CHAPTER 7

PASCAL

This chapter again provides a VDM definition of an actual programming
language. In some senses this definition of standard Pascal is very re-
vealing. The sheer length of the definition in comparison to that of
ALGOL 60 requires some comment. The type definition facility in Pascal
accounts for much of the length of the static semantics. But in many
cases (e.g. variant records) one is forced to the conclusion that fea~
tures of the language do not always Ffit together in a natural way. The
language is, however, held in very high regard especially for teaching
purposes. The resolution of this apparent contradiction appears to be
that simple programs normally function in a “"natural" way but that the
combination of language features often leads to complexity. The text ex-—
plains the models of those language concepts not discussed in chapter 4
and makes more detailed comments on the language. The chapter provides
an example of how a formal definition can be used to study and criticize

a language.
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7.1 INTRODUCTION

This chapter is an attempt to give a complete, formal definition of the
Pascal programming language. Until recently, the "official® definition
of Pascal was the "grey book" [Jensen 75a]. This definition is incomplete
in that much of the fine detail of the language is undefined because the
document attempts to be both a tutorial introduction and a definition.
In 1979 it was proposed that Pascal should Dbe officially standardized,
and a BSI (British Standards Institute) document has been published to
this effect. The standard goes a long way towards removing ambiguities
and lack of rigor of the grey book, but being written in English, it

still leaves some questions unanswered.

Several formal definitions of Pascal exist [Hoare 73d, Tennent 80a], but
these do not address the complete language as defined in the BST stand-
ard. The definition that follows covers all of the Pascal language, in-

cluding conformant arrays and variant records.

The main difference between Pascal and the simple programming language
in Chapter 4 is the addition of declared data-types and records. Both ex-
tensions are large, but can easily be handled, though there are some prob-
lems with Pascal variant records. There are also several other smaller
extensions which need to be considered, but these do not fundamentally

change the approach to the formal definition of a programming language.

One of the first major decisions to be made is the form of the abstract
syntax. This definition has chosen to use one which is fairly close to
the concrete syntax of Pascal. This has the advantage of making the
relationship between the two more obvious: it also also has several dis-

advantages which will be discussed below.

Each additional tool which is necessary for the definition will be intro-

duced under an appropriate heading.

7.1.1 Comments on Static Semantics

Static Environment

The static environment contains all global information necessary to prove
harmony between the declaration and the context of an applied occurence

of an identifier. Therefore the static environment contains the declara-
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some restrictions of Pascal require extra information to be present. For
example, the control variable of a for loop must be declared in the block
in which it used, and it cannot be passed by reference. This extra in-
formation is collected in components of the static environment, the se~

lector names of which are suffixed by ~info.

According to the different needs, the static environment is not simply a
map, but a tuple of maps and sets. To facilitate mental a grasp of con-
text condition formulas, access to the static environment ig modelled by
sets of functions: in-X(id)p and out-X(id)p. in-X(id)p checks for the oc-
currence of 4d in the X-component of the static environment 0.

out-X(id)p yields the value of 4d in the X-component of ;.

Entering a new Scope, local information is added to the static environ-
ment by the set of functions merge-X(°)p. According to the visibility
rules, however, ali information redefined in the inner scope must first
be eliminataed by the function erase.

Type Concept

relating them, or on them being the same required type or constructed
type and kon their structural equality. Depending on the context, type
evaluation of components requires either the name or the structure of
the type. Functions vielding the name of a type are prefixed by T (for
type), and functions vielding the structure are prefixed §7 (for new
type). For example:

type 4 = array ... ;
tage B = 4;

var (¢ : B;

The type name evaluation of the component (¢ gives the type name B.

The new type evaluation of ¢ gives array o.. .

Some expressions do not posses a type name. Their type is either a re-
quired type (Real, Integenr, Boolean, Char) or a constructed type (a
type constructed by the ‘string' or ‘set:® constructor or the ‘nii’

type). The constructed types are the main cause of complexity in the
formulae below.




PASCAL 179

7.1.2 Comments on Dynamic Semantics

Passing Information to the Program

The Pascal Standard does not define how actual parameters are associated
with the formal parameters of a program. The actual parameters could be
passed by value, by reference, or by some other parameter-passing mech-
anism. This definition uses a value-result type mechanism; the actual
parameters are described as a map from identifier into values, and re-
sults are returned by the same map. Providing that no side-effects oc-
cur while the program is ruuning (e.g. the passing mechanism is by ref-
erence, and the operating system causes a change in an argument loca-

tion) the value-result model is adequate.

Environments

The Block-environment is made up of three components, the type environ-
ment, the (static) environment, and the active identifier set., It con-
tains all the information necessary for the declaration of identifiers,
and the association of identifiers with their meaning. Type identifiers
can be distinguished syntactically; all other identifiers can only have
interpretations associated with them if it is known how they were de-
clared. It is, in general, impossible to determine the meaning from the
context of an identifier within a block. The type environment is used
to map type identifiers into the associated type information. The static
environment maps all other identifiers as appropriate: variables to their

denotations, constants to their values.

The decision was made to represent Pascal programs by an abstract syntax
very similar to the concrete syntax. Information that could have been as~
sociated with a node of the abstract syntax tree is in one of the maps
of the Block-environment. Associating type information with the appro-
priate node of the program representation would remove the need for the
type environment, and also remove some elements from the domain of the
static environment, but at the expense of a more complicated abstract
syntax. With the current choice of abstract syntax, the well-formed

conditions can be more easily related to the semantic checking part of a

conmpiler.

As type definitions have scope rules which are identical to the rules for

variables, it is necessary that dynamically allocated storage (storage
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obtained by the procedure new, and buffers) should use the correct envi-
ronment. Because of this requirement, pointers and buffers have type and
static environment information associated with them.

The e-aid component is used as in the simple language of Chapter 4,
Hops and Jumps and Goto's

The use of goto is heavily restricted in Pascal. Tt is only permissible
to jump out of programming constructs. Tf the target of the goto is out
of a procedure, the target statement must not be contained within any

other statement of the procedure containing the target. These restric-

ism, cue-i-statement-list is used to pick up the interpretation fron
the target statement. For a local goto, it is Jjust necessary to "guard"
the interpretation of a flow-of-control structure with a tixe statement
whose domain is all +he "immediate" labels. Again cue~i-statement-1igt

can be used to pick-up the interpretation from the correct point (see
chapter 5 or 6).

Records

Records which do not contain variant components are easily modelled. For
example the record:

var r: record a: At; b: Bt; e: Ct end;
is modelled in the environment map by a component:

cve, P Law loca,b Loeh,c loce], ...
The storage mapping will map loca,loeb, and lLoece into values. An access
to a location, for example r.a, is given by env(r)(a). The semantics of
the with statement are defined by overwriting the current environment map
with the range element of enp corresponding to the identifier of the with

statement. For example with p do ... will change the environment:

nenv = env + env(p)
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Within the statement part of the with statement, the updated environment

is used. A reference to the variable a will deliver the location Loeq.

1f variant records are to be modelled, an extra complication occurs. Con-

sider the following Pascal program fragments:

var r: record

a: Int;
case b: Colour of
red: (w: Int);
yellow: (x: Char; y: Int);
green: (z: Real)
end;
r.b = red;
r.w = 4;
r.b = green;
After the first assignment the integer location w is active - an integer
value can be assigned to it. The other two locations corresponding to

x, Y, and z cannot be referenced. After the assignment of the value
green to r.b, the value in the integer location, r.w is lost (and also,
perhaps, the location). The real location corresponding to r.z now be-
comes active (and useable) but the value contained within it is undef-
ined. A reference to the 1location r.w is now illegal, the location
has "vanished". A valid implementation could be to allocate storage
for a component of a variant record that became active, and free the
storage of a component that becomes inactive. This may cause a different
integer location to be allocated for w when, in the above example, the
tag location is reset to the value red. This is not what happens in
most implementations of Pascal. (Unlike PL/I, there is no way of detect-
ing the address of a location in a variant record in Pascal, as there

does not exist a function to exextract the address of a location.)

If the full implications are considered, the following problem occurs.
The environment map associates an identifier with its location and,
within a procedure, should be static - constructed on procedure entry,
and remaining unchanged until procedure exit. TIf the environment is to
deal with variant records, it must model the (possible) allocation and

de-allocation of storage within a variant record, and this violates the
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static nature of the environment map within a procedure. (The environ-
ment should be "read-only": the state is designed to contain "change-

able” information.)

allocated all the storage of a variant record and re-used that storage as
necessary. An implementation that wanted to allocate and free variant re-
cord storage as required (for space reasons, perhaps) would need to show
that this equivalent to one which re-used storage; this may be difficult,
A definition should be general enough to allow either implementation, and

make it easy to show both are valid.

Having chosen to model variant records with storage allocated and freed
a8 necessary, a solution to the environment problem is to split it into
a static part, which remains unchanged during the life-time of a pro-
cedure, and a dynamic part which models the changes that can occur across
an assignment to the tag field. Since the changes occur across a state-
ment, the obvious place for the dynamic part of the environment to
reside is in the state.

The model for variant records, then, is as follows. The sﬁhfﬁc environ-
ment contains the identifiers associated with their (fixed) denotations;
those which are part of a variant component have linking information to

the dynamic environment. The association of the identifiers of the

cve P> lam loca,b ~ cee,w > did,

x> did, y - did,z » did],...

where did is an identifier. The dynamic environment would contain, if

the value in b was yellow:

conydid » [ 2 B locx,y » loey], ...

The environment is now a mapping from Identifiers into Denotations { for
all except varient records, in which case it maps to a Dynamic environ-
ment Jdentifier (so that the correct component of the dynamic environment

can be found):
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Env: Id @ (Den | Did)
Denv: Did gz Env

Now it is time to consider the denotation of the tag field. If the va-
lue in tag location is changed, then the storage associated with the old
active component 6f the variant record needs to be freed, and new loca-
tions allocated for the new active component. The dynamic environment
contains sufficient information for the de-allocation step, and will
need to be updated to reflect the changes. Information as to what
storage needs to be allocated is required, and this is best associated
with the tag denotation in the static environment. The following tag

denotation will allow this.
t » mk-Tag-den(loe,did,type-information)

The first component is the tag location, which contains the current tag
value, and the did is the dynamic environment identifier which is used
to obtain the appropriate part of the dynamic environment. The type-
information is necessary so that the storage can be allocated; it is

the variant-component from the abstract syntax.
A further complication occurs in Pascal because it is possible to have a
tag field with no associated identifier. The rules for this type of var-

iant record need to be understood:

var r: record

a: A;

case colour of
red: (e:X);
green: (y:Y;z:7)

end;

On entry to the procedure containing this declaration, the location for «
is allocated, but nothing can be done yet, with the variant part. Assign-
ment to r makes the red component active, and assignment to y or z makes

the green component active.

This causes further problems because there is now a tag location with no
associated identifier. There is no natural home for this location - in

either the static or dynamic environment. Further thought indicates that
it is not necessary to have a location for the tag. There are other im-—
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Plications - whereas if there is a tag location which has an associated
identifier, it is only an assignment to the tag that causes the dynamic
environment to change. Assignment to any component of a variant record
which does not have a tag identifier can cause the dynamic environment to
change (or become invalid). This can be solved by adding a second compo-
nent to the dynamic environment which contains information about poten-

tially wvalid refereunces (which could cause storage to be allocated and
de~allocated).

Consider the following declaration:

var r: reconrd
recora

a: A;
case colour of red: (w:W);
green: (x:X;
case sex of male: (y:Y);
female: (z:7))
end;

On entry to the procedure containing this declaration, the static envi-
ronment from the Block-eny component and the dynamic and variant environ-
ments of the state look like:

Static: ..., b [g o loca,w » did,z did,

y = did, z » did], ...
Dynamic: ..., did » r1, ...

Variant: ..., did » [w Cred ("wew"),
green » ("z:x;
cases sex of ...")],
ze (oo.),
Yy (o),
g (,0.)]

with z, y, and z mapped to the same value as w.

iant environemnts, note that the static environment remain unchanged:
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Dynamic: did w» [z w» locz,y » did!,z » did ]

did" = [z = locz]

Variant: ..., did w [ as before ],
did' » [y » ("case sex of ..."),

2+ ("ease sex of «..")]

i85

The static and dynamic environments together give the locations which are

currently active, those that could have values in them if initialized.

The variant environment gives those components which are potentially

active {(no locations, and hence no values) but they can be assigned to.

This can be seen with the following:

var r: record

a: A;
case c: colour of red: (x:X)
green: (case sex of male: (y:7);
female: (é:Z)
end;

If r.c contains red, the three environment components look like:

Static: ..., r» [aw loca,c = (loce,dide, ...),z v dide,

y v dide,z v dide], ...

Dynamic: ..., dide » [x » loez], ...

Variants: ...

Note that y and z do not appear in the variant environment since as the

value red is in the tag location ¢, assignment to either of the values is

illegal.

If r.c contains green, and a value has been assigned to r.z, the dynamic

and variant environment look like:
Dynamic: ..., dide » Ly » vdide,z » loez], ...

Variant: ..., vdide » Ty » ("case sex of ..."),

2 0 ("case sex of ...")7, ...
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Assignment to r.y is now valid, and there is sufficient information in

the two environment mappings to allocate storage for Py

Por a reference in an expression, or a similar context, it is the static
and dynamic environment which give all the information. For a reference
on the left-hand side of an assignment statement, or a similar context,
it is the three environments together which combine to give the necessary
information. If the information 1s not Dbresent, then the reference 1ig

illegal. The two operations, Lhs-apply and rhe-apply, resolve this.

The advantage of this model is that variant record problems have heen lo-
calized, and the simple treatment of the Qiﬁﬂ statement need not be alter-
ed; the (static) environment can be changed locally as before. There are
other solutions which can disguise the variant record problem. These code
all the information in a structured form in the (static) environment, but
with is not defined in such a natural way. There is also the problem of

passing active 1locations by reference; the associated tag has to be

marked as read-only.

