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Abstract

This paper proposes an abstract syntax, a static and a dynamic semantics for the data type
language of ELOTOS. This language is monomorphic, explicitly typed and allows overloading
of operations. Furthermore, we introduce several features (in/out parameters, exceptions) which
make this language compatible with interface language IDL. The static semantics of this language
is given both informally and formally, using attribute grammars. The dynamic semantics is a
denotational one.
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1 Introduction

This papers presents static and dynamic semantics for the core of data type language proposed for
E-LOTOS. This language is based on the first approach presented in document [JGLT95] and we add
new features as extended selectors, updaters. Also, in the aim of compatibility with anothers ODP
languages, principally IDL, we have introduced in our proposition function with in/out parameters,
and an implicit “void” type (IDL, C, C4++ — void type, Pascal, Ada — procedure).

So, we propose here a functional (not algebraic) data type language with extensions to support others
ODL languages.

This paper is not concerned with the integration of data language in behavioral part.

e In Section 4 we propose an abstract syntax of language.

e In Section 5 we explain how some constructions can be seen like shorthands of “basic” con-
structions.

e In Section 6 we give an informal static semantics for proposed language.

e In Section 7 we give a denotational dynamic semantics for proposed language.

2 Motivation

The language we consider here 18 monomorphic, explicitly typed, and allows overloaded operations
(functions and constructors).

A type expression is nothing but a type identifiers (possibly an identifier of a predefined type, such
as bool, etc.).

TF == T type expression

This approach is backward compatible with LOTOS, and differs from second proposition made in
document [JGL195] which considers also anonymous records as type expressions.

We have introduced attributes in and out for parameters of functions in the aim to support ODP
languages like IDL. However, we left for further studies the integration of inout attribute.

In the same aim, the proposed syntax for function definition allows specification of exceptions which
could be raised by this function.

3 Vocabulary

We present here some notions used in this paper.

e type: correspond of sort of LOTOS, it is a name for values domain;
e constructor: operations which are need to build up data objects;
e function: operations which maps data objects to another data object;

e exception: a named error raised by a program.



4 Abstract syntax

We present here the full abstract grammar, including derived constructions. Non-primitive construc-
tions are indicated by x in grammar presentation and their derivation is described in section 5.

4.1 Notations

The classes of terminals identifiers of the data type language are:

| wdentifier domain || meaning | abbreviations |
SCon special constants K
Var variable identifiers V
Typ type identifiers T
Con constructor identifiers C
Fun function identifiers r
Exc exception identifiers X

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 expression E

Instr instructions 1
4.2 Syntax
4.2.1 Declarations
(D1)y D == type T is T’ endtype type synonym
(D2) | type T is type declaration

C(Vi T LV :T,lll)

ey Ving

Co(VP TP, .. VP TE )

endtype[T]
(D3) | function F([in | out]V; : T, ... [in | out]V, : T,)[ : T] function declaration
[raises X1,..., Xp] is
1
endfunc[F]
(D4) * | function F(Vi : Th,.., Vi :Tn) : T simple function declaration
[raises X1,..., Xp] is
I
endfunc[F]



(D5) | exception X exception declaration

(D6) | DiD- sequence of declaration

Syntactic restrictions:

1. In (D2), p > 0;if p = 0 then T could be considered as an external type.
2. In (D2), as in LOTOS, constructors and functions can be declared to be infixed.
3. In (D2), each constructor Cj, field names must be pairwise distinct

Yk, le{l,..n;} Vi£W

4. In (D2), all constructors of a type T, fields (VZ]) having the same name must have the same
type: . . . .
Vi,je{l,..p} Vke{l,.n} Vie{l,.nj}X;, =X =T, =T/

5. In (D3) and (D4), formal parameter names (V;) must be pairwise distinct:
Vi,je{l,.n} ViV

6. In (D3), if the sort of formal parameter is not specified (i.e. “in” or “out”), the default value

Is “in”.

7. In (D3), if the type of result is not specified (i.e. it is “void”) a least a formal parameter must
be an “out” parameter:

{iloutVi: T} £ &
8. In (D3) and (D4), names of raised exceptions (X;) must be pairwise different:
Vi,je{l,..p} X;# X;

9. In (D3) and (D4), the instruction I or the expressions F may contain F' calls.

4.2.2 Patterns

(P1) P 2= K special constant
(P2) | Vv:T variable
(P3) | any T

(P4) | C(Vi:=P1, ..., Vai=Py[, ees]) value construction
(P5) * | C(Pr,...;Pp[, ees]) stmple value construction
(P6) | PoofT typed pattern

Syntactic restrictions:

1. In (P4), no pattern may bind the same variable V twice.

2. In (P4), if formal parameters are specified, parameters not explicitely specified are denoted by

49
eee .

3. In (P5), if formal parameters aren’t specified, “...” denotes the tail of (ordered) list of param-
eters (i.e. parameters > n).



4.2.3 Match expression

(M1)
(M2)
(M3)

(M4)

4.2.4

(E10)

(E11)

M = E:u:P
| Miwhen F
| M, and M,
| My or M,
Expressions
E = K
v

C(Vii=F1,...,Voi=Ey)
C(Br, ..., En)

eval

[P1::] P (‘/11::E11|P11,

[Pp:=] Fp(V":=ET|PY, ...

in Fy
F(Viit=Fq, ..., Voi=Ey)
F(E1, .., Ey)

M

case
My — Ey

M, — E,
[otherwise F,41]

endcase

case I in

constant denotation

value variable

constructor application

semple constructor application

evaluation of functions

Vi =En, | Pr,)

Vi i =ELLIP)
P P P

function application
function application
match expression

general case expression

usual case expression

Py, ..., P} [when Fo] — Ej

PP, ..., PE [when E,] — E,

[otherwise E ]
endcase

if £y then E}
[elsif F; then Fi]

[elsif £, then F)]
lelse E; 4]
endif

conditional expression



(E12) * | FEo andthen F; logical expression

(E13) * | FEo orelse Fy logical expression
(E14) * | let Po:=Fy,...,Pp:=F, in F local binding
(E15) | EVh select expression
(E16) | EoA{Vii=EFE1,..,Vai=FE,} update expression
(E17) | Eo = E1 equality expression
(E18) * | Eo<>FE non-equality expression
(E19) | raise X raise exception
(E20) | trap Ey handle handle exception

X1 — F

X, — E,

endtrap

(E21) | Eoof T layered value

Syntax restrictions:

1. In (E3) — —(ET), constructors and functions without arguments, or constructors and functions
infixed, are included by these rules.

2. In (F3), (F6), and (F15), no variable V; can be bound twice.

3. In (Eb), actual parameters corresponding to “in” formal parameters must be expressions values.
Actual parameters corresponding to “out” formal parameters must be pattern expressions.

Note: The proposed grammar differs from this used in document [SG95] by the following points:

e the syntax used for selector expression becomes “E.Xy” in place of “select X; in E7;

e the syntax of tester expression becomes “E :: P” in place of “F match P”.

