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Abstract

This document attempts to merge several existing proposals for E-LOTOS, in order to provide
a unified definition for the User Language of E-LOTOS, covering several aspects that were so
far addressed independently each from the others. This proposal covers the data type part of
E-LoTos, as well as the behaviour part, including gate typing.

The document first provides rationale for the proposed language features. Then, an abstract
syntax of the User Language is given. The static and dynamic semantics of this User Language
are defined formally, by using successive translations of the User Language into refined, more
primitive sub-languages. Finally, several use examples of the User Language are given, including
the LoTos standard data type library and some of the type definitions contained in the so-called
LOTOSPHERE proposal.

*This work has been supported in part by the Commission of the European Communities, under project ISC-CAN-65
“EUCALYPTUS-2: A European/Canadian LoTos Protocol Tool Set”.
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1 Introduction

This document attempts to merge several existing proposals for E-LoTo0s that were so far considered
as separate parts in the latest version of the E-LoTos Revised Working Draft [Que96b]. These
proposals are the following:

e Annex A Part 1 of [Que96b] (“A Proposal for the Data Type Part of E-LOTOS Applicable to
the Formal Description of OSI and ODP Standards”).

e Annex C Proposal 2 of [Que96b] (“On the Introduction of Gate Typing in E-LOTOS”). However,
some ideas of Annex C Proposal 1 (“Tagged/Typed Gates”) are also taken into account, for
instance the restrictions concerning the mix of tagged and positional gates.

e Annex F Part 1 of [Que96b] (“Generalized Termination, Enabling and Disabling”) as the ex-
ception mechanism (“trap” operator) proposed in this document seems to be a generalization
of the generalized enabling operator “>t>”.

e Annex F Part 2 of [Que96b] (“A Wish List for the Behaviour Part of LOTOS”).

This document benefits from the discussions with Alan Jeffrey, Guy Leduc, Charles Pecheur, and
Ricardo Pena during a short-term scientific mission (April, 22-26, 1996) supported by the European
Commission under Cost 247 Action and European-Canadian project Eucalyptus-2.

A detailed history of the successive versions of this document can be found in Annex G.

Due to the short lapse of time between the Liege scientific mission and the Kansas City meeting, the
document is not complete yet and some of its sections are not fully up to date. It is organized as
follows.

Section 2 presents the underlying motivations for the data part of the user language. This section is

still to be provided.

Section 3 presents the underlying motivations for the data part of the behaviour language. This
section is identical to Section 2 of [Que96b, Annex F Part 2]. It should be updated since it is not
fully up to date with the latest definition of the User Language given in Section 4.

Section 4 provides a detailed proposal for the User Language. According to the discussions of the
Liege meeting (December 1996), we distinguish between two levels of language: a Core Language, with
a minimal set of operators, and a User Language, with convenient notations which can be expanded
into the core language.

Use examples of the User Language can be found in Annexes C to F of this document. In particular,
Annex E shows how LoTos standard type library could be expressed in E-L0oTo0s, and Annex F does
the same with some of the built-in types of the so-called “LOTOSPHERE proposal”.

2 Rationale for the proposed enhancements in the be-
haviour part

To be provided.



3 Rationale for the proposed enhancements in the be-
haviour part

In this Section, we propose a collection of enhancements to the behaviour part of LoT0s. These
enhancements aim at solving several problems found in LoT0s and making the behaviour part of
E-LoTos more expressive, simpler, symmetric with the data part of E-LoTo0s, and compatible with
usual programming languages. In this Section, we explain informally the motivations for the proposed
enhancements (a formal presentation will be given in Section 4). The enhancements are presented
separately in different sub-sections. Therefore, each sub-section can be read independently from the
other ones. However, if one enhancement relies upon another one, the dependence is explicitly stated.

3.1 Giving a printable name to the “§” gate

The dynamic semantics of LoT0S makes use of a special gate, the termination gate noted “6” in the
ISO standard. Due to the “exit” operator, the “6” gate is never used explicitly in LoTos descriptions.
However, when an “exit” is executed, a rendez-vous on the § gate is performed. At this point, a
problem arises because “6” is not a printable name using Latin character sets. For this reason, LoT0s
tools usually replace “6” by a printable identifier: “d”, “delta”, “Delta”, “exit”, etc.

To promote inter-operability between LOTO0s tools, one should agree upon a printable identifier for
the “8” gate. The “exit” identifier seems to be a good candidate for at least two reasons:

e It is the most intuitive solution: an “exit” operator in the LoTos description leads to an “exit”
rendez-vous in the corresponding labelled transition system.

o It prevents name clashes with user-defined gate identifiers: “exit” is already a reserved keyword
in LoTos: users are not allowed to declare gates with the name “exit”.

There are two different ways to implement the proposed change in the revised LoTo0Ss standard:

1. The first solution would consist in adding a note stating that, whenever the “§” gate is to
be read or written using a Latin character set, then the name “exit” has to be used for this
purpose.

2. A simpler solution would be to replace all occurrences of “6” by “exit” in the dynamic semantics.

Both proposed changes are fully upward compatible, in the sense that any valid LoTos description
under the existing standard would remain valid under the revised standard.

3.2 Turning the specification identifier into an ordinary process identifier

Fach LoTos description is given an identifier (introduced by the “specification” keyword). This
identifier is very similar to process identifiers (introduced by the “process” keyword) but not com-
pletely, as [ISO88b] imposes several distinctions between specification and process identifiers:

e Specification identifiers and process identifiers belong to distinct name spaces. For a given
LoTos description, the specification identifier name space only contains a single element (the
name of the description).

e There 1s no place in a LOTOs description where the specification identifier can be used.

e Consequently, it is not allowed to use the specification identifier in place of a process identifier.
In particular, the specification identifier cannot be used in a process instantiation [ISO88b,
7.3.4.2.a]. Therefore, a LoT0s description cannot be directly recursive:



specification S [G] : noexit behaviour
G; s [G] (* illegal: identifier S cannot be used here *)
endspec

Recursion can only be expressed by introducing an auxiliary process:

specification S [G] : noexit behaviour
P [G]
where
process P [G] : noexit :=
G; P [qG]
endproc
endspec

There is very little justification for these constraints regarding specification identifiers. One can only
think of one reason: by preventing the specification identifier from being a process identifier, one
may wish to maintain a fair balance between data part and process part (avoiding the supremacy of
processes over types at the top level of a LoTos description). However, this is not true, since static
and dynamic semantics rules already consider the LoTOs specification as a special process.

We propose the following change: the specification identifier should be a process identifier and should
be visible in the behaviour expression following the “behaviour” (or “behavior”) keyword.

The proposed change is fully upward compatible.

[1334]
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3.3 Turning the reserved keyword into a predefined gate identifier

In standard LoTos, the identifier of the invisible gate “1” is a reserved keyword. Consequently, it is
not possible to declare any object (type, sort, operation, variable, process, or gate) named either “i”
or “I”. This situation is annoying for several reasons:

o Identifiers “1” and “I” are widely used in computer programs, due to traditions inherited from
common mathematical practice and early programming languages such as FORTRAN. The
prohibition of these identifiers in LOTO0S 1s confusing to most users.

e There are some situations where the “1” identifier would be especially appropriate, for instance

when dealing with complex numbers, matrix indexes, etc. For example, the following type
definition is rejected:

type CHARACTER is

sorts CHAR

opns
A : -> CHAR B : -> CHAR C : -> CHAR
D : -> CHAR E : -> CHAR F : -> CHAR
G : -> CHAR H : -> CHAR I : -> CHAR (* defining "I" is illegal *)
J : -> CHAR K : -> CHAR L : -> CHAR
M : -> CHAR N : -> CHAR 0 : -> CHAR
P : -> CHAR Q : -> CHAR R : -> CHAR
S : -> CHAR T : -> CHAR U : -> CHAR
V : -> CHAR W : -> CHAR X : -> CHAR
Y : -> CHAR Z : -> CHAR

endtype
This problem could be easily solved by applying the following changes to the existing LoT0S standard:

1. Terminal symbols “i” and “I” should be removed from LoTos BNF syntax and, therefore,
should loose their status of reserved keywords. Practically, the two grammar rules below should



be deleted:

<internal-event-symbol> ::= "I"
<action-denotation> ::= <internal-event-symbol> ;

. The revised standard should introduce one predefined gate identifier noted “i” (also equivalent
tO ((I??).

. The use of the predefined gate “i” should be restricted by introducing static semantics con-

straints, in order to maintain compatibility with existing LoTos.

Currently, due to syntax rules, the use of the “i” gate is strictly restricted. The idea is to

shift these restrictions from syntax to static semantics. The revised standard should therefore
contain the following static semantics constraints:

e The “1” gate cannot occur in any gate definition context (i.e. binding occurrence), meaning
that it is forbidden to declare any gate of name “1”
prohibited:

. The following constructs are therefore

hide i in ...
choice i in [...]
par i in [...]

process P [..., i, ...]

e The ‘1”7 gate cannot occur in any gate definition context (i.e. place-marking occurrence),
except on the left-hand side of an action-prefix operator without experiment-offer. The
following constructs are therefore prohibited!:

choice ... in [..., i, ...]

par ... in [..., 1, ...]

4. Since name spaces are considered to be distinct in LoTos, identifiers “i” and “I” would be

predefined only for gates, but would remain available for types, sorts, variables, operations, and
processes.

This change is fully upward compatible.

3.4 Introducing two “case” operators

The output document of the Ottawa meeting [JGLT95] agreed that it would be desirable to enforce a
symmetry between the data part and the behaviour part of E-LoTo0s. According to the recommen-
dations of Section 5.3.7 and Section 9.2 of [JGLT95], we propose to introduce a “case” operator in
the behaviour part.

3331

TUnrestricted use of the “i” gate would lead to subtle problems, such as action denotations of the form

. 'u,"”, which are not handled in the existing dynamic semantics of LoTOs



We base our proposal on the proposal for the E-LoTos data type language made in [SG95]. In the
sequel, let’s assume the following definitions:

e B, B' B” By, Bi, Bs, ... denote behaviour expressions of the behaviour language.
o E E' E" Eqg, Ei, Es, ... denote value expressions of the data type language.
o P P' P" Py, P, Py, ... denote pattern expressions of the data type language.

o M, M’ M" My, M1, Ms, ... denote match expressions of the data type language. Match expres-
sions have the following syntax:

M = E::P
| M where F
| M and M,
|  M; or M,

The proposal made in [SG95] contains two “case” operators: the general “case” operator and the
usual “case” operator.

e Three new keywords have to be added: “case”, “otherwise”, and “endcase”.

e For the general case operator, the following rule has to be added to the BNF grammar:

B = case
M0—>Bo

M, — B,
[otherwise B, 1]

endcase

As stated in [JGL195] and [SG95], the evaluation of a “case” operator is sequential and deter-
ministic. The match expressions M; are evaluated in turn:

— If it exists, the smallest ¢ such that M; “matches” is selected, and the corresponding B; is
executed.

— If no M; matches and if the “otherwise” clause if present, then B, is executed.

— If no M; matches and if the “otherwise” clause if absent, then several semantics are
possible:

x Omne could say that nothing happens, i.e., behave as if an “otherwise stop” clause
was present.

* Another approach is to avoid this problem by making the “otherwise” clause manda-
tory.

+* However, the two above semantics are not symmetrical with the data language, in
which incomplete “case” operators are used to describe partial functions and provoke
“run time” errors. Onmne could therefore say that a missing case in the behaviour
part either causes the whole behaviour to be undefined (the so-called “core dump”
semantics) or raises an exception. This is the solution that we prefer.



The “otherwise B, 11”7 clause is a shorthand which can be expanded to “true: :true — Bp41”.

e For the usual case operator, the following rule has to be added to the BNF grammar:

B = case F in
P|...|PY, [where Eg] — By

P|...|Py,. [where E,] — B,
[otherwise B, 1]

endcase
Remark
The “case...in” syntax was preferred to the “case...of” syntax found in PASCAL in order to
avoid a parsing conflict: LOTOS expressions may already contain “of” operators. a

The usual case operator 1s merely a shorthand, which can be expanded as follows to a general
case operator:

case
E: X7 —

case

X::PJ or ...or X::P) [where Eg] — By

X::Pj or ...or X::P) [where I,] — B,
[otherwise By, 1]
endcase

endcase

The above translation is designed to evaluate expression E only once, by introducing a variable X
whose type T is the type of E. It is to be noticed that, if the evaluation of E raises an exception,
then the expanded form also raises an exception.

Remark
The guard operator “[F] — B” that exists in LoT0S can be expressed as a particular form of “case”

operator:

case F in
true — B
false — stop

endcase

10



Remark
Reciprocally, it is not possible to reduce “case” operators to a combination of guards and non-
deterministic choices, because of the variable bindings resulting from pattern-matching. ad

It is clear that “case” operators cannot be reduced to existing LLOTOS operators: pattern-matching
brings new expressiveness, which does not directly exists in LoT0Ss. For instance, the use of pattern-
matching will highly simplify the frequent situation in which a protocol receives a packet and makes
different actions depending upon the packet type and the value of the packet fields. Pattern-matching
will allow packet type recognition and packet field extractions all at once.

Also, the “case” operator should improve run-time efficiency, since when the type of a packet has
been recognized, it is not necessary to check for the other possible packet types.

This extension is upward compatible, except for those existing LOTOS programs that use the new
reserved keywords. For those programs, a renaming of conflicting identifiers would be needed.

3.5 Introducing an “if” operator

Due to its process algebra origins, LoTo0s uses only two primitives (guards and non-deterministic
choice) to express conditionals. This imposes a specification style that is not intuitive (novice users
are not familiar with “guarded commands” and usually prefer the classical “if-then-else” constructs),
tedious to write, difficult to read (guarded commands are more verbose than their “if-then-else”
equivalents), and error-prone.

(454

For these reasons, we propose to extend LoTos with an “if’ operator?. The following changes should
be introduced in the revised LoTos standard:

e Five new keywords have to be added: “if’, “then”, “else”, “elsif’, and “endif’.

e The following rule has to be added to the BNF grammar:

B = if E, then B
elsif £y then B,

elsif I/, then B,
[else Bj11]
endif

Annex A gives a concrete syntax for the “if” operator and explains how it can be expanded into
standard LoTos (using combinations of guards and deterministic choices). But, assuming the
existence of the general “case” operator, the translation scheme suggested in [SG95] is much
simpler:

case
FEy::true — By
Ey:itrue — By

E,:: true — B,
[otherwise B, 1]
endcase

2This operator has exactly the same syntax and semantics as in Ada

11



This translation is likely to be implemented more efficiently than the one given in Annex A,
because the expressions F; are evaluated only if necessary. But, if run-time errors (e.g., excep-
tions) are introduced in the behaviour part, then the evaluation of expressions F; may raise a
run-time error. In such case, the two translation schemes are not equivalent, and the one given
above should be preferred, as it expresses the “if” semantics adequately.

This extension is upward compatible, except for those existing LoTo0S descriptions that contain
identifiers with the same spelling as the new reserved keywords. For those descriptions, renaming the
conflicting identifiers would be needed.

3.6 Extending the “let” operator

The output document of the Ottawa meeting [JGL195] agreed that it would be desirable to enforce
a symmetry between the data part and the behaviour part of E-LoT0s. According to the recom-
mendations of Section 9.2 of [JGL195], we propose to extend the expressiveness of the existing “let”
operator to allow pattern-matching.

We base our proposal on the proposal for the E-LoTos data type language made in [SG95].

e No new keyword must be added.

e The existing BNF grammar should be modified: the existing definition of the “let” operator
should be replaced with the following rule:

B = let Py:=Ey, ..., P,:=E, in By

Like the “if” operator, the “let” construct is merely a shorthand for notational convenience,
which can be expanded to a general “case” operator:

case
Fo::Pyand ... and £, :: P, — By
endcase

This modification is “almost” upward compatible with existing LoT0S because E-L0oTO0S patterns
include variable declarations “V : T” as a particular form of patterns. To translate a LoTos “let”
operator into an E-LoTos “let” operator, two changes have to be performed:

1. Variable lists of the form “Vi, ..., V,;:T” must be flattened, i.e., replaced with “V;, : 7.V, : T7.
However, such variables are seldom used in LOTOS programs because it is not very useful to
define several variables with different names and the same value.

2

2. The “=” symbols used in LoTos “let” operators must be replaced with “:=" symbols. This
is to ensure homogeneous notations between “let” operators, “rename” operators (see Sec-
tion 3.7), process instantiations (see Sections 3.18 and 3.19), and function calls (see the data
type language).

3.7 Introducing a “rename” operator
We suggest to introduce in E-LoT0s a “renaming” operator which would allow to modify the gates

and/or the offers of the labels of the actions performed by a given behaviour. The underlying
motivations for this change are the following:

12



1. Tt 1s well-known that the parallel composition operators of LOTOS are not enough to express
all possible forms of synchronization. This is the case, for instance, of the circular ring of four
processes P, ..., Py depicted below:

G
Py Py

Py Ps
G
Renaming allows to express some networks of parallel processes; which could not otherwise
be obtained by simply using the parallel composition operators of LoT0s. For instance, by

introducing two auxiliary gates G’ and G”, which are later renamed in G, the ring can be
described as follows:

rename (' := G,G" := G in

(P [G", G TTGT] B[, G7))
1 1G] (Ps[G", G 1 TG PG, G"))
)

The description of such complex synchronization patterns will also be discussed in Sections 3.11

and 3.12.

2. Renaming is also needed for reusability purpose. Let’s consider two LLoT0S behaviours B; and
B that, for some reason, we are not allowed to modify or to duplicate, and have to take “as
18”. This situation will occur if B; and Bs belong to a library whose components are reusable
LoTos processes. Let assume that B; and Bs are to be assembled in a pipeline structure: they
are put in parallel and synchronized together on a common gate (G. Let’s assume that By sends
messages on (G which are received by B;. A problem occurs if the messages sent by B; are not
in the same format as those expected by Bs. By example:

e B; could send messages of the form “G 'E” and Bs expect messages of the form
“G 'E Vf(E)”, where f is a checksum function, for instance — or vice-versa.

e B; could send messages of the form “G 'E” and Bs expect messages of the form
“G Vheader 'E 'trailer” (according the layering principle of OsI) — or vice-versa.

e B; could send messages of the form “G 'E” and Bs expect messages of the form
“G Vf(header, E, trailer)”, where f is a packet-making function, for instance — or vice-
versa.

Using standard LoTos, the single solution to this problem is to introduce an “interface” be-
haviour between B; and Bs, which is more or less a one-slot buffer performing data conversion.
Although tractable, this approach reduces the efficiency of the implementation (an auxiliary
process must be added in parallel, and auxiliary synchronizations/communications have to be
performed at run-time) and increases the number of states in the global system, thus contribut-
ing to state explosion.

On the opposite, the renaming operator described below solves the problem, avoiding the in-
troduction of an “interface” process. It also improves reusability, by allowing to define multiple

13



“views” of an existing software component (for instance, process components such as buffers,
queues, “chaos” processes, etc., could be reused easily, which is not the case currently in LoT0s).

3. Renaming can be useful for verification purpose, especially when using bisimulation relations.
In such case, one often wants to rename all visible actions of “no interest” for the property to
be verified into some special action A. Therefore, the renaming can be non-injective. Hiding
is not sufficient for this goal if this action A must remain visible to be distinguished from the
internal action “1”.

4. The dynamic semantics of standard LoT0s already has a “relabelling” operator. However, this
operator has two limitations:

e It allows to change the gate names in labels, but not the offers.

e It is “hidden” in the dynamic semantics and cannot be used directly, nor simply, in LoTo0s
descriptions. To use this relabelling operator, one must define a process and invoke this
process with different gate parameters. If G, G', G” Gy, G1,Ga, ... are gates, the specifier
cannot simply write:

rename Gy := Gf,...,G, := G in By

but has to write instead:

PGy, ..., G}, GI(E)

where

process P[Gy,...,Gp,Gl(V): F :=
By

endproc

where P is a (new) process name, G denotes the list of the visible gates in By different
from Gl, ..., G, V denotes the list of variables used in By, £ denote the list of the values
to be assigned to the variables of V, and F denotes the functionality of process P.

Making the renaming operator explicit will make the “substitution principle” valid for LoTos:
this principle states that every process instantiation can be replaced with the process definition,
modulo appropriate renamings. In the case of LoTo0s, the following property will hold:

rename G := G),...,Gy = Gl in
P[ /1, ,G;n](El, ,En) let V1 ZT1 = El, ,Vn : Tn = En in
where B
process P[G1,...,Gpn)(Vi :T1, ...,V Th)... | = | where
B process P[G1,....Gpl(V1 : T1, ..., Vi i Ty)...
endproc B
endproc

5. Other process algebras, such as Acp or Ccs already have a renaming operator, which is very
general: any total function p mapping labels to labels can be used. The corresponding dynamic
semantics is simple: when a label L is observed, it is replaced with p(L).

Therefore, the result of the function may depend upon the value of the offers occurring in the
labels. For instance, one can define p(G 'true) = A and p(G !false) = B.
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However, we believe that such an unrestricted approach is not appropriate for LoTos, as it
would be difficult to integrate in compilers using intermediate models based on Petri Nets or
Extended Finite State Machines.

We propose to restrict renaming to functions p whose effects are statically decidable. More
precisely, if L is a label containing free variables, the value of p(L) should be computable at
compile-time. Therefore, the definition of p should only rely on statically computable informa-
tions: the name of the gate, the number of offers and the type of the offers.

We introduce the following definitions:

e One new keyword has to be added: “rename”.

e The following rules have to be added to the BNF grammar:

B := rename Ry,..., R, [R,4+1] in By
where Ry, ..., Ry (0 <4 > n) are “renaming clauses” whose syntax is:
RZ = GZ' =

| Gy (VETH L VP TP o= GY (B BT
and where R, 41 has the following syntax:

.o . - !
Rpp1 = ... := Ghyy
— / 1 dn41
= Gl (B, B

e There are additional static semantic constraints.
— For each renaming clause R;, the names of the variables V;! ..., VF* should be pairwise
distinct.

— For each renaming clause R;, the list of types T}, ..., 777 should be compatible with the

K3 K3

types of the experiment offers permitted for gate GG; (assuming that a gate typing mecha-
nism is introduced in E-LoTos).

— For each renaming clause R; having a “(...)” clause (i.e., the syntax of R; is given by the
second rule of the above BNF grammar), the variables V7 (1 < j < p;) are visible in the
expressions E¥ (0 < k < ¢;).

— The renaming clauses Ry, ..., R, should be pairwise disjoint, in order not to overlap. If
gates are not overloaded, this can be simply expressed as:

(Vi,j €40, n}) i £ = Gi £ G
If gates can be overloaded, this constraint is more complex:

(Vi,j €{0,...n}) i #j =
(Gi #G;) V ((both R; and R; have a (...) clause) A (pi #p;) V Tk e {1, ... p} | TF # T]k))
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e Informally, the dynamic semantics of the renaming operator is defined as follows:

— Renamings R; of the form “G; := G}” behave as the existing relabelling operator of
standard LoTos. They apply to all labels whose gate is equal to (G;. They modify these
labels by replacing G with Gf.

— Renaming R; of the form “G; (V' : TY .. VP . TP = G} (E},...,Ef)” apply to
all labels whose gate is equal to (; and whose experiment offers have types T}, ..., TF"
respectively. If these labels have the form Gy vy, ..., v,,, they are modified as follows: G}
is replaced with G} and the list of offers is replaced with the list of value expressions
E}, ..., Ef in which all variables Vij are replaced with vg respectively.

— If present, R,41 plays the role of a default renaming, which applies to all labels that do
not match some R; (0 <7< n).

Remark
The two renaming clauses “G' := G and “G’() := G'()” are not identical: the former applies to
all labels having gate G, the latter to all labels having gate G and no experiment offers. i

We give some use examples of the renaming operator:

1. simple gate renaming: rename G := Gf,...,Gp = G,... = G in ..

2. deletion of offers: rename G (Vy : 71, V2 : To, V3 : T5) := G(V2) in ...

3. addition of offers: rename G (V : T) := G (header,V, trailer) in ...

4. duplication of offers: rename G (V :7) := G (V,V) in ...

5. alteration of offers: rename G (V :7) := G (0) in ...

6. modification of offers: rename G (V :7) := G (F(V)) in ...

7. permutation of offers: rename G (V1 : 71, Vo : T5) := G (Vo, V1) in ...

8. combination of offers: rename G (V1 : Ty, V2 : T3) = G (F1(V1,Va), Fo(Vy,V2)) in ...
Remark

The semantics of the “rename” operator implies that:
rename G := G’ in (G ; stop ||| G’ ; stop)=stop

because renaming is applied after trying to synchronize G and G/, which fails, because both gates do
not have the same name. This is the post-renaming semantics, which is also that of the relabelling
operator of LoToOs.

An alternative definition, the pre-renaming semantics, could be used instead, which applies renaming
before synchronization; this semantics is based on textual substitution of the renamed gates in the
behaviour expression. Using this semantics, one would have:

rename G := G’ in (G ; stop ||| G’ ; stop)=G ; stop

It is worth noticing that many compiler writers translating LoTos into Extended Finite State Ma-
chines or Extended Petri Nets (e.g. Guether Karjoth and Carl Binding with the LOEWE tool, Eric
Dubuis with the Coros tools, and the author of this article with the CHEsAR tool) have chosen to
deviate from LoT0s by implementing pre-renaming instead of post-renaming. The reasons for these
deviations should be considered for the design of E-LoTos.
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Also, in the case where the relabelling function is injective (which often occurs in practice), both
semantics are identical.

However, the pre-renaming semantics does not solve the issue of complex synchronizations mentioned
at the beginning of this Section. i

This proposal for introducing renaming in E-LOTO0S remains to be integrated with other proposals,
such as gate typing, communication pattern-matching, time, etc.

3.8 Removing the “choice” and “par” operators over gate lists

We propose to remove the “choice” operators and “par” operators on gate lists, which currently
exist in standard LoTos®. Our motivations are the following:

e We notice that these operators are not used in practice. For instance, they are not used in the
formal descriptions in LoT0s of the transport protocol, nor in the CCR service and protocol,
nor in the description of the Osi-Tp protocol.

e These operators are merely shorthands which do not bring expressiveness. There could be easily
replaced using the renaming operator for E-LoT0s (see Section 3.7 above). For instance:

choice G in [Gy,...,G,]1 [1 B
could be expressed as:

rename (G := Gy in B

1
1
rename G := G, in B
Remark
A process definition could also be used, in order to avoid the duplication of B several times. O

Therefore, unless a convincing example of the practical usefulness of these two operators can be found,
we propose to remove them from E-LoTo0S, in order to keep the language as simple as possible.

3.9 Using a bracketed syntax

As LoTos behaviour expressions are algebraic terms with nullary, unary, and binary operators, pars-
ing ambiguities naturally arise. They are solved in two ways: by the definition of LoT0S syntax, which
introduces priorities between behaviour operators, and by the specifiers, who can use parentheses to
enclose behaviour expressions appropriately.

However, this scheme proves to be difficult to many users. For instance, the behaviour expression
“By >> By [1 Bs” is not parsed as “(By >> Ba) [1 Bs” but as “B; >> (B2 [1 B3)”.

Experienced users solve the problem by putting lots of parentheses, which makes the specification
safer for them, but difficult to read by someone else. A similar problem also occurs when several
parallel operators are mixed in the same behaviour expression.

3We do not propose the removal of the “choice” operator on value domains, because this operator is used very
often, for instance in the formal descriptions in LOTOS of the transport protocol and Osi1-TP protocol.
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We could imagine that the BNF grammar could force the user to put parentheses where a behaviour
expression is ambiguous. It seems that LOTO0S syntax tries to do so, at least for the unary operators
such as “choice”, “par”’, “let”, etc. But this results in strange syntactic constraints, which do not
avoid ambiguities.

