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(I) Event-B: Informal Presentation

1 Introduction

It is our belief that the people in charge of the development of large and complex computer systems
should adopt a point of view shared by all mature engineering disciplines, namely that of using an artifact
to reason about their future system during its construction. In these disciplines, peopleaipeintsin

the wider sense of the term, which allows them to reason formally during the very construction process.

Most of the time, in our discipline, we do not use such artifacts. This results in a very heavy testing
phase on the final product, which is well known to happen quite often too late. The blue-print drawing of
our discipline consists diuilding modelf our future systems. But in no way is the model of a program
the program itself for the simple reason that the model, like the blue-print, must not be executable: you
cannot drive the blue-print of a car. But the model of a program and more generally of a complex computer
system, although not executable, allows you to clearly identify the properties of the future system and to
prove that they will be present in it.

Building models of large systems however is not an easy task. First of all because we lack experience in
this activity. Such a discipline does not exist in Academia, where quite often model building is confused
with using a very high level programming language where execution is thus still present. Moreover, rea-
soning means ensuring that the properties which define the future system panvédto be consistent.

As a matter of fact, doing a proof on a model replaces an impossible execution. But again, the mastering
of formal proving techniques has not yet entered the standard curriculum of our discipline. As a conse-
guence, people are quite reluctant to adopt such an approach, simply because they do not know how to do
it.

We present here the way this approach can be encoded within a formal language, whose semantics is
simply given by formalizing what can be proved from a corresponding formal text.

In this introduction, we state in very general terms the problems we want to address. We are essentially
concerned with the development of complex systems (section 1.1), which behave in a discrete fashion
(section 1.2). We are interested in exhibiting some form of reasoning which definitely departs from that
implied by testing in the broad sense of the term (section 1.3). We shall then give (section 2) an informal
view of the notion of discrete model which is called h&nent-B

This document is the first one of five companion documents describing different facets of Event-B. The
other documents are the following:

- (II) Event-B: Structure and Laws. This document describes the way Event-B models can be defined
and also the rules that must be followed in order to guarantee that an Event-B model is coherent.

- (i) Event-B: Mathematical Model. This document gives a mathematical model of Event-B thus
justifying the laws that were given in the previous document. The reading of this document can be skipped
without losing the full understanding of the others.

- (IV) Event-B: Examples. This document provides a number of simple examples in order to illustrate
the material presented in the previous documents.

- (V) Event-B: Mathematical Language. This document presents the mathematical language we are
going to use: First Order Predicate Calculus extended with Set Theory.

- (VI) Event-B: Syntax of Mathematical Language. This document covers in detail the syntactic struc-
ture of the Mathematical Language presented in the previous document. It also shows how the type check-
ing is done. Finally, it shows what is to be proved in order to ensure the well-definedness of a mathematical
text.



1.1 Complex Systems

Here are the kinds of questions we might ask to begin with. What is common to, say, an electronic circuit, a
file transfer protocol, an airline seat booking system, a sorting program, a PC operating system, a network
routing program, a nuclear plant control system, a SmartCard electronic purse, a launch vehicle flight
controller, etc.? Does there exist any kind of unified approach to in depth study and formal proof of the
requirements, the specification, the design and the implementatgystamshat are so different in size

and purpose?

We shall only give for the moment a very general answer. Almost all such systerosraptexin that
they are made of many parts interacting with a highly evolving and sometimes hostile environment. They
also quite often involve several concurrent executing agents. They require a high degree of correctness.
Finally, most of them are the result of a construction process which is spread over several years and which
requires a large and talented team of engineers and technicians.

1.2 Discrete Systems

Although their behavior is certainly ultimately continuous, the systems which were listed in the previous
section are most of the time operating inliacrete fashionThis means that their behavior can be faith-

fully abstractedby a succession of steady states intermixed with jumps which make their state suddenly
change to others. Of course, the number of such possible changes is enormous, and they are occurring in
a concurrent fashion at an unthinkable frequency. But this number and this high frequency do not change
the very nature of the problem: such systems are intrinsically discrete. They fall under the generic name
of transition systemHaving said this does not make us moving very much towards a methodology, but

it gives us at least common point of departure

Some of the examples envisaged above are pure programs. In other words, their transitions are essen-
tially concentrated imne mediunonly. The electronic circuit and the sorting program clearly fall into this
category. Most of the other examples however are far more complex than just pure programs because they
involve many different executing agents and also a heavy interaction with their environment. This means
that the transitions are executed by different kinds of entities acting concurrently. But, again, this does not
change the very discrete nature of the problem, it only complicates matters.

1.3 Test Reasoning versus Model (Blue Print) Reasoning

A very important activity, at least in terms of time and money, concerned with the construction of such
discrete systems is certainly that consisting of verifying that their final implementations are operating in a,
so calledcorrectfashion. Most of the time nowadays, this activity is realized during a very heavy testing
phase, which we shall call a “laboratory execution”.

The validation of a discrete system by means of such “laboratory executions” is certainly far more com-
plicated to realize, if not impossible in practice, in the multiple medium case than in the single medium
one. And we already know however that program testing, used as a validation process in almost all pro-
gramming projects, is by far an incomplete process. Not so much, in fact, because of the impossibility
to achieve a total cover of all executing cases. The incompleteness is rather, for us, the consequence of
the frequentack of oracleswhich would give,beforehandand independently of the tested objects, the
expected results of a future testing session.

It is nevertheless the case that today the basic ingredients for complex system construction still are a
very small design team of smart people, managing an army of implementers, eventually concluding the
construction process with a long and heavy testing phase. And it is a well known fact that the testing cost
is at least twice that of the pure development effort. Is this a reasonable attitude nowadays? Our opinion
is that a technology using such an approach is still in its infancy. This was the case at the beginning of last
century for some technologies, which have now reached a more mature status (e.g. avionics).



The technology we consider in this short presentation is that concerned with the constructiorpéex
discrete system#s long as the main validation method used is that of testing, we consider that this
technology will remain in an underdeveloped state. Testing does not involve any kind of sophisticated
reasoning. It rather consistsalfvays postponing any serious thinkidgring the specification and design
phase. The construction of the system will always be re-adapted and re-shaped according to the testing
results (trial and error). But, as one knows, it is quite often too late.

In conclusion, testing always gives a shortsighted operational view over the system in construction: that
of execution. In other technologies, say again avionics, it is certainly the case that people eventually do
test what they are constructing, but the testing is justrdli¢ine confirmatiorof a sophisticated design
process rather than a fundamental phase in it. As a matter of fact, most of the reasoninghsfdane
the very construction of the final object. It is performed on various “blue prints”, in the broad sense of the
term, by applying on them some well defined practical theories.

The purpose of this study is to incorporate such a “blue print” approach in the design of complex
discrete systems. It also aims at presenting a theory able to facilitate the elaboration gfregete
reasoningon such blue prints. Such reasoning will thus take place far before the final construction. In the
present context, the “blue prints” are calldidcrete modelsNe shall now give a brief informal overview
of the notion of discrete model.

2 Informal Overview of Discrete Models

In this section, we give an informal description of discrete models. A discrete model is made of a state
and a number of transitions (section 2.1). For the sake of understanding, we then give an operational
interpretation of discrete models (section 2.2). We then present the kind of formal reasoning we want
to express (section 2.3). Finally we briefly address the problem of mastering the complexity of models
(section 2.4) by means of three concepts: refinement (section 2.5), decomposition (section 2.6) and generic
development (section 2.7),

2.1 State and Transitions

Roughly speaking, a discrete model is made ataterepresented by some significant constants and
variables at a certain level of abstraction with regards to the real system under study. Such variables are
very much the same as those used in applied sciences (physics, biology, operational research) for studying
natural systems. In such sciences, people also build models. It helps them to infer some laws on the reality
by means of some reasoning, which they undertake on these models.

Besides the state, the model also contains a numbteamditionsthat can occur under certain circum-
stances. Such transitions are called here “events”. Each event is first magleasflavhich is a predicate
built on the state constants and variables. It representaabessaryconditions for the event to occur.
Each event is also made of aation which describes the way certain state variables are modified as a
consequence of the event occurrence.

2.2 Operational Interpretation

As can be seen, a discrete dynamical model thus indeed constitutes a kind of state transition machine. We
can give such a machine an extremely singgerational interpretationNotice that such an interpretation
should not be considered as providing any operational semantics to our models (this will be given later by
means of a proof system), it is just given here to support thiarmal understanding

First of all, the execution of an event, which describes a certain observable transition of the state vari-
ables, is considered to take time As an immediate consequence, no two events can occur simultane-
ously. The execution is then the following:



— When no event guard is true, then the model execution sitdpssaid to have deadlocked

— When some event guards are true, then one of the corresponding events necessarily occurs and the
state is modified accordingly, finally the guards are checked again, and so on.

This behavior clearly shows some possible non-determinism (called external non-determinism) as sev-
eral guards might be true simultaneously. We mag@ssumptiorconcerning the specific event which is
indeed executed among those whose guards are true. When only one guard is true at a time, the model is
said to be deterministic.

Note that the fact that a model eventually deadlocksoisat all mandatoryAs a matter of fact, most
of the systems we study never deadlock: they run for ever.

2.3 Formal Reasoning

The very elementary machine we have described in the previous section, although primitive, is neverthe-
less sufficiently elaborate to allow us to undertake some interesting formal reasoning. In the following we
envisage two kinds of discrete model properties.

The first kind of properties that we want to prove about our models, and hence ultimately about our real
systems, are, so callemhvariant properties An invariant is a condition on the state variables that must
hold permanently. In order to achieve this, it is just requiredrawvethat, under the invariant in question
and under the guard of each event, the invariant still holds after being modified according to the transition
associated with that event.

We might also consider more complicated forms of reasoning involving conditions which, in contrast
with the invariants, do not hold permanently. The corresponding statements arencatlatities In our
approach we only consider a very special form of modality cakeathability What we would like to
prove is that an event whose guard is not necessarily true now will nevertheless certainly occur within a
certain finite time.

2.4 Managing the Complexity of Closed Models

Note that the models we are going to construct will not just describe the control part of our intended
system. It will also contain a certain representation of the environment within which the system we build

is supposed to behave. In fact, we shall quite often essentially constosetd modelsible to exhibit

the actions and reactions which take place between a certain environment and a corresponding, possibly
distributed, controller, which we intend to construct.

In doing so, we shall be able to plunge the model of the controller within an abstraction of its environ-
ment, which is formalized as yet another model. The state of such a closed system thus contains physical
variables, describing the environment state, as well as logical variables, describing the controller state.
And, in the same way, the transitions will fall into two groups: those concerned by the environment and
those concerned by the controller. We shall also have to put into the model the way these two entities
communicate.

But as we mentioned earlier, the number of transitions in the real systems under study is certainly
enormous. And, needless to say, the number of variables describing the state of such systems is also
extremely large. How are we going to practically manage such a complexity? The answer to this question
lies in three conceptsefinement(section 2.5),decompositior(section 2.6), andjeneric instantiation
(section 2.7). It is important to notice here that these concepts are linked together. As a matter of fact, one
refines a model to later decompose it, and, more importantly, one decomposes it to further more freely
refine it. And finally, a generic model development can be later instantiated, thus saving the user of redoing
almost similar proofs.



2.5 Refinement

Refinement allows us to build a modghduallyby making it more and more precise, that is closer to the
reality. In other words, we are not going to build a single model representing once and for all our reality

in a flat manner: this is clearly impossible due to the size of the state and the number of its transitions.

It would also make the resulting model very difficult to master, if not just to read. We are rather going to
construct an ordered sequence of embedded models, where each of them is supposed to be a refinement
of the one preceding it in that sequence. This means that a refined, more concrete, model will have more
variables than its abstraction: such new variables are the consequence of a closer look at our system.

A useful analogy here is that of the scientist looking through a microscope. In doing so, the reality is the
same, the microscope does not changedit,look at it is only more accuratesome previously invisible
parts of the reality are now revealed by the microscope. An even more powerful microscope will reveal
more parts, etc. A refined model is thus one which is spatially larger than its previous abstractions.

And correlatively to thispatial extensiopthere is a corresponditgmporal extensiarthis is because
the new variables are now able to be modified by some transitions, which could not have been present in
the previous abstractions simply because the variables concerned did not exist in them. Practically this is
realized by means afew eventinvolving the new variables only. Such new events refine some implicit
events doing nothing on the abstraction. Refinement will thus result in a discrete observation of our reality,
which is now performed usingfaer time granularity

Refinement is also used in order to modify the state so that it can be implemented on a computer by
means of some programming language. This second usage of refinement islatdledfinementlt is
used as a second technique, once the model has been gradually constructed.

2.6 Decomposition

Refinement does not solve completely the mastering of the complexity. As a model is more and more
refined, the number of its state variables and that of its transitions may augment in such a way that it
becomes impossible to manage the whole. At this point, it is necessary to cut our single refined model
into several almost independent pieces.

Decomposition is precisely the process by which a single model can be split into various component
models in a systematic fashion. In doing so, we reduce the complexity of the whole by studying, and thus
refining, each part independently of the others. The very definition of such a decomposition implies that
independent refinements of the parts could always be put together again to form a single model that is
guaranteed to be a refinement of the original one. This decomposition process can be further applied on
the components, and so on. Note that the decomposed model could already exist and be developed, thus
allowing to mix a top down approach with a bottom up one.

2.7 Generic Development

Any model development done by applying refinement and decomposition, is parameterized by some car-
rier sets and constants defined by means of a number of properties.

Such a generic model could then be instantiated within another development in the same way as a
mathematical theory like, say, group theory, can be instantiated in a more specific mathematical theory.
This can be done provided one has been able to prove that the axioms of the abstract theory are mere
theorems in the second one.

The interest of this approach of generic instantiation is that it saves us redoing the proofs already done
in the abstract development.
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(1) Event-B: Structure and Laws

1 Introduction

This document contains a complete description of the structuseit-B It also contains the rules that

must be proved in order to ensure that an Event-B development is correct. It is decomposed into four
sections dealing with models and contexts (section 2), refinements (section 3), decomposition (section 4),
and generic instantiation (section 5).

2 Models and Contexts

This section contains the description of an Event-B model and of the associated context. In section 2.1,
the state and event structures of a model are described. Then in sections 2.2, 2.3, and 2.4 you will find
a description of generalized substitutions defining the transition associated with an event. In section 2.5,
the notion of context, allowing us to define the parametric structure of a model, is described. Finally, in
section 2.6 you will find the consistency rules which must be proved for an event model to be correct.

2.1 State and Events.

A formal discrete modak made of four elements: (1) a name, (2) a list of distinct state variables, collec-
tively denoted by, (3) a list of named predicates, the invariants, collectively denotef(by and (4) a
collection of transitions (here called events). This is illustrated in Fig. 1. The invdiianyields the laws

that the state variablasmust always fulfil. These laws are formalized by means of predicates expressed
within the language of First Order Predicate Calculus with Equality extended by Set Theory.

Name

Variables

Named I nvariants

Events

Fig. 1. A Model

An event is made of three elements: (1) a name, (2) a list of named predicates, the guards, collec-
tively denoted byG(v), and (3) a generalized substitution denotedgy). This is illustrated in Fig.



Name

Named Guards

Generalized Substitution

Fig. 2. An Event

2. The guards7(v) state the necessary conditions for the event to occur, and the generalized substitu-
tion S(v) defines the state transition associated with the event. Among these events, a special one, called
initialization, allows one to define an initial situation for a model: this event has no guard. For later con-
venience, an evertt with guardG(v) and generalized substituticdf(v) can be given the syntactic form
shown in Fig. 3.

E = when G(v) then S(v) end

Fig. 3. Syntactic form of an event

Events can be grouped to form, so-called, arrays of events. Besides the normal elements of an events
(name, guards, and generalized substitution), an array of events has two more elements: (1) a list of local
distinct indices, collectively denoted byand (2) a list of array conditions, collectively denoted®f).

This is illustrated in Fig. 4.

Name

Indices

Array Conditions

Named Guards

Generalized Substitution

Fig. 4. An array of events

In Fig. 5, is shown the syntactic form of an array of events.



array ¢ where
C(i)
E = then
when G(i,v) then S(i,v) end
end

Fig. 5. Syntactic form of an array of events

2.2 Generalized Substitutions.

We have three kinds of generalized substitutions for expressing the transition associated with an event: (1)
the deterministic multiple substitution, (2) the empty substitution, and (3) the non-determinitistic multiple
substitution. The shapes of these constructs are shown in Fig. 6

Kind Generalized Substitution
Deterministic x = E(v)
Empty skip

any t where

P(t,v)
Non-deterministic then
x = F(t,v)
end

Fig. 6. Kinds of Generalized Substitutions

In the deterministic and non-deterministic casedgenotes a list of variables ofwhich are all distinct.
In the deterministic casé;(v) denotes a number of set-theoretic expressions corresponding to each of the
variables inz. In the non-deterministic casedenotes a collection of distinct fresh variables which are
local to the generalized substitutioR(¢, v) denotes a conjoined list of predicates, dnd, v) denotes a
number of set-theoretic expressions corresponding to each of the variableAsrcan be seen, not all
variables inv are necessarily assigned in a substitution sindees not necessarily cover

The variables that are placed on the left hand side of the assignment operator “:=" in a generalized
substitution are called theft variablesof that substitution. The ones occurring on the right hand side are
called theright variables Some state variables can be left and right variables at the same time in a given
substitution. In the generalized substitutiip, the variables are all, by convention, left as well as right
variables.

In the initialization event mentioned in section 2.1, all state variables are left variables only (thus the
generalized substitutiaskip is not possible).



2.3 Generalized Substitutions Syntactic Facilities

In this section, we define a number of syntactic facilities allowing us to denote generalized substitutions
in a way which is slightly different from the one used in the previous section. All such new forms however
are defined in terms of the ones we introduced in the previous section. They are just proposed here as
shorthands and can thus always be eliminated.

We first introduce two constructs by means of the operatagad: €. They are shown in Fig. 7 under
the form of two rewriting rules.

New Construct

Rewritten

New Construct

Rewritten

any z where

any z where

Pz, 2,y) z € 5(v)
x:| P(xo,z,y) | then x:€ S(v) then
Ti=z Ti=z
end end

Fig. 7. Rewriting Rules for the| and:€ operators

The first one is to be read:"becomes such that the predic#tér,, x, y) holds”, wherer denotes some
distinct variables of, y denotes those variables®othat are distinct fronx, andz, denotes the values of
the variables: before the substitution is applied. The second one is to be tedgcomes a member of
the setS(v)”. In both rewritten generalized substitutionsgenotes a number of distinct fresh variables.
Each of them corresponds to the variableg of

The next series of constructs allows one to define the different substitutions of an event in a separate
manner: this is done by means of the parallel operdtarThe definition of this operator takes the form
of a number of rewriting rules corresponding to the combination of the two basic generalized substitutions
presented in section 2.8k{p is not concerned by these rewriting rules). These rewriting rules are shown
in Fig. 8 and 9. In all cases; andy denote distinct variables af. In the last case of Fig. 9, the fresh
variables int andu must be distinct. Thanks to these rewriting rules, it is possible to completely eliminate
the ‘||” operator.

Combination Rewritten
z:=EW) || y:=F(v) z,y := E(v), F(v)
any ¢t where any ¢t where
P(t,v) P(t,v)
then | y:=F() | then
x = E(t,v) z,y = E(t,v), F(v)
end end

Fig. 8. Rewriting Rules for the Parallel Operator (1)



Combination Rewritten
any t where any t where
P(t,v) P(t,v)
z:=E() | then then
y = F(t,v) z,y = E(v), F(t,v)
end end
any t where any u where any t,u where
P(t,v) Q(u,v) P(t,v) A Q(u,v)
then || then then
xz = E(t,v) y := F(u,v) x,y = E(t,v), F(u,v)
end end end

Fig. 9. Rewriting Rules for the Parallel Operator (2)

2.4 Before-After Predicates Associated with a Generalized Substitution.

The before-after predicate of a generalized substitution denotes the condition defindngttyerelation
associated with the corresponding transition. It is expressed in terms of the state variable values connected
by this relation. By convention, the before values of the variablase also denoted by and the after

values are denoted by. More generally, ifz denotes a number of state variables of the model, we
collectively denote by: andz’ their values before and after the transition. The before-after predicate is
defined in Fig. 10 for the three basic generalized substitutions presented in section 2.2.

Generalized Substitution Before-after Predicate

z = E(v) =

skip v

any t where P(t,v) then z:= F(t,v) end

Fig. 10.Before-after Predicates

In the table of Fig. 10, the letter denotes the set of variablesofvhich are distinct from those in.
As can be seen, such variables are not modified by the substitution, as shown by the eglalities
the before-after predicates. It is thus important to note that the before-after predicate of the substitution
of an event is1ot a universal propertgf that substitution: it depends on the variables of the model where
the event resides. The most obvious case is that of the empty substitution.

Note that since the generalized substitution ofittigalization event has no right variables (see end of
section 2.2), the before-after predicate of its generalized substitution is rather simply an after predicate.



2.5 Contexts

In the previous sections, we have considered that a discrete model was made of a number of variables,
invariants, and events. There is a need for a secondary component besides the models envisaged so far,
it is called acontext As we shall see in section 5, contexts will play a very important réle in the generic
instantiation mechanism. In fact, the contexts associated with a given model define the way this model is
parameterize@dnd can thus be instantiated.

A context is made of the following elements: (1) a name, (2) a list of distinct carrier sets, collectively
denoted by, (3) a list of distinct constants, collectively denoteddyyand (4) a list of named properties,
collectively denoted byP(s, ¢). This is illustrated in Fig. 11

Name

Carrier Sets

Congtants

Named Properties

Fig. 11.Context

The carrier sets are just represented by their name. The different carrier sets of a context are completely
independent. The only requirement concerning such sets is that they are supposed to be non-empty. The
constants are defined, usually non-deterministically, by means of the progefties, which are predi-
cates.

Each model may reference a context. When it is the case, a model is said to “see” that context. When
a modelM sees a context, then all carrier sets and constants define@ ican be used iM. In Fig.12,
you can see the contents of models and contexts and their relationship.

Name Name
Variables sees Carrier Sets
Named I nvariants } Constants
Events Named Properties
MODEL CONTEXT

Fig. 12.Model and Context Relationship



2.6 Consistency Proofs for an Event System: Feasibility and Invariance Preservation

Let M be a model with variables, seeing a context with carrier setss and constants. The prop-
erties of constants are denoted Bys, ¢c) and the invariant by (s, ¢,v). Let E be an event oM with
guards(s, ¢, v) and before-after predicafe(s, ¢, v, v'). When dealing with an array of events, the guards
G(s,c,v) are extended with corresponding array conditions.

We first have to express that, under the prope#ies c), the invariant (s, ¢, v), and the guard: (s, ¢, v),
the before-after predicate indeed yields at least one after véldefined by the before-after predicate
R(s,c,v,v"). This is the feasibility statemefiS. We then express that the invariant is maintained. This
is the invariant preservation statemé&dV. These two statements are shown in Fig. 13.

P(s,c) A I(s,c,v) A G(s,c,v) = T+ R(s,c,v,v") FIS

P(s,c) A I(s,c,v) A G(s,c,v) A R(s,c,v,0") = I(s,c,v") INV

Fig. 13.Feasibility and Invariant Preservation Statements

In Appendix 1, we give the special forms of these laws for the various kinds of event we may have
(deterministic or non-deterministic).

There is a special rule for thiaitialization event. LetRI(s,c,v’) denote the after predicate of the
generalized substitution associated with this event. The two simplified statements tolNto#S and
INI_INV, are given in Fig. 14.

P(s,c) = 3Fv'-RI(s,c,v) INI_FIS

P(s,c) A RI(s,c,v") = I(s,c,v") INL_INV

Fig. 14.Feasibility and Invariant Preservation Statements for the Initialization

It is sometimes useful to state that the model which has been defined is deadlock free, that it can run
for ever. This is very simply done by stating that the disjunction of the event guards always hold under the
properties of the constant and the invariant. This is shown on Fig. 15 whdrec, v), ..., G,(s,c,v)
denote the guards of the events.

P(s,c) A I(s,c,v) = Gi(s,c,v) V ... V Gn(s,c,v) DLKF

Fig. 15.Deadlock Freeness



3 Refinement

In this section we define the refinement of models and contexts. This is first described in section 3.1.
In sections 3.2, 3.3, 3.4, and 3.5 we present in more detail the refinement of events and the rules to be
followed in order to prove that a refinement is correct. Finally, in sections 3.6 and 3.7 we study a number
of extra concepts related to refinements.