4.2.5 Instructions
({1) I == return [E][with Vi := By, ..V, := E}]

(12) | eval evaluation of function
[Po:=] Fo(VP:=ER|PY, ..., Vi i=Eq | Pry)
[Ppi=] Fy(VF:=EP|PF, ..., VE :=E% |PE )
in Io

(I13) | case general case instruction

My — I

M, — I,
* [otherwise [,,41]
endcase



(14) * | case F'in usual case instruction

Py, ..., P [when Eq] — Io

PP, ..., P} [when Ep] — I,
[otherwise I;41]
endcase

(I5) * | if Ey then I conditional instruction
[elsif F; then I4]

[elsif F,, then I,]
[else Tn41]
endif

(I16) * | let Po:=Fy, ..., Pri=F, in Iy local binding instruction

I | trap Ip handle handle exception instruction
X1 — 1

Xn— 1,
endtrap
(I18) | F(Vi:=F1|P1, ..., Var=FE,|Py) function application instruction
Syntax restrictions:

1. In (I1), (I2), and (I8), no variable V; or V7 can be bound twice.

K3

2. In (I2) and (I8), actual parameters of functions to “in” formal parameters must be expres-
sions values. Actual parameters corresponding to “out” formal parameters must be pattern
expressions.

3. In (12), if the type of result of function is “void”, no pattern P; must be specified. Otherwise,
the pattern P; must be specified for the result binding.

5 Shorthands

5.1 Simple function declaration

(D4) function F(Vi : 11, ...V, : T})

: Tis F
endfunc = function F(inV; : T, ...,inV, : Ty,)
: Tis
return £
endfunc
5.2 Simple value construction
(P5) C(Pi,.,Py) = Cii=Pi, ..., Vi=Pn)

where V; 1s the ith formal parameter of constructor C'.



5.3 Simple constructor application

(E4) C(F1,...En) = CM:=F,..,Vai=E,)

where V; 1s the ith formal parameter of constructor C'.

5.4 Function application

(E6 —=7) F([Vi:=]Ey, .. [Var=]Er) = eval VT = F([Vi:=]Ey, .., [Vai=]Ey) iIn V
where T is the type of result of function F'.

5.5 Otherwise clause

(£9), (E£10),
(I3), (14)
otherwise £ |I = 0:0— F|]

5.6 Usual case expression

(E10) case E' in
Py, ..., P} [when Fo] — Ej

PP, ..., P} [when Ey] — E,
[otherwise E;, ]
endcase = case
E' P or..or E' i P} [when E;] — E

E': Pl or..or E' i P} [when E,] — E,
[otherwise E ]
endcase

5.7 Conditional expression

(E11) if Fo then Ej
elsif £ then E

elsif £, then E),

else E; |,

endif = case
By i true — EY
By true — P

B, i true — B,

otherwise — EJ
endcase

10



5.8 Logical expressions

(F12) E; andthen Ey = if Fy then Fy
else false endif

(E13) Ep orelse Fy if £y then true

else P, endif

5.9 Local binding expression

(F14) let Py:=FEy,...,Pp:=FE, in E;, = case
Fo st Poand ... and F, 2 P, — Ey
endcase

5.10 Non-equality

(E18) Fo<>F1 = not (Eo = E1)

where not is the boolean function of (pervasive) booleans.

5.11 Tester function

Fo match P, = Fy : P

This function was used in the document [SG95] for testers.

5.12 Usual case instruction

(714) case E' in
Py, .., P} [when Eg] — Io

Py, ..., Pl [when Ey] — I,
[otherwise E, ]
endcase = case
E':: PP or...or E' :: PSD[when Fo] — Io

E': PP or..or E' :: PY [when By — I

[otherwise I;41]
endcase

11



5.13 Conditional instruction

(15)

if Eo then Io
elsif F; then [

elsif F,, then I,

else 1,41

endif = case
Fo 2 true — I
Fy ¢ true — I;

F, i true — I,
otherwise — [,y
endcase

5.14 Local binding instruction

(16)

6

let Po:=FEy,...,Ppi=F, in Iy, = case
Fo s Phand ... and F, 2 P, — Ip
endcase

Static semantics

We give in this section a (informal) static semantics for proposed syntax. A formal definition is
presented in Annex A

6.1

Static semantics (1): binding

All occurrences of type identifiers in pattern or expressions are use-occurrences’ that shall be
bound to the definition of the corresponding type.

All occurrences of constructor identifiers in pattern or expressions are use-occurrences that shall
be bound to the definition of the corresponding constructor (possibly with some overloading
resolution).

All occurrences of function identifiers in pattern, in expressions, or in instructions are wuse-
occurrences that shall be bound to the definition of the corresponding function (possibly with
some overloading resolution).

Occurrences of variable identifier in pattern, in expressions, or in instructions can be either
use-occurrences or def-occurrences?, depending on the context.

”

More precisely, occurrence of V in left of “:=” sign is a bind-occurrence, but occurrence of V'

in right of “:=” is a use-occurrence.

Occurrences of exception identifiers in expressions or commands are use-occurrences that shall
be bound to the definition of the corresponding exception.

Yalso called place-marking occurrences in [ISO88]
2also called binding occurrences in [ISO88]

12



More precisely, we define the following mapping:
vars : Pat U Match — Var

which give the set of variables declared in each syntactic expression, as follows:

vars{K} = @&
vars{V : T} {V}
vars{any T} @
vars{C([Vi:=]P1, ..., [Va:=]Pa[, «++])} vars{P1} ¥ ... W vars{ P, }

vars{Py of T} = wars{P}
vars{F :: P} = wars{P}
vars{Mywhen F} = wars{M;}
vars{M; and M2} = wvars{My} ¥ vars{M:}
vars{My or My} = wars{M;} iff vars{M,} = vars{M,}

where the operator “@” denotes the union of sets the intersection of which is empty. If the intersection
is not empty (which could occur in a pattern expressions such as “C(X : T, X : T)” for instance),
this is a static semantics error. Note that if “...” is used the union can be empty.

For a given pattern expression P;, the variables of vars{P;} have the following scope:

e These variables are not visible in P;. For instance, in the following pattern expression “C(X :
T,V : T,X+Y)”, variables X and Y occurring in “X +Y” shall not be bound to the definitions
“X 17 and “Y : 17 contained in P;.

o If P, occurs in “eval” expression (rule (Eb)), these variables are only visible in Ey. They mask
all variables with the same names, possibly defined in enclosing scopes. The same scope for an
occurrence of P; in an “eval” instruction.

o If P; occurs in a “let” expression (rule (F14)), these variables are only visible in Ey. They
mask all variables with the same names, possibly defined in enclosing scopes. The same scope
for an occurrence of P; in a “let” instruction.

For a given match expression M;, the variables of vars{M;} have the following scope:

o If M; occurs in a match expression M of form M;when E (rule (M2)), these variables are
visibles in £ and in the shell scope. They mask all variables with the same names, possibly
defined in enclosing scopes.

o If M; occurs in a match expression M of form M; and M;, these variables are not visibles in
M;. The same for a “or” match expression.

o If M; occurs in a expression E of the form “M;” (rule (E8), all variables of M; are not visible.

o If M; occurs in a “general” case expression (rule (E9)), these variables are only visibles in
the correspondent expression FE;. The same scope for an occurrence of M; in a general case
instruction.

13



6.2 Static semantics (2): typing
6.2.1 Declarations

There are additional type-checking constraints for declarations:

(D1): Type T must be already declared.
(D2): Types T, ..., 1§ must be already declared or can be T'.
(D3) — (D4):

e In (D3), type{I} = T if not, error is raised.

o In (D4), type{E} = T; if not, error is raised.

e In (D3) — (D4), instruction I and expression F, must raised only exceptions belonging to
list Xl, ceny Xp.

e In (D3), all “out” formal parameters of F' must be bound by instruction 1.

6.2.2 Patterns

The result type of a pattern expression P, noted type{ P}, is defined as follows:

type{K} = dype of constant K
type{X : T} T
type{any T} T
type{C([V1i:=]P1, ..., [Var=]Pnl[, «-+])} type of the result of constructor C
type{Pyof T} = T

There are additional type-checking constraints for pattern expressions:

(P4): In (P4), each type{P;} must be equal to the type declared for V; formal parameter of con-
structor C'.

