Let us see formally the definition of these classes.

Definition 1.4 An LTS L=(S, Act, {—}ucac) is called A-deterministic (A C Act) iff

Vace A Vse Sifs 2 dands - s" thens’ = s".

The formulas of deterministic ;—calculus are interpreted over A—deterministic LTS.
In the remainder of this section we present a slight modification of the deductive system
for the p—calculus proposed by Walukiewicz in [104], for dealing with formulas inter-
preted over A—det structures.

Walukiewicz's proof system for modal p—calculus is based on a sequent calculus.
A sequent is a couple of sets of formulas, written I' - A, that should be logically in-
tended as \,cr v = Vsea 0 (i-€ the conjunction of premises implies the disjunction
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of consequences). Let us suppose to have P C Act, hence (P*)« is an abbreviation for
pX(P)X Va,and (PYA = {(P*)0 : § € A}.
The proof system Dlj‘ consists of the following set of axioms and rules:
Axioms:
—(a)-atlala o, TFa, A —fa-alF (a)a

vX.a(X)FpX-a(-X) pXoaX)FE-vX-oa(-X)

Rules:
TFoA ok A
) Toara e
A a, B, ' A 'Fa,A T'FpBA
¢ aAB,T'FA F'Fanp A
ao,'FA B TEA Tk a,BA
V) avBTFA TFavsA
(a)en) a,{a:(a)a e T}U{B :[a]f €T} F{y:{(a)y € A}
“ (a)a, T F A
((a)ga) a, {f:lalf €T} {y:(a)y € A}
“ (a)a, T H A
t F'FAJa XabFQ
(eut) I,y F A Q
(n) ['Foa(pX.a(X)),A
8 I'FpX.a(X),A
(ngy _OEVEA X ZAa(X))E A, (P)(uX.Z A (X))

S(nX.a(X)) F (P)A
where Z ¢ FV ((uX.a(X)), A)

The only difference with the system proposed in [105] istherule (a) € A. We have
inserted thisrule for reflecting the fact that if « € A then (a)p A (a)¢' = (a)(d A @), IS
valid over A—det structures.

A proof for asequent I' = A is afinite tree, whose root is labeled by I' - A, con-
structed by using the above rules, where leaves are |abeled with axioms.

The induction rule (ind) is quite cumbersome. Walukiewicz needs this rule for show-
ing the completeness of hisfinitary axiomatization. Alternatively, one could use the more
intuitive rule suggested by Kozen:

a(g) - ¢
pX.a(X)F o
The next proposition states the soundness of the proposed axiomatization for deter-
ministic —calculus.
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Proposition 1.1 All the rules of the proof system D;‘ are sound and the axioms are valid,
w.r.t. A—deterministic Labeled Transition Systems.

Proof: For rules and axioms, excepted ((a) € A), it follows from theorem 3.1.3 of [104]
over genera structures. Let us study therule ({(a) € A).

By contradiction. We assume that the premise of therule ({(a) € A) isvalid and we
suppose that the conclusion is not valid. Thusthere existsastructure M = (S, Act, { —
bacact) and astate s € S suchthat foral v € ' U {(a)a} M,s =y, andfornod € A
we have M, s |= 6.

First we note that M, s = (a)«a. Henceit followsthat there exists an a—successor of
s, say s’ suchthat M, s’ = « and for every formula~’ st. [a]y' € I wehave M, s" = +'.
Since the structure M is {a}—deterministic then for every (a)y’ € T if M,s E (a)y'
then M, s’ = +'. By the hypothesis on the premise of the rule ({(a) € A), it follows that
there exists ¢’ st. (a)d’ € A and M,s" = ¢ (seetherule ((a) € A)). Thisleadsto a
contradiction since in thiscase M, s = (a)d’ with (a)d’ € A. O

We have proposed a dlight variant of Wal ukiewicz’'s axiomatization. With this modifi-
cation al theresultsin [75] may be restated also for deterministic u—calculus. Sincethese
results represent steps forward to the proof of the completeness of Walukiewicz's axiom-
atization, we hope that the variant of the axiomatization we propose is also complete for
deterministic ;—calculus. To our knowledge this problem is not yet solved. However
we |leave the proof of the completeness of our axiomatization as a future work. In fact in
this thesis we use deterministic —calculus as a technical tool and indeed we are more
involved with decidability results of the satisfiability (validity) problem for deterministic
pu—calculus, that fortunately can be obtained by means of standard arguments.

We recall the definition of a particular set of formulas, namely the positive guarded
ones.

Definition 1.5 A formula « is called positive iff the only negations which occur in «
are applied to T of F. A variable X in uX.A(X) (or vX.A(X)) is guarded iff every
occurrence of X in «(X) isin the scope of some modality operator (), []. We say that a
formulais guarded iff every bound variable in a formula is guarded.

The next proposition states that we do not loose in generality by restricting our atten-
tion to positive guarded formulas.

Proposition 1.2 (Kozen) Every formula « is equivalent of a positive guarded formula.

The following result can be proved by putting together standard results for decision
procedures for mu-calculi (see [29, 93, 94, 95]).

Theorem 1.1 Given a positive guarded formula it is possible to decidein deterministic
exponential time in the length of ~ if there exists an A—det structure which is a model of

v.
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1.7 Variantsof the modal x—calculus

In this section we show dlight different versions of the modal ;.—calculus. These vari-
ants have been exploited by many authors (see [5, 10, 55, 92]) because of their technical
convenience. In particular these variants allow the sharing of subexpressions, hence the
formula which specifies the property can be more concise. For example, in [102] it is
given a linear trandation from PDL to simultaneous 1.—calculus, while the trandation
from PDL to modal ;—calculus is exponential on the length of the formula. Usually,
these variants are used as specification languages in model checking problems.

Bhat and Cleaveland have given a number of trandations for several temporal logics
(CTL,CTL* and ECTL¥) into an equational variant of ;—calculus (see [10]).

In particular we will use these logics in chapters 2,3 and 5.

1.7.1 Simultaneousfixpoint ;—calculus

The first variant is the simultaneous fixpoint ;—calculus (see [102]) that permits us to
reason directly about mutual recursive definitions. Semantically the two formulations
are equivaent, namely for every formula of the first language there is a semantically
equivalent formula of the second and vice versa. The key point isthat the translation from
simultaneousto modal .—calculusis exponential in the length of the formulawhile there
isalinear translation from modal to simultaneous y—calculus (see [4]).

The set of M, of simultaneous fixpoint ;.—calculus formulasis defined by the follow-
Ing grammar:

— .
)

Ac=X|T|F|-A|AANAy | AV Ay | (0)A | [a]A | (uX.A) | (vX.A)

where X is a vector of variables, and A is a vector of formulas. There is always the
syntactic condition on the nesting of negations of variables.

The only difference w.r.t. modal ;.—calculusisthe interpretation of fixpoint formulas.
A vector A of formulas of dimension /& with free variables X can be seen as a monotonic
function from P(5)* to P(S)* and the (X .A)’ represents the i — th component of the
minimal fix point of thisfunction that must exist by Tarski-Knaster theorem (see [97]).

In [94] the authors claim that their solution to the decidability problem for modal
pu—calculus leads to the same results for the simultaneous one, by pushing forward the
results of [102] where Vardi presents a decidability result for alimited class of formulas,
similar to the disunctive ones of Walukiewicz (see [46]).

1.7.2 Equational pu—calculus

Another variant of the modal ;,—calculus that permits the sharing of subtermsisthe equa-
tional one, is given by to Andersen (see [4, 5]). Let a bein Act and X be a variable
ranging over afinite set of variables Vars. Equational p—calculus is based on fixpoint
equations that substitute recursion operators. A minimal (maximal) fixpoint equation is
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X =, A(X =, A), where A isan assertion, i.e. asimple modal formula without recur-
sion operators. The syntax of the assertions (A) and of the lists of (D) equationsis given
by the following grammar:

A= X|T|F|A1/\A2|A1\/A2|<CL>A|[G]A
D:= X=, AD|X =, AD |e

It is assumed that variables appear only once on the left-hand sides of the equations
of the list, the set of these variables will be denoted as Def (D). Since every eguation
may be seen as a definition of a variable, the lists of equations are also called definition
lists. Let (S, A, {—>}4ca) bean LTS, p be an environment that assigns subsets of S to
the variables that appear in the assertions of D, but which are not in De f (D).

The semantics of the assertions is equal to the semantics of corresponding modal
p—caculus formulas. The semantics of alist of equations D, [D],? is an environment
that assigns subsets of S to variablesin Def(D). A list of equationsis closed if every
variablethat appearsin the assertionsof thelistisin De f(D). We use Ll to represent union
of digoint environments. Let o bein {u, v}, then oU.f(U) represents the o fixpoint of
the function f in one variable U. With the notation D | X, where X isthefirst variable
of the closed list D, we means [D](.X).

[el, = [
[X =, AD'], = [D']uwnxU[U'/X]
where
U = oU[A]puwxur )
pPU) = [Dguw/x)

It informally says that the solutionto (X =, A)D isthe o fixpoint solution U’ of [A]
where the solution to the rest of the list of equations D is used as environment.

1.7.3 Another semanticsfor the equational ;—calculus

Sometimesit is convenient to assume a slight different semanticsfor definition lists, based
on the notion of block, i.e. alist of equationswith the same fixpoint operator. A definition
list D can be partitioned inalist B, . .. B, of blocks. Now the semantics [ B]/, of ablock
B = (X; =, A,..., X, =, A,) can be seen as the minimal (¢ = p) or maximal
(o = v) fixpoint of afunction ®, i.e.:

[B],(X;) = m(c®) ie{l,...,n}

where

S(Uy,...,Un) = ([Ar] oo/ x1,stn/x0)s - - - [ARL oo /1,00 /X0])

2There is an overloading of the symbol [ ] used as semantic interpretation function for both formulas
and lists of equations.
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and 7; is a projection on the i — th component of a vector. By the semantics of the
assertions, if followsthat ¢ is monotonic and hence a o fixpoint exists. Moreover & may
be seen as a function that given an environment which defines the variablesin Def(D)
returns an environment with defines the same variables, hence the semantics of a block
may be considered as the o fixpoint of a function from environments to environments.

—

Givenablock B = (X; =, Ay,..., X, =, A,) we call lhs(B) the vector of variables

—

[X1,...,X,] and rhs(B) the vector of assertions [A4, ..., A,]. Now we can define the

—

semantics of avector of assertionsin thefollowingway [A]], = ([A1],, - - -, [4x],). With

—

abuse of notation we write X € lhs(B) if the variable X appears among the variablesin
lhs(B). For alist of blocks the semanticsis defined similarly as for list of equations®:

[, =0
[B1, B, = [U'/Ihs(By)]U [[B]];u[ﬁf/ms(m)}
where

T 7 x '
U = oUlrhs(BOY 6 m(iaur @)

I _ !
PU) = B, sty

Thefollowing theorem can be used to show that the simultaneousfixed point operators
do not increase the expressive power of the p—calculus (see [4, 7] for afull account of
the theorem).

Theorem 1.2 (Beki¢ stheorem) Let D and E betwo completelattices,and f : DxE —
Dandg: D x E — E monotonic functions, then:

w(z,y).(f(x,9), 9(x,y)) = (px.f(x, py.g(v,v)), py-g(pz.f(x,9),y)).

n

Given adefinitionlist £ = (X1 = Al, . ¢ =g Ai; - ,Xj =0, Aj, e, Xy =
An); with Ei,j we indicate the list (XZ =g Ai; - ,Xj =0, AJ)
The two semantics agree for a definition list which can be seen as a single block (see

[21]).

Lemma 1.2 Givenadefinitionlist E = (X, =, Ay, ..., X, =, A,) and an environment
p then:

Furthermore, it is possible to prove:

3There is an overloading of the symbol [ ]’ used as semantic interpretation function for both vectors of
assertions and lists of blocks.
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Lemma 1.3 Given a definition list £ = (By,...,B), where B, i € {1,...,l} are
blocks, then for every environment p we have:

[E], = [ET,-

Proof: By induction on the length of thelist E.
e | E|=1. Trivid,
e | E |=n.Byinductiononi C {1,...,n}.

— 4 = 1. Suppose that B; isequd to (X; =,, Ay, B]), with B} = (X, =,
Ay, ... Xy, =5, Ap,). The case where |B;| = 1 isimmediate. Now we have
[[E]]p(Xl) = UlUl-[[Al]]pl_l[Ul/Xl}l_lp’(Ul)a WheI'Ep’(Ul) = [[E2,n]]pu[U1/X1}- Thus
we can consider thelist F asalist of blocks, and X'; belongsto lhs(B; ), hence
we have: _ .

[E],(X1) = mi (01U [rhs(B1)]},)

wherep, = pU[U/X|Upi(U), p1(U) = [Bo, . .., Bl]]:,u[,j/)z]’ andlhs(B;) =

X. By applying the Beki¢'s theorem for binary fixpoints to o, ﬁ.ﬂrhs(Bl)]]Lz
we get that:

[E],(X1) = o1Ur.[A ] ey 100 @)
where:

o= { Mol Uy, Iths(BLL,) i€ {2,...,01}
Uy 1=1

Now we prove the following equality for every U,, from which the thesis
follows:

p LU/ X 1)U P (U)) = p U [E/X] U py (&) (1.1)
For the variables defined in p and for X; the above equality istrue. Note that
for eachvariable X; withi€ {2,...b, }, wehavee; =[Bj, ..., B[, iy, /x,)(Xi)
by the definition of the semantics of the list of blocks. Since by inductive hy-
pothesis on n we know:

[[Biv ) Bl]]lpl_l[Ul/Xl} = [[EQ,H]]pU[Ul/Xl] (12)
it followsthat for every variable X; withi € {2,...b,} theequality 1.1 holds.
Now consider avariable Y in Def(Bs, ..., B;). Then we have p;(é)(Y) =
[Ba; ..., Bi]e/x(Y). Now we have:

[Bs,..., Bl]]lpu[g/,\’}(y) = by induction on n

[B2, ..., Bl yey5y(Y) = from 1.2 for variables X;,i € {2,...,b1}
[B1, s Bl puion/x1 (Y)
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from which follows that the equality 1.1 istrue.
— ¢ = 7'+1. Without loss of generality we can supposethat X ; isthefirst variable

in Ihs(b,-) for ablock B;. Otherwise one can apply the Beki¢’'s theorem in
the appropriate way. Then there is a proof analogous to the one above, in

particular by noticing that by inductive hypothesis we have for every p':

[[Bl, ey ijl]]lp’ - [[El,i’]]p’-

A trandation from equational ;—calculusto modal p—calculus

In this section we give a translation from equational to modal .—calculus. Given alist of
equations D with n equations, the trandation is the following:

tT(Dl,l) = O'le.Al
tT(Dl,n) == tT(Dl,(n_l)[UanAn/Xn])

where D[oc X.A/ X isthelist D where every occurrence of X isreplacedby 0 X. A (weas-
sumethat the list of equations are well named). In the followinglemma, p is supposed not
to be defined for variablesin De f (D). Moreover the semantics of equational ;—calculus
must be consistently updated to deal with fixpointsin the assertions. A similar lemmais
stated in [4].

Lemma 1.4 For everyvariable X € Def(D; 1)), and for every environment p we get:

([D1n]p)(X) = ([D1,(n-1)[00 Xn- A / Xa]],) (X).

Given a closed definition list D, then by applying n — 1 times the above lemma we
can provethat D | Xy = ([D1,])(X1) = [tr(Din)]-



Chapter 2

Structural operational semantics and
partial evaluation

In this chapter we introduce a formal method for giving (operational) semantics to pro-
grams, namely Structural Operational Semantics (SOS, for short) proposed by Plotkin
(see[79]). Thismethod has a logical flavor and permits to reason compositionally about
the behaviour of programs. As example language, whose semantics is defined in a SOS
style, we present the Calculus of Communicating Systems (CCS, for short [69, 70]). This
language belongs to the family of process algebras ([43, 44]), i.e. formalismsfor the de-
scription of concurrent communicating processes. Thiskind of languages and the systems
they allow to describe will be used later in thisthesis. Furthermore we rephrase the com-
positional analysis techniques proposed in [4, 5, 55] for languages described in a SOS
style.

2.1 Structural Operational Semantics

The method we are going to present is based on the notion of (Labeled) Transition Sys-
tem. The states of the transition system are the elements of some formal language. The
main notion is the transition between states, i.e. s —- s’, which expresses the fact that
the system s has performed a step of an activity, identified by an action or label a, by
reaching a state s’. In general, transitions between terms can be inferred through a set of
(conditional) rules, based on the syntax of the language. The transition s — s’ can be
derived by inspecting the transitional behaviour of subcomponentsof s. In the widerange
of formats for SOS rules the general structure isthe following:

premises

conclusions

where premises and conclusions are properties expressed on transitions of open terms
of the language. The semantics of terms can be inferred by the semantics of the sub-
terms. Many important facts about programming languages, whose operational semantics
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is given in terms of SOS rules, can be deduced simply by inspecting the format of these
rules. For example, it is possible to ensure that an equivalence relation among closed
terms is indeed a congruence w.r.t. the operators of the language (see[12]). Moreover a
lot of work has been carried out in order to automatically derive from SOS specifications
for (concurrent) programming languages complete equational theories (see [3]). In this
chapter we show how to apply compositional reasoning techniquesfor ageneric language
defined by a system of SOS rules.

211 Preliminaries

Let V' be a countable set of variables, ranged over by z, y .. ., possibly subscripted. Let
Act be afinite set of actions, ranged over by a, b, c. . ., possibly subscripted.

Definition 2.1 A signature X isa pair (F, ar), where:
e [ isaset of function symbols, digoint fromV/,

e ar : F — Nisarank function which gives the arity of a function symbol; if f € F'
and ar(f) = 0 then f is called a constant symbol.

Definition 2.2 Let Y beasignature. Let W C V beaset of variables. The set of X —terms
over W, with notation 7'(X, W), isthe least set satisfying:

o W CT(X, W),
o if fe Fandt,, s lar() € T (3, W), then f(t, --;tar(f)) eT(E,W).

When W = 0, T(X, () is abbreviated by T'(X) and T'(X, V) is abbreviated by T(X);
elements from 7'(3, ()) are called closed or ground terms, elements from T(X) are called
open terms.

Definition 2.3 Given a signature > = (F, ar), an assignment is a function  from V' to
T'(X). An assignment - induces straightforwardly a mapping fromtermsto 7'(%):

Yty tan(py) = FO (), - Y (Earr)))-

Givenatermt, let Vars(t) (Mwvars(t)) be the set (multiset) of variablesin¢. A term
tisclosed if Vars(t) = 0.

De Simone's For mat

Perhaps the first who has clearly identified the notion of format is De Simone in [89]. A
rule in the De Simone's format is as follows:

{331' iy yi}ie[
f(])l,...,l'k;) L)t

(21)

where:
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e feF ar(f)y=kandI C {1,...,k},
e r,..., 1 andy; fori € I aredistinct variables,

e moreover, if we define the variables z, = y; if i € I and 2} = x; otherwise, then
each variable 2, occursalmost onceint and Vars(t) C {}, ..., z.}.

Now we give the way of calculating whenever aclosed term ¢ can perform atransition
t st
Definition 2.4 Let D be a set of rulesin De Smone’s format. A proof for a transition
t - ¢, isawell founded upward branching tree, whose nodes are labeled by transitions

a/

t — t" st.:
e theroot islabeled with t - ¢4,

a

o ift' %5 ¢ isthe label of a node ¢ and y; for i € I isthe set of labels of nodes
directly above ¢ then thereisarulein D:

{331' iy yi}ie[
f(])l,...,l'k;) L>t

(2.2)

"

a

and an assignment y sit. y(z;) —= v(y;) = x; foralli € Tand y(f(z1,..., 1)) ——

a/

V(t”,) — tl N t”.

A simple language

Let us give a simple language defined by means of rules in the above format, which
permits us to describe finite labeled trees. The signature is composed by a constant 0,
the choice operator + with arity 2 (we use the infix notation), and a finite set of prefix
operators a. where a € Act and Act isafinite set of actions. For every prefix operator a.
thereisan axiom, i.e. arule without premises:

a.r L> T (pa)
and moreover we have two more rules for the choice operator (for each a € Act):
r — +h) y—y
r+y——a Yorry Sy
There are no rules for 0 since it represents a process that cannot perform any action
(terminated or deadlocked process). The following is a ssmple proof for the transition

(a.c.0 +0) + 5.0 — ¢.0.

(+4)

B E—
a.c.0 — ¢c.0

(a.c.0 +0) = ¢.0

a +a
(a.c.0+0)+0.0 —c0
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GSOS Format

We recall the definition of GrandSOS or GSOS format of Bloom et al. in [3, 12, 13], by
following the treatment proposed by Simpson in [90].
A GSOS ruler hasthefollowing format:

(o %5y S, 0 PSR,

f(ajla"')xk:) L>g(f??j)

(23)

where all variables are distinct; 7 and ' are the vectors of al z; and y;; variables re-
spectively; m;,n; > 0 and k isthe arity of f. We say that f is the operator of the rule
(op(r) = f) and c isthe action. A GSOS system G is given by a signature and afinite set
of GSOS rules.

Given asignature ¥ = (F, ar), an assignment + is effective for aterm f(sq,. .., sk)
and arule rt if:

1 y(x) =s;forl <i<k;
2. forali,jwithl <i<kandl < j <my itholdsthat v(z;) —% v(ys);
3. forali,jwithl <i<kand1 < j < n;, it holdsthat v(z;) 2.

The transition relation among closed terms can be defined in the following way: we
have f(sy,...,s,) — s if and only if there exists an effective assignment - for arule r
with operator f and action ¢ such that:

s =7(9(Z, 7))

Bloom et al. in [13] proved that there exists a unique transition relation induced by a
GSOS system. Moreover another interesting peculiarity of thistransition relationisthat it
is finitely branching, namely for every closed term s we have {s’ : Ja € Act s — s'}
isfinite.

Givenaruler inthe GSOS format we call source(r) = {xz; | 1 <i < k},target(r) =
g(Z,y). For every rule r and for every variable z; in source(r) let Pos(r, z;) be {a;; |
1 <j < m;} and Neg(r,z;) be {b;; | 1 < j < n;}. For every rule r and for every
variable z; in source(r) let Succ(r, z;) be{y;; | 1 < j < my;}.

2.2 ProcessAlgebras

In this section we briefly recall CCS (or Calculus of Communicating Systems) of Milner,
alanguage defined in the SOS style for describing concurrent systems. Thisformalismis
called process algebra since it has a mathematical and algebraic flavor.

In the rest of this chapter when we refer to ageneric rule r, we consider it in the format in 2.3.
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Rather than actual programming languages, process algebras are specification for-
malisms for system that have to cooperate and communicate to perform complex tasks
and computations in different settings and in different contexts. The universe of inter-
est is modeled by assuming the notion of processes that autonomously and concurrently
can proceed in their computation but which have also the possibility to communicate
and synchronize among themselves. Process algebra formalisms are built from the basic
operations of this framework. The processes can perform actions (which may represent
computation steps).

Let us see the CCS process algebra?. The main operator is the parallel composition
between processes, namely p||¢. The intuition is that the parallel composition of two
processes performs an action whenever anyone of the two processes performs an action.
Moreover, processes can communicate. The notion of communication considered is a
synchronous one, namely both the processes must agree on performing the communica
tion at the same time. In CCS the communication between two processes composed in
paralel is modeled by a simultaneous performing of complementary actions. This event
is represented by a synchronization action (or internal action) 7.

The complementary actions can be seen as sending and receiving activities on the
same channel.

The signature of CCS is defined as follows. Given afinite set of actions £, the set of
complementary actions £ is {@ | « € L} where ~ isabijection with@ = a. Let Act
be £ U L U {7}, where 7 isa special action that denotes an internal computation step (or
communication). I1 isaset of constant symbols that can be used to define processes with
recursion.

Foes ={0,+, ||}u{a. |a € Act} U{\L | L C LUL}U{[f] | f: LUL — LUL}UTI.

We have ar(0) = 0 and for every = € II we have ar(r) = 0. The symbols || and
+ denote binary operators and we will use the infix notation for them. The symbol a.
denotes a unary operator and we use the prefix notation for it. The [f] and \ L symbols
denote unary operators and we use the postfix notation for them. Let .., be (Foes, ar).
The operational semanticsof the CCS closed termsisgiven by means of the GSOS system
infigure 2.1, wherefor every actiona € Act wehavetherulesp,, +%,+7, ||', ||; for every
subset L of £ U £ and for every action a not in L U L we have arule res, 1; for every
function f : LU L — LU L and actiona’ st. o’ = f(a) we havearulerel, ;. Moreover
for every action! € £ U £ we have acom, rule.

Informally a (closed) term a.p represents a process that performs an action ¢ and then
behaves as p.

Theterm p + ¢ represents the non deterministic choice between the processes p and ¢.
After the choice has been resolved, by choosing the action of one of the two components,
the other is dropped.

2Actually we present aslight different formulation of Milner’s CCS, since we deal with the restrictions
of GSOS format. In particular we do not assume an infinitary choice operator and we have only afinite set
of actions. Moreover instead of arecursion construct like rec X . P we assume an infinite set of constants.
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a.r — x (Pa)
T — y -2y
a ! (+l0.) a ! (+Z)
Tty —x rT+y—y
r : y sy .
ol m —(Il%)
zlly — ='lly - zlly = ally
r -t g Y LN Y
T (comy)
zlly — 2'ly
r — g ( ) T — (rel, ;)
reSa,L : el
2\L — 2'\L 2[f] - 2'[f]

N /

Figure 2.1: GSOS system for CCS.

The term p||q represents the parallel composition of the two processes p and ¢. The
rules ||, and ||” show that the compound term p||q can perform an action if one of the
two can perform an action, and this does not prevent the capabilities of the other pro-
cess. Therule com is characteristic of this calculus, it expresses that the communication
between processes happens whenever both can perform complementary actions. The re-
sulting processis given by the parallel composition of the successors of each component,
respectively.

The process p\ L behaves like p but the actionsin L U L are forbidden. To force a
synchronization on an action between parallel processes, we have to use the restriction
operator in conjunction with the parallel one.

The process p[ f] behaves like p but the actions are renamed via f.

Examples

Some examplesfollow of systems described in CC'S. Asafirst simple example we show
how to serialize the activity of two processes that run concurrently. Since in general the
|| operator does not impose a precedence among the activities of processes, i.e. if p can
perform an action a and ¢ can perform and action b then their parallel composition can
perform both the ¢ and b actions. We need some way to synchronize the two activi-
ties. Suppose we want to give precedence to the first process. After the first process has
performed its activity (modeled by an execution of an action «) then a complementary
action is performed, namely start. The other process, before starting its activity (say b)
waits for a complementary action of start. To force the synchronization on this action
we prevent the whole process to perform start actions. Let us review this small system
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(a.start.0||start.b.0)\{start}. Its behaviour is described by the following LTS:

(a.start.0||start.b.0)\{start}
(start.0||start.b.0)\{start}

(0]|6.0)\{start}
(0]]0)\{start}

By following [39] wetreat recursion by considering an infinite set of constant symbols

[1. Every constant must be equipped with a constant definition, say {7 =t, | 7 € I, t €
T(Xces)}. If m = tisadefinition of constant then this means that the behaviour of the
process 7 is given by the behaviour of itsbody ¢, (it is worthwhile noticing that the body
can contain other constant symbols). Formally this is expressed by adding the following
rule:

te — ¢!

Tt
Now suppose that we want to model a system where a user sends a file for printing to a
spooler, which in turn chooses the printer that will actually do this job and returns this
information to the user. We have four agents, the user represented by a constant U, the
spooler S and the two printers, say P; and P,. Let us see their CC'S specifications:

U = Preparing.SendSpooler.(Printed1.U, + Printed2.Uy)

S = SendSpooler.(SendPrinterl.Finished.Printedl.S+
SendPrinter2.Finished.Printed2.S)

P1 = SendPrinterl.Printingl.Finished.P1

P2 = SendPrinter2.Printing2.Finished.P2

where U; and U, are the continuations of the process User, after it has received the infor-
mation about the Printer actually used. The system consists of the parallel composition
of the four elements, with the restriction on the communication actions. We can observe
that the set of actions:

L' = {SendPrinterl, SendPrinter2, Finished}

regards only communications between the Spooler and the printers, while SendSpooler,
Printedl, Printed2 are communication actions between the User and the Spooler. So
the system may be modeled in the following way:

Sys = (U[|(S||(P1]|P)\L"))\{SendSpooler, Printedl, Printed2}.

The behaviour of the composed system, determined by the GSOS system, is represented
infigure 2.2. In the figure we have omitted the terms of the transition system, for example
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Sys
Preparing

2

N

Printingl Printing2
6 7
T T
8 9
T T
10 11

Figure 2.2: The LTS of the process Sys, for sake of simplicity we have named only the
interesting states of the LTS.

the term relative to the state |labeled with 4 is:

((Printedl1.U; + Printed2.Us)||((Finished.Printedl.S||
(Printingl.Finished.P1||P2))\L)\{SendSpooler, Printedl, Printed2}.

while the term of the state 10 is:

(UL [|(S||(P1]|P2))\L")\{SendSpooler, Printedl, Printed2}.

Auxiliary transition relations

L et us define some auxiliary transition relations, that will be used in the next sections.
Definition 2.5 Lett =a;...a, € Act* anda € Act \ {7}. Then

t al Gn
T T %
——
SN LN N,
a
—>= Ugcact —

Givenaprocessp let Der(p) = {q | p —* ¢} bethe set of its derivatives. A process
p issaid finite-state if Der(p) isfinite.

2.21 Equivalences

In general, it isinteresting to study when two processes (terms) can be considered equiva-
lent, by abstracting from irrelevant aspects. The consideration of relevant aspects, mainly
depends on which way the process is used. Due to the huge number of different settings
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that arise in the analysis of concurrent systems, not surprisingly, many different theories
of equivalence have been proposed in literature.

Labeled Transition Systems are used as models for reactive systems, hence we have
to consider not the internal state of the system but the behavioural capacity to react with
the outside world. Even though there is a general agreement on the behavioral nature
of equivalence, it is not always reasonable to take into account the same aspects as the
relevant ones. For example, itis commonly accepted that the two terms .0 and a.0 + .0
(where 0 is constant process that does nothing and + is the CCS choice operator) should
be regarded as equivalent, since both can perform an « action and then idle forever. But
some researchers have argued that in same specific situation they should be considered
different. In fact if we take into account the availability of resources in fault tolerant sys-
tems, we could consider the first process less “robust” than the other since it has only
one possible resource to perform the a action, while the second seems to have two re-
sources. Hence, it is important to identify which properties of the system must be an-
alyzed, and which properties are preserved by a certain equivalence notion. Here, we
briefly introduce some well known equivalences among processes (for a deeper discus-
sion see[13, 23, 24, 100]). A first attempt to give a reasonable notion of equivalence that
fitsthe general case may be the following:

p and ¢ are trace equivalent iff V¢ € Act* wehavep —— ¢ —5.

This equivalence, even though rather intuitive, is not completely satisfactory from
several pointsof view. Concurrent systems may present deadlocks, i.e. the system cannot
proceed and cannot perform its task. The above equivalence does not take into account
deadlocks, i.e. the following terms are considered equivalent: ¢.0 + a.b.0 and ¢.b.0. The
first can perform an « action and then reaches a deadl ocked configuration, while the other
one cannot perform an a action by reaching a deadlock state.