3.1 Model and Context Refinements

From a given modeM, a new modeN can be built and asserted to be a refinemeitloModel M will
be said to be aabstractionof N, and modeN will be said to be aefinemenbf M or aconcrete version
of it. Likewise, contexiC, seen by a modell, can be refined to a conte®, which may be seen byl.

Variables Sets
sees
ABSTRACT Invariants ——————| Constants ABSTRACT
MODEL CONTEXT
M Events Properties c
A A
refines refines
Variables Sets
CONCRETE Sees c CONCRETE
i — onstants
MODEL nvariants CONTEXT
N D
Events Properties

Fig. 16.Model and Context Refinements

This is represented in Fig. 16. Note that it is not necessary to refine c@ahtelen refining modeM. In
this restricted case, modiljust sees context as does its abstractiov. This is illustrated in Fig. 17.

The sets and constants of an abstract context are kept in its refinement. In other words, the refinement of
a context just consists of adding new carrier sets and new constants to existing sets and constants. These
are defined by means of new properties. In the case illustrated on Fig 16, laosleich sees contexd,
can thus use all carrier sets and constants definBcamwell as inC. From now on, to simplify matters,
will denote theaccumulatedtarrier sets, and will denote theaccumulatedtonstants seen from a model
refinement.

The situation is not the same when refining models. The concrete Mdudlich supposedly sees con-
crete contexD) has a collection of state variables which must becompletely distincin first approxi-
mation) from the collectiom of variables in the abstractidvi. ModelN also has an invariant dealing with



Variables Sets
sees
ABSTRACT Invariants ———— Constants ABSTRACT
MODEL CONTEXT
M Events Properties c
A
refines
sees
Variables
CONCRETE
Invariants
MODEL
N
Events

Fig. 17.Special Case of Model and Context Refinements

these variables). But contrary to the case of abstract moleWhere the invariant exclusively depended
on the variables of this model, this time it is possible to have the invarianNofhot only depending on
variablesw of N, but also on the variablasof its abstractiorM. This is the reason why we collectively
name this invariant o the gluing invariantJ (s, ¢, v, w): it “glues” the state of the concrete mod¢élto
that of its abstractioM.

The development process we have seen so far was limited to two levels: an abstraction and its refine-
ment. Of course, this process can be extended to more refinements as shown in Fig. 18. Note however that
a gluing invariant links two successive models only. In other words, the variables mentioned in a gluing
invariant are only those of the corresponding model and of its abstraction.

3.2 Refinement of Existing Events

The new modeN has a number of events. Each event in the abstract médwels to be refined by one
or several events in the concrete molelThis is illustrated in Fig. 19. It means that when proposing an
event in a concrete model one must say explicitely which event it is supposed to refine (if any).

Suppose we have an abstract event with guafsl ¢, v) and before-after predicat®(s, ¢, v,v’) and
a refining concrete event with guafdi(s, ¢, w) and before-after predicat®(s, ¢, w, w’). The refinement
statements to prove are shown in Fig. 20. The first &%, REF, expresses that the refined event is fea-
sible. The second and third lawGRD_REF andINV_REF express the correct refinement of the concrete
event with respect to the corresponding abstract on&pprendix 2 we give the various simplifed forms
of these laws fort the various cases of event refinement.



M1 - C1
o .
refines refines
M2 | e C2
refines T refines
Mhn | | Cn

Fig. 18.Model and Context Refinements

abstract event

Name

Named Guards

Generalized Substitution

refines refines
Name Name
Named Guards concr ete events Named Guards
Generalized Substitution Generalized Substitution

Fig. 19.An abstract event is refined by one or several concrete events
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P(s,c) A I(s,c,v) N J(s,c,v,w) N H(s,c,w)
N FIS_REF
Jw' - S(s, c,w,w')

P(s,c) A I(s,c,v) A J(s,c,v,w) AN H(s,c,w)
= GRD_REF
G(s,c,v)

P(s,c) A I(s,c,v) A J(s,c,v,w) A H(s,c,w) A S(s,c,w,w')
= INV_REF
v - (R(s,c,v,v") A J(s,e,v,w'))

Fig. 20.Refinement laws

3.3 Merging and Refining Existing Events

It is also possible for several abstract events to be merged before being refined to a single concrete event.
This is shown in Fig. 21. For this to be possible however, the abstract merging events must fulfil a special
constraint: all their generalized substitutions must be identical.

This process of merging and refining is made of two phases. The merging events are first implicitly
transformed into a single abstract merged event. This event has a guard formed by taking the disjunction
of the guards of the merging events. It has the same generalized substitution as the ones of the merging
events. This is indicated in Fig. 22. Then this abstract merging event is refined as explained in section 3.2.

Note that the merging of two arrays of events require that they have tha same indices and the same array
conditions.

3.4 Introducing New Events in a Refinement

New events can be introduced in a refinement. In this case, the refinement mechanism is slightly different
from the one described in sections 3.2 and 3.3 for events already existing in the abstraction. This kind
of refinement has two special constraints which are the following: (1) each new event refines an implicit
skip event, and (2) the new events shountat together divergérun for ever) since then the abstract events
could possibly never occur.

We now formalize these two constraints. Suppose we have an abstractivhedelng a context as
above. This model is refined to a more concrete mbdbséeing the refinemeilt of contextC, again as
above. In the refined modél, we supposedly have a new event with guak(s, c, w) and before-after
predicateS(s, ¢, w,w’). The first constraint (refiningkip) leads to refinement statements as indicated in
Fig. 23. Note that these laws are just special cases of similar laws given in Fig. 20.

The second constraint (non-divergence of the new events), imposes to exhibit a Vaiaatw),
which is a well-founded structure (e.§l, <). And it is then necessary to prove that each new event
decreases thaamevariant. This leads to a non-divergence statement as indicated in Fig. 24. Note that
more generally, the variant could be any expression whcih is proved to be decreased by a well-founded
relation.

11



Name Name

Named Guards abstract events Named Guards
Generalized Substitution Generalized Substitution
merge—refines merge—refines

concrete event

Name

Named Guards

Generalized Substitution

Fig. 21.Several abstract events are merged and then refined to a concrete event

Abstract merging events Abstract merged event

I

when G(v) then S(v) end
EF = when G(v) vV H(v) then S(v) end
= when H(v) then S(v) end

Fig. 22. Abstract merging of two events

P(s,c) N I(s,c,v) A J(s,c,v,w) A H(s,c,w)
= FIS_REF

Jw' - S(s, c,w,w')

P(s,c) A I(s,c,v) A J(s,c,v,w) A H(s,c,w) A S(s,c,w,w’)
= INV_REF

J(87 C7 U7 w/)

Fig. 23.Refinement statement of a new event
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P(s,c) A I(s,c,v) A J(s,c,v,w) A H(s,c,w) A S(s,c,w,w')
= WFD_REF
V(s,c,w) €N A V(s,c,w’) < V(s,c,w)

Fig. 24.Non-divergence statement

3.5 Relative Deadlock Freeness

The relative deadlock freeness is the property which says that a concrete model cannot deadlock more
often than its abstraction. There are two kinds of relative deadlock freeness: the weak one and the strong
one. For each abstract eveéniwe can state one or the other.

The weak relative deadlock freeness expresses that the Gugard:, v) of an abstract everft; implies

the disjunction of the concrete guards (s, c,w), ..., H,(s,c,w) of the refined abstract events dis-
jointed with the disjunction of the guards; (s, ¢, w), ..., N,(s,c,w), of the new events. This is stated
in Fig. 25.

P(s,c) A I(s,c,v) A J(s,c,v,w) A Gi(s,c,v)
= W _DLK_E;
Hi(s,c,w) V ... V Hn(s,c,w) V Ni(s,c,w) V ... V Nyp(s,c,w)

Fig. 25.Weak relative deadlock freeness

The strong relative deadlock freeness expresses that the@uard:, v) of an abstract ever; implies
the disjunction of the guardi;(s, c,w), of the eventF; refining E;, and of those guardsy; (s, ¢, w),
.., Ny (s, c,w), of the new events. This is stated in Fig. 26. Note that when dygsatrefined by several

P(s,c) A I(s,c,v) A J(s,c,v,w) A Gi(s,c,v)
= S _DLK_E;
Hi(s,c,w) V Ni(s,c,w) V ... V Nyp(s,c,w)

Fig. 26. Strong relative deadlock freeness

concrete events as explained in section 3.2, tHefs, ¢, w) in Fig. 26 stands for the disjunction of the
guards of these events. Arrays of events (see section 2.1) always follow strong relative deadlock freeness.

3.6 Anticipating New Events

Some of the new events introduced in a mddalre said to banticipating eventsSuch events are refining
the implicit eventkip as other non-anticipating new events do. But they can keep the variant introduced
with N either smaller (as other new event do)usrchangedThis constraint of anticipating events must

13



hold in further refinements with regards to the introduced variants. At some refining stage howeker, say
a previous anticipating event can become “new”. Its only constraint then is to strictly decrease the variant
introduced at this stage, but it is not required that it refakis

3.7 External Variables and External Events

In this section, we introduce external variables and external events. These features will play an important
réle in the mathematical justification of refinement and in the decomposition mechanism (section 4).

In each modeM, the variables are partitioned in two categories: élxternal variablese, and the
internal variables;. Let modelN be a refinement of modél, and letf be the external variables &f
andj its internal variables. The nature of the external variablesM just implies that these variables are
functionally dependenrdf the external variableg of N in the gluing invariant linking both models. This
is expressed by means of the following gluing invariant whieig supposed to be a function which does
not depend on the internal variablesr j:

J(S7C,i,j) Noe= h(S,C7f)

Besides external variables, there exist s@xiernal eventsSuch events only depend on the external
variables. In other words, their guards and generalized substitutions do not use internal variables. External
events are refined to other external events in the most general terms. Suppose we have an external event
in modelM with guardG(s, ¢, ¢) and before-after predicat®(s, c, e, ¢’). It is then refined to an exter-
nal event with guard (s, ¢, h(f)) and before-after predicat(s, ¢, h(f), h(f’)). The latter is indeed a
refinement of the former since we can prove the three B%sREF, FIS_GRD, andFIS_INV of Fig. 20:

P(s,c) A I(s,c,v) A J(s,¢,4,5) A e=h(s,c,f) N G(s,e,h(f)) = 3f - R(s,c,h(s,c, f),h(s,c, f))

P(s,c) A I(s,c,0) N J(s,¢,0,0) A e=h(s,c.f) A Gls,c,h(s,¢c. f)) = G(s,c.e)

P(s,c) A I(s,c,0) A J(s,c,i,j) A e=h(s,c,f) A G(s,c,h(f)) NR(s,c,h(s,c, f), h(s, ¢, [))

=

e’ - (R(s,c e e’) A J(s,¢i,5) N e =h(s,c,f'))

The second and third laws are easily provable. The first one however, the feasibility law, imposes that we
have the following extra law:

P(s,c) N I(s,c,v) AN G(s,c,e) A R(s,c,e,e’) = 3f' (e =h(s,c, f))

Now the feasibility is easily provable since we supposedly already have the feasibility of eémtith
guardG(s, ¢, e) and before-after predicafe(s, c, e, ¢’) according tcFIS on Fig. 13:

P(s,c) A I(s,c,v) A G(s,c,e) = e’ - R(s,c,e,€)

14



4 Decomposition

4.1 Partitioning the events and the Variables

At some point in a development, it is appropriate to decompose a mbd#b several sub-models. For
the sake of simplicity, we suppose that we only have two sub-madelsdP. The decomposition is done
by partitioning the events d¥l in two groups: those going intld and those going int®.

Likewise, we must partition the variables g in two groups: those going intid and those going into
P. However, this partitioning is in general not possible since we always have some variables that must be
shared by both sub-models.

4.2 External Variables and Events

The shared variables mentioned in the previous section are present in both sub-models under the form
external variableswhich we have introduced in section 3.7. Together with the external variables, we must
also introduce somexternal eventavhich simulate in each sub-model the way the external variables are
handled in the other. This is illustrated in Fig. 27. As can be seen, varidhteexternal. We also have
external events3_ext in N ande2_ext in P.

variables
vl, v2,v3
invariant MODEL M
events
el, e2, e3, e4
decomposes decomposes
internal internal
variable extgrnaj extgrna] variable
vl variable variable v3
v2 v2
MODEL N | invariant invariant| MODEL P
X external external X
internal internal
event events
events event

Fig. 27.Decomposition

4.3 Possible Recomposition

Once the decomposition is accomplished, the sub-models can be refined independently. For example,
modelN is refined to modelNR with internal variablesv1 and external variables2. And modelP is re-
fined to modePR with internal variablesv3 and external variables2. There are some constraints which
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must be observed however: the shared varialleshich are external and common in both decomposed
models must beefined in the same wayhis is very simply accomplished by having tseme functional
gluing invariantv2 = h(w2) in both sub-models.

It is then possible to re-compose modBIR andPR to form modelMR. This is done by conjoining
the invariants of both models and removing the external events. But we now have to prove that the re-
composed moddVIR is indeed a refinement of the original modé! In order to do so, it is sufficient to
prove the following:

External events3_ext in N ande2_ext in P are refined to events3 ande2 in M.

Decomposition thus appears to be just an abstraction as indicated on Fig. 28.

5 Generic Instantiation

Generic instantiation is another proposal for solving the difficulties raised by the construction of large
models. Suppose we have done an abstract developiesith modelsM1 to Mn and corresponding
contextsC1 to Cn as shown on Fig. 29.

This development is in fact parameterized by the carrier setad the constants that have been
accumulated in context81 to Cn. This development is said to lgenericwith regards to such carrier sets
and constants. Remember that such sets are completely independent of each other and have no properties
except that they are supposed to be non-empty. The constants are defined by means of some properties
P(s, c), which stand here for all properties accumulated in cont€tto Cn. In fact, in all our proofs of
this developments andc appear adree variables Moreover, the constants propertiB$s, ¢) appear as
assumptions in all statements to be proved, which are thus of the following form as can be seen in proof
obligationsFIS andINV (Fig. 13),FIS_REF, FIS_REF, andINV_REF (Fig. 20), WFD_REF (Fig. 24),
W_DLK_E; andS_DLK_E; (Fig. 25 and 26):

P(s,c) N A(s,c,...) = B(s,c,...)

Suppose now that in another developmignive reach a situation with modiliseeing a certain context
D (after some model and context refinements), as shown on Fig. 30.

The accumulated sets and constants in coriiestre denoted by and d respectively. And the ac-
cumulated properties in contekt are denoted by)(t, d). We might figure out at this point that a nice
continuation of Developmeri would simply consist imeusingDevelopmen# with someslight changes
consisting of instantiating setsand constants of DevelopmentA with expressions(t, d) andC/(¢, d)
depending on sets and constanédd of DevelopmenB.

Let M1/, ...Mn’ be the models of Developmeht after performing the instantiations on the various
invariants and events which can be foundi to Mn. The effective reuse is that shown in Fig. 31.

As can be seen, instantiated mod®l3’, ...Mn’ implicitly “see”contextD. It remains, of course, to
prove now that model11’ refines modeN. Once this is successfully done, we would like to resume De-
velopmentB afterMn’. To do so, it is then necessary to prove that all feasibility, invariant, and refinement
proofs performed in the Developmehfre still valid after the instantiation. Remember that all statements
proved in the Developmerit were of the following form:

P(s,c) N A(s,c,...) = B(s,c,...)

16
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Fig. 28.Recomposition
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M1 —| C1
refin%t T refines
sees
Mn ——%| Cn

Fig. 29. DevelopmeniA

refinesT T refines

N ——| D

Fig. 30.DevelopmenB

refines' | refines

N 2 p
refines' sees
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refinesT

Mn’

Fig. 31.Generic Instantiation of Developmefitas a continuation of DevelopmeBt
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As a consequence, they all look as follows after instantiation:

P(S(t,d),C(t,d)) A A(S(t,d),C(t,d),...) = B(S(t,d),C(t,d),...)

But we have now to remov®(S(t,d), C(t,d)), since context€1 to Cn have disappeared as shown on

Fig. 31, and replace it by the new set and constant prop&piies!), namely:

Qt,d) N A(S(t,d),C(t,d),...) = B(S(t,d),C(t,d),...)

In order to prove this statement from the previous one, itis just sufficienftftatl) implies P(S(t, d), C(t,d)).
In other words and quite intuitively, the instantiated properties of the constants of Developsieotld

become mere theorems in DevelopmBnT his is indicated as follows:

Q(t,d) = P(S(t,d),C(t,d)) | INS

Appendix 1: Special Cases of the Invariant Laws

We instantiate the general forms of the lalMy andFIS of section 2.6, namely:

P(s,c) A I(s,c,v) N G(s,c,v) = '~ R(s,c,v,v)

FIS

P(s,c) A I(s,c,v) N G(s,e,v) A R(s,e,v,v") = I(s,e,v)

INV

to the various shapes of the generalized substitutions involved in an event. We have two cases to consider

(sinceskip trivially maintains an invariant).

(1) Given a deterministic event of the form:

when G(s,c,v) then z:= E(s,c,v) end

then lawFIS is trivially true and lawiNV simplifies to the following:

P(s,c) A I(s,c,v) A G(s,c,v) = [x:= E(s,c,v)]I(s,c,v)

INV_1

(2) Given a non-deterministic event of the form

when G(s,c,v) then
any t where P(t,s,c,v) then z:= E(t,s,c,v) end
end
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then lawFIS andINV becomes the following:

I(s,e,v) A G(s,c,v) = TFt-P(t,s,c,v) FIS 2

I(s,8,v) A G(s,c,v) N P(t,s,c,v) = [z:= E(t,s,¢,0)]|I(s,c,v) INV_2

Appendix 2: Special Cases of the Refinement Laws

We instantiate the general forms of the refinement I&B¥& REF, GRD_REF, andINV_REF given
in section 3.2, namely:

P(s,c) A I(s,c,v) A J(s,¢,v,w) A H(s,c,w)
= FIS_REF
Jw' - S(s,c,w,w)

P(s,c) A I(s,c,v) N J(s,c,v,w) A H(s,c,w)
= GRD_REF
G(s,c,v)

P(s,c) A I(s,c,v) N J(s,c,v,w) A H(s,e,w) A S(s,c,w,w)
- INV_REF
Jv" - (R(s,c,v,0") N J(s,c,v',w'))

to the various cases of event refinements. In fact, we have four cases to consider. In what follows in order
to simplify things, we omit to mention the carrier setand the constants

(1) Here is the first special case where the abstract and refined events are as follows :

when G(v) then z:= E(v) end when H(w) then y:= F(w) end

ThenFIS_REF is trivially true and the other two laws are as follows:

I(v) A Jw,w) N Hw) = G(v) GRD_REF_1

I(v) A Jw,w) AN Hw) = [z,y := E(W), F(w)]J(v,w) INV_REF_1

(2) The second special case of abstract and concrete events is as follows:
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when
G(v)
then
any t where
P(t,v) when H(w) then y:= F(w) end
then
x = E(t,v)
end
end

Again lawFIS_REF is trivially true and the other two laws are as follows:

I(v) A J(v,w) A Hw) = G(v) GRD_REF_2

I(v) A Jw,w) A Hw) = Ft-(P(t,v) A [z,y:= E(t,v), F(w)]J(v,w)) INV_REF_2

Note that lawINV_REF_2 can still be simplified provided the user gives sowithessW (w) for the
existentially quantified variable This yields:

I(v) A Jw,w) AN Hw) = PW(w),v) A [z,y:= E(W(w),v), F(w)]J(v,w)

(3) The next special case of abstract and concrete events is the following:

when
H(w)
then
any u where
when G(v) then z:= E(v) end Q(u,w)
then
w = F(u,w)
end
end
In that case, the three laws are simplified as follows:
I(v) A Jv,w) A H(w) = Ju-Q(u,w) FIS_REF_3
I(v) A Jw,w) N Hw) N Qlu,w) = G(v) GRD_REF_3

I(w) A Jv,w) A Hw) A Qlu,w) = [x,y:= E(v), F(u,w)]J (v, w) INV_REF_3
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(4) The final special case of abstract and concrete events is then the following:

when when
G(v) H(w)
then then
any t where any u where
P(t,v) Q(u, w)
then then
v:= E(t,v) w = F(u,w)
end end
end end

In that case, the three laws are simplified as follows:

I(v) A Jlv,w) AN Hw) = Ju- Q(u,w) FIS_REF_4
I(v) A J(v,w) AN H(w) = G(v) GRD_REF_4
I(w)AJ(v,w) A Hw) A Qu,w) = It (P(t,v) ANJ(E(t,v), F(u,w))) INV_REF_4

Notice that one may provide somwetnessfor the existentially quantified variablgs For example a
witnessW (u, w) for ¢, would transform lawiNV_REF_4 into the following, which can be further de-

composed:

I(v) A Jv,w) A Hw) AN Qu,w) = P(W(u,w),v) A J(E(W(u,w),v), F(u,w))
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Event-B: Mathematical Model

1 Introduction

This document contains the mathematical justification of the laws which have been proposed in the com-
panion document entitleBvent-B: Structure and Law3he laws of model and refinement consistencies

are presented in section 2 and 3 under the form of a set-theoretic model and corresponding proofs. The
laws of decomposition are then justified in section 4 under the forms of a proof performed within the First
Order Predicate Calculus.

In this presentation to simplify matters, we suppose that we have models defined without contexts.

2 Initial Model Set-theoretic Representation

In this section our intention is tiormally justifythe invariant verification statements, namehs and
INV, which were proposed in in section 2.6 of the document entifeeht_B: Structure and Law§or
this, we shall develop a set theoretic representation of the discrete models we have presented.

We suppose that the state variablesre all together moving within a certain setnvolving the invariant
I(v). Each event can be represented by a certain binary relatidine fact that the invarianf(v) is
preserved by eventis simply formalized by saying thatis a binary relation built or¥'"

p C SxS

In order to link this set-theoretic representation to the previous verification statements, it suffices to for-
mally defineS andp. It involves the invariant/ (v) for the setS, and the guard+(v) and before-after
predicateR(v, v") for the relatiorp. This yields:

S = {v]|I(v)}
P = {v—v|I(v) A Gv) A R(v,v")}

dom(p) = {v[I(v) A G(v)}

The last equality states th&t(v) andI(v) together denote the genuine domain of the relggioBut the
domain ofp is defined to be the set

{v|I(v) A G(v) A IV R(v,v")}

This leads to the following, which is exacthlS:



I(v) A G(v) = T R(v,v) FIS

And the translation of the predicgteC S x S yields exactly the desired resulyV, namely:

I(v) A G(v) A R(v,v') = I(v') INV

3 Refinement Set-theoretic Representation

As in the previous section for invariants, our intention is to formalktify in this section the refinement
verification statements, nameffS_REF, GRD_REF, INV_REF, which have been proposed in section
3.2 of the document entitleBvent_B: Structure and Lawsor this, we shall extend the set theoretic
representation of section 2.

3.1 Sets and Relations

We suppose, as above, that the abstract state variables are within theBsgtwe now have to make a
distinction between external and internal sets. So theS'sstdefined to be the cartesian product of the
setsF (standing for external set) and(standing for internal set). The refined state variables are within
a certain sefl’, which is also decomposed as the cartesian product offsétefined external set) and

J (refined internal set). Lat represent an abstract event binary relation ang le the corresponding
refined event relation. We have then the following typing constraints:

pe€ ExI «— ExI

q € FxJ < FxJ

Let f andg denote the functions projecting the détx I on the setF’ and the sef’ x J on the setF
respectively. Formally

fe ExI—FE

g€ FxJ—F

We have then the following:

V(e,i)c-(e€c ENiel = fle—i)=¢e)

V(f,j)- (fEFANjeT = g(f—j)=1f)




The external set§ and F' are related by a certatotal function i, which is thus typed as follows:

he F—=FE

All this can be illustrated in the following diagram:

ExI — ExI

3.2 Formal Definition of Refinement

In this section we present a formal definition of refinement, which is entirely based on the external sets.
This will result in a kind of ultimate definition of refinement. In the next section we shall however derive
somesufficient refinement conditiomsplying a formalization of the gluing invariant.