The allocated-den component of the Semantic Domain is used to diagnose
a restriction on record assignment: it ig illegal to have a variant re-
cord on either (or both) sides of an assignment statement if it was cre-

ated by the version of the new procedure which allows tag values to be
specified.

Pascal allows a component of a record to be another record. This is mo-

delled in the definition by Record-den being a subset of [oe objects.

Arrazs

The storage model for arrays 1is easier for Pascal than for the simple
language. The reason for this is that Pascal defines multidimensional
arrays to be an array of an array of an %90 | jwyen though Pascal allows

the use of any ordinal type as indices, rather than restricting them to
be integers, this leads to a simpler model.

type colour = (red,blue,green,yellow);
var a: array [colourl of Integer

The array declared in the Pascal program fragment above can be repre-
sented by a mapping:
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a: Colour w Integer

with a simple condition that the domain of the mapping is the set colour.

A multi-dimensional array such as:
var b: array [eolour,1..20]1 of Integer

is defined to be a syntactic short hand notation For:
var b: array Leolour] of array [1..20] of Integer;

This array can be represented by a mapping of Colour into Objects which
are arrays [1..20] of Integer, thus:

b: Colour g Array
Array: {1:20} g Integer

Note that there is a requirement that all range elements are the same

type.
The model for arrays simplifies to:
Array-den: Ordinal gz Den

where Den is any object that can be stored in an array, including another

array.

Conformant Arrays

One of the major criticisms of the original Pascal language was the in-
ability to write a general procedure or function which took array argu-
ments, such as one to calculate the length of a vector. The bounds of an
array are part of its type, and so a procedure needed to be written for
each possible array size. Standard Pascal has extended the class of arqgu-
ments to allow arrays to be passed to a procedure with information on
their bounds. The bounds are declared as part of the parameter descrip-
tion. When the procedure is called, the identifiers corresponding to the
array bounds are set to the correct value. Note that these identifiers
have the same properties as the identifiers declared in the const part
of a block.
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Input-Output

The definition should allow implementations which free and allocate
buffers after certain operations. The reason for modelling this is
again for easier proof of correctness of a compiler. If the definition
did not specify this possibility, it would be necessary to prove that an
implementation that did free and reallocate buffers was valid. Note
that I/0 operations are not allowed file whose buffer has been passed by

reference, since the buffer could be freed.

Invalid references

The problem of the "dangling reference” must be handled by the defini-
tion. This occurs when a program frees a storage location while there is
still a reference to it. Bither the storage must not be freed, or access
to it through the reference must be an error. This problem can occur in
PASCAL in several ways. A file buffer can be passed by reference to a

i,

procedure, and an I/0 operation is performed on that file. as PﬁﬁSéP
allows the buffer to be freed and re-allocated, a reference to the orig-
inal buffer is invalid. A component of a variant record can be passed by
reference; changing the tag value will cause the invalid reference pro-
blem to occur. There is also the familiar problem of the dispose opera-

tion on a storage location to which there exists a (separate) reference.

The definition detects these problems by allocating and freeing storage
for both buffers and variant record components as required. Whenever a
new storage location is allocated, it will have a new identifier. Hence
any reference to storage which has been freed will be in error, as the
storage identifier will not be in the domain of the storage map. Where
Pascal specifically forbids an action that could cause the invalid ref-
erence problem, this definition has chosen to record what would happen

if it were allowed. This avoids additional complexity in the definition.

Conclusions

This definition of Pascal is long in comparison to that of the ALGOL 60
definition of chapter 6. Much of the additional length is concerned with
the extra features of Pascal, and the associated problems.

The concept of user-defined types, adds considerably to the semantic

checks which need to be done. For a larger, typed language, such as Ada,
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it would be Dbetter to have two abstract syntaxes. The Ffirst would be
close to the concrete syntax of the language being defined. The second
would be suitable for use by the dynamic semantics. Pascal is unot large

enough to warrant this extra complication.

The type mechanism of Standard Pascal allows all type checking to be done
at compile time, unlike grey book Pascal and ALGOL 60. In both these lan-
guages the matching of arguments, which are procedures or functions to
their parameter declarations, has to be a run-time c@éﬁk, Unfortunately,
the rules in Standard Pascal are too restrictive in this case; a pro-

cedure cannot be passed as an argument to itself.

The added complexity of of the storage model, and environment information
necessary to deal with types, especially variant records, adds consider-
ably to the size of the definition compared to that of ALCOL 60. The
problems caused by variant records, both in the definition and in a
"safe" implementation of Pascal, imply that they are not a good concept.
ALGOL 68 style unions, perhaps with the option of visible tagfield,
seem a better way to give similar facilities. With unions most of the
required checking can be done at compile time, or at run time with simple
code. The ability to pass a component of a variant record by reference
will cause difficulties for a safe compiler (which would trap all errors).
This is not allowed with ALGOL 68 unions. Variant records without a tag
field identifier allow a "hole" in the type-checking for communicating
with a non-Pascal environment. This is best done by code procedures as
in ALGOL 60;

Finally, in ALGOL 60 most of the I/0 is defined by procedures, while in
Pascal it is defined by the same mechanism as the rest of the language.
This implies that a definition claiming to be complete should include a

formal definition of the appropriate operations.

The current definition shows that Pascal is not a simple language. Any
compiler generating safe code, would need to include much run-time check-
ing if all error situations are to be diagnosed. Much thought needs to
be put into the design of a programming language; and a formal definition
should be done against an abstract syntax as a way of testing designs.
Much work has been done to show that the flows-of-control constructs of
a programming language can benefit from using a formal approach. Build-

ing a (mathematical) storage model would benefit the other component of
a programming language - the data.
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7.2  SYNTACTIC DOMAINS

Program

Bloek

Declarations

Statement

Unlabelled-statement

Compound-statement

Assignment-statement

Target

Funcetion-1id

Procedure-statement

VDMANDPROGRAMMWGLANGUAGES

s-name :Id
s~args :Id-sget
s-bloek :Block

s-decls :Declarations

s~8tl :Statement ™

s-labels :Label-set
§-constants :(Id 3 Constant)
s-types t{Id 3 Type)
s~variables :(1d @ Type-id)
s-procedures :(Id # Procedure)

s-functions :(1d # Funetion)

s~label :[Label]
s~st Unlabelled-statement

Compound-statement I
Assignment-statement !
Procedure-statement I
If-statement |
Case-statement l
While~statement !
Repeat-statement I
For-statement |
With-statement !
Goto-statement f
NULL~STATEMENT

Statement™

s-lp:Target é-rp:Expression
Variable-access | Function-id
s-id:Id

s~mm:Id s-apl:Adctual-parm®
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If-statement

Case-statement

Case~-component

While-statement

Repeat-statement

For-statement

With-statement

Goto-statement =

Local-goto Label
Nonlocal-goto Label
Expression = Constani-expression | Variable-expression |

Function-designator | Prefix-expression

Infix-expression

it

Constant-expression

Sealar-const =

Real-const
Integer-const
-Char-const

Id-const

s-expr :Expression
s-th :Statement
s-el :[Statement]

s~expr:Expression

s-cs:Constant-set

8~expr:Expression

s-st:Statementt

s~1d s Id

s~from :Expre

191

g~cc:Case-component™

s-st:Statement

g-st:Statement

s~expr:Expression

sston

s-direction :(TO|DOWNTO)

s-to cExpre

ssion

g-8t :Statement

s-var:Vartiable-acce

88 s-st:Statement

Local-goto | Nonlocal-goto

| Set-constructor

Sealar-const | String-const | NIL-VALUE

Real-const | Intege

Char-const | Id-con

Real

Integer

Char

Id

r-const |
st



192

String-conet

Variable-expression

Variable-access =

Component-variable =

Indexed-variable

Field-designator

Reference-variable
Buffer-variable

Funcetion-designator

Actual-parm =

Funetion-parm

Procedure-parm

Write-parm =

Default-write-parm

Width-write-parm

Fizxed-write-parm

Read~parm

Prefiz-expression

Prefix-op =

VDM AND PROGRAMMING LANGUAGES

Chart
Variable-access

1d | Component-variable |
Reference-variable | Buffer-variable

Indexed-variable | FPield-designator

s-nm:Variable-access s-expr:Expression

s-nm:Variable-access s-id:Id
Variable-access
Variable-access

*
g-mm:Id s-apl:Actual-parm
Variable-access | Expression l
Funetion-parm | Procedure-parm |

Read~parm | Write-parm

Id
Id

Default-write-parm | Width-write~parm |

Fired-write-parm
g-expr :Expression

g-expr:Expression s-len:Expression
s-expr :Expression
s-len :Expression

s~frac :Expression

e-target :Variable-access

s~-type :{Integer,Real,Char}

g~op:Prefix-op s-opr:Expression

Sign | not
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Sign =

Infix-expression

Infix-op =

Set-constructor

Member

Interval

Constant =

Prefix-const

Type =

Domain-type =

Type-id

Enumerated-type

Subrange-type

Structured-type =

193

real-plus | real-minus

integer-plus | integer-minus

s-lp:Expression
s-op:Infixz-op

g-rp:Expression

and

real-add real-sub | real-mult

integer-add integer-sub | integer-div

integer-mod integer-muit #

!
I
real-div ¥
I
|
l
I
|
|

eq ne I 1t

le ge gt
union intersection | difference
super-set sub-set | in
Member™

Expression | Interval

s-low:Expression s~-high:Expression
Prefiz-const | String-const | Scalar-const
Sign d

Domain-type | Structured-type |
Packed-type | Reference-type

Type-id | Enumerated-type | Subrange~type
s-id:Id

rd*

s-first:Constant s~last:Constant

Record-type | Array-type |
File-type | Set-type
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Record-type : e-fp :(Id § Type-id)
s-vp :[Variant-part]

Variant-part :: s-tag :1I1d]
e-tagt :Type-id
s§-evp :(Constant 3 Record-type)

Array-type = s-dtype:Type~id s-rtype:Type-id
File-type :: Type-id

Set-type 2 Type-id

Reference-type r: Type-id

Packed-type P s~-type :Structured-type

Procedure $:  &-parms:Parameters g-~body:Block
Function ¢¢  8~parms :Parameters

s-body :Block
s-return :Type-id

o *
Parameters :: &~-ids :Formal-parameter

s-type :(Id 3 Parameter-type)

Formal-parameter = Id*

Parameter-type = Var-formal-parameter

Value-formal-parameter

l
l
Funetion-formal-parameter |
Procedure-formal-parameter |

|

Var-array-formal-parameter

Value~array~-formal-parameter

Var-formal-parametenr 2 Type-id
Value-formal-parameter :: Type-id
Funetion-formal-parameter :: s-parms:Parameters s-return:Type-1id

Procedure~formal~parameter :: s~parmg:Pavameters
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Var-array-formal-parameter ::  s-schema:Conformant-array-schema
Value~array-formal-parameter :: s~schema:Conformant-array-schema

Conformant-array-schema P-array~schema | Array-schema

P-array-schema 22 s-ind:Index-type-spec s~-type:Type-id

Array-schema :: s-ind :Index-type-spec

s~-type :4Array-type-info
Array-type-info = Conformant-array-schema | Type-id
Index~type-spec ;2 s-low:Id s-high:I1d s-type: Type-id

Auxiliary Definition

Required-type {Integer,Real,Char,Boolean}

il

Notes on Concrete to Abstract Translation

Although the concrete syntax of Pascal and the translation algorithms
from concrete to abstract syntax are not given here, a number of points
about the translation mechanism need to be made.

L1 1"

- Concrete delimiters (e.q. ", and ",") and comments are dropped.

—~ Within expressions, brackets and operator precedence are used to de-

termine the appropriate abstract tree structure of an expression.
- Array declaration abbreviations are removed, e.g.:
var a : arrayll1..3,1..4] of integer;
is expanded to:
var a : arrayl1..3] of arrayl1..4] of integer;

- Certain concrete syntax constructions are considered as abbreviations

and are not represented by the abstract syntax. Thus:

var idy, idg, ... , id,: new-type-desec
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is considered to be an abbreviation for:

type typeid = new-type-desc;

var tdy : typeid,
idg : typeid,
id, : typeid; -— where typeid is not used elsewhere.