Another negative consideration about trace equivalence is that it does not take in ac-
count the branching structure of the processes. In fact the following processes are trace
equivalent: a.b.0 + a.c.0 and a.(b.0 + ¢.0). Their associated LTSs are presented in figure
2.3. Thefirst process “chooses’ to perform a b or ¢ action at the beginning of its compu-
tation, while the latter after performing an a action; if this action can influence the choice
of the following behaviour of the process then it is reasonable to consider that the second
process has a more decisional power.

A possible solution is to imagine a game-like equivalence such as:

p and g are equivalent iff if p - p’ then ¢ — ¢’ and p’ and ¢’ are equivalent
and vice versa.

More formally we can define the notion of strong bisimulation by following Park (see
[76]).

Definition 2.6 A relation R between statesof an LTS L = (S, A, { > },ca) isa strong
bisimulation if for each (p, ¢) € R and for each a € A:
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q1

A
O

Figure 2.3: Example of trace equivalent processes.

if p — p thenthereexists¢’ : ¢ — ¢’ and (p/, ¢') € R.
if ¢ - ¢ thenthere existsp’ : p —%» p' and (¢, ¢) € R.

Two processes p and ¢ are strong bisimilar if there exists a strong bisimulation R
st (p,q) € R. The maximal strong bismulation is ~ which is the union of every
strong bissmulation. It is easy to check that thisrelation is still a strong bisimulation and
moreover is reflexive, symmetric and transitive.

From the definition, it appears clear that the processes p; and ¢; are not strong bisim-
ilar. Analogously the processes p, and ¢, are not strong bisimilar. In fact ¢, after an a
action can reach a state where both b and ¢ actions can be performed, while p,, after per-
forming an a action, can be in a state where b can be performed (but not ¢) or elsein a
state where ¢ can be performed (but not b).

Strong bisimulation is the finest equivalence that is commonly accepted and enjoys
several good properties. First of all, this equivalence is also a congruence w.r.t. al CCS
operators and moreover Bloom et al. proved that strong bisimulation is preserved by all
G SOS definable operators.

Theorem 2.1 ([13]) Let G be a GSOS system. Then strong bisimulation is a congruence
w.r.t. the operationsin gG.

Another important aspect of bismulation is that it can be logically characterized. In
fact if we consider as L), the set of HML logic formulas (see section 1.4) we have:

Proposition 2.1 ([70]) If p and ¢ are finitely branching processes then

p~q IffV¢€£HML(p):¢<:>q):¢)
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It isinteresting to note that the previous propositionistrue also for u—calculus formu-
las. Thisstrong connection between modal |ogics and models of our concurrent languages
isone of the major advantagesin considering interleaving semanticsfor concurrency w.r.t.
other models that take into account more realistic and peculiar aspects of concurrency
such as Petri nets and event structures. This connection plays a central role in our thesis
and in the next chapters, we show how results from temporal logic can be applied in con-
currency and results in concurrency can lead to new developments and ideas in temporal
logic theory.

Observational equivalence or bisimulation

Until now we do not have assumed a distinguished role for the 7 action, but actually this
action isused to model acommunication internal to the system or an internal computation
step (not visible to the outside world). So we would like to abstract from those actions
when comparing two systems. This can befruitfully exploited in a step-wise devel opment
strategy because we are able to substitute concise specifications by larger ones without
affecting the overall visible behaviour of the system. For example, we can imagine to
substitute a process with two others that perform the same visible task, but committing
some internal communication. Actually, we cannot simply abstract the internal actions
since they can affect the visible behaviour of a system. Look at the following example:

p3 q3

QO QO
/w‘ /\\T‘
o @) @)

The processes p; and ¢3 cannot be considered equival ent, since the second can perform
an internal action (and so independently of the environment) by reaching a state where an
action a is no longer possible. So the non visible behaviour of the system, represented by
the 7 action, can modify its visible behaviour.

The equivalence proposed by Milner (see [69]), namely observational equivalence or
bisimulation (or else weak bisimulation) is the following:

Definition 2.7 Arelation R between statesof an LTS L = (S, A, {5 }4c4) isabisimu-
lation if for each (p, ¢) € R and for eacha € A:

if p BN p' thenthere exists ¢’ : ¢ N ¢ and (p',¢') € R.
ifq L> q’ then thEFGEXiStSp’ Ip :a> p’ and (p', q/) cR.

Two processes p and ¢ are bisimilar if there existsabisimulation R st. (p,q) € R. The
maximal bisimulation is & which is the union of every bisimulation. It is easy to check
that thisrelation isstill a bisimulation and moreover isreflexive, symmetric and transitive.
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Moreover bisimulation is a congruence w.r.t. all CCS operators, excepted for summa-
tion (+).

The bisimulation is a very interesting equivalence. It is decidable in polynomial time
for finite-state processes (see [47]). Moreover quite elegant proof techniques exist for
proving that two processes p and ¢ are bisimilar. Actualy, it is sufficient to provide
a bisimulation R such that (p,q) € R. In this way we can prove bisimilarity among
possibly infinite state processes (see example 5.6).

2.3 Partial evaluation of requirements

In genera in the construction of complex systems it is not convenient to build directly
the precise and complete description of every component. It is better to follow a top
down design methodology. It permits to detect in an earlier stage of the development
possible errors of the project and repair them, without wasting too much time. Moreover
the management of the whole project is easier.

In chapter 1 we have seen how properties of LTS can be expressed in a process logic.
We have seen that concurrent programs (i.e. processes) can be described through LT'S's.
In the previous sections we have described a way for formally deriving the behavior of a
system, in a compositional manner, by inspecting of the behaviour of its subcomponents.

Since it is quite unusual to have al the requirements at the beginning of aprojectitis
common to leave unspecified some part of the system. We would like not to specify too
many thingsin an earlier stage of the development. Moreover, the specification of compo-
nents should not lead to a system whose subcomponents cannot be provided, because of
the aready specified parts do not permit any possible implementation of the unspecified
ones. These problems have been tackled in several settings, in particular Larsen and
Xinxin (see [55]) and Andersen (see [4, 5]) have proposed an automated methodology
to find the minimal properties that unspecified components must satisfy in order that the
whole system can verify a certain property. We show how their ideas can be rephrased by
starting from GSOS definitions of languages.

Theintuitive idea

First, we define the formal language in which the system properties are specified. For the
simplicity of operators and for its significance in the theory of LTS many authors argue
that ;—calculus is a good specification language. Here we start our analysis from the
sublogic HML that, as we have seen in the previous section, has characterizing power
w.r.t. strong bisimulation.

We believe that the intuitive idea can be understood better in this limited framework.
Moreover the presence of fixpoint operators introduce some technical problems. We
briefly present how this approach works and the problems that must be tackled.

Consider asimple CCSterm, i.e. t = a.x where x is a variable. Hence, we want to
get the minimal requirements on closed terms s, that can be substituted to = in theterm ¢,
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st. t[s/x] E ({a)T) A ([a](b)T). First of all we note, by observing the interpretation of
the logical connective A, that this problem is equivalent to analyze the two subproblems
1) t[s/x] E (a)T and 2) t[s/x] = [a](b)T. Let us study separately the two problems:

1. By looking at the definition of the GSOS rule for prefixing operator in figure 2.1,
we note that we can have a.s —- s for every closed term s. Hence, the condition
onthetermssisT.

2. By observing the semantics of the [a] modality, we can note that it requires that for
every a—successor of ¢[s/x] holds (b)T. By looking again at the definition of the
GSOS rulefor prefix operator in figure 2.1, we can have only an a—transition from
a.sins. Then s must satisfy (b)T.

By putting together the conditions on s we get t[s/z] = ((a)T) A ([a](b)T) iff s =
T A (b)T.

Let us consider the following CCS term ¢ = .0 + z and the formula [a][a]F. As
before we have to ensure that every reachable term from ¢[s /x| through an a action must
satisfy [aF, (that isto say that it cannot perform an a action). By looking at the definition
of the GSOS rule for the choice operator in figure 2.1 we can have that t[s/z] — 0, by
means of the transition .0 —*+ 0, or else s —+ s’ for some s’. In the former case there
are no requirements on s (since 0 |= [a]F) and in the latter it isrequired that s" = [a]F.
By summarizing, the latter property can be equivalently expressed as s |= [a][a]F .

The analysis proceeds in a compositional manner in the structure of the formula and
the only interesting case isthe treatment of the capabilities of processes. Sincetheformula
is finite and the possible successors of each term are finite, in the case of HML formulas
this strategy always terminates.

2.3.1 Theoretical framework for the partial evaluation

We will consider a particular format of GSOS rules, i.e. the kind of rules that do not
permit copying.

Definition 2.8 Aruler of a GSOSsystem G isnot copying if and only if for every variable
z in source(r) theset (Suce(r, 2) U{z})NVars(g(Z, 7)) isempty or itisasingleton {w}
and in this case we have Mvars(g(Z, 7)) (w) < 1.

The necessity of restricting ourselves to this kind of rules relies on the fact that we
want that the number of unspecified components of the system cannot grow. Thisis clear
if welook at the following rule:

ANV Ll
f(z) = g(a',2")
If we have a term with one unspecified component, say f(z), it is possible that after
a transition a we have to deal with a term with two unspecified components, since we
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cannot predict the successors of . Even though it is possible to deal in some framework
(see [55]) with more than one unspecified component, we prefer to restrict ourselves to
this situation. Indeed, this analysis is sufficient for our purposes. Another property that
we impose to the format of the rulesis the following:

Definition 2.9 Arule r of a GSOS system G keeps the nesting of terms if every variable
intarget(r) appears as argument of the top level operator, or target(r) isa variable.

The following rule shows an example of nesting:

r -
flz) == f(f(a"))

Assumption 2.1 We start our analysis under the assumption that every rulein G is not
copying and keeps the nesting.

The following rule violates both conditions:

fork
x —

f(x) = parent(a')||child(z")
As notation we write t[Z] where ¢t isaterm and Vars(t) isasubset of the variablesin

Z. We write ¢[z]' if the variable = may appear in ¢ at most once, and as argument of the
top level operator or ¢t = 2.

Remark 2.1 In general for a context ¢[z]" we use a particular notation where z is equal
to the variable that is the formal parameter in the rulesfor the top level operator of ¢ (we
implicitly assume that for every rule and every operator f always the same variables and
in the same order in the source are used)®.

L et us make some requirements on the contexts ¢[z]’.

Since we treat terms with one possible unspecified component, we are interested in
partial assignments for arule  and a context ¢[x|’, that do not need to be defined for all
variables involved by the rule . More formally a partial effective assignment ~ for a
rule r and acontext f(¢y,...,zy, .. .t) isafunction from variables to closed terms, not
defined for the variablesin {x, } U Succ(r, z;,) such that:

2. foralli,jwith1 <i<k,i#hand1 < j<m, itholdsthat v(z;) —2 7(ys);

3. forall i, jwithl <i<k,i#hand1 < j < n,, it holdsthat v(z;) 2%,

3Alternatively one can assume as equality among context the a—equivalence.
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a ! b "

1 C
flz) — g

y -y

a !

rlly — zlly
a !
r—rx

K ’ r+y 2 /

Figure 2.4: Examples of rules of types 1,2 and 3 with respect to the variable x.

If the context ¢[z]' is actually a closed term then a partially effective assignment is
effective. Let P&}, bethe set of partially effective assignmentsfor arule r and a context

t[z]'. Let Rules?") be the subset of rules of G whose operator is op(t), and whose action
isa. For the sake of simplicity, if t[z]" isaclosed term then let pos(r, x) = neg(r, x) = 0.
This notion permits us to give a definition of the transition relation between contexts. We
observe:

o t[x] ~ t'[2']" iff 3+ partially effective for the rule - and the context ¢[z]" such that
t'[2"] =+ (target(r)).

Definition 2.10 The set of derivatives w.r.t. the above transition relation for a context
tlz]"is DerC(t[z]') = {t'[y]" | t[x] ~~ t'[y]'}.

In the sequel we will restrict ourselvesto the class of well behaved contexts.
Definition 2.11 A context ¢[z]' iswell-behaved iff DerC(t]x]') isafinite set.

Please note that if in the previous definition we do not assume a unique representation
for contexts then we could have an infinity of derivatives of the term ¢[z] simply renaming
Z.

By assumption 2.1 on the nature of the rules, we can divide them among three types
w.r.t. avariable x in the source of aruler:

e Typel: ({x} U Suce(r,z)) N Vars(target(r)) = 0;
e Type2: x € Vars(target(r));
e Type 3: Succ(r,x) N Vars(target(r)) # 0.

The next technical lemma shows an alternative characterization of the transition rela-
tion between closed terms.
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Lemma 2.1 Given a context ¢[z]' and a closed term s we have t[s/z]’ — t' iff one of
the following conditions holds:

e Jr of type 1 st. Iy partially effective for » and ¢[z]’ and Ve € Pos(r,z) : s —
and Ac € Neg(r,z) : s —, and y(target(r)) = t,

e Jr of type 2 st. Iy partially effective for » and ¢[z]’ and Ve € Pos(r,z) : s —
and Ac € Neg(r,z) : s =, st. t' = (y(target(r)))[s/z'],

e Jr of type 3 st. Iy partially effective for » and t[z]’ and V ¢ € Pos(r,z) : s —
and Ac € Neg(r,z) : s —=, let y;; bein Succ(r,z) N Vars(target(r)) then
35’ 1 s —L ' and t' = (y(target(r)))[s'/«']'.

Proof:

Suppose that t[s/z]' — t'. By definition there must be arule r with operator op(t)
and action a and an effective o' for r and t[s/x|' st. ¢ = +/(target(r)). We know
that » must be of one of the three types 1,2 or 3. So we continue by inspection of the
type of r. First of all we note that in every case, since 7' is effective, we must have
Ve € Pos(r,r) : s =+'(x) — and BAc € Neg(r,z) : s = 7/(z) —. Please note that
if Pos(r,x) or Neg(r, x) are empty the conditions are trivially fulfilled. As notation we
write~ \ [X] for the assignment that coincides with ~ with the exception of the variables
in X, where it is undefined.

Then let us consider the different types of rules:

1. Letybe~'\[{z} U Suce(r, x)], then v is partially effective.

2. In this case we have that = appears in Vars(target(r)), so v'(x) is defined and
t" = +'(target(r)), let v be v' \ [{z} U Suce(r,x)] then t' = ~'(target(r)) =
(v(target(r)))[s/«]).

3. In this case we have that y;; appears in Succ(r,z) N Vars(target(r)), then by
hypothesis on effectiveness of 7' we have s = +/(z) —2% v (yij) = s'. Asabove
consider v = '\ [{z} U Succ(r, x)] thent’ = +/(target(r)) = (y(target(r)))[s'/

Z']").

The other direction can be proved by similar arguments, O
The following proposition states the correctness of the partial evaluation function o
givenin figure 2.5%.

“We use indexed digunctions and conjunctions, with the usual semantics, in particular V ;cp = F and
Nicp = T.
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7 o], A) _ 4 I
o(t[z]', T) =T
o(tlz], Ay NAy) = o(t[z]', Ar) A o(t[z]', As)
o(t[z]', —A) = —o(tz]', A)
o(t[z]', (a)A) = Vo Ruteso® V'yGPEtTm, ((Aceneg(ra) () T)A

(/\cEPos(r,x)(c>T) A UI(Ta xz, A))
where W = Suce(r,x) N Vars(target(r)) in
o(y(target(r)), A) r of type 1 or 2

o'(r,x,A) =
K ( ) { (a;j)o(y(target(r)),A)) rof type 3andy;; € W /

Figure 2.5: Partial evaluation function for H M L logic.

Proposition 2.2 Given a well behaved context ¢[x]’, and an HML formula A, then for
every closed term s we have:

tls/x] = Aiff s = o(t[x]’, A).

Proof: By structural induction on A:
e A=T,wehavet[s/z]' = T for every closed term s, or equivalently s = T.

e A = A NAy, wehavet[s/z] = A iff t[s/z] E A, and t[s/z] = As. By
induction hypothesis we have that t[s/x]" = A, iff s & o(t[z], A1), and t[s/
z]' | Ay iff s = o(t[z]', As). Hencewe havet[s/z]| E A iff s = o(t[z]’, A;) and
s = o(t[z]', A2), by definition of the semanticsof A, thisleadsto s = o (t[z]’, A1) A
o(t[z]', As).

e A = A, we have t[s/z] E A iff t[s/x] £ A;, and by inductive hypoth-
esis the latter statement is equivalent to s (= o(t[z]’, A;) and equivalently s |=
—o(tx]', Ay).

o A = (a)A;, we have t[s/z] | (a)A, iff there exists ¢’ st. t[s/z] — t' and
t' = A;. By using the lemma 2.1 we can have one of the following cases:

— Jr of type 1 st. Iy partialy effective for r and ¢
s —s and Ac € Neg(r,z) : s —, and y(target(r

8

|"andV ¢ € Pos(r,x) :
)=t F A,

|"andV ¢ € Pos(r,x) :
v(target(r)))[s/«"]', and

~—

— Jr of type 2 st. Iy partialy effective for r and ¢
s —s and Ac € Neg(r,z) : s —, st. t' =
t' = Ay,

8

—
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— Jr of type 3 sit. Iy partialy effective for r and t[z]' and V ¢ € Pos(r,x) :
s = and Zc € Neg(r,z) : s —, let y;; bein Succ(r, x) NVars(target(r))
then 3¢ : s —% ' and ¢’ = ((target(r)))[s'/'] and ¢’ |= A;.

The above conditions can be equivalently expressed by:

— Jrof typelst. 3y partidly effectivefor r and ¢[z] and si=(A e veg(rey —(6)T)
Aceposirz)(€)T) andt’ = A;. By induction hypothesist' |= A, isequivalent
tos ): U(t,, Al)

— Jrof type2st. 3y partialy effectivefor r and ¢[z] and s = (A ceneg(re) () T)
A Neepos(ra)(c)T) and t' = Ay Inthiscaset’ = (y(target(r)))[s/«']', and
by inductive hypothesiswe havet’ = A; iff s = o(y(target(r)), Ay).

— Jr of type3st. 3y partiadly effectivefor r and ¢[z] and s |= (Aceneg(ra) () T)
A Aecposiray(c)T) and ¢ |= A, In this case, we have s —% s’ and ¢/ =
(y(target(r)))[s'/«']', and hence by inductive hypothesis we have t' | A;
iff ' = o(y(target(r)), Ay).

So we have another condition s = (a;;)o(y(target(r)), A1).

By grouping together the similar conditionsw.r.t. s, we obtain the desired formula. O

2.4 Addingrecursion tothelogical language

In chapter 1 we have seen that the HML logic, without recursion, does not permit to
express properties on infinite computation of a system. Thus here we extend the previous
theory to handlethiskind of properties. We use the equational ;—calculus as specification
language®.

Given a well behaved context ¢[x]" let C' be the set of its derivatives DerC'(t[z]").
Since t[x]" is well behaved then C is finite, in particular we assume in the following
C={e,...,cn}

We start with alittle examplethat highlightsthe necessity of using equational ;.—calcu-
lus, instead of modal ;i —calculus. Let usconsider the u—calculusformulaF' = ;X ((a) X
V (b)T). Since we want to perform the analysisin a compositional way in the structure of
the formulawe need the trand ation of the subformula ((a) X Vv (b)T) w.r.t. acontext ¢[z]'.
During this trandation it is possible that the same variable X (or better the properties
expressed by avariable) must be analyzed simultaneoudly in different contexts!

In fact, suppose to have the CC'S process P = a.a.P + a.c.0. Now consider the
context t = (P||y). Hence we get:

DerC(tly]") = {P||ly,a.P|ly,c.0||y,0l|y}.

SActually, we use an equational j.—calculus with negation in assertions, since it has a smaller number
of operators and modalities. There is aways the syntactic condition on the nesting of negations.
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Then the formula ((a) X Vv (b)T) must be reduced, in particular we have to reduce the
two subformulas (a) X and (b)T. Let us concentrate on the former formula. It follows
that if we apply the standard reduction for (a) X we should get:

(@) ((Plly), X)V o((a-Plly), X) v o((c.0]y), X)

where o (t[y]’, X) is the evaluation of a variable in a context (for a formal definition see
below).

Hence the properties expressed by X must be “simultaneously” evaluated in three
different contexts.

As Larsen and Xinxin, we avoid the problem of considering effectively every reach-
able context, simply by inserting an equation for every context! Andersen applies this
strategy only for the parallel operator of his generic process algebra. For the other oper-
ators he is able to analyze correctly only the strictly necessary part of the system. The
price he has to pay is amore complex trand ation function.

So every equation in the list E is substituted by a list of equations, one for every
context in the derivatives of ¢[z]'.

Let trC(E) our syntactic translation function from definition liststo definition lists.

o _ [ 1 E=1
tr (E) - { Xa =0 O'(Cl,A);- . .,Xc" =0 O'(Cn,A),tTC(E,) E = (X o1 A)aE,

moreover we add the following clause for logical variables to the partial evaluation func-
tion of figure 2.5.
o(tlz],Y) =Yl

Our goal isto prove that:
[s/2]' € [E],(Y) iff 5 € [tr(E),](Y°) (2.4)

In particular we are interested in the case where p =_. Hence, the above statement
says that checking if a system satisfies an equational specification, when the unspecified
component is replaced by a closed term, is equivalent to check if the closed term satisfies
atrandated equational specification.

First weintroduce a semantic counterpart of thetr© () trandation. Let TR (p)(X°©)
= {s | ¢[s/z] € p(X)} beasemantical translation function from environments to envi-
ronments.

In the following proof we will use a technical lemma proved by Andersen in [4], the
so called reduction lemma.

Lemma 2.2 Supposethat D and E are powersets over countable sets, and in : D — E
an w—continuous function with in(L ) =1 5. Moreover supposeto haveg : £ — E
and f : D +— D both monotonic and with the property:

inof =goin.
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We can conclude that
prg = in(pf).

The in function can be seen as a decomposition function. Given a set of contexts, it
returns for every context the set of closed termsthat fit in the unspecified component (see
definition in the proof below). The reduction lemmais used to reason about simultaneous
evaluations of ;,—calculus variables, which are evaluated in different contexts.

Instead of proving the equivalence 2.4 we prove the following result from which 2.4
follows.

Lemma 2.3 Let F be alist of equations, p an environment and C' = DerC'(t[x]'), then
we have:

TRE(E],) = [tr® (E)lrre ).

Proof: Let in be:

in(U) = (ing(U),...,in, (U)) with
in.(U) = {s|c[s/z] € U} force C.

We prove the thesis by induction on the length » of the definition list.

e | £ |=0. Theresult trivialy follows.

o | E|=| (X, =, Ai),E'|=n.Byinductiononi € {1,...,n} andforc € C we
prove that:
TREEL)(XF) = [tr (B))rre(p) (X7)
— i =1. Wecan seethat TR ([E],)(X}) = m.(in([E],(X1))), where 7. isa
projection.

Let f(Ul) be [[Al]]pl_l[Ul/Xﬂl_lp’(Ul) Wherep’(Ul) = [[EI]]pI_I[Ul/Xl}- Now we have
[E],(X1) = o1Uy.f(Uy). Weassume oy = p inthe sequel, otherwise one can
use a reduction lemma for maximal fixpoints.

Letg(Uy,...,Uy) be([o(cr, A)lps - - -5 [o(cn, A1), ) Wherepy = TRE (p)U
U, /XS, ... Uy X U p"(Us, ..., Uy) and p" (U, . .., U,) isequal to

TR (pu [U1/X1]) = TR (p) U [ine, (U1)/ X7, . .. ine, (Ur)/ XT"]. (2.5)
By inductive hypothesis on the length of £ we have:

TRC([[E,]]PU[Ul/Xl]) = [[tTC(E,)]]TRC(pI_I[Ul/XI])'
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We can look at the minimum fixpoint of ¢ as the block semantics in the
equational p—calculus for the variables X', ..., X{". In particular let B =
tTC(Xl =5 Al) then

Thusfor c € C, we get 7r.(ug) = [B, tr¢ (E")]7xe(,) (XT). Hence, by lemma
1.3 we have:

me(ug) = [tr° (E)rre(,) (XT) = [tr” (E)lrre ) (XT)

In order to prove the thesisit is sufficient to prove in([E],(X1)) = in(pf) =
1g. By using the reduction lemmawe can restrict ourselves to prove:

in(f(U)) = g(in(U)).
By structural inductionon A;.

x A = Xy, thenin(f(U)) = in(U), while g(in(U)):
(X s nyys - - 5 [XT Lo (ingeryy) =
(i10,(U), - . .y ine,, (U)) -
in(U)
and the result follows.
x A1 = Y)Y # Xy, thenif p(Y) is defined we have that in(f(U)) =
in(p(Y)), and g(in(U)) isequa to:
(Y Lprin@y, - Y Jprnwy) =

(TR (p)(Y?),...., TR (p)(Y")) =
(ine, (p(Y)), - - -y ine, (p(Y))) =
in(p(Y))
Ay = X, then in(f(U) = in(IE Ty (X,)), and g(in(V)) is equl
to:
( XCl]]Pl (in( ---aﬂX;n]]pl(' (U))) =

—~
[\
v

=

“(E)],. (X“) [t (B, (X))
here p; = TRE(p) U line, (U1)/ X ine, (U1) [ X§7))

[

([tr

(w )

([tr ( Nrrepum XlD(X]) [[ “(E Nrre o, x) (X))
i

/
(T x ) (XF), - TRO([E Toutwi/x) )(Xf”))
e, ([E"] oo /x1) (X)), - mcn([[ oo /x1(X5)))
in([E] oo /x0(X5))
x For Ay = = Ay, Ay = Ay A Az or A = (a) A, the proofs are similar to
those of proposition 2.2.

By applying the reduction lemma 2.2, we get in(uf) = pg and the result
straightforwardly follows.
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—-i=1441,
TRE(E],) (X ,4)
{s|cls/z] € [E]p(Xis1)} =
{s | cls/z] € [Evqinly (Xis1)} =
(where o' = p U [[E],(X1)/ X1, [E],(Xs)/Xy]
TRE([Eirs1.n]p) (X5 11) = (ind.hp.)
[t (Eir1,0) ] rre (o) (X5 ) =
[t (B s1,0) 7R (o) ( +1)
where p" = [TRE([E ]]p)(Xfl)/Xfl, ., TRE([E],) (Xim) /X7,
TRE(EL) (X)X, .. TRE(ED) (X)X
By induction hypothesis on ¢ we know that

TREL)(XF) = [tr (B)]rre () (X)

forl <j <iandce C.Sowecanrewritep” as:
[tr (B))rre ) (XT) /X1 [trC (B) ] rre o) (XT) /X1,
[[trC(E)]]mq >(X /X ---,[[trC(E)]]mq >(X ")/ X,
Hence it followsthat :

[t (Eir 1) rre (g (Xi) = [0 (B))rme () (Xii1)
and indeed the thesis.

0
The following proposition shows the correctness of our partial evaluation function for
list of equations with respect to contexts.

Proposition 2.3 Let E be a closed list of equations, and t[z]" a well behaved context,
with C' = DerC(t[x]'), then for every closed term s we have:

tls/a] € [E](X:) iff s € [tro(E)](X;™).

Proof: We recall the semantical translation from environments;

TR (p)(X) = {s | c[s/2]' € p(X)},
it followsthat t[s/z]’ € p(X) iff s € TR (p)(X!).
By using the above equivalence with p = [ E'], we can rewrite the thesis as:

e [ (B (XY iff s € TRO(IE])(X!F).

)

Since E is closed so tr“(E) will be closed. So let L be the void environment, we have
TRE(L) =L. By lemma2.3 we get:

TRC([[E]]) = TRC([[E]]J_) —lemma 2.3 [[tTC(E)]]TRC(L) = [[tTC(E)]]
This concludes the proof. O
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2.5 Examples

In this section we show some simple applications of the partial evaluation function.

25.1 Bergstraand Klop’spriority operator

As first little example we consider the priority operator of Bergstra and Klop ([6]). It
permits to give priorities among the actions that a process can perform. More formally,
given apartial order < among actions, then for every action a we have arule:

- ' {z A a<bab}
0(x) = 0(a')
We study the case with two actions [, h, with <= {(h,[)} (I has a higher priority

than h) and so we have the following two rules which, as we can easily see, respect our
assumption 2.1 on the structure of the rules.

h 1 l l !
(9)33—>a;l x 4= 6y) x—l>x
6(x) — 6(z") 6(x) — 6(z")

Let us see the requirements that a term s must satisfy in order to have 0(x)[s/z]" |=
(DT A(h)T. First of al let us note that the only partially effective assignment for both the
rules ¢, and 0, and the context 0(x) is the void assignment. By applying our trandation
function in figure 2.5 we get:

o(0(x), (HT A(W)T) = o(B(x),()hT) Ao(8(x), (h)T)
o(0(z),(1)T) = (Do(6(x), T) A ()T

o(0(z), (h)T) = (o), T) A=(OHT A (W)T
o(f(z), T

=T
Soo(0(x), ()T A (h)T) = ()T A (h)T A—=([)T A (h)T isequivaent to F. In other
words, thereisno term s such that 0(x)[s/z|" |= ()T A (h)T. Thisis effectively part of
the intended semantics of the operator.

Let us show an example involving the use of the recursion in the logical language.
The property we would like to analyze is the following, where s is a closed term:

0(z)[s/z]' € [X =, (B)X](X)
It expresses the fact that the process 6(z)[s/x]' can perform an infinite sequence of & ac-
tions. Let us apply the partial evaluation function for the logical language with recursion:
tTC(X v <h>X) = (Xg(m) v O’(Q(.’L‘), <h>X))

where o(0(z), (h)X) = ()T A (R)X°®), So it mugt be s € [X%@) =, ~(I)T A
(R) X @] (X)), intuitively it meansthat the process s must be ableto perform aninfinite
sequence of h actions, and during this sequence the process does not have the possibility
of performing an [ action. It is worthwhile noticing that both the approaches of Larsen
and Xinxin and the one of Andersen cannot deal directly with this operator (see[39]).
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2.5.2 fictiousclock parallel operator

The next example shows an extension of the CCS parallel operator that cannot be handled
by the approaches of Larsen and Anderson. Thisoperator will be used in chapter 5 of this
thesisand it is called fictious clock parallel operator. This name follows from the fact that
it forces synchronization of both components in the ¢ (or tick) actions, by modeling the
elapsing of one unit of time. Assumet, T ¢ A and Act = AU{t, 7}, then anatural way to
give the operational semantics of the parallel operator w.r.t. the action ¢ is the following:

r-5a y-Sy VaeA —r(xi>/\yi>)

zlly = 'y

Unfortunately, the above rule does not respect the format of 2.3. We can give a set of
rulesin GSOS format that model the intended behaviour of the parallel operator w.r.t. the
t action, by providing for every A’ = {a;,...a,} C Aand A’\ A = {by,...,b,} arule
like:

a5 xSl oy by o pEEn fy oy
elly = o/l

Let us see the minimal requirements that a closed term ¢ must satisfy in order to have
(pl|x)[g/z]" = (t)B. The partial evaluation for aformula (¢) B is the following:

(1)B)//p = { {5/ /3 A Aoz aIF Z{Zei;i A ={acAlp-)

2.6 Overcoming the restrictions on the structure of the
rules

In this section we show that our requirements on the structure of the rules of the GSOS
system permit us to analyze complex terms. Even though, we require rules to keep the
nesting of the parameters, this does not imply that we can analyze only terms where the
variable is a top level operand. Let us see an example with the CC'S parallel operator
and the simple HML logic. Suppose to have theterm ¢ = (p1||(p2|(. - - pnl|2))), where
p1,-- -, p, areclosed terms. We want the weakest condition on closed terms s sit.:

(ull (I - pull2)))[s/2] = A

Our approach is not directly applicable to this term, but consider the term ¢, = p||z2,
hence we get:

(Pull P2l - pull2)))ls/ 2] = tl((P2I (- - pallz)[s/2]) /2]
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Evaluate(f(t1,...,t,), E) =

Iff(t,...,t,) isacontext
Then
Let C = DerC(f(ty,...,t,))in
tr¢(E)
Else

{let t; be the sub term that strictly contains the variable }
Let C = DerC’(f(tl, ey b, Ty, ,tn)) in
Let F' =tr9(E)in
Evaluate(t;, E')

Figure 2.6: Partial evaluation function for general terms with one variable.