The previous diagram shows how one can link the external'getitself by navigating either through,
£~ p, f, andh~! in the abstraction or througjt !, ¢, andg in the refinement. These two compositions
resultin two binary relations built of'. Let us call thena and respectively. The definition of refinement
follows: the event represented by the relatida refined by that represented by the relatjdfthe relation
G is includedin the relationn. As can be seen, refinement is clearly defiredtive to the external sets

“liasg C hifThipifihT!
g 34;9 < f=rsf REF

ﬁ «

This means that every pair pertaining to the refined relaias also pertaining to the abstract relation
«. However, we have no equality between these relations because the refined relatigint be more
deterministic than its abstractian We might have some loss of information between the refined model
and its abstraction. What is important to note here is that no pair of external valdesimbe outside the
abstractiornv: this constitutes thessence of refinememt a pair of external values is linked through the
refined eventg, it must also be linked through the abstract eyerh other words, the refined event must
not contradict the abstract ofrem the point of view of the external sets



3.3 Sufficient Refinement Conditions

We are now going to define a sufficient refinement condition for refinement.tettotal binary relation
from the concrete sdt x J to the abstract st x I. This relation formalizes the gluing invariant between
the refined state and the abstract one. Formally

re€ FxJ«ExI

Note that the symbol<-" is used to define the set tftal binary relationsfrom one set to another. The
relationr must becompatiblewith the functionh linking the external set$” and F. In other words, if
the pairc — d is linked to the pain — b throughr, thenc must be linked ta: throughh, that is to say:
a = h(c). This can be formalised by means of the following condition:

r~t:g C fi;h7! C1

The introduction of the relation leads to the following diagram:

1Y
ExI ExI
7 \
E E
h r r h—l
F F
g-1 q /
FxlI FxlI

We now suppose that the following two extra conditions hold:

r~l.iq C pirt C2

gt C hyf 7ttt | C3

It is then easy to prove that these conditions @ufficient to ensure refinememiamely conditiorREF
above. It relies on the monotonicity of composition with regards to set inclusion and also on the associa-
tivity of composition:



9 a9

C C3
hif~tirtigsg

C (o
hif~tipirtiyg

C C1

hyf~'ipsfih!
But it happens that conditioB3 can be deduced from conditi&@il and from the totality of-:

r~tig C fih7? C1

Set Theory
rir~lig C rifihT!

id(T) Cr;r~! since reT « S
g Crif;h!

& Set Theory

gt b f=tsrt c3

N

As a consequence, there only remains condi@@nIn order to translate this condition and thus establish
the verification statemen®&S_REF, GRD_REF, andINV_REF, it suffices to linkE' x I, F' x J, p, q,
andr with this new formulation. This yields:

ExI = {v|I(v)}
FxJ = {w|3w-(Iv) A J(v,w))}

P = {v—v |[I(v) A Glv) A R(v,0v')}

q {we—w [T (Iv) A J(v,w)) A Hw) A S(w,w’)}
, = {w—v|I(v) A J(v,w)}

dom(q) = {w|Jv-(I(v) AN J(v,w)) N H(w)}

Note that the domain of the binary relatiois F' x J. The binary relation is thus indeed a total relation
as required. The domain of the binary relatipis the set:

{w|Fv-(I(v) A Jv,w)) AN Hw) A Fw'- S(w,w')}

Thus our last constraint on the domaingdgads to the following, which is exactilS_REF:

I(v) A Jw,w) AN Hw) = Jw' - Sw,w') FIS_REF

The translation of conditio@2, namelyr—!;q C p;r~1, yields the following:



I(v) A J(v,w) A Hw) A S(w,w') = Gw) A v - (R(v,v") A J,w'))

According to conditiorFIS_REF it can be split as follows yielding exactyRD_REF andINV_REF

I(v) A Jv,w) A Hw) = G(v)

GRD_REF

I(v) A Jw,w) A Hw) A S(w,w') = Fo' - (R(v,v') A J,w'))

INV_REF

4 Decomposition

In this section we justify the decomposition presented in section 4 of the document eBtitat B:
Structure and LawsWe recommend the reader to read again this short section as we shall use in what
follows the same convention as those used there.

4.1 Decomposing ModeM into modelsN and P

We shall carry out the proof based on the example shown in Fig. 26 of the previous document which we

reproduce here:

variables
vl, v2,v3
invariant MODEL M
events
el, e2, €3, e4
decomposes decomposes
internal internal
variable, &terna external | yariaple
vl variable variable v3
v2 v2
MODEL N| invariant invariant
internal external external internal
e o ents | 1
el, e2 €3_ext e2_ext €3, e4

Suppose that the usage of the variablésy2 andv3 in modelM is as follows:

MODEL P



events | variables
variable | events
el vl
vl el, e2
e2 vl, v2
v2 e2,e3
e3 v2, v3
v3 e3, ed
ed v3

Model M is then decomposed into modélsand P. Model N uses variable)1 as an internal variable
and variablev2 as an external variable. It has eveefisande2 plus an extra external everg8a (for
e3 abstracted) dealing with variabl@ only. Evente3a is supposed to be refined by ever®. In other
words, evene3a simulates in model the behavior of everg3 in modelP. This is summarized in the
following table:

model | internal variables | internal events | external variables | external events

N vl el e2 v2 e3a

Similarly, modelP uses variable3 as an internal variable and variahl2 as an external variable. It has
eventse3 ande4 plus an extra external everd®a (for e2 abstracted) dealing with variable only.
Evente2a is supposed to be refined by everi. In other words, ever¢2a simulates in modeP the
behavior of evené2 in modelN. This is summarized in the following table:

model | internal variables | internal events | external variables | external events

P v3 e3,e4 v2 e2a

It can easily be seen that modélsand P are both refined by modéll. This is so because everdd
ande2 of N are clearly refined by evenél ande2 of M (they are the same); eveaBa of N is refined
by constructionby evente3 of M; finally evente4 of M clearly refinesskip in N since it deals with
variablesv3 which does not exist itN. And similarly for P. More precisely, let the guards and before-
after predicates of the four events be the following in mddel



events | guardsinM | before-after predicates inM
el G1(vl) Eq(vl,v1)
e2 Ga(vl,v2) Es(vl,v2,v1’,v2)
e3 G3(v2,v3) E3(v2,v2",v3,v3')
e4 G4(v3) E4(v3,v3)

And they are the following ilN andP

events | guardsinN | BA predicatesinN events | guardsinP | BA predicates inP
el G1(vl) Ey(vl,01")
e2 Go(vl,0v2) | Ea(vl,v2,vl,v2) e2a Gaq(v2) Es,(v2,v2")
e3a G34(v2) E5,(v2,v2") e3 G3(v2,v3) | E3(v2,v3,v2' 03
ed G4(v3) E4(v3,0v3)

The condition expressing that evest is a refinement of ever@2a is the following:

Ga(vl,v2) A Ey(vl,v2,v1",v2") = Goa(v2) N Egq(v2,0v2")

4.2 Refining ModelsN and P to Models NR and PR

Suppose that we now refifeto NR. ModelNR has variables)1 andw?2 together with the gluing invariant
J(vl,wl,w2) A v2=h(w2). ModelNR has eventelr ande2r which are supposed to be refinements of
el ande? respectively, and also eveeBar, which is a refinement of eveeBa. This can be summarized
in the following table:



model | int. variables | int. events | ext. variables | ext. events gluing invariant

NR wl elr,e2r w2 e3ar J(vl,wl,w2) Av2 = h(w2)

Similarly, we refineP to PR. Model PR has variablesv3 and w2 together with the gluing invariant
K (v3,w3,w2) A v2=h(w2). Model PR has eventg3r ande4r which are supposed to be refinements of
e3 ande4 respectively, and also eveaRar, which is a refinement of evesRa. Notice that both gluing
invariantsJ and K also depend on the external varialie. This can be summarized in the following
table:

model | int. variables | int. events | ext. variables | ext. events gluing invariant

PR w3 e3r, edr w2 e2ar K(v3,w3,w2) A v2 = h(w2)

The guards and before-after predicateBlRiandPR are as follows

events | guards in NR BA pred. in NR events | guards in PR BA pred. in PR

elr G1r(wl) Eqr(wl,wl’)
e2r Gor(wl,w2) | Eor(wl,w2,wl’,w2") || e2ar Goar(w2) Eour (w2, w2')
e3ar Gaar(w2) Esgr (w2, w2") e3r Gsr(w2,w3) | Esp (w2, w3, w2, wd’)

edr G4 (w3) Ey (w3, w3")

Let us now construct a mod#R as follows. The state d¥IR is made of the three variablesl, w2 and

w3. The invariant oMR is J(v1, wlw2) A K(v3,w3,w2) A v2 = h(w2). The events oMR are
elr, e2r, e3r ande4r. Notice thate2ar ande3ar have been thrown away. This can be summarized in the
following table:

model | variables events gluing invariant

MR wl,v2,w3 | elr,e2r,e3r,edr | J(wl,wl,w2) A K(v3,w3,w2) A v2 = h(w2)




The guards and before-after predicatedliR are as follows:

events | guardsin MR | before-after predicates inMR
elr G1r(wl) Eir(wl, wl’)
e2r Gar(wl, w2) Esp(wl, w2, wl’, w2)
e3r Gsp (w2, w3) Es. (w2, w3, w2, w3’)
edr G4 (w3) Ey (w3, w3")

Clearly NR and PR are refined byMR, but it is not obvious thaM is refined byMR, this is precisely
what we have to prove. The situation is illustrated in the following diagram, where the arrows indicate a
refinement relationship:

N =
AN /!
oM
NR 17 PR
AN /!
MR

In what follows we shall prove that, providedr ande2r are refinements a1 ande2 respectively in
NR, then they also are correct refinementetfande2 in MR. Similar proofs can be conducted for the
other events oMR.

4.3 Eventelris a Refinement ofel in MR

The correct refinement condition efl to elr within NR is the following:

Jwl,wl,w2) A v2=h(w2) A Gi(wl) A Epp(wl,wl’)
=
Gi(vl) A Fol'- (Ey(vl,vl’) A J(l,wl’jw2) A v2 = h(w2))

Under this hypothesis, the following correct refinement conditioalofo elr within MR clearly holds:

J(wl,wl,w2) A K(v3,w3,w2) Av2=h(w2) A Gi,(wl) A Ep.(wl,wl’)
=
Gi(vl) A Fol'- (Ey(vl,0l") A J(wl,wl’;w2) A K(3,w3,w2) A v2=h(w2))

10



As can be seen, conditioR (v3, w3, w2) can be extracted from the existential quantification in the
consequent of this implication (this is so becali$@3, w3, w2) does not contain any reference to the
guantified variable/1’). It is then easily discharged because it is already present in the antecedent of the
implication.

4.4 Evente?2ris a Refinement ofe2 in MR

The situation is a bit different in the case of the evetthis is because this event modifies variatite
Next is the correct refinement conditionef to e2r within NR:

Jwl,wl,w2) Av2=h(w2) A Gor(wl,w2) A Eop(wl, w2, wl’, w2")
=
Ga(vl,v2) A F(v1’,02") - (E2(vl,v2,0v1",02") A J(w1',wl’ w2") Av2 = h(w2'))

This can be simplified as follows:

Jwl,wl,w2) A Gor(wl,w2) A Eop(wl, w2, wl’, w2’)
=
Ga(vl, h(w2)) A Fvl’ (E2(vl, h(w2), vl h(w2")) A J(wl',wl’ w2"))

Under this hypothesis, the following correct refinement conditioe2ofo e2r within MR must hold:

J(wl,wl,w2) A K(v3,w3,w2) A v2=h(w2) A Gar(wl,w2) A Eop(wl, w2, wl’ w2")

=

Ga(v1,v2) A F(vl,02") - (Ea(vl,v2,01,02") A J(wl wl w2') A K(v3,w3,w2') A v2' = h(w2))

This can be simplified as follows:

J(wl,wl,w2) A K(v3,w3,w2) A Go.(wl,w2) A Eg.(wl,w2,wl’ w2")
=
G2 (vl, h(w2)) A Fovl’ - (Ea(vl, h(w2),vl’, h(w2")) A J(vl’',wl’ w2") A K(v3,w3,w2'))

As above withK (v3, w3, w2) in section 4.3, the conditiof (v3, w3, w2") can be extracted from the
existential quantification in the consequent of this implication. But this time the situation is different
from the previous one in section 4.3 as we still have the cond&¢n3, w3, w2) in the antecedent, not

K (v3,w3,w2’), so that the proof is not trivial. Again, the presenceuaf in the consequent is due to the
fact thatv2 is modified bye2 andw?2 by e2r. Fortunately, we have not yet exploited the fact that event
e2a of modelP is refined within modeN by evente2. The condition was stated at the end of section 4.1:

YV (v2,v2') - (Ga(vl,v2) A Ea(vl,v2,v1,v2") = Gaa(v2) N Eaq(v2,0v2'))

11



But we also know that external evesftar is themost general eveméfininge2a under the gluing invariant
v2 = h(w2). As a consequence we have:

Gaar(w2) & Gag(h(w2))

Eour(w2,w2") <  Eau(h(w2), h(w2))

From this, we deduce

Ga(vl, h(w2)) A Ex(vl, h(w2),vl’ h(w2')) = Gour(w2) A Eogpr(w,w2")

Finally, we also have not exploited the fact that evea of P is refined toe2ar in PR. This yields:

K(v3,w3,w2) A v2=h(w2) A Gagr(w2) N Eagr(w2, w2’)
=
Goq(v2) A T2 - (Eaq(v2,v2") N K(v3,w3,w2') A v2' = h(w2'))

This can be simplified to the following:

K(v3,w3,w2) A Gagr(w2) A Eagr(w2,w2") = K(v3,w3, w2’)

Putting all these conditions together yields the following to prove, which now holds “trivially”:

K(v3,w3,w2) N Gogr(w2) N Eogr(w2,w2") = K(v3,w3,w2")
Ga(vl, h(w2)) A Es(vl, h(w2),vl’, h(w2")) = Gaogr(w2) N Eogr(w2,w2")

J(l,wl,w2) A Gor(wl,w2) A Eop(wl,w2,wl’, w2’) =
Gao(v1, h(w2)) A Fol’- (Es(vl, h(w2), vl h(w2")) A J(wl,wl’, w2"))

Jwl,wl,w2) A K(v3,w3,w2) A Gaor(wl,w2) A Ea.(wl,w2,wl’,w2’)
=

Ga(vl, h(w2)) A Fovl’- (Ea(vl, h(w2),vl', h(w2")) A J(vl',wl’, w2') A K(v3,w3,w2"))

12
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Event_B: Examples

1 Introduction

In this document, we provide some examples to illustrate what has been presented in the three other
companion documents. In the first of this examples in section 2 a small reactive system, whose goal is to
control cars on a bridge, is presented. The second example in section 4 shows how one can decompose a
system. And in the third example in section 5 the usage of generic instantiation is presented.

2 CarsonaBridge

2.1 Requirements

The system we are going to build is a piece of software connected to some equipment. Its goal is to control
cars on a narrow bridge. This bridge is supposed to link the mainland to a small island.

The system is controlling cars on a bridge connecting the mainland to an island FUN-1

This controller is equipped with two traffic lights.

The system is equipped with two traffic lights with two colors: green and red EQP-1

One of the traffic lights is situated on the mainland and the other one on the island. Both are close to the
bridge.

The traffic lights control the entrance to the bridge at both ends of it EQP-2

Drivers are supposed to obey the traffic light by not passing when a traffic light is red.

Cars are not supposed to pass on a red traffic light, only on a green one EQP-3

There are also some car sensors situated at both ends of the bridge.

The system is equipped with four sensors with two states: on or off EQP-4




These sensors are supposed to detect the presence of cars intending to enter or leave the bridge. There are
four such sensors. Two of them are situated on the bridge and the other two are situated on the mainland
and on the island respectively.

The sensors are used to detect the presence of car entering or leaving the bridge EQP-5

The pieces of equipment which have been described are illustrated on the following figure:

[0 9]

[ [
Bridge Mainland

/E

This system has two main constraints: the number of cars on the bridge and island is limited,

The number of cars on bridge and island is limited FUN-2

and the bridge is one way.

The bridge is one way or the other, not both at the same time FUN-3

2.2 Initial Model: Limiting the Number of Cars

The first model we are going to construct is very simple. We do not consider at all the various pieces
of equipment, namely the traffic lights and sensors. Such equipment will be introduced in subsequent
refinements. Likewise, we do not even consider the bridge, onbnmgpoundnade of the bridge and the
island together.

As a useful analogy, we suppose to see the situation from very high in the sky. Although we cannot
see the bridge, we suppose however that we can “see” the cars in the island-bridge and observe the two
transitions ML_out andML_in, corresponding to cars entering and leaving the island-bridge compound.

All this is illustrated on the following figures:



ML _out

I'sland Mainland

+ bridge A

ML_in

Formalizing the state. The state is first made of a simple context containing a congtavttich is a
natural number denoting the maximum number of cars allowed to be in the island-bridge at the same
time. This is formalized by the property nameigp0_1.

The state is also made of a variableélenoting the actual number of cars in the island-bridge at a given
moment. Two invariants namedv0_1 andinv0_2 are used to define the variabte Invariantinv0_1
says that: is a natural number. Thirst basic requirementf our system, namelffUN_2, is taken into
account at this stage by statingiinv0_2 that the number. of cars in the compound is always smaller
than or equal to the maximum numbeérHere is the formal state:

constants: d inv0 1: n € N
prp0_1: d € N

variables: n inv0 2: n<d

Events. At this stage we can observe two transitions corresponding to cars entering the island-bridge
compound or leaving it. Here is an illustration of the situation just before and just after an occurrence of
the first eventML_out. As can be seen, the number of cars in the compound is incremented as a result of
this event.

Before After

Likewise, here is the situation just before and just after an occurrence of the secondvivent,As can
be seen, the number of cars in the compound is decremented as a result of this event.

Before After



These two events can then be defined in a simple way as follows:

n:=n+1 n:=n-—1

ML_out ML_in

The before-after predicates corresponding to these event actions are straightforward,riamely- 1
for ML_out, andn’ = n — 1 for ML_in.

Proving Invariant Preservation. Rule FIS applied to both events leads to the following, which holds
trivially:

IAmm
S zz

N
N
d

wissa
wlssa
IAmm

~

n-(n=n+1) n-(n=n-1)

Invariant preservation ruldNV applied to both events leads to the following statements:

d €N d € N d € N d e N
n € N n € N n € N n € N
n<d n<d n<d n<d
n =n+1 n =n+1 n=n-1 n=n-—1
= = = =
n' €N n <d n' €N n' <d
The variablen’ can be eliminated by replacing it by its value, yielding:
d e N d e N d e N d eN
n € N n € N n € N n € N
n<d n<d n<d n<d
= = = =
n+1€eN n+1<d n—1eN n—1<d

We notice that in the second case+ 1 < d cannot be proved whemis already equal td. And in the
third case;n — 1 € N cannot be proved when is already equal to 0. This is so because the proposed
eventsML_out andML_in are too primitive.



Improving the two Events We have to addjuardsto our events. They denote the necessary conditions
for these events to be enabled. For evdiit out to be enabled, it is required thatbe strictly smaller
thand. And for eventML_in to be enabled, it is required thatbe strictly positive. All this is indicated in
the following new versions of these events:

ML_out ML_in
when when
n<d 0<n
then then
n:=n-+1 n:=n-—1
end end

The statements to prove by applying rUuN are modified accordingly and are now easily provable:

d € N d € N d € N d € N
n € N n € N n € N n € N
n<d n<d n<d n<d
n<d n<d 0<n 0<n
= = = =
n+leN n+1<d n—1eN n—1<d

Proving Deadlock FreenessSince our events are now guarded, it means that our system might deadlock
when both guard are together false. Clearly, we want to avoid this happening. We have thus to prove rule
DLKF stating that one of the two guards is always true. In other words, cars can always either enter the
compound or leave it. This is to be proved under the property of the constant and under the invariant:

N
N
d

bssa
IAm m

n<d V 0<n

But we now discover that this statement cannot be proved wiserero, which is quite obvious since then
no car can ever enter the compound nor, a fortiori, leave it. We have thus to add the following property,
namedprp0_2, which was obviously forgotten:

prp0_2: 0<d

Conclusion of the initial model As we have seen, the proofs (or rather the failures of the proofs) allowed
us to discover that our events were too primitive and also that one property was missing in the context for
the constand.



2.3 First Refinement: Introducing the One Way Bridge

In this first refinement, we introduce the bridge. This means that we are able to observe our system
more accurately. Together with this more accurate observation, we can also see more events, namely cars
entering and leaving the island. These events are chlléd andIL_out. Note that eventML_out and

ML_in which were present in the initial model still exist in this refinement: they now correspond to cars
leaving the mainland and entering the bridge or leaving the bridge and entering the mainland. All this is
illustrated in the following figures:

OneWay
Bridge

Refining the state. The state which was defined by the constarmind variablen in the initial model

now becomes more accurate. The constargmains, but the variable is now replaced by three new
variables. This is because now we can see cars on the bridge and on the island, something which we could
not distinguish in the previous abstraction. Moreover, we can see where cars on the bridge are going:
either towards the island or towards the mainland.

For these reasons, the state is now represented by means of three varjdblaad c. Variablea
denotes the number of cars on the bridge and going to the island, varidbleotes the number of cars
on the island, and variabledenotes the number of cars on the bridge and going to the mainland. This is
illustrated on the following figure:

Formally the refined state is represented by a number of new invariants. First, vatiaghleadc are
all natural numbers. This is stated in invariamtl 1, invl_2, andinvl_3. Then we express in the, so-
called, gluing invariant, that the sum of these variables is equal to the previous abstract vavidiidé
now disappears. This is expressed in invariauil_4. And finally, we state that the bridge is one way,
this is our basic requiremeRUN-3, by saying that or c is 0. Clearly they cannot be both positive since
the bridge is one way. Note that they can be both 0 however. This is expressed in inveniast Here
is the formalization of these invariants:

invli.1: a € N
constants: d invl 4: a+b+c=n;
invl 2: b e N
variables: a,b,c invli 5: a=0 V ¢=0
invl 3: ¢ e N




Refining the Abstract Events. The two abstract eventglL_out and ML_in have now to be refined
as they are not dealing with variableany more but with variables, b, andc. Here is the proposed

refinement of even¥IL_out, which is presented together with its abstraction.

Likewise, here is the proposed refined version of eWéht in, which is also presented together with its

abstraction.

abstract_ML_out
when
n<d
then
n:=n-+1
end

concrete_ML_out
when
at+b<d
c=0
then
a:=a+1
end

abstract_ML_in
when

0<n
then

n:=n-—1
end

concrete_ML_in
when

O<ec
then

c:=c—1
end

Proving that the Refinement of Abstract Events are Correct. Applying RuleFIS_REF to the refined
event holds trivially. Likewise, applying rul&6RD_REF to both refined events leads to the following,
which holds trivially:

Applying ruleINV_REF to both events leads to the following after some simplifications. Both statements

hold trivially.

ael deN

ne N 0<d

n<d n €N

a €N n<d

b e N a € N

¢ eN b e N

a+b+c=n CEbN .

a=0 V ¢c=0 a+0—|—\f—n0
a= c=

Zi8<d 0<ec

= D<n

n<d




05 d €N

n €N 0<d

n<d n € N

a €N n<d

b e N a € N

¢ e N b e N

a+b+c=n chN .

a=0 V ¢c=0 a+0—|—\f—n0
a= c=

gib<d 0<ec

= :Z—leN

a+1eN o

TR, criresiznst

a+1=0Vec=0 B o

Introducing New Events. We now have to introduce some new events corresponding to cars entering
and leaving the island. Next are the proposed new events. A can be seen, such events inds&ipraine
they only modify variables, b andc in such a way that the abstract variahleemains constant according

to invariantinvl_4.

: IL out
IL_in —
when when
0<b
0<a a=0
then B then
a,b:=a—-1,b+1 boc:
end ,c:=b—1c+1
end

Proving that the New Events are Correct We leave it as an exercise to the reader to state and prove that
these events refirekip. We now have to prove that new events do not diverge. For this, we have to exhibit
a variant and prove that is decreased by both new events. The proposed variant is the following:

variant_1: 2xa+b

Applying ruleWFD_REF leads to the following obvious statements to prove:



d €N
0S4 0<d
n € N n €N
n<d n<d
a € N a €N
beN beN
c € N cfblj_

a c=n
ai%—i_\f_cn:() a=0V ¢c=0
0<a 0<b
N a=0
2x(a—1+b+1<2xa+b :>2*a+(b—1)<2*a—|—b

No Deadlock. Finally, we have to prove that the refined events and new events do not together deadlock.
This is so because the abstraction did not deadlock. RUIBLK leads to the following to prove (it is
simplified because we already proved that the abstraction did not deadlock):
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0
n
n
a
b
c
a
a
=

(a+b<d AN c=0)V
c>0V

a>0V

(b>0 A a=0)

2.4 Second Refinement: Introducing the Traffic Lights

At this point, the situation is a bit magic. It seems that car drivers can count cars and thus decide to enter
into the bridge from the mainland (evelti_out) or from the island (evenil_out). In reality, as we

know, the drivers follows the indication of the traffic lights, they clearly do not the count of the cars,
which is impossible.