In his thesis [Bri88], Ed Brinksma addresses this problem and suggest an elegant solution for his
LoTcaL language. This solution is worth to be considered for the design of E-LoT0s. In LOTCAL,
a special syntax is introduced to “bracket” the binary operators (“;”, “[17, “||”7, “[>”). We now
consider in turn the various bracketed operators proposed by Brinksma.

e The simplest one concerns the disable operator. It 1s noted:

dis
B
>
Bs
enddis
and is equivalent to (B; [> Bs).

e Another bracketed operator concerns the non-deterministic choice. It is noted:

sel
By
(]

(]
By
endsel

and is equivalent to (By [1 ... [1 B,). Note: using “alt...endalt” rather than “sel...endsel’
would give a flavour of OccaM.

e There are several forms of bracketed syntaxes for parallel composition. All these forms share a
common syntax:

par sync synchronization_clause
By

endpar

Generalized parallel composition operators will be further discussed in Sections 3.11 and 3.12.

e There 1s also a bracketed syntax for sequential composition. It 1s noted:
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endseq

and is equivalent to (Ag;...;An; B) where Ay, ..., A, are action denotations. However, as
Brinksma also suggests to unify both operators “;” and “>>” (this will be discussed in Sec-
tion 3.14 below), some A4; can also be replaced by behaviour expressions.

e The syntax of the unary operator “choice” is changed into a bracketed syntax:

sel for iteration_over_gate_list_or_value_domain []
B

endsel
e Similarly, the syntax of the unary operator “par” is changed into a bracketed syntax:
par for iteration_over_gate_list_or_value_domain sync synchronization_clause
B

endpar

e The unary operators “let” and “hide” are kept unchanged: no keywords “endlet” and

“endhide” are added.

Remark
According to the proposals made in Section 3.8, the iterations over gate lists should not be retained
for E-LoTos. |
Remark
It is not clear whether simple parentheses (...) are still allowed in LoTCAL, or if only the bracketed
constructs are available. ad
Remark

In the above list of operators, the guard operator is not mentioned. In LOTCAL, guards have a special
status determined by the BNF syntax. They can be used only in arguments of “sel”, “dis”, “par”,
etc. For E-LoTos, it would be probably better to keep guards as “normal” (i.e., first-class citizen)

operators. O
Remark

Most of the new operators proposed for E-LoTos(e.g., “case” and “if”) already have a bracketed
syntax. O
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3.10 Introducing a “par” operator on finite value domains

We propose to introduce a “par” operator on value domains, similar to the “choice” operator on
value domains. This operator would be very useful to launch a set of processes in parallel, e.g.:

par V1:1.3, Vabool ||| P[Gy, G3](V1, V2)
would be equivalent to:

PGy, Go](1, false) |11 P[G1, Ga)(1, true)
11
PGy, G2](2, false) |1 P[G1, G)(2, true)
11
PG, G5](3, false) |1 P[G1, G2)(3, true)

However, this “par” operator is only well-defined if one iterates on finite value domains. Should
value domains be infinite, this would lead to an unbounded number of rules in the definition of the
dynamic semantics.

If data types are defined using abstract data types without constructors, as it is the case in LoT0S
with ACTONE types, it is not possible to determine statically whether the domain (data carrier) of
type (sort) is finite or not. This was the reason why the “par” operator on value domains was not
introduced in LoToS.

However, Ed Brinksma decided to introduce a “par” operator on value domains in the LOTCAL
language [Bri88]: the specifier has to ensure that the value domains are finite, otherwise the meaning
of the LoTcAL specification is undefined. Of course, this constraint cannot be checked statically.

But in the case of E-LoTo0s, if data types are defined constructively, as recommended in the output
document of the Ottawa meeting [JGLT95], it is possible to decide statically whether a type is finite
or not. The algorithm is based on the following statement: « type is finite of it is not recursive and if
all the types of all the arguments of all its constructors are themselves finite. By associating a boolean
variable “is_finite(T)” to each type T, one obtains a system of boolean equations which can be solved
iteratively. For externally-defined types, the user would have to specify whether their domain is finite
(the default choice) or infinite.

3.11 Allowing arbitrary synchronizations

We believe that the parallel composition operators (‘1 17, “I' 117, and “| [...]11”) which exist in LoTos
are not fully satisfactory, for several reasons:

1. The main advantage of these operators relies in the fact that they are simple from an algebraical
point of view: they are binary, commutative, and associative.

2. However, from the specifier point of view, these operators are not very intuitive. They are
probably too far from the usual vision of a system seen as a network of parallel processes
connected by (multiway) communication links.

3. It is known that LoTos parallel operators are not powerful enough to describe all possible of
networks of communicating processes. The network given in Section 77 is an example, although
it can be described using both parallel composition and renaming operators. Another example
is the following:
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Py

P, Ps

4. However, even when it 1s possible to describe a network using LoTo0s parallel operators, the
solution is not always easy:

e Experience indicates that it proves to be difficult for LoT0S beginners.

e This is also difficult for software tools which attempt to translate a network (represented
graphically, e.g., as an SDL view) into a LoTos behaviour expression: this problem is
equivalent to a system of boolean equations. To solve this problem efficiently, the use of
Binary Decision Diagrams is advised.

e There are often many possible solutions, all of them looking very different.
e The resulting behaviour expression is not always readable, especially if it involves renaming

(through process instantiations).

To solve these problems, we would like to introduce in E-L0T0S a generalized parallel operator
which allows to express directly networks of communicating processes. This would be helpful to write
and read E-LoT0S descriptions and to develop tools that translate graphical views into behaviour
expressions and vice-versa.

First, in order to gain expressiveness and convenience, it is obvious that we have to shift from LoTos’
binary parallel operators to n-ary operators, as suggested by Ed Brinksma (see Section 3.9).

Second, we propose to introduce in E-LoTos the notion of synchronization product (or synchroniza-
tion vector) found in languages such as MEC [Arn92] or AuTO/AUTOGRAPH [RS90].

The general parallel operator has the following syntax:

par G1: Xq,....,Gp 1 Xy, In

By
|l
|l
B,
endpar
where G, ..., Gy, are gates and where X1, ..., X, are non-empty subsets of {0, ..., n}. To allow different
synchronizations on the same gate, we do not require that all gates G1, ..., G, are pairwise distinct.

All £;’s must be computable statically (i.e., at compile-time); in a first approximation, we can assume
that, syntactically, all ¥;’s are merely lists of integer constants.

Informally, the semantics of this operator is the following. The behaviour expressions By, ..., B,
execute concurrently. The intuitive semantics of this operator is that, for each couple (G;, %), all
behaviour expressions B; such that j belongs to X; synchronize on gate G;. Therefore, the set X;
associated to a gate G; is the set of all indexes j such that B; synchronize on gate ;. As in LoTos,
the termination is synchronous: all B;’s synchronize on the “6” gate.
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Remark
If there are several subsets X; of behaviour expressions B; ready to synchronize together, a non-
deterministic choice will be made between the different possible subsets ¥;. a

Remark

For compatibility with the semantics of LoT0s and to avoid the problem of large, unreadable syn-
chronized products, we only allow products of the form “G x ... x G — G” (meaning that gates only
synchronize if they have the same name) whereas the general synchronization product has the form
“G % ... x Gy — G” (meaning that gates Gy, ..., G, can synchronize leading to an event labelled gate
G). O

Remark

We have selected this parallel operator for the core behaviour language because of its expressiveness.
However, we acknowledge that it is not particularly user-friendly: if a behaviour expression B; is
added or removed, or if the behaviour expressions B; are permuted, the the subsets S; must be
updated accordingly. Tt would be perhaps suitable to use symbolic identifiers (tags) instead of index
numbers. This is left for further study. a

For instance, using this operator, the example networks of Sections 77 and 3.11 can be described as:
par G:{1,2},G:{2,3},G:{3,4},G: {4,1} in

By Il Ba |l Bz || By
endpar

and:

par G:{1,2},G:{1,2,3} in
By Il B2 |l B3
endpar

More generally, this parallel composition operator allows to obtain, as particular cases, the parallel
operators proposed by Ed Brinksma in his LoTCAL calculus [Bri88]. These n-ary operators generalize
the binary operators that exist in standard LoTos. Brinksma proposes four kinds of operators:

1. The first operator performs synchronization on gates Gy, ..., Gp,. It is noted:

par sync Gy, ..., G, In
By Il ... |l By

endpar
and is equivalent to:

par Gy :{0,...n}, ..., Gpn:{0,...,n} in
Bo Il ... Il B,
endpar

It is also equivalent to (By | [Go,...,Grll ... |[Go,...,Gn]l By).
2. The second operator performs synchronization on all visible gates. It is noted:
par sync all

By Il ... 1l By
endpar
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and is equivalent to:

par Gy :{0,...n}, ..., Gpn:{0,...,n} in

By Il ... 1l By
endpar
where G4, ...,Gp, denote all visible gates in By, ..., Bpy. It 1s also equivalent to

(Bo Il ... 11 By).

. The third operator performs full interleaving. It is noted:

par [sync none]
By Il ... 1l By
endpar

and is equivalent to:

par in
By Il ... 1l By
endpar

It is also equivalent to (By ||| ... |1 Byp).

. The fourth operator proposed by Ed Brinksma is derived from Csp parallel composition and
performs synchronization on the common gates of all processes. It is noted:

par sync common
By Il ... 1l By
endpar

Unfortunately, this operator is highly context-dependent; in particular, it is not a congruence
with respect to strong equivalence. If we note op the binary form of the parallel composition
operator proposed by Ed Brinksma, the behaviour expression By op Ba depends upon £(B1)N
L(B3), where £(B) denotes the set of gates visible in B. For instance, let B; = stop, let
By = stop || G ; stop and let Bs = (G ; stop. Bj and Bs are strongly equivalent, but
By op Bz and Bs op B3 are not. Indeed:

By op Bs =G ; stop
because there is no synchronization on gate G since £(B1) = @. Conversely:
Bs op By = stop

since synchronization on gate GG is mandatory as £(B2) = £(Bs) = {G}.

Therefore, we propose here a modified version of Brinksma’s operator, which preserves congru-
ence. The syntax is:

par sync common
Go : By
[

[
Gn : By

endpar
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where Gy, ..., G, are gate lists. The intuitive semantics is the following: for each gate G in
GoU...UG,, all behaviour expressions B; such that G € G; have to synchronize on gate G. This
operator is equivalent to:

par G, :3q,....Gp 1 Xy, In
By
[

|l
B,
endpar

where {G1,...,Gpn} = Go U ...UG, and where, for each i € {1,...,m}, we have &; = {j | (0 <
1 < m) A (Gl € g])}

Remark
The “par sync common” is less expressive than the general “par” operator proposed at the begin-
ning of this section. In particular, it does not allow different synchronizations groups on the same

gate. O
Remark

Regarding expressiveness, our proposal is upward compatible with L.oT0s since LoT0$ binary parallel
operators can still be obtained as particular cases of n-ary parallel operators. a
Remark

The proposed synchronization scheme should be adapted to the “par” operator on value domains
described in Section 3.10. a

3.12 Introducing “n among m” synchronization

Let’s consider a set of m concurrent processes P, ..., P,. We want to specify a synchronization
scheme in which n (n < m) of these processes have to synchronize on a given gate . For n = 2, this
means that any process P; can synchronize and communicate with any other processes P; (i # j)
using binary rendez-vous.

In standard LoTos, specifying “n among m” synchronization is not always easy, nor even possible.
Just consider, for instance, a fully connected network of communicating processes:

G
P P,

G

Py Ps
G

However, we believe that “n among m” synchronization can be useful practically, especially for n = 2.
We give two examples:

e In ODP systems, any object can potentially interact with any other object using either binary
rendez-vous or a binding object.
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e “Problem solving” descriptions can be obtained by putting in parallel many components, each
component computing a part of the global solution and being potentially allowed to commu-
nicate with any other components. An example of such constraint-oriented descriptions is the
“eight queens” problem described in FP2 by Philippe Schnoebelen. In LoTos, it is difficult to
describe a chessboard, each square of which is a parallel process being able to synchronize with
adjacent squares.

In both cases, communication between processes can be restricted by using experiment offers, accord-
ing to the value matching mechanism of LoT0os. A simple solution to the “eight queens” example
would consist in connecting all pair of squares, then restricting synchronization to pairs of adjacent
squares using appropriate offers and selection predicates.

Milner’s Ccs allows “2 among m” communication, but does not allow multiway rendez-vous.

The above network can be described using the generalized parallel operator proposed in Section 3.11:

par sync G : {1,2},G: {1,3},G: {1,4},G:{2,3},G: {2,4},G: {3,4} in
By Il Ba |l Bz || By
endpar

However, this notation is not very convenient, since it requires to write all subsets of {1,...,4} the
cardinal of which 1s 2.

We therefore propose an abbreviation to solve this problem. Let’s consider the generalized parallel
operator:

par G1: Xq,....,Gp 1 Xy, In
By
[

|l
B,
endpar

In the list of clauses between the keywords “par” and “in”, we also accept clauses of the form

“G # p”, where 1 < p <n+1. These clauses are merely shorthand notations. Each clause “G' # p”
has to be expanded into a list of clauses:

G El,G : Ez,...,GZ ECP+1

where X, X9, ...ECP+1 are all subsets of {0,...,n} the cardinal of which is p. There are C£+1 such

subsets, where C? denotes the binomial coefficients.

Remark
A clause of the form “G' # p” with p = 1 means that gate (G is asynchronous for all B;’s. Ommitting
this clause would give the same result.

A clause of the form “G # p” with p = n + 1 means that gate (G is synchronous for all B;’s. This
clause is equivalent to “G : {0,...,n}”". O

Remark
We allow different degrees of synchronization on the same gate. For instance, the following network:
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can be obtained as follows:
par sync G # 2. G # 3 in

By Il By || B3
endpar

In particular, when there are only two processes, such feature can be useful to simulate Ccs parallel

composition, in which parallel processes can either synchronize or evolve independently. a
Remark

The proposed “n among m” synchronization scheme should be adapted to the “par” operator on
value domains described in Section 3.10. a

3.13 Introducing exceptions in the behaviour part

The need for introducing exceptions (also called generalized termination and enabling) in E-LoTos
has been clearly identified in [QA92] and [Que96a, Annex F]. There have been also several proposals
for introducing exceptions as a fundamental concept in concurrent languages, e.g. ATP (Algebra of
Timed Processes) [NS90, NS94] and ESTEREL [Ber93].

Asregards the data part of E-L0TO0S, exceptions are currently part of the existing proposals, including
[JGLT95] and [SG95]. We propose here an exception mechanism for the behaviour part, compatible
with the one given in [SG95].

In our approach, exceptions constitute a new class of identifiers: we will note them
X, X', X" X1,Xs,.... There exist some predefined exceptions which need not be declared explic-
itly, e.g., the “no_match” exception that indicates a missing clause is a “case” operator.

We extend the definition of behaviour expressions by introducing two new operators:

| raise X [Fy,..., E,)]
| trap
Xy VTV s T 1 — By

X, [V T8,V

T 1 — Bn
in
By
endtrap
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Remark

Actually, the arguments of the “raise” operator should not be mere value expressions Ey, ..., F,.
To ensure symmetry with the gate typing and abbreviated process instantiations (see Sections 3.18
and 3.19), one should also allow “V; := F;” clauses (where V; is the name of the i-th formal argument
of exception X), “any T;” clauses (as in the “exit” operator of LoT0s) and ellipsis clauses “...”.
The dynamic semantics of the two latter constructs would be that of a non-deterministically chosen
value. ad

Remark

Like ML and unlike ADA, our exceptions carry typed values. We believe that it would be appropriate
to introduce a notion of “exception typing”, similar to “gate typing”, which would allow to declare
exceptions together with the types of their parameters. However, we will not consider this issue here.
O

As regards the “trap” operator, we will call By the normal behaviour and X;... — B; the ezception
handlers.

The “trap” operator declares the exception identifiers X; and the variable identifiers VZ] The ex-
ceptions X; are only visible in By and the variables Vij are only visible in B; (and in the “raise X;”
operators occurring in Byp). There should be static semantics constraints ensuring that an exception
X is always raised with a list of values F, ..., E, compatible, in number and types, with the list of

variables Vi : T4, ..., V,, : T}, attached to the definition of X.

Remark

Many languages (e.g., ADA, ATP, ESTEREL and ML) place the exception handlers after the normal
behaviour, because they lay the emphasis on the usual processing rather than on the abnormal
processing. We have chosen the opposite solution because we want the definitions of the exceptions
X; and the variables V7 to precede their uses in By. We hereby follow the example of LoTo0s’ “let”

and “hide” operators. O
Remark

At present, we see no practical reasons for allowing exception overloading. We can therefore require
that all exceptions X; declared in a “trap” operator are pairwise distinct. a

We must also extend process definitions with formal exception parameters; enclosed in braces:

process P[] () {Xy [V T, Vi o ], X [V 27,V 2T 1)

B
endproc
Remark
This is similar to ADA’s “raises Xy, ..., X,;” clause which gives the list of exceptions raised by a given
function or procedure. a

In this construct, the exceptions X; are only visible in the process body B and the variables VZ»j are
only visible in the “raise X;” operators occurring in B.

To ensure symmetry with gate and value parameters, we also must extend process instantiations in
order to allow actual exception parameters:
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| P[] IX, o X}

The abbreviations proposed in Sections 3.18 and 3.19 should also apply to exception parameters. In
particular, the clause “{Xy,..., X,}” can be omitted if there are no exception parameters or if the
actual exception parameters have the same name as the formal ones.

As regards the dynamic semantics, we extend the transition relation of LoT0S. Besides transitions
of the form “B; G o1t B>”, we allow transitions of the form “B; o X B1pptn Bs”, where X is an
exception identifier and where “¢” is a special symbol, which is used to distinguish between ordinary

rendez-vous and exceptions. Notice that, in our approach, exceptions (as well as gates) can carry
typed values.

When we write “Bj L, By”, the label L can be either of the form “G vy, ...,v,”, or of the form
“o X wi,...,v,”. In the latter case, B2 should be always equal (or, at least, strongly equivalent) to
“StOp”.

The existing definition of label equality in LoToOS is slightly extended: two labels are equal if they

carry the same gate identifier and the same offers, or the same exception identifier and the same

offers. Therefore, if two labels are equal, either both of them have the “¢” symbol, or none of them
has this symbol.
The dynamic semantics of the “raise” and “trap” operators is defined by the following rules:

1. raise of an exception:

(eval(E1) =v1) A o A (eval(Ey) = vy)
raise X [Ey, ..., E,] o X v1,..,

20 stop

2. normal execution:

G V1,..,Ug

By B
trap trap
Xy VT VE T ] — By Xo VT, VL T ] — By
X, VP Tr, Ve T =B, | st X [VP 2 T9, .,V T ] — By
in in
By B,
endtrap endtrap

3. catch of an exception:

O X vi,...,Up

(Bg By A '
(Fie{l,.,n}) (X=X;) Alp=m;) A (Yje{L,...p}) (type(vj) =T7) A
(let Vi :T¢ = vl,...,VZf :Tzf =, in B; £, Bl
trap
Xy VTV T — By

Xo VP10, ., Ve T =B, | 2= B
in

By
endtrap
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4. propagation of an uncaught exception:

o X vi,...

(Bo " " =27 By A ,
(Vie{l,..,n}) (X £ X)) V (p#m) VvV (3Fje{l,...p}) (type(vy) #T})
tra
)2 Vit T3, Vi, Tk ] — By

O X vi,...,Up

Xn [V T7,. V 2 TR ] — By —57 " stop
in

By
endtrap

Remark
We make the following comments on this semantics:

e The “raise” operator is the only way to generate a “o”-transition; the standard action-prefix
operator of LOTOs does not generate “¢”-transition.

e When an exception is caught, the control transfer is atomic, thus not visible from the outside.

e In non-deterministic choices, the proposed semantics gives no priority to exceptions versus
“ordinary” actions. Especially, the following behaviour expression:

G ; stop [1 raise X

cannot be reduced to:
raise X

e We can justify why it is necessary to distinguish between exceptions and gates, as well as
between “o-transitions and ordinary transitions. It would not be possible to unify “raise X”
and “X ; stop”. For instance, let’s consider the following behaviour expression:

trap

X' — B
in

B
endtrap

Should gates and exceptions be completely unified, if B does a transition labelled with X, then
the above behaviour expression would be ambiguous: it would not be possible to decide whether
X is a normal action (in which case, the execution of B should continue normally) or whether
X is an exception (in which case, the execution of B should be aborted and X propagated to
the context outside, since X is not caught by the exception handler).

e Because the exceptions X; declared in a “trap” operator are only visible in By and because
they are necessarily caught by the “trap” operator, an exception can not escape out of its scope
(a problem that exists in ML). Our proposal ensures that exceptions never propagate outside
of the scope of their declaration (this is checked statically).

e If a LOoTOS process is recursive through the first argument of a “trap” operator, this means
that the process is re-instantiated every time the exception is raised.
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e If a LoTOS process is recursive through the second argument of a “trap” operator, this means
that, for each instance of the recursive process, an exception handler will be created and
“stacked”. This is called dynamic scoping and is similar to the “setjmp/longjmp” mech-
anism of the C language. On the other hand, ADA relies on static scoping: all the instances of
a recursive process share the same exception handler.

O

Remark

In the “trap” operator, it might be desirable to add an “otherwise — B, ;1” clause before the “in”
keyword. This clause (similar to Apa’s “when others” clause) would catch all exceptions raised by
the normal behaviour By, but declared on the outside of the “trap” statement. Since there can be

several such exceptions, their values could not be referenced in Bp41. a

Because the above semantics keeps the rules for parallel composition unchanged, and because the
notion of label equality has been extended to include exceptions, we can infer that the above semantics
only allows synchronous termination: in a parallel composition “Bi|[...11Bs”, if By raises an
exception, 1t will not occur unless By also raises the same exception, with the same values. In some
cases, this is not realistic: for instance, if By signals a lack of memory or a “no_match” error in a
“case” statement, we should not expect By to raise the same exception at the same time.

As suggested in [QA92] and [Que96a, Annex F], it is also desirable to provide for asynchronous ter-
mination: the execution of “B1|[...11B5” is aborted as soon as either By or Bs raises an exception.

We believe that it is desirable to allow both synchronous and asynchronous termination, as syn-
chronous termination already exists in LoT0s (the “exit” operator) and it can be useful for compo-
sitionality reasons (especially for constraint-oriented style).

For instance, the proposal in [Que96a, Annex F] allows synchronous termination (with the “exit”
operator) and asynchronous termination (with user-defined exception names).

We slightly extend this proposal by allowing both synchronous and asynchronous termination on
user-defined exception names. For doing so, we extend LoTos parallel composition operator to
include, besides the list of gates G, ..., Gy, to be synchronized, a list of exceptions X1, ..., X,, to be
synchronized. The proposed syntax 1is:

By | [G1,....Gm | X1, X311 B

In this schema, the termination gate 6 of LoT0S becomes an exception identifier: this i1s perfectly
elegant, since the intended meaning of é is rather an exception than a gate. Asin LoTos, the “6” gate
1s never mentioned in the exception list Xy, ..., X, but always synchronized by the parallel operator.
The dynamic semantics of the extended parallel operator is defined by the following rules:

1. non-synchronized gate

(By == BY) A (L has the form G..) A (G & {G1,...,Gm})
(By |[GY,....Gm | X1, X211 By) =2 (B} 1[Gy, ....Gm | X1,..., X211 By)

(add a similar rule for Bs).

2. synchronized gate

(By == B}) A (By == BL) A (L has the form G...) A (G € {Gy,...,Gm})
(By |[GY,....Gm | X1, X211 By) =2 (B} 1[Gy, ....Gm | X1,..., X211 BY)
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3. non-synchronized exception

(B) == B!) A (L has the form X...) A (X € {6, X1, ..., X»})
(B, 1LG1,....Gp | X1,..., X,11 By) - stop

(add a similar rule for Bs).

4. synchronized exception

(By == B!) A (By = BY) A (L has the form X..) A (X € {6, X1, ..., Xu})
(By 1IGy,....Gm | X1,..,X,11 By) - stop

Remark

One might wonder whether the “hide” operator should also be extended with exception names.
We believe that this is not necessary: when an exception X 1s caught by a “trap” operator, no X-
transition can be observed from the outside; therefore, no third-party can interfere with this exception.
This remark will turn to be essential in the sequel, in particular when modelling the enabling and

disabling operators of LOTO0S using exceptions. ad
Remark

It might be suitable to introduce a renaming operator for exceptions, similar to the “rename”
operator for gates (see Section 3.7). O

Semantically speaking, the proposed “raise” and “trap...endtrap”’ operators are very powerful.
They are primitive operators that allow to express several LoT0s operators as derived cases (short-

hands):

1. The “exit” operator of LoTo0S can be defined as:

exit [Ey, ..., Ey) =def raise ¢ [Fy, ..., E,)]

Remark
If an “exit” operator has an “any” clause, it should be expanded into an “any” clause of the
“raise” operator. O

2. The “>>” operator of LoT0s can be defined as:

trap
6 [Vl ZTl,...,Vn : Tn] —1 H Bz
By >> [accept Vi :Ty,...,V, : T, in] B, =def in
By
endtrap

Remark

In LoTos, the “>>” operator is a primitive one, since it cannot be exactly expressed using
parallel composition and hiding. The reason for this is the problem to give different names to
the & gate in case of nested “>>” operators (see [Gar89, chapter 2] for a discussion). Introducing
the “trap” operator solves this problem elegantly: it is not necessary to hide “6”, because no
d-event can be observed from the outside if the exception is caught. ad
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3. The “[>” operator of LoT0s can be defined as:

trap
§— Bs
By [> Bs =def in
By |1l (exit F [] raise &)
endtrap

where F denotes a list of “any 77 clauses compatible, in number and types, with the function-
ality of Bj.

Remark
This definition deserves a few comments:

e The exception £ is not synchronized by the parallel operator and therefore can be sponta-
neously triggered at any time; if so, the execution of B; is aborted and the control flow is
transferred to Bs; however, By can also execute normally; if B reaches an “exit” state-
ment (also proposed by the right operand of the parallel process), then the é exception is
raised and propagated outside, since it 1s not caught by the exception handler.

e Omitting the “exit F” alternative on the right hand-side of the parallel operator would
prevent By from terminating successfully, as the “6” exception is synchronized by parallel
composition.

e Notice that By could be allowed to raise & by itself, thus passing the control to By explicitly.
This possibility 1s also implicitly available in LoTos if, at some points, the behaviour of
By stops (i.e., becomes equivalent to “stop”).

o Of course, the very useful watchdog construct “(B; [> Bs) >> Bjs” can still be obtained
as a particular form of “trap”. But the “trap” operator allows more general forms of
watchdogs, in which several events, leading to different behaviours, can be used to escape
the watchdog (in LoTos, only the “6” event can be used).

The following remarks are a topic for further work.

Remark
The proposed exception mechanism could also be used to catch exceptions generated by value ex-

pressions. This would unify exception handling in both the behaviour and data part of E-LoTos.
O

Remark
To increase symmetry with the data language, one could replace variable definitions V{ : 71, ..., V,il :
T, with a list of patterns Py, ..., Py,. a
Remark
Currently, functionality rules only deal with the “6” exception. They should be extended to deal with
all exceptions. a

3.14 Unifying the “;” and “>>” operators

LoTos has two sequential composition operators: the action prefix operator (“;”) and the enabling
operator (“>>”). We believe that these operators are not satisfactory, for the following reasons:
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.

1. The distinction between “;” and “>>” is often felt troublesome by novice users, who naturally
tend to write incorrect behaviour expressions of the form “B; ; By”. This is a major rea-
son why LOoTOS has a steep leaning curve: even for the most intuitive concept of sequential
composition, LOT0S is incompatible with the usual notations of sequential programming lan-
guages. Other languages (for instance ESTEREL, AcP, Theoretical CspP) avoid these problems
by offering sequential composition operators that are compatible with the existing practice.

1))
3

2. From an algebraic point of view, the two LOT0S operators and “>>” are weak:

e The former 1s asymmetrical, because its left argument cannot be a behaviour expression.

e The latter is symmetrical and associative in absence of “accept” clause; however, in
presence of “accept” clauses, it is not associative, because of different variable scopes.
For instance:

By >> accept Vi : Ty in (Bs >> accept V2 : T3 in Bs)
1s not identical to:
(By >> accept Vi : 71 in Ba) >> accept Vo : T in Bs

because, in the latter case, V7 is not visible in Bs.