Now we can apply the partial evaluation function to the context ¢, and let s; be
((p2|(. . . pn|z))[s/2]), SO We get by lemma 2.2:

to[s1/wo] = Al 51 = o(t2, A).

We have almost completed our task, since by applying n — 1 timesthis reasoning we
can get the weakest condition on s. It is possible to generalize this strategy to all contexts
t[z]" st. thevariable z isnot atop level parameter.

To treat with the full equational ;.—calculus we need some technical tools to han-
dle variables. During the syntactic trandation ¢ (), we supscript variables with con-
texts. In particular it is possible to supscribe more than once a variable X, for exam-
ple (Xelzl)elz] - We implicitly rename this variable as X eil(e2l2))/=1] | please note that
c1[(e2]22])/21] is still aterm with one variable z,.

In figure 2.6 we give the procedure that performs the partial evaluation for a generic
term with one variable. Its correctness is stated by the following proposition.

Proposition 2.4 Given aterm¢ with onevariable z, and alist of equations £ = (X} =,,
Ay, ..., Xn =5, Apn), then we have for every closed term s:

t[s/2] € [E](X) iff s € [Evaluate(t[z], E)](X').
Proof: By induction on number n of recursive calls of the function Evaluate.

e n = 1, then Fvaluate(t[z], E) = tr°(E) and the thesis follows by proposition 2.3.

n=mn+1thent = f(t,...,t;,...,t,) with z appears in ¢;. Let ¢'[2']' =
f(ty,...,2',... t,) and C = DerC(t'[2']'). By definition of Evaluate we get:

? Y

Evaluate(t[z], F) = Evaluate(t;[z], E')
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with E’ = tr¢(E). Hence, we get:

tls/z] € [E](X) iff
t[(t:[s/z])/='] EI]](X) iff  (prop.2.3)
tils/2] € [E")(X"F iff  (ind.hyp.)

)
€ [Evaluate(t; [z],E’)]]((Xt' ZNhlD) i
€ [Evaluate(t;[2], E")](X ') iff
€ [Evaluate(t[z], E)](X "))

2.7 Related work

In this chapter we have rephrased the compositional analysis techniques, proposed by
some authors, for avariant of GSOS format (that subsumes De Simone's format). In this
way wetry to follow aline of research that is devoted to produce general toolsfor analysis
of systems, by starting from the semantic definition of their language.

In particular we refer to the work of Aceto et al. in [3], where the authors propose
a procedure for converting any GSOS definition in a complete axiom system (possibly
with one infinitary induction principle) which precisely characterizes (strong bisimula-
tion) equivalence. Similarly, Simpson in [90] gives a generic proof system applicable
to any language with an operational semantics defined in the GSOS format. The spec-
ification language is the so called H M L logic, less expressive than p—calculus. So it
seemsthat SO.S systems, for specifying the operational behaviour of languages, can rep-
resent a foundational language from which several verification methods can be naturally
devel oped.

In [5] Andersen proposed the compositional analysis (or partial evaluation) techniques
for avoiding the so called state-explosion problem that arises in the analysis of concurrent
programs. In fact the size of the LTS which describes the behaviour of aterm is exponen-
tial in the number of parallel operators that are in the term. He considers the following
verification problem: how to check efficiently that p, ||p, satisfies aformula ¢. It is easy
to prove that p,||ps is strong bisimilar to py||(p2]|0). So by theorem 2.1 the formula ¢ is
satisfied by the former processif and only if is satisfied by the latter. Hence, we can apply
many times the partial evaluation function for parallel operator. Moreover, at each time
the reduced formulais substituted by a semantically equivalent formula, but with smaller
size. Finally, we have the following verification problem: 0 = ¢’ and ¢’ is the resulting
reduced and ssimplified formula. The key point isthat is very simpleto check if 0 satisfies
aformula, it is sufficient to change every possibility modality in F and every necessity
modality in T and then applying constant simplifications. Andersen named this technique
partial model checking.



Chapter 3

Analysis of Open systems

In this chapter we face the analysis of open systems. In particular we study the verification
problem called module checking by Kupferman and Vardi. We show how to reduce this
problem for several temporal logics to a validity problem in deterministic (equational)
pu—calculus. In particular we use the compositional analysistechniquesrecalled in chapter
2. We show a simple example of application of the proposed theory.

3.1 Introduction

In the field of formal specification and verification of systems, temporal logics have been
widely recognized as a valuable tool. In particular for the analysis of so called reactive
and non terminating systems.

By following [42] we can distinguish between closed and open systems. The be-
haviour of a closed system is not influenced by its external environment. While the be-
haviour of an open system may depend on the interaction with the environment. For
example, suppose to have a machine that serves drinks. A closed machine may work in
the following way: it boils water, and nondeter ministically serves coffee or tea. An open
machine boils water, allows the environment to choose for a drink and then deter ministi-
cally servesthe chosen drink (see [44]).

A powerful automatic method for the verification of properties of (finite-state) sys-
tems is the so called model checking (see [19]). The ideais to consider a system as a
Kripke model for atemporal logic. The Kripke semantics, also known as possible worlds
semantics, propose aview of asystem that we could refer to as closed. In fact atransition
of system is always considered possible, regardless of the environment. Alternatively, we
can imagine that this situation is equivalent to check the system in a setting where the
environment does not limit its possibilities.

Sometimes, we are interested in establishing properties that an (open) system must
satisfy when it operates in conjunction with arbitrary environments. This uncertainty
about the behaviour of the environment makes open systems difficult to be programmed
and analyzed.
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In [50, 51, 101] Kupferman and Vardi have defined a ssimple and clear theoretical
framework for the analysis of open systems. It is based on a refinement of the structure
of Kripke model. The states (or worlds) are partitioned in two sets, the system states and
the environment ones; the former may actually access every successors, the latter have
areduced set of possible worlds according to the environment. While this framework is
surely theoretical interesting, it has also a practical interest.

3.2 Module Checking

In this section we briefly recall some preliminary definitions by following the treatment
of [50]. A Kripke model isatuple P = (AP, W, R, w1, ) where AP is afinite set of
atomic propositions, W is a set of worlds (or states), R C W x W isthe accessibility
relation (whichisrequired to betotal), w;,;; istheinitial world, and [ isalabeling function
from W to 247. Here, we suppose to have an initial state because we want to state
propertiesthat hold at the beginning of a computation.

A Kripke model is sometimes called program. A path on a program P is an infinite
sequence of states wy, wy, . .. such that for every 0 < j, we have (w;, wj;1) € R. As
notation we write P = ¢ if aformula ¢ is satisfied in w;,;; (See chapter 1 for the formal
definition of the relation |= for several temporal logics).

A closed system is a program whose behaviour is completely determined by the state
of the system, so every world related, via R, with the current state, can be effectively
accessed.

To describe open systems Kupferman and Vardi define the structure of a module, i.e.
atuple M = (AP, W,, W, R, wy, ), by dividing the set " of states of a Kripke model
in two sets W and W,. For each state w € W, U W, let suce(w) be the set of directly
accessible states, i.e. {w'|(w,w') € R}.

The different behaviour of the system in the two kinds of states, is reflected by con-
sidering Step(s) as the set of sets of states that can be accessed from a state s. In fact
for astate s in W we define Step(ws) = {succ(w;)}, while for a state s in W, due to
the intended nature of WW,, we have to suppose that the environment can allow whatever
subset of suce(w,). The only limitation is the (technical) necessity that the environment
has to permit at least a state to be accessible from w.. Hence let us define Step(w,) as
{S|S C succ(we) A S # 0}.

1
()
2,7 T3
) green
goldfish ) S S

Figure 3.1: Module for food gathering machine.
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Figure 3.2: Some |abeled trees in Exec(M).

As example we recall in figure 3.1 the module for the food gathering machine ex-
plained in the introduction. The state 1 is an environment state and we have succ(1) =
{2,3} and Step(1) = {{2}, {3}, {2, 3} }, while succ(2) = {1} and Step(2) is{{1}}.

Following [50] we consider an infinite treeasaset 7' C N* (i.e. a set of finite se-
quences of naturals) such that if x.c € T"wherex € N* andc € Nthendsoz € T, and
foral 0 < ¢ < ¢,wehavethat x.c/ € T. Moreover x.0 mustbeinT if x € T. The empty
word ¢ isthe root of the tree and the other strings are the nodes.

A X —labeled treeisapair (7, V'), where T isatreeand V' isalabelling function from
each node of 7'to X (in our case X will be W or 24F),

We can unwind amodule M inthetree (T, Vi) of its computations, by considering
it as a Kripke model. Actually, the tree (T, Vi) corresponds to a situation where the
module M is composed with the environment that allows the system to access every
possible world, via R. Every environment induces a particular computation tree when it
interacts with a module (open system). In order to consider all the possible computation
trees of amodule M that arise when the moduleis composed with arbitrary environments,
one has to consider aforest of trees. Call thisforest Exec(M).

Informally every tree in theforest can be obtained from 77, by pruning some subtrees,
whose root is a successor of an environment state w.. Roughly speaking this means that
the environment does not allow the system to access the state which is the root of the
pruned subtree.

More formally let us define Exzec(M) in the following way. With the notation N™
we mean the sequences of length n of naturals. Let 7" be Uy<,<,, T N N™ then we have
(T, V) € Exec(M) iff: o

e cc TandV(e) = wy,

e Fordlz € T,if V(x) = w then there exists {wy, ..., w,} € Step(w) such that
{t|teT,JieN st.t==zxi} ={x.0,...,z.n}andforal 0 < <n,wehave
that V(z.c') = we.
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Moreover it is assumed that trees (T, V') € Exec(M) can be also 247 —labeled trees,
whose label functionisi(V'(z)) for x € T'. The appropriate |labeling function will be clear
from the context. To every labeled tree (T, V) € Exec(M) we can associate a Kripke
model (T, V)& = (AP, T,{(t,t.1) | t,t.i € T,i € N}, e, 1o V).

Remark 3.1 It isworthwhile noticing that, given a labeled tree (7', V') € Exec(M) and
an order <y, on X, there existsalways a labeled tree (T, V1) st. if t.i,t.j € T theni < j
iff Vi(t.i) <sx Vi(t.j). Moreover thereisan isomorphism f between (7, V') and (7', V1)
st. f(e) =e.

Some trees of Exec(M) where M isthe food gathering machine arein figure 3.2. In
the introduction we wonder if the food gathering machine can satisfy the CTL formula
(VG 3F (goldfish)) for every environment in which it operates. Clearly, by looking at
thetree c infigure 3.2 it turns out that the answer is NO, since there is no state |abeled by
the proposition goldfish.

The authors of [50] define the problem of checking that every tree (T, V') in Exec(M)
satisfies ¢ (i.e. (T, V)E | ¢), where ¢ canbea PTL,CTL,CTL* formula, as module
checking (M =, ¢). They prove that module checking problem is EXPTIME and
2EX PTIME complete, respectively for CTL and CTL*.

3.3 Technical framework

Here, we show how module checking problems can be reduced to a validity problem in
the deterministic (equational) p—calculus. The ideaisto “internalize” the environment.
Then we may treat the environment as an unspecified component of a system and hence
we apply partial evaluation techniques.

3.3.1 Partial evaluation technique

This technique relies upon compositional methods for proving properties of concurrent
processes, specified in terms of a process algebra (see chapter 2). It has been presented
in thisformulation by Andersen in [5]. We follow his approach since Andersen has been
among the firsts to propose these functions and moreover a prototype implementation has
been produced ([58]) for performing partial evaluation. Together with our implementation
of a proof checker for modal p—calculus we have a prototype implementation of the
theory we are going to explain (see chapter 5).

First, we introduce explicitly an operator for parallel composition of LTS. It is clas-
sical CCS parallel operator, defined over LTS. Other parallel composition operators for
processes could be taken in account. The parallel composition E || E; of two processes
By = (P, A {5} sca) and By = (Q, A, {—"}ca) (i.€. their LTS) consists of the LTS
whose set of states is given by {p||¢ : p € p,q € @Q} and for every action a € A the
relation — is given by the least relation induced by the following rules:
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p—p ¢—q  p=p g4
plla —plle  plle—plld  plle—2lld
Given aprocess E = (P, A, {—"+}.c4) the restricted process E\L, where L C A

consists of a set of states {p\L | p € P}, and for every actiona € A therelation -+ is
given by the least relation induced by the following rule:

p—p agl
P\L = p'\L

Thelogical language for the specification of the propertiesisthe equational ;.—calculus
(see section 1.7.2).

The intuitive idea is the following: proving that E||E, satisfies F' is equivalent to
prove that F, satisfies a modified specification F'//E,, where // E; isthe partial evalua-
tion function for the parallel composition operator (see table 3.1). Hence, the behaviour
of acomponent has been partially evaluated and the requirements are changed in order to
respect this evaluation. It isworthwhile noticing that, if we avoid the technical difficulties
due to the presence of fixpoint operators, the partial evaluation function for the modal
formulas can be seen as driven by the operational semantics rules (see chapter 2). This
appears clear if one analyzes the partial evaluation rule for the formula (7) A w.r.t. the
|| operator. By inspecting the inference rules, we can note that the process p||q (with ¢
unspecified component) can perform a7 action by exploiting one of the three possibilities:

e the process ¢ performs an action 7 going in a state ¢" and p||¢' satisfies A; thisis
taken into account by the formula (7)(A//p),

e the process p performs an action 7 going in a state p’ and p’||¢ satisfies A, and this
is considered by the digunctions V-, A//p', where every formula A//p' takes
into account the behavior of ¢ in composition with a 7 successor of p.

e the last possibility is that the 7 action is due to the performing of two comple-
mentary actions by the two processes. So for every a—derivative p’ of p thereisa
formula (@)(A//p').

The following lemmas are given in [4, 5], where E; isafinite state process (we could
also use the results of chapter 2).

Lemma 3.1 Given a process E, || E, and an equational specification D | X we have:
E\||B; £ (D) X) iff E; |= (D} X)//E..

The partial evaluation function for the restriction operator can be found in [58].

Lemma 3.2 Given a process £\ L and an equational specification D | X we have:

(ENL | (DL X)iff B = (D) X)//\L.
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(DL X)//t = (D//H)L X,

e//t = ¢
(X = AD)//t = ((Xs =5 A//8)sepern))(D)/ [
X//t = X

(@Af)s = (a)(A//)VV, a,, Al/s, HaFT
(NA/ls = (1)(A)/s)VV = A/ VV o (@)(A]]s)
[a]A//s = %a](A//S)/\/\Sim, Al ita#T

[T]A/)s = [TJANI NN, =, Al]S' NN, o, [al(A]]S)
ALNAsf[s = (Aif[s) N (A2]]s)
A1V Ay/[s = (Ai/[5)V (A:2]/s)
T//s = T
F//s = F

Table 3.1: Partial evaluation function for parallel operator ||.

3.4 Solution of module checking for ;—calculus

In this section we show how the deterministic equational ;. —calculus can be used to solve
the module checking problem for ;,—calculus.

3.4.1 Thereductiontoavalidity problem in deterministic u—calculus

First of al, please note that there are several versions of temporal logics, that are inter-
preted over Kripke models and not directly on Labelled Transition Systems. Since our
analysis framework is based on the notion of L7'S we need some encodings®. The states
of LT'Ss do not carry information, i.e. states are not labeled by propositional symbols.
On the other hand, Kripke models assume a unique accessibility relation among worlds.
We can encode the accessibility relation of the Kripke model as a particular transition
relation, say —. Moreover we can encode the fact that a proposition holds in a state as
the capability of performing a certain action when the system isin that state.

For example we may define two functions i, and h., respectively from Kripke models
to LTSs and from CTL formulas to modal ;—calculus formulas interpreted over LTS
(without propositional symbols).

L et us define the function ~, which, given aKripkemodel M = (AP, W, R, w1, 1),
returns the following LTS hy (M) = (SW, A" U {7}, {—=},caaruiry), Where

1In [25], the authors propose the notion of Doubly Labeled Transition Systems, which are LT'Ss with
information added in the states.
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SV = {su|lwe W}
A% = {alpe AP)
= {(8w, s0)|(w,w') € R}

ap

{(Sw, sw)|p € l(w),w € W}

Formally, h, is defined inductively below:

ho(T) = T
h2(F) = F
he(p) = <ap>T
hz("‘ls) = _'h2(¢)
ho(pV @) = ha(d) V ha(¢)
ha(p N @) = ha(d) A ha(¢)
ho(EX ) = (T)ha(0)
hao(AX¢) = [T]ha(0)
ho(FpUP) = pX.ho(¢) V (ha(9) A (T)X)

ha(VoUQ') = pX.hy(¢) V (ha(9) A [7]X)
Now we can state the following lemma:
Lemma3.3 w, M = ¢ iff s,, hi(M) = ha (o).

Similar encodingsand corresponding lemmas can be stated for the propositional ;.—cal-
culus interpreted over Kripke models, C'T'L* and ECT L*.

Remark 3.2 Inthe sequel we areinterested to study module checking problems for equa-
tional p—calculus defined over Kripke models. Hereafter we assume as given the se-
mantics? of this logic and moreover that a function A/, is given st. for every equational
specification ¢ and every Kripke model M we have w, M = ¢ iff s,,, hi (M) = hi(¢).

We now describe atrandation from modulesto LTSs.

Definition 3.1 Givenamodule M = (AP, W,, W, R, wy, [) we define the following LTS
PM = (S, A, {5 }.ca) Where:

S = {sylweW}
A = AP UAUA,
AP = Aaylp € AP}
Ay = Hay pl(w,w') € RAw e W}
A, = Hagpl(w,w') € RAw e W, }
Vp e AP - = {(su,54) | p € l(w)}
Vw € W, % = (54, 50) | (w,w') € R}

a®

Vw e W, : == = {(s4, $w) | (w,w") € R}.

2A similar definition can be straightforwardly obtained from the definition of equational ;. —calculusin
section 1.7.2, by considering a unique label (7) and the standard clause for propositional constants.
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Characterization of Exec(M) asLTSs

Our intention is to describe the set of treesin Exec(M) up to isomorphism as LTSs. To
achieve this aim we characterize a set of processes, that we call Envs(M).

We will show that given a module M, the set Exzec(M) can be characterized by the
set Comp(M) = {a((PM||X)\L)|X € Envs(M)}, where 4 is an unwinding function
(seebelow) and L = A,UA, UA,UA,. Inparticular, each treein Ezec(M) isisomorphic
to a((PM||X)\L) for aprocess X in Envs(M) and vice versa. We consider rooted LTS,
i.e. LTS with adistinguished initial state s;,;;.

Let us see the constraints that processes in Envs(M) must satisfy in order to obtain
the above characterization. Let o bein {s,e} and X = (S, A, U A., {—=},cqux) bea
process in Envs(M) then:

(1) The set of actions that can be performed by processesin Envs(M) islimited to the
complementary actions of the actionsin A, U A,, namely A,UA, = {@ | a €
Az U A, }. There are neither actionstied to propositional symbols nor 7 actions.

(2) Vse S,if s e A € W, = Va € {aS; yn|w" € succ(w')} s —.
It statesthat after acomplementary action that | eads the other component to a system
state, the process X must permit, by offering a complementary action, every action
of the other component.

a®
(2) Vs e S,ifs =% s Aw' € W, = A" C {af, |w" € succ(w')}, A*#0:Va €
Al ¢ s
It states that after a complementary action that leads the other component to an
environment state, the process X must permit, by offering complementary actions,
anon empty subset of the actions that the other component could perform.

(3) If the initial state of P is s,,
Wingt, W' € succ(w')}  Sini A,
It means that the initial state of a process X in Envs(M), where wg,; is a sys

tem state, must offer every complementary action of the actions performed by the
translated module initsinitial state s, ,, .

with Winit € WS then Va € {a/,ijl,wll | w' =

t

(3) If the initid state of P is s,,,, With wiy,; € W, then 3A" C {af, |w' =
Winig, " € succ(w')}, AL #0:Va e AL sipu A,
It means that the initial state of a process X in Envs(M), where w;,;; is a envi-
ronment state, must offer a non empty subset of the complementary actions of the
actions performed by the trandated module initsinitial state s, ,, .

(4) The processesin Envs(M) must be deterministic.

Therequirements (1-3') can besimply translated in alist of equationsin the equational
pu—calculus asfollows:
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Vo (A WOAC A ) (31)
a€AUA, aEAUA;U{T}UAAP

Yo = ( [a]Y2) A ( A [@]( A (@T)) (3.2
a€A UA, ae{afu,w, |w' eWs} ae{a:’u,,w,, |w €suce(w’)}

Yo =, ( [a]Ya) A ( A [a]( V (@T)) (33
a€A UA, ae{afu,w, |w'eWe} ae{afu,,w,, |w' €suce(w’)}
ae{a:’u,,w,, |w'=wjnit,w" Esuce(w’)}

Yy =, \/ <E>T (35)

aE{an, w!! |w'=winit,w" Esucc(w’)}

Givenamodule M = (AP, W,, W, R, w1, ), we associate to M alist of equations
CM defined in the following way:

if wini € W, then CM consists of the equations 3.1, 3.2, 3.3 and 3.4,
if wini € W, then CM consists of the equations 3.1, 3.2, 3.3 and 3.5.

For the requirement 4 we use the theory presented in chapter 1 for the interpretation
of (equational) pu—calculus formulas over deterministic LT'S's.

We formally define the unwinding function ¢.. Thissimply unwindsthe LTS aongthe
T actions. Consider the LTS L = (S, AP U {7}, {—=}ecaru(r}) St. if s € S,a € AP
ands — s'thens’ = s. Let s beastateof an LTS L then the unwinding of L by starting

fromsisatreelike LT'S u(s) = (S, APU{r}, {—a>’}aeAPUT> rooted in s¢ where |et the
relation u” be Uy<,u"(s), and withy C S* andn € N we have:

u(s) = 0

urtl(s) = {(s7,7,87%)|s — s'tUU,

sis—Tss ur" (SI)

and —'= {(7, ") | (s7,7,5"7) € u'} and —'= {(57,57) | s - s} fora € AP

and S" = {s7 | s¢ —" 7} with —'= Ugcapugry —'- Please note that u®"(s) C
us"1(s). Sometimes we refer to the unwinding of a process by meaning the unwinding
of the L'T'S associated with the process by starting from itsinitial state.

Moreover we can give the following lemma, that states that aformulais satisfied in a
state s of an LTS iff itissatisfied in its unwinding (see [27]).

Lemma 3.4 Given a (equational) p—calculus formula+y and an LTSL = (S, A, { >
}aca) then we have:

Lsk giffals),s" b o,
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Suppose to have amodule M = (AP, W,, Wy, R, winit, [) and an order <y, on W =
W, U W;. Hence in the rest of this section we refer to every set of worlds {wy, ..., w,}
in such away that w; <y w; iffi < j.

We define a function from processes in Comp(M) to labeled trees. Actually, the
codomain of this function is the labelling of a tree, from which a tree can be simply
derived®,

Given astate u” in the set of states of @((P||X)\L) let suce, (u?) = {u"" : v’
u/"}. We assume a derived order among the elements of succ, (u”) in the following way
(5w [[X)\L)™ <p (5w, [|X;)\L)"™ iff w; <y w;. Asfor set of worlds, in the sequel
we refer to set of derivatives { (s, || Xo)\L)™, . . ., (8w, || Xn)\L)™ } in such away that
(Sul XNDT <y (50, [ X)NL)™ i w; <y .

Hence, given aprocess a((PM || X)\L) in Comp(M) whose set of statesis S’ then let

B(a((PM||X)\L)) be
U U ¢

0<n se{s7eS":|y|=n}

where:

6 (((Swinse | X)\L)) (€, Winit) ,

S (((suXNDY) = let (#,0) = 6(u) in | |
let suce, (u™) = {((swo[[Xo)\L)™, - ((sw, | Xa)\L)™ }
i<n case g(stX)\L)V“ = ((Sw, || Xe)\L)"™ then
t'.c,w,

Remark 3.3 Supposeto have ((s,,||X)\L)” in Der(a((PM]|X)\L)) with | v |= n, then
by observing the function ¢ we note that ¢™(((s,,||X)\L)?) = (¢, w) for somet € N".

The following lemma states that ¢ returns a W —labelling of atree.

Lemma 3.5 Given a process @ ((PM[|X)\L) in Comp(M) then ¢(a((PM||X)\L)) isa
W abelling of atree.

Proof:

Assumeto have i ((PM||X)\L) in Comp(M) whose set of statesis.S’. We show that
thefunctions ¢™ for n € N areinjective, that isto say for s7, s/ € S'if ¢"(s7) = ¢"(s""")
then s7 = 57, At the same time we prove that ¢(a.((PM||X)\L)) is a function from N*
to .

The proof proceeds by induction on n. For n = 0 it is obvious. For n > 0 sup-
poseto have ((s,||X)\L)” and ((s. || X")\ L) suchthat ¢"(((s,||X)\L)?) = (¢, w) and
" (((sur|| X)\L)') = (t,w). Hence it follows from remark 3.3 that w' = w; moreover
we havey = yyu; and ' = yju}. Solet {t;,w;) be ¢ t(u]*) and (¢}, w}) be qﬁ”*l(u?i),
and it must be t; = ¢}. By inductive hypothesis on n we know that also w; = w}. Now

3Simply, one takes as tree the set of sequences of naturals where the labeling is defined.
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we get by inductive hypothesis on injectiveness of ¢"~! that u]' = u'fi. So it follows the
thesis since the processes in Envs(M) are deterministic and hence X = X".

Now we prove that ¢ (i ((PM||X)\L)) = V isactualy alabelling of atree. We have
that (e, w;ni;) € V. Moreover supposeto have (¢, w) € V with| ¢ |= n, hencethere exists
astateu” € S’ st. ¢"(u?) = (t, w). By definition of ¢™ it followsthat there are k& (with
k > 0) 7 successors of u” and so k couples (.0, wy), . .., (t.k,wg) in V.

O

In the sequel it is technically preferable to consider ¢(a((P||X)\L)) as a labeled
tree, since the following results can be more easily stated.

Assumeto have aprocess i ((PM||X)\L) in Comp(M) and let ¢(a((PM|| X)\L)) be
(T, V). Givenu”,u"" € Der(a((PM||X)\L)) with| v |=nand |+ |= n + 1 thenitis
easily checked that:

¢"(u”) = (t,w) and
u’ s i ¢ (W) = (ti,w') and
(w,w') € R

Now consider (T, V) as a 24F labeled tree. We have for all p € AP and for al u" €
Der(a((PM||X)\L)) that if $(u”) = (¢, w) then:

W s iff p e [(w).
This property is guaranteed since for every s,, in the set of states of P we have s,, —2»
sy 1ff p € [(w). Furthermore, we prevented processes in Enwvs(M) from performing
actionsin A4” | and the restriction operator \ L does not avoid these actions.
Let X € Envs(M) then we show that there exists alabeled tree (T, V') in Exec(M)
st. g(a((PM|X)\L)) = (T, V).

Lemma 3.6 For every X € Envs(M) we have ¢(a((PM||X)\L)) € Exec(M).

Proof:

We show that ¢ (@ ((PM||X)\L)) = (T, V) isin Ezec(M). We follow the definition
of Ezec(M) andweseethat ¢ € T"and V' (€) = wipit-

Supposeto havet’ € T N N™ with V(¢') = w'. Hence by definition of ¢ there exists
u" = ((s | X)\L)" € Der(a((PM||X)\L)) with | ¥ |= n st. ¢"(u"") = (', w').

We may have the following cases:

o w' € W, thenif v/ = ¢ then«/ istheinitial state of u((P*||X)\L) and the state in
PMiss,,, .. Socondition (3) on processesin Envs(M) ensuresthat every possible
transition from s,,, ., will be allowed, i.e. X’ must perform every complementary

action of theactionsina € {aj, ,» | W' = winiy, w" € succ(w')}.
: T g
Let succ(wini¢) be {wy, ..., w,}, by construction of PM we get s, ., 5" Su,

fori € {1,...,n}. Hencelet {((su, | XO\L)"™ ..., (5w, X.)\L)"™'} bethe set
of 7 successors of ((s,[|X")\L)"".
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Then by definition of thefunction ¢™*' wehave ¢" ' (((s4, || X)\L)"™) = (t'.i, w;)
for every ((su,||X))\L)"", hence it followsthat {t | t € 7,3 € N s.t.t =
t'i} ={t'0,...,t'.n}, andfor every ¢ with0 < ¢ < nwehaveV(t'.c') = w,.

Anaogousisthe case that +' # ¢, simply by using condition (2).

o w' € W, thenif v/ = e then/' isinitid istheinitial state of 4 ((P||X)\ L) and the
statein PM isss,,, ... So condition (3") may be applied, by ensuring that anon empty
subset of the transitions of s,,. ., will be alowed. The proof follows as before. If
~" # € the condition (2') help us.

O

Conversely, now we show that for every labeled tree (7', V}) € Exec(M) a process

X in Envs(M) exists st. ¢(a((PM||X)\L)) isisomorphic to (T, V;). First of al note

that, by remark 3.1, we can find an a labeled tree (7', V') isomorphic to (7', V) st. if

{ti|tieTt=1t,ieN}={t0,...,t.n} then we have V(t.0) <y V(t.1) <y
... <y V(t.n). Cal well ordered thiskind of treesin Exec(M).

Lemma 3.7 Given a well ordered tree (T',V) € Exec(M) we find a process X in
Envs(M) st. p(a((PM||X)\L)) = (T, V).

Proof:

We build inductively such process X (whose associated LTS will be tree like). More-
over, by induction on n’ we show that (7', V') and ¢(a((P*|| X )\ L)) are equal up to depth
of n'.

For the root e of the tree with V(e) = w;,; we have u = (PY||X)\L, where
Der(X) = {X}, and theinitial state of P is s, ...

L et us suppose to have built such a process X with a depth of at most n'.