~ Bach structured type only has Type-ids describing the types of its
components

- All type identifiers of a program are distinct
- 1I/0 file abbreviations are completed:
write(x,y)
is expanded to the:

mk-Procedure-statement("output”,< ... "z" ... >)

7.3 STATIC SEMANTICS

7.3.1 Static Semantic Domains

Static-env :: s-local-labels : Label-set

e-global-labels: Label-set

s~-constants : Id % (Constant | Required-value)

s-types : Id 3 (Type | Required-type)

s~variables : Id @ (Type-id | Conformant-array-schema)
s-procedures : Id % (Procedures |

required-procedure-heading)

g-functions : Id g (Function~heading |
required-function-heading)

s~-for-info : Id-set

s~-function-info: Id-set

s~tag-info : Id-set

s-packed~info : Id-set

Required-type = Real | Integer | Boolean | Char | Text
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Required-value

Function-heading

All-type

Constructed-set-type

Constructed-string-type

Bool

Parameters Type
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Type | Required-type | nil-type | empty-set-type
P

Test Functions of Static

@bnstructed—set—type I ébnstructed—string—type

: Domain-type

: Integer

Environment

in-local-labels(lab)p
in-global-labels(lab)
in-constante(id)p
in-typee(id)p
in~-variables(id)p
in~-procedures(id)p
in-funetions(id)p
in-sehema-info(id)p
in-for-info(id)p
tn-funetion~info(id)p
in-tag-info(id)p
in-packed~info(id)p

in-bounde(id)p

in-enumerated(id)p

p

e N R T ol -l = i o

=

e

labes~-local~labels(p)
labes-global-labels(p)
idedom(e~constants(p))
idedom(s-types(p))

idedom(s~variables(p))

idedom(s~procedures(p))

tdedom(s~functions(p))

idedom(s-schema~info(p))

idee-for-info(p)
tdes~function-info(p)
ides-tag-info(p)
ides~packed-info(p)

(3idleId) (in-variables(idi)p) a

let tid=s-variables(p)(idi) in
mk-Index-type-spec(id,,)cbounds-of (tid) v
mk-Index-type-spee(,id, )ebounds-of (tid)

(3idiedome~types(p))

(ie~Enumerated-type(s-types(p) (id1))a

let mk~Enumerated-type(liet)=s-types(p)(idl)

in (3icindslist)(id=1ist[i]))

Access Functions of Static Environment

out-constante(id)p
out-types(id)p

out-variables(id)p

A
A
A

&=

8~

Fage

econstante(p)(id)
types(p)(id)
variables(p)(id)
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out-procedures(id)p

out-funetions(id)p

out-return-type(id)p

out~-bounds(id)p

out-enumerated(id)p

Ji=

fIe>

L
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s~procedures(p)(id)
cases s-functions(p)(id):

mk—function-heading(parms,rtype) -+ parms,

I' + required-function-~heading

cases s-functions(p)(id):
mk—function-heading(parms,rtype) -+ rtype,

I' » required-return~type

let typesgomain-type be s:t:
(ﬂidleId)(in-variables(idl)p) A
let tides-variables(p)(id1) in
mk—Index-type—spec(id,,type)ebounds—of(tid) v
mk-Index—type—spec(,id,type)ebounds—of(tid))
in type

let idlerd be s:t: idledoms-types(p) in
let mk»Enumerated-type(Z)=s~ﬁypes(p)(idl) in
(3ieindsl) (id=1[1])

Transformation Functions of Static Environment

merge(mk-DecZaratione(,constm,typem,varm,procm,functm))p A
mknstatic—env(s—ZocaZ~ZabeZs(p),
sé~global-labels(p),

s-constante(p) u constm,

s-types(p) v typem,

s-variables(p) vy varm,

s-procedures(p) v [id » parms |

mk—Procedure(parms,)=procm(id)],

s~-functione(p) vy [4id & mk~Function-heading(parms,rtype) |

mk-Function(parms,,rtype):functm(id)],

s-for-info(p),

s~funetion-info(p),

s~tag-info(p),
g~-packed~info(p))

merge-X(Y)p A let p

b

e 8:t: e-X(p')=e-X(p)uy

A (other components unchanged) in p!
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Note: The Static-env, p, has been restricted before the above merge

functions are called.

erase(ide,labset)p A all ideids are erased from all components of type
Id % X or Id-set, all labels e labs are erased
from the local-labels and global-labels components
of the Static-enf

Initialization

required-static-env =
mk-Static-env(e-local-labels : {},
gs-global-labels: {1},
s-constant : ["mazint® o
mk-Integer-constant(maxint),
"true"  true,

"false" » false],

s~-types : ["Boolean" » Boolean,
"Integer" » Integer,
"Real = Real,
"Char” + Char,
"roxt! = Text],
g~variables o ["input” & Text,
"output”  Text],
s~-procedures : ["dispose” required-proc-heading,

also for "get","new","pack”,"put",
"read”", "readiln" "reset"”,
"rewrite”, "unpack","write"
"writeln” 1],

s-funetions : ["abe” » required-function-heading,

also for "sqr”,"sin","cos","exp",

"Zn", "sq.r,t"’ "a,r,ctan", Ilch.r,"’
"trunc","vound","ord",”succ",
"p‘l”ed", "Odd”, ”eof'", "2017’1"],

s-for-info : {1,

s-function-info: {},

e-tag~info - {1,

s-packed-info : {})
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7.3.2 Context Condition Functions

Function Abbreviations

WF~ Well-formedness of a: WFP - Program

WFEVA — Variable Access WFDP ~ Parameter Declaration

WFB ~ Block WFSCH - Conformant Array Schema
WFBD - Block Declaration TE Type of an Expression

WFD - Declarations TVA Type of a Variable Acces%
WESL - Statement Tist NTE New Type of an Expression
KHFUS — Unlabelled Statement NTVA New Type of a Variable Access
WFE - Expression NTT New Type of a Type

Function Definitions

WEP: Program -+ Bool
WFP[mk-Program(,args,block)] A
is-unique-declarations(<>,[1,block) A ig~unique~-labels(block) A
(let ids = all-local-id(<>,[],block) in
(Vieindsargs)(let id = args[i] in
if ide{"input”, "output”} then iddids
else idedoms-variables(s-deels(bloeck)))

WFB[block]erase(ids, {})required-static-eny

WFB: Bloek =+ Static-env -+ Bool
WFB[mk-Block(decls,stl)]p A

all-for-id(stl) < doms~variables(decls) A
let p' = merge(decls)p in
WFBD[dech]merge—gZobaZ—Zabels(ZabeZs(stZ))p’ A
WESLL{stl]p'

WFBD: Declarations - Static-env - Bool
WFBD[mk—DecZarations(,constm,typem,uarm,procm,functm)]p A
(videdomeconstm) (NFD[constm(id)Tp) (Videdomtypem) (WFD[ typem(id)Jp) A
(videdomvarm) (WFD[varm(id)Jp) A (Yidedomproem) (WFD[proem(id)Jp) A
(vidsggﬂfunctm)(WFD[funatm(id)]merge-function~inf0({id})p)

WFSL: Statement® - Statiec~env - Bool
WESL[el]p A

let p' = merge-local-labels(labels(sl))p in
(vieindssl}(WFUS[s~st(sZ[i])]p')
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WFUS: Unlabelled-statement =+ Static-env - Bool

WFUS[mk-Compound~-statement(sl)]p A WFSL(sl)p
WFUS[mk-Procedure-statement(id,apl)]p A
in-procedures(id)p a
cases out-procedures(id)p:

required-procedure-heading -

te-required-procedure-correspondence(id,apl)p
mk-Parameters(idl, type) -

is-corresponding(idl,type,apl)p

WFUS[mk-Assignment-statement(target,exp)]p A
if ite-Function-id(target)
then let id = s-id(target) in
in-functions(id)p A in-function-info(id)p A

WFE[explp A

is—assignment-compatible(out-return-type(id)p,TE[eprp)p
else WFVA[target]p a

WFE[ expr]p A
(is-Id(target) > =in-for-info(target)p)
is-assignment—compatible(TVA[target]p,TE[exp]p)p

WFUS[mk~If-statement(exp,th,el)]p
WFE[explp A WFSL[<th>]p &
NTE[ exp]p=Boolean

A
(el+nil > WFSL[<el>]Jp) A

WFUS[mk-Case-statement(exp,cel)]p A
WFE[explp A

let type = TE[exp]p in is-ordinal(type)p A

(Vieindeccl)(let mk-Case-component(cs,sp) = ccll4] in

(Veece) (WFC[elp A ie-same(type,TE[eJo)p) A
WFSL{<sp>Jp) A

(Vi,jeindsccl)(s-cs(celli])ns-cel(cellj])+{} o i=7)

WFUS[mk-While-statement(exp,st)]p A

WFE[explp A WFSL[<st>]p & NTE[ exp]=Boolean

WFUS[mk-Repeat-statement(sl,exp)Ip A
WFSLLellp A WFE[exp]p A NTE[exp]= Boolean

201
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JFUS[mk~For-statement(id, from,,to,st)]p A
in-variables(id)p a -in-for-info(id)p A is-ordinal (NTVAL[idIp)o a
WFE[ from]o A WFE[toJpo A WFSL[<st>]Imerge-for-info({id})p
tg-compatible(TVALid]p,TE[ from]Jp) A is~compatible(TVA[id]o,TE[to]p)

VFUS[mk-With~statement(vs,st)]p A

WFVA[velp a

let type = NTVA[vs]p in

let typel = 1if is-Packed-type(type) then e-type(type) else type in

is~Record-type(typel) a

WFSL[<st>]Imerge~variables(all-fields(typel))
merge~tag-info(all-tags(typel))
merge~packed-info(if is-Packed-type(type)

then all-fields(typel) else (})

erase(all-fields(typel1), {})o

VFUS[mk~Local-goto(id)Ip A in-local-labels(id)p
VFUS[mk-Global-goto(id)Jp A in-global-labels(id)p
VFE: FExpression - Static~env - Bool
/FE[mk-Constant~expression(exp)]p A

cases exp:

mk-Real-constant () -+ true

mk-Integer-constant(i) - -maxint<i<maxint

mk~Char-constant() -+ true
mk-Id-constant(id) = in-constants(id)p v in-bounds(id)p
mk-String-constant(ecl) - lencl>1

nil-value =+ true

/FE[mk-Set-conetructor(mk)]p A
mk=<> v
let es = union{if is-Expression(mk[i]) then {mk[i]}

else {s-low(mk[i]),s~high(mk(i])} | icindsmk} in

(Vel,elces)

(let t1 = NTE[el]p in
Let t2 = NTE[e2)p in

te~-ordinal(tl)p A t1=t2)
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WFE[mk-Variable-expression(va)lp A WFVA[valp

WEE[mk-Function-designator(id,apl)Jp A
in-funetions(id)p A
cases out~-functions(id)p:

required-function-heading -

is—required—function—correspondence(id,apZ)p
mk-Parameters(idl, type) -
ig~corresponding(idl,type,apl)p

WFVA: Variable-access + Static-env - Bool
WFVA(id)p A in-variables(id)p

WFVA[mk-Indexed-variable(va,exp)]p = A
WFVA[valp A WFE[explp a
let tva = NTVA[va]p in
let tval = {if ig-Packed-type(tva) then s-type(tva) else tva
ts-Array-type(tval) A
is-assignment-compatible(s-dtype(tvaz),NTE[exp]p)p

WFVA[mk-Field-designator(va,id)]p A
WFVAfvalp A
let tva = NTVA[valp in
let tval = if i{e-Packed-type then s-type(tva) else tva in
is§-Record-type(tval) a idedomall-fields(tval)

WFVA[mk-Reference-variable(va)]p A
WFVA[valp A is-Reference~type(NTVA[valp)

WFVA[mk-Buffer-variable(va)lp A
WFVA[valp A
let tva = NTVA[valp in
let tval = 1if <ie-Packed-type(tva) then s-type(tva) elee tva
i8-File-type(tval)

WFD: (Constant | Type | Procedure | Function) - Static-env - Bool
WED[mk-Prefix-constant(sign,id)]p A

in-constants(id)p A

WFE[mk~Prefix~expression(sign,mkad—const(id))Jp



PASCAL 205

WED[mk-Real-const()]p
WFD[mk~Integer-const(i)]p
WED[mk-Char-const()]p
WFD[mk~Id-conet(id)]Jp
WFD[mk-String-const(ecl)]p
WFD[mk-Type-id(id) Jp
WED[mk-Enumerated-type(idl)]p

true

~maxint<i<maxint

true
in-constants(id)p
lenecl > 1

in~-type(id)p

= = = =l = -

true

WFD[mk-Subrange~type(f,1)Jp A
WFE[fJp A WFE[l]p A is-ordinal (TE[f]p)p A
ig-same(TELflp, TE[1Jpo)p A
values(mk-subrange-type(f,1))p+{}

WFD[mk-Array-type(dt,rt)]p A te-ordinal (NTT[dt]p)p A WFD[rt]p

WFD[mk-Record-type(fp,vp)Jp A
tg~unique-fields(mk-Record-type(fp,vp),vp) A
(Yidedomfp) (WFD[ fp(id)Jp) A
vpnil > (let mk-Variant-part(,tid,evp) = vp in

let nt = NTT[tid]p in
(Veedomevp) (KFE[e]p A te-compatible(tid, NTE[c]p)p A
WED[evp(ec)ip) A values(nt)p=domevp)

WFD[mk-Set-type(dt)Ip

fi>

is-ordinal (NTT(dt)p)p
WED[mk-File-type(t)]p A is-not-containing-file-type(t)p
WFD[mk-Reference~type(mk~Type~id(id))]Jp A in-types(id)p

WFD[mk-Packed-type(t)]p

=

WED[t]p
WED[mk-Procedure(parms,block)]p A is—wf—function~procedure(parms,bZock)p
WED[mk~Funetion(parms,block, type)lp A

let t = NIT[type] in

(is-simple(t)p v is-Reference-type(t)) a

te~wf-function-procedure(parms,block)p

WFDP: Parameter-type - Static-env - Bool

WEDP[mk-Var-formal-parameter(type)lp A in-types(s~id(type))p
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WFDP[mk—VaZuewformal«parameter(type)]p A
in-types(s-id(type))p a is-not-containing-file~type(NTT[type]p)p

WFDP[mk—Var—array—formaZ~parameter(sckema)]p A
WFSCH[ schema]p

WFDP[mk—Value-array—formal—parameter(sahema)]p A
is—not—containing-file—type(schema)p A WFSCH[ schemal]p

WESCH: Conformant-array-schema + Static-eny - Bool

WFSCH[mk—P—array-schema(index-type,type)]p

fie

in—types(s-id(s—type(index—type))) A
is—ordinaZ(NTT[s—type(index~type)]p)p A
in-types(s~id(type))p

WFSCH[mk—Array-schema(index-type,schema)]p

I

in-types(s-type(index-type))p A
is—ordinal(NTT[s~type(index-type)]p)p A
if 1s-Id(schema)

then in-types(schema)p

else WFSCH[schema]p

TE: Expression - Static-env - All-type

TE[mk-Real-const()]p A Real

TE[mk-Integer-const()]p A Integer

TE[mk-Char-const()]p A Char

TE[mk-String-const(cl)]p A mk-Constructed-string-type(len ol)
TE[mk—Variable—expression(va}]p A TVA[valp

TE[mk-Set-constructor(ml)]p A
ii ml=<>

then empty-set-type

else mk—Consthcted—set-type(iﬁ is-Expression(mi[f1])
then NTE[m1[1]]p
else NTE[s-Tow(ml[1])]p)

