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THE SECRETARY OF DEFENSE
WAsHINGr ON. 0 C. 20301

MAY 1419 79

The Department of Defense High Order Language Commonality program
began in 1975 with the goal of establishing a single high order
computer programming language appropriate for DoD embedded computer
systems. This effort has been characterized by extensive coopera-
tion with the European Community and NATO countries have been
involved in every aspect of the work. ‘The requirements have been
distributed worldwide for coliunent through the military and civil
communities, producing successively more refined versions. Formal
evaluations were performed on dozens of existing languages conclud-
ing that a single language meeting these requirements was both
feasible and desirable. Such a language has now been developed.

I wish to encourage your support and participation in this effort,
and I submit the design of this language for your review and comment.
Such comments and detailed justified change proposals should be for-
warded to HOLWG, DARPA, 1400 Wilson Boulevard, Arlington, VA 22209
by 30 November 1979. The language, as amended by such response,
will become a Defense standard in early 1980. Before that, changes
will be made; after that, we expect that change will be minimal.

Beginning in May 1979, the effort will concentrate on the technical
test and evaluation of the language, development of compilers and
programming tools, and a capability for controlling the language and
validating compilers. The requirements and expectations for the
environment and the control of the language are being addressed in
a series of documents already available to which comment is also
invited. We intend that Government-funded compilers and tools will
be widely and cheaply available to help promote use of the language.

Ada has been chosen as the n’aine for the common language, honoring
Ada Augusta, Lady Lovelace, the daughter of the poet, Lord Byron ,
and Babbage’s programmer.
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Foreword

The Green language is the result of a collective effort to design
a language satisfying the Steelman requirements. The design
team W8S led by Jean 0. !chbiah and has Included Bernd Krieg-
Brueckner, Brian A. Wichmann, Henry F. Ledgard, Jean -Claude
He/lard, Jean-Raymond Abria/, John G.P. Barnes, and 0// v/er
Roubine. In addition, major contributions were provided by G.
Ferran, / .C. Pyle, 5.4 Schuma n, and S.C. Vestal.

Two parallel efforts started in the second phase of this design
had a deep influence on the language. One was the design of a
test translator, with the participation of K. Ripken, P. Boullier,
J.F. Hueras, and R.G. Lange. The other was the development of
a formal definition using denotational semantics, with the par-
ticipation of V. Oonzeau-Gouge, G. Kahn, and B. Lang. The
entire effo rt benefitted from the dedicated support of Lyn
Churchill and W.L. Heimerdinger.

At various stages of this project several persons had a con-
structive influence with their comments, criticisms and sugges-
tions. They are P. Brinch Hansen, D.A. Fisher, G. Goos, CAR.
Hoare, M. Woodger, and Mark Rain.

4 Over the two years spent on this project, three intense one-
week design reviews were conducted with the participation of
J.B. Goodenough, H. Harte, M. Kronental, K. Correll , R. Firth,
A.N. Habermann, J. Teller, P. Wegner, and P. A. Wetherall .

These reviews, other comments by E. Boebert, P. Bonnard, T.
Frogatt, H. Ganzlnger, C. Hewitt, J.L. Mansion, F. Mine!, E.
Morel, J. Roehrich, A. Singer, D. Slosberg, and l.C. Wand; the
numerous evaluation reports received on the preliminary

— design, the on-going work of the IF/P Working Group 2.4 on
system implementation languages, and that of L TPL-E of Pur-
due Europe, all had a decisive influence on the final shape of
the Green language.
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1. Introduction

This report describes the Green programming language, designed in accordance with the
Steelman requirements of the United States Department of Defense. Overall, the Steelman
requirements call for a language with considerable expressive power covering a wide application
domain. As a result the language includes facilities offered by classical languages such as Pascal
as well as facilities often found only in specialized languages. Thus the language is a modern
algorithmic language with the usual control structures, and the ability to define types and sub-
programs. It also serves the need for modularity, whereby data, types, and subprograms can be
packaged. It treats modularity in the physical sense as well, with a facility to support separate
compilation.

In addition to these classical aspects, the language covers real time programming, with facilities to
model parallel tasks and to handle exceptions. It also covers systems program applications. This
requires access to system dependent parameters and precise control over the representation of
data . Finally, both application level and machine level input-output are defined.

1.1 Design Goals

The Green language was designed with three overriding concerns: a recognition of the importance
• of program reliability and maintenance, a concern for programming as a human activity, and

efficiency.

The need for languages that promote reliability and simplify maintenance is well established.
Hence emphasis was placed on program readability over ease of writing. For example, the Green
language requires that program variables be exp icitly declared and that their type be specified.
Automatic type conversion is prohibited. As a result , compilers can ensure that the types of objects
satisfy their intended use. Furthermore , error prone notations have been avoided, and the language
syntax avoids the use of encoded forms in favor of more English-like constructs. Finally, the
language offers support ~or separate compilation of program units in a way that facilitates program
development and maintenance, and which provides the same degree of checking as within a unit.

Concern for the human programmer was also stressed during the design. Above all, an attempt
was made to keep the language as small as possible, given the ambitious nature of the application
domain. We have attempted to cover this domain with a minimum number of underlying concepts
integrated in a consistent and systematic way. Nevertheless we have tried to avoid the pitfalls of
excessive involution, and in the constant search for simpler designs we have tried to provide
language constructs with an intuitive mappirg on what the user will normally expect.

No language can avoid the problem of efficiency. Languages that require overly elaborate com-
pilers or that lead to the inefficient use of storage or execution time force these inefficiencies on all
machines and on all programs. Every construct in the Green language was examined in the light of
present implementation techniques. Any proposed construct whose implementation was unclear
or required excessive machine resources was rejected.

1—1
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Perhaps most importantly, none of the above goals was considered something that could b
• achieved after the fact . The design goals drove the entire design process from the beginning.

1.2 Language Summary

A program in the Green language is a sequence of higher level program units, which can be com-
piled separately. Program units may be subprograms (wh~ch define executable algorithms),
package modules (which define collections of entities) or task modules (which define concurrent
computations) . The facility for separate compilation allows a program to be designed, written, and
tested in largely independent parts. This facility is especially useful for large programs and the
creation of libraries.

Program Units

A subprogram is the basic unit for expressing an algorithm. A subprogram can have parameters ,
which specify its connections to other program units. The Green language distinguishes two kinds
of subprograms: procedures and functions.

A procedure subprogram is the logical counterpart to a series of actions. For example, it may read
in data, update variables, or produce some output. A function subprogram is the logical counter-
part to a mathematical function for computing a value: unlike a procedure, a function can have no
side effects. Value returning procedures are also allowed.

A package module is the basic unit for defining a collection of logically related entities. For exam-
ple. packages can be used to define a common pool of data and types, a collection of related sub-
programs. or encapsulated types with associated operations. Portions of a package can be hidden
from the user , thus allowing access only to the logical properties expressed by the package
module.

A task module is similar to a package module, but with additional capabilities for parallel process-
ing. Tasks may be implemented on multiple processors or with interleaved execution on a single
processor. Synchronization is achieved by entries which are called like procedures but are
executed in mutual exclusion. Like procedures, entries can contain parameters specifying the tran-
smission of data between tasks .

Declarations and Statements

Each program unit generally contains two parts: a declarative part, which defines the logical
entities to be used in the program unit, and a sequence of statements , which define the execution
of the p- ’ogram unit.

The declarative part associates names with declared entities. A name may deno’e a type, a cons-
tant , or a variable. A declarative part also introduces the names and parameters of other sub-
programs, task modules, and package modules to be used in the program unit.

Statements describe actions to be performed. An assignment statem ent specifies that the current
value of a variable is to be replaced by a new value. A subprogram call statement invokes execu-
tion of a subprogram, after associating any arguments provided at the call with the corresponding
formal parameters of the subprogram.

If and case statements allow the selection of an enclosed sequence of statements based on the
value of a condition or expression at the head of the statement .

1-2



The basic iterative mechanism in the language is the loop statement. A loop statement specifies
that a sequence of statements is to be executed repeatedly until an iteration specification is corn-
pleled or an exit statement is encountered.

• Certain statements are only applicable to tasks. An initiate statement specifies that one or more
tasks may begin execution concurrently with the initiating task. An entry call , which appears as a
normal subprogram call , specifies that a task is ready for a rendezvous with another task contain-
ing the declaration of the ent ry. An accept statement within the other task specifies the actions (if
any) to be executed when the corresponding entry is called . Aftar the rendezvous is completed,
both the cafling task and the task containing the entry may continue their execution in parallel. A
select statement allows a selective wait for one of several alternative rendezvous. ~‘1
Execution of a program unit may lead to exceptional situations in which normal program execution •

cannot continue. For example , an arithmetic computation may exceed the maximum allowed value
of a number, or an attempt may be made to access the value of an uninitialized variable. To deal
with thsse situations , the statements of a program unit can be textually followed by exception
handlers describing the actions to be taken when the exceptional situation arises.

Data Types

Every object in the language has a type, which defines its logical properties and the operations that
can be performed on objects of the type. There are four basic classes of types: scalEr types, corn-
posite types, access types, and private types.

The scalar types INTEGER . BOOLEAN, and CHARACTER are predefined. Integer ‘ypes provide a
means of performing exact numerical computation. Approximate computation can be performed
using floating point types (with a relative bound on the error) or using fixed point types (with an
absolute bound on the error). Enumeration types provide a means for users to define problem
dependent types with discrete values. Character sets can be defined as enumeration types.

Composite types-allow definitions of structured objects with related components. The composite
types in the language pi~ovide for arr ays and records. An array is an object with indexed compo-
nents of the same type . A record is an object with named components of possibly different types.

• Alternative record structures can be defined by having a variant part within c~ record type.

• Acces s types allow the construction of complex data structures that are created dynamically. Both
the elements in the structure and their relation to other elements can be altered during program
execution.

Private types can be defined in a package module that hides irrelevant structural details. Only the

• 
logically necessary properties are made visible to a user.

• The concept of a type is refined with the concept of a subtype, whereby a user can constrain the
set of atiowed values in a type. Subtypes can be used to define subranges of scalar types, arrays
with a limited set of index va lues, and records with a particular variant.

Other Facilities

Representation specifications can be used to specify the mapping between data types and features
of an underlying machine. For example , the user can specify that an array is to be represented in
packed form, that objects of a given type must be represented with a specified num ber of bits, or
that the components of a record are to be represented in a specified storage layout .
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Finally the lang~ag. includes facilities for separate compilation, generic (that is, parameterizet~pfogram units. ano ooth user level and machine level input—output.

1.3 Sourc es

A continual difficulty in language design is that one must both identify the capabilities required by
the applIcation domain and design language features that provide these capabilities.