Now consider t € 7" and |t| = n’ with V'(t) = w. So, by inductive hypothesis, there
exists a state u” with | v |= n’ in the states of a((PM||X)\L)) st. ¢™ (v?) = (t,w).
Hence, «” will be of the form ((s,||X’)\L)”, where X" € Der(X) and Der(X') =
{X'}. Let us build its set of successors st. if {t'.i | t'i € T,t = t';i € N} =
{t.0,...,t.n} and for every ¢ with0 < ¢ < nwehaveV(t'.c') = we then suce, (u?) =
{(Cowo [ XONL)™, - ((Swa [ XR)\L) ™}

From the last observation we should have that for every 7 successor ((s.,, || X))\ L)
of u’ we get ¢" (s, || XH\L)™ = (t.4,w;) from which follows that (7, V) and
a((PM||X)\L)) are equal up to strings of length n’ + 1.

We may have the following cases:

o ifwe Wthenlet X' =3 4 a.X,, thispermits X' to enjoy condition (2). More-
over with this extension we have that ((s,,||X")\L)” can go, by performing ar ac-
tion, inone of thefollowing states {((suw, | Xa;, , )\L)™, -+, ((Sw, | Xaz, ,, )NL)™
where {wy, ..., w,} issucc(w).

In fact by construction of P we have s,, o sw, fOrevery i € {1,...,n}.
If v = e then w isw;,;; and so condition 3 is ensured.
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o if w € W, then let {wy,...,w,} € W suchthat {t.0,...,t.n} = {t'i | t'i €
T,t=1t,1eN},and V(t.i) = w; fori € {0,...,n}. Sowehave (w,w;) € R for
i €{0,...,n}; let X" be >, a.X,, where A" = {ag, ,, | w' € {wo,...,w,}}.
Clearly, X' satisfies condition 2'.

So, we have ((s,||X")\L)” can go by performing ar action in one of the following
states { ((swo [l Xag, ) N5 - - ((Swall Xag, ,, )NL)™}-

In fact by construction of P we have s,, Loy sw; fOrevery i € {1,...,n}.

If v = e then w isw;,;; and so condition 3’ is ensured.

During the above construction, we defined a process X that performs only actions in

A, U A, and so condition 1 is ensured. Moreover X isadeterministic process, since for

every action a in A, U A, we have defined only an a—successor for every derivatives of

X. So X sdtisfiesthe conditions of membershipin Envs(M). O
Hence we get:

Proposition 3.1 Given an equational p—calculus formula ) and a module M we have:

(T, V) € Exec(Ml)cf: hi((T, VYY) = o
VX € Envs(M) : a((PM[X)\L) = .

Proof: (=)

By contradiction. Supposeto have X € Envs(M) st. a((PM||X)\L) ¥ «. Thenby
lemma 3.6 there exists (T, V) € Exec(M) st. p(a((PM||X)\L)) = (T, V). It turns out
that h, ((T,V)¥) isequal (up to renaming of states) to a((P*||X)\L). Hence we get a
contradiction since by hypothesis b, ((T', V)£) & 1.

The other direction can be proved by using a symmetric argument. O

Supposeto haveamodule M = (AP, W., W, R, w;n;:, ) and an equational ;,—calculus
formula E |, that can be interpreted over Kripke models. Hence we can define the fol-
lowing list of equations:

F=(Z'=, A), (("h(E L2))//\L)//P"),C" (3.6)
where Z' isanew variable notin Def(E) U Def(CM) and A’ isequal to

Y€EDef(CM)

It isworthwhile noticing that Zpa isin Def((((RYy(E 12))//\L)//P™)). Hence we can
state the following proposition:
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Proposition 3.2 Given an equational p—calculus formula £ | 2, and a module M, we

have:
M ):r E ~er
iff
F |7 isvalid in deterministic equational pcalculus.
Proof:
ME, El; iff
Y(T,V) € Exec(M) : (T, V)X = F |4 iff (see remark 3.2)
(T, V) € Exec(M) : hy((T,V)¥) E hL(E 12) iff (prop.3.1)
VX € Envs(M) : a((PM||X)\L) = hy(E 1z) iff  (lem. 3.4)
VX € Envs(M) : (PM||X)\L = hy(E |z) iff  (lem.3.1,3.2)
VX € Envs(M) : X &= ((Ky(E 12))//\L)//PM) iff (seelist 3.6)
VX deterministic : X = F |z iff

F |z isvalid (deterministic equational pn — calculus)

3.5 Complexity analysis

In this section we study the complexity of our approach for the solution of the module
checking problem. Let us give below the notion of simple assertion.

Definition 3.2 An assertion issimpleiff it is of the form:

A:T|F|X1/\X2|X1VX2|<a>X|[a]X

Alist of equations E issimpleiff every assertion in the list issimple.

The partia evaluation function for || has agood property, in fact if the structure of the
assertion is simple then the size of reduced assertion is polynomial in the size of theinitial
assertion. The necessity to restrict ourselves to this kind of list of equations relies on the
following observation (see [4]):

Suppose to have an equation list E = (X =, (a)[a] ... [a](a)X) (with [ modalities).
P is a process whose associated LTS (S, {a}, {—=}) has n states and every state can
reach the others (and itself) by mean of an action a. By applying the partial evaluation
function for parallel operator with P as known component and by supposing that the
unknown component cannot perform 7 actions, we have:

(D). [0 X)//P) =V (@) Alal... V @ X,).

seS SES seS

Hence the size of the resulting assertion is O(n').
Under the assumption that the assertion is simple Andersen has proved:
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Lemma 3.8 If A isa simple assertion then for every state s of a transition system 7" =
(S, A {—=}aea) wehave| A//\ L/ /s |= O( A|| S|).

Since the trandlation ¢ () for every assertionin D produces | S | assertions, we have
that size of the resulting list of assertions after the tranglation and the partial evaluationis
O(T|DJ).

To treat with modal ;—calculus, we observe that Andersen has also given a linear
trandation from ;,—calculus to equational one s.t. theresulting list of equationsis simple.
Now we have the technical tools to state the main result of this chapter.

Theorem 3.1 The module checking for the ;,—calculusis decidable.

Proof: We can simply observe that given a ;—calculus formula v and a module M, we
can translate ¢ inasimple list of equations £, whose size is polynomial in the length of
1), and we can associate to M the LTS PM, whose size is linear in the size of M. The
partial evaluation of the equation list £, produces a list whose size is polynomial in the
length of the original formula and in the size of the LTS P*. Moreover the size of the
list of equations C'™ which is used to express the conditions on Enwvs processes, islinear
in the size of M. Hence the problem is reduced to a validity problem in deterministic
equational p—calculus.

A simple decision procedure for equational deterministic y—calculus is trandating
the list of equationsin a ;—calculus formula, by using the trandlation ¢ of section 1.7.3.
Then by applying the theorem 1.1 for the satisfiability (validity) problem of deterministic
pu—calculus, we obtain a complexity that is double exponential in the product of length of
the original formula and the the size of the module. O

3.6 Solvingthemodulechecking for other temporal logics

Bhat and Cleaveland proposed interesting translationsfrom C'1'L,CT L* and ECT L* into
equational u—calculus (see [10]). They exploited these trandations for efficient temporal
logic model checking for branching time logics. In particular in this way the space-
efficient model checking procedures developed for ;—calculus (see [5, 16]), can be used
asofor CTL* and ECTL*.

Proposition 3.3 The following results are proved in [ 10]:

e for every formula ¢ € C'TL thereisa simplelist of equations £' st. £ | X is
equivalent to ¢. The list of equations has size linear in the length of ¢ and can be
calculated in linear time.

e for every formula ¢ € C'TL* thereisa simple list of equations £ st. £ | X, is
equivalent to ¢. The list of equations has size exponential in the length of ¢ and
can be calculated in exponential time.
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e for every formula ¢ € ECTL* thereisa simplelist of equations £ st. F | X is
equivalent to ¢. The list of equations has size linear in the length of ¢ and can be
calculated in linear time.

By means of our result on the decidability module checking problem for equational
pu—calculus we can state:

Proposition 3.4 Given a module M then:

e There is a procedure that solves the module checking problem in (deterministic
double) exponential time on the length of a CTL formula ¢ and in the size of M.

e There is a procedure that solves the module checking problem in (deterministic
triple) exponential time on the length of a CTL* formula ¢ and in the size of M.

e There is a procedure that solves the module checking problem in (deterministic
double) exponential time on the length of a ECTL* formula ¢ and in the size of M.

Conjecture 3.1 Kupferman and Vardi have shown that module checking problem for
CTLand CTL* isrespectivedly EX PTIMFE and2EX PT1M E complete. Hence, there
is an exponential blow up from the complexity of their procedure and ours. \We conjec-
ture that is possible to find a suitable decision procedure for deterministic equational
pu—calculus (or simultaneous one) such that our procedure has a complexity that is expo-
nential in the size of the formula and in the size of the module for ;,—calculus. Hence we
could obtain optimal resultsfor C'T'L and C'T'L*. \We are encouraged in this supposition
since for simultaneous ;. —calculus, Street and Emerson claim the desired complexity in
[94]. We |leave the proof of this conjecture as a future work.

3.7 Anexample

In this section we show a simple example of application of our theory. Since we have
reduced the module checking problem to a validity problem in deterministic (equational)
pu—calculus, we may use the proof system proposed in chapter 1 to perform the analysis.

We have used the partial evaluation theory for the CCS operator, as proposed by An-
dersen, for several reasons, in particular since a prototype implementation (called mudiv)
has been provided by Nielsen (see [58]). By starting from this tool we have developed a
software environment that offers some features which permit to solve the module check-
ing problem for simple properties without the necessity to implement the satisfiability
procedure for deterministic p—calculus (see chapter 5 for a better explanation of our
tool).

It is worthwhile noticing that our approach is not only algorithmic such as the one
of Kupferman and Vardi, but we can prove that a system satisfies a property simply by
exploiting our axiomatization for deterministic ;—calculus.
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Choose

Figure 3.3: The module for a vending machine.

Aboil

Qtea Qcoffee

Figure 3.4: The tranglated module of the vending machine.
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Figure 3.5: An environment process X and the composed system (PM ]| X) \ L.

Consider the module in figure 3.3. The system boils water and then it reaches a state
where it can accept an interaction with the environment, i.e. serving tea of coffee. The
choice is performed by the environment. After serving one of the two drinks, it returns
initsinitial position. A minimal requirement is that the system can always reach a state
where it can serve adrink (tea or coffee), for every environment in which it operates. We
recall that every environment must allow at least one of the possible transitions that the
system has at a certain state. A CTL formulathat expresses this property is the following

—(3T U (-3T U (tea V coffee))).
By using the trandlation h, we can get the equivalent ;.—calculus formula:
¢ = —(uX.=(ha(AT U (tea V coffee))) V (T A (1) X)
where
ha(3T U (tea V coffee)) = pY-({area)T V (dcoree) T) V (7)Y
Since we want a positive formulawe can consider the equivalent positive formula:

¢" = vX.(1Y.((atea) T V (@cofree) T) V (T)Y) A [T]X.
This formula can be tranglated in an equivalent equational definition that is also sim-
ple:

X =, YANX,

Xy, =, [1]X

Y =, ivY,
i o=, (MY

Y, =, Y3VY
Y; —u <atea>T
Yi =, (acoffee) T
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The module M for the vending machine isthe following tuple M = (AP, W,
Wy, R, wint, 1) where:

AP = {boil,choose, coffee, tea}

W, = {1, 3, 4}

wWe = {2}

R = {(1,2),(2,3),(2,4),3,1),(4,1)}

l = i(l, {boil}), (2,{choose}), (3, {tea}), (4,{coffee})}

The associated LTS P is shown in figure 3.4. The set of actions L is (4, U A, U
A, U A,). We have used the program mudiv and the tool described in section 5.4 for
partially evaluating P w.r.t. the previous equation list. After performing some simple
simplifications on the resulting list of assertions, that do not modify the semantics of the
list, thisistrandated in a ;—calculus formula.

The output of the program is givenin figure 3.6, where Vi isthe v operator, Box and
Dia are necessity and possibility modalities, and “as12 isaj, (similarly for the other
actions).

Vi
(IIXSlII,
And
(Dia ([""as1l2"], Or (Dia ([""ae24"], True), Dia (["7ae23"], True))),
Box
([""asl2"],
And
(Or (Dia ([""ae24"], True), Dia ([""ae23"], True)),
And
(Box ([""ae24"], Box ([""as41"], Var "Xs1")),
Box ([""ae23"], Box (["7as31"], Var "Xs1"))))))),

Figure 3.6: Output of thetool.
The formula can be rewritten as follows:

(]5”’ = VX81.¢1 A ¢2

where:

o1 = (ai2)0s

¢2 = [aio)(ds A da)

b3 = <a§,4>2/ (a§’3>T_ -

Gy = [05,4”@3,1])(51 A [05,3][03,1])(51

N
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3.7.1 A proof

Given a module M let us restate the property expressed by the list of equation CM in
deterministic ;—calculus. Thus we can use the proof system presented in chapter 1.

Hence, given amodule M redefine CM as C, A Cy, A Cy and whenever w,,; € W, let
IM be Cs, otherwise Cs,.

(1) vX.(AperzumlalX) A (Aacacua,ugryuaar)lalF)

(@ vX.(Asexumlal X) A (/\ae{a;’w,|w’EWS}[a](/\ae{a;,’w,,\w”Esucc(w’)}<a>T))
(2) vX (Asexumlal X) A (/\ae{az),w,|w’€We}[a](Vae{ai),’w,,|w”€succ(w’)}<E>T))
(3 Adetas, lw=wiir o esuccu} (@)T

(3’) Vae{ai},,w,, w’:wmit,w”esucc(w’)}<6>T

In this subsection we show that CM ATM — ¢ isvalidin deterministic —calculus,
by showing that C™ A IM + ¢" is provable.

First of al let us see some useful lemmasthat will be used during the proof, and assert
some capabilities of the processesin Enus.

For every w' € W, the following sequents are provable:

OM - [G’Z),w’](V(LG{GZ,M,,\w”Esucc(w’)}<6>T) A\ [az}wa]C’M (37)

For every w' € W, the following sequents are provable:

CM - [afu,w’](Aae{afu,,w,,\w”Esucc(w’)}<a>T) A [azou,w’]CM (38)
Sincetheinitial state 1isin I, then we have I = (af ,)T.

The proof for the sequent CM A IM F ¢ isthe following. We have used the proof
system presented in the chapter 1 with some derived rules such as:

v ay)
Y- vX.a(X)

(v)

L et us show the proof:
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(a53) V (a54), CY T ¢y
<a§,3) <02 4)s CY, T, ~¢s -

[@,2](@5,3) \ <a2,4>), [a1,2]CM7 (am)T, [a1,2]_‘¢3 -
[ai2j(<a§,3> v (a§74>) N [ainCMa (ai )T, [a] 5|5
CM, 1M, [af o]~ ¢s

CM 1M+ S[af ;] ¢s i , , o
VI g cut with axiom oM i |—¢2(C’M/\IM)
CM TM = ¢y A o (CM A TM)
CMANIM ¢y A go(CM A TM)
CM ATM &= ¢ )

—

(a{72>
LN
cut with 3.7

RA

Tg @
3
(Talon AGLICT T G A CTA T E
CMIM (af )= (g5 A ga(CM AT F '
oM M+ (a12> (¢3/\¢4(CM/\IM)) ) )
oM M ¢2(0M i ]M) cut with axiom
T3 .
T4 s
¢3, CM = [a5 ][af J(CM AT ¢y, OM F (a5 5] (a5, ](CM A TY) -
¢3, CM = ¢ ¢3, CM [a5 4] [03,1](01\/[ ATY) A [%,3][“3,1](0M ATM) RA
b3, CM = (3 A pu(CM A TM)
¢3, CM =3 A g (CM A IM)) E @)
a
[@T216s, [aTACY, 1Y, (@) (65 A 6u(CY AT F

(@23 AaT)CY T, @)= (0s A 64(CY ATY))
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(ai,)T, cMpcM M
(af )T, CM ~(CY A ITM) E

(@i )T, [a ](aT )T, [af,1CY, (af )~ (CM A TM) +
(ai)T, [af (a7 )T, [af)CM = = (af )~ (CM A TM)

(a )T, [af,)(ai )T, [af JCM F [af J(C™ A TM)
(ai,l)T, [ai,1]<af,2>T A [ai,l]C’M - [ajyl](C’M A IM)

(ai )T, CM + [ag,](CY A IM)
(ai,)T,CM, =[ai ) (CY AT E

3, [a54)(ai )T, [ag 41C™M, (a5 4)~[af | (CM A TM)
¢s3, [a§,4]<ai,1>T A [a§,4]CMa (a§74>—|[ai,1](C’M A IM) -
g3, CM, (a5 ) -[ai J(CY AT
o3, CM = —(a§ ) —[ai J(CM A TM)

o3, CM + [a§][ai ) (CM A TY)

75 issimilar to the proof .

By observing the module for the vending machine it should be clear that if an envi-
ronment never chooses the coffee option then in this case the system does not have the
possibility to serve this drink, in other words the result of module checking of the CTL
formula:

L=, RA

(i)

—

cut with axiom

cut with 3.8

<a§,4>

cut with 3.8

—

cut with axiom

Y ==(3T U (-ITU coffee))

isfase. Thiscan be formally proved by providing aprocessin Envs(M) st. (PM]|X) \
L £ o', where v’ is the equational p—calculus trandation of ). For example the be-
haviour of the LTSinfigure 3.5(a) in compositionwith P isrepresented in figure 3.5(b).
The mudiv program can be used to perform the model checking of the resulting system
w.r.t. the equation list ¢’

3.8 Conclusionsand futurework

In this chapter we have studied an aternative approach for the analysis of module check-
ing problems (see [50, 51, 52, 101]).

Indeed, we propose the use of the equational ;—calculus (actualy a deterministic
variant) and the compositional analysis techniques for the solution of module checking
problems. In particular we give a procedure for solving the module checking problem for
modal p—calculus, and ECT L*, by extending the results of [50].

In this way we define a unified framework for the analysis of module checking prob-
lemsfor several temporal logics.
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Thiswork isin the line of research proposed by Bhat, Cleaveland and Emerson (and
many others) that propose the . —calculus as an intermediate language into which others
logics may be tranglated for efficient model checking. Here we prove that . —calculus can
also be used as an intermediate language for modul e checking too.

We propose a sol ution method that may be applied by using proof theoretic techniques
and syntactic translations among formulas. Furthermore we have built a simple software
environment which may be used to perform module checking for small systems (see sec-
tion 3.7).

As afuture work we plan to study module checking problems for restricted classes of
formulas, in order to obtain more efficient decision procedures. In [50] Kupferman and
Vardi studied the module checking problem for VCT L, i.e. the subset of CT'L formulas
such that there is only universal quantification over paths, and moreover every quantifica-
tion isin the scope of an even number of negations. The model checking and the module
checking problem coincide for this set of formulas. Hence the module checking problem
can be solved in polynomial timein the size of the module and in the size of the formula.

We conjecture that the digjunctive ;. —cal culusformulas, defined by Janin and Wal ukie-
wicz in [46], may be exploited in thisanalysis. In fact the satisfiability problem for these
formulasisdecidable in linear time (see [46]). We believe that a similar result may be ob-
tained for digunctive deterministic ;—calculus formulas. Furthermore, there is a proper
subset of this class, whose corresponding set of negated formulasis closed w.r.t. the par-
tial evaluation function. Hence the idea is to reformulate our approach in such a way
to reduce the module checking problem for the negated of this sub class of digunctive
pu—calculus formulas to a satisfiability problem for disjunctive deterministic formulas.
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Chapter 4

A synthesis problem

In this chapter we study a synthesis problem that can be defined through underspecifica-
tion. In the previous chapters we have seen how to verify that, for each component that
may be substituted for an unspecified one, the resulting system satisfies a property (in
particular for terms of a process algebra). Here we study a method for finding a suitable
system for inserting in the unspecified component, if it exists, such that the whole system
respects a specification. Actually in this case the specification is represented by another
system and not by alogical formula.

The techniques used are different from the compositional ones, even though these
could be used too, since in thisway it is possible to define more efficient synthesis proce-
dure.

4.1 Introduction

In the field of automatic synthesis of programs one often has an abstract specification of
the whole program and an incompl ete implementation, and he would like to automatically
derive a complete implementation that satisfies the specification.

The problem for concurrent systems has been dealt with firstly by Merlin and Boch-
mann in [68], where specifications and implementations are expressed in terms of execu-
tion sequences and trace equivalenceis used as a criterion of satisfiability. An implemen-
tation of the method isin [88]. In [86] Shields models the same problem in terms of CCS
process algebra (see [69]) and starts from the problem of two given modules p, p, that
interact through an unspecified interface X and must satisfy an abstract specification g:

P1 X Pzi %Q

This can be written as 3X : (p||X) \ L =~ ¢, where p = p;||p.. The equation is called
the interface equation by Shields. In the equation p, X, ¢ are CCS terms, || is the par-
alel composition, \ L is the restriction on synchronization actions L and =~ is Milner’s
observational equivalence. This equivalence abstracts from internal communications (i.e.
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two processes are equivalent iff they are not distinguished by an external observer), andis
more discriminating with respect to comparing execution sequences, in fact it is sensitive
to potential deadlocks. Shields gives necessary and sufficient conditions for the solution
of the problem when p, ¢ are finite state processes and ¢ is deterministic and rigid (i.e.
without internal actions). The work by Qin and Lewis [81] extends the work of Shields
by giving an agorithm to find the most general solution (a solution that simulates every
other solution) if it exists.

More recently Haghverdi and Ural in [41] have proposed an algorithm based on sets
of derivatives, claiming the naturalness of their approach, but their agorithm still has a
complexity that, in the worst case, is exponential in the product of the state space of p and
q. In[77] Parrow presents an alternative and elegant method for solving the problem. This
is based on successive transformations of equations into simpler ones, together with the
generation of a solution. The method is semi-automatic and tries to find the most general
solution, but the strategy is not complete. A complexity measure for the algorithm is
not given, but the procedure uses backtracking. An extension for the solution of general
context equationsis developed in an origina way by Larsen and Liu in [54]. In this paper
g can be a generic CCS process, but the equivalence considered is strong bisimulation
[70], which does not abstract from internal behaviour of a system, and so it is not well
suited for atop down design methodology. All the algorithms proposed in [41, 54, 81, 86]
have complexity in time and space exponential in the product of the state space of p and q.
In this chapter we modify the algorithm proposed in [81] and obtain a complexity in time
and space of O(2lp<leldl) - Algorithms proposed in [41, 86] can be modified similarly.

4.2 Theoretical framework for the solution of the inter-
face equation

We follow the treatment given by Shieldsin [86]. Let Act be aset of actionsand A(p) C
Act be the set of actions of p. We use a parallel operator |, which corresponds to the
composition of the CCS operators || and \ L. The process, parallel composition of two
processes, can perform an action not in L if one of the components can perform it, but to
do a synchronization (r action) both components must be able to perform complementary
actionsin L. Theset L is called synchronization actions set. So the LTS associated with
p|,q has statesp'|, ¢’ withp’ € Der(p),q € Der(q), actionsin (A(p) U A(g))\L U {7},
initial state p||, ¢, and, for every a € A(p|,q), — isthe least relation that can be inferred
by the following rules:

p=p', afL  g=>q, afL
ploa—7v'l,a pla—pl. d

php qbd (LI€L)
p||qu>pl ”qu
We recall the definition of simulation among processes.
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4 : m D

P2 q2

\_ ” Y
Figure 4.1: Examples of the simulation relation. We have p; < ¢; and ¢; < py, but
p1 % q1. Moreover p, < g, and go £ po.

Definition 4.1 Arelation R between statesisa simulation if for each (p, ¢) € R and for
eacha € Act U {7}:

if p - p' thenthereexists ¢’ : ¢ == ¢’ and (p', ¢') € R.

We writep < ¢ (i.e. ¢ ismore genera than p) if a simulation relation R exists such
that (p,q) € R.

Some examples of the simulation relation are shown in figure 4.1.

AssumeA(q)NL =PwithL = AUA, and ANA(p) = 0 = A(p) N A(q). Sothereis
a distinction between the set of actions of the process p and the one of a possible solution
of the interface equation. A process p is deterministic if for al p’ € Der(p) if p' — p”
andp’ - p" thenp” = p", andisrigidif for all p’ € Der(p),p’ /.

Definition 4.2 For (p',q'), (p",q") € Der(p) x Der(q) and pu # T:
(a) (p/7 q/) Lﬁ (p//7 q//) iff p/ L> p//) q/ L> q//’

(b) (p/’ q/) L>P (p//, q//) iff p/ L> p// and q/ — q//_

We call —;, thereflexive and transitive closure of (in U —"5p).

Definition 4.3 Let B, (p',¢') ={(",¢")|V,¢) — (", q")}.
The importance of the sets B, is shown by the following proposition.

Proposition 4.1 If p|,z ~ ¢ and ¢ is deterministic and rigid, then for every (p',¢') €
Bi:(p,q) wehavep'| z ~ ¢'.
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This leads to represent states of the solution as set of pairs of the state space of p and
¢, Where every pair is an instance of an interface equation that is solved by a process with
the state represented by the set as initial state. Assume ¥(p, ¢) to be the set of possible
representations of state of solutionsi.e. {Uq gexBi-(p',¢')|X C Der(p) x Der(q)}.
Shields has studied the kind of systems corresponding to states of a solution of interface
equations and characterized them in a strict manner. Firstly he equips elements of ¥(p, q)
with atransition structure that should reflect the transition structure of a solution R.

Definition 4.4 For (p',¢') € Der(p) x Der(q):
(a) (¢, q") 0 (0", ¢") ifp' = p" and ¢’ _L> ¢" and 1 € A(q)\A(p) and p # T,
(b) (', ¢) "=c (0", ¢") if¢ =¢"andp’ > p" and pp € Aand pu # 7.

Definition 4.5 For K, K' € ¥(p,q):

(a) K 250 K" iffforall (p,¢') € K, (p', ¢') 0 (0", ¢") and (p", ¢") € K'.
(b)) K ¢ K" iff

(i) thereexists (', ¢') € K and (p”,¢") € K'st. (', ¢') ~=¢ (", ¢"),

(i) for all (p',¢") € Kif (', ¢') ¢ (p",¢") then (p”, ¢") € K'.

Only a particular kind of subsets of ¥(p, q) reflects the solution of an interface equa-
tion p|, x ~ ¢. These sets are called uncompromised systems, i.e. they are I — complete
and O — complete in the following sense.

Definition 4.6 Assume S C ¥(p,q) and K € S. Theset Kis I — complete iff for all
(pqu/) c Kifyp L>p// andu ¢ AU {7_} then ¢’ N q"

Definition 4.7 Assume S C ¥(p,q) and K € S. Theset KisO — complete wir.t. to S
iff for all (p',¢') € K ifq -2 ¢" and p # 7 thenthere exist n > 0,41, ..., pn € A,
Ky,...,K,, K" € Sand py,...,p, € Der(p) such that:

WP =po == D1, a1 = P

K=Ky 2K, . K, 2K,

(3) Either

(@ p, - p"and K,, = K" and (p", ¢") € K" or

(b) p, = p" and K,, 5 K" and (p", ¢") € K"

Intuitively if K € S C U(p,q) isnot I — complete, then (p,q) € K exists where
p 2 ppu ¢ LU{r}andq />, but there is no solution to this interface equation.
While I-completenessisaproperty of elementsof ¥(p, ¢), O-completenessisaproperty of
subsets. Informally it saysthat if there existsapair (p, ¢) € K and ¢ - ¢ then through
a seguence of synchronizations, the whole system goesto a state in which g, action can be
performed. The importance of this characterization is shown by the following theorem.

Theorem 4.1 [Shields] Aninterface equation p|, z ~ ¢ hasa solution iff ¥(p, ¢) hasan
uncompromised system.
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4.3 Analgorithm for submodule construction

Now we present the algorithm proposed by Qin and Lewis in aformulation that uses the
concepts of Shields we have recalled in the previous section. Thiswill alow us to state
easily a proposition which permits a modification of the algorithm with an improvement
in complexity. Let Ex(X) = A(q)\A(p) be the set of external actions and Comm/(X) =
A(p) N L be the communication actions of the possible solution. A box consists of a set
K € ¥ (p, q) together with a set of ports.

Intuitively, the algorithm, after checking whether the equation is obviously unsolvable
(Step 1), triesto find the uncompromised system that refl ects the most general solution. In
Step 2 every Box containing K € ¥(p, ¢) I-complete, which is reachable from the initial
Box that contains B, (p, ¢), is considered; reachable Boxeswhose K isnot I — complete
are marked BAD. The system constructed up to this point (by abstracting away BAD
Boxes) is I — complete, and a possible uncompromised system that reflects the most
general solution must be a subset of this system, if a solution exists. Then the system is
refined, boxeswhose set of pairsisnot O — complete w.r.t. the current system are marked
BAD (Step 3), until an uncompromised system is found or box X, ismarked BAD. In
Step 4 the LTS for the possible solution is constructed. Note that a box X'; has a port
u € Ez(X) not marked BAD if adl pairsin X, can perform au action, while thisis not
necessary for actionsin Comm/(X). In the following algorithm there is areference to the
anywhere state. Every process may be substituted to this state and the resulting processis
still asolution.

Step 1 Generate all By, sets. If By, (p,q) isnot I — complete then finish and report
failure.

Step 2 Associateto each box X that will be created in the following a set of portslabeled
with actionsin Ex(X) and Comm(X). Create an initial Box X, with pairs B, (p, q),
and mark box X, unprocessed. Do the following until there are no unprocessed
boxes X;:

0 Remove the mark unprocessed from Box X;; mark Box X; BAD if it is not
I — complete else do (1) and (2) below.

1 For each symbol u € Ex(X), do the following:

Let X;(u) = U{Br, (¢, "), ) € Xi,¢' = ¢"}.

If (p,q') € X; existssuch that ¢' 4~ then mark port v on box X; BAD else

do (@) and (b) below:

(@) Check whether thereisabox X; containing exactly al pairsin X;(u). If
not, create such abox X j and mark it unprocessed.

(b) Createatransition (.X;, u, X;). Createalink from (p’,¢') € X;to(p',¢") €
X; labeled with u.



86 CHAPTER 4. A SYNTHESISPROBLEM

2 For each symbol A € Comm/(X), do the following:
Let X;(\) = U{B, (0", ¢)|(¢',¢') € Xi, 0/ = 1"}
If there is no pair (p',q') € X; such that p/ 2, then create a transition
(X;, A\, anywhere) else do (a) and (b) below:

(@) Check whether thereis abox X; containing exactly al pairsin X;(u). If
not, create such abox X j and mark it unprocessed.

(b) Create atransition (X;, A, X;). If (p/,¢') € X; and p/ 2, p" then create
alink from (p/, ¢') € X; to (p”,¢') € X; labeled with .

Step 3 Repeat:

(1) If thereisaw transition (u € Ex(X) U Comm/(X)) fromaBox X; toa BAD
box X, mark port w on X; BAD. Deleteall u transitions from .X;. Delete all
u linksfrom pairsin X;.

u

(2) Mark box X; BAD if thereisapair (p, ¢') € X; such that ¢ — ¢" for some
u € A(q), but there does not exist a sequence of action links Ay, ..., A\, €

A2 U

Comm(X) U {7} such that (p', ¢') 2 (P, q) == ... Ang (0. q) -5
(p", ") for somen > 0.

until no new BAD boxesare found in (1) and (2) above.

Step 4 If initial box X ismarked BAD then report “Not Solvable”. Otherwise construct
atransition graph for the process R as follows:
1. Theinitial state of Ris X.