(P5): In (P4), each type{P;} must be equal to the type of the i-th argument of constructor C'.
(P5): In (P5), one must have type{Py} =T.

6.2.3 Match expression

The result type of a match expression M, noted type{M}, is defined as follows:

type{E :: P} = bool
type{M;when E} = bool
type{M, and M>} = bool
type{ M, or M>} = bool

14



There are one additional type-checking constraint for match expressions:

(M1): In (M1), one must have type{E} = type{P};
(M2): In (M2), one must have T'ype E = bool.

6.2.4 Expressions

The result type of a expression E, noted type{E'}, is defined as follows:

type{K} = dype of constant K
type{X} = type of variable X
type {C([Vi:=]FE1, ..., [Vii=]FEn)} = type of the result of constructor C
type{eval ... in Ey} = lype{FEp}
type{F([Vi:=]E1, ..., [Va:=]En)} = type of the resull of function F
type{M} = bool
type{case My — Ey...endcase} = {ype{FEp}
type{case E’ in... — F}...endcase} = type{FE}}
type{if Fy then E{..} = type{L}}
type{Ey andthen E1} = bool
type{Ey orelse E1} = bool
type{let Py = Fy, ..., P, = E, in F} = ype{E}
type{Eo.Vo} = type of label Vi of type of Eq
type{ Eo {Vi:=F1,...}} = type{Fo}
type{Ey = E1} = bool
type{Ey <> E1} = bool
type{raise X} = exn
type{trap Ey handle Xy — F;... endtrap} = {lype{Ey}
type{Eo of T} = T

There are additional type-checking constraints for expressions:

(E3): In (F3), one must have:

e n must be equal with the number of parameters of C' (i.e. no currification is allowed).

e Each type{F;} must be equal to the type declared for V; formal parameter of constructor
C.

(F4): In (F4), one must have:

e n must be equal with the number of parameters of C' (i.e. no currification is allowed).

e Each type{F;} must be equal to the type of the i-th argument of constructor C'.
(E5): In (Eb), one must have:

15



e n; must be equal with the number of parameters of F; (i.e. no currification is allowed).

e Each type{E]Z:} or type{P]»i} must be equal to the type declared for V; formal parameter of
function £3.

e Each type{P;} must be equal to the result type of function Fj.
(F6)-(ET): The types checking rules are derived from type-checking rules of “eval” expression.
(F9): In a general “case” expression, one must have type{Eo} = ... = type{Fn} = type{Epni1}.
(F'10): In a usual “case” expression, one must have:

o lype{F'} = type{PZ»j} forall0 <i<pand1<j<ny

o type{Eo} = ... = type{Ep} = type{Epy1}.

(F11): In an “if” expression, one must have:
o lype{Fo} = type{FE1} = ... = lype{E,_1} = bool and
o type{Ep} = type{E1} = ... = type{ L}, }.

(F12)-(F13): In an expression of the form “Fy andthen E,” or “Ej orelse E;”, one must have
type{Eq} = type{E1} = bool.

(F14): In a “let” expression, for all ¢, one must have type{P;} = type{F;}.

(F'15): In a select expression of the form “Ey.V5” V must be a formal parameter for a constructor
of type{Ey}.

(F'16): In an update expression, for each V; the type corresponding to this formal parameter must
be equal to type{F;}.

(E17)-(F18): In an expression of the form “Fy = E,” or “Ey <> FE;”, one must have type{FEy} =
type{E1}.

(F20): In a “handle” expression, one must have type{Ey} = type{F1} = ... = type{E,}.

(E21): In a “layered” expression, one must have type{Ey} = T.

6.2.5 Instructions

The result type of a instruction I, noted type{I}, is defined as follows:

type{return F [with ..]} = iype{E}

type{eval ... in Iy} = type{lp}

type{case My — I,... endcase} = type{l,}

type{if Fy then I... endif} = type{l}}

type{let ... in Iy} = type{lp}

type{ly handle X; — I,...} = type{lp}
type{F(V1:=E1| Py, ..., Vi=E,|P,)} = tlype of the resull of function F

There are additional type-checking constraints for instructions:

16



(I1): In a “return” instruction, one must have for each ¢ type{V;} = type{E;}.
(I2): In “eval” instruction, one must have:

e n; must be equal with the number of parameters of F; (i.e. no currification is allowed).

e Each type{E]Z:} or type{P;} must be equal to the type declared for V; formal parameter of
function £3.

e Each type{P;} must be equal to the result type of function Fj.
(I3)-(I4): In a “case” instruction, one must have type{l1} = ... = type{l,} = type{Int1}.
(I5): In an “if” instruction, one must have:

o lype{Fo} = type{FE1} = ... = lype{E,_1} = bool and

o type{ls} = type{li} = ... = type{I},}.
(I6): In a “let” instruction, for all ¢, one must have type{P;} = type{F;}.
(I7): In a “handle” instruction, one must have type{lp} = type{l1} = ... = type{l, }.
(I8): In function application instruction, one must have:

e n must be equal with the number of parameters of F' (i.e. no currification is allowed).

e Each type{E;} or type{P;} must be equal to the type declared for V; formal parameter of
function F'.

7 Dynamic semantics

This section provides a formal denotational semantics for the dynamic semantics of proposed language.

The notation is summarized below:

* multiplication

ple/i]  substitution “p with & for ¢”

< ...> sequence formation

slk k-th member of the sequence s (1-based)
stk drop the first k members of the sequence s
s§t concatenation of sequences s and ¢

Its the length of sequence s

7.1 Reduced syntax

Since types are fully dealt with in the static semantics, the dynamic semantics ignore them. The
syntax presented is therefore reduced by the following transformations, for the purpose of dynamic
semantics:

«.

e All explicit type ascriptions “: 1”7 are omitted, and qualifications “of 17 are also omitted from
expressions and patterns.

e Any declaration of the form “type T is ... endtype” is replaced by the list of declaration of
corresponding constructors.

e The class of type identifiers “Typ” is omitted.

17



Declarations

D = function F({inloutV}*) is
1
| exception X
| DiDs

Patterns

P K
v
any

C(Vii=P1, .., Vii=Py[, e04])

Match expression

M FORFEI o
Miwhen F
M1 and M2

M1 or M2

Expressions

K
v
C(Vii=F1,...,Voi=Ey)
eval
[Pr:=] By (V=E}| P}, ...,V ==E}, | PL)

ey Vipg s

[Ppi=] Fp(VP:=ET|PF, .. Vi i=E5 | PE)
in Eo
| M
| case Mg — Fy...M, — F, endcase
| EW
| Eo.{‘/ﬁ:Eh...,Vn::En}
| Eo = E1
| raise X
| trap Fo handle
X1 — F1

X, — F,
endtrap
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7.1.5 Instructions

({1) I == return [E][with Vi :=F ..V, = E,]
(12) | eval
(A=) Fi(Vi':=F1 | P}, .., Vi :=E}, |PL)

[Po=] Fp(V":=E7| P, .., VT :=EF |PF)

in Io
(I13) | case Mg — Iy...M, — I, endcase
I | trap I handle
X1 — 1L
Xn — I,
endtrap
(I18) | F(Vi:=FE1|Pr, ..., Vai:=Ey|Py)

7.2 Semantics Domains
7.2.1 Simple Objects

All objects in the dynamic semantics are built from identifier domains together with the followings
simple object domains:

SVal special values
n € Nat natural numbers
b € Bool booleans
x € ExcNames exception values

Ans= { void} answers of “procedures”

ExcNamesis a infinite set. A subset BasicExcNames C ExcNamesof the exception names are bound
to predefined exceptions in the initial dynamic semantics basis. A subset of this predefined exception
would be raised by corresponding “pervasive” functions. For instance, arithmetic operations like
/, mod, ... can rise exceptions like Div, Mod, .... Another predefined exception is Match, and
is raised upon failure of pattern-matching. We consider also the predefined exception Bind which is
raised if a variable used are not bound in the corresponding environment. The exception Field is
raised when an impossible access at a field of a value is demanded.