2

3. Moreover, the two LoT0S operators “, and “>>” are not symmetrical with respect to variable
’ P P
scope rules:

e With the former, the names and values of the variables declared on the left-hand side of
the “;” operator are implicitly passed to the right-hand side. For instance, in “G' ?X :
T ; B”, variable X is visible in B.

e With the latter, neither the names nor the values of the variables declared on the left-
hand-side of the “>>” operator are passed to the right-hand side. For instance, in “G' 7.X :
T >> B, variable X is not visible in B. However, values (but not names) can be passed
to the right-hand side: this has to be done explicitly, using the arguments of the “exit”
operator.

bl

(15

4. The “>>” operator involves a rendez-vous on the termination gate “6”, thus leading to an “i
action when the enabling operator is used. On the other hand, the action-prefix operator is

atomic and does not generate “i” actions.

From a theoretical point of view, it is unpleasant to notice that the “>>” operator has no neutral
element.

From a practical point of view, the generation of “i” actions has the bad effect of increasing
the size of the labelled transition systems generated from LoTos programs. This generates (or
contributes to generate) state explosion without any practical benefit from the specifier’s point
of view. This is a real problem in LoTos, for which several solutions have been proposed:

e Some tool developers (e.g., Guenther Karjoth and Carl Binding in the LOEWE tool) have
chosen to deviate from the LoTos standard by not generating “i” transitions for “>>”
operators.

e In other implementations compatible with the LoTos standard, LoTo0S specifiers are often
warned not to use the “>>” operator “too much”!
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5.

The existing LoTO0S operators are not convenient for specifying certain situations. Let’s consider
the following “distributed query” problem. Let’s assume three distributed processes Py, Ps, and
P5. Fach process P; contains an integer value V. In order to compute the sum V3 + Vo 4+ Vs, it
1s necessary to ask each process P; to send his value V;. If the processes are asked sequentially,
the solution is easy:

G1 ?Vi:int
Gy ?Va:int
Gs ?Vz:int ;
exit (V1 + Vo + Vg)

However, if one does not want to fix the order in which the processes are asked, the solution is
much more subtle and within the reach of only experienced LoTOSs users:

(
(G ?Vi:int ; exit (V1,any int, any int))

11

(G ?Va:iint ; exit (any int, V5, any int))

11

(G ?Va:int ; exit (any int, any int, V3))

)

>> accept Vi, V2, Vs iint in exit (V) 4+ V2 + V3)

This solution is not compositional: the arguments of the “exit” depend upon the number of
parallel processes. Adding a new process requires to modify the definition of existing processes.
Each process P; has to be aware of the total number of processes and of its own index ¢ within
the list of processes. Should the variables V; have different types, the situation should be even
worse since each process should know about the functionality of other processes.

Although the ellipsis notation (“...”) proposed for gate typing might reduce the complexity of
this solution, it would be better to have a simpler syntax to describe this behaviour, e.g.:

( G1 ?Vi:nt
gzl ?V5:int
ggl ?V3:1int
()3x;it (Vi +Va+Va)

For these reasons, it would be desirable to have a single operator for sequential composition that
satisfies the following requirements:

1.
2.

This operator should be symmetrical: its arguments should be two behaviour expressions.

The rules for making the variables declared on the left-hand argument visible in the right-hand
argument should be both intuitive and compatible with the existing rules of LoTos for action
prefix and enabling.

. It should be associative, even in presence of variable passing: to keep the language simple and

user-friendly, variable scoping should not rely on the place of parentheses.
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“1” transitions.

4. Tt should be atomic: sequential composition should not generate
5. It should have “exit” as a neutral element.

6. It should be expressive enough to solve the distributed query problem elegantly.

Remark
In his thesis [Bri88], Ed Brinksma acknowledged the need for improving sequential composition in
LoTos. He proposed to merge both operators “;” and “>>” from a syntactical point of view. An

outline of his proposal can be found in Annex B. Basically, his solution consists in replacing the
existing syntax of the enabling operator:

By >> [accept Vi : T4, ...V, : T, in] By
with:
Bl [1n1t V1 ZTl,...,Vn Tn] H Bz

Actually, Brinksma’s proposal is more sophisticated, in order to avoid potential ambiguities created
by the fact that the “;” operator becomes overloaded (it has two possible profiles, e.g., “G ; By”
and “B; ; By”). For instance, there is an ambiguity between:

<process-identifier> "[" <gate-identifier> "]" ";'" <behaviour-expression>
and:
<gate-identifier> "[" <variable-identifier> "]" ";" <behaviour-expression>

Such problems are avoided by the bracketed syntax proposed by Ed Brinksma®.

From our point of view, Brinksma’s proposal 1s not satisfactory: because it remains at the level
of syntactic unification, it does not satisfy the above requirements. There are still two distinct
sequential composition operators (although they share a unified syntax). Moreover, as Brinksma
keeps the existing semantics of the “>>” operator unchanged, his proposal still lacks associativity,
atomicity and neutral element. For instance, both expressions “G ; B” and “(G ; exit) ; B” are
not strongly equivalent: in the latter, the G action is followed by an “1” action. a

In Section 3.13, we have seen that the “exit” and “>>” operators of LoTos (and also “[>”) can be
obtained as particular cases of the exception mechanism. We must examine whether we could not
build, on top of the exception mechanism, a “better” sequential composition operator that matches
the above requirements.

First, let’s consider a simple case, in which action denotations do not have experiment offers. We
modify the syntax of behaviour expressions in two ways: first, action denotations (without action
denotations) become plain behaviour expressions; second, we introduce a symmetrical sequential
composition operator:

| B ; B

4 A simple solution to this problem would be to prohibit boolean guards in action denotations when no offers are
present. In such case, users should write “G [V] ; B” instead of “[V] — G ; B”.
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The dynamic semantics of the action “G” is defined as follows:

irue

a <. (raise 4)

meaning that an action “G” involves two successive steps, the action itself followed by a continuation

passing modelled by an exception on the é gate: “G & raise § 2L stop”.

We define the sequential composition operator as a shorthand for a “trap” operator:

trap
(S — Bz
Bl 5 Bz :def in

Its semantics can also be defined by a set of rules:

(B, L, Bi) A (L has the form G...)

(By ; By) == (B} ; By)

(B 2% B)) A (By = BY)

(By ; By) - B,

(B, L, BY) A (L has the form X..) A (X #6)
(B: ; By) =B

Our syntax is obviously a superset of the existing LoT0S syntax: the action prefix “G ; By” can
be obtained as a special case of “B ; By” where B = (. We also preserve the semantics of LoT0Ss’
action prefix operator: according to our proposal, a behaviour expression of the form “G ; By” will
be parsed as “(G) ; (Bgp)” and will have the same behaviour as in standard LoTos.

Remark
The “;” operator has a neutral element: “exit”, which is defined as “raise §” (see Section 3.13). For
all B, we have:

exit ; B=DB ; exit=1DB

Remark
“stop” has interesting algebraic properties. On the left-hand side of “;”| it is absorbing:

stop ; B = stop

On the right-hand side, it can be used as a way to removes the trailing “6” continuation that follows
an action. In particular, “G” is different from “G ; stop” since the LTS of the former is “G <,

raise § 2% stop” whereas the LTS of the latter is “G <, stop”. a
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Remark
As explained in Section 3.13, the enabling operator of LoT0s can still be obtained as a shorthand

W@,

notation of the “trap” operator. It can also be obtained as a shorthand of the “;”, which proves
that, even in absence of “trap”, our sequential composition is more primitive:

Bl >> Bz:defBl 5 1 5 Bz

O

At present, let’s consider the general case; in which action denotations do not have experiment offers.
First to be solved is the problem of variable scoping. In order to maintain compatibility with standard

W@,

LoTos, it is necessary to determine how the variables declared on the left-hand side of a “;” operator
(especially in “?”-offers) can be made visible on the right-hand side. For instance, in the following
behaviour expression:

(G?X:T); (G ?X":T) ; B
the variables X and X’ should be visible in B.

In some other cases, we have a greater freedom to determine scope rules, since there no such constraints
of compatibility with LoTos. But there are still other criteria to be satisfied, such as associativity
and abstraction.

We define a functionality function “F(B)” which associates, to each behaviour expression B the list of
variable bindings exported by B, i.e., the list of variables whose value 1s available when B terminates
by raising a é exception whatever the place from which the § exception is raised.

Remark
In fact, the function F should perhaps be extended in two ways, in order:

e tointegrate the possibility that a behaviour never terminates (i.e., “noexit” in standard LoTo0s)

e to deal with all exceptions, not only the “6” exception (this would provide static semantics
checkings for all exceptions).

O

This function is defined by structural induction on the syntactic structure of behaviour expressions.
For instance, we define:

o F(stop) = @
o F(G Vi :T,..Vp:Ty)={Vi:Th,...V,: T}

e For non-deterministic choice (as well as for “if” and “case” operators, and all other forms of
behaviour expressions which terminate in various places), we define:

f(Bl (] Bz) =def (.7:(31)07:(32))

meaning that only those variables visible in both operands are visible in the non-deterministic
composition. For instance:

f(G Vi Ty Ve Iy [0 G Wy ZTl)I{Vl ZTl}

If there are several variables with the same names but different types, they are excluded from
the intersection. For instance:

FG2V:Ty 1G22 Ty)=¢
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e For parallel composition, we define:
F(By Il Ba) =def (F(B1)U F(B2))

meaning that the variables computed by each operand are all available when the parallel execu-
tion terminates. This solves the aforementioned “distributed query” problem. In the following
example:

(G ?2X:T) 11l (¢ 2X":T") ; B
variables X and X’ are visible in B.

If there are several variables with the same names but different types, they are excluded from
the union. For instance:

FG2V:Ty Il G2V:iTh)=¢

e For the instantiation of a process P that terminates properly (using a “8” exception), the
variables defined in the body of P are local and should not be exported. For instance, in the
following expression:

P[L.](.); B
the local variables of P should not be visible in B.
With respect to the other operators, we see two main approaches for defining the function “F”:

Implicit continuation passing: in this approach, all variables declared on the left-hand side of an

W@,
3

operator are automatically visible on the right-hand side. For sequential composition, we
define:
F(By 5 Ba) =gef (F(B1) = F(B2)) U F(Bs)

”

meaning that the variables visible in “B; ; Bs” are those of By and those of By which are not

redefined in Bs.

For the “let” operator, we can adopt the following definition:
Flet Vi : Ty 1= Fy,..,Vo,: T, := E, in B) =def F(B)

if we want to ensure that the variables V; are only visible in B. However, it would be difficult

1))

to explain why the variables declared in “?”-offers pass across the “;” operator, whereas the
variables declared “let” statements don’t. Therefore we could introduce a new “functional
assignment” operator noted:

V.T := F

which is equivalent to “raise §” and such that:

FV:T = E)y={V:T}
This operator would generalize the existing “let” operator:
let Vi1 := FEy,....V,: 1, := E, inB:def WV:Ty == By 5 ooy (V2T 1= Ey) 3 B

and would be helpful to factorize computations which would otherwise turn to combinatorial
explosion, e.g.:
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if £ then
X:T := Ey
else
G?2X:T
endif

if £/ then
X':T := B
else
G X':T
endif

if £ then
X":T := FY
else
G 2X".T
endif

G 'X 1 X X"

A key feature of this approach is that there is no other mean to “hide” local variables that
encapsulating in a process definition.

Explicit continuation passing: in this approach, by default, all variables declared on the left-hand

side of an “;” operator are not visible on the right-hand side. An additional mechanism must
be added to specify which variables pass across the “;” operator.
A first solution consists in using Brinksma’s “init” clause (which is similar to LoTos’ “accept”
clause). For instance, if one writes:

Bl init V1 ZTl, ,Vn : Tn H Bz
only the variables V7, ..., V], are passed to Bs; the other variables of By are not transmitted.

Although this scheme provides abstraction for all local variables of B, there is one main issue.
There is no way under this scheme to allow an expression such as “(G ?V : T) ; B”, in which
V is visible in B. An action prefix operator is also needed: this is why Brinksma’s proposal [?]
has two sequential composition operators.

A second solution is to specify which variables are exported in the “exit” statement itself,
thus avoiding the “init” clause. The “exit” statement should be responsible for declaring the
variables whose names and values will be passed in the continuation. We extend the syntax of
“exit” as follows:

|  exit (V1 :Th,..,Vo:Th)

and we define:
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Flexit (V1 :Th,.., Vo T)) =def VT, Vo Ty}
For instance, in the following behaviour expression:
(G ?2X:T ; exit (X' :T := E)) > B
the variable X’ (but not X') should be visible in B.

Remark
To increase symmetry with the data language, one could replace variable definitions V7 : 77, ...,V, : T,
with a list of patterns Py, ..., Py. a

3.15 Introducing iterators in the behaviour part

Many reactive systems have a cyclical behaviour. In most sequential languages, such behaviours can
be described using either iteration or recursion. In LoTo0S, however, only recursion is available: all
cyclical behaviours have to be described using recursive processes.

We therefore propose to introduce an iterator in E-LoTo0s. It is merely a shorthand notation, defined
using a recursive process and the exception mechanism defined in Section 3.13.

We first introduce a new LOoTO0S operator, whose syntax is:

B := continue [Fy,..., FE,]

and which is equivalent to:
raise 0 [Eq, ..., E,]

where # 1s an exception identifier.

We then introduce an iteration operator, whose syntax is:

B == loop [Vi:Ty := Ey,...,V,: T, := F, in]
By
endloop

and which is equivalent to:

PlL.J(Ey .. Ey)
where
process P[..J(V1:Th,... .V : Th)...
trap
vl Ty,. V), T, — P[L.J(V],..., V)
in
By
endtrap
endproc
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In its simplest form, this operator can be used to repeat infinitely a given behaviour. The occurrence
of the “continué€” operator triggers the next iteration. For instance, a simple one-slot buffer accepting
two different types of data can be defined as:

loop
INPUT 7?V1:DATA_1;
QUTPUT !'V1;
continue
1
INPUT 7V2:DATA_2;
QUTPUT !'V2;
continue
endloop

This operator also allows values to be transmitted from one iteration to the next one. These values
are stored in variables Vi, ..., V,, whose initial values are E1,..., £, respectively. For instance, the
following cyclical behaviour receives a stream of values X; on its INPUT gate and continuously emits
on its OUTPUT gate the sum, the minimum, and the maximum of all X;’s received previously:

loop SUM:REAL := O, MIN:REAL := INFINITY, MAX:REAL := MINUS_INFINITY in
INPUT ?Xi:REAL;
let NEW_MIN:REAL := if Xi < MIN then Xi else MIN endif in
let NEW_MAX:REAL := if Xi > MAX then Xi else MAX endif in
OUTPUT !'(SUM + Xi) !NEW_MIN !NEW_MAX;
continue (SUM + Xi, NEW_MIN, NEW_MAX)
endloop

Finally, the “exit” operator can be used to go out of the loop. For instance, the following process
reads a stream of values on its INPUT gate until the sum of these values exceeds 1000 (in which case,
it returns the number of values he has read):

loop COUNT:NAT := O, SUM:REAL := 0 in
INPUT 7Xi:REAL;
if (SUM + Xi > 1000) then
exit (COUNT + 1)
else
continue (COUNT + 1, SUM + Xi)
endloop

Remark

The extended functionality constraints mentioned in Section 3.13 should ensure that the number and
types of values passed to a “continue’ operator are compatible with the list of variables declared
after the “loop” keyword of the innermost loop construct. This should be a simple application of
general rules for exceptions, rather than rules specifically tailored for loop constructs. a

3.16 Removing the “where” clause from process definitions

LoTos processes can contain local definitions of processes and types. These definitions are introduced
by the “where” keyword. We see a number of drawbacks to this possibility:

e It often obscures LOTOS descriptions, as processes and types can be nested in processes at
arbitrary depths.
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e It prevents reusability, as types defined in a process are not visible elsewhere and cannot be
reused.

e With respect to ACTONE, it creates a dissymmetry between the behaviour part and the data
type part, as ACTONE types cannot contain nested types (nor processes).

o With respect to the data type language proposed for E-LoTos [JGLT95], it creates dissymmetry
between the behaviour part and the data type part, as functions cannot contain nested functions
(nor processes).

We believe that this possibility should be suppressed and transferred to the module system of
E-LoTos. Syntactically, one should replace a process definition having local definitions:

process P...

B
where

local definitions
endproc

with a module having a “hidden” part, introduced by the “where” keyword, as in Brinksma’s thesis
[Bri88] or as in the LOTOSPHERE proposal [BL95]:

module M is
process P...
B
endproc
where
local definitions
endmod

The local process definitions should themselves be “flattened” recursively, in order to eliminate nested
processes by putting them altogether at the same level, possibly using appropriate renamings to
guarantee unique names.

3.17 Simplifying process definitions

In this section, we suggest several changes to the syntax of process definitions, especially with re-
spect to functionality declarations (in standard LoTos, functionality denotes the types of the results
returned, using the “exit” operator, by a process).

In the data part, it has been agreed that functions of the user data language should have “in”

and “out” parameters, mixed in any order. The rationale for this design choice can be found in
[GS95] (this is especially suitable to interface foreign languages such as IpL and other programming
languages).

To maintain a clear symmetry between the behaviour and the user data language [SG95] of E-LoTos,
it would be also suitable that processes have “in” and “out” parameters, mixed in any order. We

suggest to introduce “out” parameters in process definitions to replace functionality declarations.
We propose to replace process definitions such as:

process P[Gy,...,Gpl(Vi :T1, ..., Vin : T ) exit (Tg, ..., T)) =
B
endproc
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with:

process P[Gy,..,Gpl(in Vi : Ty, ...;in Vyy, : Ty 0ut Vg Ty, ... out V) 2 17) is
By
endproc [P]

where Vj, ..., VZ; are new variable names. At this point, three changes should be noticed:

e The “exit” clause was replaced with “in” and “out” attributes. We believe that this new
syntax is more compatible with the major languages standardized by Iso/IEc Sc22 and also
the InL language of ODP (see [GS95] for a discussion of interoperability).

”

e The “:=" keyword was replaced with “is” according to the syntactic conventions proposed in

[SGY5).

e The optional facility to recall the name of process P after the “endproc” keyword was added.
This also exists in ADA and would standardize current practice: many LoTOS specifiers add
“(* P *) after “endproc” (see for instance the Osi-TP description).

We now consider the cases of process definitions whose functionality is either “exit” or “noexit”. In
both cases, we propose to replace such definitions with:

process P[G1,...,G](V1 : T1, ..., Vi : Tpyy) 18
By
endproc [P]

We make the following comments:

e All variables V; could have been declared with the “in” attribute, but this is not mandatory
since there is no “out” attribute.

e The “noexit” keyword, which always seems cryptic to new LOTOS users, disappears.

e Above all, we make no distinction between functionalities “exit” and “noexit”. Anyway, the
distinction in LoToOS is absolutely meaningless. Functionality rules are designed to protect the
specifier against potential mistakes in continuations. However, they address an undecidable
problem (the halting problem, precisely) and therefore rely on rough approximations. For
instance, the following behaviour expression:

[V] — stop
1
[-V] — exit

has functionality “exit”: at 50%, it could have functionality “noexit” as well! Similarly, the
following behaviour expressions:

[false]l — exit
and:

[false]l — exit(true, true)
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have functionalities “exit” and “exit (bool, bool)” respectively, whereas they are equivalent to
2 '

“stop”!

We propose to keep the functionality rules, but to relax them by getting rid of the subtle
distinction between “exit” and “noexit”. By removing this distinction, it will no longer be
allowed to make unverifiable statements such as: this behaviour terminates or not. It will also
lead to a more user-friendly syntax and a simpler static semantics.

The “exit” operator should be slightly modified to take into account the names of the variable
declared with the “out” attribute. For instance, it should be allowed to write (possibly with a
permutation):

exit (Vy := FEy, ..V, := E})

Remark

Our proposal should be extended to integrate exceptions, as described in Section 3.13. Should ex-
ceptions be introduced, the the “out” parameters of a process definition would be nothing but the
parameters of the é exception raised at the end of the process. a

3.18 Abbreviating gate parameters lists

In many LoToS descriptions, process definitions tend to have large lists of gate parameters. This
situation has several drawbacks:

e Large lists of gate parameters are tedious to write and difficult to read.

e More often than not, the actual gate parameters of a process instantiation are identical to
the formal parameters of the process definition. In such case, actual parameter lists carry no
relevant information, but their “syntactic noise” obscures LOTOS descriptions.

o Large lists of gate parameters are error-prone. Omitted or extra parameters are detected during
static semantics checking. But permuted gate parameters are not, although they introduce
subtle semantic errors.

e Finally, adding or deleting a gate parameter from a process P is usually tedious, because it is
necessary to modify all instantiations of P, as well as the definitions and instantiations of many
processes transitively called by P.

We believe that these problems could often be solved by the adoption of shorthand notations for
actual gate parameter lists.

The proposed modifications require the introduction of a new keyword “...”.

The definition of non-terminal symbol <actual-gate-1list>in the BNF syntax of LoTo0s should be
modified as follows:

<actual-gate-list> ::= "[" <gate-identifier-list> "]"
| II[II woomn II]II
| "[" <gate-substitutions> "]"
| "[" <gate-substitutions> "..." "]" ;
<gate-substitutions> ::= <gate-substitution>

| <gate-substitution> "," <gate-substitutions> ;
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<gate-substitution> ::= <formal-gate> ":=" <actual-gate> ;

<formal-gate> ::= <gate-identifier> ;

<actual-gate> ::= <gate-identifier> ;
Remark
This definition is still valid even if there are no actual gate parameters, in which case, according to
the syntactic definition of LoTo0s, the non-terminal symbol <actual-gate-list> is not used. a

The semantics of abbreviated actual gate parameter lists is defined as follows. Let’s consider the
instantiation of some process P:

1. An <actual-gate-list> of the form "[" <gate-identifier-1list> "]'" has the same mean-
ing as in standard LoTOS.

2. An <actual-gate-list> of the form "[" "..." "1" has to be replaced by the formal gate
parameter list of P. For instance, the following fragment:

process P1 [G1l, G2] : noexit :=

Gi; P1 [...]

]

G2; P2 [...]
endproc

process P2 [G1, G2] : noexit
G1; G2; P1 [...]
endproc

1s equivalent to:

process P1 [G1, G2] : noexit
G1; P1 [G1, G2]
a
G2; P2 [G1, G2]
endproc
process P2 [G1, G2] : noexit
G1; G2; P1 [G1, G2]
endproc

3. Let’s consider an <actual-gate-list> of the form "[" <gate-substitutions> "]". Let
Go,...,Gp be the formal gate parameter list of P. Then <gate-substitutions> must sat-
1sfy the following constraint: each (G; must occur once and only once on the left-hand side of a
“:1=” symbol in <gate-substitutions>.

<actual-gate-list> has to be replaced by the gate list Gf, ..., G}

5 such that, for each ¢ €
{0,..,n}, “G; := GI” belongs to <gate-substitutions>.

Remark
It is therefore necessary to extend scope rules in order to allow formal gate parameters of LoT0S

processes to be visible in process instantiations (on the left-hand side of “:=" symbols only). O

Remark
As a consequence of the above replacement rule, all gates occurring on the right-hand side of a

:=” symbol in <gate-substitutions> must be visible at the point of the LoTo0s description
where P 1s instantiated. ad
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Remark

<gate-substitutions> determines a total function that maps the formal gate parameters of
P onto the actual ones. This function i1s not necessarily injective: there can exist ¢; and i, and
a gate G such that <gate-substitutions> contains both “G;, := G” and “G;, = G7. O

For instance, the following fragment:

process P1 [G1, G2] : noexit
G1; P1 [G1:=G2, G2:=G1]
a
G2; P2 [G1:=G1, G3:=G2]
endproc
process P2 [G1, G3] : noexit
G1; G3; P1 [G1:=G3, G2:=G3]
endproc

1s equivalent to:

process P1 [G1, G2] : noexit
G1; P1 [G2, G1]
a
G2; P2 [G1, G2]
endproc
process P2 [G1, G3] : noexit
G1; G3; P1 [G3, G3]
endproc

4. Let’s consider an <actual-gate-list> of the form "[" <gate-substitutions> "..." "]".
Let Gy, ...,Gy be the formal gate parameter list of P. Then <gate-substitutions> must
satisfy the following constraint: each (G; may occur at most once on the left-hand side of a “:=”
symbol in <gate-substitutions>.

<actual-gate-1list> has to be replaced by the gate list Gy, ..., G}, such that, for each i €
{0,...,n}, either “G; := G%” belongs to <gate-substitutions>, or® “G: = G,”.

Remark

<gate-substitutions> determines a partial function that maps the formal gate parame-
ters of P onto the actual ones (explicit parameters). All formal gates not mentioned in
<gate-substitutions> are kept unchanged (implicit parameters). This function is not neces-

sarily injective. a
Remark

The “...” symbol is allowed even if <gate-substitutions> contains as many substitutions
as the number of formal gate parameters of P, i.e. even if all actual parameters are explicit
parameters. O

For instance, the following fragment:

process P1 [G1, G2] : noexit
G1; P1 [G1:=G2 ...]
a
G2; P2 [G3:=G2 ...]
endproc
process P2 [G1, G3] : noexit

5this is an exclusive “or”
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G1; G3; P1 [G2:=G3 ...]
endproc

1s equivalent to:

process P1 [G1, G2] : noexit
G1; P1 [G2, G2]
a
G2; P2 [G1, G2]
endproc
process P2 [G1, G2] : noexit
G1; G3; P1 [G1, G3]
endproc

The proposed modification is upward compatible, except for those existing LoTO0S descriptions that
contain operation identifiers with the same spelling as the new reserved keyword “...”. For those
descriptions, renaming the conflicting identifiers would be needed.

Reciprocally, any LoTo0S description with abbreviated gate parameter lists can be translated into
standard LoTOS by expanding the “...” symbols.

Remark
The proposed modification fits well with another proposal for the introduction of typed gates in
LoTos [Gar94a]. The syntactic notations and underlying semantics are similar in both proposals. O

Remark

An alternative approach for abbreviating gate parameter lists would be the possibility to define
identifiers for (formal and actual) gate parameter lists. These identifiers could be used in place of
the “...” notation. It is not clear, however, if this alternative approach is worth its complexity and
if it can be extended to value parameter lists (see next section) and incomplete action denotations

[Gar94al. O

3.19 Abbreviating value parameters lists

Similarly, it is desirable to shorten the large list of value parameters. This can be achieved with the
same mechanism as the one proposed for gate parameters. The only difference comes from the fact
that formal parameters are value identifiers whereas actual parameters are value expressions.

Therefore, only the proposed new syntax is given, together with examples illustrating the use of the
abbreviated constructions. The proposed modified syntax is the following:

<actual-parameter-list> ::= "(" <value-expression-list> ")"

| II(II II“‘II II)II

|  "(" <value-substitutions> ")"

|  "(" <value-substitutions> "..." ")" ;
<value-substitutions> ::= <value-substitution>

| <value-substitution> "," <value-substitutions> ;

<value-substitution> ::= <formal-value> ":=" <actual-value> ;
<formal-value> ::= <value-identifier> ;
<actual-value> ::= <value-expression> ;
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For instance, the following fragment:

process P [G] (X, Y : NAT) :=
[X < 10] —>
PGl X :=X+1...)
[
[(X >= 10) and (Y < 10)] >
PGl (Y :=Y +1...)
[
[(X >= 10) and (Y >= 10)] ->
P [G] (X :=0, Y :=0)
endproc

is equivalent to:

process P [G] (X, Y : NAT) :=
[X < 10] —>
PGl (X +1, 1)
a
[(X >= 10) and (Y < 10)] —>
P[G] (X, Y+ 1)

1
[(X >= 10) and (Y >= 10)] ->
P [G] (0, 0)
endproc
Remark
The proposed abbreviated notation introduces an assignment notation (using the “:=" symbol) that

carries, more or less, the usual meaning of assignment. This proves to be useful when translating
into LoTOS some descriptions written in languages with explicit assignments (e.g., Spr, [CCI88] or
EsTELLE [ISO88al).