This refinement then consists in introducing first the two traffic lights, namiedl andil_tl, then the
corresponding invariants, and finally some new events that are able to change the colors of the traffic
lights. The next figure illustrates the new physical situation which can be observed:



ml_tl

ISLAND MAINLAND

[ o]

il_tl

Refining the State Two new variables are introducedh/_t! (for mainland traffic light) andi_ti (for

island traffic light). These variables take values O (for red) or 1 (for green): this is formalized in invariants
namedinv2_1 andinv2_2. Since drivers are allowed to pass when traffic lights are green (1), we better
ensure by two invariants naméw?2_3 andinv2_4 that whenm!_tl is green then the guard of events
ML_out holds, and that whek_¢I is green then the guard of everits out holds. Here is the refined
state:

inv2_1: mi_tl € {0,1}
constants : d
inv2_2: 4l _tl € {0,1}
variables : a,b,c,
inv23: mlitl=1 = a+b<d AN ¢c=0
ml_tl,il_tl
inv2 4: il tl=1 = 0<b AN a=0

Refining Abstract Events EventsML_out andIL_out are now refined by changing their guards to the
test of the green value of the corresponding traffic lights. This is exactly what car drivers are doing. This is
here where we implicitly assume that drivers obey the traffic lights, as indicated by requirdiQdHs.

Note that eventsL_in andML _in are not modified in this refinement. Here is the new version of event
ML_out presented together with its abstraction:

ab\;c,vtrrgzt_M L_out concrete_ML_out
o when
c=0 Lt=1
a+b<d et =
then
then )
a=at1 a=a+1
) end
end

And here is the new version of evdht out presented together with its abstraction:

10



abstract_IL_out
when
a=0
0<bd
then
bc:=b—1,c+1
end

concrete_IL_out
when
i tl=1
then
bc:i=b—1,c+1
end

Introducing New Events We have to introduce two new events to turn the value of the traffic lights
color to green when they are red and when the conditions are appropriate. The appropriate conditions,
once again, are exactly the guards of the abstract eiint®ut andIL_out. Here are the proposed new
events:

ML_tl_green IL_tl_green
when when
ml_tl =0 il tl=0
a+b<d 0<b
c=0 a=0
then then
ml_tl:=1 i_tl:=1
end end

Proving that the Events are Correct. Proving that the concrete events correctly refine their abstraction

is easily done and left to the reader. But we have some problems with proving that they maintain the
new invariants. For example, here is the statement to be proved (after some simplification) concerning the
preservation of invariaribv2_4 by eventML_out:

a € N

i tl=1 = a=0 AN 0<D
ml_tl=1

=

i tl=1 = a+1=0 A 0<D

This statement cannot be proved whiértl is green (1). Likewise the following statement concerning the
preservation of invariarinv2_3 by eventlL_out cannot be proved whemi_t! is green (1):

c €N

mltl=1=c=0ANa+b<d

il tl=1

=

ml_tl=1 = c+1=0ANa+b-1<d

What these failures show is that both lights cannot be green at the same time, on obvious fact, which we
have forgotten to state. We thus now introduce it as an extra invariant:

11



inv25: mltl=0 Vv i_tl=0

But this new invariant has to be preserved and this is clearly not the case with the proposed new events
ML_tl_green andIL_tl_green unless we correct them by turning to red the other traffic light, yielding:

ML_tl_green IL_tl_green
when when
ml_tl =0 i tl=20
a+b<d 0<b
c=0 a=0
then then
mi_tl:=1 il _tl:=1
il _tl:=0 ml_tl =0
end end

When trying to prove the preservation of invariamt2_3 by eventML_out, we are again in trouble. Here
is the corresponding (simplified) statement to prove:

mltl=1 = ¢c=0 A a+b<d
ml_tl=1

=

mltl=1 = ¢c=0 A a+1+b<d

As can be seen, this statement cannot be proved wheh+ b is equal tad unless ml_tl is set to red (0).

In fact, whena + 1 + b is equal tad, it means that the entering car is the last one allowed to enter at this
stage because more cars would violate requireffeid_3, which says that there are no more thiarars

in the island and bridge. This indicates that evglht out has to be split into two events (both refining
their abstraction however) as follows:

ML_out_1 M'\-N—k‘]’:rf—Z
Whﬂe; P mil_tl =1
afb+1l+4d patbtl=d
then 0 =adl
a:=a+1 ml_tl =0
end end

Likewise, invarianinv2_4 cannot be maintained by evdht out whenb is equal to 1. In this case the last
car is leaving the island. As a consequence the island traffic light has to turn red. Here is the simplified
statement which has to be proved:

il_tl = a=0 A 0<b
il_tl

=

i tl=1 = a=0 N 0<b—1

1
1
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As for eventML_out, we have to split everit_out as follows:

IL_out_1 'L—Or‘;'t—z
when when
. . i_tl=1
il_tl = b= 1
th::-)n# 1 then
bemb—1lc+1 Z_)ictl:f_bo—l,chl
end

No divergence of new eventsWe have now to prove that the new events cannot diverge for ever. For
this, we must exhibit a certain variant that must be decreased by the new events. In fact, it turns out to
be impossible. For instance, wherandc are both 0, meaning that there is no car on the bridge in either
direction then the traffic lights could freely change color for ever as one can figure out by looking at the
new eventdML_tl_green and IL_tl_green:

ML_tl_green IL_tl_green
when when
ml_tl =0 il tl=0
a+b<d 0<b
c=0 a=0
then then
ml_tl =1 i_tl:=1
il tl:=0 ml_tl ;=0
end end

What could then happen is that the light colors are changing so rapidly that the drivers can never pass. We
have to make the color changing in a more disciplined way, that is only when some car has passed in the
other direction. For this we introduce two more variables pass andil_pass. Each of them can take

two values 0 and 1. Whem!_pass is equal to 1 it means that one car at least has passed on the bridge
going to the island since mainland traffic light last turned green, and similarly wheamss is equal to 1.

These variables are formalized in the following invariants:

inv2_6: ml_pass € {0,1}

inv2_7: il_pass € {0,1}

We must now modify eventML_out_1, ML_out_2, IL_out_1, andIL_out_2 to makeml_pass or
il_pass to 1 since a car has passed in the proper direction.

13



IL_out_2
ML out 1 ML_out_2 IL_out 1 when
- when when .
when . i_tl=1
ml t =1 ml_tl=1 i_tl=1 b 1
atb+1#d atb+l=d b#1 then
then then
then b:=b—-1
0—adtl a:=a+1 b:=b—-1 cimet1
: ml_tl :=0 c:=c+1 .
ml_pass =1 - o ; o il_tl:=0
— ml_pass =1 il_pass =1 ;
end o == il_pass =1
end end end

But we must also modify eveIL_tl_green andIL_tl_green to resetm!_pass andil_pass and also

add in their guards the conditions pass = 1 andml_pass = 1 respectively in order to be sure that
indeed a car has passed in the other direction. This yields the following:

ML_tl_green IL_tl_green

when when
ml_tl =0 il tl=0
a+b<d 0<b
c=0 a=20
il_pass =1 ml_pass =1

then then
mi_tl:=1 i_tl =1
i_tl:=0 mi_tl =0
ml_pass :==0 il_pass :=0

end end

Having done all that, we can now state what is to be proved in order to guarantee that there is no divergence
of the new events. The variant we can exhibit is the following:

variant_2 : ml_pass + il_pass

And the statements to be proved are the following:

ml_tl =0 il tl=0
a+b<d b>0
c=0 a=20
il_pass =1 ml_pass =1
= =
il_pass < ml_pass + il_pass ml_pass < ml_pass + il_pass

At this point we figure out that it cannot be proved unlegspass = 1 in the first case antl_pass = 1
in the second one. We have two solutions: either to strengthen the guards of lenktsgreen and
IL_tl_green (adding to them the extra guardsl_pass = 1 andil_pass = 1 respectively) or adding
some extra invariants. The first solution seems to be the more economical one, yielding:
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ML_tl_green

when
ml_tl =0
a+b<d
c=0
il_pass =1
ml_pass =1

then
mi_tl:=1
i_tl:=0
ml_pass :==0

end

No Deadlock It remains now to prove that we have no deadlock. The statement to prove is then the
disjunction of the various guards with some simplified assumption (we do not need all invariants):

IL_tl_green
when
il tl=0
0<b
a=0
ml_pass =1
il_pass =1
then
i_tl =1
mi_tl:=0
il_pass :=0
end

d e N

0<d

mi_tl € {0,1}
il_tl € {0,1}
mi_pass € {0,1}
il_pass € {0,1}

HH=0ANa+b<d AN c=0A mlpass=1 A il_pass=1) V
i tl=0ANa=0Ab>0A mi_pass=1 A il_pass=1) V
=1V

This statement can be simplified to the following:

Nm/\m
=

& QL
I Z
(e}

=3I oA

~+

=0

=
(b<d AN mi_pass=1 A il_pass =1) V
(b>0 A ml_pass=1 A il_pass =1)

Unfortunately, this statement cannot be proved unless we add the following two extra invariants:
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inv2_ 8: mil_tl=0 = ml_pass=1

inv2 9: ¢ tl=0 = il_pass=1

As a consequence, we can how remove the guafdpass = 1 andil_pass = 1 in eventsML_tl_green
andIL_tl_green since they are implied by the guards_t/ = 0 andil_tl = 0. We figure out that our

choice of strengthening the guard of these events was the wrong one. We should have added the two
invariants. It remains for us to prove that the two new invariamt® 8 andinv2_9 are indeed preserved

by all events. We leave this as an exercise to the reader.

Conclusion of the Second RefinementDuring this refinement, we have seen again how the proofs (or
rather the failures of the proofs) have helped us correct our mistake or enlarge our model. If fact, we
discovered 4 errors, we introduced several extra invariants, we corrected four events, and we introduced
two more variables.

3 Third Refinement: Introducing Car Sensors

Let us consider the evenitdL_out_1, ML _out 2,IL_out_1,IL out 2, ML_in, andIL_in:

IL_out_2
ML_out 1 M L—r? ut_2 IL—O#t—l when
when when when i tl=1
ml =1 ml_tl=1 i_tl=1 b= 1
a+b+1+#d ha+b+1:d hb#l then
then then then b:=b—-1
—adt1 a:=a+1 b:=0-1 —et1
?n.lipzess =1 ml_tl:=0 c:i=c+l1 fl;l ?: 0
end enréll_pass =1 enzci_pass =1 il:pass —1
end
. IL_in
ML _in —
when whOen
<a
0<c then
then
: by
end end

We can observe these events happening in the real world, but it is now important to have the controller
being aware of them. For this, we introduce in this refinement some sensors able to communicate these
transitions to the controllers, namely the passing of cars from the mainland to the bridge and vice-versa
and from the bridge to the island and vice-versa. For doing this, we put four such sensors at both ends of
the bridge as indicated on the following figure:
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A sensor can be in one of two states: either on or off. It is on when a car is “on” it, off otherwise.

As a consequence, we shall enlarge our state with four variables corresponding to each sensor state:
ml_out_sr, ml_in_sr,il_out_sr, andil_in_sr. They are defiined in invarianisv3_1toinv3_4:

constants : d

variables: a,b,c, inv3_1: ml_out_sr € {0,1}
ml_tl,4l_tl inv3_2: mi_in_sr € {0,1}
ml_pass,il_pass inv3_3: il _out_sr € {0,1}
ml_out_sr,ml_in_sr, inv3_4: il_in_sr € {0,1}

il_out_sr,il_in_sr

We also clearly have the new invariants stating that when the &tate sr is 1, thena is positive. In
other words, there is at least one car on the bridge, namely the one that sits on thelsénser. We
have similar invariants foil_out_sr andml_in_sr, yielding:

inv3 5: i _in sr=1= a>0
inv3 6: il _out sr=1=0b>0

inv3 7: mlin sr=1= ¢>0

3.1 Refining abstract events.

It is now easy to proceed with the refinement of abstract events. This is done in a straightforward fashion
as follows:

17



ML out 1
when
mil_tl =1
a+b+1#d

ml_out_sr =1
then

a:=a+1

ml_pass ;=1

ml_out_sr:=0
end

ML_out_2
when
mi_tl=1
a+b+1=d

ml_out_sr =1
then

a:=a+1

ml_tl :=0

ml_pass =1

ml_out_sr:=0
end

IL_out 1
when
il_tl=1
b#1
il out sr=1
then

b:=b—-1
ci=c+1
il_pass =1

il_out_sr:=0
end

IL_out 2

when
il_tl=1
b=1
il_out_sr=1

then
b=b-1
ci=c+1
il_tl:=0
il_pass =1
il_out_sr:=0

end

ML_in
when
ml_in_sr=1
then
ci=c—1
ml_in_sr:=0
end

IL_in

when
il_in_sr=1

then
a:=a—1
b:=b+1
il_in_sr:=0

end

ML_tl_green
when
ml_tl =0
a+b<d
c=0
il_pass =1

ml_out_sr =1

then
mil_tl =1
il tl:=0
ml_pass := 0
end

IL_tl_green
when
il _tl=0
a=10
ml_pass =1
il_out sr=1
then
i_tl:=1
ml_tl =0
il_pass :=0
end

As can be seen, we have added the guarsut_sr = 1 andil_out_sr = 1 to the eventdIL_tl_green

andIL_tl_green since there is no point in turning a traffic light to green when there is no car willing to

pass. Note that this isdesign decisios opposed to a requirement.

3.2 Correct Refinement

Proving that the previous events refine their abstract counterparts is left as an exercise to the reader.

3.3 Adding New Events

We now add four new events corresponding to cars arriving on the various sensors:

ML_out_arr
when
ml_out_sr =0
then
ml_out_sr =1
end

ML_in_arr
when
ml_in_sr =10
c>0
then
ml_in_sr =1
end

IL_in_arr
when
il_in_sr=20
a>0
then
i_in_sr:=1
end

IL_out_arr
when
il_out_sr =0
b>0
then
il_out_sr =1
end
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3.4 Refinement of new events.

The new events clearly refirakip as they do not work with old variables. We leave it to the reader to
prove that they preserve the new invariants.

3.5 No divergence of new events.

We have to exhibit a variant which is decremented by all new events. Here it is:

variant_3: 4 — (ml_out_sr + ml_in_sr + il_out_sr + il_in_sr)

We leave it as an exercise to the reader to prove that this variant is decreased by the new events.

3.6 No Deadlock

Again, we leave it to the reader to prove that this third refinement does not deadlock.

3.7 Conclusion of the Third Refinement

The final structure of the system is shown on the following figure:

ml_in_01
Gno I——
mi_in_10 Constant: d
ml_out_01 )
ml_out_10 Hl—— vaiales a, b, c
il_in_01 il_pass, ml_pass
iGn 10 IMM———=| i ins, miouts,
il_out_01 il_in_sr,il_out_sr
12 Events

il out 10 I———
il_tl Q Q mi_tl

As can be seen, we now have one constant, nine variables, eight input wires, two output wires and twelve
events.

4 Example with Decomposition: The Two-phase Handshake Protocol

Our next example is a presentation of the very classical two-phase handshake protocol. This protocol is
supposed to transfer a file from one agent, the Sender, to another one, the Receiver. These agents are
supposed to reside dffifferent sitesso that the transfer is not made by a simple copy of the file, it is
rather realized gradually by two distinct programs exchanging various kinds of messages on a network.
Such programs are working with different contexts and on different machines: the overall protocol is
indeed adistributed program
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4.1 Protocol Initial Specification

What we are going to develop hererist directly the distributed program in question. We are rather
going to construct anodel of its distributed executiom the context of thisnode] the file to transfer is
formalized by means of a constant total functipfrom the interval 1 to» to some seD (wheren is a
constant positive natural number). The fflés supposed to “reside” at the Sender’s site. At the end of this
protocol execution, we want the fileto be copied without loss nor duplication on the Receiver’s site.

carrier sets: D

prp0_1: n € Ny
constants: n, f inv0_ 1: gel..n+D
prp0 2: f e l.n—D

variables: ¢

The very global transfer action of the protocol can be abstracted by mearsingfi@event calledrm
as follows:

trm = beging:= f end

This event does not “exist” by itself. In other words, it is not part of the protocol: it is jugha
shapshothat we would like hopefully tabserve In the “reality”, the transfer of the fil¢ is not done
in one shot, it is made gradually. But, at this very initial stage of our approach, we are not interested in
this. In other wordsas an abstractionand regardless of what will happen in the details of the distributed
execution of the protocol, its final action must result in the possibility to observe that ttfehiile indeed
been copied in the filg.

It should be noted that, at this point, we are not comitted with any particular protocol: this specification
is thus, in a sense, the most general one corresponding to a given class, namely that of file transfers.
Some more sophisticated specifications could have been proposed, in which the file might have only been
partially transfered.

4.2 Protocol First Refinement

We are now going taefinethe file transfer done in one shot by the previabstracteventtrm acting
“magically” on the Receiver’s side. For this, we have a numbaraoicreteevents corresponding to the
various phasesof the protocol. They are aiming at transfering the fiiece by pieceOf course, the
abstract evertrm should not disappear: it will have a concrete counterpart in which the same observation
as in the abstraction must be possible.

These phases are informally behaving as follows: the Sender has a local ceuntdch records the
“index” of the next datum to be sent to the Receiver (initiallys set to 1). When a transmission does
occur, the data iterd, which is equal tof (s), is sent to the Receiver, the counteis incremented, and
the new value ot is also sent together witt to the Receiver (eversind). Notice that the Sender does
not immediately send the next item. It waits until it receivesiaknowledgemetitom the Receiver. This
acknowledgement, as we shall see, will also take the form of a counter.
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Data Channel

Sender Receiver

<-— Ack. Channd

The Receiver is also supposed to have its own local countémjtially set to 1. When receiving a
pair “index-datum”, the Receiver compares the received counter wihd accepts the datum if the
counter it receives is different from(eventrcv). In this caser is incremented and then sent back as an
acknowledgment. When the Sender receives a numbgiich is equal to its own countes it consider
that the acknowledgement is effective and proceeds with the next item, and so on.

The Sender and the Receiver are thus connected by means of two channels as indicated in the previous
figure: the data channel and the acknowledgement channel. The state variables are declared as follows:

carrier sets: D
invli. 1: s e l..n+1 invi 3: ser..r+1
constants: n, f
invi 2: r e l.n+1 invi 4: g=1..r—1«xf

variables: g,s,r,d

Invariantsinvl_1 andinvl_2 correspond to the declarations ©findr. Invariantinvl_3 states that
the counte is at most one more than the countefhis invariant is the key of the protocol, since it will
allow us to replace in a subsequent refinemeahdr by their parities. Invarianinvl_4 states that the
result file corresponds exactly to the- 1 first elements of the original fil¢g. It remains now for us to
formalize the channels. For the moment (in this refinement) the data channel contains the<otittter
Sender and also some data itdimAs the counter has already been formalized,we only have to define
the invariants corresponding & formally:

invl 5: deD

invli 6: s#r = d=f(s—1)

Invariantinvl_6 states that the transmitted datds exactly the(s — 1)th element of the input filef
whens is different fromr. The Acknowledgment channel just contains the countéthe Receiver. Next
are the various events. They encode the informal behavior of the protocol as described above:
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snd = ~ ~
rcv = trm =
Wheﬂ when when
z ; :H— 1 s#ET s=r
then then s=n+1
d:= f(s) g(r):=d then
s::s+1 ri=r+1 skip
end end end

4.3 Protocol Second Refinement

In this refinement, we shall give the final implementation of the two-phase handshake protocol. The idea
is to observe that it is not necessary to transmit the entire coungerdr through the data and acknowl-
edgment channels. This is so for three reasons: (1) the only tests made on both sites are equality tests
(s = r ors # r), as can be seen in the events defined at the end of the previous section), (2) the only
modifications of the counters are simple increments (again, this can be seen in the events defined in the
previous section), and (3) the difference betweeandr is at most 1 (look at invariaribvl_3). As a
consequence, these equality tests can be performed qatities of these pointers only. These are thus

the quantities we are going to tranfer between the sites. Here are a few obvious definitions concerning the
parities of natural numbers

prp2_1: parity € N—{0,1}
prp2_2: parity(0) =0

prp2_3: Vz-(x € N = parity(x + 1) = 1 — parity(z))

It is then easy to prove the following result, which we are going to exploit. It says that the comparison

of two natural numbers is identical to the comparison of their parities when the difference between these
two numbers is at most one.

thm2_1: Vz,y-(zreNAyeNAzcy..y+1 A parity(x) = parity(y) = = =1y)

We introduce two new variablgsandq defined to be the parities efandr respectively:

carrier sets: D

inv2_1: p = parity(s)
constants: n, f, parity

inv2_2: q = parity(r)

variables: g,s,7,d,p,q

The refined events are as follows:
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snd = ~
when rev = trm =
when
p=gq £ q when
s#n+1 P p=q
then
then o s=n+1
d:= f(s) g(r) :=d then
o ri=r+1 .
s=s+1 gi=1-gq skip
p:=1—p end. end
end

It can be seen that each countenr r is now used on one site only. So the only data transmitted from
one site to the other aktandp from the Sender to the Receiver apdlfom the Receiver to the Sender.
We can also observe that the event does not do anything any more (although it refines its abstraction).
In fact, the transfer is now entirely made by the two other events. The validation of this little development
requires 19 proofs among which 4 had to be done interactively (easily).

4.4 Decomposition

Before decomposing, let us rename the two eventsandrcv as follows:

snd ~»  send_data

rcv -~ send_ack

Our last refinement is now decomposed into two models called: Sender and Receiver.

The Sender has internal varial@nd external variablé, p, andq.

carrier sets: D invS 01: sel.n+1
constants: n, f prpSO0 1: n € N invS 02: d €D
internal variables: s prpS0 2: f € 1.n—D invS_0.3: p € {0,1}
external variables: d,p,q invS_0_4: ¢ € {0,1}

The internal event of Sendersend_data and its external event is calledceive_ack.

send_data =
Wr;ei q receive_ack =
s#En+1 when
pP#q
then
d:= f(s) then
: end
p=1-p
end
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The Receiver has internal variabjendr and external variablé, p, andq.

invl 01: g € N+ D

carrier sets: D invT_02: r € {0,1}
internal variables: g,r invT_ 03: d e D
external variables: d,p,q invT_0_4: p € {0,1}

invT_05: ¢ € {0,1}

The internal event of Receiversend_ack and its external event is calledceive_data.

send _ack = . —

— receive_data =

Wr;e; q when

then thgn: q
g(r) =d d:eD
r:=r-4+1 ;
g=1-g p:€{0,1}

end end

Putting the two models next to each other shows the communication between them.

Sender Receiver
send_data =
when receive_data =
p=gq when
s#n+1 pP=q
then d,p then
d:= f(s) = d:€D
si=s+1 p:€{0,1}
p:=1—p end
end
) J
send_ack =
receive_ack = when
when p#£q
P#q q then
then = g(r):=d
q:€{0,1} ri=r+1
end qg=1—¢q
end
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In order to prove that the decomposition is correct, we have then to prove that the externakeevent
ceive_ack of Sender is an abstraction of the internal ev&amid_ack of Receiver. And symetrically, we
have to prove that external evarteive_data of Receiver is an abstraction of internal eveahd_data

of Sender. Such proofs are easy.

5 Example with Instantiation

In this example, we are going to perform three developments. The second will use an instantiation of
the first one. Then we shall refine the result of this instantiation. And the third development will use an
instantiation of the second one.