SVal is the domains of values denoted by the special constants SCon. Each integer or real constant
denotes a value according to normal mathematical conventions.

7.3 Compound Objects

The compound objects for the dynamic semantics are shown below:
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ConVal = Con x (Var @ Val) constructed values

v € Val = SValU Nat U Bool U ConVal base values
f € TFunVal = Vexp™ — Tont — Leont function values
p € Param = (Var — (Exp U Pat))* actual parameter
vd € Vden = Val + FunVal de-notated values
ve € Vexp = ValU {void} expressed values
p € Env=(VarUFunU Exc) — (Vexp + {no_bound }) environment
6 € Deont = Env — Leons declaration continuations
7 € Peont = Env — (Teons + {FAIL}) pattern continuation
# € Meons = Env — (Teons + {FAIL}) match continuation
e € Feont = Vexp — leont expression continuations
v € leont = Env — Vexp — Env instruction continuations

The order of evaluation within call is left-to-right.

7.4 Semantic functions

The semantic functions used to expressed denotational semantics are shown below:

SCon — SVal

Decl — Env — Deont — leont

Pat — Env — Vexp — Peont — leont
Match — Env — Mecong — leont

Exp — Env — Econt — Tcont

((in x Exp) U (out x Pat))* — Env — Teons — Teont

No?emiﬁ@a

Instr — Env — Icont - ICOIlt

The definition of K is omitted because an accurate definition of K is not in scope of this paper. It
should be included in the semantics of modular language because it manipulates built-in constants.

7.4.1 Notations and functions

e wrong : ExcNames — I.ont implementation dependent.

e D? : Feont — Econt for D in Nat, Bool, SVal, ConVal, ExcNames (all domain or sub-domain
which composed Vexp). These are function testers of belonging the D domain.

D? = Xedve. if isD(ve) then e(ve) else wrong(“bad value”)

e =_:D x D — Bool for D in Nat, Bool, SVal, ConVal, ExcNames (all domain or sub-domain
which composed Vexp). These are (overloaded) functions of syntactical equality for domains of
Val. For domains such Nat, Bool, and ConVal, the equality function is predefined. For ConVal,
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“=” is syntactical equality, defined as:

vi=vy = 1if (vi|1) = (v2|1) then ;equality of constructor identifiers
if (v1]2) = (v2]2) then true
else false

else false

where we have used also the equality of maps:

f=g9 = Dom(f)=Dom(g) and Vs € Dom(f)f(a)= g(a)

f‘”lg Leont — Leont

fail? = Xy Xp.if p= FAIL then FAIL else v(p)

select : Var — Vexp — Peont; select (V)(ve)(y) extracts the value of field V' of value ve. This
field exists (it is verified at the compile time). The result value is passed to the rest of program
.

-~ Vexp — Var — Econt — Econt;

ve.V(e) = 1if isConVal(ve) then
if V ¢ Dom(()ve|2) then
wrong(“no such field”)

else ((vel2)(V))

else wrong(“no constrcuted value expression”

First, the function test if the given value is a constructed value: if not, exception Field is
raised; otherwise, it tests if the variable V' is a name for a field of ve: if not, exception Field is
raised; otherwise, the value of field is returned.

extends : Env — ({In, out} x Var)* — Vexp” — Ieont

extends(p)(fp*)(ve*)(v) = if #fp" =0 then v(p)
else
if fp*|1 =in V then
catends(pl(ve 1)/ (fp" L) (" 11)(ve"1)(2)
else ;fp*ll =out V
extends(p[no_bound/(fp" | 1)])(fp*t1)(ve* t1)(7)

This function add to environment pthe bindings of formal parameters at actual parameters. “in”

formal parameters are bound to corresponding actual parameter, “out” formal parameters are
not bound, corresponding actual parameter is ignored.
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e permute : Fun — Param — (in x Exp) U (out x Pat))* is generated at compile time for each
function.

e out : Fun — Param — (Var x Pat)* gives for each function F' its actual “out” parameters.
e match : (Var x Pat)* — Env — Peont — Peont

match(<  >)(p)(r) = =(p)
match((Vo, Po) VP*)(p)(7) = if p(Vo) = no-bound then wrong(“bad match expresion”)
e1se PlRI(p(Va) (A
if p, = FAIL then wrong(“bad match expresion”)
else match(VP*)(p & py)(x)

7.4.2 Definition of D

(D3) D[function F({injout V}*) is I](p)(6) = b(p[pr/F))
where
pr = Ave* . Ay.Ap.

if #ve* = #({inJout V}*) then
catends(p)({injout V1) (ve") A" ZUTIA (1))

else
wrong(“wrong number of arguments”)
The declaration continuation é is applied to environment which maps F' identifier to a function value.
This function value maps a command continuation v (the rest of program after call of function) and
a list of expressed values ve* to the result of v applied to the result of instruction I executed in the
static environment p enriched with the binding of actual parameters. The “in” formal parameters
are bound to actual parameters, the “out” parameters are declared in environment, but no bound.

(D5) Dllexception X]](p)(§) = &(p[no-bound/X])

An exception declaration introduces exception name in environment, but the binding of this exception
is made only in a “trap” expression or instruction.

(D6)  DI[D1D20l(p)(é) = DI[D:]I(p) Ay DI[D2]](p1)(Ar5-6(p2)))

The declaration D; is evaluated in the environment p and the result is the environment p;. Then,
Dy is evaluated in the environment p; (composition of p with the result of declaration D;) and the
result is the environment p,. Finally, the environment p, 1s passed to the continuation of program §.

7.4.3 Definition of P

(P1) PUKI(A)(ve)(r) = if ve=K[K]] then n(p)
else FAIL

If the pattern is a constant K, the value to match must be equal to his denotation (given by the
semantic function K). Otherwise, a “FAIL” result is given.

(P2) P[VI(p)(ve)(x) = if ve = void then
wrong (“bad result of function”)

else 7(p[ve/V])

If the pattern is a variable, the continuation of pattern 7 will be evaluated in the environment p[v/V],
where the variable V' is bound to value v.
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(P3) Pllany]l(p)(v)(xr) = if ve = void then
wrong (“bad result of function”)
else 7(p)

If the pattern is “any” (wildcard pattern in SML), the initial environment is not modified, and the
result 1s the continuation of calculus by =.
(P4) POV =Py, .., Vi=Py[, e« )]l(p)(ve)(x) = if isConVal(ve) and ve|l = C then
select(ve)(V1)(Aver . P[[P1]](p)(ver)
(fail? o Ap, .select(ve)(Va)(Aves. P[[P2]](py )(ve2)(

(];az'l? 0 Ap,,_;-select(ve) (Vi) (Aven P[Pr]l(py_1 ) (ven)(7)))

=)
else FAIL

For a structured pattern, one first verification is that of type of value. If the value is not of corre-
sponding constructor, the pattern fail. Otherwise, the program continues by evaluation the patterns
of parameters, one by one, in the environments build by the previously evaluated pattern. If “...” 1s

encountered, the program is continuated (7) in the result environment (p,,).