The difficulty existed in this design, although to a much lesser degree than usual because of the
Steelman requirements. These requirements often simplified the design process by permitting us
to concentrate on the design of a given System satisfying a well defined set of capabilities, rather
than on the definition of the capabilities themselves.

Another significant simplification of our design work resulted from earlier experience acquired by
several successful Pascal derivatives developed with similar goals. These are the languages Euclid,
Li Mesa , Modula, and Sue. Many of the key ideas and syntactic forms developed in these
languages have a counterpart in the Green language. We may say that whereas these previous
designs could be considered as genuine research efforts, the Green language is the result of a pro-
ject in language design engineering, in an attempt to develop a product that represents the current
state of the art.

Several existing languages such as Algol 68 and Simula and also recent research languages such
as Aiphard and Clu. influenced this language in several respects, although to a lesser degree than
the Pascal family.

Finally, the evaluation reports on the initial formulation of Green, the other language p~oposals,
• and the general reviews had a significant effect on the language.

• 1.4 Syntax Notation

The context-free syntax of the language is described using a simple variant of Backus-Naur Form.
• In particular,

• (a) Lower case words, some containing embedded underscores, denote syntactic categories for
example

adding_operator

(b) Boldface words denote reserved words, for example

(C) SQuare brack•ts enclose optional items, for example

and loop lidentifier!;

1-4
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(d) Braces enclose a repeated item. The Item may appear zero or more times. Thus an identifier
list is defined by

IdentifIer_lIst ::= identifier (. Identlfler~
(e) Any syntactic category prefixed by an italicized word and an underscore is equivalent to the

unpreflxed corresponding category name. The prefix is intended to convey some semantic
information. For example

type_name task_name

are both equivalent to the category

name

In addition, the syntax rules describing structured constructs are presented in a form that corres-
ponds to the preferred paragraphing. For example, an if statement is defined as

if_statement
If condition thin

sequence_of_statements
l.I.If condition thin

sequence_of_statements~
ISIS.

- seguence_of_statementsj
snd N: 

-

1-5
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2. LexIcal Elements

• This chapter defines the lexical elements of the language.

2.1 Character Set

All language constructs may be represented with a basic character set, which is subdivided as fol-
lows:

(a) Upper case letters
A B C O E F G H I J K L M N O P Q R S T U V W X Y Z

(b) Digits
‘I 0 1 2 3 4 5 6 7 8 9

(c) Special characters

(d) The space character

An extended character set , for example one including the following additional ASCII characters.
may be used in programs:

(e) Lower case letters
a b c d e f g h i j k l m n o p q r s t u v w x y z

(f) Other special characters
‘ $ % ? @ t \ I ~ ‘ H -j

Every program may be converted into an equivalent program using only the basic character set. A
lower case letter is equivalent to the corresponding upper case letter , except within character str - —

• ings: rules for conversion of strings into the basic character set appear in section 2.5.

In addition, the following replacements are always allowed for characters that may not be
avai able:

• the vertical bar character I is equivalent to the exclamation mark I as a delimiter between
choices (e.g. see 3.6.2). Note that on some terminals, the vertical bar appears as a broken ver-
tical bar.

• the double quote character is equivalent to a % character as a string bracket

• the sharp character * is equivalent to the colon : in a based number

2- 1
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2.2 Lexical Units and Sp cing Conventions

The lexical units of a program are identifiers (including reserved words), numbers, strings, and
delimiters. A delimiter is either one of the following special characters in the basic character set

& ‘ U * + , - . / ’ . ; ~ z . =  > 1
or one of the following compound symbols

-s .. ** =: :=: / = >= ~~~~~ << >~
Spaces may be inserted freely with no effect on meaning between lexical units. At least one space
must separate adjacent identifiers or numbers. Besides terminating a comment , the end of each
line is equivalent to a space, Thus each lexical unit must fit on one line.

2.3 Identifiers

Identifiers are used as names. Isolated underscore characters may be included and all characters
are significant. including underscores.

identifier
letter (junderscore) letter_or_digit)

letter _or_digit ::- • letter I digit

letter ::- upper_case_ letter I Iower case_ letter

Note that identifiers differing only in the use of corresponding upper and lower case letters are
considered as the same.

Examples:

COUNT X gst_symbol Ethelyn

SNOBOL_4 Xl page....count STORE_ NEXT_ ITEM

2.4 Numbers

There are two classes of numbers: integers for exact computation, and real numbers for approx-
imate computation. Their explicit representation is given here.

number :: integer_number I approximate_number

integer_number :: Integer I based_integer

integer ::- - digIt llunderseore l digit)

2 2
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based_integer ::—
base * extended_digit (Lunderscorel extended_digit)

base ::= integer

extended_digit ::— digit letter

approximate_number
• integer.integer LE exponenti

Integer E exponent

exponent ::= 1+) integer I - integer

Isolated underscore characters may be inserted between adjacent digits or extended digits of a
number, but are not significant. Spaces may not appear within numbers.

Based integers can be represented with any base from 2 to 16. For bases above ten, digits may
include the letters A through F with the conventional meaning 10 through 15.

Examples:

12 0 123_456 -- integers

2*101 1_ Ot Ot 18*FFFF -- based Integers, values 181 and 65535

12.0 0.0 0.456 10_000.1 -- approximate numbers

1E6 1.OE-6 3.14e+3 -- approximate numbers with exponent

2.6 Character Strings

A character string is a sequence of zero or more characters prefixed and terminated by the string
bracket character (the double quote ‘~ or its replacement the % character).

• . 
ch8~sctet_string ::= 

- (character)

In order that arbitrary strings of characters may be represented, any included string bracket
character must be written twice. The length of a string is the length of the sequence represented.
St~ngs of length one are also used for literals of character types (see 3.5.1). Strings longer than
one line must be represented using catenation.

Examples:

-- an empty string
* A “

~~~~~ 
-- three one-character literels s A -

characters such as S. I and I may appear in strings

‘FIRST PART OF A STRING THAT - &
‘ CONTINUES ON THE NEXT LINE

2-3

I.



—

A character string may contain characters not in the basic character set. A string containing such
characters can be converted to a string written with the basic character set by using identifiers
denoting these characters in catenated strings. Such Identifiers are defined in the predeflned
environment . Thus the string “AB$CD’ could be written as “AB ’ & DOLLAR & “CD” . Similarly, the
string “ABcd ’ with lower case letters could be written as ~‘AB” & LC_ C & LC_D.

2.6 Comments

A comment starts with a double hyphen and Is terminated by the end at the line. It may only
appear following a lexical unit or at the beginning or end of a program unit. Comments have no
effect on the meaning of a program; their sole purpose is the enlightenment of the human reader.

• Examples:
• -- the last sentence above echoes the Algol 88 report

• end: -- processing of LINE is complete

-- a stand alone comment
-‘ and its continuation

2.7 Pragmas

- 

• Pragmas are used to convey information to the complier. A pregma begins with the reserved word
pragma followed by the name of the pragma. A pragma can have arguments, which can be iden-• tifiers. strings, or numbers.

pragme
pr.gma identifier l(argument I. argumentill;

argument ::~ identifier ) character_string number

Pragmas may appear before a program unit, and wherever a declaration or a statement may
appear. The extent of the effect of a pragma depends on the pragma .

A pragma may be language defined or implementation defined. All language defined pragmas are
described in Appendix B.

Examples ol pragmas:

pr~~na LIST(OFFI --  suppress listing
pr~~ma OPTIMIZE(TIME): -- optfrnizaiion specification
piagma INCLUDE(”COMMON...TEXT ”): -- include text file
pregma DEBUG(ON); -- set debugging mode on

2-4
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2.8 Rss rved Words

The identifiers listed below are called reserved words and are reserved for special significance in
the language. As such, these identifiers may not be declared by the programmer. For readability of
this manual, the reserved words appear in lower case boldface.

• abort declare gsn.rlc of select
accept dslay goto or aspirate

• access delta others subtype
digits out

and do If
array In package task
assert inItiate picking then
at is pragma type

cla. private
&sif proc.dur.
end loop use

begin entry raiss
body axc.ptlon mod rang.

exit rscord when
renames while

new restricted
case for not return
constant function null rsvsrse ror

I’
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3. Declarations and Types

This chapter descrIbes the types in the language and the rules for declaring constants and
variables.

3.1 DeclaratIons

A declaration associates an identifier with a declared entity . Each identifier must be declared
before it is used, with the exception of labels. There are several kinds of declarat ons.

declaration :: -
~

object_declaration I type_declaration
I subtype_declaration I private_type _declaration
I subprogram_declaration I module_declaration
I entry 4eclaration I exception_declaration
I renaming_ ’leclaration

The process by which a declaration achieves its effect is called the elaboration of the declaration.
Any expression appearing in a declaration is evaluated when the declaration is elaborated unless
otherwise stated.

Object , type, and subtype declarations are described here. The remaining declarations are
described in later chapters.

3.2 Object Declarations

An object is a variable or a constant. An object declaration introduces one or more named objects
of a given type. These objects can only have values of this type.

object_declaration ::
identifier_list constint l type I:= expressioni;

identifier_list ::= identifier j , identifierl

An object declaration may include an expression which specifies the initial value of the declared
objects. This expression is evaluated and its value is assigned to each of the declared objects , as
part of the elaboration of the object declaration.

An object is a constant if its declaration includes the reserved word constant. The value of a cons-
tant cannot be modified . If a constant object has components , they cannot be modified.

3 1



It is possible to defer the initialization of a constant record component (see 3.7.11 m d  of a ~~~~~~~~~~tent of a private type declared in the visible part of a module (see 7.4).

Examples of variable declarations:

ITEM_ i. ITEM_ 2 : INTEGER;
SORT_COMPLETED BOOLEAN . FALSE;
OPTION_TABLE • : •rTay (1 . N) of OPTION;

Examples of constant declara tions:

LIMIT : constant INTEGER :-
~~ 1O_000:

LOW_LIMIT : constant INTEGER :~~~ LIMIT/b ;
TOLERANCE const nt FLOAT :-

~ SQRT(X);
LENGTH constant INTEGER; - -  deferred initialization;

Notes:

The expression initializing a constant may (but need not) be a static expression (see 4.8). In the
above examples , LIMIT and LOW_lIMIT are initialized with static expressions, but TOLERANCE is
not.

3.3 Type and Subtype Declarations

A type characterizes a set of values and a set of operations applicable to those values. The values
are denoted by )iter&s or aggregates of the type, or can be obtained as the results of operations.
The operations and the properties of the values are said to be attributes of the type. Any sub-
program with a parameter or result of the type is an attribute of the type.

There exist several classes of types. Scaler types are types whose values have no components;
they comprise types defined by enumeration of their values, integer types, and real types. Arra y
and record types are composite; their values consist ~f several component values. An access type
is a type whose values provide access to other objects. The attributes resulting from the definition
of these classes of types are predefined attributes (see 4.1 .3) . Finally, there are private types
where the set of possible values is clearly defined, but not known to the users of such types.
Hence, a private type is only known by the set of operations applicable to its values (see 1.4) .

The set of possible values of a type can be restricted without changing the set of applic able opera -

tions. Such a restriction is called a constrain t . A value is said to belong to a subtype of a given type
if it obeys such a constraint. Naturally, subtypes may not be found for user defined private types• since nothing is known a priori about the set of possible values.

• type ::= type_definition I type_ mark Iconstrainti

type_definition
enumeration_type_definition I integer_ type_definition

I real_type_definition I array_ type_definition
I record_ type_definition access_type_definition

derived_type_definition
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type_paark ::~~ type_name I subtype_name

constraint ::~range_constraint I accuracy_constraint
I index_constraint I dlscrlminant_constraint

type_declaration ::-=

type identifier is type_definitionl;

subtype_declaration :: =

subtype identifier I. type_ mark iconstraintl:

Every type definition introduces a distinct type. A type declaration associates a name with a type.
A subtype declaration introduces a name as an abbreviation for a type name with some possible
constraint. Each constraint is evaluated when the declaration in which it appears is elaborated .

An incomplete type declaration of the form

type 1;

is used for the declaration of mutually dependent access types (see 3.8); the complete type
declaration must follow in the same declarative part.

Examples of type declarations:

type COLOR I. (WHITE, RED, YELLOW . GREEN , BLUE , BROWN . BLACK):
type COL_NUM Is rang. 1 .. 72;
type TABLE is array (1 .. 10) of INTEGER;

Examples of subtype declarations:

subtype RA1NBOW is COLOR rang. RED .. BLUE:
subtype SMALLJNT Is INTEGER rang. -10 .. 10;
subtype ZONE is COL_NUM range 1 .. 6:

Notes:

Two type definitions always introduce two distinct types, even if they are textually identical. For
example, the enumeration type definitions given in the declarations of A and B below define dis-
t inct types, although the set of values of one of them is a copy of the set of values of the other.

A : (ON, OFF);
B (ON. OFF);

On the other hand, C and 0 in the following declaration are of the same type, since only one type
definition is given.

C, D (WHITE . GREY, BLACK):
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3.4 DerIved Type Dsønftion s

A derived type definition introduces a new type deriving its characteristics from those of an
existing type.

derived_type.. definition :: new type_mark Iconstrainti

With a type declaration of the form:

type NEW_TYPE Is nsw OLD_TYPE;

the new type derives all its characteristics from those of the old type:

• The new type belongs to the same class of types as the old type (for example , the new type is
a record type if the old type is) and the same attributes are predefined.

• The set of values of the new type is a copy of the set of values of the old type. The constraints
associated with the old type apply to objects of the new type.

• The notation for literals or aggregates of the new type is the same as for the old. Such literals
and aggregates are said to be overloaded. The notation used to denote components of objects
of the new type is the same as for the old.

• For each visible subprogram attribute of tne old type, a subprogram attribute of the new type
is derived in which occurrences of the name of the old type are in effect replaced by the name
of the new type. Such subprograms are said to be overloaded. Assignment is available for the
new type if it is for the old.

• Any explicit representation specification (see 1 3) given for the old type also applies to the new
type.

The effect of such a type declaration is thus to create a new type distinct from the old type , but
equivalent in effect to what would be obtained by duplicating the old type definition and all its
applicable operations. Explicit conversions are allowed between the old type and the new type (see
4.6.2).

A type declarat ion of the form:

type NEW_TYPE Is new OLD_TYPE constraint:

is equivalent to the succession of declarations:

type new type is new OLD_TYPE;
subtype NEW_TYPE Is new type constraint;

where new type is an identifier distinct from those of the program. Hence , the values and opera-
tions of the old type are inherited by the new type, but objects of the new type must satisfy the
added constraint.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



• 3.5 Scaler Types

Scalar types comprise discrete types and real types. Discrete types are the enumeration types and
• integer types; they may be used for indexing and iteration over loops. Numeric types are the

integer and real types. All scalar types are ordered. A range constraint specifies a subset of values
of the type or subtype.

• range_ constraint :: range range

range ::= simple_expression • • simple_ expression

The range L.. R describes the values from L to R inclusive. An empty range is a range for which I is
greater than R. The type of the simple expressions in a range constraint is the type for which the
range constraint is specified.

Prede fined A (tributes

For any scalar type or subtype T, the following attributes are predefined (see also 4.1.3 and Appen-
dix A):

T’FIR ST the minimum value of the type or subtype T

TLA ST the maximum value of the type or subtype T

For every discrete type or subtype T, the subprogram attributes T’SUCC. T’PR ED, and T’ORD are
predefined as follows:

T SUCC(X) the value succeeding the value X in T

T’PRED(X) the value preceding the value X in T

T’ORD(X) the ordinal position of the value X in T. For example T’ORD(T’FIRST) =

The exception RANGE_ ERR OR is raised by the function call T’SUCC(T LAST) and similarly by
T’PRED(T’FIRST).

3.5.1 Enumeration Types

An enumeration type definition introduces a set of values by listing the values.

enumeration_type_definition
(enumeration_literal I, enumeration_literal))

enumeration_ literal :: identifier I character _ literal

An enumerated value is represented by an identifier or a character literal. Hence, a character set
can be defined by an enumerat ion type. Order relations between enumeration vaues follow the
order of listing, the first being less than the last.

Within a sequence of declarations , an enumeration literal can appear in different enumeration
types. Such enumeration literals are said to be overloaded. When ambiguities arise in the use of
such literals they can be resolved by providing an explicit qualification (see 4.6).
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type DAY Is (MON. TUE . WED. THU. FRI . SAT . SUN):
type SUIT Is (CLUBS. DIAMONDS. HEARTS . SPADES):
type HEXA Is ( A ” , B . “ C” . D , E . “ F” ):
type COLOR Is (WHITE . RED , YELLOW . GREEN. BLUE. BROWN , BLACK),type LIGHT Is (RED , AMBER . GREEN); -- RED and GREEN are over’oaded
subtype WEEK _ DAY Is DAY range MON .. FRI:
subtype MAJOR Is SUIT rang. HEARTS .. SPADES’
subtype RAINBOW is COLOR range RED .. BLUE: - - the color RED , not the light

3.5.2 Character Type.