2. Thetransitions of R are the remaining ones between good boxes and the transi-
tions to the state anywhere state from good boxes.

3. The states of R are good boxes reachable from X.
4. Theactionsof R are Ex(X) U Comm(X).

Report R.
In [81] the authors prove the following proposition.

Proposition 4.2 The solution R reported by the algorithm, if it exists, is the most general
solutiontop|, z ~ q.

A complexity of O(2/P1x14) in time and space is claimed, where [p| is the cardinality
of the set of states of a process p. For our purposesit is sufficient to prove the following
proposition, which relates the theory of Shields to the results given by the algorithm of
Qinand Lewis.
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Proposition 4.3 The sets of good boxes reported by the algorithmis an uncompromised
system.

Proof: Let S be the set of good boxes reported by the algorithm. In Step 2.0 every box
X; € S whose set of pairsisnot I — complete ismarked BAD. It is not possible that
there exists X; € S that isnot O — complete w.r.t. S, in fact in Step 3.2 it would be
marked BAD. O

4.3.1 Animprovement

In this subsection we study the theory of Shieldsand we show how to improvethe previous
algorithm.

Proposition 4.4 If p, ¢ aredeterministicandrigidthenp ~ ¢ iff Traces(p) = Traces(q).

Proof: Since in general we havethat p ~ ¢ implies Traces(p) = Traces(q) we will
concentrate on the other direction. Let us seethe other implication. Thefollowing relation
isaweak bisimulation:

R ={(p,q) | p, q rigid and deterministic and T'races(p) = Traces(q)}

Infact R is symmetric and suppose (p, q) € R then:

o if p —» p' then since Traces(p) = Traces(q) there exists ¢’ st. ¢ — ¢'. By
contradiction we prove that T'races(p’) = Traces(q'). In fact without loss of gen-
erality we can suppose that p’ == and ¢’ #= and we will provethat in this case we
have also Traces(p) # Traces(q). The process p can perform the sequence as but
thisisnot truefor ¢, sincethe only a — successor of ¢ canbe ¢’ and ¢’ #=.

O

Lemma4.l If S C (p,q) is an uncompromised system then for every K € S if
(&Q)a(Paq/) e Kandp=py == pi,...,pp1 == ppand K = Ky 250 Ky ... Ky
=250 Ky then (pn, @), (pa, ¢) € K.

Proof: By induction on n. For n = 0 it trivially follows. Let us see the inductive step
where n = n’ 4+ 1 and the lemma is true by inductive hypothesis for n’. Then we know
that (p,r, q), (Pw,¢') € K and p —, pL, 2 p2 ", p,. SINce (p,r, q) € K,y then
(pL.,q) € K, (since By, (pw, q) C Ky, (02, q) € K, (by the hypothesis K, ¢ K,,)
and at least (p,,, q) € K, (since B, (p2,q) C K,,). The same reasoning can be applied to
(P, @) O

Lemma4.2 If S C (p,q) is an uncompromised system then for every K € S if
(p,q),(p,¢') € K and ¢ = q,¢ == ¢} thenthereexist K’ € S andp’ € Der(p)
st. (', q), (P, q1) € K'.
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Figure 4.2: An example taken from [81], boxes under dotted line are not considered in
the improved algorithm. Transitionsto the Anyware state are not shown.




4.3. ANALGORITHM FOR SUBMODULE CONSTRUCTION 89

Proof: By inductiononthelenght of s. If lenght of s isOthetheresult trivially follows.
L et us see the inductive step and suppose s = s'a. If ¢ == ¢, and ¢’ == ¢/ then we know
thereexist K!' € S, p' € Der(p) st. ¢ N qi and ¢’ N ¢ with (p', q1), (', ¢}') € K*.
Sinceq, ¢’ are deterministicthenwe have gt — ¢, and¢}! -+ ¢,. SinceK! € S, ¢} -
¢1 and S is O-complete it follows that there exist p! = py == p1, ..., Po1 == p, and
K=K, % K,...K,_1 2. K, and either (a) p, -~ p" and K,, = K" and
(p",q1) € K" or (b) p, = p" and K,, “5o K" and (p”,q,) € K". By lemma4.1 we
have (pn, q), (Pn,q¢') € K,. Thenif a € A(q)\A(p) case (8) is excluded and so case (b)
remains. But in this case let K’ be K" and p' be p” then we have the thesis, since if
K, %50 K" then dso (p,, ¢,) must bein K" (see definition of —s relation). In the
other case if a € A(q) N A(p) the case (b) can be excluded since (p,, ¢}) /0 and so
only case (@) remains. But inthiscaselet K’ be K,, and p’ be p” hence we have the thesis,
since (pn, ¢1') € K" and (p", ¢}) € Bi-(pu, 01')- o

In the following proposition we formulate a property of uncompromised systems that
permits us to improve the complexity of the algorithm.

Proposition 4.5 If S C (p, q) is an uncompromised system then for every K € S if
(P, 9), (p,q') € Ktheng =~ ¢'.

Proof: By contradiction, suppose that K € S exists with (p, ¢), (p,q") € K such
that ¢ % ¢'. First of al suppose that ¢ 5, ¢' /=, 1 € A(g)\A(p). Then since K is
O — complete w.rt. S thereexist p = py == p1,...,pn1 = pp, and K = Ky “5¢
Ki...K,_1 ¢ K, and either (a) p, > p" and K,, = K" and (p",¢") € K" or (b)
pn=p"and K, *50 K" and (p”,¢") € K". Butsince 1 € A(q)\A(p) case (a) can be
excluded. Let us consider case (b). We can see by lemma 4.1 that (p,,, q), (pn,q') € K,
s0 K,, ¢ isnot possible since (p,,, ¢') /.

Now supposethat ¢ =, ¢ £, u € A(p) N A(q); since K must be I — complete then
p A, otherwise ¢ —. Following a similar reasoning as above, we can exclude case
(b) since u € A(p), but we have to exclude case (a) too, since in case (a) p,, —— would
follow but K, could not be I — complete.

The last possibility is that there exists s € A(g)* such that ¢ == ¢, and ¢/ == ¢} and
q1, q; areinone of the situations considered above (¢, ¢’ are deterministicand rigid so ¢ ~
q' iffyropositions.4 they have the same traces). Then by lemma 4.2 there exist p; € Der(p)
andaset K’ € S suchthat (p1,q1), (p1,q)) € K'; sowe are again in the cases considered
above. O

Proposition 4.5 suggests to modify the algorithm, by checking for every X; the con-
dition on uncompromised systems, i.e. whether a box X; has two pairs (p, ¢), (p, ¢') and
q % ¢'. In this case we are sure that box X; will be marked BAD in Step 3, and so it
will not be considered in Step 4. Besides, if (X;, u, X;) and X; ismarked BAD then this
transition will not be considered in Step 4.4 since X, is BAD, so evenif X; isnot marked
BAD it will not be taken into account in building the solution R (surely this is not the
case if from another “good” state there is a transition »' to X ;). Since by applying the
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algorithm proposed in [47] it is possible to decide in polynomial timein the state space of
q Whether ¢’ =~ ¢" or not for every ¢, ¢" € Der(q), it easy to put acheck on Step 2.1, 2.2
and mark directly BAD abox that does not satisfy the condition of proposition 4.5.

Example 4.1 In Fig.4.2 we consider an example taken from [81]. All boxes X; are gen-
erated in Seps1 — 2 and in Sep 3 boxes X, X5, Xg, Xz, Xo are marked BAD, but Xg
is a box whose pairs cannot bein a“ good” box, by proposition 4.5. So at the moment in
which X iscreated in Step 2, oneis sure that in Step 3 it will be marked BAD. Wth the
improved algorithm X isdirectly marked BAD, so it isnot processed and boxes X, Xy
are not generated.

The new procedure permits to reduce the space of possible solutions. In fact, we have
that | ¥ (p, ¢)| = 2/P1¥19, but we have seen that uncompromised systems cannot have a set
K with (p,q), (p,q') € K and ¢ % ¢' so we have to find states of solutions on a subset
U’ of ¥(p,q), where ¥’ = {K|K € ¥(p,q) and (p,q), (p,q') € K = q =~ ¢'}. Given
a process ¢, by applying the algorithm in [47], it is possible to get a process ¢ such that
¢ ~ q and for every ¢/, ¢" € Der(q) ¢ % ¢". So we can strengthen = to equality
in definition of ¥'. Every K € W' can be seen as a total function from a subset of the

states of p (i.e. thefirst elementsin the couples of K) to the states of ¢. Let (?) be the

number of different subsets of cardinality ¢ of a set of cardinality n. The number of total
functions from afinite set A to another finite set B is |B|!. Thisleads to the following
approximation:

Ip| Ip|
7% <|1?|> glf < 2P [qff o 2ixiesla
. <

=0 =0

By the above considerations we can state the following theorem.

Theorem 4.2 The improved algorithm has complexity O (2/P/<!°gla) in time and space.

4.4 Conclusions

In this chapter we have analyzed another problem that can be modeled through unspecifi-
cation, namely finding the solution of interface equations or submodule construction. In
the next chapter a property expressed with asimilar schema, but with a universal quantifi-
cation, is used to model security aspects of systems.

We have refined ad hoc techniques for the solution of interface equations, for a re-
stricted class of processes. In particular when the specification is a deterministic process.

Actually we have found a property of uncompromised systems, by studying the treat-
ment of the problem given by Shields. Hence we have shown how to use this property for
improving the complexity of existing algorithms, in particular the one of Qin and Lewis.
This algorithm synthesizes solutions which present a good property, since they are the
most general ones.



4.4. CONCLUSIONS 91

An alternative approach for the automatic synthesis of reactive systems is based on
temporal logic satisfiability procedures (see for example [28]). In our context, a naive
approach could be the use of compositional analysis techniques. Roughly, if we consider
aprocess ¢ it is possible to define a ;. —calculus formula ¢, such that for every process
pwehavep =~ ¢ iff p = ¢, (see[4, 91]). Hence, the interface equation problem can be
rephrased in the following way:

X (Pl X\ L = ¢

Now it is clear that by applying compositional analysis techniques, we can reduce this
problem to the satisfiability problem in p—calculus. Unfortunately, an optimistic view of
the complexity of this strategy is O (2/7I°14) (see section 3.6 for a discussion). Hence ad
hoc techniques can produce more efficient procedures. Nevertheless, how we try to put
in evidence this thesis, the compositional analysis techniques, which can be applied to
solve this synthesis problem, are actually very flexible and may be applied in many other
settings.
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Chapter 5

Analysis of non interference

In this chapter we study some information flow properties, in particular we recall the non
interference analysis proposed by Focardi and Gorrieri in [31, 34, 35].

They define a family of security properties. We show that the most interesting prop-
erty among them is conceptually related to a module checking problem. Hence, we show
that compositional analysis techniques can be used in this framework. We provide an
extension of the Focardi and Gorrieri’s approach for modeling non interference proper-
ties, in a framework where simple real-time constraints must be taken into account. The
techniques devel oped in chapter 2 are used to solve thiskind of propertiestoo. Hence, we
present atool for ensuring that a system enjoys such security properties.

5.1 Introduction

One of the typical problemsin computer security is the necessity to guarantee that only
legitimate users can access some kind of information.

A well known approach to face this problem is the Multilevel Security model ([8]),
which is a policy for managing objects at various levels of secrecy (or confidentiality).
Every object and every user is bound to a secrecy level and the information flow can be
directed only from low users to higher users. The system achieves thisaim by permitting
neither write-down nor read-up actions. So the information flow should directly go from
lower processes to higher ones. Asremarked in [35], this solution is still not satisfactory.
Even though, at afirst glance, there is no direct way to transmit high level information to
lower users, there could be a covert channel.

If the low and high users share a bounded common resource, a high level user can
establish a communication with a low user ssimply by filling or emptying the resource.
An error message of the operating system will make the link between low and high users.
Moreover, if low and high users access common filesin mutual exclusion, then ahighlevel
user can modify the view of the system perceived by low level users simply by accessing
the file in a controlled manner. In these cases, the high users can interfere with the low
users, and cause different status of the system in which they operate to be perceived.
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Thisdifferenceis akind of information that can be exploited to send messages from high
users to lower. A drastic solution to this kind of problems is to avoid these possible
interferences. A lot of “Non Interference” definitions have been proposed in literature
(for the first timein [36]), for quite different formal models of interaction between users
(processes).

In [34] Focardi and Gorrieri have translated some of these definitionsinto the process
algebra context ([70]). In this way, alot of well established techniques for specification
and verification of program properties can be used. Besides, it is possible, in the same
framework, to check functional correctness of the system and security properties. In
[31, 34, 35] Focardi and Gorrieri propose afamily of information flow security properties
called Non Deducibility on Compositions (NDC, for short). Intuitively, asystemis NDC
if, by interacting with every possible high level users, it always appears the same to low
level users. No information at all can be deduced by low level users. The above idea
can be instantiated in a lot of ways, by choosing a particular way of interacting between
systems and various criteria of equivalence.

In particular Focardi and Gorrieri argue that BN DC' (namely N DC' when the equiv-
alence considered isweak bisimulation) is the right choice (see [35] for the motivations),
but neither a method nor a decidability result is provided for this property. Instead, an
approximation is defined which is easy to check (in polynomial time in the size of the
system description) and compositional.

The advantages of Focardi and Gorrieri’s idea of rephrasing security concepts in a
well established framework, such as process algebra theory, are put in evidence. This
facility is due to the great amount of research work that has been performed in the field
of timed process algebras. The flexibility of our methodology for the analysis of NDC
like properties, is shown. In fact, the partial evaluation techniques (see chapter 2) can be
exploited in this technical framework too.

5.2 Formal model and security properties

Werecall Security Process Algebra (SPA, for short), the formal model used in [34, 35] for
the description of the behaviour of systems, which isavariant of well established models
in concurrency theory (see [70]). We have afinite set of visible actions £, union of input
actions I = {a,b,c...} and output actions O = {@, b, ¢, ...}, aspecia action 7 (which
models internal computation, i.e. not visible outside the system), a complementation
function (-) : £L — L, suchthatVa € £ : @ = aand7 = 7. To reflect different levels
of secrecy the set £ of visible actionsis partitioned into two sets Act H(or H) and ActL,
closed by complementation function. Let Act be £ U {7}. We now describe the syntax
for SPA terms and we give their formal semantics by Labeled Transition Systems. The
syntax is the following:

E:=0|a.E|E +E, | E\|E, | E/L| E\L|E[f]| Z
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Figure 5.1: The operational semantics of SPA terms.

wherea € Act, L C L, f : Act — Act, with f(7) = 7 and Z is a process constant
that must be associated with a definition Z < E.

The semantics of SPA closed terms (processes ) is given by the least set of action
relations induced by the rulesin figure 5.1.

Informally O (or Nil) isaprocess that does nothing; a.F isaprocessthat can perform
an a action and then behaves as E; E; + E, represents the non deterministic choice be-
tween the two processes F; and E,; E:||E, isthe parallel composition of processes that
can proceed in an asynchronous way but they must synchronize to make a communica
tion, represented by an internal action 7 (this model s an handshake communication); E|f]
is the process E' whose actions are renamed via f; E\ L is the process E prevented from
performing actionsin L, and E/L is the process E whose actions in L are transformed
into 7 (or invisible) actions.

As equivalence relation among S P A terms we use (weak) bisimulation ~ (see figure
5.2 for some examples and chapter 2).

Let Sort(F) = {ala € Act,3E' € Der(E),E' -}, and £ = {II|Sort(Il) C
Hu{r}}.
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N /

Figure 5.2: Examples of equivalent and inequivalent processes.

5.2.1 Security properties

The underlying idea of N DC' for ensuring non interference between high users and low
users is that the system behaviour must be invariant w.r.t. the composition with every
high user. Hence, there is no possibility of establishing a communication (i.e. sending
information); intuitively, it is like a medium where the same signal is always present.
In terms of a generic language for the description of systems, where || stands for the
composition operator and = for the equivalence relation, we have:

VII € High users E||ll = E w.r.t. Low users

This property can be instantiated by assuming different notions of composition and
equivalence. The method we are going to present is suitable to manage various compo-
sition operators and equivalence criteria. In terms of SPA parallel composition operator
and bisimulation equivalence, we have:

Definition 5.1 £ € BNDC ift VIl € €y : (E||II)\H ~ E\H.

The above definition of BNDC is the one presented in [34], whereasin [30, 35] E\ H
isreplaced by E/H, but the two definitions are equivalent. This formulation makes it
easier to state our results. Before discussing this property, we recall two other properties,
BSNNI and SBSNNI, which approximate BNDC from above and below, respectively.

Definition 5.2 E € BSNNI iff E\H ~ E/H.
Definition 5.3 £ € SBSNNI iff VE' € Der(F) : E' € BSNNI.

The hiding operator /H used below, where H is closed under complementation, can be
replaced by the composition of the argument with the processTopH <= ¢ a.TopH,
i.e. E/H ~ (E||TopH)\H. Thisshowsthat BNDC C BSN NI, because the system is
checked only for the absence of high usersor for high usersthat can perform every action.
Thisinclusionis strict as shown by the following example:
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Example 5.1 The process £ = [.0 + h.h.l.0 belongsto BSNNI since E\H =~ 1.0
and E/H ~ 1.0 + 7.7.1.0. Itiseasy to check that E\H ~ E/H but E ¢ BNDC since
(E||h.0)\H - (h.1.0||0)\ H, soit can go, through an internal action, into a state where
no [ action can be performed.

By using the algorithm proposed in [47] it is possible to check both BSNNT and
SBSNNI for afinite state process £ in O(n®), where « isthe constant for multiplication
of matrices and n the number of states of the process E. In [35] the authors propose a tool
for checking SBSN NI membership for finite state processes, which is able to exploit
another aspect of SBSN N1, i.e. compositionality. Infact if £y, Es € SBSNNI then
E\||Ey, € SBSNNI. Thispermitsusto avoid, in some cases, the so called state explosion
problem due to the presence of parallel operatorsin SPA terms (see[35] for more details).

A negative result

Unfortunately the sameisnot valid for BN DC, in fact we can provethe following result.
Proposition 5.1 BNDC is not compositional.

Proof: Let By = [.(7 + 7.1.0) + 1.0 + [.h.[.h;.0 and Ey = [;.(7 + 7.0;.0) + 1.0 +
l1.h.l;.0; we have that Ey, F; € BNDC but E||Ey isnotin BNDC. In fact, let II
be h.hi.h.0 then ((E,||E,)||II)\H can perform the sequence ./, of actions and reach
the state ((h.1.h;.0||h.1,.0)||h.h,.h.0)\ H. From this state, it can go into the state E3 =
((1.h1.0]|11.0)||h.h1.h.0)\H or the state E; = ((I.h1.0||h.l;.0)||h1.h.0)\H, by doing a
synchronization action. Now, E'3 isweak bisimilar to [||l; and F4 to l.1;.

But (FE||E;)\H cannot produce a sequence [/, reaching a state bisimilar to

((7.1.7ry.0]|h.1y.0) ||y ..0)\ H which iswesk bisimilar to .(1||l;) + 7.1.1;. 0

5.2.2 A proof system for SBSNNI

We present a simple proof system for proving that a process isin SBSNNI for finite
processes (i.e. with no constant process). Let I = {iy,...,i,} beafinite set of indexes.
Let Y., P; asyntactic definitionfor (P, +(F;,+...+(F;,) . ..)). Wecall finite processes
only SPA terms, built using 0, a.E(a € Act), E; + E,. Note that if we exclude constant
process definition, every other SPA term has an equivalent (w.r.t. =) finite process (see
[92]) and SBSNNI is closed by bisimulation equivalence, (i.e. for proving that £ €
SBSNNI wecan provethat £’ € SBSNNI, where E ~ E).

Proposition 5.2 The proof system in table 5.1 is sound and complete for deciding SB-
SN\INI member ship of finite processes.

Proof: First, we prove the soundness of the proof system w.r.t. finite processes. The
soundness of the rules 1,2 is trivial. Let us study rule 3. By hypothesis we know that
every P' € Der(P + h.Q),with P # P + h.Q iISSBSNNI. Let usseethat P + h.Q)/
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9 {P,eSBSNNI};er {li€ActLU{T}}icr

L. SespsvnT . Sic1 li.P,ESBSNNI

3 PQeSBSNNI P==P' P\H~Q\H hcH
. h.Q+PcSBSNNI

Table 5.1: Proof system for SBSNNI

H ~ P+ h.Q\H. Thisisthe sameto provethat P + h.QQ/H =~ P\H. We show that
~ U{(P+ h.Q/H, P\H)} isabisimulation. The only interesting case to analyze is the
couple (P + h.Q/H, P\H), and in particular the transition P + h.Q/H —— Q/H. By
the premises of the rule we know that there exists P’ st. P == P’ and P'\H ~ Q\H,
and since @ € SBSNNI we get P\H ~ @Q/H. So we have P\H == P'\H and
Q/H ~ P'\H.

Now, we prove the completeness of the proof system w.r.t. finite processes. Every
finite processes £ may be written as

Z alPl

i€l
whereevery P, for i € I isafinite process. Now we proceed by induction on the maximal
length of the possible sequences of transitions of the process E.

e n=0. Then E = 0 and we can apply rule 1.

e Inductive step. Then by inductive hypothesis we know that every P; with i € [
isin SBSNNI. Now we partition the index set I inthreesets I, I;, and I;. The
first set corresponds to the indexes of 7-derivativesof F, the second to [-derivatives
of F (I € L) and the third set to h-derivatives of £ (h € H). Hence E may be

re-written as:
YNorP+ > P+ Y kP

<y el 1€l

Now consider Pbe ", ; 7.Pi+> ¢, l;-Pi, thenby rule2wehave P € SBSNNI.
Now by induction on |I;| we prove E € SBSNNI. For |Iy]| = 1 let E be
P + h.P,, we show that the premises of rule 3 are satisfied. We prove that there
exists P’ st. P == P’ and P'\H ~ P,\H. Infact, we know that E € SBSNNI
weget F\H ~ E/H,thensince E/H —— P,/H we must have F\H == P'\H
and P,/H ~ P'\H. It follows the thesissince P, € SBSNNI and so P,\H =~
P,/H. Theinductive step is similar.

O
Sinceit iscomputationally easy to calculate S BS N NI membership this proof system
has a limited practical interest. But it gives some hints to understanding the nature and
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locality of this property. In fact rule 3 showsthat if aprocess h.QQ + P isin SBSNNI
then P must bein SBSN N1 and performing h leads the system to a state where it could
go autonomously through internal actions. So at every point in the future behaviour, the
interaction (namely performing a synchronization or not) with possible high users does
not influence the behaviour of the resulting system.

Example 5.2 The process (.0 + h.[.0, where h is a high action and [ a low action isin
SBSNNI. Infact, by rule 1 we have 0 € SBSNNI and hence by rule 2 we have
[.0 e SBSNNI. Atthispoint sincel.0\{h} ~ [.0\{h} we can userule 3 and prove that
[.0+ h.l.0 € SBSNNI.

5.2.3 BNDC like properties

Let <. be apreorder over processes, and supposethat <, isaprecongruence w.r.t. ||, \ L.
Let =.=<. N <-! be an equivalence relation over processes, we can parameterize the
definition of Non Deducibility on Compositions with =.:

Definition 54 E € eNDC ift VIl € £y : E\H =, (E||I1)\H.

We propose a sufficiency criterion to have a static characterization (i.e. not involving
the universal predicate V) of e N DC.

Suppose that there exists a process T'opy € £y such that for every process £ € £y
we have F <, Topy and a process Nil € £y such that for every process £ we have
Nil <. E. Under these assumptions, we can state the following proposition:

Proposition 5.3 E € eNDC'iff E\H =, (E||Nil)\H =, (E||Topg)\H.

Proof: =—:0bvious,
<—: for every processI1 withII € £ wehave Nil <, II <, Topy, S0, sSince <. isa
precongruence w.r.t ||, \ H operators, we have:
E\H =, (E||Nil)\H <.
(B[ID\H <.
(E||Topu)\H =. E\H.
Thisproves E\ H =, E||ITI\ H and hence the thesis. O
Proposition 2.4 of [32] can be seen as an instantiation of the above proposition. The
requirements of the above proposition seem to be too strong for permitting us to use a
precongruence which is sensible to deadlocks (i.e. it is ho possible to find suitable T'op
and Nil processes), so for the usual equivalences used in concurrency theory we have
to develop an aternative solution. First of all we can parameterize the definition of Non
Deducibility on Composition w.r.t. aset S of high users in composition with which the
system is checked.

Definition 55 E € eNDC? iff VI € Eg N S : E\H =, (E||)\H.
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Since we consider a finite set of actions the only source of infinity is the set of states
of this transition system. Let nd = {E|VE' € Der(E),Va € Act,F = {E"|E' =
E"} is finite} bethe set of processesthat cannot perform an infinite sequence of 7 actions
passing through an infinite number of different states. Let fs = {E|Der(E) is finite}
be the set of finite state processes.

Under certain constraints on the set S we can provide a method for reducing the
verification of BNDC® membership for finite state systems to a validity problem in
p—calculus ([49]).

Unfortunately, this reduction to the satisfiability problem for the ;—calculus is not
usable in practice for real systems, because of the inherent intractability of this problem,
which is DEXPTIME complete (see [94]). Nevertheless, we have decided to implement
aproof checker for the u—calculusin order to have a verifier that may help the computer
to perform what is essentially an exponential task.

5.3 Decidability of BN DC—like properties

In this section we propose a decision procedure for BNDC like properties. It relies on
compositional analysis techniques and in particular it exploits the partial model checking
techniques proposed by Andersen. First, we recall the definition of characteristic formula.

5.3.1 Characteristic formula

Given a finite state process F, we present below the definition of a formula ¢ that is
characteristic (w.r.t. weak bisimulation) for this process £ (see [91, 92]). Let ((7))¢ be
ashort notation for uX.(T) X V ¢, [[7]]¢ for vX.[T]X A ¢, where X isnot freein ¢. Let

(e, [[l]¢, (I € L) be respectively ((r)){){(7))¢, [[7]][]][[r]]¢. It can be shown that
these derived modalities can be equivalently expressed in an equational form. Let us see

the definition of the characteristic formula:

Definition 5.6 Given a finite state process E, its characteristic formula (w.r.t. weak
bisimulation) Dy | X is defined by the following equations for every E’ € Der(E),
a € Actand W = Act\{a|E' ==}:

Xpr =y (/\a,E”;E':“>EII<<a>>XE")/\
(Ao ([LA1V g gr s o X))
(Aaew [[a]]F).

Intuitively, for every state of the processthereisavariablethat encodesthe capabilities
of that state.
Following [91, 92] if ¢, ischaracteristic for £y (W.r.t. ) then:

Lemmab5.li If B) = Esythen E) = ¢p,.
i If By = ¢p, and E isfinite state then £, ~ E».
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A decision method based on partial model checking

Two problems arise in the verification of BN DC*® membership for aprocess E:

I Thefact that the verification invol vesthe composition with every high user in S (it could
not be afinite set).

ii The checking of bisimulation equivalence between two processes.

The first problem is tackled by reducing it to a validity problem which is decidable.
For the second problem, since bisimulation equivalence is in general undecidable, we
have to restrict ourselves to the class of finite state systems. Moreover, if we consider a
system E that isfinite state then it is possible that the composition with a particular high
user in S isno longer finite state. The following lemmas identify alarge class of systems
which remain finite state when composed with a particular set of high users.

Lemma5.2 If E isa finite process and IT € £y N nd, then (E||II)\H is a finite state
process.

Lemma5.3 If E isafinitestateprocessand Il € £, N fs, then (E||IT)\ H isafinite state
process.

We have now the technical toolsto prove the following resuilt:
Proposition 5.4 BN DC/* isdecidable for all finite state processes E.

Proof: Let (Dp\y | Xp\ i) be the characteristic formula (up to weak bisimulation) for
E\H, then:
In fact:
E € BNDC/s

—  VIIe&yNfs: (B|I)\H ~ E\H
=5 VILe &g N fs: (E“H)\H ): (DE\Hi XE\H)

On the other hand:
E ¢ BNDC/s

— dlleé&ynfs: (F|I)\H % E\H

=53 Jdle&ynfs: ((F||II)\H is finite state )A
(EID\H 2 E\H

=504 AL € Eg N fs: (E|ID\H & (Dp\ir L Xppyir)

= ~(VIIeé&yn fs: (E|I\H E (Dp\ud Xp\n)

So applying lemmas 3.2 and 3.1 in the order, we have that:

E € BNDC!*iff VIl € £y, 11 = (Dp\urd Xpvw)//\L)//E.

Now, applying the translation ¢ we obtain a closed formula ¢ = tr(((Dp\u
Xpw)//\L)//E) of p—calculus.



104 CHAPTER 5. ANALYSISOF NON INTERFERENCE

To reduce the problem to a validity problem on p—calculus, we use the formula
Sorty = vX.[HU{7} X A[L\H]F. Itisnodifficult toseethat Il € £ iff IT = Sorty.
We can now reduce the decision problem of BN DC/* membership to avalidity problem
on u—calculus. Now we have E € BNDC/# iff Sorty = ¢p (i.e. =SortH V ¢p) is
valid.

In fact:
E ¢ BNDC/?

= dll e &g N fs1l £ o
— Sorty = ¢ is not valid

On the other hand:
Sorty = ¢g is not valid

= dll € E5 1T £ op

=3l € Ey N fs 1l £ ¢ (1 — calculus enjoys
the finite model property)

— E ¢ BNDC/*

Since the validity problem on p—calculusis decidable the result follows. O
By means of asimilar proof we can state the following proposition:

Proposition 5.5 BN DC™ is decidable for all finite processes E.

5.4 A tool for non interference analysis

The tool consists of three elements, one already existing mudiv, and two others created
for this purpose, namely spv and 1:PA (see figure 5.3).

The first is an enhanced version of atool for performing partial model checking and
itisfreely distributed ([58]). One of the main reasons to use this existing tool, instead of
writing a simple translation procedure that implementsthe partial evaluation functions, is
that mudiv performs heuristic simplifications on the assertions, that in general reduce the
number of equations of the final specification, and sometimes they reduce it to a constant
(i.e. Trueor False). Sincethe strategy of mudiv is not complete we have devel oped a proof
assistant for u—calculus (caled PA) in Cog, by implementing the deduction system of
chapter 1, that have been proven complete to establish the validity of ;,—calculusformulas
by Walukiewicz (see[104]). Moreover, we have implemented a partial decision procedure
in spv, which exploits the particular form of the validity problem that arises for deciding
BNDC like properties. The main element spv (or security property verifier) contains the
following modules:

e (SPA trandator to mudiv process specification language) It implements the trans-
lation functions from the syntax of SPA terms, (actually for an extended version
similar to the one proposed in [35]), to the simpler and more restrictive specifica-
tion language of mudiv.
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Figure 5.3: Tool’s structure.

e (Characteristic formula generator) It implements the functions for building the

characteristic formula for a process £ and producing the correct logical specifi-
cation for mudiv. A function that directly gets a SPA specification and produces a
mudiv specification is provided.