For instance, the denotation of pattern C(...) is:

(P4)  PC(s)(p)(ve)(m) = if z'sC(En)Val(Ve) and ve|l = C then FAIL
else 7(p

7.4.4 Definition of M

(M1) M[[E = P(o)(n) = E(E)(p)wve.P{P(p)(ve) (fail? 0 Ap'.u(p')))

The expression F is evaluated in the environment p, and the content of result value is passed to
evaluate the the pattern P. The environment result of this evaluation is passed to the continuation
of match expression.
(M2)  M[[Miwhen El(p)(n) = MM fail? o EEA) Owe.
if isBool(ve) then
if b then u(p')
else FAIL

else wrong(“non-boolean argument of guard”)

The match expression M; is evaluated in the environment p and then, if not “FAIL” result, the
expression F is evaluated in the result environment p’. If the right value of result of E evaluation is
a boolean value and is “true”, then the rest of program continues in the environment p’. Otherwise,
the result is “FAIL”.
(M3) MM and MLTI(p)(0) = MIDALTI(p) AP fail?o
MM (p) (A Jail 7o
if p'Np" # @ then wrong(“non-disjunct matches”)
else u(pl’ @ p"])))

The match expression M is evaluated in the environment p and the result is the environment p’ or
“FAIL”. If “FAIL” does not result, the match expression M is evaluated in the same environment p,
and gives environment p’’ or “FAIL” as result. If “FAIL” does not result, we verify that environments
p' and p” are not common elements, and the program is continued in the environment p[p’ @ p"'] (“®”
is the disjunct union)
(M4a)  M[[My or M]l(p)(p) = MIM]l(p)(Ae".
if p' # FAIL then u(p[p'])
else M[[M:]l(p)(n)
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The match expression M; is evaluated in the environment p and the result is the environment p’ or
“FAIL”. If “FAIL” does not result, the program is continuated in the composed environment p[p'].
Otherwise, the result program is the evaluation of match expression Ms in the initial environment p.

7.4.5 Definition of £

(£1)  £[K]l(p(e) = <(K[K])
A constant expression is evaluated by K at its denotation and the result value passed to the continua-
tion of program. The constant exceptions which can be raised by predefined (“pervasive”) operations
are also treat by K.

(E2) E[[VN(p)(e) = 1if p(V) = no_bound then wrong(“unbound variable”)
else ¢(p(V))

A variable has as denotation its binding value (an expressed value) in the environment p.
(£3) E[(C(Vi=Er, o, Vai=En))(p)(e) = EE]I(p)(Aver.

E[[ER]](p)(Aven.
e((C,{Vi — veq, ..., Vi = ven})))

The value is build by the constructor and the evaluation of all expressions given as parameters. The
evaluation of parameters is left-to-right.

For instance, a constant constructor is evaluated as follows:

(E3")  E[CONp)e) = (¢, &)
(E5) &[[eval
[Pi:=] Fy (Vi:=EL| P}, . V]l :==EL |PL)
[Pyi=] Fy(VEs=EY|PE, ., VE == EZ, | PL,)
in El(0)(¢) =
IR (V' =EL| P V) =B [P )] (p)(Apy ver.
[PI[P]](p)(Apy.if py = FAIL then wrong (“wrong match expression”) else]

TUF (V= B2 PY, o VE = B, |PE)]](0) Apven.
P 111 » pliny n
[PIP(p)(Apl,.if pl, = FAIL then wrong (“wrong match expression”) else ]

EMlE]l(ploy [BP1] @ - © p, [Be 1D ()D])---DI)
Fach function application is evaluated (as a instruction) an the result (a value and an environment)
1s passes to a pattern evaluation, if the pattern P; is indicated, or it simple pass to evaluate another
function application. The expression Fjy is evaluated in the environment which is composition of
initial environment and the disjunct union of each environment resulted by evaluation of function
application (and pattern P; if exists).

(E8) E[[Ml(p)(e) = MM](p)(Ap'.if p' = FAIL then e(falscelse e(true)

The match expression M 1s evaluated in the context p and if i1t fails, the result is the continuation of
program with boolean value false, otherwise, the result is the continuation of program with boolean
value true.

(E9) &[[case My — Eo...M, — En]l(p)(e) = M[[Mo]]l(p)(Apy-if py # FAIL then E[[Eo]l(plpo])(e) else

M[[Mn]](p)(kpwif po # FAIL then E[[E,]](plp,])(e)

else wrong(“wrong match expression”))...)
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The match expression M; is evaluated in the initial environment p. If it does not fails, expression Ej
is evaluated in the composed environment p[p;]. Otherwise, the match expression M;;1 (if exists) is
evaluated. Finally, if all match expressions fail, Match exception is raised.

(E15) E[EVL(p)(e) = E[EN(p)(Ave.if isConVal(ve) then ve.Vy(e)

else wrong(“non constructed value expression” )

The expression F is evaluated in the initial environment and the result expressed value is tested for

belonging to domain of constructed values, ConVal. If the test is true, operator “_.” is applied,
otherwise, exception Field is raised.
(E16) E[[Eo.{Vii=Enr, .., Vi:=El(p)(e) = E[[Eo]l(p)(Aves. veg.Vi o Aves.

veo.Vy, 0 Ave,.

5[[E1]](p[V1 — ver]...[Vi = ven])(Avel.

[[En] (p[Vi = ver]...[Vi = ven])(Avel,.
(S(V?l ), (veol2) + {Vi — vel, ..., Vi = vel})))

First, expression Fy is evaluated and after this their components V1, ...,V are selected (exceptions
may be raised here). Expressions Fy,...F, are evaluated sequentially in the environment obtained by
definition of variables Vi, ..., V, having as bindings the correspondent expression in value veg. If all
evaluations are finish successfully, a new value, obtained from vey and replacing old values of field V;
with correspondent expression ve}, is passed to continuation of expression .

(E17)  E[[Eo = Er]l(p)(e) = E[[Eo]](p)(Aveo.
E[[EL]](p)(Aver.if veg = ver then e(true) else e(false)

Both values Fy and E; are evaluated (sequentially) in the initial environment p, and their values
are compared (syntactically, the type comparison was made at compile time); the continuation of
evaluation ¢ receives the boolean value of result.
(E19) &[[raise X]](p)(e) = 1if p(X) = no_bound then wrong(“undeclared exception X”)
else p(X)(< >)(e(void))(p)

If exception X was not declared, an exception of type “undeclared exception” is raised, otherwise the
program returns with the continuation of exception X given by function p(X) which has insignificant
parameters. Predefined expressions must be initialized in the initial environment.

(E20) &[[trap Eo handle X; — Ey.. X, — En]l(p)(e) = E[[Eoll(plexr/X1]...[ezn/Xn])(Aves.e(veo))
where
ex; = Ave" Ay \p.

if #ve® =0 then £[[E:]](p)(e)

else wrong(“wrong number of arguments”)

A “trap” expression binds handled exceptions with functions which treat them, and after this evalu-
ates expression Ey. Function ez; bound to exception X; has no parameters, evaluates expression F;
in the initial environment p, and continues initial expression evaluation .

7.4.6 Definition of 7

(I1)  ZI[[return [E][with Vi := E1,...,V, = EJl(p)(v) = [E[[EN(p)(Ave]
E[E]](p)(Aver.