A ch aract er type Is an enumeration typ e that contains character %iter&s and possibly ident ifiers.The edaf~ned typ e CHARACTER denotes the ful l ASCII character set of 128 characters (seeAppend ix C).

3.5.3 Boolean Type

There is a predefined enumeration type named 800LEAN. It contains the two literals FALSE endTRUE ordered with the relation FALSE ~. TRUE. The evaluat ion of conditi ons delivers results of th ispredefined type.

3.5.4 Integer Types

• The predefined type named INTEGER denotes a subset of the integers. Other integer types can beintroduced by integer type definitions or can be derived from the type INTEGER.
integer_ type_~~fjnit~~ :: range_constraint

The range of integer numbers is implicitly limited by the representation adopted by an Individualimplementation. An irnp)ementatton may have predefined types suc h as SHORTJNT EGER andLONG_ INTEGER which have respectively shorter and longer ranges than INTEGER.
A type declaration of the form

type 1’ Is range I •.

where I and R denote integer values, introduces an integer type equivalent to

• type I Is new integer type range L. ..

where the Integer, type is implicitly chosen so as to contain the values I through R and is one ofthe piedefined types such as SHORTJNTEGER , INTEGER , or LONG_INTEGER.
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Examp!es~
type PAGE_NUM Is rang. 1 .. 2_000:
type LINE_SIZE is new INTEGER range 1 .. MAX_LINE_SIZE:

subtype SMALLJNT Is INTEGER range -10 .. 10;
subtype COLUMN_PTA Is LINE_SIZE range 1 .. 10;

Notes:

The smallest Integer value supported by the implementation is SYSTEM’MIN_INT and the largest
value SVSTEM’MAXJNT.

3.5.5 Real Types

Real types provide approximations to the real numbe rs , with relative bounds on errors for floating
point type s, and with absolute bounds on errors for fixed point types.

real_type_definitIon ::= accuracy_constraint

accuracy_constraint
digit. simple _expression (range_constraint i

I dii’s simple_expression lrange_constraintJ

For floating point types the error bound is specified as a relative precision by giving the minimum
number of decimal digits for the mantissa.

A given implementation can ‘have predefined floating point types, such as SHORT_FLOAT. FLOAT,
and LONG_ FLOAT , whi ch correspond to the hardware supplied floating point types. Reel type
definitions of the forms

dlglts P 1’d lg l tsPrsngeL..  A

where P is a static integer expression (see 4.8) specifying a number of decimal digits, and where L
and R are floating point values, are equivalent to the type definitions

new floating point type digits P
new floating point type digit. P range I .. R

where floe fing...po m t.... type is implicitly chosen as an appropriate predefined floating point typ e,
The implemented precision must be at least that of the precision specified in the corresponding
definition. If a range is provided, it must be covered by the chosen predef ined type.

For fixed point types, the error bound is specified as an absolute value, called the delta of the fixed
point type. The implemented error bound must be at least as fine as the specified delta. In a fixed
point type definition, the range constraint cannot be omitted, since this determines the representa- . -
tion to be used for values of the type; the expressions specifying the range and the delta must be
static expressions.
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In a subtype or object declaration , an accuracy constraint can be applied to a previously declar” ’real type. For a fixed point type, the delta of the constraint cannot be smaller than the delta of r
type . For a floating point type, the number of digits specified in the constraint cannot be larger than
that of the type. In all cases , the delta or the digits must be given by static expressions.

Examples:

type COEFFICIENT Is digit. 10 range -1 .0 .. i 0;

type VOLT Is delta 0.125 rsng. 0.0 .. 255.0;
type FRAC Is delta 0.00001 range 0.0 .. 1.0;

type MASS Is new FLOAT dIgits 7 range 0.0 • . 1E30;

subtype S_ VOLT Is VOLT delta 0 5: -- sam e range as VOLT
subty pe COEFF Is COEFFICIENT digits 8:

Predefined A (tributes

For a floating point type or subtype T, the fol low ing attribu tes are predef ined :

T’ DIGITS the specified number of digits (it is of type INTEGER)

T’SMALL the smallest positive value expressible with the representation and precision of
type T

T IARGE the largest positive value expressible with the representation and precision of type
T

For a fixed point type or subtype T. the following attribute is predefined:

T’ DEITA the value of the specified delta

For any real type I the following attribute is predefined:

T’ BITS the minimum number of bits needed for the representation of the mantissa of T

3.6 Array Types

An array object is a set of components of the same component type. A component of an array is
designated using one or more index value s belonging to specified discrete typ es.

array _ type_defi nition
array (index I, index)) of type_mark iconstr aint i

index ::= discrete_range I ty pe_mark

discrete_rang. ::= ltvp e_mark rangel range

index _constraint ::= (d iscrete _r ange ~. discrete _range ))
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An array object is characterized by the number of indices, the type of each index, the lower and
upper bound for each index, and the type and possible constraints of the components. In an array
type definition, each index can be specified either by a discrete range or by a type mark . These two
forms of index specifications have different consequences:

(1) Index specified by a discrete range

For all objects of the array type, the discret e range determines both the permitted type for the
index values and the lower and upper bound for the index values.

(2) Index specified by a type mark

For all objects of the array type, the type mark only determines the permitted type for the
index values. The actual values of the lower and upper bound of the index considered can be
different for different objects of the array type.
The bounds must be given for each array separately in its object declaration by an index con-
straint . or can be obtained from the initial value. For an array formal parameter , the bounds
are obtained from the actual parameter.

For a multi-dimensional array, if one index position is specified by a discrete range, all index posi-
tions must be specified by discrete ranges. Similarly, an index constraint must provide ranges for
all index positions. For accessing components, an n-dimensional array is equivalent to a one-
dimensional array of (n- i )-dimensional subarrays.
If the bounds of a discrete range are integer numbers, these are assumed to be of the predefined
type INTEGER if their type is not otherwise known from the context.

Prede fined A ttributes

For an array object A (or for an array type A with specified bounds), the following attributes are
predefined (i is an integer value):

A’FIRST the lower bound of the first index
A’ LAST the upper bound of the first index
A’LENGTH the number of components of the first index

• (zero when no components)

A’FIRST(i) the lower bound of the i-th index
• 

- A ’LAST(,) the upper bound of the i-th index
A’LENGTH(i) the number of components of the /-th index

Examples of array types with specified bounds:

type TABLE I. array (1 .. 10) of INTEGER;
type SCHEDULE Is array (DAY’FIRST .. DAY’IAST) of BOOLEAN;
type LINE I. array (1 .. MAX_LINE_SIZE) of CHARACTER;

Examples of array types with unspecified bounds:

type MATRIX is array (INTEGER . INTEGER) of REAL:
type BIT_VECTOR Is array (INTEGER) of BOOLEAN ;

Examples of array declarations:

GRID : array (1 .. 80, 1 .. 100) of BOOLEAN;
MIX : array (COLOR range RED .. GREEN) of BOOLEAN ;
MY_TABLE ‘ TABLE; -- all arrays of type TABLE have the same length
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BOARD . MATRIX (1 .. 8. 1 .. 8);
RECTANGLE MATRIX (1 . •  20. 1 .. 30);

- -  MY _TASLE’FIRST 1. BOARD’LAST (l) 8 • RECTANGLE’LAST(2) — 30

3.5.1 Index Ranges of Arrays

The range of each index of an array must be known when the declaration of the array is elaborated
(or when allocated in the case of access types). The expression s defining the range of an inc1e~need not be static, but can depend on computed results. Such arrays ‘ called dynamic arrays . In
records, dynamic arrays may only appear when the dynamic bouno.~. are discriminants of the
record type.

Examples:

SQUARE : MATRIX (1 .. N, 1 .. N): N need not be stat ic

type VAR_LINE Is access

LENGTH constant INTEGER: -- value given on initialization
IMAGE : STRING(1 . LENGTH);

end r.cwd;

• 3.5.2 Aggregates

An aggregate denotes an array or record value constructed from component values.

aggregate
(component_association I, component_association))

component_association : : =
lchoice H choice) => I expression

choice ::= simple_expression discrete_range I others

The expressions define the values to be associated with components. They can be given by posi-
tion (in index order for array components, in textual order for record components) or by naming the
chosen components (with index values for array components, with the corresponding identifiers for
record components). An aggregate defining the value of an object must provide values for all com-
ponents of the object.

For named components, the expressions can be given in any order, but if both notations are used
in one aggregate, the positional component associations must be given first.

A choice ~~ . ~~~ as a discrete range stands for all index values in the range. The choice others stands
for all components not specified by previous choices and can only appear last. Choices with dis-
crete values are also used in variant parts of records and in case statements. Each choice may only
appear once in an aggregate (variant part or case statement) and, except for the choice others, its
value must be determinable statically.
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When an aggregate used as an initial value is expected to provide tt üounds of an array object .
the choice other’s Cannot be used. For an array whose index is only specified by a type mark T , the
lower bound is assumed to be equal to I FIRST it the initialization is given by a positional
aggregate.

An aggregate for an n-dimensional array is written as a one-dimensional aggregate of components
that are (n-i )-dimensional array values.

Examples;

A : TABLE : • (7 ,9,5.1.3.2,4,8,6,0); -- A ( 1)  = 1, A ( 1O ) = 0
B : TABLE :-= (5 ,4,8,1, others ~ 20): -- B (1) 5, B(10) = 20
C : TABLE :~= (2 ) 4 I 10 “ 1, others = -‘. 0); -- C ( 1) 0. C I lO) 1

NULL MATRIX : constant MATRIX := (1 .. 10 ‘ (1 .. 10 -s 0.0)):
- - NULLMATRIX’FIRST(l) = 1, NULL,.MATRIX LAST(2) = 10

ENGLISH SCHOOLDAYS : constant SCHEDULE :~~ (MON .. FRI ~ TRUE , othera => FALSE);
FRENCH ..SCHOOLDAYS : constant SCHEDULE := (WED I SUN ~‘ FALSE, others ‘

~ TRUE);

• 3.6.3 Strings

The predefined type ST RING denotes one-dimensional arrays ot the predetined type CHARACTER ,
indexed by values of the pradetined subtype NATURAL:

subtype NATURAL I. INTEGER range 1 .. INTEGER’LAST;
type STRING Is array (NATURAL) of CHARACTER:

Character strings (see 2.5) are a special form of aggregate applicable to the type STRING and
- I other one-dimensional arrays of characters.

Catenation is a predefined operator over one-dimensional arrays, and is represented as &. For str-
ings, it corresponds to the following function:

function ‘
~
&“ (X , V : STRING) return STRING Is

S : STRING( 1 .. X’ IENGTH + Y’LENGTH);
• begin

S(1 .. X’LENGTH) : X;
S(X’LENGTH + 1 .. S’LAST) :=

return S:
end;

Examples:

BLANKS : STRING(1 .. 120) :~ ~1 .. 120 => “ ‘ 1;
MESSAGE : constant STRING :=~ “HOW MANY CHARACTERS’ ;
-- MESSAGE’F RS T = 1, MESSAGE’LAST number of characters

SAY_TWICE : constant STRING :~ MESSAGE & MESSAGE & CR & LI- :
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3.7 Record Types

A record object is a structure with named components. A record type definition can include avariant part denoting alternBtive record Structures,

record_ typ& definition
record

component_list
end record

component_ list : : - ~{obiect._declaratlon ) jvariant. part) null;

variant _part ::=

cm discriminant of
when choice )I choice) -~~

-
‘

component_list)
end case.

discriminant :: - constant component _ name

The compontmts of a record are defined by object declarations. Components can be of differenttypes. The value of an expression provided as a component initialization is evaluated when the
record type definition is elaborated. This value is used to initialize the corresponding componentfor every record declared of this type.

Recursion in record type definitions is not allowed unless en intermediate access type is used (see3.8) .

Examples:

type DATE is
record

DAY INTEGER range I . . 31:
MONTH : MONTH_NAME;
YEAR : INTEGER range 0 .. 2000;

and record:

type COMPLEX Is
record

RE : FLOAT :~~ 0.0:
FLOAT :- --- 0.0:

end record,

both components of every Complex record are initialized to zero

3.7.1 Coøstant Record Components and D~scrim~nents

A constant component of a record which is not given an explicit value in the type definition is adeferred constant. Such a deferred constant can only be assigned by means of a complete recordassignment.