It is to be mentioned that the assignment notation is merely a syntactic facility and does not subvert
the semantics of LOTOs as a functional language. ad

Remark

Compared to the existing process instantiation in standard LoToS, the proposed abbreviation has
one major advantage: 1t lays the emphasis on “what 1s changing” and indicates clearly which variables
are modified. ad

The benefits of the two improvements proposed in Sections 3.18 and 3.19 are demonstrated in An-
nexes C and D.
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4 Definition of the user language

4.1

Schema overview

full user language
data and behaviour

syntactical translation

educed user language
(data and behaviour)

static semantics
with translation

inimal core languag
behaviour and values

dynamic semantics

(LTS)

static semantics resolution
of overloading
_|_
syntactical translation

R categorial ~ \)
‘o core language P
~ -~ - -
———qe -

v

static semantics :
dynamic semantics :

Figure 1: The schema of translations
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4.2 Notations

We present the notations used in the presentation of abstract syntaxes.

The classes of terminals identifiers of the language are:

| tdentifier domain || meaning | abbreviations |
SCon special constants K
Var variable identifiers 1%
Typ type identifiers T
ChName channels and/or exception identifiers I =
Con constructor identifiers C
Fun function identifiers F
Proc process identifiers 11
Gat gate and/or exception identifiers G, X

The special constants are values of built-in types (bool, int) provided automatically to user.

Remark: The unification of exceptions and gates is suitable. However, to avoid some confusions,
and to preserve the user sense about exception, we give them to different notation for their identifiers
in syntax: X for exceptions and G for gates. We mention that this identifiers belong over the same
domain. The same remark is true for exceptions and gate type identifiers.

We will also define the following classes of non-terminal symbols:

| symbol domain || meaning | abbreviations |
Decl declaration D
Pat patterns P
Match match expression M
Exp extended expression E
Behav behavior expression B
Offr offer O

We use the following notations for set of indexes:

| notation || meaning |
% non-empty set of indexes (its meaning is context dependent)
P non-empty set of indexes with p elements
Yo.n non-empty subset of {0..n}
xr non-empty subset of {0..n} having p elements

To express the abstract syntax of user language we used the following meta-symbols are use to describe
the syntax:

| symbol || meaning |
= defined to be
| alternatively
[ ] the enclosed syntactic unit is optional—may occur zero or one time

50



4.3 Abstract syntax of the full user language

4.3.1 Declarations
D = type T is T' endtype

| type T is
Ch O T o, Vi s Ty )]

Co[(VP:TF, ...,pr :Tfp)]
endtype [7T]

| exception = is
[(V1:T1,...,Vn:Tn)]

endexc

| channel T is
Vi TE, VT

(VPIP, . VP ST )

< Vi,

endchan

| function F[X1:Z1,..., Xp: 5]
([in | out] Vi:T1,...,[in | out] V.. : T3)
[: 7] is
I
endfunc [F]

| process MM[G1:T1,...,Gp:T}]
([in | out] Vi:T1,...,[in | out] V.. : T3)
[:noexit | :exit (17,...,T,.)] is
B
endproc [I1]

| DiD,

Remarks:

type synonyid ;1)

type declaratiph y2)

exception declaratiph ¢3)

channel declaratiph j4)
profile list of gate typing

function declaratiph ¢5)

process declaratiph ¢6)

sequence of declaratiph ¢7)

empty declaratiph ¢8)

1. In (D2), p > 0;if p = 0 then T could be considered as an external type.

2. In (D2) and (D5), as in LOTOS, constructors and functions can be declared to be infixed.

3. In (D5), the kind of formal parameter (i.e. “in”) is optional.
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4. In (D5 —7), the expressions F (respectively the behaviour B) may contain F' (respectively II)

calls.

5. (D7 — 8) are useful only for module system.

4.3.2 Patterns

| any T
x| C(Vi:=]Pr, .., [Vai=]Pal,eee])

| Poof T

Remarks:

constaf ¢1)

varial((P ;2)

(Ps3)

constructed pattefR s4)

typed pattefR¢5)

1. In (P4), if formal parameters are specified, parameters not explicitely specified are denoted by
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4.3.3 Match expressions
M = F::P
| M, when F
| M, and M,

| M1 or M2

4.3.4 Value expressions
E = K
| V
x| C(Vii=]Er, .o [Vai=|Enl, eee])

o | FLX1:=]X] o [Xp =X ee]]

(Vi:=]By | [Vi=: 8Py, oo, [V :=] B | [Vi=: 8] Pa], o]
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constant denotatifh 1)

value varialllE §2)

constructor applicatifh;3)

function cqH 4)



case
My — Ey

M, — E,

[otherwise Fpi1]

endcase

case F' in
PP, ..., P, [ when E;] — Ej

PP, .., Py [ when E,] — E;

P
[otherwise E, 4]
endcase

F match P

if By then E}
elsif F; then F;

elsif £, then E;l
[else ;4]
endif

Fo andthen £,

Fo orelse F;

raise X[([Vi:=]Ey, ..., [Va:=]ER)]

trap
X107 T,V T )] — Ed
Xn [T, .V 2T )] — B
in £
endtrap

local Vi :Ti,...,V,:T,, in £ endloc

let Vi:Ti:=F1,...,Vy: T :=FE, in E [endlet]
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general case expressi¢hs5)

usual case expressi¢h;6)

match expressi¢B §7)

conditional expressi¢h;8)

logical expressi¢h ¢9)

logical expressfbip10)

exception rddsg11)

trap exceptipkig12)

local declaratfbp13)

let expressibip14)

variable assignmidnf15)



*| Fo <> B4
| Eo.Vo
| Eo.{%:=E1,...,Vn:=En}
| loop [Vi:Ti:=Fh,...,Va:Th:=F,] in
Ly
endloop

| continue [Vi:=Fi,... V,:=F,]

| Eoof T

Remarks:

expression continualfbn16)
equality expressfbnp17)
non-equality expressgbn18)
select expressibip19)
update expressfhinp20)

loop expressibip21)

(E522)

layered vdllig 23)

1. In (E3-6), constructors and functions without arguments, or constructors and functions infixed,

are included by these rules.

2. In (E3 — 4), actual parameters corresponding to “in” formal parameters must be expressions
values (without variable binding). Actual parameters corresponding to “out” formal parameters

must be patterns.

Also, the static semantics will reject calls merging labeled and unlabeled actual parameters.

4.3.5 Behaviour expressions

B = G(Vi:=]Er | [Vi=:&]P1, ..., [Vai=]En | [Va

x| raise G([Vi:=]E1, ..., [Vai=|En], eee])
*| stop
* | exit [(Fi|any Ti,..., Ex|any T,)]

| P :=F

| trap
GV T, ...,V i T )] — By

ey Vipy
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8] Py [, ee]) [[Eboorl]

actipB 1)

exception raisBs2)
inactipB;3)

successful terminati¢B s4)
assignmefB;5)

trap gatieB¢6)



G I, .V 2T )] — B

o Voo
in B

endtrap

seq By ; ; B, endseq
By ; B

G'Ey|2ViTh.. VB | ?Va:Ty [[Eveal] 3 B
B1 >> accept Vi:Th...V,: T, in B;
alt By [1 [1 B, endalt
B [1 B2
choice Vi :Ti,...,V,: T, [1 By [endch]
Pi:=any T
dis B:1 [> Bs enddis
B [> B>
par Gi:X1,...,Gp:%,
Bo Il ... |l Bn
endpar
par
[GY,...,G,,] for By
[l ...
Il [GY,...,G, 1 for B,
endpar
par Vi:Ti...Vo:T,, || Bo [endpar]

par sync [Go#no,...,Gp#ny| all | none |

Bo Il ... Il Bm

endpar

B IL Gi,...,Gp 11 B,

99

sequential compositioB7)

sequential compositipB 8)

old action prefiB;9)

enablidg10)

multiple non-deterministic chqBg11)

old choice operdiBy12)

choice over valiiss13)

choice vdlBg14)

disabliBg15)

(B16)

general parallel compositiBy17)

parallel compositiBp18)

parallel over valilds19)

n among m synchronizafiBp20)

(Bs21)



By Il B
By [l B2

case
My — By

M, — B,

[otherwise Bpi1]

endcase

case F' in
PP, .., Py [ when Ey] — By

PP, .., P} [ when E,] — By

P
[otherwise Bpi1]

endcase

if Eo then Bo
elsif F; then B;

elsif £, then B,
[else Bpt1]
endif
[Ebool] -> BO
local Vi :Ti1,...,V,:T, in B endloc
let Vi:Ti:=F1,...,V,:T:=F, in B [endlet]
loop [Vi:Ti:=Fh, ..., Va:Th:=F,] in
By
endloop
continue [Vi:=F1,...,V,:=Fy]

hide G1:T4,...,Gr:Ty in By [endhide]

I[[Gy =G, ... [Gp =G, + o]

p

(Vi:=]By | [Vi=: 8Py, ..., [Vi:=]En | [Va=: 8] P, o s])
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(Br22)

(Br23)

general di8g24)

usual o8¢ 25)

conditional expressiBp26)

guarded behafBy27)

local declaraliBrp 28)

variable bindiBg29)

6By 30)

loop contifBg31)
(Br32)

process instantialiBry33)



| rename post-renar(iBg34)
Go[(VY:TY, .. Vit T )] 1= GO[((VA°:=]EL, ... [V 2= B )]

Gpl(VP:TY, . VP TR D] o= G [V :=]EF, [Vl =By )]
in B
endren
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4.4 Abstract syntax of the reduced user language

The declarations, patterns, match expressions, and offers are the same of the full language. From
the grammars for expressions 4.3.4 and behaviour expressions 4.3.5 of the full language all rules
marked with x | are eliminated. The constructions corresponding to this rules will be “syntactically”
translated in rules of reduced language in section 4.6.

4.4.1 Declarations

In the reduced language, all parameters of functions and processes must be decorated. This is made
automatically by the “syntactical” translation function.

D = type T is T' endtype type synonym, 1)

| type T is type declaratiph,2)
ChOF T o Vi s T )]

Cpl VP TY, . VY 2T )]
endtype [7T]

| exception = is exception declaratifb,3)
[((Vi:Th, .., Vi )]
endexc
| channel I is channel declaratifb,4)
it anl :T,lll) profile list of gate typing

(VTP VE TR )

endchan
| function F[X1:Z1,..., Xp: 5] procedure declaratiph,5)
(in|out Vi :Ti,...,in | out V,:T},)
[: 7] is
F

endfunc [F]

| process MM[G1:T1,...,Gp:T}] process declaratifh,.6)
(in|out Vi :Ti,...,in | out V,:T},)
[:noexit | :exit (17,...,7,.)] is
B

endproc [I1]

| DiD- sequence of declaratifB,7)
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empty declaratifh,8)

4.4.2 Patterns

P = K constaflp,1)
| V varialP,2)
| any T (Pr3)
| C(Pi,..., Pn) constructed patteft 4)
| PoofT typed patte(l,5)

4.4.3 Match expressions

M = FE::P (M,1)
| M, when F (M,2)
| M, and M, (M,3)
| My or M (M, 4)
4.4.4 Value expressions
F = K constant denotati¢, 1)
| V value varialfE,2)
| C(Fi,..,En) constructor applicati¢, 3)
| FLXi,..., X 1B | &Py, ..., En | &Py) function cqll,4)
| case general case expressidli,5)

My — Ey

59



M, — E,

endcase
| raise X[(F1,..., En)] exception raigE,6)
| trap trap exceptiofi,7)
X107 T,V T )] — Ed
Xn[O": 17 Vprzl :T;n )] — En
in £
endtrap
| local Vi:Ti,...,V,:T, in E endloc local declarati¢h,8)
| P :=F variable assignmeflt,9)
| E1; E» expression continuat{lin10)
| Eo = Fy equality express{linp11)
| Eo. Vo select express{ti12)
| Eo.{Vi:=F1,..,Vo:=FE,} update express{lin13)
| loop [Vi:Ti:=Fh,...,Va:Th:=F,] in loop express(in14)
Eo
endloop
| continue [Vi:=F1,...,V,:=FE,] (Er15)
| FEoof T layered va{lig16)

4.4.5 Behaviour expressions

B = G(E1|&P1,..., B | &Pn) [[Fyool] acti¢B-1)
| P :=F assignme(dd, 2)
| trap trap gateB,3)

GV T, ...,V i T )] — By

60



Gl (VTP .. V] 2 T2 )] — By,
in B

endtrap

Bi 5 B
Pi:=any T
B1 [> B>

par Gi1:%4,...

By ||

endpar

,Gpi2p
[l Bn

par Vi:Ti,...,Vo:T, || Bo [endpar]

case
My — By

M, — B,

endcase

local Vi :Ti1,...,V,:T, in B endloc

loop [Vi:Ti:=F,..
Bo
endloop

3 VaiTh:=F,] in

continue [Vi:=F1, ..., V,:=F,]

hide G1:T4,...,Gr:Ty in By [endhide]
LG, ..., G 1By | &P, .. En | &P)
rename
Go[(VY:TY, .. Vi s T )] 1= GO[(EY, ...
Gp[(VF: TP, . ..pr :T,fp)] := G;[(E{p, ..
in B
endren
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sequential compositi¢B,4)

choice val{B,5)

disablif},6)

general parallel compositi¢B,7)

parallel over valugB,8)

general cagB,9)

local declarat{Br10)

168 11)

loop contifBe12)

(B13)

process instantiat{Bp14)

post-renamBg15)



4.5 Abstract syntax of the minimal core language

4.5.1 Declarations
D == type T is T’ endtype type synonfin, 1)

| type T is type declarat{dn,?2)
ChOF T o Vi s T )]

Col(VE TP, . VE TR )]
endtype [7T]

| channel I is channel declarat{éh,3)
VT Vi T )

(VPTP, . VE TR )

endchan

| process MM[G1:T1,...,Gp:T}] process declarat{éh,4)
(in|out Vi :Ti,...,in | out V,:T},)
[:noexit | :exit (17,...,7,.)] is
B
endproc [I1]

4.5.2 Patterns

P = K constq®,1)
| V variapR,2)
| any T (Pm3)
| C(Pi,..., Pn) constructed pattdith,4)

4.5.3 Match expressions

M = FE::P (Mn1)

| M, when F (Mn2)
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4.5.4 Values terms

EF = K

| V

| C(Er,.., En)

| Ei=E>

4.5.5 Behaviour expressions

B u= GE | &Py,... En | &Py [[E]]

| trap

GV T, ...,V i T )] — By

ey Vipy

GV T, VT )] — By,

Vo
in B
endtrap

| P:i=any T
| par Gi:Xq,...,Gp: %,

Bo [l ... Il By

endpar

| par Vi:Ti,...,Va:T, || Bo [endpar]

| case
My — By

M, — B,

endcase

M1 and M2

M1 or M2

63

(M3)

(Mind)

constant denotatidiy,1)

value variable,2)

constructor applicatidiy, 3)

equalfFy,4)

actid,1)

trap galBs,2)

choice over vall,3)

general parallel compositidi,4)

parallel over valyBs,5)

general cqB,6)



local Vi :Ti1,...,V,:T, in B endloc
hide G1:T'1,...,G,: 'y in By endhide

LG, ...,GL1(Ey | &P, ..., En | &Py)

renaitmie
Go[(VP:TY, .. Vi s T D] 1= GO[(EY,. ..
Gpl(VETE, .. VP 2TE )] 1= Gy[(EY, ...
in B
endren
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By

Em )]

local declaratid®,7)

(Bm8)

process instantiat{®,9)

post-renariBig10)



4.6 Translation function from full to the reduced user language

Several constructions proposed in the full language can be translated in the reduced language using
only contextual informations. For instance, using only profile informations about types, gates, chan-
nels, functions, and processes, all operators noted with  in the full abstract syntax (sub-section 4.3)
will be translated in operators of reduced language (sub-section 4.4).

We present in this section the translation function.

4.6.1 Contexts

The translation function depends on informations stoked in the current contezt. We begin the pre-
sentation of its from by giving the meaning of notations used.

When A and B are sets, Fin(A) denotes the set of finite subsets of 4, and A @ B denotes the set
of finite maps (partial functions with finite domain) from A to B. The domain and range of a finite
map, f, are denoted Dom(f) and Ran(f). A finite map will often be written explicitly in the form
{ay — by, -+, ar — br}, k > 0; in particular, the empty map is {}.

When A and B are sets, A Sﬁ{l Fin(B) denotes the set of finite set-maps from A to Fin(B) (the
domain is a set, the range is a multi-set).

The domain Contezt is a multi-set of finite maps (for bindings of types, channels, and processes) or
finite set-maps (for bindings of gates, constructors, and functions). It is built from identifiers and
some constants.

A = in formal parameters attributes
| out

tH o= (Th,...,Ty) list of types
vl = (Vi:Ty: A, Ve Tt Ar) list of attributed formal parameters
cht == {vli,... vlx} channel type
gl == (G1:chty,... Gy : chty) typed gate list
profile = ol — (T) — wid profile of constructors
|  gl— ol —tl— wid function profile
C = T—T context of types
|  C v {profiley,...,profile,} context of constructors
| T cht context of channels

| G cht
|  F— {profile,,...,profile,} context of functions
| II— gl — ol — context of processes
| {} emply context
| cC+C context composition

utd are unique identifiers used to solve overloading of functions and constructors. In the case of
functions profile, the list ¢/ has no more than one element. If it is empty, the function type is “void”.

Remark: The context presented above is a subset of context used for static semantics in section 4.7.
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The composition of contexts for type, channel, and process contexts is a disjunct composition of finite
maps, that is:

(Cl + Cz)(T) = CQ(T) if T ¢ DOHl(Cl)

error otherwise

and similarly for channels and processes.

For gates, the composition of contexts is an overriding one:

o= {45 KLLRwE

The composition of contexts for constructors, and functions is defined to support overloading. So,

(Cl —|—Cz)(F) = CQ(F) if F QDOIH(CQ)
Ci(F)WCa(F) otherwise

and similarly for constructors. The function “@” i1s a commutative operation defined by:

profile, ..., profile, } W {profile|, ... profilel
1 n 1 m
d'gfpmﬁle1 W ... W profile, ¥

profile] W ... W profile],

(gt =](Vi : Ty s Aq, oo Ve i Tt Ap) — T — wid) W
([gf =)V = T{ - Ay, Vi o T 2 ALY — Ty — wad)
detie (m#mn)V
(ln=m) A (Viel.m (V;=V]) A (4 = 4))
ANEFjel.(m+1) T3 £1T7))
then
gl =](Vi Ty 2 Ay, oo Vit T Ap) — T — wid),
([gf =)(V{ - T{ - AL, Vi i Tt Ay — Ty — wid')}
elsif

error: bad function overloading

The contexts for types, constructors, channels, functions, and gates are computed from declarations.
The notation C = D = €’ means “In the context C, the declaration D gives the context €’ 7. We
mention that no type checking is made in the context computation.

Type declaration:

CF type T is T’ endtype
= (T—T")

type 7T is
Cy(VE:TE, . VT )
CH
C, (VP17 . c VB TR )
endtype
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= (T—T)+(C1 —vh = (T) = widi)+... +(Cp— vl, — (') — uidy)
where Vi€ l.p ol = (Vi T} :in,..., Vi T :in)

’ g

Exception declaration:

exception = is
CFk (Vi o, Vi)

endexc
= E—~{WV:Ty:in,..., VT, tin)}

Channel declaration:

channel T is

Vi1t ..,anl :Tﬁl)

Cr

Cp(Vf}:Tf,...,pr:Tfl’p)
endchan
= T {vly,... v}
where Yiel.p vl = (Vi :Ti:in,. ..,V,fl :Tél S in)

Function declaration:

function F'[X;:Z, ..., X,:5,]
([in | out] V1: T4, ..., [in]| out] V,,: T,)
Ck [:T] is
E

endfunc
= F— gl — vl — tl — newuid
where
gl=(X1:C(X1),.... X, : C(5,))
=MWV Ty : A, ...,V Tt Ap)

out 1f outV;:T7;
in otherwise

Viel.n Ai:{
ﬂ:{ ()T) if T

( otherwise

Process declaration:
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process II[G: T, ..., Gp:1y]
(Jin | out] V1:71,...,[in| out] V,,: T,,)

Ck [:noexit | exit (77,...,7})] is
B
endproc
= P—gl—vl—1l
where
gl =(G1 :C(T1),..., X, : C(T}))
=WV Ty Ay, ... Vi Tt Ay)
Viel.n A;= { ,OUt if OUtW.:E
i otherwise

- (17,...,7}) ifexit(7y,...,T})

O otherwise

The result context of each declaration is composed with the contexts resulting from other declarations

at the module level.

4.6.2 Translation function

The translation function is a contextual-dependent morphism. It translates each derived form (marked
by * in full grammar) in the reduced user language.

The table below indicate the notations used for classes of phrases of two grammars:

full user language | reduced user language
symbol | section | symbol | section
D; 4.3.1 D, 4.4.1
P; 4.3.2 Pr 4.4.2
M; 4.3.3 M, 4.4.3
& 4.3.4 & 4.4.4
B 4.3.5 B, 4.4.5

The translation morphism [[., .]] from full user language to reduced user language has the profile

(L -

Context — Dy — D)
Context — Py — P;)
Context — My — M,) U
Context — &y — &) U
Context — By — B,)

U
U

(
(
(
(
(

4.6.3 Translation of declarations

The translation morphism for declarations is an identity morphism for type, exception, and channel

declarations.

Function declaration:
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function F'[X,:5,...,X,:5,] function F'[X,:5,...,X,:5,]

C...Vi:T:..) dof (...in V;:T5,...)
C, [:7] is £ [:T] is
E (¢, £]]
endfunc endfunc

where ¢' = C+ (X1 = E1) +... + (X, = E,). So, attribute “in” is given by default, and declared
exceptions are added to evaluate the body of function.

Process declaration: similar to function declaration.

4.6.4 Translation of patterns

The translation morphism for patterns is an identity morphism for all patterns except constructed
pattern.

Constructed patterns: There are three phases: (1) reordering of actual parameters iff formal param-
eters are given, (2) replacing “...” with the missing parameters, and (3) removing formal parameter
annotations. Error are signaled if “...” are given for positional call, or named actual parameters are
merged with positional parameters. Thus,

[[C, C(Pr,...,Pn,eee) ]]dgferror
e, ¢(...p,...V;:=P; ...) ]]dgferror

[[C, C(Vi:=Py,..., V=P ]
C(PL,....Pp)
dof if (3lpe P(n)) 3((VY Ty :idn,. ..
= s.t. (Vp(i) =V/)

error

JVIiT, i) —T) € C(())

n

otherwise
where Vi € 1.n P/ =[[C, Py ]]
[[C, C(V1:=Py,...,V:=Py,ees) ]
(Pl Pl
if (3m) (3Fp e Pim) ANV Ty 2in,..., V., : Ty :in) = T) € C(C))

def st.(m>n) A (Viel.n Vyy=V/)
error
otherwise
whereYie l.m P/ = { v otherwise

(P(n) is the set of permutations of 1..n.)
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4.6.5 Translation of match expressions

e, E::P %5, E (e, P

For the other match expressions, the translation morphism is an identity morphism.

4.6.6 Translation of value expressions

We present in the following only the cases for which the translation morphism is not an identity. The
translation function raises error if:

e “,..” are present in positional list of actual parameters, for instance C(Eq,..., Ep,«..) is
forbidden, and similarly for exceptions lists;

e named (e.g. “V:=E”) and positional (e.g. “E”) styles for actual parameter lists (values and
exceptions) are merged.

In the following we don’t present this error cases.

Constructor application:

[[C, C(Vi:=FE1,...,Voh:=Ey) ]
C(EY, ..., E)
dof if (3lpePn) (VY Ty in,..., VT, :in) =T) € C(C))
= s.t. (Vp(i) = VZ/)
error
otherwise

where Vi € 1.n Ej =[[C, E,u)]]

[[C, C(Vi:=E1, ..., Vyi=Fp, ves)]]
C(E},....,EL)
dof if (3m) (3Fp e Pim) ANV Ty in,..., V., : Ty :in) = T) € C(C))
= st.(m>n) A (Viel.n Vyy=V/)
error
otherwise
where ¥i € 1..m

B = { [[C, Pyiy]] ifiel.n
[ '/

f otherwise

Function application:

[[C, F[Xl,...,Xp](V12=E1 | V1=2&P1,...,Vn2=En | Vn=:&Pn) ]]
FIXq,..., X, 1(E, | &P{,...,E] | &P))
if 3lpePn)3Agl— V- Th: A, .. V)T, : A)—=T)eC(F))
def s.t. (length (gl) = p) A
(Viel.n (Vp(i) =V A (Ap(i) = A}))
error
otherwise
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whereVi € 1.n
E{| Pl =1[C, Exiy 111IC, Poiy ]l
A — { out 1if &P;

in otherwise

[[C, F[Xl,...,Xp](V12=E1 | V1=2&P1,...,Vn2=En | Vn=2&Pn, ooo) ]]
FIXq,..., X, 1(E, |&P],...,E], | &P))
if (3m) (3pe P(m)) gl — (V] Ty AL, V., T AL)—=T) € C(F))
def st. (length (gl) =p) A (m>n) A
(Viel.n (Vyy=V) A (Ape) = A7)
error
otherwise

whereVi € 1..m

R v/ otherwise
A — { out if &P;

in otherwise

[IC, F[X{:=X1,...,X;,:=Xp](V1:=E1 | Vi=:&Py, ..., Vy:=E, | V,=:&P,) ]
FIXY, . XD (B | &Py, B | &P)

if (31 € P(n)) (31’ € P(p))

BUXY 2y, X ) = (VT AV i T s AY) = T) € C(F))
= s.t. (length (gl) = p) A
(Viel.n (Vyy=V/) A (Ape) = A))

error

otherwise
whereVi € 1.nVj € 1.p
B | P =[C, By TIC, Pogiy 1l

A= { out 1if &P;

in otherwise

X{' = Xpi

[[C, FIX|:=X1,. ., X} :=Xp, oo (Vii=Ey | Pry. o, Va=Ey | Payess) ]
FIXY, ..., X1 (E]|&P],...,E, | &P.)
if (Im) (Ir)
(Blp € P(m)) 3’ € P()
(XY 2y, X E) = (VT ALV T ALY —T) € C(FY))
= st.(m>n) A (r>p)A
(Vi. el.n (Vp(i) =V A (Ap(i) =AD)) A
(Vielp Xj= X;,(j))
error
otherwise

whereVi € 1.mVjy € l.r
B P :{ gg, Exiy 1[G, Poy ] ifi€ln

otherwise

K3
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A= { out 1if &P;

in otherwise
X —
i =X

The other 2 cases are obvious.

Otherwise clause:

[[C, otherwise F, 14 ]]dgftrue: itrue — [[C, Fnqq ]

Simple case expression:

case £/ in
0 0
P, PY
when Fy — E}

P P
Pr Pnp
when E, — EZ’)
: !
otherwise £,
endcase

Match expression:

[[C, F match P]]

Conditional expression:

if £y then Ej
elsif 7, then F

elsif F,, then F/,

else ]
endif

Logical expression:

[[C, Fy andthen F ]

def

case [[C, F']]::(X) —
X::[c, PP ] or ...or X::[[C, P) 1]
when [[C, Fy]] — [[C, E}]]

X::[c, P{ ] or ... or X::[[C, PE ]
when [[C, E, ]| — [[C, £, ]
true: :true — [[C, £}, ]
endcase
endcase

case

[[C, Eo]]::[[C, P]] — true
true: :true — false

endcase

[[C, Eg]]::true — [[C, E} ]

[[C, E1]]::true — [[C, E] ]
[[C, E,]::true — [[C, E/ ]

t(;‘ue: itrue — [[C, B} ]]

case

[[C, Eo]]::true — [[C, Ey ]]
[[C, otherwise — false]]

endcase




case

def [[C, Eo]]: :true — true
[IC, Eo orelse £, ]] "= true: :true — [[C, E1]]
endcase

Exception raise:

[[C, raise X(V1:=F1,...,Vo=E,) ]
raise X (F{,...,B) if (C(X)

n

{V{ Ty vin, .. VD T, cin) ) A

def (Jp € P(n) st
- (VZ el.n (Vp(i) = VZ/)) )
error otherwise
whereVi € 1.nE! = [[C, Eo@y ]
Trap exceptions:
trap
trap Xu[(vitamt, VT )]
Xl[(Vll:Tll,...,Vpll:Tz}l)]—>E1 —[[C, E1]]
c def
’ X [OAT VT )] — By o X [(VAT V2T )]
in B —[[C, En]]
endtrap in [[C', F]]
endtrap

where ¢’ = C+ (Xy — {(V{' - T cin, .., V) 2T i)} + . (X — {V, 2T, VST ).

v Vpy s tpy
Non-equality expression:
def
¢, Fo < By mot([e, Eo I=[1C, F1 )

where “not” is the predefined function over booleans.