ELLEN(p) Aven]
Y( BI{V2 — ver, ..., Vi — ven}])(void|ve)
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If E is specified it is evaluated in the initial environment at ve, otherwise, the value returned is void.
If “with” clause exists, expressions F; are evaluated sequentially, and result values are bound to
corresponding V; variable; otherwise, the result environment is empty. Finally, program ~ continues
with parameters the result environment and the result value.
(I2) ZI[[eval
[Pr:=] Fy(Vi's=E1|PL, .. Vi :=EL |PL)
[Ppi=] Fp(V/:=EV|PF, ..., Vi =L, |P5p)
in Lol)(p)(7) =
IIE (V=B P, o Vi e= L |PA)](0) (g ver
[PI[P]](p)(Apy.if p} = FAIL then wrong (“wrong match expression”) else]

CI[E, (V=B P, Vi =B | PE )N () (Mg ven.
[PIP(p)(Apl,.if pl, = FAIL then wrong (“wrong match expression”) else ]
Ioe]l(plor[@p1] & - & PRl ()D])--DI)

Fach function application is evaluated (as a instruction) and the result (a value and an environment)
is passes to a pattern evaluation (if P; is indicated) and then it pass to evaluate another function
application. The instruction I is evaluated in the environment which is composition of initial envi-
ronment and the disjunct union of each environment resulted by evaluation of function application
(and pattern P; if exists).

(I3) ZI[[case Mg — Io.. My, — L]l(p)(v) = M[[Ml(p)(Apy.if py # FAIL then Z[[Lo]](plpo])(y) else

MIMAJ)(0) (Mo, it po # FAIL then Z{[L]](plp,])(7)

else wrong(“wrong match instruction”))...)

The match expression M; is evaluated in the initial environment p. If it does not fails, instruction I;
is evaluated in the composed environment p[p;]. Otherwise, the match expression M;;1 (if exists) is
evaluated. Finally, if all match expressions fail, Match exception is raised.

(17)  Elltrap To handle X; — Ir..Xo — LI(p)() = T[]} (plews/ XL [ewn/ XoJ) (Aveo e(veo))
where
ex; = Ave" Ay \p.

if #ve* =0 then I[[L]](p)(v)

else wrong(“wrong number of arguments”)
A “trap” instruction binds handled exceptions with functions which treat them, and after this eval-
uates instruction Ip. Function ex; bound to exception X; has no parameters, evaluates instruction I;
in the initial environment p, and continues initial instruction evaluation 7.

(I8) I[[F(Vii=Er|Pr, ..., Vai=En|Pa)]l(p)(v) = 5*((p)ermute(F)((V1,E1|P1),...,(Vn,En|Pn)))
p
(Ave*.p(F)(ve¥)
(Ap" Ave.match(p')
(out(F)(Vi:=E1| Py, ..., Vii=EL| Pyp))
(26" (ve))

Actual parameters of F' are permuted such as the order correspond to these of declaration of function,
and evaluated by £* in the initial environment p. The result is a sequence of expressed values (values
corresponding to “out” parameters are void), which is passed to function bind in the environment
p to symbol F' (this function exists, it was checked at compile time). The continuation of function
evaluation receive as result an environment p’ (where all “out” parameters are bound to expressed
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values), and a value ve (which could be void). Finally, all patterns corresponding to “out” parameters
are evaluated by function match and the result of this evaluation is the environment p”, which is
passed with value ve to the remainder program ~.

7.4.7 Definition of &*

£ (1) = A< >)
&*{fin Eo ap*T)(p)(7) E[LEN)(p) (Mveo £ lap (o) (Ave* (< veo > § ve™)
flout Po apl(p)(7) = & Tlap(p)(Ave* A(< void > § ve*))

An “in” actual parameter determines the evaluation of corresponding expression, and after evaluation
of the remainder list of parameters ap*, 1t is added in the front of list. An “out” parameter implies
the evaluation of the remainder list of parameters ap*, and the concatenation of value void.
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A Static Semantics — Formal Definition

Note: The attribute grammar presented here is incomplete: we have compressed the passes to solve
overloading of operators. This passes are largely presented in [BH88] for LoTos, and they are the
same for our attribute grammar.

A.1 Notations

When A and B denotes sets, A @ B denotes the set of finite maps (partial functions with finite
domain) from A4 to B.

The domain and range of a finite map, f, are denoted Dom(f) (for instance, A) and Ran(f) (for
instance, B). A finite map will often be written explicitly in the form {a; — by, -+, ap — by}, k > 0;
in particular, the empty map is {}. The undefined value for partial application is denoted by L.

When the range of a partial map is the set of sub set of a domain, A @ P(B) denotes set finite maps
from A to B.

When f and g¢ are finite maps (or set-finite maps) we define:

e the map (or set-finite map) f @ ¢ with domain Dom(f) U Dom(g) and values:

Fonw={ 1) L IW=ter=9)

g(z) otherwise

This operator is called usually f modified by g.

e the map (or set-finite map) f @ ¢ with domain Dom(f) U Dom(g) and values:

R e

. gz if r) = or f(z) =

VOO =1 (fayuge) it glo)nflz) = @)
error otherwise

This operator is called usually disjunct composition of f and g¢.

e the map (or set-finite map) f @ ¢ with domain Dom(f) U Dom(g) and values:

AR R
_ glr 1 r) = or ) =
T =19 F it g(e) = ()

error otherwise

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

e the map (or set-finite map) f&{ay, ..., an} where {a,...,an} C Dom(f), with domain Dom(f)\
{ay, ...,a,} and values:

<f@{a1,...,an}><x>:{f<x> it xf {ar, a0}

1 otherwise

this operator is usually called restriction of domain of f.
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A.2 Attributes, environments and semantic actions
A.2.1 Attribute of types

In the abstract grammar, 7' represents the identifier associated with this type. We give for each type
a unique name and informations concerning its renaming. In this aim, for each type 7' occuring in
the program we associate an attribute binding, defined as binding[T] = (uid, ren) where:

e uid i1s a unique identifier;
e ren may have two values:

— ren = T" if type T renames type 1";
— ren = no_ren if type T don’t renames any type.

In the aim to introduce built-in type (and also allows special constants use), we define the object
Type = type(SCon) U Typ which contains all possibles names of types.

A.2.2 Environment 7
We define the type environment 7 as a finite map from the set of type occurring to a set of “bindings”:

T € TyEnv = Type @ (Nat x (Type U no_ren))U L

T[T] have as value binding[T] if the type T is defined in environment 7, and L if type T is not
defined in 7.

The @ operator over finite maps 1s used to verify that type environments are nor overlapped.

A.2.3 Semantic actions for types

Semantic actions used are:

o user(T,7): this action arises error if the type was not declared; otherwise, it defines the binding
of T.
if T[T] =L then
error: undeclared type T
user (T,7) = binding[T] = (L, 1)
else
binding[T| = T[T
Note: if an error is arisen, we bind the type at L binding. This allows the continuation of
calculus besides this erroneous binding.
A notation is used:
user(T1,7)
user(Th, ... Tp, T) =<4 ...
user(T,,7T)

o defp(T, ren): this action returns an environment 7 containing only the type 7.

T[T] = new_bindingr (ren)

defp (T, ren) = T wh{ and YI' £ T T[T'] =1

where new_bindingr(ren) returns the type binding having a new number for uid field, and ren

for ren field.
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A.2.4 Environment V

We define variables environment V as a finite (partial) application from domain of variable identifiers
to Type:

V € VarEnv = Var fin Type

V[V] has as value the type identifier of type of variable V.

Operators @, ¢, and & are used for composition of variable environments.