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A record component can be a dynamic array only if the bounds that are not static are deferred con-
stant components of the record type. A deferred constant component used in this way or in a
variant part is called a discriminant of the record type.

The only permiss,ble dependencies between record components are the dependencies of an array
bound and of a variant on a discriminant .

Example;

type BUFFER Is
record

LENGTH constant INTEGER range 1 .. MAX_LENGTH; -- the discriminant
POS : INTEGER range 0 .. MAX_ LENGTH := 0;
IMAGE : array (1 .. LENGTH) of CHARACTER;

end record;

3.7.2 Variant Parts

A record type with a variant part specifies alternative record components. Each variant defines the
components for the corresponding value of the discriminant. A variant can have an empty compo-
nent list, which must be specified by null.

Example:

type PERIPHERAL Is
record

STATUS : (OPEN, CLOSED);
UNIT : constant (PRINTER , DISK. DRUM); - - the discriminant
case UNIT of

when PRINTER =>
LINE_COUNT : INTEGER range 1 .. PAGE_SIZE;

when others =>
CYLINDER : CYLINDER_ INDEX;
TRACK TRACK _NUMBER;

end case;
end record;

3.7.3 Record Aggr.gat.s and DIscrlmlnant Constraints

An aggregate is used to provide values for all the components of a record. In an aggregate for a
record variant, the discriminant value must be a static expression and must appear before the
values for the corresponding components of the variant part.

discriminant_constraint ::= aggregate

A discriminant constraint is used to constrain discriminants of a record to specific values; It is
expressed as an aggregate specifying values for discriminants only. Discriminant constraints may
be used to define subtypes of record types with variants.

3~ 13
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Examples of record aggregates:

(4 . JULY. 1776k
( DAY => ‘4 , MONTH — >  JULY , YEAR - - 1776)
(STATUS :~ , CLOSED . UNIT ~~ DISK , CYLINDER > 9, TRACK r~~> 1)

Examples of record variable declarations with constraints :

WRITER PERIPHERAL(PRINTER):

CARD : BUFFER(LENGTH 80);

Example of record subtype:

subtype DISK _ DEVICE Is PERIPHE RAL IUNIT - -s DISK);

3.8 Access lyp..

Objects declared in a program ~re accessible by their name . They exist during the lifetime of the
• declarative part to which they are local. In contr ast , objects may also be created dynamically by

the execution of allocators (see 4.7). Since they do not occur in an explicit object declaration, they
cannot be designated by their name. Instead, access to such an object is achieved by an access
value returned by an allocator.

access . type _detinitlon :: access type

An access type definition characterizes a set of access values which may be used to designate
objects of the type mentioned after the reserved word access. This type cannot be another access
type. The dynamically created objects designated by the values of an access type form a collection
implicitly associated with the type. An access value obtained from an allocator can be assigned to
several access variables. Hence a given dynamically created object may be designated by more
than one variable or constant of the access type. The access value null belongs to every access
type and designates no object at all. It may be used to initialize access variables.

An object of an access type that is introduced as a constant cannot have ~ts value changed, nor can
the value of the designated object be changed. Such an access object can only be used in an
expression or as an in parameter: it cannot be assigned to an access variable (otherwise the
designated object could be modified using the variable) .

Constraints specified for an access type apply to the type of the designated objects. Qualification
of an expression of an access type applies to the designated object.

Although the dynamically created objects may not be of an access type, there is no restriction on
• their components. Thus, components of the object designated by the values of an access type may

be values of the same or of another access type. This permits recursive and mutually dependent
access types (whose declaration requires a prior incomplete type declaration for one or more
types).
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Examples:

type TEXT Is access BUFFER;

type LIST_ITEM is access
record

VALUE : INTEGER;
SUCC : LIST_ITEM;
PRED : LIST_ ITEM;

end record;

HEAD ; LIST_ITEM :~ nuN;

Example of mutually dependent access types :

type CAR; --  a prior incomplete type declaration

type PERSON is access
record

NAME : STRING( 1 .. 20);
AGE : INTEGER range 0 . .  130:
SPOUSE PERSON;
VEHICLE : CAR; -- valid because CAR declared above

end record:

type CAR Is access - -  the complete type declaration
record

NUMBER : IM’EGER;
OWNER : PERSON;

end record:

MY_CAR , YOUR_CAR . NEXT_CAR : CAR;
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4. Names, Variables, and Expressions

4.1 Names

Na”~es denote declared entities such as variables, constants, types, and program units.

name ::=
identifier I indexed_component
selected_component I predefined_attribute

indexed_component : := name(expression I, expression ~
)

selected_component ::=~ name . identifier

predefined_attribute ::= name identifier

The simplest form for the name of an entity is the identifier given in its declaration.

Examples of simple names:

INDEX -- the name of a scalar variable
GRID -- the name of an array variable
FLOAT -- the name of a type
SQRT -- the name of a function
OVERFLOW -- the name of an exception

4.1.1 Indexed Components .

An indexed component can denote either

(a) A component of an array:

The name identifies the array. (or an access object whose value designates the array, see 3.8)
and the expressions give the indices for the component. If the array has more din~ensions than
the given number of expressions, the array component is a subarray of the named array.

(b) A task in a family of tasks:

The name identifies the task family and the expression (only one can be given’ specifies the
index of the individual task.

t
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Ic) An entry in a family of entries :

The name identifies the entry family and the expression (only one can be given) specifies theindex of the individual entry.

If evaluation of one of the expressions gives an indeA value that is outside the range specified forthe index, the exception INDEX_ERROR is raised~
Examples of indexed components : -

,

GRID( 1, J +1 ) an array component
GRID(2) a subarray of GRIDPRINTER(I) — a task In the task family PRINTER

4.1.2 Selected Components

A selected component can denote either

(a) A component of a record :

The name identifies the record (Or an access object whose value designates the record) andthe identifier specifies the record component.

(b) An entity declared in the visible part of a module:

The name identifies the module and the identifier specifies the declared entity.
(c) An entity declared in an enclosing unit:

The name identifies the enclosing unit and the identifier specifies the declared entity.
(d) A user-defined attribute of a type:

The name identifies the type and the identifier specifies a user-defined subprogram attributeof the type (see 3.3).

For variant records , a component identifier can denote a component in a variant part. In such acase, the selected component must belong to the variant prescribed by the discriminant of therecord, otherwise the exception DISCRIMINANT_ERROR is raised.

Examples of selected components;

APPOINTMENT.DAy -- a record componentNEXT.SUCC.VALUE - -  a record component
KEY_ TABLE(SYMBOL).LENGTH - - a record component
DEVICE.READ - - an entry of the task DEVICEPRINTER(l),WRITE - - an entry of the task PRINTER(I)TABLE._MANAGER.INSERT 

~
- a procedure in the package TABLE_MANAGER

MAIN.ITEM COUNT a variable declared in the procedure MAINSTACK,MAX ...SlzE an attribute of the type STACK
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Notes;

- 
For a record structure with nested record structures, the name of each level must be given to name
a nested component.

4.1.3 Predefined Attributes

For user-defined attributes, as explained above, the notation of selected components is used; the
named entity is a type, and the attribute identifier is a subprogram provided by the user. For
predefined attributes, the apostrophe notation is used; the named entity need not be a type and
the attribute identifier is predefined in the language. A predefined attribute identifier is always
prefixed by an apostrophe, hence these identifiers are not reserved. Specific predefined attributes
are described with the corresponding languacle constructs.

Appendix A gives a list of all the language predefined attributes. Additional predefined attributes
may exist for an implementation.

Examples of predefined attributes :

COLOR’FIRST -- minimum value of the enumeration type COLOR
FLOATDIGITS -- precision of the real type FLOAT

• GRID’LAST(2) -- upper bound of the second dimension of GRID
PRINTER (9 ACTIVE -- TRUE if the task PRINTER(I) is active
DATE’SIZE -- number of bits for records of type DATE
CARD’ADDRESS -- address of the record variable CARD

4.2 Literal.

A literal denotes an explicit value of a given type.

literal ::=

number enumeration_literal I character_string I null

A number or an enumeration literal denotes a value of the corresponding scalar type. The access
value null designates no object at all. Literals for approximate numbers are rounded to the preci-
sion required by the context in which they are used.

Examples:

3.14159_26536 -- an approximate number
1_345 -- an integer number
CLUBS -- an enumeration literal

— a character literal, also a character string
SOME TEXT -- a character string . -

1..
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4.3 Variables

A variable is an object of an arbitrary type whose value can be changed. A variable can be a scaler,
an array, a record, or an access object. Alternatively, it can be a component of another obiect or a
slice of an array.

variable :: — name I(discrete_rangefl name.IJ

When a name is followed by a discrete range. the name must be the name of an array (or subarray)
or of an access object whose value designates an array. The range must denote a contiguous
sequence of index values for the first dimension of the array (or subarray). Such a variable is called
an array slice. Its type is that of the array. with the constraint given by the discrete range. For
names of access objects with the qualifier all, the variable denotes the entire object designated by
the access value.

Examples;

X -- a scalar variable
GRID - -  an array variable
GRIDII. JI -- a component of the array variable GRID
GRID( 1 - -  10) - -  a slice of the array GRID
GRIDI2)( 1 .. 10) - -  a slice of the subarray GRID(2)

TODAY.MONTH -- a record component
NEXT_CAR.OW PtER - - a component of th. record designated by NEXT_CAR
NEXT_CAR.&I -- the entire record value designated by NEXT_CAR

4.4 Expressions

An expression is a formula that defines the computation of a value.

expression
relation (and relation)
relation (or relation)
relation Ixor relation )

relation :;=-

simple_expression (relational_operator simple_expression)
I simple_expression (not) In range
I simple_expression (not) in typ _mark (constraint(

simple_expression lunary_ operatorl term ( adding_operator term)

term ::= factor (multiplying_ operator factor)

factor :: primary ~~ primary )

primary ::
literal aggregate variable allocator

I subprogram_call I qualified_ expression I (expression)
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Primaries include constants and predefined attributes, which are covered by the syntactic category
varlable . An expression of a given type is also regarded as a one-component aggregate for a cor-

responding array or record type. The type of an expression depends on the type of its constituents,
as described below.

Examples of primaries:

4.0 -- number
(1 .. 10 =~~~ 0) -- aggregate array value
VOLUME -- value of a variable
DATE’SIZE -- predeflned attribute
SINE(X) -- function subprogram call
REAL(l.J) — qualified expression
(LINE_COUNT + 10) — parenthesized expression

Examples of expressions:

VOLUME -- primary
Bs.2 -- factor
LINE_COUNT mod PAGE_SIZE -- term

-4.0 -- simple expression
not DESTROYED -- simple expression
B*s2 - 4.OaA*C -- simple expression

PASSWORD( 1 .. 5) = JA MES -- relation
I not in 1 .. 10 -- relation

INDEX = 0 or ITEM_HIT -- expression
(COLD and SUNNY) or WARM -- expression

4.5 Operators and Expression Evaluation

F The operators in the language are grouped into six classes, given in the following order of increas-
ing precedence:

logical_operator ::= and I or I xor

relational_operator ::= = I 1= I I <= I
adding_operator ;:= + - I &

unary_operator ::= + I - I not

multiplying_operator ::= I / I mod

exponentlating_operator ::=
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For a sequence ot operators of the same precedence level, evaluation proceeds in textual order
from left to right, or in any order giving the same result. The primaries of en expression are also