5.1 First Development
Initial Model of First Development

We are given a carrier sef and two constant subsdtis andS of it. Moreover, the intersection 61" and
S'is supposed to be non-empty. We are asked to provide any eleméfit N S. Here is the formalization
of this problem.

carrier sets: A prp.D1 0 1: WCA
constants: W, S prp_.D1. 0 2: SCA invD1 01 =z € A
variables: =z prp. D1 03 WNS#w
init = find =
begin begin
r:€A z:eWnS
end end

First Refinement of First Development

In this refinement, we introduce a second varidblelt is a subset o/ and its intersection witly' is
supposed to be non-empiy.is equal tolV initially.

carrier sets: A
invD1 11 VCW
constants: W, S
invD1 12 VNS#o

variables: z,V
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We introduce a new evemémove. Given two distinct elements andb of V' such that eithet is in S

or b is not in S, then the action ofemove consists in removing from V. Intuitively, if a is in S, then
removingb form V' does not break the invariabt N S # @ (a stillisin V' N S). And if bis notin S, we
can remove it fron’” whatever the status of. We leave the complete formal proof of this refinement as
an exercise to the reader.

remove =
any a,b where find =
init = aeV any y where
begin beV yeVv
x:€ A a#b V={y}
V=W (aeSVbgs) then
end then =y
V.=V {b} end
end

5.2 Second Development

Initial Model of Second Development

We are given a carrier sét and two constantsandU. The constant is supposed to be a binary relation
built on B. This relation is avell order. it is a partial order (propertigsrp_D2_0 2 to prp_D2_0_4),
such that any non-empty sub3ébf B has a smallest element with respect {@ropertyprp_D2_0_5).
The constant is a non-empty subset @&. We are asked to find the smallest elemenof U.

prp_.D2_ 0 1: re B« B
prp_D2_0 2: id(B)Cr
prp_D2_0_3: rnr~! Cid(B)
carrier sets: B prp_D2 0 4: rirCr
constants: r, U x‘i 7% g
prp_D2_0_5: VvV - -
variables:
v Jy-(yeV AV Cri{y}])
prp_D2_0_6: UCB
prp_D2_0 7: U#o
inv D2 0 1: z€B
init = find =
begin begin
r:€B z:|(xeU A UCr[{z}])
end end
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First Refinement of Second Development

We instantiate the first development by giving values to the paramétéig, andS in it. These values
are defined as follows in terms of the carrier Beand constants andU of the second development:

A=1B
W=U
S ={zlzeBAUCr[{z}]}

And we now have to prove the three properfies_D1 0_1,prp_D1_0_2, prp_D1_0_3 after instanti-
ating them as above, namely

UCB
{z]ze BANUCr[{z}]} CB

Un{zlzeBANUCr[{z}]} # @

The first one is exactlyprp_D2_0_6, the second is obvious, and the third is a direct consequence of
prp_D2_0_5 by instantiating” with U. We now have to prove that eveirid in the second development
is refined by instantiated evefihd in the first development. This yields the following which trivially

holds:

xeUNA{zlzeBANU Crl{z}]} = 2€U AU Cri{z}]

As a consequence, we det freethe instantiated refinement of the first development:

carrier sets: B
inv.D2 1 1. VCU

constants: r,U
inv_D2_ 1 2: {z|zeBANUCr[{z}]} NV # o

variables: z,V

remove =
any a,b where find =
init = acV any y where
begin beV yeVv
r:€B a#b V ={y}
V.i=U UCr[{a}]} Vv U Zr[{b}] then
end then Ti=y
V.=V \{b} end
end
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Second Refinement of Second Development

We now refineremove by strengthening its guard. We also spéitnove in two events as follows:

remove 1 = remove 2 =
any a,b where any a,b where
aceV aceV
beV beV
a#b a#b
a—ber b—a €r
then then
V=V {b} Vi=V\{a}
end end

Third Refinement of Second Development

As an extra data-refinement, we introduce a constawhich is a natural number, and a bijective function
F from the intervab .. n to the sef/. We replace the variablé by two natural numbers initialised to
0, andj, initialised ton, both belonging to the interval.. n. The gluing invarianinv_D2_3_3 stipulates

thatV is the image of the interval.. j underF.

prp_D2_3 1: n € N
carrier sets: B prp.D2 3 2: F € 0..n—»U
constants: r,U,n, F inv.D2 31 i€ 0..n
variables: x,i,j invD2 3 2: j€0..n
inv_D2_3 3. V = Fli..j]
L~ remove 1 = remove 2 = i ~
init = — — find =
begin when when p when
z:€B 27%‘7 . Z#.J . 1=7
. F(i] = F(j) € F(j) = F(i) € v then
. then then s
J =7 ji=j—1 i=i+1 z = F(i)
end end end end

5.3 Third Development
Initial Model of Third Development

In this development, we are given two constants: a natural nupésed an injective functioi/ from the
intervalO .. p to the set of natural numbers. And we are asked to find the minimofihe range of{.
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prp_D3_0_1: p € N
constants: p, H
prp. D3 0 2: H € 0..p—N
variables: =z

inv_D3 01 =z €N

init = find =
begin begin
x:€N 2 := min(ran(H))
end end

First Refinement of Third Development

We instantiate the second development giving values to the paranigtetsU,n, and F' in it. These
values are defined as follows in terms of the constartisd H of the third development:

N

B —
R={a—blae NAbe NAawa<b}
U:

ran(H)
n=mp
F=H

And we have to prove the seven properpgs D2 0 _1toprp_D2_0 7 and the two proertigsrp_D2_3 1
andprp_D2_3 2 after instantiating them. This can be done easily. We now have to prove that the instan-
tiated evenffind of the initial model of second development is a refinement of efiedtof the initial

model of the third development. This yields the following, which holds trivially:

x € ran(H) AN Vy-(yeran(H) = v<y) = z = min(ran(H))

As a consequence, we obtdor freethe instantiation of the third refinement of the second development,
that is

constants: p, H inv_D3_11: i € 0..n

variables: =z,1,j invD3 12 je€0..n
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init = remove 1 = remove 2 = find =
b . when when -
egin S o when
z:€N Z#.] . Z#.] , 1=7
. then then .
J=n ji=j—1 i=it1 z = H(i)
end end end end

From these events, we can easily construct the following piece of code:

i, J = 0,n;
while i #j do
if H(i) < H(j) then

J=7—-1
else
t:=14+1
end
end;
x:= H(i)
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Event-B: Mathematical Language

1 Introduction

This document contains the definition of tMathematical Languagee are going to use in Event-B.

It is made of four sections introducing successively the Proposition Language (section 3), the Predicate
Language (section 4), the Set-theoretic Language (section 5), and the Arithmetic Language (section 6).
Each of these languages will be presented as an extension of the previous one. Before introducing these
languages however, we shall give a brief summary of the Sequent Calculus (section 2).

2 Sequent Calculus

2.1 Definitions

(1) A sequents a generic name for “something we want to prove”. For the moment, this is just an infor-
mally defined notion, which we shall refine later. In what follows we shall use identifiers suth &2,

etc. to denote sequents. The important thing to note at this point is that we can asspeotatbnath a
sequent. For the moment, we do not know what a proof is however. It will only be defined at the end of
this section.

(2) An inference ruleis a device used to construct proofs of sequents. It is made of two partanthe
tecedenpart and theonsequenpart. The antecedent denotes a finite set of sequents while the consequent
denotes a single sequent. The inference rule, namwith antecendenfl and consequent' is usually
written as follows:

Itis to be read:

Ruler yields a proof of sequerit' as soon as we have proofs of each sequerit of

Note that the antecedert might be empty. In this case, the inference rule, namedxsay written as
follows:

And it is to be read:



Rulex yields a proof of sequent

(3) A Theoryis a set of inference rules.

(4) Itis now possible to give the definition of tipeoof of a sequenwithin a theory7 . It is simply a finite

tree with certain contraints. The nodes of such a tree have two components: a seneatrule- of the

theory7 . Here are the constraints for each node of the ferm r: the consequent of the ruteis s, and

the sons of this node are nodes whose sequents are exactly all the sequents of the antecedenfsf rule

a consequence, the leaves of the tree contain rules with no antecedent. Moreover, the top node of the tree
contains the sequent we want to prove. As an exampl&, te¢ the following theory:

e r2 27 r3 5253 54 r4 = r5 5556 ré

) i 51 55 53 I

S7

56

Here is a proof of the sequefi:

S1
r3
LN
S2 S3 S4
rl r5 r2
a l
S5 S6 ST

r4 ré r7

As can be seen, the root of the tree has seqyénivhich we want to prove. And it is easy to check
that each node, say nods — r5, is indeed such that the consequent of its nblés the sequenf3.
Moreover, we can check that the sequents of the son nodes ofStéde r5, namely,S5 and.S6, are
exactly the sequents forming the antecedents ofrEul@his tree can be given another more vertical form,
which is the following, and which we shall adopt in the sequel:

S1 r3
S2 rl
S3 r5

S5 r4
S6 ré
S4 r2
ST r7

2.2 Sequents for a Mathematical Language

We now refine our notion of sequent in order to define the way we shall make proofs with our Mathemat-
ical Language. Such a language contains constructs dafksticates For the moment this is all that we
know about our Mathematical Language. Within this framework, a sequent has the following form:

HEG




whereH is a finite set of predicates called thgpothesesand where G is a predicate called tual. Note
that the finite set of hypothesesmight be empty. This sequent is to be read as follows:

Under the hypotheses of the $&tprove the goat

This is the sort of sequent we want to prove. It is also the sort of sequent we shall have in the theories
associated with our Mathematical Language.

2.3 Initial Theory

We now have enough elements at our disposal to define the first rules of our proving theory. Note again
that we still don’t know what a predicate is. We just know that predicates are constructs we shall be able
to define within our future Mathematical Language. We start with three basic rules which we first state
informally. They are calletHYP, MON, andCUT.

HYP: If the goal P of a sequent belongs to the set of hypothds$es this sequent, then it is proved.
MON: Once a sequent is proved, any sequent with the same goal and more hypotheses is also proved.

CUT: If you succeed in proving a predicateunder a set of hypotheskls then P can be added to the set
of hypothesesi for proving a goaly.

These rules can be encoded as follows:

HEQ Ht P HPFQ
HYP ——————— MON ————— cuT
H, P+ P H, P+ Q HEQ

The previous theory can be given a more convenient tabular form, which we shall adopt in what follows.
We name it7 0:

Antecedents | Consequent
HYP H P+ P
70
MON HF Q H P+ Q
CuT e H F
H P F Q @

Note that in the previous rules, the lettér P and@ are, so-calledneta-variablesThe letteH is a meta-
variable standing for a finite set of predicates, whereas the [Bteard(Q are meta-variables standing for
predicates. Clearly then, each of the previous “rules” stands for more than just one rule: it is better to call
it a rule schemar a generic rule. This will always be the case in what follows.



3 The Proposition Language

In this section we present a first simple version of our Mathematical Language, it is called the Proposition
Language. It will be later refined to more complete versions.

3.1 Syntax

Ouir first version is built around three constructs cattedjunction implication andnegation Given two
predicates? and(@, we can construct their conjunctidh A @ and their implicationP? = Q. And given a
predicateP, we can construct its negatienP. This can be formalized by means of the following syntax:

predicate ::= —predicate
predicate N predicate Syl
predicate = predicate

This syntax is clearly ambiguous, but we do not care about it at this stage. This will be studied and solved
in another companion document nantadent-B: Syntax of the Mathematical Langualpewhat follows,
in order to avoid ambiguities, we shall provide as many pairs of parentheses as needed.

3.2 Enlarging the Initial Theory

The initial theory7 0 given in section 2.3 is enlarged with the following inference rules forming the
Theory71:

Antecedents Consequent

R1

I T
T T

P
0 HE PAQ

R2| HF PAQ H+ P

R3| HF PAQ HE Q

T1
RA&| H, P F Q HE P=0Q

RSE| HF P=@Q | HPFQ

1

R6

Iz
1

QO
TT

R7

Iz
QDO
-
J
)
T
T
i
O




As can be seen, ruld®l, R2, andR3 are used to eliminate or introduce theoperator. Rulef4 and
R5 are used to eliminate or introduce tke operator. And rulefR6 andR7 are used to do proofs by
contradiction.

3.3 Replacing the Previous Theory

The previous Theor{ 1 is very natural and clearly in full accordance with our intuitive understanding of
conjunction, implication and negation. But it suffers a very important drawback: it is not very convenient
to use it to construct practical proofs because it offers too many possibilities.

We shall then propose another Theory callel TheoryS1 can be constructed systematically from
Theory71 but we shall not do this construction here. The8iyis certainly far less natural than Theory

71, but it offers the great advantage over The@ry to be almost deterministic. Almost only, but, at the

end of this section, we shall indicate a certain way of using it which makes it completely deterministic: it
means that at each step of the proof tree construction we shall have only one possibility of choosing an
applicable inference rule or no possibility at all in case of failure.

In fact, TheoryS1 defines a, so-calleghroof procedurefor the simple Proposition Language so far de-
fined. It can be easily mechanized. But before doing this, we have to extend our proposition Language
with one predicatel . This predicate is just used in this theory. In other words, users of the Mathematical
Language are not allowed to use it. Here is The®ty

Antecedents Consequent
INl [HF -R= L HFR
AXM H, P, -PFR
HF-Q = R
ANDL| &\ AT D HF (P AQ) = R
AND2|HFP=(Q=1R) |HFPAQ =R S1

IMPL|HFP= (-Q=R)|HF-(P=0Q) =R

HF Q=R
IMP2H|_9P:>R HF (P=Q) =R
NEG |[HF P =R HF =P =R
DED |H, P - R HF P =R

This theory has to be used with a, so-called, tactic telling us in which order the rules have to be applied.
Here is the tactic, where RULES is one/aXM , IMP1, IMP2, AND1, AND2, NEG:



INI ; (RULES" ; DED)*

This tactic has to be read as follows: First use e once. Then start the following process: use any
rule in RULES as long as it is possible, then ¥eD once, and finally re-start this process.

3.4 Example
Here is an example of using the previous proof procedure. It is used to prove the following sequent:

F(A= B)= (AANC)= (BAC))

Proof
F(A= B)= (AANC)= (BACQ)) INI
F-(A=B) = (ANC)=(BANC(C))= L IMP1
FA=B)= (-{(AANC)=(BANC)= 1) IMP2
FB=-({(AANC)= (BAC)= 1) DED
BF-((ANC)= (BAC)= L IMP1
BF(AANC) = (-(BAC)= 1) AND2
BrFA= (C=(-MBANO= 1) DED
BAFC=(-(BANOC)=1) DED
B,ACF —~(BAC)= L AND1
B,A,C + -C= 1 DED
B,A,C,~C + L AXM
B,AC v -B= L DED
B,A,C,~B + L AXM
F-4A= (+-{(AANC)= (BAC)= 1) DED
“AF-(ANC)= (BANQO)= L IMP1
~“AF(AANC)=> (-(BAC)= 1) AND2
“AF A= (C=(—(BANC=1) DED
—~AAFC = (~(BAC)= 1) AXM

As can be seen, this proof procedure must be mechanized: there is no point in doing such a proof manually.

3.5 Methodology

The method we are going to use to build our Mathematical Language will be very systematic. It consists
of subsequently augmenting our syntax, and correlatively augmenting our available inference rules. At
each step of the construction, we shall havetural Theory7Z; and a correspondingractical TheoryS;

which is derived front/;.

We shall use two different approaches for extending our language. Either the extension corresponds to
a simple facility. In other words, the new construct can entirely be defined in terms of existing ones. In
that case, we shall only augment the current practical Th8pr{r the new construct is definitely new

and not related to any previous construct. In that case, we shall proceed differently. We first augment the
current natural Theory; and then derive from it a corresponding augmentation of the current practical
TheoryS;



3.6 Extending the Proposition Language

The Proposition Language is now extended by adding two more constructs digjlenttionandequiv-
alence Given two predicate® and (@, we can construct their disjunctiai v ¢ and their equivalence

P < Q. We also add one predicafé: As a consequence, our syntax is now the following, where we have
underlined the new constructs:

= 1
=

predicate

:predicate

predicate
predicate

A predicate
V predicate

predicate
predicate

= predicate
& predicate

SY2

Such extensions are defined in terms of previous ones by mere rewriting rules:

Predicate Rewritten

T -1

PvVvaQ -P=Q

P& Q (P=Q AN (Q= P)

TheoryS1 can be extended with the following rules which can be established easily after applying the

previous rewriting rules:

Antecedents

Consequent

ORL |HF -P=(-Q =R) |HF ~(PVQ) =R
orz | [ [ Y= & HE (PVQ) = R
eova |y £ D82 (W re@ o R
EQv2| ) | fﬁgﬁ%j&)i B |HF (Pe@ =R

S2



4 The Predicate Language

In this section, we introduce the Predicate Language. The syntax is extended with a number of new
kinds of predicates and also with the introduction of two new syntactic categories eaflezssiorand
variable A variable is a simple identifier. Given a list of variablesnade of distinct identifiers and a
predicateP, the construcvz- P is called auniversally quantified predicatésiven a list of variables:

made of distinct identifiers, a list of expressiohif the same size as that of and a predicaté, the
constructlz := E|P is called asubstituted predicateAn expression is either a variable sabstituted
expressioriormed in exactly the same way as a substituted predicate, or plEesa expressiott; — F',

whereE and F are two expressions. Note that substituted predicates and expressions are given here in
order to be able to define the inference rules of quantified predicates in section 4.5. In fact, such constructs
will never be used by users of the Mathematical Language. Here is this new syntax:

predicate = L
-
- predicate
predicate A predicate
predicate V predicate
predicate = predicate
predicate < predicate
Yvar_list - predicate SYy3
[var_list ;= exp_list] predicate

expression 1= variable
[var_list ;= exp_list] expression
erpression — expression

variable = identifier

Note that we have not defined any syntactic structures for the two syntactic categeriésst and
exp_list. They simply respectively denote finite sequences of variables and finite sequences of expres-
sions.

4.1 Predicates and Expressions

It might be useful at this point to clearly identify the distinction between a predicate and an expression. A
predicateP is a piece of formal text which can pgovedwhen embedded within a sequent as in:

F P

A predicate does not denote anything. This is not the case of an expression which always denotes an
object An expression cannot be “proved”. Hence predicate and expression are incompatible. Note that for

the moment the possible expressions we can define are quite limited. This will be considerably extended
in the Set-theoretic Language defined in section 5.

4.2 Substitutions and Quantified Predicates

A construct such as := E, embedded into the predicdte := E|P, wherez is a list of variablesf
is a list of expressions of the same sizeragnd P is a predicate, is called substitution The construct



[x := E]P is a transformation of the predicafe obtained by replacing i the free occurrence®f

the variables of the list by the corresponding expression of the &tIn section 4.3, we shall formally

define what we mean by a free occurrence of a variable in a predicate or expression. And in section 4.4 we
define rules to be applied in order to systematically perform such a transformation. Similar substitutions
can be used in an expression.

A predicate such asz- P, wherez is a list of variables made of distinct identifiers aRds a predicate,

is called auniversally quantified predicatélhe predicateP is the scopeof the variables inc in this
qguantified predicate. The variables ofare said to bdoundin P. Other variables having occurrences
in P which are not bound are said to bree Informally speaking for the moment, saying that such a
predicate is proved means that all predicates of the farm= E]P are then also proved. This will be
formalized by two inference rules in section 4.5.

4.3 Free and Bound Variable Occurrences

The non-freeness of a list of variables in a formula can be calculated by means of a number of rules. These
rules are defined on the structure of our Predicate Language. More precisely, the rules give meaning to the
condition] nfin K, wherel is a list of variables and is a predicate or an expression. A construct such

asl nfin K is to be read “variables of the listare not free (bound) ix™.

In the following tablex andy are meta-variables standing for a variallis, a meta-variable standing
for a list of variables,P and( are meta-variables standing for a predic@eand F' are meta-variables
standing for an expression, L is a meta-variable standing for a list of expressioris,iadneta-variable
standing for a predicate or an expression.

Non-freeness Condition
NF1| =z nfiny x and y are distinct
identifiers

NF2| (I, y)nfin P | Infin P and y nfin P

NF3| (I, y)nfin E | Infin E and y nfin B

NF4| znfin (PAQ)| znfinP andznfin@| N1

NF5| z nfin (P= Q)| znfin P and z nfin Q

NF6 | z nfin P z nfin P

NF7| znfinVx-P

NF8 | z nfinVy- P z nfin y and z nfin P




Non-freeness Condition
NF9 | z nfin (VI,y- P) x nfin (VI -Vy - P)
NF10| z nfin [z := E]K x nfin B
NF11l| z nfin[y:= E|K z nfiny and z nfin E and z nfin K
NF12| znfin [l,z:= L, E]K| znfin[l:= L]K and x nfin £
NF13| znfin[l,y:=L,E]K| znfiny and x nfin[l := L]K and z nfin £
NF4 | znfinl,y x nfin | and x nfin y
NF15| z nfin L, F x nfin L and z nfin E
NF16| z nfin (E — F) x nfin £ and x nfin F

NF1 (contd)

4.4 Substitution Rules

Substituted predicates or expressions can be calculated by means of the following rules defined on the
structure of the Predicate Language. In this table, we use the same meta-variable conventions as in the
previous table.

Substitution Definition
SUBL| [z :=E|z FE
SUB2| [z:=E]y Y if x nfiny

SUB1

SUB3| [z:=E|(PAQ) | [z:=E|P A [z:=E]Q

SUB4| [z:=E|(P=>Q)| [z:= E]P = [z := E|]Q

SUB5

10



Substitution Definition

SUB6 | [z:=E|Va-P | Vaz-P

SUB7 | [x:=E|Vy-P Vy-[|z:=E]P
if ynfinz and y nfin £

SUB1 (contd)
SUB8 | [x:=E]Vl,y-P | [x:=E|VI-Vy-P

SUB9 | x:=E|(F— G)| [x:=E|F — [z:=E]G

SUB10 | [l,z:=L,E]F [z:=El[l:=L][z:

The application of these rules makes it possible to completely eliminate substitutions. Note that it is always
possible to transform a quantified predicate suckizasP into the following equivalent on¥y - [z :=
y] P providedy is not free inP. This transformation is calledéange of variables

4.5 Universally Quantified Predicate Inference Rules

We now enlarge the initial theor§ 1 of section 3.2 with the following specific rules for universally
guantified predicates:

Antecedents Consequent
RS x nfin @ for each@ in H H b vp. P T
Hi P v
R9| HF V- P HE [z:=E]P

4.6 Replacing the Previous Theory Extension

As for the case of the Proposition Language in section 3.3, we can replace the extension of previous section
by this one which is more convenient to use for mechanizing the proof construction of our Predicate
Language. Here is this extension of the practical The&iy

11



Antecedents

Consequent

ALL1

if = nfin R and z nfin H

HF --P=R

HE -(Vz-P)=R

ALL2

Ht (Vi,y-P)=R

Ht (V-Vy-P)=R

INS

H, Vz-P + [x:=E]|P= L

H Vo -P F L

83

This theory has to be used with the following tactic, where RULES is oexdf , IMP1, IMP2, AND1,
AND2, NEG, OR1, OR2, ALL1, andALL2:

INI ; ((RULES' ; DED)*;INS)*

4.7 Extending the Predicate Language: Existential Quantification

The Predicate Language is now extended by introduekistential quantificatiomf predicates. Given a
predicateP and a list of variables, made of distinct identifiers, we can construct the predigateP.
The new syntax is thus now as follows:

predicate = 1

T

- predicate

predicate A predicate
predicate \V predicate
predicate = predicate
predicate < predicate
Yvar_list - predicate
Jvar_list - predicate

[var_list := exp_list] predicate
expression 1= variable
[var_list ;= exp_list] expression

exrpression — expression

variable = identifier

Sy4

This extension is defined as follows by a rewriting rule in terms of the universally quantified predicate:

12



Predicate

Rewritten

dz -

P

-Vx - P

The previous practical Theoky3 can then be extended as follows after applying the previous rewriting

rule:

Antecedents

Consequent

XST1|H + (V2--~P) = R

HF -(Gz-P)=R

54

XST2

HF P=R

if x nfin R and z nfin H

HE (3z-P)=R

4.8 Extending the Predicate Language: Equality

The Predicate Language is once again extended by adding a new predicatgjdhty predicateGiven
two expressiong’ and F', we define the following construét = F'. Here is the extension of our syntax:

predicate =

erpression =

variable =

L
=

- predicate

predicate
predicate
predicate
predicate
Yvar_list
Fvar_list

[var_list :
expression = erpression

A predicate

V predicate

= predicate

& predicate

- predicate

- predicate

= exp_list] predicate

variable

[var_list :
erpression — expression

identifier

= exp_list] expression

We extend in a similar manner the rules of non-freeness as follows:

13
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Non-freeness Condition

NF2
NF17| z nfin (E=F) z nfin £ and z nfin F
We also extend the substitution rules as follows:
Substitution Definition
SUB2

SUB11|[2:=C](D=E)|[z:=C]D = [2:=C|E

The natural Theory 2 is extended with two inference rules for proving equality predicates:

Antecedents Consequent

H+ [¢:=FP | T3

H - BE=
ROV W o=

F
:= E]P

R11 HF E=FE

Finally, we extend accordingly our practical Thedty:

Antecedents Consequent

EQL1 H+ -(E=E)=R
S5

LBZ1l |H,E=F,[x=E|P + [x:=F|P= L|H E=F, [z:=EP + L

LBZ2 |H,E=F,[x:=F|P + [x:=EP= L|H,E=F [x:=F|P F L

5 The Set-theoretic Language

Our next language, the Set-theoretic Language is now presented as an extension to the previous Predicate
Language.