Let expression:

local Vi:13,...,V,: T, in

case
c let %lej_fé’ o def [IC, E1]]::&V; and ... and
Nwmpe (€, BnJ)s eV — [C, B]
endcase
endloc

4.6.7 Translation of behaviour expressions

We present in the following only the cases for which the translation morphism is not an identity. The

translation function raises error if:

e “,..” are present in positional list of actual parameters, i.e. C(Ey,..., Ey,...) is forbidden,

and similarly for gate lists and gate offers;
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e named (e.g. “V:=E”) and positional (e.g. “E”) styles for actual parameter lists (both gates and
values) are merged.

In the following we don’t present this error cases.

Action:

[C, GVi:=1Ey | Vi=:&Pr .. V=V By | V=8P [[Eponl] ]
GOy .. On)[[[[c, Epool ]]]]
if (3p € P(n))
def AV Ty van, .V o T, pan) € C(G))
st(Viel.n Vi =Vyu)

error
otherwise

where

Viel.n O;=[C, Exylll&llC, Pl

[[C, G(V1 :=!E1 | V1=2&P1, .. .,Vn2=!En | Vn=2&Pn, ooo)[[EbOO]]] ]]
G(Ola ceey Om)[[[[ca Ehvool ]]]]
if (3m) (3lp € P(m))
def 3V Ty vin, ... V) Ty tin) € C(G))
st.(m>n) A (Viel.n (V] =V,y))
error
otherwise
where

Viel.m O;= { [[C, Ep(i) ]] | &[[C, Pp(i) ]] ifiecl.n

Vi otherwise

Exception raise:

[[C, raise G(Vy:=Ey,... , V,:=E,) ]]
G(E{...EL)
if (Cte(G)=4{(VY :Ty:in,..., V! T, :in)} A (p € P(n))
= st.(Viel.n V/ = Vp(i))
error
otherwise

where Vi € 1.nE] = [[C, E, ]

[[C, raise G(V1:=F1,...,Vy:=Ey, «es) ]
G(E,, ..., FEl)
if (Cte(G)={(V{:Ty:in,...., V), Ty :in)} A (m>n)A
= (FpeP(m)) (Miel.n (V/=V,))
error
otherwise

where
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Vi otherwise

Viel.m F; = { [IC, Ep(i) ]] ifiel.n
Deadlock:

def
[[C, stop]] =" Tgtep

where proces Hstop:noexit is Hstop endproc

Successful termination:

[[C, exit ) %% 5

[C, exit (...E;...any T; ...) ]]
local ... X;:1; ... in

def X; :=any T;

5C [, Bl X5

endloc
Trap gates:
[T trap 17 trap
G (VT VT )] G (VT V) T )]
— B —[IC, B1]]
% def
' GV VT )] - GV TV T )]
in B in [[C', B]]
L endtrap 1] endtrap
where ¢’ % ¢ + (Gy—= AV T s, V) T ) ) A+ (G = AV TV
Different sequential compositions:
[[C, seq By ; ... ; Bpendseq]]

CT e, B IBIC B ). 5 (1€ Ba )

[[C, GVEy | ?2Vi:Ty .. . VE, | 2V T, [Fvoal 3 B
dof (local...Vj:Tj...in )
= G(E, | &Vh,... B, | &V) [[C, Proat |1 ; B
endloc
[[C, By > accept Vi:Ty...V,:T, in By ]]
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(S(VliTl,. ,Vn:Tn)
def .
& —i5 (¢ By ]
in [[C, By ]
endtrap

Non-deterministic choice:

[[C, alt By []...[1B, endalt]]

trap
G(V:enum(l,n)) —
case
Viil— By
def
o Viin— B,
endcase

in

V :=any enum(l,n);G(V)
endtrap

where enum(1..n) is a library type

[[C, Bi[1B:]]
def

=" [[¢, alt B, [1B; endalt ]|

[[C, choice Vi:Ty,...,V,:T,[1 Byendch]]

def local Vi:1y,...,V,: T, in
< Vii=any Ti;...;V, :=any T,;[[C, Bo]]
endlo
Parallel composition:
par '
[GY,...,G). 1 for By dot [ P common (UYZR (USZHP YY)
c, | 1. [C, Bo]l Il ... Il [[C, Bx]]
I [GE,...,G) ] for By endpar
endpar

where

common(UL=R(UIEP GG s | (Wh € B)(Fi € 0.p3) G = GY)

par sync Gigny, ..., Gp#n, dof par G1:%3",, ..., Gy Y07,
c, By Il ... 1l By, i e, Bo ]Il ... 11 [[C, B, 1]
endpar

endpar
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T par sync all 17 dof par {G:{0..n} | G € Gat}
c, Bo Il ... 1l B, = [lC, Bo JJIT - 1HIC, By ]l
L endpar 1] endpar
T par sync none 17 par
e, | Pl Tl B def [[C,Bo]]ll...ll[[C,Bn]])
endpar endpar
def par G1:{1,2},...,G,,:{1,2}
[[C, BII[Gy...G,11By]] £ (¢, B 11 11 [[C, B2 1]
endpar
dof par {G:{1,2} | G € Gat}
¢, B1 Il By]] "= (¢, B ] 11 [[C, B> ]]
endpar
par
[C, By 111 By]] %&F [lc, B 11 (€, By ]])

Otherwise clause:

endpar

[[C, otherwise B, |] €T rue: strue — [IC, Bpt1]]

Simple pattern matching:

case £/ in
0 0
PP, ... P
when Fy — B

P
PP, PR
when £, — B}
: !
otherwise B,

ceey

endcase

Conditional behaviour:

if Fy then B|
elsif £y then Bj

elsif £, then B/,

else B;H_l
endif

Guarded behaviour:

case [[C, E']::(&X) —
X::[[c, PP ] or ... or X::[[C, P ]
when [[C, Ey]] — [[C, B{ ]]

X :([C, PPl or ... or X::][C, P}l’p 1]
when [[C, E, ]| — [[C, B, ]]
t(;‘ue: strue — [[C, le7+1 1]

endcase

[[C, Ey]]::true — [[C, By ]]

[[C, Ey]]::true — [[C, B1]]
[C, En]): :true — [[C, B ]

true: :true — B,
endcase
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case

_ def [[C, Erool ]]: :true — [[C, By ]]
1€, [Eboal] => Boll ™= true: :true — stop
endcase

Old let behaviour:

local Vi:1y,...,V,: T, in

let V1:T1:=E1 case
T o—p def [[C, F1]]::(&V1) and ... and
”C’ (in g )” S| e s~ 8]

endcase
endloc

hide G :T'y,...,G,:T def hide G1:T'y,...,G,:T
¢, | inB 2t | in [[¢, B]]
endhide endhide

where ' = C+ (G1 — C(T1)) + ... + (Gn — C(Ty)).
Disabling:

Hiding:

[[C, dis Bi[>B> enddis]] "< [[¢, B, J>[C, Bo ]

Process instantiation: similarly to function instantiation translation.

Post-renaming;:

rename
Gol(VP:TP, . V2 2TR )] i= Go[(V{%:=EP, ... V2 :=El )]
Col o GOPTT, Ve T )] = GOV =BT, Vi =B )]
in B
endren
rename
Go[(Vloin,~~~V7?D¢TT?D)] := [[C, G{)[(Vl’o:=E10,...,VT%OD:=E;20)]]]
def

éz;[(Vf):Tf,...pr:Tﬁp)] :
in [[', B]]

endren

[[C, GLICV"=EY, ..., V¥ =B )]]]

’ My

where
C'=C+ (G~ chtg) + (Gp — chiy)
{(V{T{ cam, .. Vi :T5 in)} iff Gy has arguments

Vie0.p cht; = { c(GY) otherwise
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4.7 Static semantics of the reduced user language

4.7.1 Notations

When A and B are sets, Fin(A) denotes the set of finite subsets of 4, and A @ B denotes the set
of finite maps (partial functions with finite domain) from A to B. The domain and range of a finite
map, f, are denoted Dom(f) and Ran(f). A finite map will often be written explicitly in the form
{ay — by, -+, ar — br}, k > 0; in particular, the empty map is {}.

When f and g are finite maps we define:
e [+ g with domain Dom(f) UDom(g) and values:
fla) if a & Dom(g)
(f+9)(a) =14 gla) ifagDom(f)

error otherwise

This operator is called disjunct composition of f and g.
e [ @ g with domain Dom(f) UDom(g) and values:
if a € Dom(g)

otherwise

_ | f(a)
(f®g)a)= { g(a)
This operator is called f modified by (or overridden) g.

e [ ® g with domain Dom(f) U Dom(g) and values:

5 g
B g(a it a oI
(fog(a)= fla) if g(a) = f(a)

error otherwise
This operator is therefore called match composition of f and g¢.

o fo{ay,...,an} where {ay,...,a,} C Dom(f), with domain Dom(f)\ {ai, ..., an} and values:
(fela,..,an})(a) = f(a) if a & {a1,...,an}

This operator is usually called restriction of domain of f.

When the range of a partial map is a finite set of subsets, A sin Fin(B) denotes finite set-maps from
Ato B. When A is a set, List (A) denotes the set of finite lists with elements in A. A finite list will
often be written explicitly in the form (ay, - -, ag), & > 0. The empty list is (), and list concatenation
is noted &.

4.7.2 Semantical objects

In addition to the class of syntactic objects, defined in sub-section 4.2, there are classes of semantic
objects used to describe the meaning of syntactic objects.

All semantics objects in the static semantics are built from identifiers. With each special constant
K we associate a type name type(K) which is either integer, bool, real (iff we suppose that this
will be the built-in types). The void constant is used to treat functions and procedures with “out”
parameters.
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The classes of semantic objects are:

T €

TE
tl

m m

VE
vl

ct

CE
cht

m M M M M

ChE

GE
gl
ft

PE
pt

PE

m M M M M M M M

TyName = Typ U {integer, bool, real}

TyEnv = TyName @ TyName
TuplType = List(TyName)

VarEnv = Var ﬁ—I} (TyName x {def, undef})

VarList = List(Var x Typ x {in, out})
ConType = Varlist x TyName x UlIDs

ConEnv = Con @ Fin(ConType)
ChType = Fin(VarList)

ChEnv = ChName @ ChType

GatEnv = Gat @ ChType
GatList = List(Gat x ChType)

FunType = GatList x VarList x TuplType x UIDs

FunEnv = Fun @ Fin(FunType)

ProcType = Gatlist x VarList x TuplType

ProcEnv = Proc @ ProcType

Context = TyEnv x VarEnv x ConEnv x ChEnvx

GatEnv x FunEnv x ProcEnv

We give below the notations used for objects defined above:

tl

vl

cht

gl
profile

mn

out

(Th, ..., Tx)

WV :Tvc Ay Vi T s Ag)
(AT s AV T A, -
(G : cht, ..., Gy : cht)

ol — (1) — wid

gl — vl — tl — uid
def

undef

T 1T

V= (T,d)

C — {profile,, ...
I'— cht

G — cht

F v {profile,, ...
II— gl — ol —

, profile,}

ST Ay
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type names

type environment
tuple of type
variable environment

typed variable list

type of constructors

environment of constructors

union of labeled tuples
channel environment

gate environment
typed gate list
type of functions

enviroment of functions

type of processes

enviroment of processes

context

n
aVk

n -

T+ Ak, )Y

profile of constructors

function profile



I
| C+¢C

We write CT = T' for C=C" + (T — T {},{},{},{},{},{}), and similarly for other bindings.

For contexts of type, variable, channel, gates, and process bindings, “4” is disjoint composition of
finite maps. For contexts of constructor bindings and function bindings, the operation “+” is the
disjoint composition of set finite maps as defined 1n section 4.6.1.

Remark: The context presented in this section is a superset of context presented in section 4.6.1,
because it includes variable binding.

The operator & is used for context overriding, that is:
Co{l=C (CHT—T)e " +T—T)=C+T—Ty)

and similarly for the other bindings.

In the presentation of the rules, phrases within single brackets () are called first options. To reduce
the number of rules, we have adopted the following convention:

In each instance of a rule, the options must be either all present or all absent.

4.7.3 Static semantics of variable lists

To simplify the presentation we introduce the syntactic domain VList, having values:

VL = empty list
| ATy, VT non-atiributed list
| (n|outVy:T,..,in|out V,:T,) attributed list

These lists appears in the declaration of types, constructors, channels, gates, functions and processes.

The static semantics 1s given by assertions of form:

CHVL = vl Cy,Cou

meaning “In the context C, the variable list V'L is well formed and gives the list v/ and the context
of defined variable C;,, and the context of undefined variables Coyut”

Static semantics:

CFO=0 (1)

Cth=17 - CHT, =T,
(+iZhVi = (T}, def)) # error (2)
CH:T,.. Vi T!) =

(Vi Ty i, ..V 2T an), (HIE0V; — (TY, def)), {}
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cCrTy=1 - CHFT, =T
(HZp Vi e (T, do)) # error ;
CH (1n|0utV1 T, ..,in|out V,,:T,,) = (3)
(V1 Al,...,Vn T/l :An)acinacout

where
{ out if out V;:T;
Ap=1 .
i otherwise
4 — undef 1if out V;:7T;
YT def otherwise
Cin = {Vi — (T/,def) |in V;: T;}
Cout = {Vi — (T/, undef) | out V;:T;}

4.7.4 Static semantics of gate lists

To simplify the presentation we introduce the syntactic domain GList, having values:

GL == empty list

| Gi:Tyq,...,Gp:Ty non-empty list

These lists appears in the declaration of functions and processes.

The static semantics 1s given by assertions of form:

CrGL= gl

meaning “In the context C, the gate list G L is well formed and gives the list g/”

Static semantics:

CF0=0 ®
CHTy = chty - CEHT, = cht,
(+iZR Gy — cht;) # error %)
CF(GriTh, Cniln) =

(Gy:chty,...,Gy i chty), (+Z0G; — chty)

4.7.5 Static semantics of declarations

The static semantics 1s given by assertions of form:

C-D=(
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meaning “In the context C, the declaration D is well formed and gives context C'.”

CET =1"
Ct (type T is T' endtype) = (T = T")

C—|—(T'—>T)|_VL1:>vll,Cl,{} C—I—(T|—>T)|—VLp:>vlp,Cp,{}

(CLo...0C,) # error

Ct(type T'is C1VLy...C, VL, endtype) =

(T —T,C1—vly = (T) — newuidy, ..., Cp — vl, — (T') — newuid,)

CHVL=C{}
C I (exception = is VL endexc) = (& = {vl})

C"VL1:>1211,61,{} CI—VLp:>vlp,Cp,{}
(CLo...0C,) # error
Ct (channel I'is VL, ...VL, endchan) =
(T = {vh,...,vlp})

CHGL = gl,Cx
CHVL= vl Cn,Cou
CHT =1
(C OCx DCin @ Cout)+
+(F gl = vl — ((T") ) — newuwid) = E = ', ({T"))
Dom(C’) = Dom(Cout)
C F (function FL[GLIVL (:T) is F endfunc) =
(F—gl— ol — ({T")) — newuid)

CHGL = gl,Cx CHVL = vl Cn,Cou
CrTi=T - CHT,=1")
(C @CG @Cin @Cout)‘i‘
+( gl — vl — ((T7,..., T2V B=C ((1],....T.))
Dom(C’) = Dom(Cout)

C F (process ILGLIVL {: exit (T1,...,T)) is B endproc) =
(P gl— ol — ({T7,....,T})))

CHGL = gl Cx CHFVL =l Cin,{}
CPCe®Cin+(P—ygl—=vl—=()FB={}(
C F (process II[GL1V L:noexit is endproc) =
(P—gl— ol — ()
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4.7.6 Static semantics of patterns

The static semantics 1s given by assertions of form:
CHP=T)=C

meaning “In the context C, matching pattern P to type T gives the context C'.”

YISt (15)

CHV = (T, undef) (16)
CH(V =T)=(V — (T, def))

Ch(any T=T)={}

CFC= W Ty AL, Vi Ty i Ap) =T
CHPA=T)=C ..CH(P,=>T,)=C, 18
CHCW,....P)=T)=Ci+...+C, (18)

CET =1
CHP=T)=C (19)
CE(PofT=T)=C(

4.7.7 Static semantics of match expressions
The static semantics 1s given by assertions of form:
CFCHFM=C

meaning “In the context C, the match expression M gives the context C’.”

CFE={},T
CHP=T)=C
CH(E::P)=C
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C|_M1:>C/
C+C F E={} bool
CF (M; when E) = ('

CHFM =(C
Ct My =Cs
C"(Ml and M2)2>61 +Co

C|_M1:>C/
C"M2:>C/
CH (M; or Ms)=C’

4.7.8 Static semantics of value expressions

The static semantics 1s given by assertions of form:
CHE=C 1

meaning “In the context C, the expression E gives the context ¢’ and has the type t1.”

cFEsm T

CFV = (T, def)
CFV={},(

CFC= W Ty AL, Vi Ty i Ap) =T
CEE ={},(Th) ..CHE,={},(Tn)
CH(C(Ey, ..., E)) = {}, (D)

CHF=(Xy:chty,... . Xp:cehty) — (Vi :Th t A, VTt Ay) — Hl— wid

CEX{=chty ... CkX| = chtp
C"E1:>{},T1 | C"(P1:>T1):>Cl
CHFE,={}\T, | CH(P,=T,) =Cy

Cr (FIX], ..., X)1(E, [&Py, ..., By | &Py)) =
({H1C)+. .+ {3} Cn) U

CtH My=Cy C@Co"EoiCl,ﬂ
CEM,=>C, CaCptE,=C 1l
Ct (case My — FEy...M, — FE, endcase) = (', 1l
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CI—X:>{(<V1:T1:A1,.. Vp
Cre=>{},((T)) ... CHE
Cl—(raiseX((El,..., »)) )

1T Ap) )}
(7))
{10

<C|_VL1:>011,61,{} C"VLn:>vln,Cn,{D
€ (+1T (X { (o) W) F E =t
ClBC) FE =l ... C(aCy) F E,=C 1

CFk (trap X; (VL) — FEy ... X, (VL,) — E, in E endtrap) 6 ¢ {X1,.., Xn}]
=t

<C|_VL1:>011,61,{} C"VLn:>vln,Cn,{H
Co (+ZH (X —{ (vh) ) FE =il
¢ ={}{C)
CaoCi-E =C" " ... CaC,FE,=C" 1"
Crk (trap X3 (VL) — FE1 ... X, (VL,) — E, in I endtrap) [
=

:Xl]

CFT, =T ... CFT, =T
Co(+ENV; v (T, undef)) F E = 't
Ct (local Vi:T1,...,V,,: T, in F endloc) =
C’@{Vl,...,Vn},tl

CHE={},(DI)
CHP=T)=C
CH(P:=E)=C"()

C|—E1:>61,()
CPHCL=Co il
C"(El ; E2)$61®Cz,tl

CHE = {}, (T)
CHE) = {}, (T)
Ck (El = EZ) = {}a (T)

CH_={((.. MERRT) )—>(T)—>_)}
Cr (Eo Vo) = {}, (1o)
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C"Eoi{},(T)
Ch_o= (VT Ay,... )V 2T Ap) — T — _
(m>n) A (Vi€el.n (Vp’(i) =W)
Co(+ZIV = (T}, def)) F Ev = {},(T) ...
Co(HZI V) = (T}, def)) F En = {3, (T3)

CH(Eg.{Vi:=E, ..., Vai=E )y = {1, (T) & P(m)] (37)
C-T=1 ... CHFT,=T)
CHE = {},T{ ... CrE,={},T}
Co(+i21V; — (7], def)) F By = €', T" 38
loop Vi:11:=Ey,..., Vo1 :i=E, (%)
¢k | in E, =1
endloop
C"V1:>(T1,d6f) C"an(Tn,def)
CF (continueVy:=Fy,... . V,:=FEy)) = {},() (39)
CHT =1
FE T
CkEy={},(1") (40)

Ck(Eyof T) = {},(T")

4.7.9 Static semantics of behaviour expressions

The static semantics 1s given by assertions of form:
CFCHB=Ct

meaning “In the context C, the behaviour expression B gives the context ¢’ and has the type list #.”

CHE = {},(Ty) ... CFE,={}(Tn) (1)
CF(8CE,... . E))={},(Th, ..., Tp)

CFG= (Vi1 Ay, Vi Tyt Ay)
CFE.={},(Th) | CHPi=T)=C
CFE.={},(Th) | CH(Pn=Th)=>Ch
+=1({} [ Ci) # error
(€ (+=r{} [C) F E={}, (bool))

CF (G(Ey |&Py,..., By [&Py) (LET)) (42)
= (HZT {3 1€)), 0
CHE={},(I)
CHP=T)=C' (13)

Cr(P:=E)=C,()
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(CHVLi= oy, 01, {} CHVLI,= vly,Cpn {})

Co(+Z0(Cs — { () D) F B =1
CHCikBi=C ' ... CHCut B,=C ot
CF (trap G1 (VL) — B1 ... Gn (VL,) — B, in B endtrap) 6 & {Gh, -, G}l (44)
= ('t
CHVLi = oli,Ci,{} ...CFVLy= vl Co{}
Co(+Z0(G — { (W) ) F B =t
C'Cc{y(c'cty)
CHCit B =" " CHCnt By=C" " 5= el (45)
CF (trap Gy (VL) — B1..Gy, (VL,) — B, in B endtrap) -
= C" 1"
CH B =0, CHCi+ By = Ca,tl 16
CF (B ; B)= Co, (46)
CH(P=>T)=C (47)
CH(P:=any T) = C ()
CHB =t
CHB =t (15
CH(BiD>B:) = i
CF Gy = chty CF Gp= chty
ZC{0...n} Z,C{0...n}
CF By = Co,tl CF By = Cn,tl (4
par G1:X1...Gp: X, ‘
Ck Boll...11B, = +i=1Ci, tl
endpar
CHTy = T{ CHT, =T,
Ch (+27Vi — (T3, def)) F Bo = Co, tl
[ 1By endpar) = Co, i (

CF(par Vi:1y ... VT,

CFMy=Co CDCot By=C,t
CHM,=Cp CHCyF B,=C
Ct (case My — Bo... M, — By endcase):>C',tl

Crh=T CHT, =T,
Ch(+ZtVi— (T}, undef)) F B=>C' d

. Vu:T,, in B endloc) =C'o{v,..., Vi

CF (local Vy:T1,..
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CrTL =T, ... CFT, =T,
CHE = {},T, ... C-E,={}T,
C (H)20V; — (T, def)) F Bo = €', T’

loop Vi:Thv:=F1,..., Vo1, :=F, (53)
Cl—(inBo ):>C',T’
endloop
CHFVI= (Th,def) ... CEV,= (T, def)
CF (continueVi :=F1, ..., V,:=F,) = {},()
CFT1 = chty ... CHT, = chitn
C® (+:Z7G1 — cht;) F Bo = Co, tl (55)
CF (hide G1:T4,...,Gp:Ty in Bg) = Co, tl
CHFIU = (Gy:chty,...,Gp:chty)— (Vi Ty Ar,.. ., Vi i Tt An) — U
CHGY = cht;y ... CI—G;:>chtp
C|—E1:>{},(T1) | C"(P1:>T1):>C1 .
CHFE,={},(Tn) | CH(Pn=Tn)=Cn (56)
CH(ILGY, ..., G (B | &Py, ..., En | &Pn)) =
1)+ +{} ] Ca)tl
C(Gp) 3 {(V1'0 TP :A?,...,V,;?D :T,',?D :A?no)}
C(Gy) 2 {(V{* : T)7 : AL, VR TR AR )Y
CHEVIg=vlo,Co,{} ... CHVL,= vlp,Cp{}
CPCoFEP = {},‘(T{O) . CHCyE E#Zp = {},(T,’fp)
CH(+Z0G — (i) F B=C' U (57)
rename

Go (VLp) := Gf)((E{O,...,EQDM

I
Gy (VL) = GL{Ep,. . Epy | 760
in B

endren

4.8 Translation function from reduced user language to minimal core lan-
guage

The functionality of expressions and behaviour, denoted by F, is an application from Context x (&, U
B,) to VarEnv x TuplType, defined at the static semantics level, by the static semantics rules:

e for an expression E, if C+ E = C', tl then F(FE) det C’, tl. For instance,

FE) 0,1 where [K 7]

FV) € 0 (1) where C(V) = (T, def)

F(P:=E) £ ()

89



where C - E = {},(T) and
CHP=T)=C

e for a behaviour expression B, if C - B = (', tl, then F(B) det C',tl. From static semantics

rules we have:
def

F(noexit) = {},0)
Flexit(OTL, ... 7)) 0.1, ... Th)
Fr=g) € ¢

where CH E = {},(T) and
CH(P=T)=C

The translation functions from reduced user language to minimal core language uses static semantics
and functionality function. It supposes to translate the reduced language phrases where overloading
is solved by static semantics, and to translate them into core language phrases as define in 77:

Context — D, — Dy, ) U
Context — P, — Ppy) U

< .,.>
(
(Context — M, — My, ) U
(
(

Context — &, — (€ U Bp)) U
Context — B, — Bp,)

4.8.1 Translation of declarations

The translation function for declarations i1s an identity for type, and channel declarations.

Exception declaration: exception types are a special case of channel, So:

< exception Z i1s (V1:17,...,V,:T,,) endexc >

dof channel E is
£ (Vi:Th, o, Vi Ty)

endchan

Function declaration: is a special case of process declaration. So:

function F[X;:5,...,X,:5,]

(in | out V1 :Ty,...,in| out V,,:T},)
<< [:T] is >>
F

endfunc [F]
process F[X1:2,...,X,:5,]
(in | out V1 :Ty,...,in| out V,,:T},)
= [:noexit | :exit (7)) is
< F >

endproc
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and the function binding is unique by overloading solving.

4.8.2 Translation of patterns

The translation function for patterns is an identity for all pattern phrases of reduced language, except
layered patterns P of T which are translated in P, because type is no more needed.

4.8.3 Translation of match expressions

The translation function for patterns is an identity for all match expressions. For instance,

< E:P> ¥ cBEsiicP>

< M when F > dgf < M >» when <« F >

4.8.4 Translation of value expressions

Values expressions of reduced language are translated in values terms or in behaviour expressions of
minimal language.

Value terms:

< K > %510

<V >% 500

< C(Ey,...,E)) >
trap 6(V1:71) —

def trap 6(V,:T,,) — 8(C V1, ..., V)
in € E, > endtrap

in € E; > endtrap
where C+ By = C;, (Th)

Function call:
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trap
trap §(V; : T;) —
= FIGL1(...V;...&P;...)

in € F; > endtrap

endtrap
where C+ By = C;, (Th)

Case expressions: the translation function is an identity morphism.
Raise exception:

< raise X(Fq,...,E,) >
trap 6(V1:71) —

trap 6(V,:T,,) — X (W4, ..., V)
in € F, > endtrap

in € F; > endtrap
where C+ By = C;, (Th)

Trap exceptions:

trap
<< Xl(Vll:Tll,...,Vpll:Tz}l) — By

X (VP T, VR TR ) — By >>

in F
endtrap
trap
Xl(Vll:Tll,...,Vpll:Tz}l) - B >
def
- Xp (VAT VT ) — < By >
ing £ >
endtrap

Local declaration:

< local V;:T7,

.., Vo:T, in E endloc >
def

= local Vi:13,...,V,:T,, iIn € FE > endloc
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Variable assignment:

< P:=F >
def trap §(V :T) — case V::P — §(F(P))
- in € E > endtrap

where CH E = C',(T)

Expression sequencing;:

def trap

e

< By B » = SF(E1) — < Ey >
in € F; > endtrap

Expression equality:

trap 6(V1 : Th) —

def trap
< B = By > = 6(V21T2)—>V1=V2
in € E5 > endtrap

in € E; > endtrap
where CF E; = {},T;
Select expression:
trap§(V : Tp) —
case

V. 201(. . .VO .. ) — (S(Vo)

def
< Bo.Vo > &

V. Cp(VO) —>(S(V0)
endcase
in € Fy > endtrap

where CF Fy = {}, Ty

where C1,...,C, are the constructors of type of Ey having Vj as field (they exists by the static
semantics check).