(Trandation from equational to modal ;.—calculus) It implements the function ¢r
and alot of heuristic simplifications on the list of equations, that do not modify the
meaning of the top formula but reduce its dimension. Some heuristics are smilar
to those of mudiv, and others are specialized for the particular validity problem and
the form of the characteristic formula

(Partial prover) It implements a subset of the rules of [105], and some other special
rules for dealing with particular kinds of formulas. It seems to give promising
results, since the following examples are almost instantaneously checked with this
feature of spv and moderately bigger examples can be solved too. Unfortunately,
since it does not implement a complete strategy, sometimes it reports that a system
isnot BN DC when actually it isin this class.

Another feature of this tool is a module that implements the algorithm of [47] for
checking the bisimulation equival ence between two processes, which can be used too for
the minimization (w.r.t. bisimulation) of transition systems associated to processes. In
fact the process E, in figure 5.2 can be obtained by minimizing the transition system of
the process F;, by means of this algorithm.

Moreover, the model checker mudiv can be used to check the system w.r.t. particular
high users, for trying to show that the system does not satisfy particular properties. The
proof checker ;/PA can be used to check that a property is verified by the system in com-
position with high usersin a set S of processes, provided that the membership in S of
these processes can be expressed by a ;.—calculus formula.
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Actually, in chapter 3 we have reduced the modul e checking problem for ;,—calculus,
to the verification of a similar problem and this tool can be also used to analyze module
checking problems.

Example 5.3 A manager for an object, shared between high and low users, could be
specified as follows:
C =reqy.Cy + reqr.write;,.C

Cy =7.C+readyg.C

Users must make a request to the manager for accessing the object (high users can
read the value of the object and low users can write a value). Akind of timeout is modeled,
by means of a 7 action, such that the systemis not obliged to wait for the communication
action from an high user. It can be checked automatically that C € BN DC'/#, (actually
itisin SBSNNI).

5.5 Addingtimemodeling featureto SPA

In this section we show a development of non interference theory in the line of research
proposed by Focardi and Gorrieri.

In particular we note that timing aspects of the system can be used to transmit infor-
mation. Suppose to have a system that provides services both for High and Low users.
Then an high user can simply make the system not disposable for interaction with low
level users for afixed amount of time and hence by revealing some kind of information.
The SPA process algebrais not able to deal with a quantitative time notion, only temporal
relations between actions can be expressed.

Fortunately, there has been alot of research in process algebra theory for enhancing
the specification languages in order to solve this problem (see [74, 99]). In this section
we extend the SPA language with operators that permit to express the elapsing of time.
We follow the modeling approach that is called fictitious clock, namely a global clock is
supposed to be updated whenever all the processes in the system agree on it. A distin-
guished action tick is used to model the elapsing of one unit of time. Other approaches
have been explored, in particular by considering a dense time but they are unnecessarily
too complex for our analysis and present some technical problems. Actions are assumed
to take no time. Thisis reasonable if we choose atime unit such that the actual time of an
action is negligible with respect to the time unit.

Timed Security Process Algebra

In this section we introduce the Timed Security Process Algebra (tSPA, for short). In
addition to SPA operators, we add the time prefixing tick.E and the idling operator
L(E), where E isatSPA term. Moreover we extend the definition of the semantics of
the S P A operators with the rules shown in figure 5.4.
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Figure 5.4: Operational semantics of new operators of tSPA.

Informally the . (idling) operator alows the process E to wait indefinitely. At every
instant of timeif the process £ can perform an action [ then the whole system proceedsin
this state, by dropping the idling behaviour. The third rule about idling operator enforces

the so called time determinacy that isa central property of timed process algebras, namely
tick tick

if E — E'and E — E" then E' = E" (i.e. the associated LTS is tick-deterministic).

The core operator for management of time is the paralel one. As we see from the
its semantics, both components must agree on performing a tick action. Roughly, they
synchronize to let time pass. But there is a side condition, i.e. no communications are
possible. This enforces the so called maximal communication progress assumption. In-
deed, whenever acommunication is ready to be performed then it must start immediately.

The hiding operator / H is slightly modified with respect to the one of SPA. We avoid
the possibility that the process E/H performs a tick action if at the same time it can
perform an action in H U H. (The rules for the hiding operator in figure 5.1 must be
discharged).

In fact, the role of hiding operator in SPA is to represent a system as appears to low
userswhen high activitiesare enabled. The same should bevalid in thetimed SPA context.
Hence, the hiding of a system cannot et time passin a state where the system can perform
an high activity, otherwise it should not model correctly the maximal communication
progress assumption. Thisis clarified by considering the process £ = «(h). Assume that
H = {h} and the standard rules for hiding, then we obtain £/H — and, at the same
time, £/H “%. Note that the process (E||Topi**)\H cannot perform a tick action.
Hence, (E||Topt*)\H % E/H.

With our modified rules, we can formally prove that for every process E' its compo-
sition with T'op!c* (restricted on the high actions) is equivalent to £/ H, i.e., that hiding
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corresponds to enabling every high level action.
Proposition 5.6 For every process £ we have: (E||Topi*)\ H ~ E/H.

This technical modification permits us to recast part of the theoretical results about
SPAfortimed SPA.

First of al we state one of the peculiarity of timed SPA, that is common to severa
timed process algebras, namely time deter minacy.

Lemma5.4 For every tSP A process E we have:
o fE X% Eand E %X E" then B! = E".
L et us give the following definition of weakly time alive for processes.

Definition 5.7 Aprocess E isdirectly weakly timealive iff £ Luck Aprocess E' isweakly
timealive iff for all E' € Der(E), we have E' isdirectly weakly time alive

In the tSPA model for defining NDC like properties, we do not consider all high pro-
cesses for the interaction with the systems, we must restrict ourselvesto weakly time alive
processes that can perform only actionin ActH U {7}. Let £}, the set of such processes.

The reason is the following: a process, that is not directly weakly time alive, may
prevent time from elapsing in parallel with every system E. Hence, it can block the time
flow. We want to avoid this unrealistic possibility.

As equivalence relation we still consider the observation equivalence. We use this
equivalence since we can directly reuse the existing theory for the characteristic formula
and the decidability procedures for p—calculi. Other finer equivalences and logics may
be used for a more accurate study of the real-time aspects of the systems, neverthelesswe
believe that this framework is sufficient for many purposes.

We now restate the security properties proposed by Focardi and Gorrieri in this new
setting. The most important property istimed Bisimulation Non Deducibility on Compo-
sition (tBN DC, for short).

Definition 5.8 E € tBNDC ift VII € £} : (E||I)\H ~ E\H.

As in the untimed case, we give the definition of two other properties, tBSNNI and
tSBSNNI, which approximate tBNDC from above and bel ow, respectively.

Definition 5.9 F € tBSNNI iff E\H ~ E/H and (E\H 2% iff E/H “%),

Definition 5.10 E € tSBSNNI iff VE' € Der(FE) : E' € tBSNNI.
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The property tBSN N1 is slightly changed w.r.t. the original BSNNI. Thisis mainly
due to the maximal communication progress property of our language. The tBSNN I
and tSBSN NI properties are introduced for giving approximationsof tBN DC that are
easily computable. Our final aim is to prove that a system istBN DC (actualy, thisis
truefor tSBSN NIT). With our definition of t BSN NI and henceof tSBSN NI itiseasy
toseethat tSBSNNI C tBNDC.

Roughly, E' istBSN NI if the system E'\ H, where no high level activity is allowed,
behaves like system E that has all the high level actions hidden (i.e., transformed into
internal 7 actions). (The condition on tick actions is merely technical and inserted only
for proof purposes.)

Now, we are ready to state formally the relationships among the defined properties.

In particular we have that t BSN NI isaweaker property than t BN DC.

Proposition 5.7 tBNDC C tBSNNI.

Furthermore, by following the proof technique of [35] we provethat tSBSNNI isa
stronger property than t BN DC'.

Proposition 5.8 tSBSNNI C tBNDC.

Proof:
The proof is performed by showing that the following isa“timed” weak bisimulation,
namely aweak bisimulation for processes which can perform a particular action tick.

R ={(E'"\H,E'|II\H) | E' € Der(E), 1Il€ &}
By inspection of possible cases, (E'\H, E'||I1\H) € R then:

o if E'\H —% E"\H, a # tick thenit followsthat E'||II\H —%» E"||II\H, and
(E"\H, E"|II\H) € R,

tick

e if E'\H — E"\H, thensince E' € tSBSNNI and II is weakly time dive, we
haveVh € HUH FE' /A5 andso B'|II\H == F'|[II\H “% E"||I1"\H and
(E"\H, E"||II"\H) € R,

o if E'|IINH - E"||II\H,a ¢ H U H then we have E'\H -5 E"\H and
(E"\H, E"|T\H) € R.

o if B||II\H — E"||I'\H,with &' "+ E" and I - IT', then E'/H - E"/H.
Since E' € tSBSN NI we have the following equivalence E'\H ~ E'/H, hence
there exists E; st. E'\H == E,\H and E\\H ~ E"/H and E"/H ~ E"\H.
Hence we have up to weak bisimulation (E"\ H, E"||IT1\H) € R.

o if E'||II\H —%5 E"||II\H, then E'\H -+ E"\H, and (E"\H, E"||I1\H) € R.
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o if B/||I\H Z& E|II\H, E' “& E" and TT 2% 11, then E\H 2% E"\H and
(E"\H, E"|[I'\H) € R.

O

For tSBSN NI property, we have not proven the compositionality, but for t BN DC

asfor the corresponding property in the untimed language, we have the following negative
result:

Proposition 5.9 tBN DC' it isnot compositional.

Proof: By considering a counter-example similar to the one of proposition 5.1. O

5.5.1 Decidability resultsfor tBN DC-like properties

In this section we show the flexibility of the methodology that we have proposed for
the analysis of NDC like properties, by applying the same techniques to the analysis of
tBN DC-like properties.

The steps we have to perform are the followings:

1. define acharacteristic formulafor the timed equivalence,
2. define partia evaluation techniques for the parallel operator,

3. study validity procedures when formulas are interpreted over the class of LTSs
which are the semantics of ¢S P A terms.

Point 1 can be solved by observing that our “timed equivalence” is the same as obser-
vational equivalence, and hence we can use the already defined characteristic formulafor
this equivalence. The crux isthat we use tick—deterministic equational p—calculus.

Point 2 can be solved by applying our theory described in chapter 2.

Point 3 is more challenging. In fact, differently from SPA, it is not always the case
that for every (finite) LTS there exists an tSP A term whose semantics is this LTS. For

example consider the following LTS:
ch

This problem is due to our definition of the choice operator. We avoid this problem by
considering the choice operator of high users as the standard CCS one. (Thisis obtained
by dropping the third rule for choice in Figure 5.4) Then it is easy to see that for every
finite-state LTS we can find a High user whose semanticsisthis LTS. Hence we consider
propertiesthat are stronger than tBNDC'.!

However, wefeel that is possible to suitably change the validity procedure of [93] in order to consider
only LTss which are the semantics of some ¢SPA term. We leave the proof of this conjecture as a future
work.
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Let us see the partial evaluation function A//E, where E isatSP A process, for the
paralel operator of tSPA. Itisshown in table 5.2 and can be inferred from the partial
evaluation function we have studied in example 2.5.2, where we consider the same parall el
operator, defined by means of GSOS rules. So we can state the following lemma, where
E, isafinite state process and || isthe timed parallel operator.

Lemmab5.5 Given a process E, || E, and an equational specification D | X we have:
E\||E, = (D] X)iff By = (D) X)//E.

Wecal fs* the set of finite-state processes, which are deterministic, weakly timealive
and whose choice operator has the new semantics. (Actually, we still suppose to restrict
ourselves to consider tick-deterministic processes, even though with this choice operator
IS possible to generate LTS which does not enjoy this property.)

We can prove the decidability of tBNDC-like propertieswhen we only consider finite
state processes fs*.

Proposition 5.10 For all finite state processes E the following property is decidable:
VIl € fs*: (E|lI)\H~E\ H.

Proof: Similar to the proof of proposition 5.4. In particular since, we deal with
{tick}—deterministic processes, we use deterministic y—caculus. Moreover, lemma 5.5
is used, and a simple condition on weakly time alive processes is needed. O

In this way we have extended the non interference analysis as proposed by Focardi
and Gorrieri to deal with quantitative time aspects. Moreover, we have shown that the
compositional analysistechniques studied in chapter 2 permit easily to solve the technical
problems that may occur in this analysis.

5.6 Anexample

We rephrase the description of the Manager of a mutual exclusion variable (see Example
5.3) intSPA, in this way we can take in account timing constraints. We implement the
no-write-down no-read-up policy (see [36]). High users can only read the variable and
low users can only write it. Hence, the information flow should only go from low level
users to high level users. But, there could be some timing covert channels.

A first description of the manager could be the following:

C = reqy.tick.Cy + reqp.tick.writey, .tick.C + T.tick.tick.C
Cy = tick.t.C + v(ready.C)

The set H of high actionsis {reqy, ready }. Roughly, the system can receive a high
request and then, after letting one unit of time pass, it can go in a state where it can serve
the request for at most one unit of time or return in theinitial state. Otherwise the system
can receive alow request and let one unit of time pass and then let the low level user to
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(DL X)//t = (D//H)L X,

e//t = ¢
(X = AD)//t = ((Xs =5 A//5)sepern))(D)/ [

(@)A/]s = (a)(A//s)VV, ., Alls", ifa# T a#tick
(NVAl]s = (DA/[s)VV, _,S/A//S VV,a, (@) (A]/s)
: _ (tick)A/[s'" NN, o [@F s ek gt
(tick)Affs = { F otherwise
[alA//s = [al(AIS) AN, o, , Al/s", ifas# T, a+#tick
TS = [IAII AN s LIS AN, oy [a1CA /)
: | [tick]A))s Vv o (@T s 2B
tick]A/fs = { T otherwise
AiNAs/[s = (Ai/[s) N (A2]]s)
AV Ayffs = (Ai]f[s)V (A /s)
T//s = T
F//s = F

Table 5.2: Partial evaluation function for parallel operator || of timed SPA.

write and then let one unit of time passand returnsinitsinitial state. Thelast possibility is
that the system lets two units of time pass and then returnsin itsinitial state. This system
isnot tBN DC, in fact consider the following high process:

X = u(reqy.i(ready..(0)))
The manager in parallel with the high process X may have the following computation:
Cllx\H 52

which cannot be performed by the process C'\ H. So we refine our Manager and we let
exactly one unit of time to the high level user to read the message. Please note, that after
the reqy it has to wait one unit of time. So at the end, the high user takes two units of
time from the request actions.

We can re-design our system, by considering a timer that can be activated by the
manager, by issuing the action go and then it can be stopped by the action stop.

So, the new manager is the following:

Timer = (go.tick..(stop.Timer))

C = reqp.tick.go.(t(stop.C) + t(ready..(stop.C)))
+reqr.tick.writey,.tick.C' + 7.tick.tick.C'

Manager = (Timer|C)\{go, stop}
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Figure 5.5: The behaviour of the process M anager, represented by a Labeled Transition
System.

-

N i /

Figure 5.6: A graphical explanation of ¢t BN DC' membership of Manager.
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Now, high users are forced to wait exactly one time unit in the critical section, and
then they must leave it.
It isworthwhile noticing that M anager doesnot belongto tSBSNNI. Infact, there

tick

isaprocess E' in Der(E) st. E'\H % and E'/H /% The process E' isthe following:
(tick..(stop.Timer)||(t(stop.C) + t(ready.c(stop.C))))\{go, stop}.

Remark 5.1 We can directly prove that Manager € tBNDC. Theideaisto directly
build a timed weak bisimulation that contains (M anager||I1\ H, Manager\ H), for every
highuser IT € £%,. Thisisone of the advantages of considering timed (weak) bisimulation
as equivalence relation between our systems. In fact, this kind of equivalence has a nice
proof technique:

W\e can prove that two processes are equivalent by simply providing a bisim-
ulation relation that contains them.

In our specific case, thisis very interesting since at the same time we are able to prove an
infinite number of equivalences (like BNDC membership requires)!

Consider first the Figure 5.6. The dashed lines represent couples of a function f from
derivatives of Manager to derivatives of Manager\ H. For sake of simplicity, in Figure
5.6 we use numbersto represent derivativesinstead of terms. Hence we have the following
relation:

R = {(F'|II\H,E") | (E",E") € f,ll € £}, E' € Der(Manager)}.

The proof that R isa timed weak bisimulation follows by inspection of the possible cases.
As example, we show that if (9||IT\H,6) € R we have the following possibilities to
consider:
o if O||TI\H % 10|11\ H, hence IT 2% 1T and IT 2% . Inthis case 6 2% 1 and
(10||TT"\H, 1) € R.

o if 9|TI\H —=» 11||TI'\H, then IT "““% II', but since (11||II'\H, 6) € R we have
compl eted.

o if9||II\H — 9||/II"\ H, then TT — TI’ but alsoin thiscase we have (9||TI"'\ H, 6) €
R.

o if 6 “% 1, we have two possibilities, if IT "““% II' then 9||II\H —Z» 11|II'\ H.
Now, since IT' must be weakly alive, we have 11|[IT'\ H == 11||I1} 25 12|11\ H,

and (12||T1"\H,1) € R. The other possibility is that II Z&di’ and also in this
case since IT must be weakly alive, we have 9||TI\H == 9||II' % 10|11\ H and
(10||I1I"\H, 1) € R.
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5.7 Conclusionsand futureresearch

In this chapter we have studied a notion of information flow security property, namely
Non Deducibility on Composition, as defined by Focardi an Gorrieri (see [33, 34, 35)]).

We have proposed a methodology for studying N DC' like properties. This kind of
properties may be defined by using several equivalences. Likely, characteristic formu-
las also may be defined for several equivalence relations over processes, e.g. ready-
simulation and divergence bisimulation (see [4, 91, 92]). Hence, our approach can aso
be applied in the analysis of NDC properties defined by exploiting the aforementioned
equivalences.

This method is based on the combination of partial model checking (a modular ap-
proach for model checking) and theorem proving. In the last years, model checking and
theorem proving, have been used separately and successfully in the analysis of security
protocols ([32, 37, 59, 78, 84]), in particular for detecting flaws in authentication proto-
cols.

One of the main advantages of composing partial model checking and theorem prov-
ing is the possibility of analyzing the behaviour of a system against all the possible en-
vironmentsit can interact with. So deadlock freedom can be checked w.r.t. al high level
users (these properties can not be analyzed with the tool presented in [35]). It is worth-
while noticing that this method can ensure the non interference property only w.r.t. the
characteristics of the system that are modeled.

We have extended the theory for dealing with a quantitative notion of time. We have
shown the flexibility of our methodology for the analysis of BNDC like properties, by
showing that partial evaluation analysis can be fruitfully exploited to work in this frame-
work. The time modeling is very simple, more challenging models may be studied. For
example, a possible extension should be the integration of time and probabilities in the
same framework for dealing also with a notion probabilistic non interference (see [38]).
A possible language for description of systems could be the one presented in [9].

We believe that partia evaluation techniques provide a genera framework where
N DC' like properties can be decided for a generic specification language.
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Chapter 6

Analysis of cryptographic protocols

In this chapter we propose a methodology for the formal analysis of cryptographic pro-
tocols. We define a language for the description of protocols and a logical language for
expressing security properties of protocols. An unspecified component is used to model a
hostile environment in which the protocol runs. Then we design a suitable partial evalua-
tion function for our language. We show a relationship among the verification problems
of different security properties. Hence the theoretical aspects of an implementation of
the theory proposed are given. The chapter concludes with a discussion about the use of
compositional analysis concepts in the formal verification of security properties.

6.1 Introduction

The continuous growing of the amount of security-sensitive information, which flows in
computer networks, has caused a lot of interest in research in forma methods for the
definition and the analysis of security properties which systems must ensure.

A typical example of security properties is the necessity that only legitimate users
can access some kind of information, or a particular service, or else that parties in a
communication get assurance about the identity of their correspondents. Furthermore,
computer networks may consist of thousand of geographically distributed computers, and
the communi cation between atwo of them may involve the exploiting of communication
features of many others in the network. This raises the necessity of establishing secure
communication channels, in such away that the secrecy (or confidentiality) of exchanged
datais kept during the steps of the communication.

Cryptographic systems ([83]) are used to try to solve these problems in communica-
tion protocols. These protocols are named cryptographic. Through encryption, messages
are exchanged between parties over a possibly insecure medium in such a way that it
should be possible to retrieve the actual meaning of the message only from users who
know a certain piece of information, i.e. akey (thisideal situation isreferred to as perfect
encryption assumption). Unfortunately, cryptography can represent only a foundational
tool for ensuring security properties, but alone it is not sufficient, as proved by many
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flaws found in cryptographic protocols (see[2, 35, 61, 72]), even by assuming the perfect
encryption. Cryptographic protocols, even though at conceptual level involve only few
communications between parties, are recognized to be prone to errors.

In the last years, various techniques for finding flaws in such protocols have been
developed (see [32, 35, 59, 61, 63, 72, 82]). Some of them are essentially based on the
analysis of finite state systems, and typically can ensure error freedom only for afinite
amount of the behaviour of systems.

Another approach is based on proof techniques for authentication logics (see [2, 48,
78]) or for process algebras (see [1, 14]).

Our approach is novel in this area, and is based on partia evaluation techniques de-
rived from the idea of partial model checking and compositional analysis. We have al-
ready shown the applicability of this approach for ensuring information flow security
properties in the previous chapter. Here, we transpose these ideas for the verification of
cryptographic protocols.

The intuitive idea is the following: verifying that a system S in conjunction with a
generic process X enjoys a property expressed by aformula F' of alogical language L,
is equivalent to verify that X by itself satisfies a particular formula £'//S, where the
requirements are changed in order to respect the evaluation of the behaviour of S:

SIX fp Fiff X = F//S

We can exploit this idea by supposing that the process X can be seen as an intruder that
tries to discover some information, which should remain enclosed in the system S. The
unleashing of information may be expressed by the logical formula F.

The idea of modeling an intruder that acts in composition with the system to be an-
alyzed is not new. But generally, only a particular intruder is considered, and his capa-
bilities are somewhat questionable. We follow the natural idea to consider the intruder as
an unspecified component. Then, the partial evaluation techniques seem to be a correct
technical tool for analyzing thiskind of situations, aswe have advocated in chapters 3 and
5. In thisway we have formally, and exactly which properties this possible intruder must
have in order to perform a successful attack on the protocol (in our formal model).

6.2 An operational languagefor the description of proto-
cols

In this section we present the language for the description of protocols. First of al wein-
troduce the notion of types, and typed messages. The model consists of a set of sequential
agents that can communicate by exchanging messages, in a synchronous way.

6.2.1 Typesand typed messages

L et us suppose to have afinite set {T',...,T"} of collections of values. Every set T*,i €
{1,...,n} can be partitioned in two digjoint sets, the basic values BT* and the random
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values RT?, in such away that the former set is finite and the latter is infinite (but count-
able). Every collection T* has associated a symbol 1" that represents the set of values of
that collection, i.e. itstype. By using afinite set of function symbols {F*, G¥',...} anda
special symbol x (product), we build the set of message types inductively as follows:

e every basictypeT%,i € {1,...,n} isamessagetype,
e if T,T" are message typesthen 7" x T" is a message type,

e if 71,...,T; are message types and £V isafunction symbol of arity j then F (T,
..., T;) isamessage type,

e nothing else is a message type.
Then we can define the set of typed messages inductively as follows:

e if z isamessage variable and 7" is amessage type then = : T" is atyped message of
type T,

e if m; €T’ thenm, : T" isatyped message of type T,

e if my : 77 and my : Ty are typed messages then (mq,ms) : Ty x T3 is atyped
message of type 77 x Ts,

o ifm; :Ty,...,m, : T, aretyped messages and F’ is afunction symbol of arity j
then F7(my,...,m;) : F(Ty,...,T;) isatyped message of type F/ (11, ..., T}),

e nothing elseis atyped message.

A typed message m : T without variables is called a pure typed message. Equality
between typed message means syntactic equality. The set of typed messages of atype T,
Msgs(T), is defined asthe set {m : T'|m : T is a pure typed message}. We give below
the definition of the set of typed submessages of atyped messagem : 7.

Definition 6.1 Let m : T be a pure typed message; the typed submessages of m : 1" are
SubM (m : T, where SubM is defined as:

SubM(m : T%) = {m : T}
SubM ((m,m') : T xT") ={(m,m') : T x T'} U SubM (m : T) U SubM (m' : T")

SubM (F(my,...,my): F(T\,...,T,)) ={F(my,...,my) : F(T,...,T,)}U
Uicqt,...ny SubM (m; = T;)
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A messagem : T isinitial iff m : T ispure and every submessage m’ : 7% of m : T of
basic type 7" is member of BT*. A function n from variables to pure messages or types
is called a substitution. We write (m : T')[n] for the message obtained replacing every
variable z with n(x).

Before introducing the syntax of composed systems|et us see the inference system of
sequential agents, that permits them to deduce new messages by starting from the set of
messages that they have produced or received. This system consists of a set of inference
schemata. An inference schemaisacouple IS = ((my : T1,...,my, : T,),mg : Tp),
usually written as:

my 1y, ... ,my T,

molTQ

where m; : 11,...,m, : T, is aset of premises (possibly empty) and m : 1j is the
conclusion. We say that a pure typed message m : 1" isinferred from a set of pure typed
messages m) : 11,...,m, : T, byusing IS = ((my : T1,...,my : T,,),mg : Ty) (for
shortm : T1,...,m} : T, Frg m : T), if asubstitutionn existsst. forevery 1 < j < n
(my : T3)[n] = m); : T; and (mg : Ty)[n] = m : T. An axiom schema is arule schema
with no premises. As notation, we write ((m; : T;))icr, I = {1,...,n} for a sequence
my:1y...my T,

A proof for atyped message m : T isafinite tree, rooted in m : T', whose |leaves are
instances of axiom schema and each node is built from its descendents by applying arule
schema. We write ¢ = m : T' if a proof exists for atyped message m : T', where every
message m' : 1" € ¢ appears in the conclusion of an axiom. Given an inference system,
we define adeduction function D(¢) = {m : T'|¢' C oA ¢ Fm : T}.

6.2.2 Syntax

We briefly introduce the syntax of systems. A system (term) is generated by thefollowing
grammar:

Composed systems:
S u= S\L|S\L | S51f[S2 | (A)g
Sequential agents:
A = NillaA|A+A [[m:T=m':TA;; Ay |
[({mi = Ti))ier Frs o2 T]AL; Ay
a = cdm:T|c?(x):T|7 |Temr Xemer | gen;’(i’j)

wherem : T, m' : T" are typed messages, C' is afinite set of channelswithc € C, risa
message variable, ¢ isafinite set of pure typed messages, L isasubset of C' and i, j € N
(the set of natural numbers).
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The inference construct [((m; : T;))ier Frs « : T)A;; Ay acts as a binding for the
variable = in A, whereas the variable x must not appear in A,. The prefix constructs
) : T.A, X2 A, geny™.A are bindings for the variable = in A. Hereafter we
consider only sequential agents where the binding constructs bind the same variable al-
most once. A sequential agent is said to be closed if every message variable is bound. In
the sequel we consider only closed agents.

We make some assumptions on the capacity of sequential agentsto guess random val-
ues. Random generated messages (nonces) are used to witness the freshness of messages
during executions of the protocols (runs). To model the characteristics of these messages,
we have assumed that for every basic type 7" there is a subset of messages of this kind,
i.e. RT. A particular action gengi’(i’j) permits to guess a random value of a basic type
T'. Random messages of composed types can be built by using basic random values as
subcomponents. Since they must be guessed randomly, it should be impossible that two
different agents can guess the same values. Formally, thisis achieved by partitioning the
set of basic values in as many sets as the number of sequential agents that compose a
system. For every basic type 7% thereisaparticular function R”" : N x N —RT* which
gives the values that are guessed by agents. For every one of these functions, if 7 # i’or
j # j' then RT"(i,j) # RT"(#,;'). A sequential agent is correct if the set of actions
gen;’(i’j ), which he performs, has aways the same j index and always a different 7 index.

A compound system is correct if its sequentia agents in their starting configuration
contain only messages that are in their initial knowledge, which must consist only of
initial messages. We implicitly assume that the receiver of a messageis able to recognize
the structure of received messages, eveniif it isnot able to understand the meaning of such
messages.

The set Act of actions, which can be performed by a compound system, is defined as:
Act ={c'm :T |ce Cym:T € Msgs(T)}U{cm :T|ceCym:T € Msgs(T)} U
Xemr | c € Com 2 T € Msgs(T)} U {remr | m : T € Msgs(T)}} U{r,qi | g €
RT'} U {r}. Below we give the definition of the function channel, that given an action
returns a channel (void if the channel is not specified), and message that given an action
returns its message:

‘ H cm:T ‘ c'm:T ‘ T ‘ Te,m:T ‘ Xe,m:T ‘ Tg:T ‘
channel c c void c c void
message || {m : T} | {m:T}| O | {m:T} | {m:T} |{g:T}

To every sequential agent in a composed system, it is possible to assign a unique
identifier, i.e. the path from the root to the sequential agent term in the parsing tree of
the compound term. As notation we write S > S if ~ is a finite sequence of actions
vi,l1 <i<nst §=5, 2 ... S, =" Given asequence of actions we use
the function msgs, defined as msgs(5y) = message(3) U msgs(y) and msgs(e) = (),
to get the set of communicated messages. Given a sequence of transitions S~ S’ of a
compound term S, (S = S’) | x * isthe sequence of actions of the agent identified from

'Here we use this notation with a different meaning of the onein chapters 1,2,3.
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X in S, that have contributed to the transitions of the whole system. The set of channels,
where an agent A possibly performs acommunication, is defined as Sort(A) (thisset can
be built syntacticaly).

6.2.3 Operational semantics

As usual we give semantics to our language through Labelled Transition Systems. The
semantics of compound terms is given by the least set of action relations induced by the
rules of figure 6.1.

Informally, the semantics of sequential agentsisthefollowing: Nil isthe process that
can do nothing; a.A is the process that can perform an action according to the particular
construct a and then behaves as A (in particular the action x¢,, - alows to listen the
communications internal to other subcomponents of the system). Moreover the rule (!)
plays a central role in our calculus. It asserts that an agent can send a message only if he
can deduceit by hisknowledge. A; + A, isthe process that nondeterministically chooses
to behave as A; or As; [m : T = m' : T'|A;; A, isthe matching construct: it permits to
check the equality between typed messages.

The deduction construct ((m; : T;))icr Frs @ T permits to deduce new messages
by applying a particular inference schema. By using this construct a finite number of
times, an agent can build the proof of every message in D(¢). Typically, it may be used
to decrypt messages by applying arule such as 6 in section 6.4.

The compound system S||.S; performs an action « if one of the two subcomponents
performs this action, and a synchronization action (7. ,,,.) if both the subcomponents per-
form complementary actions, i.e. send (c!m : T') or receive (¢?m : T'). It isworthwhile
noticing that in contrast to C'C'S process algebra our synchronization actions carry infor-
mation on the message exchanged. In thisway we can model eaves—dropping. To model
a synchronous communication over a set of channels L, the \ L operator must be used
in conjunction with ||, eg. (S]|S1)\L. The latter process cannot perform actions whose
channel isin the set L, except for synchronizations. The hiding construct S\\ L permits
to hide the message exchanged during a synchronization on achannel in L. This operator
can be used to model a subsystem where the communications are safe, and aso it may
be applied in a compositional design methodology. For notational convenience, we use
S|, X for (S||X)\L; besideswe consider S = Nil whenVa € Act, S /.