TE[nillp A nil-type
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TE[mk-Prefic-expression(op,)]p A
cases oOp:

real-plus,real-minus + Real

integer-plus,integer-minus - Integer

not -+ Boolean
TE[mk-Id-const(id)Jp A
if in-constants(id)p
then if in-enumerated(id)p
then out-enumerated(id)p
else let const = out-constants(id)p in

if consteBool then Boolean else TE[const]p

else out-bounds(id)p

TE[mk-Infizx~expression(oprl,op,opr2)ip A
cases op:

real-add,real-sub,real-mult,real-div -+ Real

integer-add,integer-sub, integer-mult,

integer-div,integer-mod -+ Integer
gg,gg,lg,gg,gg,ggg,gg,ig,superset,subset -+ Boolean
union, intersection,difference + TE[oprl]p
TE[mk-Funetion-designator(id,apl)Jp A
let t = out-return~-type(id)p in
1f t=required-return-type
then cases id:
"abg","gqr","pred”, "suce"” -+ NTE[apl[1]1]p
"sin","cog","exp”,"ln","sqrt", "arctan”" - Real
"trune”, "round”, "ord" -+ Integer
"ehr" =+ Char
"odd","eof","eoln" + Boolean

else t
TVA: Variable~access — Static-env -+ (Type | Required-type)
TVA[id]p A out-variables(id)p
TVA[mk~Indexed-variable(va,)]p A

let t = NTVA[valp in
if is-Packed-type(t) then s-rtype(e-type(t)) else s-rtype(t)
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TVA[mk-Field-designator(va,id)]p A
let t = NTVA[valp in
let t1 = if is-Packed-type(t) then s-type(t) else t in
all-fields(t1)(id)

TVA[mk-Reference~-variable(va)Jp A
let mk-Reference-type(type) = NTVA[valp in type

TVA[mk~Buffer-variable(va)]p 7y
let t = NTVA[valp in
let t1 = if is-Packed-type(t) then s-type(t) else t in
if tI=Text then Char else t1

NTE: Exzpression - Static-env - (4ll-type | Generated-~type)
NTE[expJp A let t = TE[exp]p in if is-Type-id(t) then NTT[t]p else

NTVA: Variable-access + Static-env - (Type | Required-type)
NTVA[valp A let t = TVA[va]pi if is-Type-id(t) then NTT[t]p else

NTT: Type - Static-env -+ (Type | Required-type)
NTT[{typelo A cases type: mk-Type-id(id) - NTT[out~types(id)pJp
T -+ type

7.3.3 Auxiliary Functions

ig-unique-declarations: I1d = x (Id 3 Type-id) x [Bloeck] - Bool
is~unique-declarations(idll, parm-decl,block) A
all identifiers occurring
in 4411,
in mk-Index-type-spec at s-low or g-high position in parm-decl,
in doms-constants(s~decl(block)),
in doms-types(s-decl(block)),
in doms-variables(s-decl(block)),
in doms-procedures(s~decl(block)),

in doms—functions(s—decZ(bZock)),

in mk-enumerated-type in e-types(s-decl(bloeck)) are different and

all identifers occurring in idll occur in domparm-decl, and there

is no cyclic definition in s-constants(block) and each cyccyclic def~

inition in s~types(block) contains at least one mk-Reference~type
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all-local-id: 1d " x (Id @ Type-id) x [Block] - Id-set
all—localnid(idll,parm—decl,block}é all identifiers tested above

is~unique~labels: Bloeck =+ Bool
ts-unique-labels(bloek) A
s-labels(s-decl(block)) is equal to the set of labels occurring in

s-stl(block) and no label occurs more than once in s-stl(block)

all~tags: Record-type -+ Id-set
all-tags(mk-Record-type(,vp)) A
if vp=nil then {} else let mk-Variant-part(tag,,evp) = vp in
union {all-tags(evp(e)) | ¢ ¢ dom evp} u

if tag=nil then {}  else {tag)

is-unique-fields: Record-type - Bool
te-unique~fields(mk-Record-type(fp,vp)) A
all identifiers occurring
in domdfp,
in mk-variant-part at s-tag position and
in dom(s-fp(mk-Record-type())) in vp

are different

all-for-id: Statement-list - Id-sget
all-for-id (stl) A

all identifiers occurring in mk-For-statement at s-id position.

is-variant-constants: Record-typexdctual-parm-1ist - Static-env - Bool
is—variant-constants(mk—Record—type(,vp),apl)p A

vpnil A ie-Constant(hdapl) a WFE[hdapllp

let mk-Variant-part(,,evp) = vp in

hdapledomevp a

(tlapls<> o is—variant—constants(evp(hgapl),fzgpl)p)

all-fields: Record-type - Id-set
all-fields(mk-Record-type(fp,vp)) 4
domfp v if vp=nil
then {1}
else let mk-Variant-part(tag,,evp) = vp in
union {all-fields(evp(c) | cedomevp} u
if tag=nil then {} else {tag}
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values: Domain-type - Static-env - Constant-set
values(type)p A
cases type:
mk-Subrange-type(f,1) -
cases NTE[f]p:
mk-Enumerated(idl) - {mk-Id-const(idi[i]) |
(3d,keindsidl)
(2dl[jI=fAr idl[k]=1 A J<i<k)}
Integer ~ let mk-Integer-const(f1) = f in

1 in

fi

let mk-Integer-const(11)

i

{mk~Integer-const(i) | f<i<t}
Char » Implementation defined set of Char-const
Boolean —+ if f-mk-Const-id("true”) A l=mk~Id-const("false")
then {} else {f,1}
mk-Enumerated(idl) - {mk-Id-const(idi[i]) | ieindsidl ]}
Integer +  {mk-Tnteger-const(i) |-maxint<i<maxinta
Char -+ Implementation defined set of Char-const

Boolean - {mk-Id-const("false"),mk—Id-const(”tﬁue”)}

is-not-containing~fiZe-type: (Type | Conformant-array-schema) -
static-env - Bool
is—not—containing—file-type(type)p A
te~File-type(type) A
for all id's occurring in mk-Type-id in type:
is-Refeﬂence~type(out~types(id)p) v
is—not—containingwfile—type(out-types(id)p) holds.

is-same: All-type x All-type - Static-eny - Bool
ig-same(t1,t2)p A

ie~Type-id(t1) a ie-Type-id(t2) A

(t1=t2 v is—same(s-id(t]),tz)p v te-same(tl,s-1d(t2))p)

te-ordinal: All-type -+ Static—env - Bool
ts~ordinal (t)p A
let nt = NTT(t)p in
nt=Integer v nt=Char v nt=Boolean v
ie~Enumerated-type(nt)

is-gimple: All-type - Static-env - Bool
ig-gimple(t)p A
te~ordinal (t)p v N?T[ t]p=Real
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ig-compatible: All-type x All-type - Static-env - Bool
te~compatible(t1,t2)p A

is-same(tl,t2)p v

let ntil NTT[t1]p in

let mt2 = NTT[t2]p in

(ie-Subrange~type(ntl) A is-Subrange-type(nt2) a

It

igs-compatible~subranges (ntl,nt2)p) v
(is-all-set-type(tl) A is-all-set-type(t2) A

ig~compatible-sets(ntl,nt2)p) v
(is-all-string-type(ti)p A is-all-string-type(t2)p A

is-compatible-gtrings(ntl,nt2)p) v

is-compatible-references(ntl,nt2)

ig-compatible~subranges: Subrange-typexSubrange~type-Static-env - Bool
is-compatible—subranges((mk~Subrange—type(f1,),mk—Subrange—type(fZ,))p A
let t1 = NTE[f1]p in
let t2 = NTE[f2]p in
ti=t2 v is-same(tl,t2)p

ie-compatible-sets: All-type x All-type - Static-env -+ Bool
ts~compatible-sets(t1,t2)p A

cases ti1:
empty-set-type = true
mk-Constructed-set-type(basel) -
cases t2:
mk-Constructed-set~type(base?) =+ is~-compatible(basel,base2)p
mk-Set-type(base2) -+ is-compatible(basel,base?)p
mk~Packed-type(mk-Set-type(bases)) - is-compatible(basel,base2)p
T -+ is~compatible-sets(t2,t1)
mk-Set-type(basel) -+
cases ta:
mk-Set~-type(base2) + tg-compatible(basel,base2)p
mk-Packed-type() + false
T -+ ts-compatible-sets(t2,t1)p

mk-Packed~-type(mk-Set-type(basel)) -
cases t2:

mk-Packed~type(mk~Set-type(basge2))

4

ig~-compatible(basel,base?)p

T =+ ig-compatible-sets(t2,t1)p
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tg-all-set-type: All~type -+ Bool

ie-all-set-type(t) A
ig§-Set-type(t) v is-Packed-type(t) a is-Set-type(s~type(t)) v
t=empty~set—-type v is-Constructed-set-type(t)

ie-all-string-type: All-type - Static-env -+ Bool
te-all-string-type(t)p A
is—Constructed—string-type(t} v
let nt = NTT[t] in
eases nt:
mk-Packed~type(mk—Array—type(dt,ct}) -+
let ndt NTT[dt] in
let net = NTT[ct] in
ig-Subrange-type (ndt) A

il

I

(BlsInteger)(ndt:mk—Subrange(mkanteger-const(l),

mk~Integer~const(l)))anct=Char

T + false

is-compatible-strings: All-type x All-type -+ Static-env - Bool
is—compatible»strings(ti,tz)p A
cases t1:
mk~Constructed-string-type(11)
- cases t2:

mk-Oonstructed«string—type(12)

i

11=12
T » ll=string~-length(t2)p
T - cases t2:
mk-Constructed-string-type() *+ te-compatible-strings(t2,t1)p
T + string-length(tl)p=
string-length(t2)p

string-length: Packed-type —+ Static-env - Integer
string—length(mk—Packed-type(mk—Array~type(dt,))p =
let mk-Subrange-type(,1) = NTT[dt]p in 1

is~compatible-references: All-type x All-type -+ Static-env - Bool
is-compatiblewreferences(t],tZ) =

(is~Reference-type(tl) v t1 = nil-type) A

t2 = nil-type v

is-compatible-references(t2,t1)
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is~assignment-compatible: All-type x All-type + Static-env -+ Bool
te~assignment-compatible(t1,t2)p A

is~same(tl,t2)p A is-not-containing-file-type(ti)p v

let ntl = NTT[t1] in

let ntg = NTT[t2] in

nti=Real A nt2=Integer v is-compatible(ntl,nt2)p

ig~corresponding: Id** x (Id & Parameter-type) x
Actual-parm-list + Statie-env - Bool
ig-corresponding(idll, parm-decl,apl)p &
apl=<> A 1dll=<> v
apl<> A 1dlls<> A
let 1 = len hdidll in

lenapl>1 A

(is~Var-array-formal-parameter(parm~decl(hd hd idll)) v
ig-Value-array-formal-parameter(parm-decl(hd hd idil)) >
(Vi,djel1:1}) (is~same(TECapl{i]]p,TELapll§1Tp)p)) A
(Vie{1:1})(is-element-corresponding(parm-decl (hdidl1[i]),apllil)p)A

is~corresponding(tlidll,parm-decl,<apl[i] | ie{l+1:lenapl}>)p

ie~element-corresponding: Parameter~typexdctual-parm -+ Static-env - Bool
is-element-corresponding(pt,aplp A
cases pt:
mk-Value-formal-parameter(id) -
is-Expression(ap) A WFE[apJlp A
te-assignment~compatible(mk-Type~id(id),TE[aplp)p
mk-Var-formal-parameter(id) -+
is-Variable-access(ap) A WFVALapJp A
(ie-Id(ap) > -in-for-info(ap)p Aa -~in-tag-info(id)p A
~in-packed-info(id)p) A -~is-tag-access(aplp A
-~is~packed-component(ap)p A
ig-same(mk-Type-id(id),TVALaplp)op
mk-Procedure-formal~parameter(parms) -+
is-Procedure-parm(ap) a
let mk-Procedure~parm(id) = ap in
in-procedures(id)p r is-congruous(out-procedures(id)p,parms)p
mk-Function-formal-parameter(parms, type) -
is~Function-parm(ap) a
let mk-Function-parm(id) = ap in
in-functions(id)p A is-same(out-return-type(id)p,typelp

ig-congruous(out-functions(id)p, parms)p
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Var-array-formal-parameter(cas) : -+
is-Variable-access(ap) A WFVA[aplp A
~is-packed~component(ap)p A

is-conformable(cas, NTVALap]p)p
Value-array-formal-parameter(cas) -+
te-Expression(ap) n WFE[aplp A ~is~conformant-array(ap)p

te-conformable(cas, NTE[aplp)p

ie-packed-component: Variable-access - Static-env - Bool

is-packed-component(va)p A

cases

mk -

mk -
mk-
T

is-tag-ac

va:

Indexed-variable(val,) - is8~Packed-type(NTVA[vall)p
Field-designator(val,) - is~-Packed-type(NTVA[vall)p
Buffer-variable(val) + ig-Packed-type(NTVA[vall)p

-+ false

cessg: Variable-access - Static-eny - Bool

ie-tag-access(valp A ts-Field-designator(va)as-Id(va)eall-tags(NTVA[valp)

tg~congruous: Parameters x Parameters - Static-env + Bool

is-aongﬂuous(mk-Pawameters(idZZZ,p]),mk—Parameters(idZZZ,p2))p A

lenidl

11-lenidile A

(Vieindsidll1)(lenidil1[iJ=lenidl1al4] A

let t1
let t2
cases

<mk-

<mk -

<mk-—

mk -

<mk-
mk~

<mk-

mk ~
<mk—~
mk -

i

p1(hdidll1[i]) in
p2(hdidlla[i]) in
<tl,t2>:

it

Value—formal—pawameter(tl),mk—VaZue-formaZ—parmeter(t2)>,
Var-formal—parameter(tl),mk—Var-formal—parameter(tZ)>