evaluated in textual order. All primaries are evaluated and all operations are performed.

The oper ands , result types, and the meaning of the predefined operators are given below- Note
that some operations may result in exception conditions for some values of the operands (see
chapter 11). Real expressions are not necessarily calculated with exactly the specified accuracy
(precision or delta), but the accuracy used will be at least as good as that specitied.

Examples of precedence:

not SUNNY or WARM - same as (not SUNNY) or WARM
X ~ 4.0 and V > 0.0 - .  same as (K > 4.0) and (V )‘ 0.0)

-4.O.A*s2 - - same as -44.0 s (A**2))
Y ..t - 3) - -  parentheses are necessary
A / B * C - - same as (AJB)*C

4.5.1 Logical Operator.

Logical operators are applicable to boolean values and to one dimensional arrays of boolean values
having the same number of components. The operations on arrays are performed on a component
by component basis.

Operator Operation Operand Type ResuFt Type

and conjunction BOOLEAN BOOLEAN
boolean array type same array type

or inclusive disjunction BOOLEAN BOOLEAN
boolean array type same array type

exclusive disjunction BOOLEAN BOOLEAN
boolean array type same array type

4.5.2 R&.tional and Membership Operators

The relational operators have operands of the same type and return boolean values. Note that
equality and inequ ality are defin ed for any two objects of the same type (unless the type is a
restricted type , see 7.4).

4-6
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Operator Operation Operand Type Result Type

= 1= equality and any type BOOLEAN
inequality

< <= test for any scalar BOOL.EAN
> >= ordering type

Equality for the discrete types is equality of the values. For a floating (or fixed) point type 1, if two
values differ by less than T’SMALL (or T’DELTA), then the result delivered by a relational operator
is implementation defined. Equality for array and record types is equality of the components, as
given by the predefined operators. Hence, this operation is unchanged by any redefinition of
equality on the component types involved. Two access values (see 3.8) are equal if they designate
the same dynamically allocated object.

The inequality operator gives the complementary result to the equality operator.

The membership operators in and not in test for membership of a value of any type within a cor-
responding range. subtype, or constraint. These operators return a boolean value and have the
same precedence as the relational operators .

Examples:

X 1= V -- with real X and V . is implementation defined

MV_CAR = null -- true if MY_CAR has been set to null
MY_CAR YOUR_CAR -- true if sharing one car

- • MY_CAR..ll = YOUR_CAR.aH -- true if the two cars are identical

I not in 1 .. 10 -- range check
TODAY in WEEK _DAY -- subtype check
TODAY in DAY range MON .. FRI -- same subtype check
0.1 = FRAC(O.2) -- qualification necessary to define the type

4.5.3 Adding Operator.

The adding operators + and - return a result of the same type as the operands.

Operator Operation Operand Type Result Type

+ addition numeric type same numeric type F

- subtraction numeric type same numeric type

& catenation one dimensional same array type
array type

For real types, the accuracy of the result is the accuracy of the operand type.
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The adding operator & (c atenation) is applied to two operands of an array type which has beedeclared to be one dimensional and whose index is specified by a type mark . The result is an array
of the same type. (Note that an expression of the component type is regarded as a one component
array of this type). For strings , this operation results in conventional string catenation.

For all numeric types, the exception RANGE _ ERROR is raised it the result value is outside the
- range ot the result type. The exception OVER I~LOW is raised it the result value is beyond theimplemented limits.

Examples

Z + 0.1 - - addition is that of the type of Z, which must be real
A & “BCD” - - catenation of a character With a string

4.5.4 Un.ry Operators

Unary operators are applied to a single ope~-and and return a result of the same type.

Operator Operati on Operand Type Result T ype

+ ic~~ nt ity num eric type same numeric type

- negation numeric type same numeric type

not logical negation BOOLEAN BOOLEAN
boolean array type sein e array type

The operator not can also be applied to arrays of boolean values on a component by component
basis , j ust as for logical operators .

The exceptions RANGE_ERROR and OVERFLOW can be raised by the negation operation, Just as
for the subtraction operation.

4.5.5 Multiplying Operator.

The operators * and / for integer and floating point values and the operator mod for integer values
return a result of the same type as the operands.

Operator Operation Operand Type Result Type

multiplication integer same integer type
floating same floating type

integer division integer same integer type
floating division floating same floating type

mod modulus integer same integer type
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Integer division and modulus are defined by the relation

A 1*j B)eB + ( A mod 8)

where (A mod B) has the sign of A and an absolute value less than the absolute value of B. Integer
division satisfies the identity

A I B  = -(NB) - N(-B)

For fixed point values, the following multiplication and division operations are provided. The typesof the left and right operands are denoted by L and R.

Opera to, Operation Operand Type Result Type
L A

* multiplication fixed integer same as L
integer fixed same as A
fixed fixed universal f ixed

/ division fixed integer same as L• fixed fixed universal fixed

Integer multiplication of fixed point values is equivalent to repeated addition and hence is anaccurate operation. Division of a fixed point value by an integer does not involve a change in typebut is approximate.

Fixed point multiplication may yield a value of an arbitrary accuracy (denoted by universal fixed inthe table). The result must be qualified (see 4.6) to ensure that the accuracy of the computation isexplicitly controlled. The same considerations apply to division of a fixed point value by another fix-ed point value.

All multiplying operations can raise the exceptions RANGE_ ERROR , OVERFLOW , orUNDERFLOW. The operations / and mod give the exception DIVIDE_ERROR when the rightoperand is zero,

Examples:

I INTEGER 1;
J : INTEGER := 2;
K : INTEGER := 3;

X MY_ FLOA1 digits 6 1.0;
• V MY_ FLOAT digits 6 := 2.0;

F : FRAC deft. 0.0001 := 0.1;
G : FRAC deft. 0.0001 := 0.1;

— - I
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txp r.aalon Vah,e Røsult Type

I.J .‘ sam.i as I arid J ~ INrEGER
K.J.I 1 same as K end J i.e INTEGER

- K m od J 1 sarn,m as K and J i n  INTEGFR

0 ~. smime ai~ ~ and ‘y i i , MV I OAT
‘2 OOb same e.~ I FRAC

3.F 0 .1 samei as F , a. FRAC
P • 0(1 ) un,versal Irned qernlit.c~stinn nerideil
FRACIF *0) 0 01 gIven by qtiellli ’atsoti i i ’  I
MV FLOAT (. J ) +V 40  MY~ FLOAT , qualification of .1

converts Its valtut to FLOAT

4.5.6 Expon.ntlatfng Operator

Operator Operation Op.~.nd lype Rexult Tv,,’.. - - . - . -, - -

I A

espcinenulatlon lntnfjc , positive integer same as I
floating Integer same as L

Exponentintion of an operand by a positive exponent is equivalent to repeated multiplication (as
Indicated by the exponent) ~f the operand by Itself. For a floating operand, the exponent can be
negative In which caso the velnti is the reciprocal of thn value with the positive exponent. This
operation can raise tho OVERFLOW. DIVIDE ERROR , or RAN GE .ER ROA exception.

4.6 Oualifisd Expressions

A qutilit ii’it tixpression iS USC(1 10 st~ tr’ th.i typo of an expression i’xp llcitly , to constrain an Oxpros
mon to a gIven subtype , or , It neither r.asa spplies , to convert t in e’xp,nssion to another typo

qualiliott oxpi oselon
,vI)I’ nnnrk(oxprenalon) I t~~)$) mark atigregale

4.6.1 Explicit Type or Subtype Speci fication

Iho sum.’ lItnr~nI may appear In several typos; It is then said to be overloaded. In these cases and
whenever the type of a literal or açjgrngtitn is not known from the co i i(oxt a qualified expression
must liii used to state the typ.’ expl ic itly
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In particular . an overloaded literal must be qualified in a subprogram call to an overloaded sub-
program that cannot be identified on the basis of remaining parameter or result types, in a
relational expression where both operands are overloaded literals , or in an array or loop parameter
range where both bounds are overloaded enumeration literals.

Explicit type specification is also used to specify the result type of fixed point multiplication and
division, to specify which one of a set of overloaded parameterless functions is meant , or to con
strain a value to a given subtype.

Examples :

type M~ SKING_C0OE l (FIX . DEC . EXP . SIGNIF);
type INSTR_CODE Is (FIX , CIA. DEC. TNZ . SUB);

PRINT (MASKING_CODE(DEC)) ; - -  DEC is of type MASKING _ CODE
PRINT (INSTR..CODE(DEC)); - -  DEC ~s of type INSTR CODE

I in INSTR_CODE(FIX) .. INSTR _CODE(DEC) - -  qualification needed
I in INSTR . CODE range FIX . .  DEC - -  iualifie,ation given by the context

4.6.2 Type Conver sions

For numeric expressions, a qualified expression may specify a numeric type that is different from
the type of the expression. In this case , the value of the expression is converted to the named type.
With conversions involving real types, the converted value is within the accuracy of the specified
type.

Examples of numeric typ e conversion:

REAL(2* l) --  value is converted to floating point
INTEGER(1.6) - -  value is 2
INTEGER(-O.4) - -  vdlue is 0

Explicit conversion is allowed between objects of derived types. The conversion may result in a
change of representation, as described in chapter 1 3. Explicit conversion is also allowed between
array types if the index types for each dimension are the same or derived from each other arid if the
component types are the same or derived from each other. Conversion involving an access type
relates to the type of the accessed objects.

Example of convers ion between derived types:

type A..FORM is nsw B FORM;

X : A_ FORM;
V : B_ FORM;

X : - A_ FORM(Y); -
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4.7 Moc.So ,.

An allocator specifies the dynamic creatIon of an oblect and the generation of an access value thatdesignates the obj ect.

allocator ::— new qualIfled e*prsss4on

The obj ect created by the allocator is initialized with the value of the uxpression . which is qualifiedby th, name of the access type.

F. an wi.s.

ELEMENT ;-- new LIST iTEM(VALUE “ 0. SUCC -- -. null , PREL) -. null):
DOUBLE :— ns* PERSONIME sa);

4.6 Slatis ExpressIons

A static expression is one whoa. value does not depend on any dynamically computed values ofvariables Whenever the Semantics require static expression. for th, definition of some construct ,‘ these •xpreuions are evalu ated at comp ilat ion tinre and they must contain only the following:
(a) l it eraIs

(b) aggregates whose com ponents are stCtIc expressions
(C) constants initialized by Static expressions
(ci) Pred tinsd Operators, fUnCtiOns, and attributes
(e) quellVed static ex~Twess4ons

(I) indexed amid selected components of Constants

• 4 1 2
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5. Statements
t .

Statements cause actions to be performed when executed. A statement may be simple or com-
pound. A simple statement contains no other statement. A compound statement may Contain sim-
ple statements and other compound statements.

sequence_of_statements ::= (statementl

statement
simple_statement J compound_statement
<<identifier>’~ statement

simple_statement
assignment_statement I subprogram_call_statement

I exit_statement I return_statement
I goto_statement I assert_statement
I initiate_statement I delay_statement

raise_statement abort_statement
code_statement 1 null ;

compound_statement
if_statement I case_statement
loop_statement accept_statement

I select_statement I block

A statement may be labeled, with an identifier enclosed by double angle brackets , e.g.
<(HERE>>. Label? are used in exit and goto statements. Within the sequence of statements of a
subprogram or module body, different labels must have different identifiers.

Execution of a null statement has no other effect. Blocks are described in the next chapter. Initiate ,
delay, abort , accept , and select statements are described in chapter 9 (Tasks). Raise statements
are described in chapter 11 (Exceptions). Code statements are described in section 13.8 (Machine
Code Insertions). The remaining statements are described here.

The statements in a sequence of statements are executed in succession unless an exception is
raised or unless an exit , return, or goto statement is executed.

5.1 Assignment Statements

An assignment statement replaces the current value of a variable with a new value specified by an
expression.

assignment_statement ::= variable := expression;

5- 1
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The variable and the expression must be of the same type and the value of the expression must be