6.3 Alogical languagefor thedescription of protocol prop-
erties

We present a logical language (L) for the specification of the functional and security
properties of a compound system. We have extended a normal multimodal logic with op-
eratorsthat permit to know whether amessage can be derived by an agent after a sequence
~ performed by the whole system, starting from an initial knowledge.
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4 )

?) m: T?E Msgs(T)
(c?(x) : T.A)g ™ (A[m/2])pume)

z,(1, Tg:T,
(genT( ]).A)¢ = (Alg/2]) puigry

(gen)

W (Emer-A)s = (Alm/2)pugmer
()7 T#m :T  (Ay)y —— (A)y (0 m:T € D(¢)
([m: T =m":T'As; Ay)y — (A5)y (chm :T.A)y amy (A)y
m:T=m:T (A1)¢ BN (All)d)/ (+1) (A1)¢ s (All)¢/

U T = T Ay = (4D TV, + 49, = (4D,
((mi : T))ier Frs m : T (Aym/z)gupmay — (A}

O iy« Tyeer Frs @+ T v Ag)y = (A

Alm: T)((mi - Ti))ier Frs m: T (Ay)g = (AY)y

D e
o) (me = Tyeer Frs & TVAn Ay)y -5 ()
S clm:T S/ I S ctm:T S/ I
(\L ) —>c!m:T C/¢ (\L ) —>c?m:T C/€
S\L — S'\L S\L — S'\L
Sy S S -1 s
L — L 2
O 3)S\L emd S\ L O 4)S\L — S'\L
5 9y e I e
(1) (I12)

SISy = SIS SIS, = 51|

S 5 S"  channel(a) € L Semd s cel
(\\Ll) S\\L L> S/\\L (7_1) S\\—L)L) S,\\GL

e T
(Xl) Te,m:T ! !
SISy = S| S!

N /

Figure 6.1: Operational semantics of the language, where there are symmetric rules for
+1, 1, ]2 @d x1. Intherules D; and D, messages ((m; : 1;));c; must bein ¢.
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The syntax of the logical language L k is defined by the following grammar:

Fu=T|F | (a)F | [a]F | NierFy | Vier Fy | m:T € K%, | 3y : (m:T) € K%,
where m : T is a pure typed message, X isan agent identifier, 7 isan index set and ¢ a
finite set of pure typed messages. Informally, the (a) F' modality expresses the possibility
to perform an action « and then satisfy F'. The [a]F' modality expresses the necessity that
after performing an action a the system satisfies F'.

A system S satisfiesaformulam : T € K?}N if S can perform asequence -y of actions
and an agent of .S, identified by X', can deduce m : T starting from the set of messages
¢ and the messages he has known during the performing of the sequence . Thisformula
plays acentral rolein the analysis of authentication protocols, that are often based on the
sharing, between two parties, of a secret, i.e. a particular message that is assumed no one
else knows. Hence, pieces of information are used to witness the identity of agents and
the eventual disclosure of particular information can have dangerous consequences. If we
want to know if a sequence v exists s.it. an agent X, can deduce m : T', we can express
this fact using the formula3y : (m : T) € Kﬁﬁ. Hence, in the sequel we are mainly
interested in the study of propertiesthat can be formulated in the following way:

Is there an agent (intruder) that in communication with the agents of the sys-
tem, can retrieve a secret that should be shared only among some agents of
S?

It can be formally restated in our model in with the following statement, where m : T°
represent the secret (message).

S| Xy =Ty :(m:T) € K}?7

Actualy, in general we wonder if there exists an intruder with a particular initia
knowledge.

Thelanguagewithoutm : T € K% and 3y : (m: T') € K%, (knowledge operators)
iscalled L.

6.3.1 Semantics

We suppose to have a deduction function D: P(Msg) — P(Msg), which has to enjoy
the properties listed below:

Assumption 6.1 For every type 7' the set of messagesin D(¢) N M sgs(T) isfinite and
constructible?, when ¢ is a finite set. e require this assumption since we want to be able
to perform an automatic analysis.

2Here, we mean that thereis a procedurethat terminatesin afinite amount of time and returns an explicit
enumeration of D(¢) N M sgs(T).
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Assumption 6.2 If ISis an inference schema and § a bijection between random values
then: my:T7...m,: T, brsm : Tiff 6(my:Th)...8(my:Ty) Fis 6(m:T). Theidea
under this assumption is to avoid deduction systems that are not general and depend on
particular random values.

Assumption 6.3 If m : T is a typed message and ¢ : 7" a random value, that does not
appear as submessage neither in m : 1" nor in any of the messagesin ¢, thenm : T €
D(¢)iff m: T € D(pU{g:T'}). Asabove.

Assumption 6.4 If m : T isatyped message and m : T' € D(¢), then every basic value
of m : T must be a submessage of some message in ¢. We want that messages of basic
type cannot be forged.

We can give the semantics of aformula F' w.r.t. an LTS associated with a composed
system S. We define the semantics of aformula F' € Lk inductively asfollows:

For every S we have S =T
Forno S we have S = F

S):/\iejﬂ iff VZG]S):F;

S):\/iejﬂ iff HZGIS):F;

S E(a)F iff 35:S5 - S andS' EF

S E [a]F iff vS':S - S impliesS' | F
SEm:TeKg, iff 35" (S S Jx= 4 and

m:T € D(¢pUmsgs(7))
S):Elfy:(m:T)EKﬁﬂ iff Iy:SEm:Tek?

X,y

6.4 A suitablededuction function

In this section we show that our requirements on the deduction function are not too re-
strictive, because the inference system in figure 6.2 satisfies our assumptions and also is
similar to the one used by many authors (see [59, 63, 82]). Given a set of messages ¢ then
m : T € D(¢) if m : T can be proved by using the following axioms (1) and rules (2-6),
where E represents the encryption function, Key is a basic type of keysand (—1)Key
is the type of inverse keys, and there are some basic types such as atomic messages and
agent identifiers:

The interesting rules are 5 and 6; the former permits the encryption of messages by
using a key, and the latter permits one to know the encrypted message when knowing the
inverse key. Please note that the system does not allow the deduction of keys (or inverse
keys) that are not in ¢. We can state:

Proposition 6.1 The above deduction function enjoys assumptions 6.1,6.2,6.3 and 6.4.
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2T
()"

m:Ty, m T (m,m') : T1 x Ty (m,m') : T1 x Ty
(2) (m,m') : Ty x Ty (3) m: 1, (4) m' T,

(5) =T T, k:Key (G)E(k,m) :E(Key,T) k™' :(—1)Key

E(k,m): E(Key,T}) m:T

Figure 6.2: A deduction system that enjoys our assumptions.

6.5 A simple protocol

In this section we show a simple example of protocol written in our formalism. First of
all we describe it in the notation used in literature as follows:

A— B {m}p[{(B)

With A — B : {m}pkp) isintended that A sends a message {m} pxs) to B, and
B receives this message. The message {m} px () IS an encryption of a message m with
the public key of B. It is assumed that only B knows the private key PK (B) ! (inverse
key).

Actually, this notation is misleading, since it represents only a* correct” execution of
the protocol. In fact, commonly there is no assurance about the identity of the partiesin
the communication. Hence, B can perform areceiving action but we can not assume that
actually the other party is A. This must be deduced by the contents of messages. So the
above protocol can only be used to send a message m to B in such away that only B can
read it. A non trivial example of authentication protocol is shown in figure 6.5.

Hence we model the behaviour of the two parties separately. We use as inference
system the one in figure 6.2.

The sender (A),, isthefollowing, where 4 = {m : T, PK(B) : Key} istheinitial
knowledge of A.

(fm:T PK(B): Keytsx: E(Key,T)|(caplz : E(Key,T).Ay); Nil)
Thereceiver (B),, With¢p = {PK(B) : (—1)Key} isthefollowing:
cap?(y) : BE(Key,T).(ly : BE(Key,T) PK(B)™ : (=1)Key ¢ z : T|By; Nil)

where A, and B; are respectively the continuations of A and B.

The agent A builds the encrypted message and then sends it on the channel ¢ 4. The
agent B receives an encrypted message from the channel ¢, 5 and then tries to decrypt it
by using hisinverse (private) key PK(B)~!. At the end of a correct run of the protocol
the variable z of B must contain m.
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It is worthwhile noticing that our description of the protocol is near to a possible
implementation of the protocol, and make explicit the steps that the agents must perform.
Actually, this positive aspect is common to other approaches based on process algebra
theory (see[1, 35, 59, 84]).

6.6 Partial evaluation techniques

In this section we define the partial evaluation techniques tailored for our language. The
crux is that, in contrast to previous work shown in this thesis, in this case we have to
deal with terms that may have an infinite number of successors (e.g. thisis the case for
an agent (term) that can receive a typed message ¢7(x) : 7.5). Since, we would like
to design an automatic method for the analysis of protocols, we should avoid sources of
infinite behaviour. In particular, we do not want to consider behaviours of intruders that
are not useful for a successful attack of a protocol. Thisis the case of random generation
actions.

Hence, it is convenient to assume a particular behaviour of agents with regard to the
generation of random values. In particular, we want that if an agent performs a sequence
of actionswhosefirst action isthe guessing of arandomvalue g : T then thisvaluewill be
eventually sent as submessage of some message m' : 1" during this sequence and between
these two events only guessing actions are performed.

Definition 6.2 A sequential agent X, is immediately well behaved iff if X, Ay
X(Zl)U{glle}Umsgs('y’) theny' = 75,1, ... 7y, c!m’ : T" with
¢'=0U{g:T1,...90:T0}
m' T € D(¢)
{gr : Ty ygn T} C SubM(m' : T).
X, iswell behaved iff VX, € {X}|X, —. Xj} X, isimmediately well behaved,
where —, isthe reflexive and transitive closure of the relation U, 4or —-.

The following lemmartell us that if we are interested in the analysis of formulas like
Iy :m e K% » We can restrict ourselvesto consider only this particular kind of sequen-
tial agents. Thisimpliesthat only random values that are sent are influent.

Lemma 6.1 If there exists a sequential agent X, st. S|, Xy =3y : m € K}*;,7 then a
well behaved agent X/, existsst. S|, X/, =3y :m € K%, ..

We give the partial evaluation function for || and £ without knowledge operators in
figure 6.3, and infigure6.4for |, and 3y : (m : T') € K}*}'ﬁ, where:

succ(S) = {(e,m' :T,5")|S Il St and ! T € D(¢)}
Rsuce(S) = {(e,m' Ty (g1 :Th,..., g0 : Tp), S')X, s XN
SIS Am T €D(#) A{gi : T;bier C SubM(m/ : T)}
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T//S = T
F//S = F
(DE)//S = (@ (F[]S) Vg, F[]S" (aF Tem)

(Temr)F) /]S = V getmr (ctm TYF/]S") Vv V etm: T5'<C!m :TYF//]S")

AL
VSTC I S’ <XC,mT>F//S \/ vSTcﬁTS/ F//S

VierFi//S = Vier(Fi//S)
NerFi]]S = Nier(Fi//S)

Figure 6.3: Partial evaluation function for || and L.

Iy (m:T) € K%,//S =
V(c,m’:T’,S’)Esucc(S) <C'm : T’>(37 : (mT) S K?;',’y//sl) (Sendlng) v

V(c,m’:T’,((gi:Ti>)i€1,S’)GRsucc(S)<<Tgi1Ti>>i€I<C!m, : TI>

(Gy - (m:T) € KEAOTiet 111) (guessing) v
\/Sc!m_’:>T’S,<C?mI T (Fy: (m:T) € Kéu{m, i }//S’) (receiving) V
stﬂ'S,We,m';T')(ﬂ’Y :(m:T) € ¢U{m i }//S’) (eaves — dropping) V
Vo,g 37 (m:T) € K2//9 (idling) v
m:TeKg.//S (trivial)

T m:T € Do)

Figure 6.4: Partial evaluation functionfor |, and 3y : (m: T) € K% -

The set succ(S) represents the sending actions (and relative successors of S) that can
be performed by the intruder. The set Rsuce(S) represents the sequences of guessing
of random values followed by a sending of a message that can be performed by the in-
truder. By observing the compositional analysis proposed in [5, 55] it can be noted that
it is somewhat semantic driven. Analogously, our partial evaluation can be derived by
ingpection of the operational semantics of the language. Between brackets we have put in
evidence the corresponding behaviour of the intruder.

We will concentrate on the reduction for 3y : (m : T) € K j‘{fﬁ since it is the most
involved in analysis of security properties, while for £ it is a generalization of the ideas
of [5]. For the sake of simplicity, we avoid the problem of considering always a different
index of the gen actions in the trandlated formulas (this problem can be easily solved by
global counters). It isworthwhile noticing that suce(S) isafinite set (by assumption 6.1).

Given a bijection o between basic random values, that respects the type (i.e. if g : T
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then o(g) : T"), this bijection naturally extends to a bijection between typed messages,
sequential agents and composed systemsin astraightforward way. If thereisao bijection
between two composed systems then we write S =, S'.

Lemma62 If S =, S'thenS % S, = §' 24 $" and §' =, S!.

The above lemma can be used to provethat S 5 S, and S =, S’ then S’ ”(4) ST
The next proposition states the correctness of the partial reduction, where we assume
that X isawell behaved process.

Proposition 6.2 Given a system S, with Sort(S) U Sort(X) C L, a finite set of typed
messages ¢ and an initial message m : 1" then:

S|, Xo EFy:(m:T) € Kg}ﬁ iff X =Jy:(m:T)e K;éﬁ//s.

Unfortunately, theformula F' = 3y : (m, : T") € Kﬁ,7 //S presentsvariousinfinitary
digunctions, which are due to the analysis of the generation of random val ues by the agent
X. By our assumptions on the deduction function it is not fundamental which sequence
of generation actionsis performed, the essential thing is the correct kind of typesthat are
generated. So we can prove:

Lemma6.3 If m : T isan initial message, o a bijection between {g; : T;};c; and {g; :
T} ier with S'|| X" =, S[|X and SubM (¢) N {gi : Ti}ier = 0 = SubM(¢) N {g; : T} }iex
then:
S, Xootgtyie =37 (m:T) € Kb
iff
PU{g}:T!}s
S|, Xouig 1 ies Edy:(m:T) ¢ K/\,{g ber,

Now we can give a translation from this formula to another one, s.t. the satisfiability
is preserved, i.e. F issatisfiable iff F issatisfiable. Thistrandated formula F presents
only finitary digunctions. This translation can be performed during the generation of F
and keeps unchanged thefinitary part of the formula. Let us consider theinfinitary part of
the formulato be reduced (if itisfinitary thenitisdone), so let F' be V¢ rousc(s)Fi, Where
F; witht = (C, m' : T’, <<g7, : Tvi>>i€[a SI) is:

((g: s T ier(clm' - T) 3y : (m: T) € Kgy et/ /")
We can define an equivalence relation over tuples of Rsuce(S) as below:

(C)m : T) <<gl : T%>>i617 SI) E; (Clam, : TI) << gi: T >>Z€I’ SI)
c=c T=T §=5
(g - Tierh = AIgi - T))ier t
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where o is a bijection between ((g; : Ti))ier and (g} : T}))icr ad {{{gi : Ti))ics[}
is the multiset of types which are present in the sequence. Now we can consider the
quotient of Rsucc(S) w.r.t. this equivalence relation. The key point isthat Rsucc(S)/<
isfinite. In fact, up to renaming, only a finite number of successors of .S can be chosen,
since only a finite number of sequential agents of kind ¢?(z) : 7. A are present in S and
S1. Moreover the set of channelsis finite and for a given type 7" only afinite number of
different multisets are compatible. So we can choose for every classin Rsucc(S) /= only
amember, let M bethe set of such tuples, hence we can define F as Ve F.

Lemma 6.4 Under the hypothesis of proposition 6.2 we have:
Xy b= Ty omy T € K$//S iff AV, b= Ty omy T € KE//S.

We have reduced the verification of the existence of an agent X4 st. S|, X, =3y : (m:
T) € K}‘;,7 to a satisfiability problem in a sublogic of £. The main result of this chapter
isthe following:

Theorem 6.1 Given asystem .S, with Sort(S) C L, afinite set of typed messages ¢ and
aninitial message m : 71" then is decidable if 3.X; with Sort(X) C Lst. S|, Xy = Iv:
(m:T) € K%,

Moreover, we can build an agent (i.e. intruder) for a satisfiable formula E..

6.7 Authentication properties

The theory we have presented in the previous sections deals in particular with so called
secrecy properties, i.e. that certain pieces of information remain enclosed in a particular
context. Among other interesting properties are the authentication ones. The definition of
authentication used in [59] can be restated as follows:

Whenever a Receiver B completes a run of the protocol, apparently with
Sender A, then A has recently been running a protocol, apparently with B.

We define two distinct actions start, finish to model the starting of Sender and the
termination of Receiver respectively: when Sender starts it issues the action start and
when Receiver terminatesit issues the action finish. It is assumed that such actions cannot
be performed by others than Sender and Receiver. In this setting we can formalize the
authentication property as:

® =foranyrun~y (finish € v lp= start € v }a)
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Please note that, since the set of runsis prefix closed, this property aso impliesthat start
precedesfinishinany . A systemiscorrect if for every intruder X with Sort((A||B)||X)\
{start, finish} C L and L N {start, finish} = () we have

((S]|B)||X) \ L satisfies (sat) @

It should be clear that by adapting the compositional analysis techniques of previous sec-
tion, this property could be easily checked; here we prefer to show a reduction of the
verification of this property to a particular secrecy property, that can be directly handled
by our theory (and so by our tool, see the following section). We believe that thisis an
interesting result of its own, since to the best of our knowledge this is the first attempt to
perform a similar reduction.
We define an encoding S over systems as:
S(A4[|B) = (AB)

A" = Alstart := clstart,]||d?(y) : special . Nil

B' = B|finish := d!finish,]||c?(z) : special .Nil
where ¢, ¢’ are channels not occurring in A|| B and start,, finish, are distinguished val-
ues. Moreover we assume:

e The intruder cannot interact over channel ¢, ¢’. This seems reasonable since these
channels appear only for checking purpose; please note that this hypothesis matches
the hypothesisthat start and finish actions cannot be executed by the intruder.

e Values start, and finish, are basic values such that start,, finish, ¢ ¢x and
start, € ¢4\ ¢p, finish, €pp \ da.
Over the system S(A|| B) we will consider the following property:
U =foranyruny (finish, € K4, = start, € Kp ).

where K4, (Kp,) represents the knowledge of the agent A (B) after the system has
performed the sequence . Under the above assumptions we can state:

Proposition 6.3 If L is such that Sort((A||B)||X) \ {start, finish} C L and L N
{start, finish} = () then:

((A|B)||IX)\ L sat @ iff (S(A||B)||X)\ L sat V.
We can use our tool to check if a system satisfies ¥ by checking if it does not satisfy:
3y : finish, € Ka, A start, ¢ Kp,.

Moreover if we force the intruder to eavesdrop any message sent over channels ¢ and ¢/,
we can check the property above simply by inspecting the knowledge of the intruder i.e.
checking the following property:
3y : finish, € Kx, A start, ¢ Kx.,.
The above property can be easily analyzed by a simple modification the partial evaluation
function®. In particular, one checks if the intruder can deduce finish, but not start,, in
3Actually our tool is able to manage more complex conditions on the knowledge of the intruder.
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the base cases: ) )
. & P | T finish, € D(¢) A start, € D(¢

(finish, € K A startv, € Ky )//S = { F otherwise

and

T finish, € D($) A start, & D(¢)

- i ¢ ¢ -
(3 : finish, € Kk Astart, & Ky, )//Nil = { F  otherwise

6.8 Technical framework for theimplementation

We have built a tool for performing the analysis of authentication protocols®. In this
section we show the more interesting theoretical aspects of our implementation. In order
to implement the partial evaluation function we have to specify how succ, Rsucc and the
membership of messages in D(¢) can be computed. We define the size of a message
im : T|aslif T'isabasictype, and as 1+ max{|T;| }icqu,..;3 if T = F/(T1,...,Tj). Let
Msgs(|T|) be the set of messages whose type has a size equal or smaller than T'.

We consider as deduction system the one presented in figure 6.2, which enjoys our
assumptions. In the following we define a canonical representation of the knowledge of
agents with the aim to compute easily D(¢) N Msgs(T) andm : T € D(¢) (asimilar
representation, but for a different problem has been presented in [49]).

Definition 6.3 ¢ is downward closed (DC) iff Vi : T € D(¢) \ ¢ wehavem : T €
D(¢ N Msgs(|T| - 1)).

It is not difficult to prove that with a set of messages ¢ that isalso DC wehavem : T €
D(¢) iff thereis a proof of m : T that uses only growing rules (namely rules in which
the size of the conclusion is bigger than the sizes of the premises). Hence to decide if
m : T € D(¢) itisenough to follow recursively the structure of the message, checking if
submessages of m : T belong to ¢. Also to compute D(¢) N M sgs(T') we simply follow
the structure of the messages, getting for basic types T}, the list ¢ N M sgs(T}), and then
correctly reconstruct an appropriate list of messages.

Definition 6.4 ¢ isminimal iff Vi : T € ¢ wehavem : T & D(¢p N Msgs(|T| —1)).
Definition 6.5 ¢ isabasefor I' if D(¢) = I and ¢ isminimal and downward closed.

The property of minimality ensures that no unnecessary message belongs to the base. In
fact, if m : T can be deduced by a set ¢ that is DC, then by DC' can it be deduced
by other messages, say m; : T,...,m, : T,, with |T;| < |T'| fori € {1,...,n} and
som : T € D(p\ {m : T}). Now we havethat ¢ \ {m : T’} is DC and moreover
D(¢) =D(6\ {m: T}).

Moreover this representation enjoys the following strong property:

Proposition 6.4 Given D(¢) with ¢ base, if ¢ isa base for D(¢) then we have ¢ = ¢.
4Joint work with Davide Marchignoli, see [62].




6.9. OPTIMIZATIONS 133

Thelast thing we have to specify is how abase ¢ can be updated to abase ¢’ in such away
to have D(¢') = D(p U {m : T'}). Given ¢ base for D(¢) then we define Add(m : T, ¢)
such that D(Add(m : T, ¢)) = D(pU {m : T'}):

Add(m : T, ¢) =
{my : T1,...,m, : T,} = Decompose(m : T, p)
¢0 = ¢ U {mT}

for i=1tondo ¢z = Add(mz : ,Ti, sz'fl)
Include(m : T, ¢, \ {m : T})

where:

e Decompose(m : T, ) is the set of messages that can be derived from m : T;
more precisely we compute Decompose(m : T, ¢) as the set of messages that can
be deduced starting from message m : 7" and applying exactly one “destructor”
rule (projection rule for pairs and decryption rule for encryptions). In this way we
inductively consider smaller and smaller messages to be inserted in ¢ until unde-
composable messages are reached,

e Include(m : T, ¢)istheminimal ¢’ C (pU{m : T'}) suchthat D(¢') = D(pU{m :
T}). Toobtain Include(m : T, ¢) we take advantage of the fact that all the relevant
submessages of m : T have aready been included in ¢, so we ssimply need to
remove from ¢ messages directly derivable from m : T'. What we do is to remove
from ¢ al the messages that can be deduced starting from m : 7" and applying
“constructor” rules (pair formation and encryption).

From a practical point of view, our work permits the so called on the fly analysis
technique, i.e. if there are some errors, these can be found even without the explicit
analysis of the whole system. In fact it is possible to build incrementally the reduced
formula. Moreover since this formulais in disunctive form, it is satisfiable iff one of
the digunctsis satisfiable. Hence one can analyze these disjuncts separately. If an attack
exists, then it must exist adigunct of the translated formulathat is satisfiable. In order to
verify that the reduced formulait is not satisfiable one has to analyze the whole system S.

6.9 Optimizations

In this section wetry to highlight some further optimizationsfor our analysis of protocols.
We have aready seen that the formula produced by the partial evaluation function can be
reduced to afinitary one, still preserving satisfiability. Here we present other reductions
on the formulas, that can improve the efficiency of the verification method. We know
that by definition of deduction function, these are monotonic, i.e. if ¢ C ¢’ then D(¢) C
D(¢'). Thisleadsto the following fact, with ¢ C ¢':

S|, Xe Ey:(m:T)eK§, = S|, Xy EIv:(m:T) € K.
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The above implication followsfrom the fact that if X, + then X, +> too. So anintuitive
approach could be to consider the behaviours of an intruder where his knowledge grows
as possible. This idea has been exploited by many researchers (see [87]), in particular
Shmatikov and Stern claim that they first prove the soundness of this approach. Their
model differs from ours, since it is based on asynchronous communications. Here we
transpose their idea in our formal context and we show also the soundness of our reduc-
tion, that can be stated easier due to our logical characterization. If we look at the partial
evaluation function we note that there are two possible behaviours for an intruder w.r.t.
a system that can perform a communication of a message m : 1" on a channel ¢ (i.e. a
T..m:1 &tion), he can wait otherwise he can eavesdrop the communication. Itis clear that
by idling he looses the possibility to increase his knowledge, and if an intruder can derive
m” = T" by starting from ¢ then he could derive it by starting from ¢ U {m : T'}. So we
have that if:
(Fy:(m":T") e K}?ﬁ//S') is satisfiable

then
(Tema)(Fy : (m" - T") € K?}L,Jv{m:T}//S') is satisfiable.

Since we consider digunctive formulas, we can safely cut off the part of the partially
evaluated formula, which is obtained through the analysis of idling behaviour of the in-
truder with respect to a communication action, since if thisformulais satisfiable then the
formula corresponding to the eaves-dropping of this communication is satisfiable. An-
other suggestion is not to permit the intruder to send a message if an honest participant
in the protocol can do that. We can formally state this reduction in our formalism as an
equivalence of the satisfiability problem between:

(m: T)(clm : T)Fy: (m": T") € K% //5")
and
By:(m":T") e K%, //S")

Te,m:T

where S — S'andm : T € ¢.

It is clear that if (3y : (m” : T") € Kj‘{w//S’) is not satisfiable then so (¢?m :
TY(cm :TY(Fy: (m" :T") K}*;ﬁ//S’) is not satisfiable, otherwiseit islike to say that
(a)(b)F issetisfiable. The other side of the equivalence is similar.

The partial order reduction techniques can be applied too. In this way we exploit the
independence between actions (i.e. performing of one of the two actions do not prevent
the performing of the other), by example in the case that the system has two separate
agents that both can perform a sending action. In our context we can prove that:

(cm TY(tm! T Fy: (m":T") € Kﬁﬁ//S’) %
(! TY(c?m : TY(Fy: (m":T") € K?}ﬁ//S')

is equivalent (from the satisfiability point of view) to
(ctm : TYtm!' - T (Fy: (m”:T") € Kg}ﬁ//S’).
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6.10 Examples

We show two examples of analysis of security protocols with our tool.

6.10.1 Needham Schroeder Public Key protocol

In this subsection we show an exampl e protocol that has became paradigmatic for testing
tools for cryptographic protocol analysis. For along time it has been considered correct,
and also proved within a logical framework. It has a simple flaw, that arises when the
system is considered in presence of another agent. In figure 6.5 we present the intended
execution between a sender and a receiver, by using the notation used in literature. In the
flawed version the sender A communicatesto B afresh nonce N, and its name encrypted
with the public key of B (so only B, who knowsthe private key, can decrypt this message).
Then the receiver B communicates to A the nonce N, that he has received before and a
fresh nonce N, encrypted with the public key of A. Finally the sender communicates to
the receiver the nonce NV,,. In the intention of the designer of the protocol, at the end of a
run between a sender A and areceiver B, it must be that only A and B know N, and N,
(these nonces can be used to establish a new communication with a new shared key that
is function of these values).

A— B {NaaA}PK(B) A— B {NaaA}PK(B)

B—A : {N,, Nb}PK(A) B A @ {Ny Ny, B}PK(A)

A— B {Nb}PK(B) A— B {Nb}PK(B)
flawed version corrected version

Figure 6.5: Needham Schroeder Public Key protocol.

Our specification it isbased on the description of the behaviour of the two components
separately. We have tested our specification and as expected we have found a flaw, even
if adlight different w.r.t. the one presented in [59]. An intruder is able to know the nonce
N,. To perform the verification we have only specified theinitial knowledge of a possible
intruder, i.e. the public keysof A and B, the names of A and B, and his private and public
key. We do not need to give the nonces to the agents, since contrary to other approaches,
our framework allows the intruder to guess them autonomously.

The following is a behaviour of an intruder that causes NV, to be leaked (we use X (A)
to represent the intruder that takes part to a communication as the agent A):

A— X . E(Xkey, (N,, A))
X(A)— B : E(Bkey, (N, A))
B X(A) : E(Akey,(Ng, Ny))
X— A . E(Akey, (Ng, Ny))
X(A)— B : E(Akey,N,)
A— X E(Xkey, Ny)
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The attack performed can be summarized as follows: the agent A starts a run of the
protocol with the agent X; then the agent X can simulate A in a run of the protocol
with the agent B. The agent B sends to X (A) the message E(Akey, (N4, Ny)), which
contains the fresh nonce N,, encrypted with A public key. Now the intruder is not able
to decrypt directly the message, but he can send the message to the agent A. The agent
A will correctly decrypt E(Akey, (N,, N,)) and then reply the nonce N, to X, encrypted
with X public key, since he thinks that is the second message of hisrun with X. Now X
knows V,! It isinteresting to note that the aboveintruder isnot very clever, since he sends
to B, aslast message, anon correct message (encrypted with awrong key), by permitting
B to understand that there are some problems. A clever intruder can wait to receive the
correct message from A, and then resend NV, to B, correctly encrypted. Also thisintruder
can be found by our secrecy analysis. By performing authentication analysis only the
latter intruder can be found. This is reasonable since a secrecy attack can be performed
even without an authentication attack. In fact, we may be interested that the information
exchanged during a session of a protocol is kept secret, even though the protocol does not
terminate correctly.

Indeed, we have corrected the protocol similarly to [59] and we have verified that there
areno flaws. The presented attack isfound in few seconds by our tool, and the verification
of the corrected version takes less than a minute on a Pentium PC, with Linux operating
system.

It isinteresting to note that we do not need to introduce a specification for an intruder.

6.10.2 1S0O SC27 Protocol

In this subsection we analyze an authentication protocol, namely the SO SC27 protocol
(see[45]). It has been proposed as SO standard but a flaw was found in [11].

Here we show the flexibility of our tool by analyzing this protocol, which is based
on shared key encryption, namely the key and the inverse key are the same. The deduc-
tion function used in the tool does not model correctly all the aspects of this encryption
schema®. Nevertheless, by resorting to a simple trick we can use the tool to find a subtle
attack on the protocol. Thus we assume that both A and B know a public key and a pri-
vate key. The encryption will be performed by using the public key and the decryption by
using the private key, which in this case is shared between A and B.

A— B : N,
B A @ {Nu}sup {No}sas
A— B Nb

Figure 6.6: 1SO SC27 protocol.

SWe are currently extending the tool’s features to include a suitable deduction function for shared key
encryption.
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The protocol should ensure authentication among parties. In particular in figure 6.6
we give the intended execution. A sends a nonce N, to B. B replays the encryption of
N, with the shared Key S 45 together with the encryption of another nonce N,. Then A
decrypts NV, and sendsit to B.