-+ {s~same(tl,t2)p
Procedure~formal~parameter(parmsl),
Procedure-formal-parameter(parms?)>

=+ ig-congruous(parmsl,parms?)p
Funétion—formal—parameter(parms],typel),
Funetion-formal-parameter(parms2,type2)>

-+ tis-same(typel,type2)p A ie-congruous(parmsl,parms?)p
Value~-array-formal-parameter(casl),
VaZue—array-formal—parameter(ca82)>,
Var-array-formal~parameter(casi),
Var-array-formal-parameter(cas? ) >

+ ts-equivalent-schema(casl,cas?)p

-+ false)
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is~equivalent-schema: Conformant-array-schema x Conformant-array-schema

~+ Static-env - Bool
ig~equivalent-schema(casl,cas2)p 4

cases <casl,casd>:
<mk—P~awway~sehama(mk»Index~type—spec(,,dtl),tI),
mk-P-array-schema(mk-Index-type-spec(,,dt2),t2) >-
te~-same(dt1,dt2)p A is~same(t1,t2)p
<mk—Array—schema(mk—Index-type—spec(,,dtz),tl},
mk~Array-schema(mk-Index-type-spec(,,dt2),t2)> -+
is~same(dtl,dt2)p A
(ie-Type-id(t1) A is-Type-id(t2) a
ig~same(tl,t2)p v
te-Conformant-array-schema(tl) a
te-Conformant-array-schema(t2) A

ie-equivalent-schema(t1,t2))

T -+ false

is-conformable: Conformant-array-schema x Type + Static-env -+ Bool
ie-conformable(cas,t)p =
cases <cas,t>:
<mk-P—array-schema(mk—Index-type—aepc(,,dt]),ctl),
mk-Packed-type(mk-Array-type(dt2,ct2))s -
ts-compatible(dt1,dt2)p A ig~same(ctl,ct?)p
<mk—Array—schema(mk—Index-type—spec(,,dtl),ctl),
mk-Array-type(dt2,ct2))> -+
is-compatible(dtl,dt2)p A
(1e-Id(s~id(ectl)) A is-same(ctl,ct2)p v
is~-conformable(ctl,cts))

T -+ false

labels: Statement™ - Label-set
labels(sl) A
{Zab | teindssl A
mk-Statement(lab,)=sl[1] A
lab+nil}
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is~required-procedure~cornespondencef Id x Actual-parm” -+
Static-env -+ Bool
ia-required-pvoceduwe-conrespondanee(id,apl)p A
cases id: "rewrite”,"pyt"
"reset”,"get" = lenapl=1 a
is—VariabZe—accesa(apl[Z]) A
WFVA[apll[1]7p A
let t = NTVALapl[1]] in
ig~File~type(t) v is~Packed-type(t) a
ie~-File-type(s~type(t))
"read" ~+ lenapl>2 A
is-Variable-aacess(apl[l]) A
NTVALapl[1]]p=Text A
(Yieindsapl - {1})
(ie-Read-parm(apl[i]) A
let mk-Read-parm(va,t) = apl[i] in
NTVA[valp=t)
"write” ~ lenapl>2 a
is-Variable—accese(apl[]]) A
NTVALapl[1]]p=Text A
(Vieindsapl - {1})
cases aplli]:
mk—Default—mrite-parm(exp)
+ check-write-expr(ezp)p,
mk—Width—write-parm(exp],epo)
+ check-write-expr(expl)p A
check-write-expr(exp2)p,
mk—Fixed—write-parm(epo,expz,exps)
+ check-write-expr(expl)p A
check-write-expr(exp2)p A
check-write-expr(exp3)p,
"new”,"diepose” - lenapl>1 s
t = NTVA[hd apl] in
s~Reference-type(t) a

™~
N
o+

|

™S,

|

enapl>1 »
t1=if is-Packed-type(t)

then s-type(t) else t in

N
NS

e

|

ig~Record-type(tl) A

is~vaviant~constants(tI,ELapZ)p
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"paeck" + lenapl=3 A
check-pack(apll1],apll2],apll3]),
"unpack” + lenapl=3 A

check-pack(apl(3],apll1],apll2])

check-write-expr: FExpression - Static-env - Bool
check-write-expr(el)p A

WFE[elp n let nt=NTE[elp in nteRequired-type v is-all-string-type(nt)

check-write-fields: Expression - Static-env - Bool

check-write-fields(e)p A WFE[eJp n NTE[e]=Integer

check-pack: Actual-parm x Actual-parm x Actual-parm -+ Static—env - Bool
cheak-pack(upk,i,pk)pg
tg-Variable-access (upk) a WFVALupkIp A
is~-Expression(i) A WFE[1]p A
ig~Variable-access(pk) A WFVA[pklp A
let upkt = NTVA[upk]p,
pkt = NTVA[pklp in
ie~Array~type(upkt) A
is-Packed-type(pkt) A
let mk-Array~type(dt,rt) = upkt in
te-same(rt,pkt) A

is-assignment-compatible(dt, NTE[1]p)

te-required-function-correspondence: Id x Adctual-parm-liet -
Static-env —+ Bool
ie-required-function-correspondence(id,apl) A
len apl=1 a
is~-FExpression(apll1]) A WFE[abZ[I]]p A
let nt = NTE[apl[1]]p in

ecases 1id:

"abe","sqr" + nt ¢ {Integer,Real}
"81:71", "eos", uempn, nznn, "SC[T‘i‘", ”arctan",

"trune”, "round" =+ nt = Real
"ord","suce', "pred” + is~ordinal(nt)p
"ehr', "odd" -+ nt = Integer

"eof ! + 1s8-File-type(nt) v

is-Packed~type(nt) a
ig~File~type(es-type(nt))

"eoln' -+ nt = Text
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te-wf-funetion-procedure: Parameters x Block - Static-env - Bool
is-wf—function—pwoaedure(parms}bloek)p A
Egz.mk-Parameters(ids,type) = parms in
is—unique—d@clarations(ids,type,block) A
ite~unique-labels(block) A
let p1 = erase(aZZ-ZocaZ—ids(ids,type,QEL),{})p in
(videég@type)(WFDP[type(id)]pI) A

let p2 = erase(all-local-ide(<>,[1,block), {})p1 in
let p3 = merge-variables([id » ¢ | idedomtypel) &
(type(id) = mk-Var-formal-parameter(t) v
type(id) = mk-Value-formal-parameter(t) v
type(id) = mk~Var-array-formaZ-parameter(t) v
type(id) = mk—VaZue—array«formal—parameter(t)]}p2 in
let p4 = merge-procedures([id v + | idedomtypel) a
typel(id) = mk-Procedure—formal~parameter(t)])93 in
let o5 = merge-functions([id » ¢ | idedomtypel) &
type(id) = mk-Function~f0rmal-parameter(t)])p4 in
WFB[block]p4

bounds~of: (Type-id | Conformant-array-schema) - Index~type-spec-set
bounde-of (tid) A
ecases tid:
mk-P-array-schema(its,) - {its)
mk-Array-schema(its,ati) - {its} u bounds-of(ati)
T + {}

7.4 DYNAMIC SEMANTICS

7.4.1 Semantic Domains

External-values = Id a (Value | Value*}
Tr = State 3 State x [Label-den]
State ¢: STORE :(Se-loc # [Se~valuel)

FILES :(File-id m File)
DENV  :(pid 3 Env)
VENV :(pid zm (1d it Variant-inf))
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Se-value

Enumerated

Set

Pointer

File

Buffer

Mode
Env

Variant-inf

Variant-component =

Den

Array-den

Constraint:

Record-den

Tag-den

File~den

= Int l
Char |

s~-value:Id

= Ordinal-
=  Loc | NI
s-buffer
s-lpart
s~rpart

s-access
s-loe
s-type :

&-s8env :

= inspecti

Bool l
Set

Real |
Enumerated | | Pointer

s-order:1d*

set

L-VALUE

:Buffer
Lvatue*]
[vatlue™]
:[Mode]

[Loel
Type

Storage-env

on | generation

= Id 3 (De
21 s-vare :

s-genv ¢
Constant

= Se-loe
| Tag-den
| Proe-den
| Label-de

]

n | pid)
Variant-Component

Storage-env
7 Record-type

Array~den Record-den

! |
| File-den | Pointer-den
| |
| |

Fun-den Subrange-den

n Simple-value Allocated-den

Ordinal 2 Loc

(VadeArray-den)(er,ryerng ad)(is-same-loc—type(rx,ry})

(Id 7 Re
s-loec
s-did

e~type :

s File-id

cord-component)

Se-loe

:Did

Variant-inf

219
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Pointer-den 0! s=loe :8ce-loec

s~type :Type
s-senv :Storage-env

Proc-den P: (detual-parms™ x Aid-set) 3 pp
Fun-den t: e-den:(Actual-parms® x Aid-set 3 (State =+ State x
[Label-den] x Sc-value))

s-result-loc:Se-loe

Aetual-parms = Loc | Value | Proc-den | Fun-den |

Actual-read-parm | Adetual-write-parm

Subrange-den :r s-loc:Se-1loe g-range:Interval

Label-den 2: Label T[4id]

Allocated-den :: s~den:Record-den

Value =  Se-value | Array-vatue |
Record-value | Set-value

Array~-value = Ordinal 3 Value

Record-value = Id 3 Value

Set-value = Ordinal-set

Actual-read-parm :: s-loe:Se-loe type: {Integer,Real,Char}

Actual-write-parm Jr s=val :Se-value

s-width :[Int]
s-frae :[Int]

Auxiliary Objects

ordinal = Int | Bool | Char | Enumerated

Storage-loc = Se-loe | Array-den | Record-den
| Pointer-den | Subrange-den

Loec = Storage-loc | FPile-den

Record-component =  Simple-value | Tag-den Il Loe | pid
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Block-env ;¢ s~type :Type~env
s-env  :Env

s-atid :Aid-set

Type-env = Id 5 Type

Simple-value =  Ordinal | Real

Storage~env = Type~env x Env
4id,pid,File-id,Id,Label, Se-loe : Disjoint Infinite Sets
Passed-by-denotation =  Var-formal-parameter l

Funetion-formal-parameter I
Procedure-formal-parameter |

Var-array-formal-parameter

Passed-by-value = Value-formal-parameter I

Value~array~formal-~parameter

Array-parameter = Value-array-formal-parameter

Var-array-formal-parameter

7.4.2 Semantic Elaboration Functions

Meaning Function Abbreviations

MP Meaning of a Program MSL Meaning of a Statement List

MB Meaning of a Block MS Meaning of a Statement

MBD Meaning of Bloek Declarations MUS Meaning of an Unlabelled Statement
MD Meaning of a Declaration E Meaning of an Expression

Other Common Abbreviations

arg argument exp expression op operator
const constant id identifier parm parameter
decl declaration nm  name st statement

stl statement-list
Semantic Functions

i-program : Program - (External-values - External-values)
i-program{p](extv) A

(let o = mk-State([1,[3,01,T7) in

MP[pi(extv)ag)
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Program -+ External-values + (State - State x [Label-den] x

MP[mk-ongram(,args,bZock)](extv} A

required-types = [("Integer" » Integer,
"Boolean" » Boolean,
"Roall . E_ea_l,
"ohap! > E]E’
"Text" P mk-File-type(Char)]
required-declarations =
["abs™ H abs-denotation, "page™ >
"arctan" arctan-denotation, "pred" >
"ehp! = chr-denotation, "put" >
"eos" » cos-denotation, "read” >
"diepose" r» dispose-denotation, "readln”
"eof™ = eof-denotation, "reset” >
"eoln” b eoln-denotation, "rewrite”
"exp" > exp—dénotation, "round” -
"falsge” > false "sin" >
"get!" = get-denotation, "eqr" >
"input” o mk-File-den(finput), "eqrt" >
"maxint" +» maxint-denotation, "suce >
"new" > new-denotation, "true" >
"odd" > odd-denotation, "trune” o
"ord" B ord-denotation, "unpack”
"output" mk~File-den(foutput) "write” o
"pack" # pack-denotation, "writeln"

Note:

(let t = required-types
let o = required-declarations
let mk-block(decls,stl) = block

def § MBD[declsImk-Block-env
bind[args](extv,6);

MSL[stl]6;
def result
epilogueldecls](6);

unbindlargs]s;

return(result))

(t,p,{});

When referencing the translated identifiers

1d),

quotes are used

identifier Integer.)