A.2.5 Semantic action for variables

Semantic action used is usey (V, V) this action arises error if the variable was not declared; otherwise,
it return the type of V.

if V[V] =1 then
usey (V,V) = error: undeclared variable V

else V[V]

A notation 1s used:
usey (V1,V)
usey (Vi, .., Vo, V) =< ..
usey (Vip, V)

A.2.6 Environment X

We define exceptions environment A’ as a finite (partial) application from domain of exception iden-
tifiers to Type:

X € ExcEnv = Exc ﬁ—I>1 Type

For all X, X[X] has as value the exn type identifier.

A.2.7 Semantic action for exceptions

Semantic action used is useg(X, X') this action arises error if the exception F not declared; otherwise,
it return the type of X.

if X[X] =L then
usep(X,X) = error: undeclared exception X
else exn

A notation is used:
usep(Xy, X)
usep(X1,..., Xp, &)=< ...
usep(X,, X)

A.2.8 Attribute for functions and constructors

In the following, we use the term operation to denote functions or constructors.

An operation occurrence has a correlated tuple (FormalP, Res, Exc, Pos, IsC') where:

30



FormalP is the (ordered) list of field names and field types; it is an element of Nat ﬁ—I>1 VarEnv;

e OutP is the set of “out” formal parameters; 1t is an element of VarEnv;

Res is the type of result; it is an element of Type;

FEzc 1s the list of exceptions raised; it is an element of ExcEnv.
e Pos may have two values infized or prefized; this values is given by syntactical analyze.

e [sC is a boolean value; if IsC' = true then the operation is a constructor, otherwise is a function.

In conclusion, the type of attribute associated with an operation is:
OpType = (Nat @ VarEnv) x VarEnv x (Type Uvoid) x ExcEnv x {infized, prefized} x bool

Each use-occurrence of an operation may have a lot of attribute tuples because overloading of oper-
ations is allowed. The unique tuple corresponding at an operation O is noted binding[O].

A.2.9 Environment F

We define the environment of operations (functions and constructors) F as a finite set map from the
set of occurences of operations to the multi set of attributes of operations (type of operations):

F € OpEnv = (Con U Fun) fin P(OpType)

F[O] has as value the set of tuples corresponding to O in the environment F. F[0O] = L if operation
O is not defined in F.

The operator @ over set-finite maps is used to verify that operation environments are not overlapped.
The operations used over the enviroinment F are:

e The operation constructor extracts for a given type 7, from an environment OpEnv, the
environment of constructors of type 7"

constructors : Type x OpEnv — OpEnv

defined as:

F'[C] = {bind|bind € F[C]
constructors(7T, F) = F' where A bind. R=T
A bind . IsC = true}

e The renaming of profile of operations, noted p, is the morphism extension of the renaming map:

p:Typ — Type

The definition of p is:
~ fin fin
p: Nat — VarEnv — Nat — VarEnv

Hi—{Vi—=T,.. V=T ) ={i—{Vi — p(Th), ... Vo — p(Th)}}
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e The operator select_binding returns the type environment of fields having a given name:
select binding : P(OpType) x Var x TyEnv x bool — TyEnv

T eT it Fbind € bindings. bind. IsC = C
A((V,T) € Ran(bind.FormalP)
Vbind.V =T
VT = @)

select binding(bindings,V,7,C) = T where

e The operator select result returns the type environment of results:
select result : P(OpType) — TyEnv

select _result(bindings) = T where { T €T iff bind € bindings. bind.Res =T

A.2.10 Semantic actions for operations

Semantic actions use are:

o usep(O, F): this action arises error if the operation was not declared; otherwise, it binds the
operation O with the set of its overloading F[O].

if F[O]=L1 then
error: undeclared operation O
else

bind operation O with F[O]

userp(0,F) =

Note: if an error is arisen, we bind the type at “L” binding. This allows the continuation of
calculus besides this erroneous binding.

A notation 1s used:

usep (01, F)
usep(0q,...,0n, F) =< ...
usep(Opn, F)

o defr(O,FP,OP, E, R, Pos, IsC): this action returns an environment F containing only the
operation O and his binding.

if number of arguments # 2 and Pos = infized then

error: bad position

defp(O, FP,OP, E,R, P, C) = F where FlO]=L

else F[O] = {new_bindingr(FP,OP, E, R, Pos, IsC)}

VYO'#T F[O]=1
where new_bindingr (FP, OP,E, R, P, C) returns a 6-uple of type OpType which fields are
initialized respectively with FP, OP, F, R, P, C.
A.2.11 Environment £

We define the global environment £ as a tuple of types environment (field noted TFE), variables
environment (field noted VE), exceptions environment (filed noted EFE), operations environment
(filed noted FE):

&€ € Env = TyEnv x VarEnv x ExcEnv x OpnEnv
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The selector of a filed of this tuple is noted, for instance £. VE, and a injection function is used, for
example the global environment formed by a variable environment V is ( @,V, @, @).

The operation @ g is defined by:

EdpE =(ETOET EVHEVEXDE X EFDE T

A.3 Attributed grammar (1) type binding

A.3.1 Declarations

(D1) D& TE == typeTis T endtype
user(T',E.TE)
p(T')=T
T' = £.TE @ defr(T,T")
& =E{TE = T")

(D2) | type T'is
T' = defr(T, no_ren)
T'"=T +70&.TE

Ci(Vi T, ., Vit o T
{ user (T}, ..., T,il, 7"

endtype

{ & =¢{TE=T"}
(D3) |  function F([in|out]Vs : T, ..., [in | out]V, : T)[ : T
[raises X1,..., Xp] is
{ user(Th,...,Tn[, T),£.TE)
11¢
endfunc
(D6) | DilETE"D L E"TE

A.3.2 Patterns

(P1) P& == K
{ user(type{K'},£.TE)
(P2) | VT
{ user(T,£.TE)
(P3) | any T
{ user(T,£.TE)
(P4) |  C(Vii=P L&, Vi=Pr | &, ese])
(P6) P& == PylEofT
{ user(T, &)

A.3.3 Expressions

(BEl) E|€ == K
{ user(type{K},£.TF)

(E21) |  Eoof T
{ user(T,£.TE)
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A.4 Attributed grammar (2) variable and exception binding

A.4.1 Declarations

(D2) D& TE == typeTis
Ci(Vi T, Vi T ‘ ‘
{vi=(V' =TI} ..a{V, — Th}

endtype
{v=vio..0V
(D3) |  function F([in|out]Vs : T, ..., [in | out]V, : T)[ : T
[raises X1,..., Xp] is
Viel.n inVi: T, Vid=A{Vi— T}
Viel.n outVi:T; Vou®={Vi— T;}
V"= Vin & Vou
useg(Xy,...,Xp, £.EE)
X' ={Xi—exn}®..PH {X, — exn}
£" = £E{VE := Vi, EE := X"}
IE" Vour
endfunc
(D5) | exception X
XY =X B {X — exn}
& =EX = X"

A.4.2 Patterns

(P1) PlETY u= K
{v=¢
(P2) | VT
{v={Vv~T1}
(P3) | any T
{v=¢
(P4) | C(Vii=Py LET Vi, Vii=Py L £1 V[, e0))
{v=via.av,
(P6) | P lETV of T
{v=V
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A.4.3 Expressions

(E2) FE|E&E =V
{ usev(V,£.VE)
(E5) eval
[P €T V=] B (Vis=EL | E|PL L ETVE, ., Vi =EL E|PL L ET VL)
{Vi=veVia.. eV,