14



5.1 Syntax

We introduce another predicate threembership predicatand a new syntactic categoryet Given an
expressior® and a ses, the construcE € s is a membership predicate. We also enlarge the expression
syntactic category by adding that a set is an expression. Finally, we introduce the sets constructs. Given
two setss andt, the construck x t is a set called th€artesian producbf s and¢. Given a sek, the
constructP(s) is a set called thpower set o&. Finally, given a list of variables with distinct identifiers,

a predicateP, and an expressiofy, the construc{z - P | E'} is called aset defined in comprehension

Here is our new syntax:

predicate

variable

set

erpression ::

€

T

—predicate

predicate A predicate
predicate V predicate
predicate = predicate
predicate < predicate

YV var_list - predicate
Jwar_list - predicate
[var_list .= exp_list] predicate
eTpression = exrpression
erpression € set

variable

[var_list ;= exp_list] expression
eTpression — expression

set

identi fier

set X set

P(set)

{var_list - predicate | expression }
variable

5.2 Non-freeness and Substitution Rules

We first enlarge the non-freeness set of rules by adding the following ones:

Non-freeness

Condition

NF18|  nfin (s x t)

x nfin s and z nfin ¢

NF19| =z nfin P(s)

x nfin s

NF20| x nfin {l- P|E}

znfin (VI-P = E=F)

15
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Likewise, we add the following rules to the substitution ones:

Substitution Definition
SUB12| [z := E|(s x t) [z:=F]s x [z:=F]t
SUB13| [z := E] P(s) P([z := E]s)
SUB14| [z:=FE|{z-P|F} |{z-P|F}
SUB15| [z:=F|{y-P|F} |{y-[z:=F]|P|[z:=F]F}
if ynfinz and y nfin £
SUB16| [z:= E|{l,z-P|F} | {l,z- P|F}
SUB17|[z:=F|{l,y-P|F} |{l,y - [z :=E|P||[z:=FE]F}
if znfiny and [ nfinz and [,y nfin £

5.3 Inference Rules

SUB3 (cont'd)

The inference rules for the set-theoretic Language are given under the form of equivalences to various
set memberships. They are all defined in terms of rewriting rules. Note that the first of this rule defines
equality for sets. It is called the extensionality axiom.

Operator

Predicate

Rewritten

Set equality

sePt) N teP(s)

Cartesian product

E— Fesxt

EFEes N Fet

SET1

Power set E cP(s) Ve-(r€E = x€s)
if znfin E and z nfin s
Set comprehension Eec{z-P|F} Jr-(P N E=F)

if znfin B

As a special case, set comprehension can sometimes be Wriit¢® }, which can be read as follows:
“the set of objects with shapE when P holds”. However, as you can see, the list of variabtesas

16



now disappeared. In fact, these variables are theglicitly determinedas being all the free variables
in F. When we want that: represent onlysome but not all, of these free variables we cannot use this
shorthand.

A more special case is one where the expres$ias exactlyz, that is{z - P | z }. As a shorthand,
this can be writteq = | P }, which is very common in informally written mathematics. But again, notice
that, contrary to intuition, the list of variablashas disappeared. Again, it will be determined as the free
variables of expressian. And thenE € { « | P } becomedz := E|P.

From now on, all extensions of the Set-theoretic Language will take the form of “simple facilities”, as
explained in section 3.5. And most of them are extensions dfetsyntactic category. As a consequence,

the new syntax will be presented differently. The new constructs will be presented under the form of
rewriting rules. And since most of the new construct are sets, the rewriting rules will transform some set
membership predicates into simpler ones.

5.4 Elementary Set Operators

In this section, we introduce the classical set operators: inclusion, union, intersection, difference, exten-
sion, and the empty set.

predicate = ...
set C set
set = .. SYy7
set U set
set N set
set \ set
{exp_list}
@
Operator Predicate Rewritten
Inclusion SCT SeP(T)
Union EeSuT EFEeS v FeT
Intersection EFEeSnNnT EeS N EeT SET2
Difference EeS\T EeS N E¢T
Setextension | Ee€{a,...,b} | E=a V ... V E=b
Empty set Feo 1

17



5.5 Generalization of Elementary Set Operators

The next series of operators consists in generalizing union and intersection to sets of sets. This takes the
forms either of an operator acting on a set or of a quantifier.

set = ...
union(set) Sy8
Jwar_list - (predicate | set)
inter(set)
(var_list - (predicate | set)
Operator Predicate Rewritten
Generalized union E € union(S) ds-(s€S AN E€s)
if snfinS and snfin £
Quantified union EecJz-(P|T) Jx-(PANEE€eT)
if znfin £ SET3
Generalized intersection E € inter (5) Vs-(se€S = FEe€s)
if snfinS and snfin £
Quantified intersection EecNz-(P|T) Ve - (P = E€T)
if z nfin £

The last two rewriting rules require that the seter(S) and( z- (P | T) be well defined This is
defined in the following table:

Set construction Well-definedness condition

inter (5) S#0 WF1

Na-(P[T) {z- PIT}# 2

Note that well-definedness is studied in full details in the document enkitedit-B: Syntax of Mathe-
matical Language
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5.6 Binary Relation Operators

We now define a first series of binary relation operators: the set of binary relations built on two sets, the
domain and range of a binary relation, and then various sets of binary relations.

set = ...
set < set
dom(set) SY9
ran(set)
set «— set
set «» set
set «» set
Operator Predicate Rewritten
Set of binary relations reS«T rCSxT
Domain E € dom (r) Jy-(E—y €r)
if ynfin £ and y nfinr
Range F €ran(r) dz-(x—F € 1) SET4
if znfin ' and z nfinr
Set of total relations reS«T reS—T A dom(r)=2S5
Set of surjective relations reS«—T reS—T Aran(r)=T
Set of total and surjective relations reS«»T reS«T ANreST

The next series of binary relations operators define the converse of a relation, various relation restrictions
and the image of a set under a relation.
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set = ...
set™!
set < set SY10
set > set
set g set
set B set
set[set]

Operator Predicate Rewritten

Converse E—~Fer! F—FEer

Domain restriction E—F ¢ S«r FeS N E—Fer

Range restriction E—F ec¢rp>T E—Fer N FeT SETS

Domain subtraction E—F e Sar E¢S N E~Fer

Range subtraction E—~F erpT | E~Fer N Fg¢T

Image F € r[w] I-(zew AN z—Fer)
if znfin 7 and z nfinr and xz nfin w

Our next series of operators defines the composition of two binary relations, the overriding of a relation
by another one, and the direct and parallel products of two relations.

set 1= ...
set ; set
set o set
set < set
set ® set
set || set

Sy11
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Operator Predicate Rewritten

Forward
composition E—Fep;q Jz-(E—zxz€p N z— Feq)

if xnfin Z and znfin ¥ and

x nfin p and z nfin ¢

Backward
composition E—Feqop E—Fep;q SET6
Overriding E—Fep<gtq Ew— Fe(dom(q)<dp) U g
Direct product E—(F—G)ep®ygq E—Fep N E—Gegq
Parallel product (E—~F)— (G—H)epllq | E~,Gep N F—Hegq

5.7 Functional Operators

In this section we define various function operators: the sets of partial and total functions, partial and total
injections, partial and total surjections, and bijections. We also introduce the two projection functions as
well as the identity function.

set = ...

set + set
set — set
set -+ set
set — set SY12
set + set
set — set
set =» set
prj; (set)
prjs(set)
id(set)

21



Operator Predicate Rewritten
Set of partial functions feS+-T feS<T A
(f~1: f) =id (van (f))

Set of total functions fesS—-T fesS-T A S=dom(f)
Set of partial injections fes8ST fesS+T N fleT+S
Set of total injections fes—T feS—T N fleT+S
Set of partial surjections fesS»T fesS+T AN T=ran(f)
Set of total surjections feS—»1T fesS—T AN T=ran(f)
Set of bijections fesS—-»T fesS—T N feS—>T

First projection

(E— F)— G € prji(r)

E—Fer N G=F

Second projection

(B F) = G € pria(r)

E—Fer N G=F

Identity

E— F €id(S)

EeS N F=E

5.8 Lambda Abstraction and Function Invocation

We now defindambda abstractionwhich is a way to construct functions, and also function invocation,
which is a way to call functions. But first we have to define the notiopatfern of variablesA pattern
of variables is either an identifier or a pair made of two patterns of variables. Moreover, all variables

SETT

composing the pattern must be distinct. For example, here are three patterns of variables:

Given a pattern of variables a predicate”, and an expressiof, the construch x - (P | E) is a lambda
abstraction, which is a function. Given a functipand an expressiofR, the construcf (E) is an expres-

abc

abc — def

abc — (def — ghi)

sion denoting a function invocation. Here is our new syntax
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exrpression 1=

set(expression)
set = ... SY13
A pattern - predicate | expression
pattern == wariable
pattern — pattern
In the followig table] stands for the list of variables in the pattdin
Operator Predicate Rewritten

Lambda abstraction

F—G € \L-P|E

F—G e {I-P|L—E} | SET8

Function invocation

F=[f(E)

E—F € f

The function invocation construgt ) requires a well-formedness condition, which is the following:

Expression

Well-formedness condition

WF2

f(E)

E € dom(f)

6 Arithmetic Language

6.1 Syntax

We add a new syntactic categomryumber. A number is an expression. Numbers are either 0, the sum,
product, or power of two numbers. We also add the Bedsid succ.
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exrpression = ...
number

set = ...

N

succ Sy14
number =0

number + number
number x number
number ~ number

6.2 Peano Axioms and Recursive Definitions

The following predicates are added systematically to the hypotheses of sequents to prove:

0 €N
succ € N—» N\ {0}

0es

Vn-(neS = sucgn) € S)
=

NCS

vS-

Va-(aeN = a+0 = a) AR1
Va-(a€N = ax0 = 0)
Va-(ae€N = a~0 = sucq0))

Va,b-(a €N A beN = a+sucgb)

sucqa + b))
Va,b-(a €N AbeN = axsucqd) = (a*xb)+a)

Va,b- (aeNAbeN = a"sucgh) = (a"b)*a)

6.3 Extension of the Arithmetic Language

We introduce the classical binary relations on numbers, the finiteness predicate, the interval between two
numbers, and the subtraction, division, and modulo constructs.
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predicate = ...
number < number
number < number

finite(set)
set = L. SY15
number .. number
number = ...
number — number
number / number
number mod number
card set)
Operator Predicate Rewritten
smaller than or equal a<b de-(ceN AN b=a+c)
smaller than a<b a<b AN a#b
interval c € a..b a<c AN ¢c<b
subtraction c=a-—b a=b+c AR2
division c=a/b dr-(reN A r<b A a=cx*xb+r)
modulo r=a mod b a=(a/b)xb+r
finiteness finite(s) dn,f-(n e N A fel.nm—»s)
cardinality n = cards) df-f € l.n—»s

The subtraction, division, modulo, and cardinal constructs are subjected to some well-formedness condi-
tions, which are the following:

25



Number

Well-definedness condition

a—b b<a

a/b b#0
a mod b b#0
card’s) finite(s)

26
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1 Introduction

This document presents the technical aspects of the kernel mathematical lan-
guage of event-B. Beyond the pure syntax of the language, it also describes its
lexical structure and various checks (both static and dynamic) that can be done
on formulas on the language.

The main design principle of the language is to have intuitive priorities
for operators and to use a minimal set of parenthesis (except when needed
to resolve common ambiguities). So, the emphasis is really on having formulas
unambiguous and easy to read.

The first chapter describes the lexicon used by the language, then chapter
describes its (concrete) syntax. Chapter three introduces the notion of well-
formed and well-typed formula (static checks). Finally, chapter four gives the
well-definedness conditions for a formula (dynamic check).



2 Language Lexicon

This chapter describes the lexicon of the mathematical language, that is the
way that terminal tokens of the language grammar are built from a stream of
characters.

Here, we assume that the input stream is made of Unicode characters, as
defined in the Unicode standard 4.0 [4]. As we use only characters of the Basic
Multilingual Plane, all characters are designated by their code points, that is an
uppercase letter ‘U’ followed by a plus sign and an integer value (made of four
hexadecimal digits). For instance, the classical space character is designated by
U+0020.

Each token is formed by considering the longest sequence of characters that
matches one of the definition below.

2.1 Whitespace

Whitespace characters are used to separate tokens or to improve the legibility
of the formula. They are otherwise ignored during lexical analysis.

The whitespace characters of the mathematical language are the Unicode
4.0 space characters:

U4-0020 U+00A0  U+1680 U+180E U+42000  U+2001
U+-2002 U+-2003 U+4-2004 U+-2005 U+42006  U+2007
U~+2008 U+2009 U+200A  U+200B U+2028  U+2029
U+202F  U4-205F U~+3000

together with the following control characters (these are the same as in the Java
Language):

U-+0009 U-+000A  U+000B U+000C  U+4000D
U+001C U+4001D  U4001E U+001F

2.2 Identifiers

The identifiers of the mathematical language are defined in the same way as in
the Unicode standard [4, par. 5.15]. This definition is not repeated here. Basi-
cally, an identifier is a sequence of characters that enjoy some special property,
like referring to a letter or a digit.

Some identifiers are reserved for the mathematical language, where a prede-
fined meaning is assigned to them. These reserved keywords are the following



identifiers made of ASCII letters and digits:

BOOL FALSE TRUE

bool card dom finite  id
inter max min mod pred
prjl prj2 ran succ union

together with those other identifiers that use non-ASCII characters:

Token Code points Token name

N U+2115 SET OF NATURAL NUMBERS
Ny U+2115 U+0031 SET OF POSITIVE NUMBERS
P U+2119 POWERSET

P, U+2119 U+0031 SET OF NON-EMPTY SUBSETS
7 U+2124 SET OF INTEGERS

2.3 Integer Literals

Integer literals consists of a non-empty sequence of ASCII decimal digits:

U-+0030 U+0031 U-+0032 U+0033 U+0034
U+0035 U+0036 U+40037  U+0038 U-+0039

Note: There are two ways to tokenize integer literals: either signed or un-
signed. The first case as the advantage that it corresponds to classical usage
in mathematics. For instance, the string —1 is thought as representing a num-
ber, not a unary minus operator followed by a number. But, as we use the
same character to designate both unary and binary minus, this causes prob-
lems: the lexical analysis is no longer context-free, but depends on the syntax
of the language.

There are basically two solutions to this problem. One, taken in some func-
tional languages in the ML family and in the Z notation, is to use different
characters to represent the unary and binary minus operator. However, this
comes against mathematical tradition and is thus rejected. The second solution
is to consider that integer literals are unsigned. This second solution has been
chosen here.



2.4 Predicate symbols

The tokens used in the pure predicate calculus are:

Token Code point Token name

( U+0028 LEFT PARENTHESIS

) U+0029 RIGHT PARENTHESIS
& U+21D4 LOGICAL EQUIVALENCE
= U+21D2 LOGICAL IMPLICATION
N U+2227 LOGICAL AND

\Y, U+2228 LOGICAL OR

= U+00AC NOT SIGN

T U+22A4 TRUE PREDICATE

L U+22A5 FALSE PREDICATE

N U+2200 FOR ALL

| U+2203 THERE EXISTS

, U+002C COMMA

. U+00B7 MIDDLE DOT

The symbolic tokens used to build predicates from expressions are:

Token Code point Token name

= U+003D EQUALS SIGN

#* U+2260 NOT EQUAL TO

< U+003C LESS-THAN SIGN

< U+2264 LESS THAN OR EQUAL TO

> U+003E GREATER-THAN SIGN

> U+2265 GREATER THAN OR EQUAL TO
€ U+2208 ELEMENT OF

¢ U+2209 NOT AN ELEMENT OF

C U+2282 SUBSET OF

o4 U+2284 NOT A SUBSET OF

- U+2286 SUBSET OF OR EQUAL TO

Z U+2288 NEITHER A SUBSET OF NOR EQUAL TO



2.5 Expression symbols

The following symbolic tokens are used to build sets of relations (or functions):

Token Code point Token name

— U+2194 RELATION

“ U+E100 TOTAL RELATION

> U+E101 SURJECTIVE RELATION
“» U+E102 TOTAL SURJECTIVE RELATION
- U+21F8 PARTIAL FUNCTION

— U+2192 TOTAL FUNCTION

-+ U+2914 PARTIAL INJECTION
— U+21A3 TOTAL INJECTION

- U+2900 PARTIAL SURJECTION
—» U+21A0 TOTAL SURJECTION
— U+2916 BIJECTION

The following symbolic tokens are used for manipulating sets:

Token Code point Token name

{ U+007B LEFT CURLY BRACKET
} U+007D RIGHT CURLY BRACKET
— U+21A6 MAPLET

%) U+2205 EMPTY SET

N U+2229 INTERSECTION

U U+222A UNION

\ U+2216 SET MINUS

X U+00D7 CARTESIAN PRODUCT

The following symbolic tokens are used for manipulating relations and func-
tions:
Token Code point Token name

[ U+005B LEFT SQUARE BRACKET
] U+005D RIGHT SQUARE BRACKET
— U+21A6 MAPLET

< U+E103 RELATION OVERRIDING

o U+2218 BACKWARD COMPOSITION
; U+003B FORWARD COMPOSITION
& U+2297 DIRECT PRODUCT

I U+2225 PARALLEL PRODUCT

-1 U+223C TILDE OPERATOR

N U+25C1 DOMAIN RESTRICTION

< U+2A64 DOMAIN SUBTRACTION
> U+25B7 RANGE RESTRICTION

B U+2A65 RANGE SUBTRACTION



The following symbolic tokens are used in quantified expressions:

Token Code point Token name

A U+03BB LAMBDA

N U+22C2 N-ARY INTERSECTION
U U+22C3 N-ARY UNION

| U+2223 SUCH THAT

The following symbolic tokens are used in arithmetic expressions:

Token Code point Token name

. U+2025 UPTO OPERATOR

+ U+002B PLUS SIGN

— U+2212 MINUS SIGN

* U+2217 ASTERISK OPERATOR
- U+00F7 DIVISION SIGN

- U+005E EXPONENTIATION SIGN



3 Language Syntax

This chapter describes the syntax of the mathematical language, giving the
rationale behind the design decisions made.

We first present the notation we use to describe the syntax of the mathe-
matical language. Then, we present the syntax of predicates and of expressions.
In each case, we first present a simple ambiguous grammar, then we tackle with
associativity and priorities of operators, giving a rationale for each choice made.
Finally, we give a complete and non-ambiguous syntax.

3.1 Notation

In this document, we use an Extended Backus-Naur Form (EBNF) to describe
syntax. In that notation, non-terminals are surrounded by angle brackets and
terminals surrounded by single quotes. The other symbols are meta-symbols:

e Symbol ::= defines the non-terminal appearing on its left in terms of the
syntax on its right.

o Parenthesis ( and ) are used for grouping.
e A vertical bar | denotes alternation.
e Square brackets [ and ] surround an optional part.

e Curly brackets { and } surround a part that can be repeated zero or more
times.

3.2 Predicates

The point here is to define a grammar which is quite similar to the one used
commonly when writing mathematical formulae but that should also be non-
ambiguous to the (human) reader.

3.2.1 A first attempt

The grammar commonly used for predicates can loosely be defined as follows:

(predicate) == ‘C (predicate) ‘)’

| (predicate) ‘<’ (predicate)
| (predicate) ‘=" (predicate)
|

(predicate) ‘N’ (predicate)



| (predicate) *V’ (predicate)

| ‘= (predicate)

T

|

| V" (ident-list) ‘> (predicate)
| T (ident-list) > (predicate)
| ‘finite’ ‘O (expression) )’

| (expression) ‘=" (expression)
| (expression) ‘€’ (expression)
| (expression) ‘<’ (expression)
|

(ident-listy = (ident-list) *,’ (ident)
| (ident)

The ellipsis which appears at the end of the (predicate) production rule
means that there are still more alternatives combining two expressions into a
predicate. All those alternatives are not really relevant at this point of the doc-
ument, but will be fully listed in the final syntax (see section on page .

3.2.2 Associativity of operators

In this document, we use the term associativity with somewhat two different
meanings. In a mathematical context, when we write that an operator, say o, is
associative, we mean that it has a special mathematical property, namely that
(xoy) oz has the same value as z o (yoz). In a syntactical context, we say that
an operator is left-associative when formula z o y o z (without any parenthesis)
is parsed as if it would have been written (x o y) o z. To avoid any ambiguity,
we will always write associative in the algebraic sense when we refer to the first
meaning, the bare word associative always having the syntactical meaning.

Getting back to our predicate grammar defined above, we see that it is
somewhat ambiguous. A first point is that it doesn’t specify how one should
parse formulae containing twice the same binary predicate operator without any
parenthesis such as

P=Q=R
PAQAR

To solve that ambiguity, one specifies that each binary operator has a prop-
erty called associativity. The associativities defined for the event-B language
are the following:

Operator Associativity
& none
= none
A left
\Y left

Caution



As a consequence, formula P = @ = R is considered as ill-formed and not
part of the event-B language, whereas formula P A Q A R will be parsed as if it
actually were written as (P A Q) A R.

The rationale for these associativities is quite simple. Operator A is associa-
tive in the algebraic sense, so formulae (P A Q) A R and P A (Q A R) have the
same meaning. Hence, one can pick up either left or right associativity for this
operator. We arbitrarily chose left associativity as it is the most commonly used
to our knowledge. The same rationale explains the choice of left associativity
for operator V.

On the other hand, operator = is not associative in the algebraic sense
(P = Q)= R is not the same as P = (Q = R) (just suppose that predicates
P, Q and R are all 1). As a consequence, we keep it non associative in the
language, rather than choosing an arbitrary associativity.

The case of operator < is somewhat special. This operator is indeed as-
sociative in the algebraic sense. However, mathematicians often write formula
P < @ & R when they actually mean (P < Q) A (Q < R). Hence, we chose
to make that operator non associative in the event-B language to avoid any
ambiguity.

Finally, for the operators that build a predicate from two expressions (such
as =, €, etc.), the grammar given above doesn’t allow formulae like x = y = z,
so those operator can not be associative.

3.2.3 Priority of operators

Another source of ambiguity is the case where formulae contain two different
predicate operators without any parenthesis such as

P=Q<R
PAQVR
-PAQ
Vr-PVQ

This kind of ambiguity is generally resolved by defining priorities among
operators which define how much binding power each operator has. We will
use that mechanism here, retaining the most commonly used priorities. But,
with the addition that we want to forbid cases where those priorities are not so
well-accepted.

For instance, some people expect operators ‘A’ and ‘V’ to have the same
priority, while others expect operator ‘A’ to have higher priority. So when faced
with formula PV Q A R, some people read it as (P V Q) A R while others read
it as PV (Q A R), which is quite different (just replace P and @ by T and R by
L to convince yourself).

To solve that ambiguity, we decided that operators ‘A’ and ‘V’ indeed have
the same priority, but that one cannot mix them together without using paren-
thesis. So, PAQV R is considered ill-formed. One should write either (PAQ)VR
or PA(QV R).

The priorities defined for the event-B language are the following (from lower



to higher priority)

Vz-P and Jz-P (mixing allowed)
P=(@Q and P< @ (mixing not allowed)
PAQand PV Q (mixing not allowed)
-P
We choose to give quantified predicates the lowest priority in order to ease
their reading when embedded in long formulae. The main consequence of this
choice is that the scope of the variables introduced by a quantifier is the longest
sub-formula. For instance, in formula (Vz-P = Q)) = R, the scope of variable x
extends until predicate ) as can be easily seen by looking at matching paren-
thesis.
The following formulae show some examples of how those priorities are used
to replace parenthesis in some common cases:

PAQ=R isparsedas (PAQ)=R
Va-Jy-P is parsed as Vz-(Jy-P)
Va-P =@ is parsed as Vz-(P = Q)
Vax-PAQ is parsed as Vz-(PAQ)
Vz-—P is parsed as Vx-(—P)

-P = (@ is parsed as )=Q
)N Q

One should notice the difference with classical B [I] where Va-P = Q is
parsed as (Vz-P) = @ whereas, again, it is parsed here as Va- (P = Q).