(e.g. "Integer” for the

External-values)

page-denotation,
pred-denotation,
put-denotation,
read-denotation,
readln-denotation,
regset-denotation,
rewrite-denotation,
round-denotation,
sin-denotation,
sqr-denotation,
sqrt-denotation,
suce-denotation,
true
trunc-denotation,
unpack-denotation,
write-denotation,
writeln-denotation]
(members of the set

translation of the
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bind Id-set - External-values x Block-env =»>
bind[ids](extv,mk-Block-env(t,p, )) A

for all ideids do

1f p(id)eFile-den
then let mk-File-den(fid)
let buffer =
tf id="input” v id="output”
then mk—Buffer(gié,mk—FiZe—type{gggg,(t,p))
else buffer~of(p(id)) in
let lp,rp € Value™ s-t. lp rp=extv(id) in
FILES := ¢ FILES + [fid =~ mk—-File(buffer,Zp,rp,M)]°

B4

If

olid) in

(id="input" - reset(p(id)),
id="output" -+ rewrite(p(id)))
else assign(p(id),extv(id))

unbind: Id-set -+ Bloeck-enp => External-values
unbind[ids](§) Uid » unbind-vallid]s | ideids]

fle>

unbind-val: Id - Block-env => (Value | Value®)
unbind—val[id](mk-BZock—env(,p,)) A
if p(id)eFile-den
then let mk-File-den(fid) = p(id) in
def mk-File(,lp,rp,) : (¢ FILES)(fid)
return (1p~rp)

else contents(p(id))

MB: Bloek x Block-env =>
MB[mk-block(decls,stl)]6 Iy

def 68': MBD[deels]§;

always epilogueldecls]6' in MSL[stl]6!

epilogue: Declarations - Bloeck-enp =»>

epilogueldecls]mk-Block-env(,p, ) 4

let vdecls = s-variables(decls) in
let vdens = {p(x) | wxedomvdecls} in

deallocate(vdens)
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MBD: Declarations - Block-eny —» Block-env
MBD[mknDecZarations(Zabs,constm,typem,varm,proem,funm)]d A
let mk-block~env(t,p,cas) = § in

let aidedid - cas in

let t' = t + Jddew typemdi~dd-ec_dom typeml in

def o' : p + ({id » mk-Label-den(id,aid) | id « Labe] v
[id MD[constm(id)J(t",p"') | id e dom constm] u
[id » MD[varm(id)J(t",p") 2 dom wvarm ] u
Lid » MD[proem(id)J(t', ") l id ¢ dom proem] u
Lid » MDL funm(id)J(t", ") | ©d « dom funm] u

enumerated—values(rng varm v rng typem,t');
return(mk~Block-env(t',p',cas v {aid}))

MSL: Statement™ -+ Block-env =>
MSL[stl1]s A
let p = s-~env(6) in

tixe [p(lab) P cue-i-statement-list[lab,stl]s§ | labelabels-of[stl]] in
i-statement-1list[stl]6

cue~i-statement-list: Label X Statement®™ =+ Block-env =»>
cue—i~statement—list[lab,stl]é A
let n = index(lab,stl) in

for i=n to lenetl do MS[s-st(etl[i])]6

MS: Statement -+ Block-enp =»
MS[mk-Statement(lab,st)]s A

let p = s-~env(s) in

tize [1 > MUS[et]6 | 1 ¢ if lab=nil then {} else {1}1 in
MUS[&t]6

MUS: Unlabelled-statement - Block-eny =>

MUS[mk~Compound-gtatement (stl) ] A i-statement-list[stl]§

i-statement-1ist: Statement® - Block-env =>

i-statement-liet[stl]§ A
tize [lab » cue-i-statement-list[lab,stl]6 | ts~dcont(lab,stl)] in
for i=1 to len stl do MS[e~st(stl(£])]6§
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MUS[mk-Assignment-statement(target,exp)]é A
def rhs: Elexp]é;
def lhs: e-left-referencel target]s
assign(lhs,rhs)

MUS[mk-Procedure-statement(id,apl)]é A
def denl : <e-actual-parameter{apl[i]]§ | I<i<lenapl>;
let f = g~env(8)(id)
in f(denl,s-aid(6))

MUS[mk-If-statement(exp,th,el)]s 4
def v: Elexp]é;
if v then MS[th]§ else if el+nil then MS[ellS else I

MUS[mk-Case-statement(exp,cel)]s A
def ev: Elexp]$§;
if cveunion{s-ce(cel(i)) | icindscll)
then let s=(Ai)(ces-cs(cll(i))) in MS[ecel[1]]6

else error

MUS[mk-While-statement(exp,st)]6 A

while Elexp]s do MS[et]s

MUS[mk-Repeat-statement(stl,exp)]s A
MSL[etl]8; while Elexp]§ do i-statement-list[stl]$

MUS[mk-Local~goto(id)]8 4 exit(id)
MUS[mk-Nonlocal-goto(id)]6 A exit(s~env(8)(id))

MUS[mk~For-statement(id, from,direction,to,et)]s A

let next = if direction=T0 then suce else pred in
def initial : E[from]é;
def final > Efto]és;

if ftest(initial,final,direction)
then (let control = mk-Variable-access(id) in
assign(control,initial);
MS[st]S§)
else I;
while contents(control)+final do
(assign(control  next(control));
MS[et]6)
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ftest: Sc-value x Se-value x {TO, DOWNTO} -+ Bool
ftest(vi,vg,dir) 4

(dir = TO P V1<

dir = DOWNTO » v1>v2)

MUS[mk-With—statement(vs,st)]G A
def wp : e~Zeft-reference£}s]6;
let mk-Block-env(t,p,aid) = § in
let §' = mk-Block~env(t, p+wp,aid) in
MS[st]s’

e-left-reference: Target - Block-env -+ Dpen
e~left-referenceld]s A
(deVariabZenacceés * e-reference(d,s,lhs-apply)
deFunction-id + let fden = s-env(6)(s-1id(d)) in
s8=result-loc(fden))

assign: Den x Value =»>
assign(den,value) 4
cases den:
mk~Array-~den(d) -+
for all iedom d do assign(d(i),value(i)),
mk-Record-den(d) -+
for all idedom d do assign(lhs—apply(d,id),value(id}),
mk—Subrange—den(Zoc,range) -+
if s—Zow(wange)ivalueis-high(range)
then assign(loe,value)
else error,
mk~Tag-den(loc,did, vinf) -+
if contents(loec)+value
then let mk-Variant-inf(ve, senv) = vinf in
deallocate({did});

assign(loc,value);

DENV := ¢ DENV + [did » MD[ve(value)](senv)]
else I,
mk-Pointer-den(loc) =+ assign(loc,value),
T -~ if denedom ¢ STORE
then STORE := ¢ STORE + [den ~ palue]

elsg error

MUS[ NULL-STATEMENT] AT
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E: Expression -+ Block-env => Value

Elmk-Variable-expression(va)]s A
def den : e—referenae[va](é,rhs~appZy);

if ~(denedllocated-den) then contents(den) else error

E[mk—Constant—expression(emp)]6 A
(cases exp:
mk-Real-constant(r) - represent(r),
test(1),

return(e),

mk-Integer-constant (i)

1

mk~Char-constant(e)

)
+

mk~Id-constant (i) * return(s-env(§)(i)),
mk-String-constant(s) - return({i -+ s(1i) | icinds 8l),
NIL~-VALUE + return(NIL-VALUE)

E[mk~Function-designator(id,apZ)]G A

def denl : <e-actual-parameter[apl[i]]6 | I<i<len apl>;
let f = g~env(8)(id) in

def v : fldenl,s-aid(6));
return(v)

E[mk-Prefix-expression(op,exp)]é Y
def value: Elexp]6;

apply-prefiz-operation(op,value)

E[mk—Infix~expression(Zexp,op,rexp)]6 A
def lvalue : Elflexp]s;
def rvalue : Elrexp]s;

apply-infix-operation(Zvalue,op,rvalue}
Elmk~Set-constructor(ml)]§ A union{e—member(ml{i),d} | Zeindemi}

apply-prefiz-operation: Prefiz-opr x Value => Value
applyaprefix—operation(op,ualue) A
cases op:

integer—plus,real—plus *+ return(value)

integer-minus + return(~value)
real-minus =+ represent(-value)

not “+ return{-value)

—
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apply-infiz-operation: Value x Infiz-op x Value => Value
apply—infix—opewation(u,op)w) A

cases op:
real-add -+
real~sub -+
real-mult -+

real-div -

integer—add -+
integer—sub -+

integer-mult-

integer~div -+

integer—mod -+

H-__ -
lg —+
?g —
E—Q_ -+

e -3
ﬂf—__ -+
union -+
intersection—

represent(v + w)
represent(v - p)
represent(v * p)
if w0

then represent(v |/ w)
else error

test(v + w)

test(v - w)
test(v * w)
if w0
then let d be s.t. (IreInteger) (0<p<wrv=d*yin)
in test(d)
else error
if w0
then let » be s.t. 0<pew

(IdeInteger) (d>0 A v=d*wip)
in test(r)

else error

difference -

super-set -+

sub=-set -+
i_.Il Y
and »
or -+

The six relational operators <, <, =

sets Bool, Char,

Bool

and Enumerated

return(v < w)
return(v < w)
returnf{v = w)
return(v + w)
return(v > w)
return(v > w)
return(v v w)
return(v n w)
return(v - w)
return(v > w)
return(v < w)
return({v e w)
return(v A w)
return(v v w)

<5 s #, >, > have been extended to the

as follows:

Char

Enumerated

is given the order: false, true
is given an implementation-defined order.

are ordered according to the associated value list.
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e-member: Set-constructor -+ Block-enp => Ordinal-set
e-member[m]6 A
tf meExpression
then {E[m]6}
else let mk-Interval(l,h) = m in
def 1v : E[1]6;
def hv : E[h]6;
return( {z | lv<z<hv} )

represent: Real => Real
represent(r) A
if -maxreal <r<-minreal v minreal <r<-maxreal v p=(
then return(an implementation defined approximation of »)

else error

test: Int => Int

test(i) A if -mazint<r<mazint then return(i) else error
e-reference: Variable-access -+ Block-enwv x (Env x Id - Den) => Den
e-referencelval(§,apply) s
cases va:
mk-Index-variable(ar,exp) -
(def mp ' e-referencefar](6,apply);
def index : E[exp]6;
if index ¢ dom mp then return(mp(indez)) else error),
mk-Field-designator(re,id) -
(def » e-referenae[re](G,apply);
let mp = if recdllocated-den then s-den(n) else r in
apply(mp,id)),
mk-Reference-variable(rv) -
(contents(e-reference[rv](d,apply))),
mk-Buffer-variable(bnr) -+
def fid : e-reference[rv](G,apply);
def file : (¢ FILES)(fid);
neturn(a-Zoc(sabuffer(file))),
T + applyl(s-env(§),1d)

rhe-apply: Env x Id => Den
rhe-apply(m,id) A if idedom m then let r

m(id) in
reDen =+ return(r),
reDid rhe-apply((c DENV) (%), id))

4

else error
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lhe~apply: Record-component x Id => Den
lhe(m,id) & if idedom m then let » = m(id) in

(reDen -+ return(r),

reDid -+ cont-apply(r,id))

else error

eont-apply: Did x Id => Den
cont-apply(did,id) A
def m : (c VENV)(did) + (¢ DENV)(did);
let » = m(id) in
(r ¢ Den + return(r),
r ¢ Did =+ cont-apply(r,id),
r € Variant-inf = (set-up(did,id); cont-apply(did,id)))

set-up: Den x Id =>

set-up(did,id) A
def mk-Variant-inf(ve,senv) : (¢ VENV)(did)(id);
deallocate(rng((c DENV)(did)));
let ntageConstant be s.t. ideids-of(ve(ntag)) in
DENV := ¢ DENV + [did » MD[ve(ntag)Isenv]

contente: Loc => Value
contents(d) A

cases d:
mk-Array~den{ad) + [1 » contentsoad(id) | iedomad] ,
mk-Record-den(rd) + [id » contenterhs-apply(rd,id) | idedomrd] ,

mk~Pointer-den(loe,,) -+ contente(loc),

mk-Subrange-den(loe,) =+ contents(loc),

mk-Tag~den(loc,,) -+ eontentel(loc),

T + if dedom(e STORE)
then (¢ STORE)(d)

else error

e-actual-parameter: Actual-parm - Block-env => Actual-parms
e-actual-parameter[ap]s A
{ap € Variable-access + e~left-referencelaplp,
ap € Expression + Elap]§,
ap
ap = mk-Procedure-parm(id) - return(s-env(§)(id)),

mk-Funetion~-parm(id) —+ return(e-env(§)(id)),

ap € Write-parm + return(e-write~parm(ap,§)),

ap € Read-parm + return(e-read-parm(ap,§))
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e~write-parm: Write-parm -+ Block-eny =» Actual-~write-parm
e-write-parm{ap]§ A
(let exp = s-expr(ap) in
def ev : Elexp]§;
cases ap:
mk-Default-write-parm() -+
mk«AatuaZ-write~parm(ev,Qiiyﬁii)
mk-Width-write-parm(,el) -+
def vi1 : E[e176;
mk—ActuaZ~writenparm(ev,ul,gig)
mk—Fixed-write—parm(,91,92) -+
def v1 : Ele1]6;
def v2 : E[e2]6;

mk—ActuaZ—writenparm(ev,vZ,02)

e-read-parm: Read-parm - Block-env =» Actual-read-parm

e~-read-parmfap]§ A

let d = &~target(ap) in
let t = s~type(ap) in
def loe : e~-left-referencel17]6;

mk-Actual-read-parm(loc,t)

+MD: Type -+ Storage-env =>Den Unless otherwise stated
MD[mk-Constant(en)](t,p) A
cases cen:

mk-Prefix-conet(sign,id) - def v = MDImk-Constant(id)](t,p);

if sign=PLUS then v else ~ v,

mk-String-const(sec) -+ se,
mk-Real-constant(n) = represent(r),
mk-Integer-constant (1) ~+ test(i),
mk~Char-constant(c) + e,
mk-Id-constant{id) + p(id)

MD[mk-Type-id(id)](t,p)

lIe>

MD[t(id)](t,p)
MD[mk~Enumerated—type(idl)](t,p) A generate-se-loe()

MD[mk-Reeord-type(fp,vp)](t,p) A
def f : e-fixed-part(fp, (t,p));
def v : e-variant-part(vp, (t,p));

return(fuv)
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MD[mk-Subrange~type(fe,le)I(t,0) 4
let fo = p(fe) in
let lv = pl(le) in
def loc : generate-sc~loc();

return{mk-Subrange-den(loe,mk-interval (fv,lv)))

MD[mk-Array-type(dt,rt)](t,p) A
def array : elements(dt, (t,p));
return(ld » MD[rt](t,p) | d ¢ arrayl)

elements: Type x Storage-env => Ordinal-set
elements(type, (t,p)) A

let atype = type-of(type) in

(atype ¢ Enumerated-type -~ let {dt} = collect-values(atype,t) in

return (elems dt),

atype € Subrange-type + let mk-Subrange(f,l) = atype in
def fe : MD[fi(t,p0);
def le : MD[L](t,p);

return({z | zevalues(fe) a fe<z<lel))

MD[mk-File~type(ft)I(t,p) A
let buffer = mk-Buffer(nil,ft,(t,p)) in
let file = mk-File(buffer,nil,nil,nil) in
def fid ¢ File-id - dom ¢ FILES;
FILES := ¢ FILES + [fid » filel;
return(mk-File-den(fid))