compatible with any range, index, or discriminant constraint applicable to the variable. If the con-
straints are not checked during compilation, an execution time check is performed and raises an
exception if it fails (the check may be omitted if the corresponding exception is suppressed, see
11.6).

Examples :

KEY _VALUE := MAX_VALUE - 1;
SHADE := BLUE;

Examples of constraints ;

I, J : INTEGER range 1 .. 10;
K : INTEGER range 1 - .  20;

:— - J; -- identical ranges
K := J; -- compatible ranges
J :-

~ K; -- can only be checked during execution
-- and may raise the RANGE_ERROR exception

5.1.1 Array and Slice Assignments

For an assignment to an array or to an array slice variable, the expression must denote a value with
the same number of components. For slice assignments where the slice value refers to the same
array as the slice variable, overlapping of index ranges is forbidden and raises the exception
OVERLA P_ ERROR .

Examples :

A : STRING(0 .. 30);
B : STRING( 1 .. 31);

A := B; -- same number of elements

A( 1 .. 10) :—~ A(1 1 .. 20); -- non overlapping ranges
A(1 .. 5) := “JAMES~; -- same number of elements

5.1.2 Record Assignments

For an assignment to a record variable declared with a specified discriminant value, the assigned
record value must have the prescribed discriminant value. The discriminant of a record denoted by
an access variable cannot be altered, not even by a complete record assignment.

5-2
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Examples:

DISK_ i. DISK_2 : PERIPHERAL(UNIT => DISK);

DISK_ i := (STATUS => OPEN. UNIT r=> DISK . CYLINDER => 1, TRACK r> 1);
DISK_2 := DISK_ i;

5.2 Subprogram Calls

A subprogram call invokes execution of a subprogram body. The call specifies the association of• any actual parameters with formal parameters of the subprogram. An actual parameter is either a
variable or the value of an expression.

subprogram_call_statement ::= subprogram_call;

subprogram_can
subprogram_name ((parameter_association I, parameter_association 1)1

parameter_association ::=
lformal_parameter :=J actual_parameter

I (formal_parameter =:J actual_parameter
I Iformal_parameter :=:J actual_parameter

formal_parameter ::= identifier

actual_parameter ::= expression

Actual parameters may be passed in positional order (positional parameters) or by explicitly nam-
ing the corresponding formal parameters (named parameters). For positional parameters , the
actual parameter corresponds to the formal parameter with the same position in the formal
parameter list. For named parameters, the corresponding forma l parameter is explicitly given in the
call. Named parameters may be given in any order.

Positional parameters and named parameters may be used in the same call provided that
positional parameters occur first at their normal position, i.e. once a named parameter is used, the
rest of the cal l must use only named parameters.

Examples :

RIGHT_SHIFT;
TABLE_MANAGE R.IN5ERT(E);

SEARCH_STRING(STRING, CURRENT_POSITION, NEW_POSITION);

PRINT_ HEADER(pAGES := 128, HEADER := TITLE, CENTER := TRUE);

REORDER_KEYS(NUM_OF_ ITEMS, KEY_ARRAY :=: RESULT_TABLE);

• 5-3

• - - - - - — —-- • _ -..• -~~~~~~~~~~~~~~~~~~~ •~~~~~~~~~ - - - -.~~~~~~~~~ . - • .~ ~~~~ . . - - - -



5.2.1 Actua l Parameter Associations

There are three forms for specifying actual parameters

(a) Input parameter association

(formal_parameter :=j actual_parameter

The corresponding formal parameter must have the mode In. Its value is provided by the
actual parameter.

(b) Output parameter association

tformal_parameter =;J actual_parameter

The corresponding formal parameter must have the mode out. Its value is assigned to the
actual parameter as a result of the execution of the subprogram.

(c) Input-output parameter association

(formal _parametor :=j actual_parameter

The corresponding formal parameter must have the mode in out. Within the subprogram, the
formal parameter permits access and assignment to the corresponding actual parameter.

An expression used as an In parameter is evaluated before the call. An expression used as an out or
in out actual parameter must be a variable or a qualified variable. The identity of a variable out or in
out actuai parameter which is a selected component or an indexed component Is established

- before the call.

5.2.2 Omission of Actual Parameters

An in parameter may be omitted from the actual parameters if the subprogram declaration
specifies a default value for the corresponding formal parameter. In such cases, any remaining
actual parameters must be named.

Example of procedure with default values:

procedure ACTIVATE( PROCESS : in PROCESS_NAME;
AFTER in PROCESS_ NAME NO_ PROCESS;
WAIT in TIME := 0.0;
PRIOR : In BOOLEAN :~ FALSE);

Examples of its call:

ACT) VATE(X );
ACTIVATE(X , AFTFR :-r ‘f)
ACTIVATE(X . WAIT :— 5.0*SECONDS, PRIOR TRUE);
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5.2.3 RestrIctions on Subprogram Calls

Th. type and constraint of each actual parameter must be consistent with those of the cor-
responding formal parameter . as for assignment. To prevent aliasing (i.e. multiple access to tl’v’• same variable), a variable which is used as an actual out or in out parameter may not be used as
another parameter of the same call. For this rule, any variable that is not local to the subprogram

- body is considered as an implicit In parameter if its value is read, and is considered as an In out
parameter if it is directly or indirectly updated as a result of the call.

5.3 Return Statements

A return statement terminates execution of a subprogram.

return_statement : := return (expression I;

A return statement can only appear in the sequence of statements of a subprogram. A return state-
ment must not appear in an accept statement. For functions or value returning procedures , a return
statement must include an expression whose value is the result of the subprogram.

Examples :

return;
return KEY_ VALLJE(LASTj NOEX);

5.4 If Statements

An if statement effects the choice of a sequence of statements based on the truth value of one or
more conditions. The expressions appearing in conditions must be of the predefined type
BOOLEAN.

if_statement ::=
• If condition then

sequence_of_statements
I .1.0 condition then

sequence_of_statements)
sls

sequence_of_statementsj
.nd lf;

condition ::=

expression (and t h n  expression) -

• I expression or use expression)
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Execution of an if statement results in evaluation of the conditions, one after the other (treating ~final else as elsif TRUE then), until one evaluates to TRUE; then the corresponding sequence of
statements is executed. If none of the conditions evaluates to TRUE, none of the sequences of
statements is executed.

Examples:

if MONTH — DECEMBER and DAY = 31 then
MONTH :— JANUARY;
DAY = 1;
YEAR := YEAR + 1;

end it;
,
~~If INDENT then

CHECK_LEFT_MARGIN;
LEFT_SHIFT;

.1.0 UNDENT then
RIGHT_SHIFT;

else
CARRIAGE_RETURN;
CONTINUE_SCAN;

nd If:

if MY _CAR.OWNER.VEHICI.E 1= MY_CAR thin
FAIL (“INCORRECT RECORD”);

snd if;

5.4.1 Short Circuit Conditions

A condition may appear as a sequence of boolean expressions separated by end then. In such a
case, evaluation of the constituent expressions proceeds in textual order until one evaluates to
FALSE , in which case the value of the condition is FALSE; the condition is true only if all expres-
sions evaluate to TRUE. Similarly, for expressions separated by or else, evaluation stops as soon as
an expression evaluates to TRUE, in wh ich ,case the value of the condition is TRUE; the condition is
false only if all expressions evaluate to FALSE.

Examples:

if MY_CAR.OWNER /=-
~ null and then MY_CAR.OWN ER.A’3E < 18 then

MINOR := TRUE;
end if;

if I = 0 or else A(I) = HIT_VALUE then
return;

snd it;
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6.5 C... Statements

A case statement selects and executes one of several alternative sequence s of statements. The
selection is based on the value of an expression, of a discrete type, given at the head of the case
statement .

case_statement
case expression of

(when choice I I choice) => sequence_of_statements)
end case:

Each alternative is preceded by a list of choices specifying the values for which the alternative is
executed. Choices given in case statements follow the same rules as choices given in component
associations for array aggregates (see 3.6.2). Thus, each possible value of the type or subtype of
the expression must be given for one and only one alternative; the choice others can be given as
the choice for the last alternative to cover all values not given in previous choices. Note that it is
always possible to use a qualified expression to limit the number of choices that need be given
explicitly.

Examples:

case SENSOR of
when ELEVATION = ~ RECORD_ELEVATION (SENSOR _VALUE );
when AZIMUTH => RECORD_AZIMUTH (SEN SOR_VALUE );
when DISTANCE => RECORD_ DISTANCE (SENSOR _VALUE );
when others => null;

end case;

case TODAY of
when MON => COMPUTE_ INITIAL_BALANCI,;
when FRI => COMPUTE_CLOSING_BALAN(~E;
when TUE .. THU => GENERATE _ REPORT(TODAY );~when SAT .. SUN => nulI;

end case:

case BlN_NUMBER ((I mod 4) + 1) of
when 1 => UPDATE_ BIN(1);
when 2 => UPDATE_Bl N(2);
w h e n 3 l 4 = >

EMPTY_B IN(1);
EMPTY_BIN(2);

end case;

5.6 Loop Statements

A loop statement specifies that a sequence of statements in a basic loop is to be executed
repeatedly zero or more times. Execution is terminated either when the iteration specification of
the loop is exhausted or when an exit statement within the basic loop is executed.

5-7
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loop_statement ::=- literation_specificationl basic_ loop

basic_hoop ::- •

loo p
sequence_of_stat.ments

end loop (identifier);

iteration_specification
for loop_parameter in Irevorse) discrete_range

I while condition

loop parameter ::= identifier

In a loop statement with a while clause, the condition is evaluated and tested before each execu~tion of the basic loop. If the while condition is TRUE the loop is executed, if FALSE the loop state-
ment is terminated.

In a loop statement with a for clause , the discrete range is evaluated only once, before execution of
the loop statement. The 1oop parameter is implicitly declared as a local variable whose type is that
of the elements in the discrete range. On successive loop iterations, the loop parameter is succes-
sively assigned values from the specified range. The values are assigned in increasing order unless
the reserved word revorse is present , in which case the values are assigned in decreasing order.

If the range of a for loop as empty, the basic loop is not executed. Within the basic loop, the loop
parameter acts as a constant. Hence the loop parameter may not be changed by an assignment
statement, nor may it be given as an out or in out parameter of a subprogram call.

If a loop is a labeled statement , the label identifier must be repeated at the end of the loop after the
reserved words end loop.

Examples:

while BID(I).PRICE < CUT_OFF.PRICE loop
RECORD_BID(BID(I),pRICE);

I + 1;
end loop;

whit. NEXT 1= HEAD loop
SUM := SUM + NEXT.VALUE;
NEXT := NEXT.SUCC;

end loop;

for I in BUFFER’FJRST - -  BUFFER’LAST loop -- valid even with empty range
if BUFFER(I) 1= “ “ then

PUT(BUFFER(l));p end if;
end loop;

I

~1
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5.7 Exit Statements

An exit statement causes explicit termination of an enclosing loop.

exit_statement ::= .xlt (identifier) (when condition);

The loop exited is the innermost loop, unless the exit statement identifies the label of an enclosing
loop in which case the named loop is exited. The exit statement may contain a condition, in which
case termination occurs only if its value is TRUE. An exit statement may only appear within a loop.
An exit statement cannot transfer control out of a subprogram, module , accept statement , or
exception handler.

Example:

for I in 1 .. MAX_NUM _ITEMS loop
GET_NEW_ITEM(NEWjTEM);
MERGE_ ITEM(NEW_ITEM , STORAGE_FILE);
exit when NEW_ ITEM = TERMINAL.ITEM; 

. -
end loop; 

.

<<MAIN_CYCLE>> 
-

loop
-- initial statements
•xit MAIN_CYCLE when FOUND; - 

-

-- final statements
end loop MAIN_CYCLE; 

- - -

5.8 Goto Statements

e execution of a goto statement results in an explicit transfer of control to another statement.
I goto_statement ::= goto identifier; - 

-

The statement to which control is transferred must be labeled with the same identifier. The
designated statement and the goto statement must both be within the same subprogram, module ,

• or accept statement.

A goto statement cannot transfer control from outside into a compound statement, block, sub-
program, module, accept stat*~ment, or exception handler. It may transfer control from one of the
sequences of statements of an if statement or a case statement to another.

A goto statement cannot transfer control out of a subprogram, module , accept statement , or
exception handler.

I 
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Example ;

~~ COMPARE”~-~ •
If A(I) ‘-. ELEMENT then

if LEFT(I) 1= 0 then 
- -‘ ,I := LEFT(l); - 

‘ ‘ .•‘
~ 

‘
~~~~