Field update expression:

< Eo {Vl :=E1, ceey Vn:=En} >
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trap 6(Vp : Tp) —

case
dof Voi:CL VL =< Vii=Ey 5 .. Vii=E, 5 8(CL VL)) >
Voi:Cp VL, = < V/:=Ey 5 ... ; Vi:=E, ; §C, VL;,) >
endcase

in € Fy > endtrap
where CF By = {},T;

where C4,...,C}, are the constructors of type of Ey having Vi,...,V,, as field (they exists by the
static semantics check). The new variable lists VL are built from old values of parameters iff they
are not affected and the new values V{, ..., V.

Loop expression:

loop

Vi:Ty:=Eq,...,Vy:T,:=FE, in
in Eo

endproc

T Nlewe(ENI(EL, ..., E) >

where
process IM[exe(Eo)l (nVy: T, ... inV,: T,,)
rexit (Fu(FEy)) is
trap E(V):Th,...,Vi:T,) — Mlexc(Eo)1(V], ..., V)
in < Ey >
endtrap

endproc

where exc(Fy) is the set of exceptions, different from & raised by Fjy.

Loop continue:

< continue (Vi:=Ey...,V,:=E,) >

def
et fWVii=Ey . V=B, >

4.8.5 Translation of behaviour expressions

Behaviour expressions of reduced language are translated in behaviour expressions of minimal lan-
guage.

Action:

< G(E, | &P, ..., E, | &P,) >
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trap 6(V1:71) —

def trap 6(V,:T,) — G(V1 | &Py, ...,V | &Py)
in € F, > endtrap

in € F; > endtrap
where C+ By = C;, (Th)

Assignment behaviour expression:

& P:=F >

def trap
£ §(V:T)— case V:: P — §(F(P)) endcase
in € E > endtrap

where CH E = ', (T)

Trap expression: the translation function is an identity morphism.

Sequential composition:

< B1:By >
trap 6F(B1) — < By >
def in
o < By >»
endtrap

Choice values: the translation function is an identity morphisms.

Disabling:

< Bi[>By >
trap 0 —< B >

in
par
< By >
trap §(V : enum(l,2)) —
def case V::1 — §F(By)
- Vii2 - X
endcase
in V:= any enum(l,2)
endtrap
endpar
endtrap
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For general parallel composition, parallel over values, general case behaviour and local declaration
behaviour, the translation function is an identity morphism.

Loop behaviour:

loop Vi:11:=E4,...,V,:T,:=F, in
endproc

def
2« Nlgate(Bo)1(Ey, ... Ep) >

where

process II[gate(By)l (inVy: Ty, ...,inV,:T,) rexit (Fy(By)) is
trap E(V/:Th,..., V! T,) — M Lgate(Bo)I1(V/,..., V)
in< By >
endtrap

endproc

where gate(Bg) is the set of gates, different from & raised by By.

Loop continue:

< continue (Vi:=Ey...,V,:=E,) >

def
et fWVii=Ey . V=B, >

Hiding: the translation function is an identity morphism.

Process instantiation:

< NLGLI(E, | &Py,...,Ey | &P,) >
trap 6(V1:71) —

def trap 6(V,:T,,) — NLGLI(Vy | &Py, ...,V | &Fy)
in € E, > endtrap

in € E; > endtrap
where CH By = Cy, (Th)

Post-renaming: the translation function is an identity morphism up to translation of expressions as
values terms.
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4.9 Dynamic semantics of the minimal core language

4.9.1 Environments

An environment is a multi-set of bindings:

& = N+~ (MGL.VL.B) procesbinding
| C—(VL—T) constructor environment
| {} empty environment
| &€& composition of environments

v = K value special constants
| Clor,...,vn) constrycted value

vl = () emptylist
| (vi,...,00) list of values

4.9.2 Dynamic semantics of variable list

The dynamic semantics is given by assertion: £+ (VL = vl) = ¢ | fail meaning “In the environment
&, the variable list V' L matched over the value list vl gives the substitution ¢ or fails to match.”

TF0=0=1 )

TF (O T Vo T = o o) S [V o V] (2)

4.9.3 Dynamic semantics of declarations

The dynamic semantics is given by assertion: £ F D = &£ meaning “In the environment &, the
declaration D is well formed and gives the environment £°.”

EF(type T'is C1 VL, ...Cp VL, endtype) =
Ci—= VL =T,...,C, — VL, =T

EF (process MMIGLIVL {: exit (T4,...,T,»)) is B endproc) = (4)
(P—GL—VL—((T{,..., 7)) )— B)

4.9.4 Dynamic semantics of patterns

The dynamic semantics is given by assertion: £ F (P = v) = o | fail meaning “In the environment
&, the pattern P matched over the value v gives the substitution ¢ or fails to match.”
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EF(K=FK) =]

EF (K = K') = fail

EF(V=v) = [v/V]

EF(any T = v) = ()

gl—(PZ':>UZ'):>O'Z' |fail

EF(C(P, ..., P) = Cluy,...,un)) = (01 [fail) o ... o (o, | fail)

EF(C(P, ..., Py) = v) = fail

4.9.5 Dynamic semantics of match expressions

[K # K'] (6)

pACC] (10)

The dynamic semantics is given by assertion: £ F M = ¢ | fail meaning “In the environment &£, the

match expression M gives the substitution ¢ or fail.”

EHE=vw
EF (P =v) = o |fail

EF M = o |fail

EFM=ro
EF Elo] = true
EF (M when F)= o

EFM=r0o
EF Elo] = false
EF (M when F) = fail

£+ M = fail
EF (M when F) = fail
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EFM = o0y
EF My = oy 15
EF (M, and M) = 01 005 (15)

E+ M = fail 16
EF (M, and M,) = fail (16)

EFM = o0y
E+ My = fail
EF (M, and My) = fail

EFM = o0y (18)
EF (M) or My) = oy

EF M, = fail
EF My = oy 19
EF (M) or Ma) = o9 (19)

EF M, = fail
EF My = fail
EF (M or M) = fail

4.9.6 Dynamic semantics of expressions

The dynamic semantics is given by assertion: £ F F = v meaning “In the environment &, the
expression F gives the value v.”

TFESK (21)
TFV=V (22)

SFCEL, .. Bn) = Clos, -5 0m)

EFHE, = v
g"E1=E2:>1}1:1}2 (24)

99



4.9.7 Dynamic semantics of behaviours

The dynamic semantics is given by assertion: & - £+ B B meaning “In the environment &,
the behaviour B makes the transition labeled [ and gives the behaviour B’.” The form of labels is

1= (G|b) vi,...vn.

Action:
gl—(PZ':>UZ'):>O'Z' | EFE = v
EF Elojo;] = true
G U1..Un (25)
g"S"G(E1|&P1,,En|&Pn)[[E]] — 61}1...1}”
Trap gates:
Sk By - B, (26)
trap trap
ce | {GiVLi — Bi biern | 1 ‘ {QiVLi — B; tie1.n
in By in B
endtrap endtrap
gate() € {G1, .G} (27)
G v,y

EFVL; = (v1,...v,) =0
£F Bj[o] - B!

(28)

trap

se | {GiVLi—=BiYiervn | 1 g
in By J
endtrap

Choice over values:

EE(P=v)=0
EF(P:=any T) 6—U>Hst0p

Generalized parallel:

if j € X, then Bj = B;
(IY € X(gate(]))) (Vj € 1..n)

else £ - B; LB]’

[gate(l) € {Gi}] (30)

par {G;:X; tico. p In l par {Gi:X; tico. p In
EF Bo{ Il By }tre1n — Bi{ 1l B}, }rer.n
endpar endpar
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&+ B; - B,

[gate(l) ¢ {Gi}] (31)

par {G;:X; tico. p In l par {G;:X; tico. p In
EF Bo{ |l By }rei.n — Bo||...B]/'...||Bn
endpar endpar

Parallel over values:

EFVL = (v1,...,v) >0
EF Bylo] - B}

; (32)
EFpar VL || By endpar — B
General case:
E-My=o
I
case
EF { M}, — Bj }reo.p LB()
endcase
EF My = fail
EF (case { My, — By, }re1.p endcase) LB (34)
EF (case { My — By, }reo.p endcase) p
Local declaration:
I
E-B B}
e (35)
& Flocal VL in By endloc — B,
Hiding:
I
ide (Gr Tidier o in gate(l) € {G; |1 € 1.n} (36)
£+ By L. B
endhide
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£F By —— B,

hide {Gl }iEl..n in .
Er By 2. B

endhide

gate(l) e {G; | i€ l.n} (37)

Process instantiation:

EFNl = [gl]l — (W) =t =B
EFVILI=v=0o

& rename ¢l:=GL in B[c] L p

; (38)
EFTNLIGLI(VL) — B
Post renaming;:
G]‘Ul
E+-B = B
EFVIL=vl=0 (39)
rename crlf) [ Temame
g " (GZ VLZ :=G§vli)* ]—> (Gl VLZ=G;1)IZ)*
in B endren in B’ endren
I
EFB— B )
rename rename [gate() E 1Gi}]  (40)
in B endren in B’ endren
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5 Conclusion

We have proposed a User Language for E-LoTo0s that covers both the data part and the behaviour
part of E-LOTO0S in a symmetric way. It also includes desirable features such as gate typing.

However, this proposal is by no means complete. It remains to be completed and integrated with the
other proposed enhancements.

A Expressing the “if” operator in standard LOTOS

We give here a concrete syntax for the “if” operator defined in Section 3.5:

<behaviour-expression> ::=
"if" <value-expression> '"then'" <behaviour-expression>
[ "elsif" <value-expression> "then" <behaviour—expression> ]*
[ "else" <behaviour-expression> ]
"endif"

where “[...]#” denotes a repeated occurrence zero or more times (meaning that there can be zero
or more “elsif” clauses) and where “[...]” denotes an optional occurrence (meaning that the “else”
clause is optional). An equivalent syntactic definition is the following:
<behaviour-expression> ::=
"if" <value-expression> '"then" <behaviour-expression> <elsif-part-list> ;

<elsif-part-list> ::= <elsif-part> <elsif-part-list>
| <else-part> ;

<elsif-part> ::= "elsif" <value-expression> '"then" <behaviour-expression> ;

<else-part> ::= '"else" <behaviour-expression> <endif-part>
| <endif-part> ;

<endif-part> ::= "endif" ;
The semantics of the “if” operator is expressed using a transformation function [.] that expands “if”
operators into combinations of guards and non-deterministic choices. Therefore, any description with

“1f” constructs can be translated into standard L.oToOs using a macro-processor that implements the
expansion function [.]. This function is defined as follows. If B is a behaviour expression of the form:

if Eo then Bo
elsif £y then B;
elsif £ then B,

elsif £, then B,
else By
endif

then [B] is equal to:
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[Ey] —> ([[Bo]])

]

[not (Eg) and (E1)]1 -> ([B1])

]

[not (Fp) and not (F;) and (FE3)] —> ([Bs])

]

]

[not (Fy) and not (F;) and not (E3) ... and not (E,_1) and (F,)1 —> ([B.])

0
[not (Fy) and not (F;) and not (E3) ... and not (E,_1) and not (F,)] —> ([Bnyi])

Remark
If the “elsif” and/or “else” parts are missing in B, the corresponding expanded parts have to be
removed from [B]. O

This expansion scheme is not optimal because it generates multiple occurrences of expressions

Ey, ..., E,, therefore leading to multiple evaluations of the same expressions®.

A Dbetter expansion scheme is shown below. It stores the results of guard evaluation into (n + 1)
boolean variables Xy, ..., X), (the names of which being different from the names of all free variables
contained in Ey, ..., By and By, ..., Byt1). In this improved scheme, [B] is equal to:

6Unless LoTOS tools are smart enough to optimize those situations, which does not seem to be the case now...
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(
let Xg:bool = Fjy In
(
[Xp] —> ([[Bo]])
]
[not (Xp)1 —>
let Xi:bool = F; In
(
[Xy]1 —> ([[Bl]])
]
[not (X71)] —>
let Xs:bool = F5 In
(
[X5] —> ([[Bz]])
]
[not (X5)] —>

let X, :bool = F, In

(

[X,.]1 = ([B.]

(]

[not (X,)]1 => ([Bny1])
)

Remark
There is another, equivalent way to define the improved expansion function [.]. The expansion can
be performed in two successive steps:

e Step 1: “if” operators with “elsif” parts are expanded into nested “if” operators without
“elsif’ part, i.e. the following behaviour expression:

if Eo then Bo
elsif £y then B,
elsif £y then B,

elsif I/, then B,
else By 1

endif

is expanded into:
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if Eo then Bo

else
if E1 then Bl
else
if E2 then Bz
else
if £, then B,
else By
endif
endif
endif
endif

e Step 2: “if” operators without “elsif’ part are translated into guarded commands, i.e. the
following behaviour expression:

if £ then B;
else B-
endif

is expanded into:

(

let X:bool = F in
(
(X1 —> ([Bi])
]
[not (X)1 -> ([B2]D
)

)
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B Sequential composition and bracketed syntax in LOTCAL

In connection with his proposal for a bracketed syntax (see Section 3.9 above), Ed Brinksma proposed
a syntactic unification of the operators “;” and “>>” (see Section 3.14).

We give here a synthetic view of his syntax, which intends to solve ambiguities and to make sequential
composition be right-associative. We use four different non-terminals B, SeqB, NonSeqB, Block:

e The non-terminal B denotes the set of all behaviour expressions;

e The non-terminal SegB denotes the set of all behaviour expressions that are sequential compo-
sition;

e The non-terminal NonSeqB denotes the set of all behaviour expressions that are not sequential
composition;
e The non-terminal Block denotes the set of “bracketed” behaviour expressions.

These non-terminals are defined using the following grammar (slightly adapted from [Bri88]):

B = NonSeqB

| SegB

NonSeqB ::= stop
exit ...

|
| dis B; [> B: enddis
| sel By [0 ... [1 B, endsel
| par..B; Il ... || B, endpar
| hide ...in B
| let..in B
SeqB = (G...; B
|  Block [init Vi : T,,,...,V,: T,] ; B
Block ::= NonSeqB
| seq SeqB endseq

This grammar is perhaps simpler to understand if we eliminate the SegB non-terminal:

B = NonSeqB
| G..; B
|  Block [init Vi : T,,,...,.V, : T,,] ; B
NonSeqB = (* unchanged *)
Block NonSeqB

| seq G...; B endseq
|  seq Block [init Vi : T,,,...,V,,: T,] ; B endseq

or if we eliminate the Block non-terminal:
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B

NonSeqB
SeqB

NonSeqB

SeqB

(* unchanged *)
G...; B

NonSeqB [init Vi : T,,,...,V,,: T,,] ; B

seq SegB endseq [init V) : T, ...
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C A simplified transport service

The example below is a highly simplified description of a transport service written in Basic LoTos.
The original description is given first, followed by a much more concise description making use of
abbreviated gate parameter lists (see Section 3.18).

specification TRANSPORT_SERVICE [A_CONREQ, A_CONIND, A_CONRESP, A_CONCONF, A_DISREQ, A_DISIND,
B_CONREQ, B_CONIND, B_CONRESP, B_CONCONF, B_DISREQ, B_DISIND] : noexit
behaviour

hide CR, CI, DR, DI in
(
TRANSPORT_ENTITY [A_CONREQ, A_CONIND, A_CONRESP, A_CONCONF, A_DISREQ, A_DISIND, CR, CI, DR, DI]
| [CR, CI, DR, DI]|
TRANSPORT_ENTITY [B_CONREQ, B_CONIND, B_CONRESP, B_CONCONF, B_DISREQ, B_DISIND, CI, CR, DI, DR]
)

where

process TRANSPORT_ENTITY [CONREQ, CONIND, CONRESP, CONCONF, DISREQ, DISIND, CR, CI, DR, DI] : noexit :=
IDLE [CONREQ, CONIND, CONRESP, CONCONF, DISREQ, DISIND, CR, CI, DR, DI]
where

process IDLE [CONREQ, CONIND, CONRESP, CONCONF, DISREQ, DISIND, CR, CI, DR, DI] : noexit :=
CONREQ;
CR;

(

WAIT [CONREQ, CONIND, CONRESP, CONCONF, DISREQR, DISIND, CR, CI, DR, DI]

[]

CI;

CONCONF;
OPEN [CONREQ, CONIND, CONRESP, CONCONF, DISREQ, DISIND, CR, CI, DR, DI]

[]
CI;
CONIND;
(
WAIT [CONREQ, CONIND, CONRESP, CONCONF, DISREQR, DISIND, CR, CI, DR, DI]
[]
CONRESP;
CR;
OPEN [CONREQ, CONIND, CONRESP, CONCONF, DISREQ, DISIND, CR, CI, DR, DI]
)

endproc

process WAIT [CONREQ, CONIND, CONRESP, CONCONF, DISREQ, DISIND, CR, CI, DR, DI] : noexit :=

DISREQR;
DR;
FROZEN [CONREQ, CONIND, CONRESP, CONCONF, DISREQ, DISIND, CR, CI, DR, DI]
1
DI;
DISIND;
DR;
IDLE [CONREQ, CONIND, CONRESP, CONCONF, DISREQ, DISIND, CR, CI, DR, DI]
endproc

process OPEN [CONREQ, CONIND, CONRESP, CONCONF, DISREQ, DISIND, CR, CI, DR, DI] : noexit :=
WAIT [CONREQ, CONIND, CONRESP, CONCONF, DISREQ, DISIND, CR, CI, DR, DI]
endproc

process FROZEN [CONREQ, CONIND, CONRESP, CONCONF, DISREQ, DISIND, CR, CI, DR, DI] : noexit :=

CI;
FROZEN [CONREQ, CONIND, CONRESP, CONCONF, DISREQ, DISIND, CR, CI, DR, DI]
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[]
DI;
IDLE [CONREQ, CONIND, CONRESP, CONCONF, DISREQ, DISIND, CR, CI, DR, DI]
endproc
endproc
endspec

Note: Nested processes have been “flattened” according to the decision mentioned in Section 3.16.
E-LoTos modules should replace the abstraction facilities provided by the “where” clause.

specification TRANSPORT_SERVICE [A_CONREQ, A_CONIND, A_CONRESP, A_CONCONF, A_DISREQ, A_DISIND,
B_CONREQ, B_CONIND, B_CONRESP, B_CONCONF, B_DISREQ, B_DISIND] : noexit
behaviour

hide CR, CI, DR, DI in
(
TRANSPORT_ENTITY [A_CONREQ, A_CONIND, A_CONRESP, A_CONCONF, A_DISREQ, A_DISIND, CR, CI, DR, DI]
| [CR, CI, DR, DI]|
TRANSPORT_ENTITY [B_CONREQ, B_CONIND, B_CONRESP, B_CONCONF, B_DISREQ, B_DISIND, CI, CR, DI, DR]
)

where

process TRANSPORT_ENTITY [CONREQ, CONIND, CONRESP, CONCONF, DISREQ, DISIND, CR, CI, DR, DI] : noexit :=
IDLE [...]
endproc

process IDLE [CONREQ, CONIND, CONRESP, CONCONF, DISREQ, DISIND, CR, CI, DR, DI] : noexit :=

CONREQ;
CR;

(

WAIT [...]

[]

CI;

CONCONF;

OPEW [...]

)

[]
CI;
CONIND;

(

WAIT [...]

[]

CONRESP;

CR;

OPEW [...]

)

endproc

process WAIT [CONREQ, CONIND, CONRESP, CONCONF, DISREQ, DISIND, CR, CI, DR, DI] : noexit :=
DISREQ;
DR;
FROZEN [...]
[]
DI;
DISIND;
DR;
IDLE [...]
endproc

process OPEN [CONREQ, CONIND, CONRESP, CONCONF, DISREQ, DISIND, CR, CI, DR, DI] : noexit :=
WAIT [...]
endproc
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process FROZEN [CONREQ, CONIND, CONRESP, CONCONF, DISREQ, DISIND, CR, CI, DR, DI]

CI;
FROZEN [...]
1
DI;
IDLE [...]
endproc

endspec
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D A simplified sliding window protocol

The example below 1s a simplified sliding window protocol. For conciseness purpose, the abstract data
type definitions are omitted. The original description is given first, followed by a shorter description
making use of “if” constructs, abbreviated gate parameter lists and abbreviated value parameter lists

(see Sections 3.5, 3.18, and 3.19).

specification SLIDING_WINDOW_PROTOCOL [PUT, GET] : noexit
behaviour
hide SDT, RDT, RACK, SACK in
(
(
TRANSMITTER [PUT, SDT, SACK] (ZERD)
11
RECEIVER [GET, RDT, RACK] (ZEROD)
)
| [SDT, RDT, RACK, SACK]|
(
LINE [SDT, RDT] (EMPTY)
11
LINE [RACK, SACK] (EMPTY)
)

where

process LINE [INPUT, OUTPUT] (R:REG) : noexit :=
INPUT 7N:NUM;
(
LINE [INPUT, OUTPUT] (INSERT (R, I))
[1
LINE [INPUT, OUTPUT] (SHIFT (R))
)

[1
(
choice E:ELM []
(
let N:XNUM = VALUE (R, E) in
[not (VOID (M))] ->
OUTPUT ! (CONV (IN));
(
LINE [INPUT, OUTPUT] (DELETE (R, E))
[1
LINE [INPUT, OUTPUT] (R)
)
)
)
endproc

process TRANSMITTER [PUT, SDT, SACK] (BASE:NUM) : noexit :=
TRANSHMIT [PUT, SDT, SACK] (BASE, 0)
where

process TRANSMIT [PUT, SDT, SACK] (BASE:NUM, SIZE:NAT) : noexit :=

[SIZE < TWS] ->

PUT !(BASE + SIZE);

SDT !(BASE + SIZE):
TRANSMIT [PUT, SDT, SACK] (BASE, SIZE + 1)

1
SACK ?N:NUM;

(

let OK:BOOL = WINDOW (I, BASE, SIZE) in
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(
[0K] ->
TRANSMIT [PUT, SDT, SACK] (N + 1, SIZE - ((N + 1) - BASE))
[]
[not (0OK)] ->
TRANSMIT [PUT, SDT, SACK] (BASE, SIZE)

[]
(
choice N:NUM []
[WINDOW (N, BASE, SIZE)] ->
1;
RETRANSMIT [PUT, SDT, SACK] (N, SIZE - (N - BASE))

)

endproc

process RETRANSMIT [PUT, SDT, SACK] (BASE:NUM, SIZE:NAT) : noexit :=
[SIZE > 0] ->
SDT !BASE;
RETRANSMIT [PUT, SDT, SACK] (BASE + 1, SIZE - 1)
[1
[SIZE == 0] ->
TRANSMIT [PUT, SDT, SACK] (BASE, SIZE)
endproc
endproc

process RECEIVER [GET, RDT, RACK] (BASE:NUM) : noexit :=
RECEIVE [GET, RDT, RACK] (BASE, RESET)
where

process RECEIVE [GET, RDT, RACK] (BASE:NUM, RECEIVED:TAB) : noexit :=
RDT ?H:NUM;
(
let OK:BOOL = not (TEST (RECEIVED, N)) and WINDOW (I, BASE, RWS) in

(
[0K] ->

DELIVER [GET, RDT, RACK] (BASE, SET (RECEIVED, H))
[1

[not (0OK)] ->
RACK !'(ZERO + (BASE - ONE));
RECEIVE [GET, RDT, RACK] (BASE, RECEIVED)
)

endproc

process DELIVER [GET, RDT, RACK] (BASE:NUM, RECEIVED:TAB) : noexit :=
let OK:BOOL = TEST (RECEIVED, BASE) in
(
[0K] ->
GET 'BASE;
DELIVER [GET, RDT, RACK] (BASE + 1, UNSET (RECEIVED, BASE))
1
[not (0K)] ->
RACK !'(ZERO + (BASE - ONE));
RECEIVE [GET, RDT, RACK] (BASE, RECEIVED)
)
endproc
endproc

endspec

Note: Nested processes have been “flattened” according to the decision mentioned in Section 3.16.
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E-LoTos modules should replace the abstraction facilities provided by the “where” clause.

specification SLIDING_WINDOW_PROTOCOL [PUT, GET] : noexit
behaviour
hide SDT, RDT, RACK, SACK in
(
(
TRANSMITTER [PUT, SDT, SACK] (ZERD)
11
RECEIVER [GET, RDT, RACK] (ZEROD)
)
| [SDT, RDT, RACK, SACK]|
(
LINE [SDT, RDT] (EMPTY)
11
LINE [RACK, SACK] (EMPTY)
)

where

process LINE [INPUT, OUTPUT] (R:REG) : noexit :=
INPUT 7N:NUM;
(
LINE [...] (R :
[1

INSERT (R, I))

LINE [...] (R := SHIFT (R))
)
[1
(
choice E:ELM []
(
let N:XNUM = VALUE (R, E) in
[not (VOID (M))] ->
OUTPUT ! (CONV (IN));
(
LINE [...] (R := DELETE (R, E))
[1
LINE [...] (...)
)
)
)
endproc

process TRANSMITTER [PUT, SDT, SACK] (BASE:NUM) : noexit :=
TRANSMIT [...] (BASE, 0)
endproc

process TRANSMIT [PUT, SDT, SACK] (BASE:NUM, SIZE:NAT) : noexit :=
[SIZE < TWS] ->
PUT !(BASE + SIZE);
SDT !(BASE + SIZE):
TRANSMIT [...] (SIZE := SIZE + 1 ...)

[1
SACK ?N:NUM;
if WINDOW (W, BASE, SIZE) then
TRANSMIT [...] (W := W + 1, SIZE := SIZE - ((Il + 1) - BASE))
else
TRANSMIT [...]1 (...)
endif
[1
(

choice N:NUM []
[WINDOW (N, BASE, SIZE)] ->
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ij
RETRANSMIT [...] (BASE := N, SIZE := SIZE - (N - BASE))
)

endproc

process RETRANSMIT [PUT, SDT, SACK] (BASE:NUM, SIZE:NAT) : noexit :=
[SIZE > 0] ->
SDT !BASE;
RETRANSMIT [...] (BASE := BASE + 1, SIZE := SIZE - 1)
[]
[SIZE == 0] ->
TRANSMIT [...]1 (...)
endproc

process RECEIVER [GET, RDT, RACK] (BASE:NUM) : noexit :=
RECEIVE [...] (BASE, RESET)
endproc

process RECEIVE [GET, RDT, RACK] (BASE:NUM, RECEIVED:TAB) : noexit :=
RDT ?H:NUM;
if not (TEST (RECEIVED, N)) and WINDOW (N, BASE, RWS) then
DELIVER [...] (BASE, SET (RECEIVED, H))
else
RACK !'(ZERD + (BASE - ONE));
RECEIVE [...] (...)
endif
endproc

process DELIVER [GET, RDT, RACK] (BASE:NUM, RECEIVED:TAB) : noexit :=
if TEST (RECEIVED, BASE) then
GET 'BASE;
DELIVER [...] (BASE := BASE + 1, RECEIVED := UNSET (RECEIVED, BASE))
else
RACK !'(ZERO + (BASE - ONE));
RECEIVE [...] (...)
endif
endproc

endspec
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E Definition of LOTOS standard data types (IS 8007) in
E-LOTOS

This Annex shows how the standard library of LoTos [ISO88b] can be expressed using the proposed
User Language for E-LoTo0s. We follow the following principles for this translation:

e Whenever possible, we keep the existing names used for types, functions and sorts

e The existing algebraic equations are kept and grouped, for each function definition, in an
section introduced by the “eqns” keyword. However, equations which are not rewrite rules,
and equations between constructors have been replaced with rewrite rules.

e As the modules language for E-LoT0S is not fixed yet, we have used the only proposal avail-
able yet: the so-called “LOTOSPHERE proposal”, which is defined in the output document of
the Yokohama SC21 meeting, July 1993. In particular, we introduced a separation between
interfaces (signatures) and modules. The following table summarizes the keyword translation
rules between LOTOS types and LOTOSPHERE modules.

LoTos keywords E-LoTos keywords
type module and signature
endtype endmod and endsig
sorts type ...endtype
opns function . ..endfunc
sortnames types
opnnames fnnames
renamedby {..}
actualizedby [.]