MD[mk-Set-type(dt)I(t,p)

e

generate-sc-loc()

MD[mk-Packed-type(typel)l(t,p)

fle

MD[ typel(t,p)

MD[mk-Reference~type(tp)](t,p)

def loe : generate-sc-loc();

fle>

return(mk-Pointer~den(loe,tp, (t,68)))

MD[rt](t,p) A generate-sc-loc()

e-fizxed-part: (Id - Type-id) x Storage-env => Den
e~fized-part(fp, (t,p)) o [id » MD[fp(id)I(t,p) | idedomfp]



PASCAL 233
e-vartant-part: Variant-part x Storage-env => Den
e~variant-part(vp, (t,p)) iy
if vp=nil then return(l] )
else def did ¢ pid - dom ¢ DENV;
DENV := ¢ DENV + [did » []1];
def td : e-tag-part(vp,did, (t,p))
let v = [id = did | tdeids-of(s-evp(vp))] in
return(tduv)

e~tag-part: Variant-part x Did x Storage-env => Den
e-tag-part(vp,did, (t,p)) A
let mk~Variant-part(tid, ttype,ve) = vp in

let vinf = mk-Variant-inf(ve, (¢t,p)) in

if tid+nil then def tden : MD[ttypel(t,p);

return(l{id ~ mk-Tag~den(tden,did,vinf)] )
else let venv = build-venv(vinf) in

VENV := ¢ VENV + [did » venv];
return({] )

build-venv: Variant-Inf -+ (Id # Variant-component)
build-venv(vi) A mergelbuild-each-venv(rt,vi) | rterngs-varc(vi)}
build-each-venv: Record-type x Variant-inf -+ (Id - Variant-inf)
build—each—venv(rt,vi) A
ggz_mk-Record—type(fp,vp) = rt in
Tid » vi | idedomfp] +
tf vp=nil then []
else let mk~Variant-part(tid,,lve) = vp in

tf tid=nil then build~venv(mk~Variant—inf(Zvc,s-senv(vi))
else [tid » vi]

generate-ge~loe: => Se~loe
generate~sc~loe() A def loec € Se-loe - #sed~storage();

STORE := ¢ STORE u [Zoe =& nill;

return(loec)

MD[mk—Procedure(parms,bloak)](t,p) A
let flapl,cas) = def p' : p + build~parm~env(parms,aplj?,p@%;
MB[bZock](mk~Block-env(t,p',casg;

dealZocate-parameter-locs[parms]p'

in f
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deallocate~parameter-locs: Parameters - Env =>
dealZocate~parameter—Zocs[parms]p A

deallocate({p(id) | ideelemes s~ids(parms)})

MD[mk-Function(parms,block,return)](t,p) A

let flapl,cas) =
def o' cp + build-parm—env(parms,apl,(t,p’));
def rloe D MD[return](t,p);
i-block[block](mk-BZock—env(t,p',eas);
def result : contents(rloc);
dealZocate—parameter-and—retunn-locs[parms](rloc)p';
return(result)

in mk~Function-den(f,rloc)

dealZocate—pawameter—and-return—Zocs: Parameters -+ Den -+ Eny =»>
dealZocate—parameter—and—return—locs{parms](rloc)p A

deallocate({p(id) | idecelems s~ids(parms)Yu{rloc})

build-parm-env: Pagameteﬁs x Actual-parm®™ x Storage-env - Env
build~parm—env(mk-'arameters(fpl,type},apl,(t,p)) A
 let idl = cone fpl in
[idZE%} P apl(i)
| teindsapl a type(idl[i])ePassed-by~denotation]
(idi(i) w e—value-parameter(apZ[i],type(idl[i]),(t',p))
| Zeindsapl A type(idl[i])ePassed-by-value] u
merge{set-bounds(apl(i),ecas)
| ieindsapl a type(idl[i])eArray—paramete@ffA
cas=s-schema(type(idl[i]))}

e-value~parameter: Value x Type x Storage-env => Den
e-value~-parameter(val,type, (t,p)) A
casesg type:
mk-Value-formal-parameter(pt) -
def loc : MD(pt)(t,p);
assign(loc,value);
return(loc)
mk-VaZue—array—formal—parametew(pt) -+
let at = construct-array-type(pt,p) in

e—value-parameters(val,at,(t,p))
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construct-array-type: Conformant-array-schema x env - Array~-type

construct-array-type(cas,p) A

let its = g~-ind(cas) in
ggf_mk—Indem-type~spec(Zid,hid,type) = its in
let 1 = p(lid) in
let h = p(hid) in
let dt = mk-Subrange-type(l,h) in

cases cas: mk-P-array-schema(,type) - mk-Array-type(dt, type)

mk-Array-schema(,type) -
let rt = if typeeConformant-array-schema
then construct-array-type(type, s)
else type
in mk-Array-type(dt,rt)

set-bounds: Actual-parameter x Conformant-array-schema - Env

set-bounds(d,cas) A

let its = g-ind(cas) in
let mk-Index~type-spec(lid,hid, ) = its in
let lbound = mins(dom d) in
let hbound = maxs(dom d) in
let m = [1id v lbound, hid w» hbound] in
cases cas: mk~Array-schema(, type) -+

if typeeConformant-array-schema

then let nlerng d in set-bounds(nl,type) + m
else m,

mk-P-array-schema(,type) -+ m

enumerated-values: Type-set x Type-env - (Id - Simple-value)
enumerated-values(types,t) A
let tev = union{collect-values(type,t) | typectypes} in
Lid + mk-Enumerated(id,idl) | ideelemsidl A idletev]

collect-values: Type x Type-env —+ Id*-set
collect~-values(type,t) 4

cases type:

mk-Type-id(id) =+ collect-values(t(id),t)
mk~Enumerated-type(idl) - {idl}

mk~File-type(ft) + collect-values(ft)
mk-Set-typelst) + collect-values(st)
mk-Packed-type(pt) =+ collect-values(pt)
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mk~Recowd—type(fp,vp) -+
unionlcollect-values(tp) | (3zefp) (tp=s-type(lz))} u
if vp=nil then {}
else unionfcollect-values(tp) | tperng s-evp(vp)}
mk-Array-type(dt,rt) + collect-values(dt) u collect-values(rt)
mk-Reference-type(rt) + collect-values(rt)
T + {}

Denotations for Standard Procedures and Functions

The denotations for the functions and procedures abs, arectan, cos, exp,
maxint,odd, pack, readin, round, ein, sgr, sgrt, trune and unpack are
Pascal programs that return the appropriate values. The denotations for

the other functions and procedures are all of the form:
zxx-denotation A let zxx(arguments) in rax
where the zxx is given below:

chr
ehr: Int - Chap

ehr(z) = an implementation—-defined character

dispose

dispose: Pointer-den[Value*] =»
diepose(pden,vl) =
if vi=nil
then let mk-Pointer-den(loec,, )=pden in deallocate({contents(loe)})

elge check-tags(pden,vl); dispose(pden,nil)

check-tags: Pointer-den x Value® - Bool
check-~tage(p,vl) A

let mk-Pointer-den(loe, type, ) = p in
let rd = allocated-type(type,vl) in

def mk-Allocated-den(locs) - contents(loc);

rd = domlocs
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allocated-type: Type x Value - Id-get
allocated-type(type,vl) A
if vi=<>
then ids-of (type)
else let mk-Record-type(fp,vp) = type in
ids~0f(mk-Record—type(fp,gig)) U
(let mk-Variant-part(id,,evp) = vp in
if td=nil then {id}
else {id} v allocated-type(evp(hdvl),tlvl))

eof
eof: File-den => Bool
eof (mk-File-den(fid)) A
if is-file~-defined(fid)
then e-rpart((ec FILES)(fid))=<>

else error
eoln

eoln: File-den => Bool
eoln(mk-File-den(fid)) 4

if ~eof(mk-File~-den(fid)) a te-text(fid) a is-file-defined(fid)

then hds-rpart((c FILES)(fid))=end-of-1ine

elee error

get

get: File-den =>
get(mk-File-den(fid)) A
if pre-get(fid)

then def mk-File(buffer,lp,rp,mode) : (e FILES)(fid);
def buffer’ : re-allocate(buffer);
FILES := ¢ FILES + [fid » mk—FiZe(buffer‘,Zp‘<ﬁg rp>,

tl rp,inspectionl];
assign(buffer',ﬁi rp)

else error

237
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pre~get: File-id => Bool
pre-get(fid) A
te-file~defined(fid)
(def mk-File(,,rp,mode) -: (¢ FILES)(fid);

rp=<> A mode=inspection )
itnspection

i6~-file~defined: File-id =» Bool
te-file-defined(fid) A
égi.mk-FiZe(,Zp,rp,) : (e FILES)(fid);

lpentil A rpenil
new

new; Pointer-den x [Value*] =>

new(pden,vl) =

let mk—Pointer—den(pZoc,type,senv) = pden in
def den : allocate—new(type,senv,vl);

let rden = if vl=nil then den else mk~Allocated~den(den) in
STORE := ¢ STORE + [ploc » rden]

allocate-new: Type x Store-env x Value® => pen
allocate—new(type,senv,vl) A
if vi=nil
then MDz}ypqz(senv)
else let mk-Record-type(fp,vp) = type in
MD(fp)(senv)
+(let mk~Variant—part(id,ttype,evp) = vp in
if id=nil then [] else [id » ndvl]
+ allocate-new(evp(hivl),senv,ﬁivl))

ord

ord: Value -+ Integer

ord(v) A v ¢ Integer -+ v,
vV € Boolean > if v then 1 else ¢
v € Char » let ielnteger be 8:t. v=chr(i) in 1
v € Enumerated -+ let mk-Enumerated(id,idl) = v in

(Aieindsidl) (id1[i]=4d)~1
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page

page: File-den =>
page(mk-File~den(fid)) A if pre-put(fid) A is-text(fid)
then def mk-File(,lp,,) : (c FILES)(fid);
if lp(len lp)tend-of-line
then put-char(fid,end—of-line);
elee I;

put-char(fid, end-of-page)

else error

pred

pred: Ordinal -+ Ordinal
pred(x) A if mins(values(z))<x
then (brevalues(x))(ord(r)=ord(z)-1)

else undefined

put

put: File-den =>
put(mk-File-den(fid)) A
tf pre-put(fid)
then def ch : contente(buffer-of(fid));
put-char(fid,ch)

eglse error

put-char: File-Id x Char =>
put-char(fid,ch) A
def mk-File(buffer,ip,rp,mode) : (¢ FILES)(fid);
def buffer’ : re-allocate(buffenr);
FILES := ¢ FILES + [fid ~ mk-FiZe(buffer',Zp‘<eh>,<>,generation)

pre-put: File-id => Bool

pre-put(fid) 4
def mk-File(,lp,rp,mode) : (e FILES)(fid);
return(lp+nil A rp=<> A mode=generation)




240 VDM AND PROGRAMMING LANGUAGES

read

read: File-Id x dctual-read~parm =>

read(fid,arp) A
EEE_mk-ActuaZ—read—parm(Zoc,type} = arp in
cases type:

Integer -+ def v: get—value(fid,lnteger);
assign(loc,v)
Char - def buffer : buffer-of(fid);

assign(loc,contents(buffer));

get(fid)
Real » def v : get-value(fid,Real);

assign(loc,v)

get-value: File-id x {Integer,Reall} => yalue
get-value(fid,type) =

def mk-FiZe(buffer,Zp,rp,) * (c FILES)(fid);
let 1,7e{0:lenrp} be s.t.
121 A
check~syntax(subl(rp,i,j),type) A
(~3k>j)(check~syntam(subl(rp,i,k),type) A
(Vne[l:i-l})(Pp(n)e{BLANK,end—of—line) in
if J+0
then def buffer' : re—allocate(buffer);
FILES := (¢ FILES + [fid » mk-File(buffenr’,

lpTsubl(rp,i,j),
rest(rp, j+1),

generation)];
assign(buffer',rp(j+1));

return(numeric-rep-of(subl(rp,i,j))
else errorp

check-syntax: Char-1list x {Integer,Real} - Bool

The result of check~syntax(clist,type) is TRUE if the characters
in elist correspond to the syntax of a siéhéd~integer, if type
is Integer, or to a signed-number, if type is Real. Otherwise it
is FALSE.