(~P
-PAQ isparsed as (—P

3.2.4 Final syntax for predicates

As a result, we obtain the following non ambiguous grammar for predicates:

(predicate) == { (quantifier) } (unquantified-predicate)
(quantifier) w= Y (ident-list) ‘-’
| T (ident-list) ‘-’
(ident-list) = (ident) { ¢, (ident) }
(unquantified-predicate) = (simple-predicate) | ‘=’ (simple-predicate) |
| (simple-predicate) [ ‘=’ (simple-predicate) |

(simple-predicate)

(literal-predicate) { ‘N’ (literal-predicate) }
(literal-predicate) { *V’ (literal-predicate) }

(literal-predicate) w= { ‘=" } (atomic-predicate)
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CJ_’

‘T’

‘finite’ ‘C (expression) ‘)’
(pair-expression) (relop) (pair-expression)
‘C (predicate) ‘)’

(atomic-predicate)

= L:’ | (#7
| ‘67 | ¢¢7 | LC’ | 4¢7 | ‘C’ | Cg?
|

£<’|é<7 ‘ £>7|L>7

(relop)

Please note that for relational predicates, we are using <pair-expression>
instead of <expression>. That change will only allow expressions without quan-
tifiers on each side of the relational operator. As a consequence, when one wants
to use a quantified expression on either side, one will have to surround it with
parenthesis. For instance, predicate Az-x € Z | © = id(Z) is not well-formed,
one must write instead (Az-x € Z | ) = id(Z).

3.3 Expressions

The design principle for the syntax of expressions is the same as that of pred-
icates, namely to enhance readability. To fulfill this goal, we use the same
techniques: minimize the need for parenthesis where they are not really needed
and prevent mixing operators when such a mix would be ambiguous.

3.3.1 Some Fine Points

Before presenting a first attempt of the syntax of expressions, we shall study
some fine points about pairs, set comprehension, lambda abstraction, quantified
expressions, and first and second projections.

Pair Construction. Pairs of expressions are constructed using the maplet
operator ‘—’. Contrary to classical B [I], it is not possible to use a comma
anymore. This change is due to the ambiguity of using commas for two different
purposes in classical B: as a pair constructor and as a separator. For instance, set
{1,2} can be seen as either a set containing the pair (1,2) or as a set containing
the two elements 1 and 2. That was very confusing.

In event-B, a comma is always a separator and a maplet is a pair constructor.
Below are some examples showing the consequences of this new approach:

Classical-B  Event-B
z,y €S r—yes
T,y = 2,1 T—=Yy=2z—1

fz,y) flz—y)

The last example is particularly blatant of the confusion between separator
and pair constructor in classical B. When looking at formula f(x,y), one has
the impression that function f takes two separate arguments. But, this is not
always true. For instance, variable x could hide a non scalar value. For instance,

11



suppose that x = a — b, then the function application could be rewritten as
either f(a — b,y) or even as f(a,b,y). In that latter case, function f now
appears to take three arguments. This is clearly not satisfactory. In fact,
function f only takes one argument, which can happen to be a pair. In that
latter case, one should use a pair constructor to create that pair, that is use a
maplet operator.

Set Comprehension. There are now two forms of set comprehension. The
most general one is {z - P(z) | E(x)} which describes the set whose elements
are E(z), for all z such that P(x) holds. For instance, the set of all even natural
numbers can be written as {z - x € N| 2* x}.

The second form is just a short-hand for the first-one, which allows to write
things more compactly. That second form is {E | P}. The difference with
the first form is that the variables that are bound by the construct are not
listed explicitly. They are inferred from the expression part. Continuing with
our previous example, the set of all even natural numbers can then be written
more compactly as {2 x x | x € N}, which corresponds more to the classical
mathematical notation.

The rule for determining the variables which are bound by this second form
is to take all variables that occur free in E. Thus, if we denote by x the list of the
variables that occur free in E, then the second form is equivalent to {x - P | E'}.

Lambda Abstraction. For lambda abstraction, classical B [I] uses the form
(Ax - P | E) where x is a list of variables, P a predicate and FE an expression.
This notation is fine when z is reduced to only one variable. For instance,
expression (Ax - © € N |  + 1) denotes the classical succesor function on
natural numbers. It is equal by definition to the set {z - z € N |z + 1}.

But things get more complicated when x represents more than one variable.
For instance, what is the meaning of expression (Aa,b - P | E). In classical
B, the latter expression is defined as the set {a,b - P | a — b — E}. This is
clearly unsatisfactory for event-B, as it turns out that, in the former expression,
the comma that appears between a and b is not only a separator between two
variables, but also a hidden pair constructor, as one can see when writing the
equivalent set comprehension.

The crux of the matter is that the list of variables z introduced above, is
much more than a simple list. Indeed, it describes the structure of the domain of
the function defined by the lambda abstraction. For instance, when one writes,
in classical B, the expression (Aa,b - P | E), one means that the domain of
that function is A x B (where A and B are the types of bound variables a and
b). Hence, the use of a comma is not appropriate here, as advocated in the
paragraph above about Pair Construction.

The cure is easy, just say that x is not a list of variables, but a pattern that
specifies the structure of the domain of the lambda abstraction. The example
above is then to be written as (Aa — b - P | E). Moreover, this can be
generalized to arbitrary domain structure by allowing arbitrary patterns after
the lambda operator. The only constraints are that those patterns should be
constructed out of distinct variables, pair constructors and parenthesis. The
definition of the lambda abstraction (Az - P | E) becomes {X - P | z — E}
where X is the list of the variables that occur in z.

12



Other Quantified Expressions. The other quantified expressions are the
quantified union and intersection. In this paragraph, we shall only consider
quantified intersection, but everything will also apply to quantified union, mu-
tatis mutandis.

A quantified intersection expression has the form ((z - P | E) where x is a
list of variables, P a predicate and F an expression. It’s defined as being a short
form for the equivalent expression inter({z - P | E}) which mixes generalized
intersection and set comprehension. But, as we have seen above, we also have a
short form for writing set comprehension. The question then arises whether we
could also define a short form for generalized intersection. The answer is yes.
We then have a second form which is () E'| P) and which is defined has being
equal to inter({E | P}).

Projections. In classical B [1], the first and second projection operators take
two sets as argument, as for instance in the expression prj; (4, B). In that
expression, arguments A and B are used for two different purposes. On the one
end, they allow to infer the type associated to the instantiated operator. On
the other hand, they define the domain of the instantiated operator, which is
A X B.

This approach seems unnecessarily restrictive, as it puts a strong constraint
on the domain of the operator, namely that it must be a cartesian product.
So, in event-B, these operators become unary and take a relation as argument.
The argument is then their domain. The upgrade path from classical B is quite
straightforward, just replace prj; (4, B) by prj;(4 x B).

3.3.2 A First Attempt

An ambiguous grammar for event-B expressions can loosely be defined as follows:

(expression) = (expression) {binary-operator) {expression)

| (unary-operator) {expression)

| (expression) ‘~V’

| (expression) ‘[ (expression) ‘|’

| (expression) ‘(’ (expression) ‘)

| ‘N (ident-pattern) <> (predicate) ‘|" (expression)
| {(quantifier) (ident-list) > (predicate) ‘|’ {expression)
| (quantifier) (expression) ‘|’ (predicate)
| “{ (ident-list) ‘-’ (predicate) ‘|’ {expression) ‘}’
| “{’ (expression) ‘|’ (predicate) ‘}’
| ‘bool’ ‘(" (predicate) ‘)’

| {’ [ (expression-list) | ‘}’

| “C (expression) ‘)’

|

|

|

|

Lg’

TN | Ny

‘BOOL’ | ‘TRUE’ | ‘FALSE’
(ident)

(integer-literal)

13



(binary-operator) == ‘| ‘e’ | e’ | e’ | e’ | a7 | C | T | T |
|‘_)9’|L>_»7|‘U7|‘ﬂ7I‘\’|LX’|L®’|LH,|‘O7|‘;’|L€"|
L<’|C€7‘L>7|197IL..7|L+’|4_7|¢*7|L;’|6m0d7|£/\7

(unary-operator) ::= ‘=" | ‘card’ | ‘P’ | Py’ | ‘union’ | ‘inter’ | ‘dom’ | ‘ran’ |
‘pri;’ | ‘prig’ | id’

(quantifier) =Y

(ident-pattern) ::= (ident-pattern) ‘—’ (ident-pattern)
| ( (ident-pattern) ‘)
| (ident)
(expression-list) ::= (expression-list) *,’ (expression)
| (expression)

As can be seen, there are many expression operators in the event-B language.
So, we’ll need to take a divide and conquer approach: to make things easier to
grasp, we will first try to group all those operators into some categories.

3.3.3 Operator Groups

Basically, there are several kinds of expressions. The most important ones are
shown in Figure|3.1] This figure reads as follows: there are three top-level kinds
of expressions: sets, pairs and scalars. Relations and sets of relations are some
special kinds of set. For instance, a relation between a set A and a set B is
a subset of A x B. The set of all relations between A and B is the set of all
subsets of A x B. Integers and booleans are also some special kind of scalar
expression.

expression

pair

[ reIation] [set of reIations}

Figure 3.1: Kinds of expressions

We now define groups of similar expression operators (see Table on the
following page). The groups are defined by considering the shape of the operator
(binary, unary, quantified, etc.) but also the kind of operator arguments and
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Group Description Repr.
. . Given a list of quantified identifiers,
Quantification . .
operators a predicate and an expression, these Mx-P| E
P operators produce a new expression.
Pair constructor Gl.ven two expressions, it produces a B F
pair.
Set of relations Given two sets, these operators pro-
. S—+T
constructors duce a set of relations.
Binary set Given two sets, these operators pro- SUT
operators duce a new set.
Interval constructor Given two integers, this operator i
produces a set.
Arithmetic Given one or two integers, these op- Iy
operators erators produce a new integer. J
Relational and Given a relation and an expression,
. . these operators produce a new ex- 7[s]
functional image .
pression.
Unary relation Given a relation, this operator pro- -1
operator duces a new relation.
Tightly bound Given an expression, these operators P(S)
unary operators produce another expression.
Predicate Given a predicate, this operator pro-
. . bool(P)
conversion duces a new boolean expression.

Set enumeration
and comprehension

Given a list of expressions, or a list
of quantified variables, a predicate
and an expression, this operator pro-
duces a set.

(.2

Table 3.1: Groups of similar expression operators
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result. For each group, we will give one operator which will be used in the sequel
as a distinguished representative of its group.

When examining that table, we can remark an interesting point: the oper-
ators that belong to the last three groups have the special property of being
bounded: when one encounters such an operator, one can find easily where the
expression involving that operator starts and where it ends: unary and ‘bool’
operators are always followed by a formula enclosed within parenthesis; set enu-
merations and comprehensions are enclosed within curly brackets. This is also
the case of atomic expressions like integer and boolean literals or identifiers.

On the other hand, the operators of the other groups are not bounded by
themselves, so one needs to define priorities and associativity laws for them in
order to resolve potential ambiguities. We will first start by defining priorities
between groups, then we will refine each group separately.

3.3.4 Priority of Operator Groups

We arbitrarily choose to define relative priorities such that groups of operators
are sorted by increasing priority in table on the page before. As a conse-
quence, quantification operators have the lowest priority.

That order has been chosen because it reduces the number of needed paren-
thesis when writing most common expressions. Here are a few example to
illustrate this. Each expression is stated twice, first without parenthesis, then
fully parenthesized:

AUB— C isparsedas (AUB)—C
a+br—c isparsed as (a+b)—c
a.bUuC isparsedas (a..b)UC
a+b..c isparsedas (a+b)..c
r~!Us isparsedas (r~!)Us
(1!

r~1(s) is parsed as (r—1)(s)

Also, we give the lowest priority to quantification operators so that, when
embedded in a formula, they have to be written surrounded by parenthesis.
This is consistent with the choice made for quantified predicates. An example
formula is

Mz €Z|x+1)713)=2

3.3.5 Associativity of operators

Now, that priorities of groups have been defined, we will resolve remaining
ambiguities separately for each group, defining how operators of each group can
be mixed.

Quantification Operators. In this group, there is not much room for ambi-
guity, as when we encounter two quantification operators, it comes right from
their syntax that the second one will be embedded in the first one. The only op-
tion left is whether the second quantified expression should be enclosed within
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parenthesis or not. We decide not to enforce parenthesis in this case. As a
consequence, formula

Nz - 2CZ] \yy=2|yuU{0}

is parsed as
(z-2CZ|(yy=2a|yu{o}).

Pair Constructor. This group contains only the maplet operator, so we only
have to define an associativity property for that operator. Although the maplet
operator is not associative in the algebraic sense, it is very common usage to
parse it as left-associative, so we shall keep that property. Then, an expression
of the form a +— b+ ¢ will be parsed as (a +— b) — c.

Set of Relations Constructors. No operator in this group is associative
in the algebraic sense. However, we decide to parse them as right-associative.
That choice is justified by the fact that we will parse function application as
left-associative (this will be stated when we reach the Relational and functional
image paragraph on the following page). As a consequence, one can write
f(a)(b) when one actually means (f(a))(b). Then, to be consistent, one should
also be able to describe properties of function f without parenthesis, so formula
f € A+ B+ C should be parsed as f € A+ (B + C).

Binary Set Operators. This group contains various operators which are
more or less compatible each with the other. So, let’s first see how one can
safely mix these operators in a formula, from a mathematical point of view.
Table on the next page shows operator compatibility. We write a cross at
the intersection of a row and a column if the two operators are compatible in
the following sense: operator op,o is compatible with operator opco if and only
if the following equality holds

(A OProw B) opcol C = A 0prow (B OPcol C)

For instance, the cross at the intersection of row two and column three tells us
that (AN B)\C = AN (B\ C) and the cross at the intersection of row nine
and column seven tells us that (A<r)®@ s =A< (r®s).

We can see that the shape is quite irregular and that there are not so many
cases where operators are compatible. So, to have an unambiguous language,
we should stick to that compatibility relation and forbid any unparenthesized
combination of incompatible operators. When two operators are compatible,
we parse them as left-associative. Otherwise, one needs to use parenthesis to
resolve ambiguities. For instance, formula S U T U U is parsed as (S UT) U U,
while formula S UT N U is ill-formed and is rejected. One has to make precise
the meaning of that last formula, writing either (SUT)NU or S U (T'NU).

There is only one case where we want to allow the combination of two incom-
patible operators: we parse the cartesian product operator as left-associative.
This exception to the above rule is justified by the fact that we want to be
consistent with the left-associativity we have given to the maplet operator.
Then, one can write a — b — ¢ € A x B x C' when one actually means
(a—b)—ce(AxB)xC.
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N\ x o ; ® | ¢« < 9 > b

o X — DO C

VVAADH=® -

Table 3.2: Compatibility of binary set operators

Interval Constructor. This group contains only one operator: ‘..”. There is
no point in having this operator used twice in the same formula (which would
give the nonsensical formula a .. b .. ¢). So, this operator is parsed as non-
associative.

Arithmetic Operators. For these operators, we choose to retain the Ada
language specification for defining priorities and associativity: operators ‘+’ and
‘—’ both have the same priority and are parsed as left-associative, operators ‘x’,
‘+” and ‘mod’ have higher priority and are also parsed as left-associative. Note
that this choice is different from the one made for instance in the C language,
where there is a special priority for unary ‘—’. We did not retain that last point
as it can lead to valid but hard to read expressions like a + — — — — b which
means a + b.

Finally, the exponentiation operator has the least priority and is parsed as
non-associative.

Relational and Functional Image. We choose to make these operations
left-associative, although they are not associative in the algebraic sense. This
follows common usage and is indeed important to have easy to read formulas.
If these operators were not associative, one would have to write quite intricate
formulas just to express successive function application: ((f(a))(b))(c). With
the left-associativity we’ve added, this becomes f(a)(b)(c).

—1»
)

Unary Relation Operator. This group contains only one operator
which can be repeated, obviously, so that 71~ is parsed as (r~!)~!.
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3.3.6 Final syntax for expressions

As a result, we obtain the following non ambiguous grammar for expressions. An
important point is that non-terminals are named after the group of the top-level
operators appearing in their production rule. This can be somewhat misleading
as, for instance, <pair-expression> can be derived as formula Z, which is clearly
not a pair. However, we didn’t find a better way to name non-terminals (just
numbering them 1, 2,...would miss some information).

‘X' (ident-pattern) ‘-’ (predicate) ‘| (expression)
‘U’ (ident-listy -’ (predicate) ‘| {expression)
‘U (expression) |’ {predicate)

‘(Y (ident-list) ¢ (predicate) ‘|’ {expression)
‘Y (expression) ‘|’ (predicate)

(pair-expression)

(expression)

(ident-pattern) { ‘—’ (ident-pattern) }
‘(" (ident-pattern) ‘)’

ident-pattern
p

(ident)
(pair-expression) = (relation-set-expr) { ‘—’ (relation-set-expr) }
(relation-set-expr) == (set-expr) { (relational-set-op) (set-expr) }
(relational-set-op) 1= ‘| ‘4=’ | e’ | ‘e’
| £_+_)7|‘_>7|4H_>7|C>_)7|(_'_»7‘£_»7|£)_»7

(set-expr) n= (interval-expr) { ‘U’ (interval-expr) }
| (interval-expr) { ‘x’ (interval-expr) }
| (interval-expr) { ‘<’ (interval-expr) }
| (interval-expr) { ‘o’ (interval-expr) }
| (interval-expr) || (interval-expr)
| [ (domain-modifier) | (relation-expr)

(domain-modifier) == (interval-ezpr) ( ‘<’ | ‘<4’ )

(relation-expr) = (interval-expr) ‘Q’ (interval-expr)

(

(interval-expr) { ‘3’ (interval-expr) }

[ (range-modifier) ]

(interval-expry { ‘0 (interval-expr) }
[\ (interval-expr) | (range-modifier) ]

(range-modifier) — u= (‘' | ‘®’) (interval-ezpr)
(interval-expr) = (arithmetic-expr) [ *.." {arithmetic-ezpr) ]
(arithmetic-capr) = [ (term) { (“+” | =) {term) }
(term) w= {factor) { (*+ | “+’ | ‘mod” ) (factor) }
(factor) w= (image) [ (image)
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(image) u= (primary) { ‘[ (expression) ‘|’ | ‘(" {expression) ‘)’ }
(primary) = (simple-expr) { ‘1 }

(simple-expr) == ‘bool’ ‘(" (predicate) ‘)’
(unary-op) ‘( {expression) )
‘(" (expression) ‘)’

4 (ident-list) ‘-’ (predicate) ‘| (expression) ‘}
{7 (expression) ‘| (predicate) ‘}’

' [ (expression) { ¢, (expression) } ]}
Z'| ‘N’ | ‘Ny’ | ‘BOOL’ | ‘TRUE’ | FALSE' | ‘@’
(ident)

(integer-literal)

)

)

(unary-op) = ‘card’ | ‘P | ‘Py’ | ‘union’ | ‘inter’ | ‘dom’ | ‘ran’ | ‘prj,’
| ‘prjy’ | id’
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4 Static Checking

This chapter describes how mathematical formulae (predicates and expressions)
are to be statically checked for being meaningful. We first describe an abstract
syntax for formulae. Then, we state the static checks that are to be done, based
on that abstract syntax:

o well-formedness,

e type-check.

4.1 Abstract Syntax

In this section, we specify an abstract syntax for mathematical formulae. This
abstract syntax is based on the concrete syntax described in Section [3.2.4] on
page [10]and Section [3.3.6|on page The difference is that the abstract syntax
only conserves the essence of the concrete syntax. So, all concrete matter like
priorities and tokens do not appear anymore.

The abstract syntax is described using production rules. Each rule has its
own label. It is made of a left-hand part which denotes some kind of formula
(predicate, expression, identifier list, expression list) and a right hand part which
denotes a list of sub-formulae together with some attributes. To distinguish an
attribute from a sub-formulae, we enclose the former within square brackets.
Moreover, to make rules short, we use single letters, possibly subscripted, to
denote formulae: a P denotes a predicate, F an expression, L a list of identifiers,
I an identifier, M a list of expressions, and @) a pattern for lambda abstraction.

The production rules for predicates are:

pred-bin: P ::= Py P [pred-binop)
pred-una: P ::= P,
pred-quant: P ::= Ly P; [pred-quant]
pred-lit: P ::= [pred-lif]
pred-simp: P ::= F;
pred-rel: P ::= Ey Ey [pred-relop)

where

pred-binop € {land, lor, limp, leqv}
pred-quant € {forall, exists}
pred-lit € {btrue, bfalse}

red-relo € equal, notequal, It, le, gt, ge,
P P in, notin, subset, notsubset, subseteq, notsubseteq

21



The production rules for lists of identifiers and identifiers are:

ident-list: L :=11 I, ... I,
ident: I ::= [name]

where
1<n

name is a string of characters.

The production rules for expressions are:

expr-bin: E ::= Ey Es [expr-binop]
expr-una: E 1= E; [expr-unop
expr-lambda: £ ::= Q, P, E;
expr-quantl: E = Ly P, E; [expr-quani]
expr-quant2: F = E; P; [expr-quant]
expr-bool: E ::= P;
expr-eset: B ::= M,
expr-ident: £ = I;
expr-atom: E ::= [expr-lit]
expr-int: E := [int-lif]
pattern: Q = @1 Q>
pattern-ident: Q) ::= I

expr-list: M .= FE; Es ... E,
where

funimage, relimage, mapsto,
rel, trel, srel, strel,
pfun, tfun, pinj, tinj, psur, tsur, tbij,
bunion, binter, setminus, cprod, dprod, pprod,
bcomp, fcomp, ovl, domres, domsub, ranres, ransub,
upto, plus, minus, mul, div, mod, expn
uminus, converse, card, pow, pow1,
union, inter, dom, ran, prjl, prj2, id }
expr-quant € {qunion, ginter, cset }
expr-lit € {integer, natural, naturall, bool, true, false, emptyset}
int-lit is an integer number.

expr-binop €

expr-unop € {

4.2 Well-formedness

Each occurrence of an identifier in a formula (that is a predicate or an expres-
sion) can be either free or bound. Intuitively, a free occurrence of an identifier
refers to a declaration of that identifier in a scope outside of the formula, while a
bound occurrence corresponds to a local declaration introduced by a quantifier
in the formula itself.

For a formula to be considered well-formed, we ask that, beyond being syn-
tactically correct, it also satisfies the two following conditions:

1. Any identifier that occurs in the formula, should have only free occurrences
or bound occurrences, but not both.
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2. Any identifier that occurs bound in the formula, should be bound in ex-
actly one place (i.e., by only one quantifier).

These conditions have been coined so that any occurrence of an identifier in
a formula always denotes exactly the same data. This is a big win in formula
legibility.
For instance, the following formula is ill-formed (it doesn’t satisfy the first
condition)
MvxeZl|lz+1)(z)=a+1

it should be written
ANyyeZly+l)(z)=z+1.

And the following formula is also ill-formed (failing to satisfy the second
condition)
MzeZlz+l)=Nz€Z|xz+1)

it should be written
MzeZlz+1l)=(yyeZ|y+1) .

The rest of this section formalizes these well-formedness conditions using an
attribute grammar formalism on the abstract syntax of formulae. For that, we
add three attributes to the nodes of the abstract syntax tree:

o Attribute bound is synthesized and contains the set of identifiers that occur
bound in the formula rooted at the current node.

o Attribute free is synthesized and contains the set of identifiers that occur
free in the formula rooted at the current node.

e Attribute wff is synthesized and contains a boolean value which is TRUE
if and only if the formula rooted at the current node is well-formed.