We have started the analysis by supposing that the initial knowledge of the intruder is
empty. We use an authentication analysis as proposed in section 6.7. The attack found by
the tool isthe following (see also [11]):

A X(B) : N,
X(B)— A : N,
A~ X(B) : E(ABkey,N,), E(ABkey, Ny)
X(B)— A : E(ABkey,N,), E(ABkey, Ny)
Avs X(B) : N,
X(B)— A : N,

This attack is very subtle since it may be performed even without the presence of the
receiver B. In fact, we have modeled a situation where the agent A can start two parallel
sessions, one in which he plays the role of sender and the other in which plays the role of
receiver. Simply the intruder uses A as an oracle for the decryption of messages.

This shows that the verification of authentication protocolsis very difficult. Because
there is the necessity to check the protocol in the actual setting where it runs. In fact if
we check the protocol in a setting where the agent A only acts as sender then the previous
attack cannot be performed and hence it is not reported by our analysis.

6.11 Conclusionsand related work

We have proposed a new approach for checking security properties of cryptographic pro-
tocols. Thisapproach is atransposition of the ideas we have proposed in chapter 5 (or see
[67]) for the analysis of non interference properties ([32, 34, 35, 36]).

We believe that underspecification can be seen as a suitable method for specifying
security properties. Hence, if one accepts the previous idea then partial evaluation tech-
nigues seem to provide a unique conceptua framework for the analysis of security prop-
erties. By looking at our results in the previous chapters on non interference and at the
ones in this chapter we can note that are obtained by following the schema below:

1. design suitable languages for system description and property specification;
2. develop partial evaluation techniques;
3. develop satisfiability procedure for the logic.

Obviously, the technical frameworks are in general different, but we feel that the pre-
vious steps can be considered as general guidelinesfor the analysis of security properties,
when these are defined through underspecification. In particular the concepts recalled in
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chapter 2, even though not always applicable directly (just like in the security analysis
of this chapter), may provide useful hints in performing the second step of the previous
schema.

The bases for a systematic study of security aspects of distributed systems are pro-
vided by the great amount of work performed in concurrency theory for the definition
of concurrent languages for the description of several settings and by the sophisticated
decision procedures techniques defined in mathematical logic.

In this line of research we plan to extend our approach for the analysis of crypto-
graphic protocols, by considering the possibility that the intruder has a probability to
guess the correct key for an encrypted message (see [57] for an attempt). We hope to
borrow some concepts from [53], where partial evaluation techniques are developed for a
process language which can express probabilistic aspects of concurrent systems.

We believe that the method for security analysis exposed in thisthesisis very flexible
and may have a wide range of applications. Until now we have used partial evaluation
techniques for the analysis of non interference, timed non interference, secrecy and au-
thentication.

We think that other verification problems may be faced with our analysis. For exam-
ple we feel that non repudiation properties of cryptographic protocols may be correctly
defined through underspecification and solved by means of partial evaluation techniques
(see [85]).

Related work

The literature on security properties analysis and on verification of cryptographic proto-
colsiswide. For an impressive overview of cryptographic protocols and cryptographic
systemssee[83]. Herewe briefly recall some approachesrelated to process algebratheory
and process logics.

To our knowledge, the only previous attempt to analyze non interference and crypto-
graphic protocols within the same conceptual framework, has been proposed by Focardi
and Gorrieri ([32, 35]). In their work an explicit description for a particular, actualy the
most general, intruder is requested.

The same limitation is present in the seminal work of Lowe (see [59]), who applies
generic tools for verification of process algebra terms for the analysis of cryptographic
protocols. In the aforementioned paper, Lowe shows how starting from the results of the
analysison afinite number of runs, one can deduce the correctness of the whole behaviour
of the protocol.

Perhaps, a work more similar to ours is the one of Marrero et al. (see [63]), where
amodel with sequential agents is used and the explicit description of an intruder is not
needed since an axiomatic behaviour of the intruder is supposed. But the work is more
limited in its scopes, since they do not permit the intruder to guess nonces and uses two
different methodol ogiesfor secrecy and authentication, and seems not to be directly gen-
eralizable (they make reasoning with a fixed theory), while generality and flexibility are
major topics of our work. Actually, our approach is from the opposite direction, the be-



6.11. CONCLUSIONSAND RELATED WORK 139

haviour of an intruder is automatically considered when one applies the point of view of
compositional analysis.

Other approaches are based on proof theoretic methods (see [1, 2, 37, 48, 78, 84]).
Some of them use tempora and modal logic concepts and permit to prove that a sys-
tem, even though with a non finite behavior, enjoys security properties. In general these
methods are not fully automated and need non trivial human efforts to analyze systems,
moreover counterexamples are not directly feasible.

An interesting exception is the work of Kindred and Wing in [48], where the authors
propose a fully automated original approach for checking that a protocol enjoys some
properties expressed in a logical language L. Roughly, the method is based on a finite
representation of a theory generated by the set of initial assumptions of the protocol, the
protocol itself (expressed as aset of logical formulas), and the axioms and rules of thelog-
ical language L (this language has to verify some requirements, but some authentication
logics reported in literature may be used).

Some authors havefound the 7 calculus (see[71]) asasuitablelanguage for describing
security protocols. Thisis mainly due to the management of names (that can be seen as
secrets) of this process language. In [1], Abadi and Gordon have proposed an approach
based on proof theoretic tools for a variant of the m—calculus. The idea isto model the
intruders by using testing equivalence theory for m—calculus (see [15]). They analyze
protocols based on shared key encryption, but since their language is very powerful it
seems difficult to automatize their approach. Another approach relies on control flow
analysis techniques of the m—calculus (see [14]). By controlling how the information is
exchanged along channels, it is possible to study confinement properties, namely whether
information is never sent along a particular channel and remains enclosed in a system.
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Appendix A

Proofs of chapter 6

This appendix contains the proofs of chapter 6. A first technical lemmais the following:

LemmaA.1 Suppose that there exists a sequential agent X, st. S|, X, N

and (S],(X)y == ... ) Ix=7= (71-..7;), andm : T isan initial message of S,
withm : T € D(¢ Umsgs(vy)) then:

o there exists X' st. S|, X} o and (S, X5 SUTO l>) Ilx=17 =
(71 ---75) withm = T € D(¢ Umsgs(y')), and moreover if v,k € {1,...,5'}
is the sending of a message m' : 7" then there exists a minimal 4 such that every
[,h <1 < k we have that v, is the generation of a random value g, which is a
submessage of m' : 1", and every random submessage of m' : 7" that does not
belong to D(¢ U msgs({v,...7,})) is generated in this sequence. Moreover +/
preserve the adjacency of every sequence of generation actions performed by X.

Proof: First, we show that if in vy thereisy;, = 7,1, and g; : T; is never sent, as
submessage, during the following ;- with ¢ < j* < j then we have (we assume that i is
the maximal index of of such action):

m:T € D(pU {%}ke{l,...,j}\{i})

This follows from the fact that ; does not appear as submessage of ¢ U {71, ...,7i 1}
since it is newly created; moreover since it is never sent as submessage then it cannot
be received as submessage in every action in v, with i < j° < j, sinceg; : T; isa
basic random value and it cannot be guessed from no-one else than X', and by assumption
6.4 this message cannot be deduced by any other agent in S. So, by observing that the
possible actionsin v can be only generation, sending, receiving or eaves-dropping we can
arguethat g; : 1T; ¢ SubM (¢ U {Vk}req,..;1\¢})- By applying assumption 6.3 we have
process Y/, ,, and by the assumption on the deduction function we have X/, , "5 X/,
since thelack of knowledge of ¢; : T; doesnot prevent X, ; to deduce everything he could
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deduce with it. Thisresult is based on the fact that ( it can be proven by induction on the
length of ) if a process X with initial knowledge ¢ can perform ~ then it is possible
to build another term X' that does not use neither equality nor choice and produces this
sequence. So if the value g; : 1; is never sent then it cannot be substituted in a sending
action and hence the result follows. By repeating this step afinite number of timeswe get
aprocess that does not generate a random value that he will not send as submessage.

Let us see how we can reorder the sequence in such a way that every sequence of
generations of random values is followed by a sending of those values as submessages.
Thisfact impliesthat aminimal , which satisfies our requirements, must exist in .

L et us suppose to have a generation action in the sequence, there are various cases:

e before the sending of g; : T; another sending is performed, where g; : T; does not
appear as submessage, then X' can perform 7,,.,, after the sending action, since
g; : T; isnot influent for the performing of this kind of action how it can be proved
by structural induction on X.

e beforethe sending of g; : T; thereisareceiving, then he can perform the generation
action after the receiving action.

e before the sending of ¢, : T; there is a generation action, good.

e before the sending of g; : T; there is an eaves-dropping action, then he can perform
the generation action after this action.

By applying a finite number of times this reduction we can build a process where
every generation action of arandom value g; : T; isfollowed by a sequence of generation
actions and finally by a sending of a message that contains g; : 7; as submessages. O

This result can be used to prove the following lemma:

Lemma 6.1 If there exists a sequential agent X, st. S|, Xy, =3y : (m: 1) € K}*;,7
then a well behaved agent X, existsst. S|, X} =3y : (m: T) € K% .

We can observe that from the semantics of |, it follows:

LemmaA.2 Suppose Sort(S) U Sort(X) C L then:

Iy =p7: S, Xs b= (m:T) € K%,
iff
36: S, X 5 S, X, AS|, X E3Y (m:T)e KY., Vv
36:5),X 25 S, XsA S|, X = (m:T)eKs,, V
36:51,X 25 S|, X, AS|,X' =TV (m:T) e K%
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Moreover, due to our assumptions on the deduction function we can state:

Lemma6.2 If S =, S'then S - S, = §' %4 ' and ' =, S..

Proof: By structural induction on S and by inspection on the rules used to infer the
transition of S. O

The above lemma can be used to provethat if S +» S; and S =, S’ then S’ ”(4) ST

The correctness of the partial evaluation is stated by the following proposition, where
we assume to deal with well behaved processes.

Proposition 6.2 If m : T is an initial message and Sort(S) U Sort(X) C L then
S|, Xe E3y:m:T € KﬁwiffXgﬁ Edy:m:Te€ Kfﬁ{w//S

Proof: By induction on the max depth of the derivations of S.
Base case:

S = Nl then the result follows by observing that X can only deduce initial messages
during itsfuture behaviour that it could deduceinitsinitial position. So the result follows.
Inductive step:

S|, Xy EIy:(m:T) e KE, iff

3y well behaved : S|, X, |= (m: T) € K%, iff
S|, Xy = (m:T) € KX, v

(3y well behaved, y =y A S|, Xs = (m:T) € K}#}ﬁ il (1emmaa.2)
Xy (m:T) € K¢, %

(1)38:5,X 5 S, X AS|, X' =3y (m:T)e KL, Vv
(2)35:S1,X 25 S, XoAS|, X EI :(m:T)e KL,V
(3)38: 5],X 25 S|, X, AS|, X' =3y (m:T) € K%,

Condition (1) takes in account possible synchronizations between S and X; these are
(from the point of view of X agent):

e receiving a typed message on a channel ¢. Since only a finite set of messages
can be sent from S on every channel and the number of channelsis finite, we can

r.l
ctm”:T !

consider only a finite number of actions 5. So we havethat X “— X} 1.
and S'|, Xy E 3V 1 (m 2 T) € Kf}%{,m':T'}. By inductive hypothesis we
havethat X = 3y : (m : T) € K}*;,V//S’. So considering all the possible 3
actions of this kind we obtain:

\/ (cm :T)(Fy:(m:T)e K?}L’Jv{m,:T,}//S')

clm/: 1!
-

S/

e sending of atyped message, the set of types that the system S can receive isfinite
and for every type every agent can deduce only a finite number of messages by
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assumption 6.1, hence by inductive hypothesis, the following disunction takes in
account these cases:

\/ em' :TY3y:(m:T) € Kfﬁ{w//S')

(c,m!:T",S")esucc(S)

e eaves-dropping of acommunication internal to the system S, such communications
can be in a finite number, and hence by inductive hypothesis these cases can be
treated as:

V' )Gy (m:T) € K™ //8')

s g

Condition (2) takes in account actions performed by the system .S without interaction
with the agent X, by inductive hypothesis these actions can be taken in account using the
following formula:

V Iv:im:Te Kfﬁ{rﬁ//S'
525

Thelast condition (3) is more difficult to translate than the previous ones, sincein this
formulation it does not directly permit to use the induction hypothesis on the structure of
S. Therestriction to the analysis of well behaved processes and our requirements on the
Sort of Sand X helpus, infact it followsthat the only possibility isthat 5 = 7,,.1,. Since
v iswell behaved thenif S|, X E=m : T € K}*}’7 and y can be rewritten as 8/, .0 ",
where ' = 15,1, . . . Ty, 1, @€ generation actions. Moreover the random val ues, guessed
in this sequence, appear as submessages in m’ : T" (see lemma A.1); and 7.1 1S
derived from the synchronization of a sending action ¢!m’ : 7" by X and a receiving
action performed by the system S. By definition of well behaved process, we have that

B cm T’ By Tc m! T
X¢ v X(Q)Umsgs By andS” X¢ " SI” X¢Umsgs By and SI” X(Z)Umsgs(ﬁ'y) ):
Eh/ (m T) K¢Um595(5’7)

We can now apply inductive hypothesis and so we obtain X/ bumsgs(57) E 3y :m:
T e K& //8"). Hence, Xy | (ryuny) -+ (TgurYclm! - T3y : (m = T) €
K¢Um595 ﬂV //S')

By the other hand, if

Xy b= (i) - (g Yetm' = T By s (m: T) € K0 //7)

then it can be proven that a well behaved v existsst. S|, Xy =m : T € K}*;N. So
considering al possibleinitial sequences of random generation actions we have:

V (T )ies(dm’ = T') 3y : (m:T) € K%, //S")

(e,m":T" ,{{gi:T;))ier,S")ERsucc(S)

that is an infinitary disunction, where ¢’ = ¢ U ((g; : T;))ier-
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O
The following lemma states the key idea for the reduction of infinitary digunctionsto
finitary ones.

Lemma 6.3 If m : T isan initial message, o a bijection between {g; : T;}ic; and {g; :
ZTZ'I}Z'E[ with S,HX, = S“X and SubM(qﬁ) N {gz . Ti}iel = @ = SubM(¢) N {gzl . j}l}ie[
then:

a5}
S||LX¢U{9i5Ti}i€I ): Sl (m : T) = K?;L,J“Y{g et
iff
dU{g;: T}
S| Xpotgatye, E 3 (1) € K,

Proof: if S|, Xgugemye 37 (m:T) € Ke 9l then there existsy such that

(S||LX¢U{giiTi}iez 'l>) Ix=7%

withm : T € D(¢pU{g; : T; }icrUmsgs(7)). Wearein the hypothesisof lemma6.2 sowe
have S'|, Xigrrty.es 2y with v/ = (7). Hence we can see that (S|, X i

dU{g; T} bier =
) lxr=19" = o(%). Sowe have:

m:T € D(pU{gi: Ti}tics Umsgs(7)) iff
om:T)e€D(o(pU{g;: T;}ics Umsgs(7))) iff
om:T)eD(o(p)Ua({yg; : Ti}iel)}J o(msgs(7y)))) iff
m:T € D(pU{g;: T} }ier Umsgs(y'))

Finally, we have S'|, X ., £ 37 (m:T) € Kf}%{fﬂ”ie’. The other direction
can be proved by using a symmetric reasoning. O

The next lemma states the correctness of our trandation from infinitary partially eval-
uated formulas, to finitary ones.

Lemma 6.4 Givenasystem S and m, : 17” initial in S then:

Xy b= (Fy o T € KS//S)iff 3V, |= (Fy :my T € KL, //S).
Proof:

By induction on the depth of the nesting infinitary disunctionsin F' = 3y : m; : T' €
K%,//S

(=)

Soif 3Xy |= F then either X models aformulain thefinite part of /" and in this case
alsoof F', or existst = (¢, m : T, {{g; : T))ier, S') € Rsuce(S) : Xy = Fi, where F is

(rgerVier(chm : TY Gy = (my 2 T') € K@ e /57
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Thelast fact implies:

Xy Tor Ty TonsTn X’ CMTX" /\X(Z/ E@@y:m T € Kﬁ’,ﬁ//sl)
with § <5 S, ¢/ = ¢ U{gr : Th,oov 90 : Tuhym = T € D(@) and {gi : Tihier <
SubM(m : T).

There must be the case for some ¢’ = (¢, m’ : T", ({g} : T}))icr,S;) € [t]= that
F, appears asadisjunctionin I, let us see that under this hypothesis there exists X ;5 st.
X} E Fy.

Let o be abijection between the random values of ((g; : T;))icr and (g} : T}))icr, (@
bijection must exist by construction, since the two sequences have the same multiset of
types). Hence it is possible to construct a process X (}) such that:

T/TI

T.1 .
XL e Xy

and X’ =, Xj,. Toachievethisaim, let us reorder the second sequence ((g; : 17))icr,

Tg1:Ty I

in such away that o(g;) = g; Wlth'l < j < n Atthispointif Xo == X{ 0, 7
then X must be of the form gen%’l(””).Z and X' = Z[g, : T\/v]. So we define X' =
(gens"7).7), where RT"(i’,j') = g4;. By iterating this n times give us the desired
process.

Then for some X! it must be X e’ Xj. Wehaveo(S') = Sj,o(m : T) =
(m' : T)and o({(g; : TZ>)Z€1) = (g T’>>Z€[/ 'so we are in the hypothesis of lemma
6.3, hence S,||X% = 3y : m; : T' € K% and so Si|, XgE Iy m T €
Kf}l7 and by proposition 6.2 this leads to X”1 E 3y :m T € Kf}l //Si. The

depth of the nesting of infinitary dlqunctlons in the latter formula is I&ss than in the
formula3dy : (my : T") € Kf’ﬁ/ /S, hence by applying the inductive hypothesis =) =

Iy:(my:T") € Kﬁl%ﬁ//S{, hence the thesisfollowsby considering X, = Y, andY;; =
. .
The other directionistrivial.

The following is the proof of the main theorem of the chapter.

Theorem 6.1 Given a system S, with Sort(S) C L, afinite set of typed messages ¢ and
aninitial message m : 71" then is decidable if 3.X; with Sort(X) C Lst. S|, Xy = 3v:
(m:T) € K%,

Proof:
By using proposition 6.2 and lemma 6.4 we can reduce the decidability of the exis-

tence of such X, to a satisfiability problem of the formula3y : (m : T) € K% ~//S- We
have only to prove that satisfiability for thiskind of formulasis a decidable problem.
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By induction in on the max depth of the derivations of .S, we prove that the satisfia-

bility F =3y: (m:T) € K}*}ﬁ//S is decidable and moreover we can build a model for
thisformula (if it is satisfiable).

S=Nil then3y: (m:T) € K}*;ﬁ//S isequal to T or F. Soin thefirst case every process
isamodel in the latter no processisamodel.

Inductive step then let us suppose then F' is satisfiable. Then there must be the case
that either (m : T) € K}*}’e = T or for some successor S’ of S that F' =

y:(m:T) € K}*}'ﬁ//S’ issatisfiable. Inthe former case every processisamode.
Let us see the latter one. By induction, we can build X/, that satisfies F’. By con-

struction £ must appear in some reduction of F' (seefigure 6.4). Let usanalyzethe
various possibilities:

sending: then ¢' = ¢ and by construction we have that m' : 1" € D(¢) solet X
beclm’: T".X'. We havethat X, = F.

guessing: thenexistsatuple (¢, m’ : 77, ((g; : T;))icr1, S') suchthat ¢' = ¢ U {g; :
T;}icr. For every g; : T; we can choose a guessing action that produces such
message so we have X = genii ™7 genir U ! T'. X', where ;
are variables that do not appear in X'. We havethat X, = F.

c'm/: T’

receiving: then S "— S'and ¢’ = ¢ U {m’' : T'}. Hencelet X = ¢?(z) : T". X'
and z isavariable that does not appear in X' and the result follows.

eaves-dropping: then S 2" §' and ¢/ = ¢ U {m’ : T'}. Hencelet X =
Xeq.-X ' and z isavariablethat doesnot appear in X' and the result follows.

idling: then ¢’ = ¢ and let X be X".

Ontheother hand, if m : 1" € K}*}’e — F and it doesnot existsa £ that is satisfiable
for some S’ successor of S we have that F' cannot be satisfiable.

To prove proposition 6.1, first we have to prove the following technical lemma:
Lemma A.3 Given afinite set of typed messages ¢. Then:

a lfm Ty x Ty ¢ SubM(¢) then if there exists a proof of m : T} x T, of depth n
then there exists a proof with a depth less or equal n where last rule appliedis (2),

pIf E(k,m) : E(Key,T) ¢ SubM/(¢) then if there exists a proof of E(k,m) :
E(Key,T) of depth n then there exists a proof with a depth less or equal n where
last rule applied is (5).
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Proof: By induction on the depth » of the proof:
[(n = 1)]

a There is no proof of this depth since the only possibility is to use axiom (1), and
m Ty x Ty & SubM ()

B There is no proof of this depth since the only possibility is to use axiom (1), and
E(k,m): E(Key,T) & SubM (¢)

[n=1+n]
a By inspection of the last rule used in the proof:

rule 2 done,

rule 3 then, there must exist aproof for somemessagem, m, : (1T xT3) x T'. Wecan
apply inductive hypothesis on this message, whose proof must have a depth
less n and it cannot appear as submessage of some message in ¢ (otherwise
m : 17 x Ty should be a submessage of this message). Hence, there is a
proof with a depth less then n where the last rule used is (2), but in this case
m : T x T, must be proved with a proof of depth less then n, and we can
apply inductive hypothesis again and this leads to the resullt,

rule 4 similar to above proof,
rule5 Itisno possible,

rule 6 then, there must exist a proof for some message E'(k, m) : E(Key,T; x T3).
We can apply inductive hypothesis on this message, whose proof must have
a depth less n and it cannot appear as submessage of some message in ¢
(otherwise m : T} x T, should be a submessage of this message). Hence,
there is a proof with a depth less then n where the last rule used is (5), but in
thiscase m : T x 13 must be proved with a proof of depth less then n, and
we can apply inductive hypothesis again and this leads to the result,

£ By inspection of the last rule used in the proof:

rule 2 It isno possible,

rule 3 then, there must exist aproof for amessage msq, E(k,m) : T x (E(Key,T)).
We can apply inductive hypothesis on this message, whose proof must have
a depth less n and it cannot appear as submessage of some message in ¢
(otherwise E(k,m) : E(Key,T) should be a submessage of this message).
Hence, there is a proof with a depth lessthen n where thelast ruleused is (2),
but in this case E(k, m) : E(Key,T) must be proved with a proof of depth
less then n, and we can apply inductive hypothesis again and this leads to the
result,
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rule 4 similar to above proof,
rule5 done,

rule 6 then, there exist aproof foramessage E(k', E(k,m)) : E(Key, E(Key,T)).
We can apply inductive hypothesis on this message, whose proof must have
a depth less n and it cannot appear as submessage of some message in ¢
(otherwise E(k,m) : E(Key,T) should be a submessage of this message).
Hence, there is a proof with adepth lessthen n where thelast rule used is (5),
but in this case E(k, m) : E(Key,T) must be proved with a proof of depth
less then n, and we can apply inductive hypothesis again and this leads to the
result.

Finally, we can state:

Proposition 6.1 The deduction function of section 6.4 enjoys assumptions6.1,6.2,6.3 and
6.4.

Proof:
By structural induction on the type 7" and by inspection on the rules of the inference
system we prove that function D enjoys assumption 6.1:

e If T isabasic type then since the submessages of messagesin ¢ of type 1" are finite
and the rules do not introduce new message of a basic type that are not submessage
of the premises, we have the thesis.

e If T"="1T; x Ty, the possible submessages of type 7" in ¢ can be in a finite number.
If m : T isnot a submessage then for lemma A.3 « there is a proof where last rule
used is (2), but by inductive hypothesis only afinite number of 7, and 7, messages
can be deduced and so the thesis follows.

e If T'= E(Key,T3), then the possible submessages of type 7" in ¢ can be in afinite
number. Otherwise for lemmaA.3 « there is a proof where last rule used is (5), but
by induction hypothesis only afinite number of submessages of type key or T, can
be deduced and hence the thesis follows.

By lemma A.3 and the fact that ¢ isfinite, and so its submessages, we can build a func-
tion ¢ st. the cardinality of D(¢) N Msgs(T) is bounded from 1 (¢) and this leads to
constructability, in our sense, of D(¢) N Msgs(T).

Now we prove that D enjoys assumption 6.3, by induction on the max depth of the
branches of the proof of m : T' € D(¢p U {g : T'}). If the proof has adepth of 1 thenisan
axiom, and the result trivialy follows. Let us analyze the inductive step. By inspection
on thelast rule used in the derivation:
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Rule2 thenm : T = (my, my) : Ty x T, and we can apply inductive hypothesis on these
two messages and we havethat m; : T; € D(¢),i = 1,2 and so by apllying rule (2)
m:T € D(¢),

Rule3 then existsm,m; : T x T} € D(¢U{g : T'}). f m,my : T x Ty isnot in
¢ U{g : T'} assubmessage then for lemma A.3 « there must be a shorter or equal
proof of m,m; : T x T, with last rule used is 2, applying inductive hypothesis the
result follows. Otherwise we can apply directly inductive hypothesis since g; : T*
does not appear as submessageinm, m, : T x T}, and then apply rule 3.

Rule 4 analogous to the previous one,

Rule5 thenm : T = E(k,m,) : E(Key,T)) and we can apply inductive hypothesis on
my : Ty and k : Key and so we havethat m; : Ty € D(¢) and k : Key € D(¢)
hence by applying rule (5) wehavem : T' € D(¢),

Rule6 then exists E(k,m) : E(key,T) that is provable from D(¢ U {g : T'}). If
E(k,m) : E(key,T)isnotin ¢ U {g : T'} as submessage then for lemma A.3
[ there must be a shorter or equal proof of E(k,m) : E(key,T) where last rule
uses is 5 so we can apply inductive hypothesis and we have the thesis. Otherwise
we can apply directly inductive hypothesissince g : 7" does not appear as submes-
sagein E(k,m) : E(key,T), and then apply rule 6, since k="' : (—1) Key must be
inD(¢g).

The proof for assumption 6.2 isdone noticing that the rule schemata are based on metavari-
ables for messages, so they are invariant for renaming or bijection between random mes-
sages.

The proof for assumption 6.4 can be done by noticing that the rules of the inference
system do not introduce in the consequence random values that are not in the premises,
hence the result follows.

O

Proposition A.1 Assumption 6.4 implies assumption 6.3

Proof: We provem : T € D(¢p U {g : T"}) = m : T € D(¢) by induction on the
max depth of the branches of the proof of m : '€ D(¢p U {g : T*}).
If the depthis 1 then the rule used is an axiom and since it followsthat m : T € ¢ so
m : T € D(¢). Theinductive case is analyzed by considering the fact that the premises
must have a proof shorter then m : T' so we can apply on these the inductive hypothesis
and so also these premises can be proved by starting from ¢ and the result follows.
O

Proposition 6.4 Given D(¢) with ¢ base, if ¢ isa base for D(¢) then we have i) = ¢.
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Proof: We show ¢y C ¢. By contradiction consider a message m : T € 1 and
m: T ¢ ¢, whose type has the smallest size among the messagesin ¢ that are not in ¢.

Now m : T € ¢, som : T isin D(¢)) = D(¢). Since ¢ is downward closed,
there must exist a set of typed messages {m, : T1,...,m, : T,,} = ¢ N Msg(|T| — 1)
st m:T e€ D{my : Ty,...,m, : T,}). Forevery i € {1,...n} the size we have
m; = T; € D(¢) = D().

Thus we can prove that for every i € {1,...n} the message m; : T; isin ). Suppose
the contrary, and let m; : T, 5 € {1, ...n} be amessage whose type has the smallest size
w.r.t. the onesthat are not in +. Then since ) is DC then there exists a set of messagesin
1, whose size is smaller than the size of T7;, from which m; : T} is deducible. This means
that these messages are in ¢ and hence are among the messages {m, : 11, ..., m, : T, }.
But this leads to a contradiction since in this case we have that ¢ is not minimal!. Hence
messages {m; : T3,...,m, : T,} aein v, but in this case also « is not minimal, in
contrast with the hypothesisthat ¢ is base.

The other inclusion can be proved by using a symmetric reasoning.
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Appendix B

A verification session

In this appendix we present a simple verification session for the example of subsection
6.10.1, with the tool we have developed for cryptographic protocols analysis.

The code for a sender agent is the following:

Send (ab, Encrypt ((na:Nonce, a:Aid), bkey:EKey)).
Recv(ab, XA : Enc (Nonce*Nonce)) .
If Deduce (YA = Decrypt (XA, akey:DKey)) Then
If Deduce (NAa = Fst(YA)) Then
If (NAa = na : Nonce) Then
If Deduce (NAb = Snd(YA)) Then
Send (ab, Encrypt (NAb, bkey:EKey)) .0
End Deduce
End If
End Deduce
End Deduce

The code for areceiver agent is the following:

Recv(ab, Z : Enc(Nonce*Aid)).
If Deduce (X = Decrypt(Z, bkey : DKey)) Then
If Deduce (A = Snd (X)) Then
If (A = a : Aid) Then
If Deduce (Na = Fst (X)) Then
Send (ab, Encrypt((Na,nb : Nonce), akey : EKey)).
Recv (ab, V:Enc (Nonce)) .
If Deduce (Vb = Decrypt(V, bkey : DKey)) Then
If (Vb = nb : Nonce) Then
0
End If
End Deduce
End Deduce
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End If
End Deduce
End Deduce

Analisys of the flawed version:

# load spec "nspk.spec";;

Spec Loaded- : unit = ()

# set secret "nb : Nonce";;

- : unit = ()

# set base [" akey : EKey" ; "bkey : EKey"; "xkey : EKey";

"xkey : DKey" ; "a : Aid"; "b : Aid"; "x : Aid"];;

- unit = ()

# run spec();;

- bool = true

# show _intruder ();;

- Terms.action list =

[Terms.Recv ("ax", "E[xkey] ((na,a)) : Enc[(Nonce*Aid)]",
Enc [ (Nonce*Aid)]) ;

Terms.Send ("ab", E[bkeyl] ((na,a)) : Encl[(Nonce*Aid)]) ;

Terms.Recv ("ab", "E[akey] ((na,nb)) : Enc[(Nonce*Nonce)l™",
Enc [ (Nonce*Nonce)]) ;

Terms.Send ("ax", El[akey] ((na,nb)) : Enc[ (Nonce*Nonce)l) ;

Terms.Send ("ab", El[akey] (na) : Enc[Noncel]l) ;

Terms.Recv ("ax", "E[xkey] (nb) : Enc[Noncel]", Enc[Nonce]) ]

Analysis of the corrected version:

load spec "nspk ok.spec";;

Spec Loaded- : unit = ()

# set secret "nb : Nonce";;

- : unit = ()

# set base [" akey : EKey" ; "bkey : EKey"; "xkey : EKey";
"xkey : DKey" ; "a : Aid"; "b : Aid"; "x : Aid"];;

- unit = ()

# run spec();;
- : bool = false