[(Pp | &1 Vi:=] Fp(VPi=EY | E|PY L ETVY, .. VI =EL | E|PE L ETVE,)
VP = V]V @ VL,
E=E{VE=VEQV'..pVr}

in B | &
(E8) | MlETYV
(E9) | case

Mo | ETVo— Eo | &0
{ €0=E{VE=VEQVo}

Mol €1 Vn — Eu | £,
{ €n=E{VE=VEQV,}

endcase
(E15) | El&EW
(E£16) |  Eol E{Vii=E | & Vii=E, | £}
{ &=¢c0({Vi— type{Vi}} & ..{V0 & type{Vn}})
(E17) |  Fo& = ErE
(E19) | raise X
{ usen(X,£.EE)
(E20) | trap E; | £ handle
X1 —=F | &
{ usen(X:1,£.EE)
Xn—FEnl|é&
{ usen(X,, £.EE)
endtrap
(£21) | Eol&of T
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A.4.4 Instructions

(I1) T1E1V == return [E | €][with Vi := By | £, .., Vs := By | &]
{ V={Vi — type{F1}} ® ... ® {Ve, — type{Er}}
(12) | eval
[Py ] &1 Vii=] B (Vis=EL | £|PY | £V, . Vi s=EL £|PL | £1 VL)
{Vi=vsVie..eV,

[Py | €1 V=] Fp(VEi=EY | E|PP L ET VY, VE=EL | EIPE L ETVE)

{ V=V & .. @V,
E'=E{VE=VEQV'. ¢V}
in L&'V’
{v=V
(I13) | case

Mo | ET Vo —1Io | E TV

{ €0=E{VE=VEQVo}

My | ET V=10 ] En

{ €n=E{VE=VEQV,}

endcase
{v=voo.V,

endcase

I | trap [o€Vo handle

X1 — LEWV
{ usen(X1,£.EE)

Xn — 1,8V,
{ usen(Xn,£.EE)
endtrap
{v=vio.ov,
(I8) |  F(Vii=Ei [P ETVr, o, Vir=Ey | E|Pa | 1 V0)
{v=via.av,

A.5 Attributed grammar (3) typing

For typing an function binding, two traverse are needed:

e an descendant one to bind use-occurrences of functions;

e a ascendant one to bind occurrences of functions and to calculate the set of possible type for
expressions.
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A.5.1 Declarations

(D1y D& TE == typeTis T endtype
{ F' = E.FE & p(constructor(1’, £.FEq))
&' = E{FE =F')
(D2) | type T'is
Cy(Vi T, Vi T
{ Fi=defr(Ci,{j — (V] — T})|j € 1.}, @,T, pos,, true)

endtype
Fl'=F1®.6F,EF
E'=E{FE=F"}
(D3) |  function F([in|out]Vs : T, ..., [in | out]V, : T)[ : T
[raises X1,..., Xp] is
F' =EFddefr(F{i— (Vi—T) |1 € 1l.n}, Vour, X", T, pos, false)
E"=E{FE :=F'}
11"\ T17T
{ [if T ¢ T then type error]
if void ¢ T then type error

endfunc
A.5.2 Patterns
(P1) PlETT == K
{ T ={type{K}}
(P2) | v:T
{ T={1}
(P3) | any T
{ T={1}
(P4) | CVii=Pi | ET T,y Vai=Pr | E1 Tl e0e])

binding[C) = user(C,E.FF)
bind = select binding(binding[C], V1, T1, true)n

select binding(binding[C], V,, T, true)
T = select_result(bind)
(P6) Pyl ETToof T
if T ¢ Ty then type error
T=AT}

A.5.3 Match expressions

(M1) M|€& == E|E|TTI T2 PlELT T
if 7TN7T' = & then type error
{ if |[7N7T'| > 1 then ambiguous expression
T=TnT
(M2) | M| Ewhen F | £ | booll T
{ if bool ¢ 7 then type error
(M3) | M| €& and M, | €
(M4) | Mi|Eor My | &
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A.5.4 Expressions
(El) BElE|TIT == K

{ T = {type{K}}
if type{K} # T then type error
(E2) | VvV
T = usev(V,£.VE)
if T ¢ T then type error
(E3) | C(ViimEL | E LT 1 Ta, o Vii=En L E L TLT 0 1)
binding[C] = user(C,E.FF)
bind = select_binding(binding[C], V1, T, true)n

select binding(bindC,V,,, Ty, true)
T = select result(bind)
bind = select_binding(binding[C], Res, T')
if bind = @ then type error
T{ = bind. FormalP (V1)

T}, = bind. FormalP(V,)

(E5) | eval

[Pl €1 Ti=] F(Vi=Ey | E VTP L ET Ty, Vai=Ey, LELTL P LETTS)
binding[F;] = user(F;, £.FE) o
bind = select binding(binding[F;],Vi', T1, false)n

select binding(binding[F;], V,il, Ti” ,false)
7T; = select_result(bind)
if 7:NT; = ¢ then type error
if |7:N7T}| > 1 then ambiguous expression

inFEy |E1ToTTo

T="7
T =T
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(£8)

(£9)

(E15)

(E16)

(E17)

(E20)

(B21)

M| E
{ 7 = {bool}
case
Mg |E—=FE [ELT 1TTo

My |E—=FE, | ELT 1Tn
endcase
T=ToN..NT,
{ if 7 = @ then type error
T =T
EE|T 1To Vo
bind = select binding(Ran(£.FE), Vo, @, true)
{ if bind = @ then type error
T' = select result(select binding(bind, Vo, T, true))
FEo | T To{Vie=ErE LTI T T1, oy Vi =ERE | T, T T}
bind = select binding(Ran(£.FE), V1, T, true)n

select binding(Ran(£.FE), V,, Ty, true)
if bind = @ then type error
T = select_result(bind)
bind = select_binding(bind, Res, T)
=T
T{ = select binding(bind, V1, @, true)

T, = select_type(bind, V,, @,true)
Eong/TTo = E1ng/TT1

7 = {bool}

if ToNT1 =@ then error type

if |ToN 71| >1 then ambiguous type

T'=ToNT;
trap Eo& | T' T To handle

X1 =BT 1T

Xn —=E8 1T 1Tn
endtrap
T=ToNnT1U..UT,
{ if 7 = @ then error type
T =T
EoE | T 1 To of TV
it 7" &€ To then error type
{ if T #T then error type
=T
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A.5.5 Instructions

(I1) I1E1T1T == return[E € | T [ T [with Vi := By | £ | Ty | Ta,eosVio i= B | € | Tn 1 Tl
T = [T'{void}
T =T
T = £.VE(W)
T, = £ VE(Va)
(12) | eval

[P €1 TI=) Fu(Vis=Ey | € | T\PLLEN TS, Vii= B, | € L T8 |Ph, L €1 Th))
binding[F;] = usep(F;, £.FE) o
bind = select binding(binding[F;], V', T1, false)n

select binding(binding[F], V,fl , Ti” ,false)
T; = select_result(bind)
if 7/NT; = ¢ then type error
if |7:NTi| > 1 then ambiguous expression

inlh|&]|Th 17
{7:70
To =T
(I13) | case
Mol &—1To | E]T 1 To

My |E—=T, 1 ELT 1Tn
endcase
T=ToNn..NT,
{ if 7 = @ then type error
T =T
I | trap I, handle
X1 —=LE|LT 1T

Xo—=1LE1T TTn
endtrap
T=ToNT1U..UT,
{ if 7 = @ then error type
T =T
(I18) | FVii=E [ E|LTPLET T, .., Vai=En | E | Th|Pa L €1 T0)
binding[F) = user(F,E.FE)
bind = select binding(binding[F;], V1, 71, false)n

select binding(binding[F],V,, T », false)
T = select_result(bind)
bind = select binding(bind, Res, T)
Ty = select binding(bind, V1, ¢, false)

T, = select binding(bind, V,, @, false)
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