The value of these three attributes are given by the following set of equations
on the production rules of the abstract syntax:

pred-bin: P ::= Py Py [pred-binop)

P.bound = Py.bound U Py.bound

P.free = Py.free U Py.free

P,.wff = TRUE
P.wff = TRUE
Py .free N Py.bound = &
Py .bound N Ps.free = &
Py .bound N Py.bound = @

P.wff = bool

> > > >

pred-una: P =P,
P.bound = P;.bound
P.free = Py .free
P.uff = P.wff
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pred-quant: P ::= Ly Py [pred-quant]
P.bound = Py.bound U Ly.free
P.free = Py.free\ Ly.free
Ly.wff = TRUE
P.wff =bool | AN Pr.wff=TRUE
A Pp.bound N Ly.free = &

pred-lit: P ::= [pred-lit]

P.bound = @
P.free = &
P.wff = TRUE

pred-simp: P ::= E;
P.bound = E;.bound
P.free = E;.free
P.uwff = Ey.wff

pred-rel: P ::= E; Fy [pred-relop)
P.bound = E1.bound U E5.bound

P.free = E1.free U Es.free
E,.wff = TRUE
Es.wff = TRUE
Ey.free N Ey.bound = &
Ey.bound N Es.free = &
FE;.bound N Es.bound = &

P.wff = bool

> > > >

ident-list: L:=11 I, ... I,
L.bound = @
L.free = {k-k € 1..n | Iy.name}
L.owff="Dbool(Vi,j-i€l. nANjel..nNi# j= I;.name# I;. name)

expr-bin: E ::= Ey E5 [expr-binop]

FE.bound = Eq.bound U E5.bound

E.free = Ey.free U Ey.free

E,.wff = TRUE
E>.wff = TRUE
Ey.free N Ey.bound = &
FEq.bound N Es.free = &
FEq.bound N Es.bound = &

FE.wff = bool

> > > >

expr-una: E = E [expr-unop]
FE.bound = E.bound
E.free = F.free
E.wff = Ey.wff

expr-lambda: F ::= Q1 P, F;
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E.bound = Py.bound U Ey.bound U Q1.free
E.free = (Py.free U E.free) \ Q1.free

Q:1.wff = TRUE

A Pp.uwff= TRUE

A FEi.wff=TRUE

A Pi.freeN Ey.bound = &
E.wff = bool A Pi.bound N Fy.free = @
A Pp.bound N Eq.bound = @
A Pp.bound N Qq.free = @
A Eyp.bound N Qq.free = &

expr-quantl: F = Ly P, E; [expr-quant]
E.bound = Py.bound U Ey.bound U Ly.free
E.free = (Py.free U E.free) \ Li.free

Ly.wff = TRUE
A Pr.uwff=TRUE

A Ej.uwff=TRUE

A Pi.freeN Ei.bound = @
E.wff = bool A Pp.bound N Ey.free = &
A Py.bound N Eq.bound = @
A Pp.bound N Ly.free = @
A Eyp.bound N Ly.free = @

expr-quant2: F ::= F; Py [expr-quant]
E.bound = P;.bound U Ey.bound U E.free
E.free = Py.free\ Ej.free
E;.wff = TRUE
A Pr.uwff=TRUE
A Pp.bound N Eq.bound = @
A Pp.bound N Ey.free = &

E.wff = bool

expr-bool: F ::= P,
FE.bound = Py.bound
E.free = P;.free
E.wff = Pr.wff

expr-eset: F ::= M
E.bound = M.bound
E.free = M.free

E.wff = M.wff
expr-ident: F = 1;
E.bound = @
E.free = {I;.name}
E.uff = TRUE
expr-atom: E := [expr-lit]
E.bound = @
E.free= o
E.wff = TRUE
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expr-int: E = [int-li]

E.bound = @
E.free= o
E.wff = TRUE

pattern: @ ::= Q1 Q2

Q.bound = @

Q.free = Q1.free U Qs.free
Q.wff = TRUE
pattern-ident: @ ::= 1

Q.bound = @

Q.free = {I;.name}
Q.wff = TRUE

expr-list: M :=F; Ey ... E,
M.bound = (Uk-k € 1..n | Ey.bound)
M.free = (Uk-k € 1..n| Ey.free)
(Vk-k € 1..n= E,.wff = TRUE)
A Vi,ji€l.nAjEL. nANi#j
M .wff = bool =FE;.bound N E;.bound = &
Vi,jriel.nAjel.nAi#j
=FE;.bound N Ej.free = @

4.3 Type Checking

Type checking consists of checking, statically, that a formula is meaningful in a
certain context. For that, we associate a type with each expression that occurs
in a formula. This type is the set of all values that the expression can take.
Then, we check that the formula abides by some type checking rules. Those
rules enforce that the operators used can be meaningful. Unfortunately, type
checking, as it is a static check, can not, by itself, prove that a formula is
meaningful. For some operators, like integer division, we will also need to check
some additional dynamic constraints (e.g., that the denominator is not zero).
This will be specified in the well-definedness dynamic checks (see chapter [5{ on
page .

The result of type checking is twofold. Firstly, it says whether a given
formula is well-typed (that is abides by the type checking rules). Secondly,
it computes an enriched context that associates a type with every identifier
occurring free in the formula.

In the sequel of this section, we shall first specify more formally concepts such
as type, type variable, typing environment and typing equation. Then, we shall
specify type checking using an attribute grammar formalism as was done for
well-formedness. Finally, we give some illustrating examples of type-checking.

4.3.1 Typing Concepts

As said previously, a type denotes the set of values that an expression can take.
Moreover, we want this set to be derived statically, based on the form of the
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expression and the context in which it appears. As a consequence, a type can
take one of the three following forms:

o a basic set, that is a predefined set (Z or BOOL) or a carrier set provided
by the user (i.e., an identifier);

o a power set of another type, such as P(Z);
e a cartesian product of two types, such as Z x BOOL.

A type variable is a meta-variable that can denote any type. In the sequel,
we shall use lowercase Greek letters (a, 8, 7, ...) to denote type variables.

A typing environment represents the context in which a formula is to be
type checked. A typing environment is a partial function from the set of all
identifiers to the set of all possible types. For instance, the typing environment

{‘a’ = Z,'v’ — P(Z x BOOL), ‘¢’ — «a}

says that identifier ‘a’ has type Z, identifier ‘b’ has type P(Z x BOOL) (i.e.,
is a relation between integers and booleans) and identifier ‘c’ is typed by type
variable a.

If an identifier 7 has been defined as a carrier set, then it will appear in the
typing environment as the pair ¢ — P(i).

A typing equation is a pair of types. In the sequel, we will write typing
equations as 7y = 7o, instead of the more classical pair 7y — 75. This is mere
syntactical sugar to enhance legibility.

A typing equation is said to be satisfiable if, and only if, there exists an
assignment to the type variables it contains such that, when replacing these
type variables by their value, the two components of the pair are equal (i.e.,
denote the same type). For instance, typing equation a x BOOL = Z x § is
satisfiable (take Z for o and BOOL for (3). In contrast, type equation P(a) = Z
and Z = ‘S’ are unsatisfiable (in the last sentence, remember that ‘S’ denotes a
carrier set).

Similarly, a typing equation is said to be uniquely satisfiable if, and only if,
there exists a unique assignment of type variables that satisfies it. For instance,
a = Z is uniquely satisfiable (the only assignment that satisfies it is to take
Z for «), while the type equation a = 3, although satisfiable, is not uniquely
satisfiable (to satisfy it, we only need that o and 3 are assigned the same type,
but that type is arbitrary).

These two notions of satisfiability are extended to sets of type equations,
with the additional proviso, that the satisfying assignment of type variables
is done globally for all type equations in the set. For instance, the set {a =
Z, 8 = BOOL} is (uniquely) satisfiable, while the set {« = Z, o = BOOL} is
not satisfiable, although each equation, taken separately, is satisfiable.

4.3.2 Specification of Type Check

The abstract grammar of expressions is extended with the following attributes:

o Attribute ityvars (resp. styvars) is inherited (resp. synthesized) and con-
tains the set of type variables that have been used so far.
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o Attribute ityenv (resp. styenv) is inherited (resp. synthesized) and con-
tains the current typing environment.

o Attribute ityeqs (resp. styegs) is inherited (resp. synthesized) and contains
the set of typing equations that have been collected so far.

o Attribute type is synthesized and contains a type.

These attributes are added to all non-terminals, except type which is not
defined for predicates (there is no type associated with a predicate) nor list of
identifiers.

Type checking then consists of initializing the attribute grammar by giving
values to inherited attributes of the root R of the tree and then evaluating
the attribute grammar. Type check succeeds iff, after evaluation, the set of
typing equations R.styegs is uniquely satisfiable. Moreover, in case of success,
the resulting typing environment is R.styenv, where all type variables have been
replaced by the values that satisfy the latter set of typing equations.

Initialization of the attribute grammar consists of the following three equa-
tions (where R denotes the root of the tree):

R.ityvars = @
R.ityenv = initial typing environment
R.tyeqs = @

Please note that the initial typing environment must not contain any type
variable.

The rest of this section describes the equations for each production rule of
the attribute grammar. In some places, we use a shortcut to denote some set of
equations. The notation

A.inherited = B.synthesized

means
A.ityvars = B.styvars

A.ityenv = B.styenv
A.ityeqs = B.styeqs

We also use the term fresh type variable to denote a type variable which
doesn’t occur in attribute ityvars of the left hand side of a production rule. For
instance, in the equations of production rule pred-rel, @ denotes a type variable
such that o ¢ P.ityvars.

The set of equations of the attribute grammar is:

pred-bin: P ::= Py P» [pred-binop|
Py .inherited = P.inherited
Ps.inherited = Pj.synthesized
P.synthesized = Ps.synthesized

pred-una: P =P

Py .inherited = P.inherited
P.synthesized = P;.synthesized
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pred-quant: P ::= Ly Py [pred-quant]
Lq.inherited = P.inherited
Py .inherited = Ly.synthesized
P.synthesized = P;.synthesized

pred-lit: P ::= [pred-lit]
P.synthesized = P.inherited

pred-simp: P ::= F;
Let a be a fresh type variable in
E4.ityvars = P.ityvars U {a}
FE.ityenv = P.ityenv
FE.ityeqs = P.ityegs
P.styvars = Fn.styvars
P.styenv = F;.styenv

P.styegs = Ey.styegs U {El.type = P(«)}

pred-rel: P ::= Ey Es [pred-relop]
Let a be a fresh type variable in
E,.ityvars = P.ityvars U {a}
FE,ityenv = P.ityenv
E.ityeqs = P.ityeqs
FEs.inherited = E1.synthesized
P.styvars = Fs.styvars
P.styenv = Fs.styenv
P.styeqs = Fs.styeqs U €
where £ is defined in the following table.

P.pred-relop E
FEi.type = «
equal, notequal Es.type =
By type =7
lta lev gt7 ge { Eg.type =7
) ) By .type = o
in, notin Es.type = P(a)
subset, notsubset, Ej.type = P(a)
subseteq, notsubseteq Es.type = P(a)

ident-list: L::=1 Iy ... I,
I .inherited = L.inherited
Is.inherited = I,.synthesized

I, .inherited = I, _1.synthesized
L.synthesized = I,,.synthesized
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ident: I ::= [name]
if I.name € dom(I.ityenv) then
I.synthesized = I.inherited
I.type = I.ityenv(I.name)
else let « be a fresh type variable in
I.styvars = I.ityvars U {a}
I.styenv = I.ityenv U {I.name — a}
I.styeqs = 1.ityeqs
I.type = «

expr-bin: E ::= E; Es [expr-binop]
Let a, 8, v and § be distinct fresh type variables in
E;.ityvars = E.ityvars U {«, B,7,6}
FE.ityenv = E.ityenv
F.ityeqs = E.ityeqs
FEs.inherited = E1.synthesized
E.styvars = Ey.styvars
E.styenv = Ey.styenv
E.styeqs = FEs.styeqs U €
E.type =1
where £ and 7 are defined in Table on the next page.

expr-una: E := E; [expr-unop]
Let a and 3 be distinct fresh type variables in
E;.ityvars = E.ityvars U {«, 5}
FEq.atyenv = E.ityenv
F.ityeqs = E.ityeqs
E.styvars = FE1.styvars
E.styenv = E;.styenv
FE.styeqs = Eq.styeqgs U €
FE.type =71
where £ and 7 are defined in Table on page

expr-lambda: F ::= Q1 P, F;
Q@1 .inherited = E.inherited
P .inherited = Q1 .synthesized
FE1.inherited = P.synthesized
E.synthesized = F1.synthesized

E.type = P(Q1.type x E;.type)
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E.expr-binop E T
funimage { g;izzi i Iz(a < F) } B
relimage { e pox P(9)
mapsto ) By . type x Ey.type

gt | s )| e
thij
bunion, binter, setminus { g;gzz i 58% } P(a)
oot | {2y | s
dprod { e fe D] Bax@x)
pprod { e = 2oy b B xmx o)
TS
e
w (e
domres, domsub { gz Zﬁz ; ggg)x 3) } P(a x 8)
anves, sy | { b SR L) Paxp
(=2} |
plus, minus, mul, div, { Ey.type =7 } 7
mod, expn Es.type = Z

Table 4.1: Typing equations and resulting type for binary expressions.
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E.expr-unop £ -
uminus { Eitype=1Z } z
converse { Bvtype=Plaxp) } | P(Bxa)

card { Er.type=P(a) } Z
pow, powl { Eir.type=P(a) } P(P(cx))

union, inter { Ei.type = P(P(a)) } P(a)

dom { Bitype =P(a x B) } P()

ran { Er.type=P(ax B) } P(5)

pril { Ev.type=Plaxp) }|Plaxpxa)

pri2 { Ertype = P(a x 3) } | P(ax 3 x f)
id { Ertype =P(a) } P(a x a)

Table 4.2: Typing equations and resulting type for unary expressions.
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expr-quantl: F ::= Ly P, E; [expr-quant]
Let a be a fresh type variable in
Ly .ityvars = E.ityvars U {a}
L1.ityenv = E.ityenv
Lq.ityeqs = E.ityeqs
Py .inherited = Ly .synthesized
FEy.inherited = P .synthesized
E.styvars = F1.styvars
FE.styenv = F;.styenv
E.styeqs = Ej.styeqs U &
E.type =1
where £ and 7 are defined in the following table.

E.expr-quant &
qunion, ginter { Ey.type = P(a) }
cset g

expr-quant2: E ::= E; Py [expr-quant]
Let a be a fresh type variable in
E,.ityvars = E.ityvars U {a}
FEq.ityenv = E.ityenv
Fy.ityeqs = E.ityeqs
Py .inherited = E1.synthesized
E.styvars = P .styvars
FE.styenv = Py.styenv
FE.styeqs = Py.styeqs U £
E.type =1
where £ and 7 are defined in the following table.

E.expr-quant E
qunion, ginter { Er.type =P(a) }
cset )

expr-bool: E ::= P,
Py .inherited = E.inherited
E.synthesized = P;.synthesized
E.type = BOOL

expr-eset: F ::= M
M .inherited = E.inherited
FE.synthesized = M.synthesized
E.type = P(M.type)
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expr-ident: F =13

11 .inherited = E.inherited
E.synthesized = I.synthesized

E.type = I .type

expr-atom: E := [expr-lit]

Let a be a fresh type variable in
E.styvars = E.ityvars U {a}

E.styenv = E.ityenv
FE.styeqs = E.ityeqs
E.type =1

where 7 is defined in the following table.

E.expr-lit T
integer, natural, naturall P(Z)
bool P(BOOL)
true, false BOOL
emptyset P(a)

expr-int: E = [int-lit]

E.synthesized = E.inherited

E.type = 7

pattern: @ ::= Q1 Q2

Q1.inherited = Q.inherited
Q2.inherited = Q1.synthesized
Q.synthesized = Qs.synthesized

Q.type = Q1.type X Qa.type

pattern-ident: @) ::= I

I.inherited = Q.inherited
Q.synthesized = I.synthesized

Q.type = I .type
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expr-list: M :=F; Es ... E,
FE1.inherited = M .inherited
FEs.inherited = E1.synthesized

E, .inherited = E,,_1.synthesized
M .styvars = E,,.ityvars
M.styenv = E,.ityenv
Ey.type = Es.type

Es.type = Ejs.type
M.styeqs = E,.ityeqs U .

E,_1.type = E,,.type
M.type = E, .type

4.3.3 Examples

In this subsection, we present a few examples of the type-checking algorithm in
action on various formulae.

Formula z € Z A 1 <z. Figure[d.I]shows the dataflow for the type-checking
of this formula. Each step of the type-checking algorithm is shown as a circled
number, with edges relating them. The numbers appearing on the left of a node
corresponds to the computation of inherited attributes, numbers on the right to
the computation of synthesized attributes.

pred-bin
[land]

pred- reI pred rel

[m le]
expr-lit expr-int \
expr-ident % % expr—ldent

|dent @ ident
(]

Figure 4.1: Type-check of formula z € Z A 1< x.

Assuming that the typing environment is initially empty, the initial compu-
tation at step 1 is:

ityvars = @
1:| dtyenv =
ityeqs =

QR
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Then, we process down the tree, adding a type variable at the € operator:

ityvars = & ityvars = {a}
2:| ityenv = I 3, 4:| ityenv = O
ityeqs = O ityeqs = @

Examining the first occurrence of variable x, we find that it is not present in
the environment, so we create a new type variable for it. This is then propagated
in the tree:

styvars = {a, B} styvars = {«, B}

ityvars = {a, §}

5, 6 styenv = {x — (3} 7| dtyenv = {x— [} 8 styenv = {x — (3}
styeqs = & ityeqs = @ styeqs = &
type =0 type = P(Z)

We now reach the € operator again,
and propagate the attribute values:

where we add our first type equations

styvars = {a, B}
styenv = {x —
B

P(Z)

ityvars = {a, 8,7}
ityenv = {x — G}

ﬂ E a’
P(Z) = P(a)

9: s 10, 11:

)

= P(a)

styeqs 1tyeqs _

|

Continuing our traversal of the tree, we get:

styvars = {a, 8,7}

styenv — {z o ityvars = {a, 3,7}

ityenv = {x+— 0

12: =

styeqs

1tyeqs

type =17

We now reach the second occurrence of variable x and, now, it is present in
the typing environment, so we just read its type from there, and propagate it:

styvars = {a, 8,7}

styenv = {x —

15, 16: I} = q,
styegs = {]P’(Z) = P(a)
type  =p3

Reaching operator <, we add two new typing equations and propagate them
to the root:

styvars = {a, 8,7}
styenv = {x — (B}
] Ié] = q,
s ) = R
styeas =47 =7
8 =7

In the end, we obtain a system of four typing equations with two type vari-
ables. This system is uniquely satisfiable by taking o = Z and 8 = Z. Hence,
the formula type checks. Moreover, its resulting typing environment is {z — Z}.
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pred-rel

[equal]
expr-lit expr-lit
[emptyset]

[emptyset]
Figure 4.2: Type-check of formula @ = @.

Formula @ = @. The type-checking dataflow for this formula is given in

Figure [£.2]
The attribute values computed by the algorithm are (supposing that the
initial typing environment is empty):

ityvars = & ityvars = {a} styvars = {o, B}
. . styenv = &
1:| ityenv = @ 2:| ityenv = O 3: styeqs — @
ityeqs = O ityeqs = O -
" e type  =p
ityvars = {a, 5} styvars = {a, 3,7} styvars = {a, 3,7}
. styenv = & styenv = &
4:| ityenv = @ 5: 6: _
ityeqs = & styegs = & styeqs = {ﬁ - Oh}
type =1 Y N=a

In the end, we obtain a system of two typing equations with three typing
variables. This system is satisfiable, but not uniquely. Hence formula @ = &
does not type-check.

Formula + C S A @ C z. The type-checking dataflow for this formula is
given in Figure [£.3]

pred-bin
[land]

pred-rel pred-rel
[subseteq] [subset]

Figure 4.3: Type-check of formulaz CS A @ C z.

Here, we assume that variable S denotes a given set. Thus, our initial
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typing environment is {S +— P(S)}. The attribute values computed by the
type-checking algorithm are:

ityvars = @ ityvars = {a}
1, 2:| dtyenv = {S— P(9)} 3, 4:| dtyenv = {S +— P(9)}
ityeqs = ityeqs = @
styvars = {o, (3} ityvars = {«, B}
styenv = S P(S), S — P(5)
5, 6: x — 0 7, 8:| ityenv = {x — B ’}
styegs = ityeqs = @
type = f ved
styvars = {a, §} styvars = {a, §}
styenv = §—P(8) styenv = 5= P8
9, 10: x— 0 11 T = ﬂ
styeqs = @ B P(«),
type = P(9) styeqs = P(S ) P(a) }
ityvars = {a, B} ityvars = {a, 8,7}
. S — P(5) . S — P(9),
19: ityeny = z 13: ityenv = z
: _ B =P, : g =Pa),
Wess =\ P(s) = P(a) ess =\ P(s) = P(a)
styvars = {0, 4,9} ityoars = {o,3,7,6)
styenv = = P(S), ‘ S — P(9),
14: T f 15, 16:| W =z 8
styeqs = B =P, B =P(a)
P(S) = P(a) ityeqs = _ ’
P(S) = P(e)
type = P(0) -
styvars = {a, 3,7, 0} styvars = {a, 3,7, 0}
S — P(5),
styeny — S — P(S5), styenv =3 3
17, 18: T f 19, 20: 3 =Pa),
styeqs = B = P(a),} P(S) = P(a),
P(S) = P(«a) styeqs = P(5) = P(y)
t = =\
we =5 8 =B

In the end, we obtain a system of four typing equations with four typing
variables. This system is uniquely satisfiable taking « = v = 6 = S and
B =P(S). Hence formula x C S A @ C x type-checks and the resulting typing
environment is {S — P(S),z — P(5)}.

Formula z = TRUE. The type-checking dataflow for this formula is given in
Figure 4.4 on the following page.
Assuming that initially  denotes an integer (non empty initial typing envi-
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pred-rel
[equal]

A~

. expr-lit
expr-ident P

[true]
ident é
[«]

Figure 4.4: Type-check of formula = TRUE.

ronment), we obtain the following values for attributes:

ityvars = @ ityvars = {a}
1:| dtyenv = {xz — Z} 2, 3:| ityenv = {x — Z}
ityeqs = @ ityeqs = @

styvars = {a}

styenv = {z - 7} ityvars = {a}

4, 5: styeqs — O 6: z:tyenv ={z—Z}
type -7 ityeqs = &
styvars = {a} styvars = {a}
7. styenv = {x — Z} g: styenv = {x — Z}
T styeqs = @ ' / =«
type = BOOL styegs = BOOL = «

In the end, we obtain a system of two typing equations with one typing
variable. This system is not satisfiable, therefore the formula does not type-
check (remember that we initially assumed that variable x denotes an integer).
If the initial typing environment would have been empty, then the formula would
type-check.
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5 Dynamic Checking

Static checks are not enough to ensure that a formula is meaningful. For in-
stance, expression x <y passes all the static checks described above, nevertheless
it is meaningless if y is zero. The aim of dynamic checking [2 [3] is to detect these
kind of meaningless formulas. This is done by generating (and then proving)
some well-definedness lemma.

The rest of this chapter specifies how to produce these well-definedness lem-
mas. This is done by specifying a WD operator that takes a formula as argument
and the result of which is the well-definedness lemma of that formula.

5.1 Predicate Well-Definedness

Table on the next page specifies the WD operator for predicates. In that
table, letters P and @ denote arbitrary predicates, letters £ and F' denote
expressions, and letter L denotes a list of identifiers.

5.2 Expression Well-Definedness

Tables [5.2] on page 2] and [5.3] on page [3] specify the WD operator for expres-
sions. In these tables, letter P denotes an arbitrary predicate, letters E and F'
denote expressions, letter ) denotes a lambda pattern, letter L denotes a list
of identifiers, letter I denotes an identifier, letter n denotes a literal integer.
We also denote by Fg the list of the free variables that appear in expression F
(that is E.free) and by Fg the list of the free variables that appear in pattern
Q. Finally, letter = denotes a fresh variable (that is a variable that does not
occur free in the formula for which we compute the well-definedness lemma).
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Predicate WD Lemma
PAQ P=Q WD(P) A (P = WD(Q))
PVvVQ WD(P) A (P VWD(Q))
PsQ WD(P) AWD(Q)
~P WD(P)
vL-P  3L-P VL-WD(P)
T 1 T
finite(F) WD(E)
E=F E#F
g E ];, ,;;E i ]; WD(E) A WD(F)
ECF EQF

Table 5.1: WD lemmas for binary and unary expressions.
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Expression

WD Lemma

F(E)

WD(F) AWD(E) A E € dom(F)
AF~ 5 ({EY < F) Cid(ran(F))

E|F] E—F
E—F E« F
E«— F E «» F
E-+-F E—F
E»+ F FE—F
E-»F E—F
E—»F FEUF
ENF E\F
ExF E®F
E|F EoF
E;F E<g F
E«xF E«qF
Ep>F Ep F
E. F E+F
E—-F ExF

WD(E) A WD(F)

E+F E mod F

WD(E) AWD(F)AF #0

E°F WD(E) A0 < EAWD(F) A0 < F
—F E-1
P(E) P1(E)
dom(FE) ran(FE) WD(FE)
prj; (E) prjs (E)
id(E) union(E)
card(E) WD(E) A finite(E)
inter(E) WD(E)ANE # &

Table 5.2: WD lemmas for binary and unary expressions.
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WD Lemma

Expression
Q- P|E VFo - WD(P) A (P = WD(E))
?LL. 'PP| |EE} VL - WD(P) A (P = WD(E))
UE|P
5| P} VFg - WD(P) A (P = WD(E))
(VL - WD(P) A (P = WD(E)))
NL-PLE A (3L - P)
(VFg - WD(P) A (P = WD(E)))
nNelrP A (3Fs - P)
bool(P) WD(P)
{E\,Es,...,En} WD(E;) AWD(E3) A --- AWD(E,)
I z
N Ny
BOOL  TRUE T
FALSE @

n

Table 5.3: WD lemmas for other expressions.
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