E.1 Boolean

signature Boolean is

type Bool is

true
| false
endtype
function not (x: Bool) : Bool
function _and_ (x: Bool, y: Bool) : Bool
function _or_ (x: Bool, y: Bool) : Bool
function _xor_ (x: Bool, y: Bool) : Bool
function _implies_ (x: Bool, y: Bool) : Bool
function _iff_ (x: Bool, y: Bool) : Bool
function _eq_ (x: Bool, y: Bool) : Bool reqs equality (eq)
function _ne_ (x: Bool, y: Bool) : Bool

endsig Boolean
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module Boolean is
type Bool is
true
| false
endtype
function not (x: Bool) : Bool is
case X in
true -> false
| false -> true
endcase
eqns
not(true) = false;
not(false) = true;
endfunc
function _and_ (x: Bool, y: Bool) : Bool is
case y in
true -> x
| false -> false
endcase
eqns forall x: Bool
x and true = x;
x and false = false;
endfunc
function _or_ (x: Bool, y: Bool) : Bool is
case y in
true -> true
| false ->x
endcase
eqns forall x: Bool
X or true = true;
x or false = x;
endfunc
function _xor_ (x: Bool, y: Bool) : Bool is x and not(y) or (y and not(x))
eqns forall x, y: Bool
x xor y = x and not(y) or (y and not(x));
endfunc

function _implies_ (x: Bool, y: Bool) : Bool is y or not(x)
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eqns forall x, y: Bool
x implies y = y or not(x);
endfunc
function _iff_ (x: Bool, y: Bool) : Bool is x implies y and (y implies x)
eqns forall x, y: Bool
x iff y = x implies y and (y implies x);
endfunc
function _eq_ (x: Bool, y: Bool) : Bool reqs equality (eq)
eqns forall x, y: Bool
xeqy = xiff y;
function _ne_ (x: Bool, y: Bool) : Bool is x xor y
eqns forall x: Bool
X ney = X XOr y;
endfunc

endmod Boolean

E.2 FBoolean

signature FBoolean is
type FBool
function true : FBool
function not (x: FBool) : FBool
eqns forall x: FBool
not(not(x)) = x;

endsig FBoolean

E.3 Element

signature Element is
FBoolean +
type Element
function _eq_ (x: Element, y: Element) : FBool reqs equality (eq)
function ne_ (x: Element, y: Element) : FBool
eqns forall x, y: Element
X ne y = not(x eq y);

endsig Element
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E.4 Set

signature Set is
formal Element
import Boolean + NaturalNumber
type Set
function _eq_ (s: Set, t: Set) : Bool reqs equality (eq)
function ne_ (s: Set, t: Set) : Bool
function {} : Set
function Insert (x: Element, s: Set) : Set
function Remove (x: Element, s: Set) : Set
function _IsIn_ (x: Element, s: Set) : Bool
function NotIn_ (x: Element, s: Set) : Bool
function _Union_ (s: Set, t: Set) : Set
function _Ints_ (s: Set, t: Set) : Set
function Minus_ (s: Set, t: Set) : Set
function _Includes_ (s: Set, t: Set) : Bool
function _IsSubsetOf_ (s: Set, t: Set) : Bool
function Card (s: Set) : Nat

endsig Set

module Set is
formal Element
import Boolean + NaturalNumber
type Set is

{}
| Add (e: Element, s: Set)
endtype
function _eq_ (s: Set, t: Set) : Bool
eqns s eq t = s Includes t and (t Includes s);
endfunc
function ne_ (s: Set, t: Set) : Bool is not(s eq t)
eqns forall s, t: Set
s ne t = not(s eq t)

endfunc
function Insert (x: Element, s: Set) : Set is

case s In

{}-> Add (x, {})
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| Add (e:= y: Element, s:= t: Set) when x eq y -> Add (x, t)
| Add (e:= y: Element, s:= t: Set) when x ne y -> Add (y, Insert (x, t))
endcase
equs forall x, y: Element, s: Set
Insert (x, {}) = Add (x, {});
X eq y => Insert (x, Add (y, s)) = Add (x, s);
x ne y => Insert(x, Add (y, s)) = Add (y, Insert (x, s));
endfunc
function Remove (x: Element, s: Set) : Set is
case s in
{>{
| Add (e:= y: Element, s:= t: Set) when x eq y -> Remove (x, t)
| Add (e:= y: Element, s:= t: Set) when x ne y -> Add (y, Remove (x, t))
endcase
equs forall x, y: Element, s: Set
Remove (x, {}) = {}
X eq y => Remove (x, Add (y, s)) = Remove (x, 8);
x ne 'y => Remove (x, Add (y, s)) = Add (y, Remove (x, s));
endfunc
function _IsIn_ (x: Element, s: Set) : Bool is
case s in
{} -> false
| Add (e:= y: Element, s:= t: Set) when x eq y -> true
| Add (e:= y: Element, s:= t: Set) when x ne y -> x IsIn t
endcase
equs forall x, y: Element, s: Set
x IsIn {} = false;
x eqy => x IsIn Add (y, s) = true;
x ney => x IsIn Add (y, s) = x IsIn s;
endfunc
function NotIn_ (e: Element, s: Set) : Bool is not(x IsIn s)
equs forall x: Element, s: Set
x NotIn s = not (x IsIn s);
endfunc
function _Union_ (s: Set, t: Set) : Set is

case s In

{} >t
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| Add (e:= x: Element, s:= sl: Set) -> Add (x, s1 Union t)
endcase
equs forall x: Element, s, t: Set
{} Union s = s;
Add (x, s) Union t = Add (x, s Union t);
endfunc
function _Ints_ (s: Set, t: Set) : Set is
case s in
{->1{
| Add (e:= x: Element, s:= sl: Set) when x IsIn t -> Add (x, sl Ints t)
| Add (e:= y: Element, s:= sl: Set) when x NotIn t -> sl Ints t
endcase
equs forall x: Element, s, t: Set
() nts s = {)
x IsIn t => Add (x, s) Ints t = Add (x, s Ints t);
x NotIn t => Add (x, s) Ints t = s Ints t;
endfunc
function Minus_ (s: Set, t: Set) : Set is
case t in
{}->s
| Add (e:= x: Element, s:= t1: Set) -> Remove (x, s) Minus t1
endcase
equs forall x: Element, s, t: Set
s Minus {} = s;
s Minus Add (x, t) = Remove (x, s) Minus t
endfunc
function _Includes_ (s: Set, t: Set) : Bool is
case t in
{} -> true
| Add (e:= x: Element, s:= t1: Set) -> x IsIn s and (s Includes t1)
endcase
equs forall x: Element, s, t: Set
s Includes {} = true;
s Includes Add (x, t) = x IsIn s and (s Includes t);
endfunc
function _IsSubsetOf_ (s: Set, t: Set) : Bool is t Includes s
equs forall s, t: Set
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s IsSubsetOf t = t Includes s;
endfunc
function Card (s: Set) : Nat is
case s in
>0
| Add (s:= sl: Set, ...) -> Succ (Card (s1))
endcase

equs forall x: Element, s: Set

Card ({}) = 0;

Card (Add (x, 8)) = Succ (Card (s))
endfunc
endmod Set

E.5 BasicNonEmptyString

signature BasicNonEmptyString is
formal Element
type NonEmptyString is
String (e: Element)
| —+- (e: Element, nes: NonEmptyString)
endtype
endsig BasicNonEmptyString
module BasicNonEmptyString is
formal Element
type NonEmptyString is
String (e: Element)
| —+- (e: Element, nes: NonEmptyString)
endtype
endmod BasicNonEmptyString

E.6 RicherNonEmptyString

signature RicherNonEmptyString is
import BasicNonEmptyString + NaturalNumber
function +_ (s: NonEmptyString, x: Element) : NonEmptyString
function ++_ (s: NonEmptyString, t: NonEmptyString) : NonEmptyString
function Reverse (s: NonEmptyString) : NonEmptyString
function Length (s: NonEmptyString) : Nat
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endsig RicherNonEmptyString
module RicherNonEmptyString is
import BasicNonEmptyString + NaturalNumber
function +_ (s: NonEmptyString, x: Element) : NonEmptyString is
case s in
String(e:= y: Element) -> y + String(x)
| (e:= y: Element) + (nes:= t: NonEmptyString) -> y + (¢t + x)
endcase
equs forall x, y: Element, s: NonEmptyString
String(x) + y = x + String(y);
X+s+y=x+(6+y)
endfunc
function ++_ (s: NonEmptyString, t: NonEmptyString) : NonEmptyString is
case s in
String(e:= x: Element) -> x + t
| (e:= x: Element) + (nes:= sl: NonEmptyString) -> x + (sl ++ t)
endcase
equs forall x: Element, s, t: NonEmptyString
String(x) ++ s = x + s;
X+s++t=x+ (s ++ t);
endfunc
function Reverse (s: NonEmptyString) : NonEmptyString is
case s in
String(e:= x: Element) -> String (x)
| (e:= x: Element) + (nes:= sl: NonEmptyString) -> Reverse (sl1) + x
endcase
equs forall x: Element, s: NonEmptyString
Reverse(String(x)) = String(x);
Reverse(x + s) = Reverse(s) + x;
endfunc
function Length (s: NonEmptyString) : Nat is
case s in
String(e:= x: Element) -> Succ (0)
| (e:= x: Element) + (nes:= sl: NonEmptyString) -> Succ (Length (s1))
endcase
eqns forall x: Element, s: NonEmptyString
Length(String(x)) = Succ(0);
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Length(x + s) = Succ(Length(s))
endfunc

endmod RicherNonEmptyString

E.7 NonEmptyString

signature NonEmptyString is
import RicherNonEmptyString + Boolean
function _eq_ (s: NonEmptyString, t: NonEmptyString) : Bool reqs equality (eq)
function _ne_ (s: NonEmptyString, t: NonEmptyString) : Bool
endsig NonEmptyString
module NonEmptyString is
import RicherNonEmptyString + Boolean
function _eq_ (s: NonEmptyString, t: NonEmptyString) : Bool is
case
s iz String (e:=x: Element) and t :: String (e:=y: Element)
when x eq y -> true
| s :2 String (e:=x: Element) and t :: String (e:=y: Element)

when x ne y -> false

| s 2 (e:= x: Element) + (nes:= sl: NonEmptyString) and
t 2 (e:= y: Element) + (nes:= t1: NonEmptyString)
when x eq y -> sl eq tl
| s 2 (e:= x: Element) + (nes:= sl: NonEmptyString) and
t 2 (e:= y: Element) + (nes:= t1: NonEmptyString)
when x ne y -> false
endcase
equs forall s, t : NonEmptyString, x, y : Element
X eq y => String(x) eq String(y) = true;
X ne y => String(x) eq String(y) = false;
String(x) eq (y + s) = false;
X + s eq String(y) = false;
Xxeqy=>x+seq(y+t)=seqt;
Xxney =>x+seq(y+t) = false;
endfunc

function _ne_ (s: NonEmptyString, t: NonEmptyString) : Bool is not(s eq t)

124



equs forall s, t : NonEmptyString
s ne t = not(s eq t)
endfunc

endmod NonEmptyString

E.8 String

signature String
formal Element
import NaturalNumber + Boolean
type String is
<>
| -+- (e: Element, s: String)
endtype
function String (x: Element) : String
function +_ (s: String, x: Element) : String
function ++_ (s: String, t: String) : String
function Reverse (s: String) : String
function Length (s: String) : Nat
function _eq_ (s: String, t: String) : Bool reqs equality (eq)
function _ne_ (s: NonEmptyString, t: NonEmptyString) : Bool
endsig String
module String
formal Element
import NaturalNumber + Boolean
type String is
<>
| -+- (e: Element, s: String)
endtype
function String (x: Element) : String is x + <>
eqns forall x: Element
String (x) = x + <>
endfunc
function +_ (s: String, x: Element) : String is
case s in
<> -> X+ <>
| (e:= y: Element) + (s:= sl: String) -> y + (sl + x)
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endcase
equs forall x, y: Element, s: String
<> 4y =X 4 <>
X+s+y=x+(6+y)
endfunc
function ++_ (s: String, t: String) : String is
case s in
<>->1t
| (e:= x: Element) + (s:= sl: String) -> x + (sl ++ t)
endcase
equs forall x: Element, s, t: String
<> ++ 8 = s;
X+s++t=x+ (s ++ t);
endfunc
function Reverse (s: String) : String is
case s in
<> > <>
| (e:= x: Element) + (s:= sl: String) -> Reverse (s1) 4+ x
endcase
equs forall x: Element, s: String
Reverse(<>) = <>;
Reverse(x + s) = Reverse(s) + x;
endfunc
function Length (s: String) : Nat is
case s in
<>->10
| (e:= x: Element) + (s:= sl: String) -> Succ (Length (s1))
endcase
equs forall x: Element, s: String
Length(<>) = 0;
Length(x + s) = Succ(Length(s))
endfunc
function _eq_ (s: String, t: String) : Bool is
case
s <> and t i <> -> true
[ (s <>andt ...+ ..)or
(st 4+ v and t :: <>) -> false
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endcase
equs forall s, t : String, x, y : Element
<> eq <> = true;
<> eq (x + s) = false;
X + s eq <> = false;
Xxeqy=>x+seq(y+t)=seqt;
Xxney =>x+seq(y+t) = false;
endfunc
function _ne_ (s: String, t: String) : Bool is not(s eq t)
equs forall s, t : String
s ne t = not(s eq t)
endfunc

endmod String

E.9 BasicNaturalNumber

signature BasicNaturalNumber is
type Nat is
0
| Succ (N: Nat)
endtype
function +_ (m: Nat, n: Nat) : Nat
function _*_ (m: Nat, n: Nat) : Nat
function **_ (m: Nat, n: Nat) : Nat
endsig BasicNaturalNumber
module BasicNaturalNumber is
type Nat is
0
| Succ (N: Nat)
endtype
function +_ (m: Nat, n: Nat) : Nat is
case n in

0->m
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| Suce (N:=nl : Nat) -> Succ (m) + n
endcase
eqns forall m, n : Nat
m+ 0 = m;
m + Succ(n) = Suce(m) + n;
endfunc
function _*_ (m: Nat, n: Nat) : Nat is
case n in
0->0
| Suce (N:=nl : Nat) -> m + (m * nl)
endcase
eqns forall m, n : Nat
m*0=0;
m * Succ(n) = m + (m * n);
endfunc
function **_ (m: Nat, n: Nat) : Nat is
case n in
0->0
| Suce (N:=nl : Nat) -> m * (m ** nl)
endcase
eqns forall m, n : Nat
m ** 0 = Suce(0);
m ** Succ(n) = m * (m ** n)
endfunc

endmod BasicNaturalNumber

E.10 NaturalNumber

signature NaturalNumber is

import BasicNaturalNumber + Boolean

function _eq_ (m: Nat, n: Nat) : Bool reqs equality (eq)
function _ne_ (m: Nat, n: Nat) : Bool

function _lt_ (m: Nat, n: Nat) : Bool

function _le_ (m: Nat, n: Nat) : Bool

function _ge_ (m: Nat, n: Nat) : Bool

function _gt_ (m: Nat, n: Nat) : Bool

endsig NaturalNumber
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module NaturalNumber is
import BasicNaturalNumber + Boolean
function _eq_ (m: Nat, n: Nat) : Bool is
case
m:: 0 and n :: 0 -> true
| (m:: 0 and n :: Suce (...)) or
(m :: Suce (...) and n :: 0) -> false
| m :: Suce (N:=ml: Nat) and n :: Succ (N:=nl: Nat) -> ml eq nl
endcase
eqns forall m, n : Nat
0 eq 0 = true;
0 eq Suce(m) = false;
Suce(m) eq 0 = false;
Suce(m) eq Suce(n) = m eq n;
endfunc
function _ne_ (m: Nat, n: Nat) : Bool is not (m eq n)
eqns forall m, n : Nat
m ne n = not(m eq n);
endfunc
function _lt_ (m: Nat, n: Nat) : Bool is
case
(m:: 0 or m :: Succ (...)) and n :: 0 -> false
| m: 0 andn :: Suce (...) -> true
| m : Suce (N:=ml: Nat) and n :: Succ (N:=nl: Nat) -> m1 It nl
endcase
eqns forall m, n : Nat
01t 0 = false;
0 It Succ(n) = true;
Suce(n) 1t 0 = false;
Suce(m) It Suce(n) = m It n;
endfunc
function _le_ (m: Nat, n: Nat) : Bool is m It n or (m eq n)
eqns forall m, n : Nat
mlen=mltnor (meqn);
endfunc
function _ge_ (m: Nat, n: Nat) : Bool is not(m 1t n)

eqns forall m, n : Nat
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m ge n = not(m It n);
endfunc
function _gt_ (m: Nat, n: Nat) : Bool is not(m le n)
eqns forall m, n : Nat
m gt n = not(m le n);
endfunc

endmod NaturalNumber

E.11 NatRepresentations

signature NatRepresentations is
import HexNatRepr + DecNatRepr + OctNatRepr + BitNatRepr

endsig

E.12 HexNatRepr

signature HexNatRepr is
import HexString
function NatNum (hs: HexString) : Nat
endsig
module HexNatRepr is
import HexString
function NatNum (hs: HexString) : Nat is
case hs in
Hex (h:=h1: HexDigit) -> NatNum (h1)
| (h:=h1: HexDigit) + (hs:=hsl: HexString) ->
NatNum(hl) * (Suce(NatNum(F)) ** Length(hsl)) + NatNum(hsl)
endcase
eqns forall hs : HexString | h : HexDigit
NatNum(Hex(h)) = NatNum (h);
NatNum(h 4 hs) = NatNum(h) * (Succ(NatNum(F)) ** Length(hs)) + NatNum(hs)

endmod

E.13 HexString

signature HexString is
NonEmptyString [HexDigit :: types HexDigit for Element
Bool for FBool
HexString for NonEmptyString
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constructors Hex for String
labels h for e

hs for s

endsig
module HexString is
NonEmptyString [HexDigit :: types HexDigit for Element
Bool for FBool
HexString for NonEmptyString
constructors Hex for String
labels h for e

hs for s
endmod

E.14 HexDigit

signature HexDigit is
import Boolean + NaturalNumber
type HexDigit is
0] 1] 2| 3/ 4] 5| 6| 7| 8/ 9] A| B| C|D| E| F
endtype
function _eq_ (x: HexDigit, y: HexDigit) : Bool reqs equality (eq)
function _ne_ (x: HexDigit, y: HexDigit) : Bool
function _lt_ (x: HexDigit, y: HexDigit) : Bool
function _le_ (x: HexDigit, y: HexDigit) : Bool
function _ge_ (x: HexDigit, y: HexDigit) : Bool
function _gt_ (x: HexDigit, y: HexDigit) : Bool
function NatNum (x: HexDigit) : Nat
endsig HexDigit
module HexDigit is
import Boolean + NaturalNumber
type HexDigit is
0] 1] 2| 3/ 4] 5| 6| 7| 8/ 9] A| B| C|D| E| F
endtype
function _eq_ (x: HexDigit, y: HexDigit) : Bool is NatNum(x) eq NatNum(y)
equs forall x, y : HexDigit
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x eq y = NatNum(x) eq NatNum(y);
endfunc
function _ne_ (x: HexDigit, y: HexDigit) : Bool is NatNum(x) ne NatNum(y)
equs forall x, y : HexDigit
x ne y = NatNum(x) ne NatNum(y);
endfunc
function _lt_ (x: HexDigit, y: HexDigit) : Bool is NatNum(x) It NatNum(y)
equs forall x, y : HexDigit
x It y = NatNum(x) It NatNum(y);
endfunc
function _le_ (x: HexDigit, y: HexDigit) : Bool is NatNum(x) le NatNum(y)
equs forall x, y : HexDigit
x le y = NatNum(x) le NatNum(y);
endfunc
function _ge_ (x: HexDigit, y: HexDigit) : Bool is NatNum(x) ge NatNum(y)
equs forall x, y : HexDigit
x ge y = NatNum(x) ge NatNum(y);
endfunc
function _gt_ (x: HexDigit, y: HexDigit) : Bool is NatNum(x) gt NatNum(y)
equs forall x, y : HexDigit
x gt y = NatNum(x) gt NatNum(y);
endfunc
function NatNum (x: HexDigit) : Nat is
case X in
0-> 0
| 1-> Succ(NatNum(0))
| 2-> Succ(NatNum(1))
| 3-> Succ(NatNum(2))
| 4 -> Succ(NatNum(3))
| 5-> Succ(NatNum(4))
| 6 -> Succ(NatNum(5))
| 7-> Succ(NatNum(6))
| 8 -> Succ(NatNum(7))
| 9-> Succ(NatNum(8))
| A -> Succ(NatNum(9))
| B-> Succ(NatNum(A))
| C-> Succ(NatNum(B))
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| D-> Suce(NatNum(C))
| E-> Succ(NatNum(D))
| F-> Suce(NatNum(E))

endcase

eqns
NatNum(0) = 0;
NatNum(1) = Suce(NatNum(0));
NatNum(2) = Suce(NatNum(1));
NatNum(3) = Suce(NatNum(2));
NatNum(4) = Suce(NatNum(3));
NatNum(5) = Suce(NatNum(4));
NatNum(6) = Succe(NatNum(bh));
NatNum(7) = Suce(NatNum(6));
NatNum(8) = Suce(NatNum(7));
NatNum(9) = Suce(NatNum(8));
NatNum(A) = Suce(NatNum(9));
NatNum(B) = Succ(NatNum(A));
NatNum(C) = Succe(NatNum(B));
NatNum(D) = Succ(NatNum(C));
NatNum(E) = Suce(NatNum(D));
NatNum(F) = Succ(NatNum(E))

endfunc

endmod HexDigit

E.15 DecNatRepr

signature DecNatRepr is
import NaturalNumber + DecString
function NatNum (ds: DecString) : Nat
endsig
module DecNatRepr is
import NaturalNumber + DecString
function NatNum (ds: DecString) : Nat is
case ds in
Dec (d:=d1: DecString) -> NatNum (d1)
| (d:=d1: DecDigit) + (ds:=dsl: DecString) ->
NatNum(d1l) * (Succ(NatNum(9)) ** Length(dsl)) + NatNum(dsl)
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endcase
eqns forall ds : DecString , d : DecDigit
NatNum(Dec(d)) = NatNum(d);
NatNum(d 4 ds) = NatNum(d) * (Succ(NatNum(9)) ** Length(ds)) + NatNum(ds)
endfunc

endmod

E.16 DecString

signature DecString is
NonEmptyString [ DecDigit :: types DecDigit for Element
Bool for FBool
DecString for NonEmptyString
constructors Dec for String
labels d for e

ds for s

endsig
module DecString is
NonEmptyString [ DecDigit :: types DecDigit for Element
Bool for FBool
DecString for NonEmptyString
constructors Dec for String
labels d for e

ds for s

endmod

E.17 DecDigit

signature DecDigit is
import NaturalNumber + Boolean
type DecDigit is
0] 1] 2| 3| 4| 5| 6| 7| 8 9
endtype
function _eq_ (x: DecDigit, y: DecDigit) : Bool reqs equality (eq)
function _ne_ (x: DecDigit, y: DecDigit) : Bool
function _lt_ (x: DecDigit, y: DecDigit) : Bool
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function _le_ (x: DecDigit, y: DecDigit) : Bool
function _ge_ (x: DecDigit, y: DecDigit) : Bool
function _gt_ (x: DecDigit, y: DecDigit) : Bool
function NatNum (x: DecDigit) : Nat
endsig
module DecDigit is
import NaturalNumber + Boolean
type DecDigit is
0] 1] 2| 3| 4| 5| 6| 7| 8 9
endtype
function _eq_ (x: DecDigit, y: DecDigit) : Bool is NatNum(x) eq NatNum(y)
equs forall x, y : DecDigit
x eq y = NatNum(x) eq NatNum(y);
endfunc
function _ne_ (x: DecDigit, y: DecDigit) : Bool is NatNum(x) ne NatNum(y)
equs forall x, y : DecDigit
x ne y = NatNum(x) ne NatNum(y);
endfunc
function _lt_ (x: DecDigit, y: DecDigit) : Bool is NatNum(x) It NatNum(y)
equs forall x, y : DecDigit
x It y = NatNum(x) It NatNum(y);
endfunc
function _le_ (x: DecDigit, y: DecDigit) : Bool is NatNum(x) le NatNum(y)
equs forall x, y : DecDigit
x le y = NatNum(x) le NatNum(y);
endfunc
function _ge_ (x: DecDigit, y: DecDigit) : Bool is NatNum(x) ge NatNum(y)
equs forall x, y : DecDigit
x ge y = NatNum(x) ge NatNum(y);
endfunc
function _gt_ (x: DecDigit, y: DecDigit) : Bool is NatNum(x) gt NatNum(y)
equs forall x, y : DecDigit
x gt y = NatNum(x) gt NatNum(y);
endfunc
function NatNum (x: DecDigit) : Nat is
case X in

0->0
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endcase
equs forall x, y : DecDigit
NatNum(0) = 0;

NatNum(1) = Suce(NatNum(0));
NatNum(2) = Suce(NatNum(1));
NatNum(3) = Suce(NatNum(2));
NatNum(4) = Suce(NatNum(3));
NatNum(5) = Suce(NatNum(4));
NatNum(6) = Succe(NatNum(bh));
NatNum(7) = Suce(NatNum(6));
NatNum(8) = Suce(NatNum(7));
NatNum(9) = Suce(NatNum(8));
endfunc
endmod

E.18 OctNatRepr

signature OctNatRepr is
import OctString
function NatNum (os: OctString) : Nat
endsig
module OctNatRepr is
import OctString
function NatNum (os: OctString) : Nat is
case os In
Oct(o:=ol: OctDigit) -> NatNum(ol)
| (0:=0l: OctDigit) + (os:=osl: OctString) ->
NatNum(ol) * (Succ(NatNum(7)) ** Length(osl)) + NatNum(osl)
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endcase
eqns forall os : OctString, o : OctDigit
NatNum(Oct(o)) = NatNum(o);
NatNum(o + os) = NatNum(o) * (Succ(NatNum(7)) ** Length(os)) + NatNum(os)
endfunc

endmod

E.19 OctString

signature OctString is
NonEmptyString [OctDigit :: types OctDigit for Element
Bool for FBool
OctString for NonEmptyString
constructors Oct for String
labels o for e

os for s

endsig
module OctString is
NonEmptyString [OctDigit :: types OctDigit for Element
Bool for FBool
OctString for NonEmptyString
constructors Oct for String
labels o for e

os for s

endmod

E.20 OctDigit

signature OctDigit is
import NaturalNumber + Boolean
type OctDigit is
0] 1] 2| 3| 4] 56| 7
endtype
function _eq_ (x: OctDigit, y: OctDigit) : Bool reqs equality (eq)
function _ne_ (x: OctDigit, y: OctDigit) : Bool
function _lt_ (x: OctDigit, y: OctDigit) : Bool
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function _le_ (x: OctDigit, y: OctDigit) : Bool
function _ge_ (x: OctDigit, y: OctDigit) : Bool
function _gt_ (x: OctDigit, y: OctDigit) : Bool
function NatNum (x: OctDigit) : Nat
endsig OctDigit
module OctDigit is
import NaturalNumber + Boolean
type OctDigit is
0] 1] 2| 3| 4] 56| 7

endtype
function _eq_ (x: OctDigit, y: OctDigit) : Bool is NatNum(x) eq NatNum(y)
equs forall x, y : OctDigit

x eq y = NatNum(x) eq NatNum(y);
endfunc
function _ne_ (x: OctDigit, y: OctDigit) : Bool is NatNum(x) ne NatNum(y)
equs forall x, y : OctDigit

x ne y = NatNum(x) ne NatNum(y);
endfunc
function _lt_ (x: OctDigit, y: OctDigit) : Bool is NatNum(x) It NatNum(y)
equs forall x, y : OctDigit

x It y = NatNum(x) It NatNum(y);
endfunc
function _le_ (x: OctDigit, y: OctDigit) : Bool is NatNum(x) le NatNum(y)
equs forall x, y : OctDigit

x le y = NatNum(x) le NatNum(y);
endfunc
function _ge_ (x: OctDigit, y: OctDigit) : Bool is NatNum(x) ge NatNum(y)
equs forall x, y : OctDigit

x ge y = NatNum(x) ge NatNum(y);
endfunc
function _gt_ (x: OctDigit, y: OctDigit) : Bool is NatNum(x) gt NatNum(y)
equs forall x, y : OctDigit

x gt y = NatNum(x) gt NatNum(y)
endfunc
function NatNum (x: OctDigit) : Nat is

case X in

0->0
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| 1 -> Succ(NatNum(0))
| 2 -> Succ(NatNum(1))
| 3 -> Succ(NatNum(2))
| 4 -> Succ(NatNum(3))
| 5-> Succ(NatNum(4))
| 6 -> Succ(NatNum(5))
| 7 -> Succ(NatNum(6))
endcase
eqns forall x: OctDigit
NatNum(0) = 0;