S
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reset

reset: File-den =>
reset(mk-File-den(fid)) A
if 1s-file-defined(fid)
then def mk-File(buffer,ilp,rp,) : (¢ FILES)(fid);
let file-value = complete-file(lp“rp,s-type(buffer)) in
def buffer’ : re-allocate(buffer);
FILES := ¢ FILES + [fid » mk~FiZe(buffer’,<>,f£Ze—vaZue,
inspection) ]

if file-values<> then assign(buffer’,@é file-value) else T

else T

complete-file: Value-1list x Type -+ Value-list
complete-file(vl, type) A

type+Char v vi=<> ~+ vl

vi(len vl)=end-of-line - vl

T + vl "end-of-line
rewrite

rewrite: File-den =»>
rewrite(mk-file-den(fid)) A
def buffer : buffer—of(mk—Fileaden(fid));
def buffer' : re-allocate(buffer);
FILES := (¢ FILES + [fid » mk-FiZe(buffer',<>,<>,generation)]

SUcCc

suce: Ordinal - Ordinal
suce(xz) A if x<maxs(values(z))

then (Arevalues(x))(ord(r):ord(m)+1)
else undefined
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write

write: File-den x Actual-write-parameter =»>
write(mk—FiZe—den(fid),awp) 4
let val = s~value(awp) in
let seString be s.t.
(cases val:
val ¢ Char -+ is-charaeter-rep(s,awp)

val ¢ Integer

:

is—integer—rep(s,awp)
val ¢ Real -+ is~real~rep(s,awp)
val € String - le~string-rep(s, awp)
val € Boolean -+ is-boolean- rep(s,awp)) in

if pre-put(fid) A is- text(fid)

then def mk-lee(buffer,Zp,rp,mode) ¢ ¢ FILES;

def buffer' : re-allocate(buffer);
FILES := ¢ FILES + [fid H~mk-FiZe(buffer',Zp*s,

<>,generation) ]

else error

The functions: is-character-rep, ie~integer-rep, is-real-rep,
is~string~rep, i8~boolean—rep, ts-fized-rep, and
te-floating-rep

all have type: String x Aetual-write-parm -+ Bool

is-chaﬁacter—rep(s,awp) A

let field-width = check-width(awp) in
let value = g-val(awp) in
let lead = max(0,field-width - 1) in
let spaces = {1:lead} in

lens=field-width A (Vzespaces)(s[zJ—BLANK) A sllens]=value

is~integer—rep(s,awp) 4

™~
®©
o+
n
®
3
Q
o
It

let field-width = check-width(awp) in
let value = g-val(awp) in
let lead = max(0,field-width - (intsize(value) + 1)) in

in

{1:7¢ad}

lens=field-width A (viezeros)(s[i]—BLANK) A

(if value>o then sllead + 1]=BLANK else s[lead + 1]=MINUS) &
numeric-rep-of (rest(s,lead + 2))= abs(value)
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ts~real-rep(s,awp) A
-

s-frac(awp)=nil ie-floating-rep(s,awp), T - i8-fixed-rep(s,awp)

ig-string-rep(s,awp) A
let field-width = check-width(awp) in
let value = s~val(awp) in
let lead = max(0,field-width - lenvalue) in
let spaces = {1:1ead} in

lens=field-width a (Viespaceg) (s[1]=BLANK) \

rest(s,Zead+1)=8ubZ(value,l,min(éggvalue,iggs ~ lead))

te-floating~rep(s,awp) Iy
let field-width check-width(awp)

let value

g-val({awp)

By

let dec-places field-width - expdigits - 5

It

let z,y < Int be s:t: if value=0 then z=0 A y=0
else 10>z>1 a
dec-plaees—of(x):dec—places A
ts-approximation(value,z,y) in
lens=field-width a
(if value>0 then s[1]=BLANK else 6[1]=MINUS) »
numeric-rep-of (el 2])=trunc(z) A
8[ 3 ]=POINT A
numericnrep—of(subl(s,4,dea~places))=x—trunc(x) A
6[4 + dec-places]=EXPON A
s[5 + dec-places]=(y>0 -~ PLUS,T —+ USCORE) A

numeric~rep-of (rest(s,6 + dec-places) )=y

Comment: expdigits is an implementation~defined integer value repre-

senting the number of digit characters written in an exponent.

is~fized-rep(e,awp) A
let (field-width, frac-width) = check-width(awp)

in
let value = g-val(awp) in
let sign = if value>0 then 0 else 1 in
let min-width = inteize(value)+frac-widthreign+l in
let zeInt be s.t. if value=0 then z=(

else dec~place-of(x)=frac-width A

te-approximation(value,x, () in

let lead = max(0,field-width - min-width) in
let zeros = {1:1ead} in
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lens=field-with a (Viezeros) (e[ 1 ]J=BLANK) A
value<0 > g[lead + 1 ]=MINUS A

numeric~rep-0f(subl(8,Zead+sign+1,intsize(x))ztrunc(x) A
sllead+sign+intsize(x)+1))= POTNT A

numeric—ﬁep—of(rest(s,Zead+sign+intsize(m)+2})=x - trune(x)

is—boolean-rep(s,awp) A

let field-width

let value

Zet result

= check-width(awp) in

If

s-val(awp) BN in

if value then <T; R R,U,E> else <F,A,L,S,E> in

check-width: Actual-write~parm = (Int | Int x Int)

check-width(mk—ActuaZ—write-parm(v,tw,fw)) A

veChar + let aw = if tw=nil then 1 else tu in_
if aw>1 then aw
else undefined,

velnteger @ let av = if tw=nil then intw else tw in
if aw>1 then max(intsize(v)+1,aw)
else undefined,

veReal n  fu=nil + let aw = if tw=nil then realw else tw
if aw>1 then max(expdigits+6,aw)
else undefined,

veReal A fusnil - let sign = 1f v>0 then 0 else 1 in
let mehs = sign+int3ize(v)+1+dec-digits-of(v)
let av = if tw=nil then mchs else tw
tf aw>1 A fw>1 then (max(aw,mehs), fw)
else undefined,

veBool » let aw = if tw=nil then boolw else tw in
if aw>1 then aw else undefined

veString + let aw = if tu=nil then lenv else tw in
if aw>1 then aw else undefined

Comment: intw, realw, and boolw are implementation-defined integer

i@.

values representing the number of characters written out for

Integer, Real or Boolean, respectively.

numeric-rep-of: Char® -+ I'nt | Real

numeric-rep~of converts a Char-ligt into a implementation defined value

which the character string is a representation of.
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inteize: Real - Int
intsize(x) A if x=0 then 1

else let r» be s.t. 10**(”‘Z}§Qbs(x)<10**” in r

is-an-approximation: Real x Real x Integer - Bool
is~an-approximation(z,y,z) A
Fep_of(x_O05*10**—dec-places-of(m),y)
< abs(r) <
:;p_of(x+0B5*10**+dec—places-of(x),y}

rep-of: Real x Integer -+ Real
rep-of{z,y) A z*10%%Y

writeln

writeln: File-den =>
writeln(mk-File-den(fid)) A
if pre~put(fid) A is-text(fid)
then put-char(fid, end-of-line)

else error

7.4.3 Auxiliary Functions

deallocate: Den-get =>

deallocate(ds) =

def locs : union{sc-loce-of(d) | deds} ;
STORE := ¢ STORE \ loes;

def files : untion{files-of(d) | deds) ;
FILES := ¢ FILES \ files;

def dids : {x | xeDidA(Hyerng((ngNV)(x)))(sc-locs~of(y)g}ocs)} 5
DENV := ¢ DENV \ dids;
VENV := ¢ VENV \ dids
se~locs~of: Storage-loec => Se-~loc-set

se~locs-of (xz) A

(z € Se-loe -+ {z},

z € Array-den + unton{se~locs-of(r) | » ¢ rng z},

xr ¢ Record-den  + union{sc-locs-of(r) | r ¢ rag z},

x € File-den -+ def mk-File(buf,,,,) : (¢ FILE)(x);

sc-locs-of (buf),
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T € Pointer-den - ggf‘mk-Pointew~den(Z,3) = x in {1},
z € Subrange-den - let mk~Subrange-den(1,) = « in {1},
x € Tag-den » let mk-Tag-den(l,,) = z in {1},
x € Did + union{sc-locs-of(r) | r rng((ec DENV)(x))},
r = nil + {})
files-of: Structural-den => Fil-id-get
files-of(zx) A
(x ¢ Pile-den -+ fs-id(m)},
r € Array-den - unton{files-of(r) | r < rnglz)},
r € Record-den - union{files-of(r) | p rnglz)},
x e Dpid > union{files-of(r) | » ¢ rng((c DENV)(z))},
T ~+ {})

buffer-of: File-den => Dpen
buffer-of(mk—FiZe-den(fid)) A

def mk—FiZe(buffer,,,) ! (e FILES)(fid); g~loe(buffer)

labels-of: Statement® - Label-set
labels~of(stl) = {s~label(sti(i)) | teindsstl} - {nil}
used-storage: => Se-loc-set

used-storage() A

dom ¢ STORE y unionf{se-locs~of(y) | yerng(e STORE) n Storage-loc}

re~allocate: Buffer =» Buffer

re-allocate(buffeﬁ) A
LEE.mk-Buffer(Zoc,type,senv) = buffer in
if loctnil then de-alloecate({loc}) else I;
def loe’ : MD[typel(senv);

mk—Buffer(Zoc',type,senv)

ide-of: Record-type -+ Id-set
tde~of(rt) A
Lgﬁ_mk~Record-type(fp,vp) = re in
if vp=nil
then dom fp
else let mk~Variant-part(tag,,ve) = vp in
dom(fpluv (if tag=nil then {} else{tag})
u union{ide-of(rts) | rtserngve
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te~deont: Label x Statement-1ist - Bool

is~deont(lab,sl) A (Jieinds sZ)(Zab:s-ZabeZ(sZ[i])}

index: Label x Statement-list - Nat

index(lab,stl) A (Aieinds stl)(lab = stifi])

values: Ordinal - Ordinal-set

values(x) A xeInteger » {2 | -maxint<i<maxint },
zeBool + & Boold, e
xeChar + ¥ Chark, e
reEnumerated -+ let mk-Enumerated(,idl) = z in
{mk~Enumeﬁated(e,idl) | ecelemsidi}

type-of: Type x Type~env -+ Type
type-of(t,tp) A if teType-id then type—of(tp(s—id(t)),tp) else ¢t

ie~text: File-id => Bool

is~text(fid) A def file : (¢ FILES)(fid);
let mk—Buffer(,t,(tp,)) = s-buffer(file) in
type-of(t,tp)zmk-FiZe~type(§§§£)

maxs: Ordinagl-set - Ordinal

maxs{s) A let ces in if ecards=1 then e else maz(e,maxs(s-{e}))
pre~mazs(s) A s+{}

mins: Ordinal-gset - Ordinal

mins(sg) A let ccs in if eards=1 then e else min(e,mins(s-{e}))
pre-mins(s) A s+{}

Comment: min and maz can be extended to Ordinals using the extended
definition of 2. N et A

subl: X* x Int x Int - x*

subl(l,7i,n) A l=<> v n=0 + <>
=1 -+ le‘subl(££l,z,n—1)
T * subl(tll, i-1, n

pre-subl(l,,n)

>

teindsl A n>0
X'k
subl(l,1,lenl - 1+1)

—

rest: x* X Int
rest(l,7)

pre~reet(l,1)

=l =

teindsl
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is~same~loc~type: Loe x Loec - Bool

is-same—loc—type(Zl,ZZ) 4
(l1,12¢File-den) v (11,12¢8¢e~1oe) v (ZI,Z2€Array~den) v
(l1,12€Record-den domli=doml2) ‘: v
(11,12eSubrange-den a s-range(l1l)=s-range(12)

7.5 INDEXES

7.5.1 Static Semantics Functions and Objects

209 all-fields 197 in-packed-info
209 all-for-id 197 in-procedures
209 all-loecal-ids 197 in-schema-info
209 all-tags 197 in-tag-info
197 All-type 197 in-types
197 in-variables
212 te-all-get-type
218 bounds-of 212 ig-all-string-type
213 ie~assignment-compatible
211 is~compatible
197 Constructed-set-type 212 is-compatible-references
197 Constructed—string—type 211 is-compatible~sets
217 cheek-pack 212 is—eompatible-strings
217 check-write-~expp 211 is—compatible—subranges
217 cheek-write-fields 215 te-conformable
214 is-congruous
213 is~corresponding
199 erase 213 is-element-corresponding
215 te-equivalent-schema
210 is-not-containing—fﬂle—type
197 Funetion-heading 210 is~ordinal
214 i8-packed-component
217 is-required-function-
197 in-bounds correspondence
197 in-constants 216 te-required-procedure~
197 in-enumerated correspondence
197 in-for-info 210 1e~s8ame
197 in-functions 210 18-gimple
197 in-funetion-info 214 is~-tag-access
197 in-global-labels 208 ie~unique~declarations

197 in-local-labels 209 is~unique-fields



PASCAL

248

209 te~-variant-constants 197 out-types
218 is~wf-function-procedure 197 out-variables
215 labels 199 required-static~env
196 Required-type
197 Required-value
198 merge
merge-
198 -for-info 196 Static-env
198 ~-funetions 212 string-length
198 ~-funetion-info
198 -global-labels
198 ~local~labels 206~7 TE
198 ~-packed-info 207-8 TVA
198  -procedures
198 ~tag-info
198 -variables 210 values
208 NTE
208 NTVA 200 WFB
208 NTT 200 WFBD
204-5 WFD
205-6 WFDP
198 out-bounds 202-4 WFE
197 out-constants 200 WFP
198 out-~enumerated 206 WFSCH
198 out-functions 200 WFSL
198 out-procedures 201-2 WFUS
198 out-return-type 204 WEVA
7.5.2 Dynamic Semantics Functions and Objects
238 allocate-new 223 bind
237 allocated-type 246 buffer-of
228 apply~infiz-operation 233 build-each-venv
227 apply~prefiz-operation 234 build-parm-env
226 assign 233 build-venv
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230
230
224

227
230
232
226
229
231
229
233
234
233
231
232
235
237
237
223

246
226

check-syntax
check-tags
check-width

ehr

collect-values
complete-file
construct—awray—type
cont-apply

econtents

cue~i-statement-Llisgt

deallocate

deallocate-
~parameter-and-return-loecs
~-parameter-locs

dispose

E
e-actual-parameter
e-fixed-part
e~left-reference
e-memben
e-read-parm
e-reference
e~tag-part
e~value-parameter
e-variant-part
e-write-parm
elements
enumerated-values
eof

eoln

epilogue

files-of
ftest

233
237
240

246
230

247
223
224
231-4
247
222
224
224
224-6

238
244
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generate-ge-loe
get
get-value

i~program
i-statement-lisgt
ids-of

index

inteize
ie~an-approximation
ig-boolean-rep
ig~character-rep
te~-decont
te-file-defined
is-fized-rep
te-floating-rep
is-integer-rep
ig-real-rep
ie-same~loc-type
is~string-rep

i18-text

labels-of
lhs-apply

maxs
MB
MBD
MD
mins
MP
MS
MSL
MUS

new

numeric-rep-of
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ord

page
pred
pre-get
pre-put
pre-subl
put

put-chanr

re-allocate

read

rep-of

represent

reset

rest
required-declarations
required-types
rewrite

rhs-apply
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sc~locs-of
set-bounds
set-up

suce

test
type~-of

unbind
unbind-val

used-storage

values

write

writeln
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