NatNum(1) = Suce(NatNum(0));
NatNum(2) = Suce(NatNum(1));
NatNum(3) = Suce(NatNum(2));
NatNum(4) = Suce(NatNum(3));
NatNum(5) = Suce(NatNum(4));
NatNum(6) = Succe(NatNum(bh));
NatNum(7) = Succ(NatNum(6))
endfunc

endmod OctDigit

E.21 BitNatRepr

signature BitNatRepr is
import BitString
function NatNum (bs: BitString) : Nat
endsig
module BitNatREpr is
import BitString
function NatNum (bs: BitString) : Nat is
case bs in
Bit (b:=b1: Bit) -> NatNum (b)
| (b:=Db1l: Bit) + (bs:=bsl: BitString) ->
NatNum(b1) * (Suce(NatNum(1)) ** Length(bsl)) + NatNum(bsl)
endcase
equs forall bs : BitString, b : Bit
NatNum(Bit(b)) = NatNum(b);
NatNum(b 4+ bs) = NatNum(b) * (Succ(NatNum(1)) ** Length(bs)) + NatNum(bs)
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endfunc

endmod

E.22 BitString

signature BitString is
NonEmptyString [ Bit :: types Bit for Element
Bool for FBool
BitString for NonEmptyString
constructors Bit for String

labels b for e

bs for s
]
endsig
module BitString is
NonEmptyString [ Bit :: types Bit for Element

Bool for FBool

BitString for NonEmptyString
constructors Bit for String
labels b for e

bs for s

endmod

E.23 Bit

signature Bit is
import NaturalNumber + Boolean
type Bit is

0] 1

endtype
function _eq_ (x: Bit, y: Bit) : Bool reqs equality (eq)
function _ne_ (x: Bit, y: Bit) : Bool
function _lt_ (x: Bit, y: Bit) : Bool
function _le_ (x: Bit, y: Bit) : Bool
function _ge_ (x: Bit, y: Bit) : Bool
function _gt_ (x: Bit, y: Bit) : Bool
function NatNum (x: Bit) : Nat
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endsig Bit
module Bit is
import NaturalNumber + Boolean
type Bit is
0] 1] 2| 3| 4] 56| 7
endtype
function _eq_ (x: Bit, y: Bit) : Bool is NatNum(x) eq NatNum(y)
eqns forall x, y : Bit
x eq y = NatNum(x) eq NatNum(y);
endfunc
function _ne_ (x: Bit, y: Bit) : Bool is NatNum(x) ne NatNum(y)
eqns forall x, y : Bit
x ne y = NatNum(x) ne NatNum(y);
endfunc
function _lt_ (x: Bit, y: Bit) : Bool is NatNum(x) It NatNum(y)
eqns forall x, y : Bit
x It y = NatNum(x) It NatNum(y);
endfunc
function _le_ (x: Bit, y: Bit) : Bool is NatNum(x) le NatNum(y)
eqns forall x, y : Bit
x le y = NatNum(x) le NatNum(y);
endfunc
function _ge_ (x: Bit, y: Bit) : Bool is NatNum(x) ge NatNum(y)
eqns forall x, y : Bit
x ge y = NatNum(x) ge NatNum(y);
endfunc
function _gt_ (x: Bit, y: Bit) : Bool is NatNum(x) gt NatNum(y)
eqns forall x, y : Bit
x gt y = NatNum(x) gt NatNum(y)
endfunc
function NatNum (x: Bit) : Nat is
case X in
0->0
| 1 -> Succ(NatNum(0))
endcase
eqns forall x: Bit
NatNum(0) = 0;
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NatNum(1) = Suce(NatNum(0));
endfunc

endmod Bit

E.24 Octet

signature Octet is
import Bit + Boolean
type Octet is
Octet (b1: Bit, b2: Bit, b3: Bit, b4: Bit, b5: Bit, b6: Bit, b7: Bit, b8:Bit)
endtype

function Bitl (o: Octet) : Bit
function Bit2 (o: Octet) : Bit
function Bit3 (o: Octet) : Bit
function Bit4 (o: Octet) : Bit
function Bit5 (o: Octet) : Bit
function Bit6 (o: Octet) : Bit
function Bit7 (o: Octet) : Bit
function Bit8 (o: Octet) : Bit

Octet, y: Octet) : Bool reqs equality (eq)
Octet, y: Octet) : Bool

function _eq_ (x:
function _ne_ (x:
endsig
module Octet is
import Bit + Boolean
type Octet is
Octet (b1: Bit, b2: Bit, b3: Bit, b4: Bit, b5: Bit, b6: Bit, b7: Bit, b8:Bit)
endtype
function Bitl (o: Octet) : Bit is 0.bl
equs forall b1, b2, b3, b4, bb, b6, b7, b8 : Bit
Bit1(Octet(bl, b2, b3, b4, b5, b6, b7, b8)) = bl;
endfunc
function Bit2 (o: Octet) : Bit is 0.h2
equs forall b1, b2, b3, b4, bb, b6, b7, b8 : Bit
Bit1(Octet(bl, b2, b3, b4, b5, b6, b7, b8)) = b2;
endfunc
function Bit3 (o: Octet) : Bit is 0.b3
equs forall b1, b2, b3, b4, bb, b6, b7, b8 : Bit
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Bit1(Octet(bl, b2, b3, b4, b5, b6, b7, b8)) = b3;
endfunc
function Bit4 (o: Octet) : Bit is 0.b4
equs forall b1, b2, b3, b4, bb, b6, b7, b8 : Bit
Bit1(Octet(bl, b2, b3, b4, b5, b6, b7, b8)) = b4;
endfunc
function Bit5 (o: Octet) : Bit is 0.bb
equs forall b1, b2, b3, b4, bb, b6, b7, b8 : Bit
Bit1(Octet(bl, b2, b3, b4, b5, b6, b7, b8)) = bb;
endfunc
function Bit6 (o: Octet) : Bit is 0.b6
equs forall b1, b2, b3, b4, bb, b6, b7, b8 : Bit
Bit1(Octet(bl, b2, b3, b4, b5, b6, b7, b8)) = b6;
endfunc
function Bit7 (o: Octet) : Bit is 0.b7
equs forall b1, b2, b3, b4, bb, b6, b7, b8 : Bit
Bit1(Octet(bl, b2, b3, b4, b5, b6, b7, b8)) = bT;
endfunc
function Bit8 (o: Octet) : Bit is 0.b8
equs forall b1, b2, b3, b4, bb, b6, b7, b8 : Bit
Bit1(Octet(bl, b2, b3, b4, b5, b6, b7, b8)) = b8;
endfunc
function _eq_ (x: Octet, y: Octet) : Bool
equs forall x, y : Octet
x eq y = Bitl(x) eq Bitl(y) and (Bit2(x) eq Bit2(y)) and
(Bit3(x) eq Bit3(y)) and (Bitd(x) eq Bitd(y))
(Bith(x) eq Bith(y) d (Bit6(x) eq Bit6(y)) and
(Bit7(x) eq Bit7(y)) and (Bit8(x) eq Bit8(y))

endfunc

) and
) an
) )

bl

function _ne_ (x: Octet, y: Octet) : Bool is not(x eq y)
equs forall x, y : Octet

X ney = not(x eq y)
endfunc

endmod Octet
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E.25 OctetString

signature OctetString is
String [ Octet :: types Octet for Element
Bool for FBool
OctetString for String

funnames Octet for String

endsig
module OctetString is
String [ Octet :: types Octet for Element
Bool for FBool
OctetString for String
labels o for e
os for s

funnames Octet for String

endmod
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F Translation of LOTOSPHERE data types in E-LOTOS

This Annex indicates how some of the data types of the so-called “LOTOSPHERE proposal” (output
document of the Yokohama SC21 meeting, July 1993) can be expressed using the proposed User
Language for E-LoT0s. It is worth noticing that:

e The LOTOSPHERE proposal only defines interfaces (signatures) rather than the implementation
of modules themselves.

e In this Annex, we stress the differences (i.e., enhancements) between LoTos standard library
and the LOTOSPHERE proposal. We do not repeat thoses definitions which are similar as those
given in Annex E.

e The LOTOSPHERE proposal uses “==", “1="_ <" “<=" “>” and “>=” where the LoTos library
uses “eq”, “ne”, “It”, “le”, “gt”, and “ge”. In E-L0oT0s, we might wish to allow both notation
to ensure both upward compatibility and user-friendliness.

F.1 BOOL
Same as in Annex E, except that “implies” and “iff” are respectively noted “==>" and “<==>".
F.2 NAT

In the LOTOSPHERE proposal, natural numbers are a built-in type, not defined by “0” and “Succ” con-
structors. Natural numbers have an arbitrary, unlimited precision. They can be written using decimal
notation (e.g., “123”), but also in binary, octal, or hexadecimal notations (e.g., “bin (100101101)”,
“oct (455)”7, “hex (124)”.

A unary function “pred” and a substraction operator are available, which raise an underflow error if
a negative number is to be returned. Similarly, division and modulo operators are available, which
can raise a division-by-zero error.

signature NAT is
type Nat is <decimal digit sequence> endtype
function bin (<binary digit sequence>) : Nat
function oct (<octal digit sequence>) : Nat
function hex (<hexadecimal digit sequence>) : Nat
function succ (Nat) : Nat
function pred [UNDERFLOW] : Nat
function +_ (Nat, Nat) : Nat
function -_ [UNDERFLOW] (Nat, Nat) : Nat
function _*_ (Nat, Nat) : Nat
function _/_ [ZERO_DVISION] (Nat, Nat) : Nat
function rem [ZERO_DVISION] (Nat, Nat) : Nat
function pow (Nat, Nat) : Nat
function max (Nat, Nat) : Nat
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function min (Nat, Nat) : Nat

function >_ (Nat, Nat) : Bool
function >=_ (Nat, Nat) : Bool
function _<_ (Nat, Nat) : Bool
function _<=_ (Nat, Nat) : Bool

function ==_ (Nat, Nat) : Bool reqs equality (==)
function _!=_ (Nat, Nat) : Bool

endsig NAT

F.3 INT

The INT type represented signed integers of arbitrary precision. As the NAT type, it 1s a built-in type,
not defined by constructors. Values are denoted by signed decimal numbers.

signature INT is
type Int is
<decimal digit sequence>
| -<decimal digit sequence>
endtype
function bin (<binary digit sequence>) : Int
function oct (<octal digit sequence>) : Int
function hex (<hexadecimal digit sequence>) : Int
function succ (Int) : Int
function pred (Int) : Int
function minus (Int) : Int
function +_ (Int, Int) : Int
function _-_ (Int, Int) : Int
function _*_ (Int, Int) : Int
function _/_ [ZERO_DIVISION] (Int, Int) : Int
function rem [ZERO_DVISION] (Int, Int) : Int
function pow (Int, Int) : Int
function max (Int, Int) : Int
function min (Int, Int) : Int
function abs (Int) : Int
function _>_ (Int, Int) : Bool
function _>=_ (Int, Int) : Bool
function _<_ (Int, Int) : Bool
function _<=_ (Int, Int) : Bool
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function .==_ (Int, Int) : Bool reqs equality (==)
function _!=_ (Int, Int) : Bool
endsig INT

F.4 FRAC

The “FRAC” type represents rational numbers. We present its interface and provide an implementation
using the User Language for E-LoTo0s:

signature FRAC is
import INT
type Frac is
frac (num: Int, den: Int) where den > 0
endtype
function +_ (Frac, Frac) : Frac
function _-_ (Frac, Frac) : Frac
function _*_ (Frac, Frac) : Frac
function _/_ [ZERO_DVISION] (Frac, Frac) : Frac
function pow (Frac, Int) : Frac
function max (Frac, Frac) : Frac
function min (Frac, Frac) : Frac
function abs (Frac) : Frac
function round (x: Frac) : Frac

(* this function returns the nearest integral value to x, except for
halfway cases, which are rounded to the integral value larger in
magnitude *)

function ceil (x: Frac) : Frac
(* this function returns the least integral value greater than or equal to x *)
function floor (x: Frac) : Frac
(* this function returns the greatest value less than or equal to x *)
function _>_ (Frac, Frac) : Bool
function _>=_ (Frac, Frac) : Bool
function _<_ (Frac, Frac) : Bool
function _<=_ (Frac, Frac) : Bool
function ==_ (Frac, Frac) : Bool reqs equality (==)
function _!=_ (Frac, Frac) : Bool
endsig FRAC
A tentative implementation is given below:

module FRAC is
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import INT
function gd (m: Int, n: Int) is
case
n:0->m
| otherwise -> gd (n, m rem n)
endcase
endfunc
function reduce (f: Frac) is
let gd: Nat = gd (abs (f.num), abs (f.den)) in frac (f.num / gd, f.den / gd)
endfunc
function minus (f: Frac) : Frac is
frac (minus (f.num), f.den)
endfunc
function +_ (fl: Frac, {2: Frac) : Frac is
reduce (frac (fl.num * f2.den 4+ f2.num * fl.den, fl.den * {2.den))
endfunc
function _-_ (fl: Frac, f2: Frac) : Frac is
reduce (frac (fl.num * f2.den - f2.num * fl.den, fl.den * f2.den))
endfunc
function _*_ (fl: Frac, f2: Frac) : Frac is
reduce (frac (fl.num * f2.num, fl.den * f2.den))
endfunc
function _/_ [ZERO_DVISION] (fl: Frac, f2: Frac) : Frac is
case f2 in
frac (num:=0, ...) -> raise ZERO_DVISION
| otherwise -> reduce (frac (fl.num * f2.den, f2.num * f1.den))
endcase
endfunc
function pow (f: Frac, p: Int) : Frac is
case p in
0 -> frac (1, 1)
| whenpltO->pow(f,p+1)/f
| when p gt 0->pow (f,p-1)*f
endcase
endfunc

function max (f1: Frac, f2: Frac) : Frac is

if f1 >= {2 then {1 else 12
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endfunc
function min (f1: Frac, f2: Frac) : Frac is
if f1 >= {2 then 2 else f1
endfunc
function abs (f: Frac) : Frac is frac (abs (f.num), f.den) endfunc
function round (x: Frac) : Frac is
frac ((x.num / x.den) +
(if (x.num rem x.den) ge (x.den / 2) then 1 else 0),
1
endfunc
function ceil (x: Frac) : Frac is
frac ( (x.num / x.den) +
(if (x.num rem x.den) ge 0 then 1 else 0),
1
endfunc
function floor (x: Frac) : Frac is
frac ((x.num / x.den), 1)
endfunc
function _>_ (fl: Frac, f2: Frac) : Bool is
(fl1.num * f2.den - f2.num * f1.den) > 0
endfunc
function >=_ (fl: Frac, f2: Frac) : Bool is
(fl.num * f2.den - f2.num * fl.den) >= 0
endfunc
function _<_ (fl: Frac, f2: Frac) : Bool is
(f1.num * f2.den - f2.num * f1.den) < 0
endfunc
function <=_ (fl: Frac, f2: Frac) : Bool is
(fl.num * f2.den - f2.num * fl.den) <=0
endfunc
function .==_ (f1: Frac, f2: Frac) : Bool is
(fl.num * f2.den - f2.num * fl.den) == 0
endfunc
function _!=_ (fl1: Frac, f2: Frac) : Bool is not (fl == {2) endfunc
endmod FRAC
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F.5 FLOAT

The “Float” type 1s a built-in type for floating-point numbers, together with the associated functions.
signature FLOAT is

type Float is

[+]-]<dds>.[<dds>] [E[+]|-]<dds>]

endtype

function +_ (Float, Float) : Float

function _-_ (Float, Float) : Float

function _*_ (Float, Float) : Float

function _/_ [ZERO_DIVISION] (Float, Float) : Float

function max (Float, Float) : Float

function min (Float, Float) : Float

function pow (Float, Float) : Float

function abs (Float) : Float

function sqrt (Float) : Float

function exp (Float) : Float (* e"x *)

function log (Float) : Float (* log_10 x *)

function sin (Float) : Float

function cos (Float) : Float

function tan (Float) : Float

function asin (Float) : Float
function acos (Float) : Float
function atan (Float) : Float
function sinh (Float) : Float
function cosh (Float) : Float
function tanh (Float) : Float

function asinh (Float) : Float
function acosh (Float) : Float
function atanh (Float) : Float
function pi : Float

function e : Float

function round (x: Float) : Float

(* this function returns the nearest integral value to x, except for
halfway cases, which are rounded to the integral value larger in
magnitude *)

(* returns the greatest value less than or equal to x *)

(* returns the nearest integral value to x, except halfway cases
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are rounded to the integral value larger in magnitude *)
function ceil (x: Float) : Float
(* this function returns the least integral value greater than or equal to x *)
function floor (x: Float) : Float
(* this function returns the greatest value less than or equal to x *)
function _>_ (Float, Float) : Bool
function >=_ (Float, Float) : Bool
function _<_ (Float, Float) : Bool
function _<=_ (Float, Float) : Bool
function ==_ (Float, Float) : Bool reqs equality (==)
function _!=_ (Float, Float) : Bool
endsig FLOAT

F.6 CHAR

signature CHAR is
import NAT + BOOLEAN
type Char is ...
endtype
function toNat (Char) : Nat
function toChar (Nat)  : Char
function tolower (Char) : Char
function toupper (Char) : Char
function isalpha (Char) : Bool
function isdigit (Char) : Bool
function isxdigit (Char) : Bool
function islower (Char) : Bool
function isupper (Char) : Bool

function isalnum (Char) : Bool

function >_ (Char, Char) : Bool

function _>=_ (Char, Char) : Bool

function <_ (Char, Char) : Bool

function _<=_ (Char, Char) : Bool

function _==_ (Char, Char) : Bool reqs equality (==)
function _!=_ (Char, Char) : Bool

endsig CHAR
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F.7 STRING

signature STRING is
import NAT + CHAR + BOOLEAN
type string is ...
endtype
function length (string) : Nat
function concat (string, string) : string
function prefix (string, Nat)  : string
function suffix (string, Nat)  : string

function substr (string, Nat, Nat) : string

function index (string, string) : Nat (* search from left *)

function rindex (string, string) : Nat (* search from right *)

function nth (string, Nat) : Char
function _>_ (string, string) : Bool
function _>=_ (string, string) : Bool

function _<_ (string, string) : Bool

function <=_ (string, string) : Bool
function .==_ (string, string) : Bool reqs equality (==)
function _!=_ (string, string) : Bool

function toString (Char) : String
endsig STRING
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G History of this document

G.1 Previous proposals regarding the data part

Version 1.0 (December 1995): Document entitled “A Proposal for the Data Type Part of
E-LoTos Applicable to the Formal Description of OSI and ODP Standards”. Input document
[LG4] of the E-LoTos interim meeting in Liege. Also available as technical report [SG95].

Version 1.1 (March 1996): “A Proposal for the Data Type Part of E-LoTos Applicable to the
Formal Description of OSI and ODP Standards”. Annex A part 2 of the output document of
the E-LoTos interim meeting in Liége [Que96b]. This version differs from version 1.0 only by
the correction of typos and English mistakes.

G.2 Previous proposals regarding the behaviour part

Version 1.0 (June 1994): Document entitled “Six improvements to the process part of
LoTos”. Annex K of the Working Draft on Enhancements to LoTos (ISO/IEC
JTC1/SC21/WG1/N1349). Also Annex F of the Revised Working Draft (V2) on Enhance-
ments to LoTos (ISO/ITEC JTC1/SC21 N10108). Also available as a technical report [Gar94b].

Acknowledgements are due to Arnaud Février, Alain Kerbrat, Laurent Mounier, Elie Najm and

Jacques Sincennes for their useful comments on version 1.0 of this document.

Version 2.0 (December 1995): Document entitled “A wish list for the behaviour part of LoTo0s”.
Input document [LG5] of the E-LoTos interim meeting in Liege. Also available as a technical
report [Gar95b].

Acknowledgements are due to Radu Mateescu for his useful comments on version 2.0 of this

document.

Version 2.1 (March 1996): Document entitled “A wish list for the behaviour part of LoTos”.
Annex F Part 2 of the output document of the E-LoTos interim meeting in Liége [Que96b].
Both the Committee’s decisions and the comments resulting from discussions in Liege have been
integrated in the new version 2.1. The following changes have been brought:

e The present Annex was added, to keep track of changes to this document

o All the sections of the previous version 2.0 has been changed into sub-sections of Section 2
of this document.

e In Section 2.2: the wording of the proposal has been revised.

e In Section 2.4: regarding the translation of the usual “case” into the general “case”; a
mistake signaled by Alan Jeffrey has been corrected.

e In Section 2.7: the ring example was wrong and has been corrected. A missing static
semantics constraint has been added for renamings. A few wrong indexes have been fixed

e In Section 2.9: the parallel composition operators have been simplified.

e In Section 2.11: this section has been added. A unique parallel operator was defined
as the main paradigm (this operator was previously described in a remark at the end of
Section 10).

o In Section 2.12: the “n among m” synchronization is now introduced as a shorthand for
the general parallel operator presented in Section 2.11
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e In Section 2.13: this section has been fully rewritten. FExceptions are now presented
before sequential composition since it is easier to present exceptions first and sequential
composition as a shorthand for exceptions. Exception identifiers are now distinct from gate
identifiers. The syntax of the “trap” operator was changed (the reasons are explained in a
remark). The issue of exception declaration and scope rules have been solved. Exceptions
are added to process definitions and instantiations. The parallel composition operator was
modified to integrate exceptions (following a comment by Alan Jeffrey that exceptions
should not be synchronized by default). Most of the remarks “for further study” have
been processed. Following a discussion with Guy Leduc, the translation rule from “[>” to
“trap” was corrected.

e In Section 2.13: the two previous Sections 12 and 13 (syntactic and semantic unification
of the “;” and “>>” operators) have been merged into a single one, since this separation
generated much confusion during the Liege meeting. In the new Section 2.13, the key ideas
are (hopefully) better explained.

e In Section 2.18: The proposal for abbreviating formal gate parameter lists (former Section
18.1) has been removed, as decided by the Committee.

e In Section 2.19: The proposal for abbreviating formal value parameter lists (former Section
19.1) has been removed, as decided by the Committee.

o In Section 3 and 4: These Sections have been added. They give a formal treatment of the
enhancements described in Section 2.

e In Annex B: This Annex was added to keep track of Brinksma’s proposal for unifying the
“;” and “>>” operators (previously in Section 12).

e In Annexes C and D: Due to the Committee’s decision to remove “where” clauses in
process definitions (Section 2.16) and due to the changes in Sections 2.18 and 2.19, the
fragments of E-LOTO0S programs given in these Annexes have been “flattened” to remove
nested processes.

G.3 Previous proposals regarding the gate typing

To be completed.

G.4 History of this document

Version 1.0 (May 1996): Document entitled “French-Romanian Integrated Proposal for the User
Language of E-LoT0s”. Input document of the E-L0OT0s interim meeting in Kansas City. This
document attempts to merge the above proposals for the data part, the behaviour part and gate
typing into a single, coherent proposal, which covers abstract syntax and static semantics, and
provides one possible dynamic semantics.

It benefits from the discussions with Alan Jeffrey, Guy Leduc, Charles Pecheur, and Ricardo
Pena during a short-term scientific mission (April, 22-26, 1996) supported by the European
Commission under Cost 247 Action and European-Canadian project Eucalyptus-2.

As regards the data part, the following changes have been brought with respect to [Que96b,
Annex A, Part 1] (“A Proposal for the Data Type Part of E-LoTos Applicable to the Formal
Description of OST and ODP Standards”, version 1.1):

e The Full User Language (Section 4) supersedes the data user language.
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e Exceptions in the data part have been enhanced to support value parameters. The notion of
exception type was added, and the declaration of exceptions was modified to take exception
types into account. The “raise” operator was extended to support actual parameters for
exceptions.

e The scoping rules for exception identifiers (previously the same as in SML) have been
aligned with the corresponding rules in the behaviour part. The “trap” operator was
extended to support formal parameters for exceptions. Function instantiations have been
extended with exception identifiers.

e The distinction previously made between “expressions” and “instructions” (which was
criticized during the Liége meeting) was lifted. Exceptions and instructions are now unified

due to the use of “imperative-like” language features (operators “:=”, “;” and “local”).
The class Instr has been removed.

As a consequence, the “return” operator previously used for assigning “out” parameters
was replaced with the “:=" operator. The “eval” operator has been removed, as it 1s now
obtained by combining function instantiation and the “;” operator. Also, the syntax of
function instantiation for “out” parameters has been modified with the “=: &” keyword.

The two different syntaxes for function declarations have been unified.
e The “F match P” operator was introduced.

e For symmetry with the behaviour part, the “loop” and “continue”’ operators have been
introduced in the data part.

e Some syntactical restrictions of data language have been lifted and integrated in the static
semantics.

e Pragmatic restrictions have been introduced to ensure that all overloaded functions with
the same number of formal arguments have the same names for their formal arguments.
Therefore, neither formal argument names nor exceptions cannot be used to solve over-
loading.

e The static semantics of the data part, previously defined using attribute grammars, is now
expressed as a set of Plotkin rules.

e The dynamic semantics of the data part, previously defined in a denotational way, is now
an operational one.

As regards the behaviour part, the following changes have been brought with respect to [Que96b,
Annex F, Part 2] (“A wish list for the behaviour part of LoT0s”, version 2.1):

e The Full User Language (Section 4) supersedes the behaviour language of [Que96b, An-
nex F, Part 2].

e The concept of gate typing has been introduced in the behaviour part with respect of the
proposal made in [Gar95a]. In particular, the declarations now include “channel” types.
All gate declarations are typed with a channel.

o Gates and exceptions (which formerly were identical objects and later distinct objects) are
unified again. Process declarations, process instantiations, parallel composition operators,
“raise”, “trap”, and “renaming’ operators have been modified accordingly. Exception
types are now syntactic sugar for non-overloaded channels.

e To ensure symmetry with the data part, and to solve the many drawbacks of LoTos
sequential composition, the “local” and “:=" operators have been added to the behaviour

part. Similarly ; an “:= any” operator was added to express non-deterministic choice.

155



Former LoTos operators “let”, “choice”, “[1”, and action-prefix are now obtained as
derived cases of the three aforementioned operators.

The keyword “sel...endsel” have been replaced by “alt...endalt” to avoid confusion with
“seq...endseq” and to remind about OccaMm.

Variable assignments in “exit” operands, i.e., “exit (V := E)”, are no longer permitted,
since the same effect can be obtained by writing “V := E ; exit (V).

According to the“uniform reference” principle, we propose a similar syntax for LoTo0s
gates and process instantiations. This is similar to what exists in other FDTs, namely
EsTELLE and SDL. This proposal is more powerful than in LoTO0S, since patterns are
allowed in offers. This will allow an easier mapping of IDL interfaces to LoT0S gates. It
will also allow action refinement (i.e., replacement a LoTOs gate with a process instanti-
ation). Additionally, it solves a syntactic ambiguity problem between the new sequential
composition operator and the former action prefix (a problem pointed out by Alan Jeffrey).

The “loop” and “continue”’ operators, which were already proposed in the rationale part,
have been explicited in the abstract syntax.

The syntax of the “rename” operator has been simplified.

The former transition function from “user language” to “core language” was divided into
two successive translation functions, using an intermediate language, the “reduced user
language”. The first one performs transformations based only upon syntax and declaration
information; the second one performs type-checking (including overloading solving) and
functionality computation. This organization leads to a simplified presentation.

The rules for functionality computation have been adapted to the reduced user language.
They are now included in the static semantics.

The dynamic semantics of the parallel and renaming operators was corrected.
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