‘goto COMPARE :
end If:
-- some statements

s.d If;

5.9 Assert Statement

An assert statemen~t states that a condition must hold whenever control reaches that point in theprogram.

assert_statement ::=- assert condition;

The execution of an assert statement causes the evaluation of the condition, and the exceptionASSERT_ERROR is raised if the condition is false.

Execution of assert statements may be omitted when the exception ASSERT_ ERROR is suppres-sed by a pragma (see 11.6).
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6. DeclaratIve Parts, Subprograms, and BlOCkS

‘ A declarative part contains declarations and related information that apply over a region of
program text.

A subprogram is an executable program unit that is invoked by a subprogram call. Its definition can
be given in two parts: a subprogr~n’ declaration defining its calling convention, and a subprogram
body defining its execution.

A block allows one to make declarations local to the sequence of statements where they are used,
without introducing a procedure. A block may be viewed as an anonymous procedure implicitly
called at the place of its definition.

6.1 Declarative Parts

Blocks, subprograms, and modules may contain declarative parts.

declarative_part
)use_clausel (declaration) I representation_specification I (body I

body ::= (visibility_ restriction) unit_body I body_stub

unit_body ::= subprogram_body module_specification I module_body

The successive cc’nstituents of a declarative part are elaborated in the order in which they appear
in the program text. Express ions appearing in declarations or representation specifications (see 13)
are evaluated during this elaboration. A subprogram must not be called within such an expression
if the subprogram body appears later in the declarative part. In particular , these rules apply to for-
mal parts of subprogram specifications and to constraints of objects , types, and subtypes.

The body of a subprogram or module declared in the declarative part of a block or subprogram
must be provided in the same declarative part. The body of a subp’ogram or module declared in a
module specification must be provided in the corresponding module body. If the body of such a
unit is a separately compiled subunit (see 10.2) it must be represented by a body stub at the place
where it would otherwise appear.

A declarative part can also contain a use clause (see 8.4).

6-1
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6.2 Subprogram Decleretlon.

A subprogram (lecleration specifies the designator of a subprogram, its nature (function or $ubprogr am). its form al param et ers ( it any), and the type of any returned value.
subpr~giarn ,dec)i,i~on ;:-..

subp rog ram .sp cit icati on;
I subprogran’t. nature tletit.lnafn, Is ~~~~~ ‘ t~st u~tir~tio,~

iubprugram specahcition :: Igeneric I~Iti~u~subprogrsrn..naiuni d~sagnator )ltvmat part) (return ‘ype mSrk i~onstr~tant))

subprogram..n.ture :: function I procedure
des~gn.toi :;~- cI.rititi,n I chsracter .str)i~g

tormel part .; paramet., declaration I: paramets, de~Iar~tann I)
ucrameter (I,It ’I$r lt ~Ofl

• adenuhe, Ii~f rntKle typr m ark t’om~~f i~i,nt I I expression )

node 1101 I Out I I. out

A designator that is a character string is used In function declarations for overloading operators ofthe language. Such a string must denote one of the existing operator symbols (see 4.5).

A subprogram specification including a ganeric clause specifies a generic subprogram; an instance• of such a generic subprogram is declared with a subprogram declaration including a genericinstantiation (see 1 i’) .

A paramet er declaration or constraint on the result cannot contain an Id~ntitier declared in anotherperameter declaration of the sarnn formal part.

~ xamples ot subprogrn,ri declarations:

procedure tRAvERse .rRE~ ;
procedure HIGHT INDENT(MAHIj IN : out LINE_POSIIION):
pruiedure INCR~ MENflx : In out INTEGER) ;
procedure HANOO M return REAL range 1.0 , .  1 0-

unction CUMMUr.& PHIME IM, N : lNT~(iEP) return lNiE(i1 R;
1un~tlon DO1.j ’HOt)UCf IX, V VEC IOR) return REAL ;
function ‘. IX . V MATRIX) return MAT RIX;

Notes:

All si.hprogramns can ho celled recursively and are reentrant,

6-)
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6.3 Formal Par.m.t.rs

The formal parameters of a subprogram are considered local to the subprogram. A psrameter has
one of three modes

in The parameter acts as a local constant whose value is provided by the
corresponding actual parameter.

out The parameter acts as a local variable whose value is assigned to the corres
ponding actual parameter as a result of the execution of the subprogram

in out The parameter acts as a local variable and permits access and assignment to
the corresponding actual parameter.

If no mode is explicitly given, the mode in is assumed. The components of in parameters that are
arrays , records, or objects denoted by access values must not be changed by the subprogram.

For In parameters , the parameter declaration may also include a specification of a default expres
sion, whose value is implicitly assigned to the parameter if no explicit value is given in the call . This
expression is evaluated when the subprogram specification is elaborated.

For all modes, access to the actual parameters can be provided either throughout the execution of
the subprogram body or by copying the corresponding actual parameter before the call (In
parameters), after the call (out parameters) or both (in out parameters). The effect of a subprogram
that is abnormally terminated by the occurrence of an exception is undefined; its actual In out and
out parameters may or may not have been updated.

In the absence of aliasing (see 5.2.3) the effect of a subprogram call is the same whether or not
copying is used for parameter passing, unless the subprogram execution is abnormally terminated.
A program that relies on some assumption regarding the actual mechanism used for parameter
passing is therefore erroneous.

Examples ol in parameters with default values:

procedure PRINT . HEA DERI PAGES : in INTEGER:
HEADER : in LINE : BLANK LINE:
CENTER : In BOOLEAN : TRUE);

procedure ACT IVATE I PROCESS : In PROCESS_ NAME:
AFTER : In PROCESS_ NAM E : NO PROCESS:
WAIT : In REAL : 0.0;
PRIOR : In BOOLEAN : FALSE):
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6.4 Subprogram Bodies

A subprogram body specifies the execution of a subprogram.

subprogram _body ::
subprogram_specification is

declarative _part
begin

sequence_of .statements
I exception

lexception_ handler) I
sod idesignatorl:

The subprogram specification provided in a subprogram body must be identical to the specification
given in the corresponding subprogram declaration, if both are given. A subprogram declaration
must be given if the subprogram is defined in the visible part of a module , or if it is called by other
subprogram or module bodies that appear before its own body. Otherwise, it can be omitted and
the specification appearing in the body acts as a subprogram declaration. The elaboration of a sub-
program body consists of the elaboration of its specification unless the latter elaboration has
already been done.

Upon each call to a subprogram, the association between actual end formal parameters is
established (see 5.2). the declarat ive part of the body is elaborated, and the statements of the body
are executed. Upon completion of the body, assignment to out and In out actual parameters is
completed, if necessary (see 6.3), and then return is made to the caller. A subprogram body may
contain exception handlers to service exceptions occurring during its execution (sel 11).

The optional designator at the end of the subprogram body must repeat the designator of the sub
program specification.

Example of subprogram body :

procedure PUSH(E : in ELEMENT _TYPE; S : In out STACK ) Is
begin

if S.INDEX = S.SIZE ttt.n
raise STACI(. .OVERFLOW ;

‘I..
S.INDEX : • S.INDEX 1;
S.SPACE(S.INDEX) :

end if:
end PUSH;

Notes:

A subprogram body may be expanded in line at each call if its declarative part includes the
declarative pragma:

pr.grna INLINE:

The meaning of a subprogram is not changed by the pragma INLINE, which is merely a recommen-
dation to the compiler. Thus, an inline subprogram could be recursive or separately compiled.
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65 Function Subprograms

A function Is a subprogram that computes a value. A function can only have In parameters and
must contain a return clause specifying the type of its returned value. The statement list in the
function body must include one or more return statements specifying the returned value. An
attempt to leave a function otherwise than by a return statement (i.e. by reachIng the final end)
causes a NO_VALUE_ERROR exception to be raised.

Side effects , e.g. assIgnments to non-local variables, are not allowed within functions, whether
directly, or indirectly through other subprogram calls. Hence, if function calls occur in expressions ,
they can be rearranged in any order consistent with the properties of the operators.

If a parameter belongs to an access type, the parameter must be viewed as providing access to the
complete collection of dynamically allocated objects. For functions, this collection is considered as
an implicit In parameter. As a consequence, within the function body there can be no alteration ‘~~,

any object designated by such a parameter or designated by a local variable of the access type.
Similarly, allocators cannot appear in a function body.

Value returning procedures obey rules similar to those of functions: a value returning procedure
can only have In parameters , its declaration must contain a return clause , and its body may only be
left by a return statement . However, assignments to global variables are permitted within value
returning procedures. Calls of such procedures are only valid at points of the program where the
corresponding variables are not within the scope of their declaration. The order of evaluation of
these calls is strictly that given in the text of the program. Calls to value returning procedures are
only allowed in expressions appearing In assignment statements , initializations, and procedure cal-
ls.

Examples:

function DOT_PRODUCT(X, V : VECTOR ) return REAL Is
SUM : REAL :~ 0.0:

begin
assert X FIRST = Y’FIRST;
assert X’LAST = Y LAST;
for I in X’FIRST .. X’LAST loop

SUM := SUM + X(l).Y(I);
end loop;
return SUM;

sod DOT_PRODUCT;

package UNIQUE_NUMBER_GENERATOR Is
procedure GENERATOR return INTEGER; -- value returning procedure

•nd;

package body UNIQUE_NUMBER _GENERATOR I.
COUNT : INTEGER := 0; -- COUNT Is not visible where GENERATOR is called
procedure GENERATOR return INTEGER Is
begin

COUNT := COUNT + 1; -- side effect on COUNT
return COUNT;

sod GENERATOR;
sod UNIQUE_NUMBER_GENERATOR;
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66 OverloadIng 01 Subprogrerns

The same subprogram designator can be given in several otherwise different subprogram
specifications; it is then said to be overloaded. The declaration of an overloaded subprogram does
not hide a previous subprogram declaration unless the order, names, modes, and types of the
parameters, and the result type, if any, are identical in both declarations (a default expression for
an in parameter is ignored here). Such redefinition is, of course , illegal within the same declarative
part. Overloaded definitions may. but need not, occur in the same declarative part .

A call to an overloaded subprogram is ambiguous (and therefore illegal) if the type, mode, and
name information derived from the actual parameter associations and the type information
required for the result are not sufficient to identify exactly one over’oaded specification.
Ambiguities may be resolved by the use of a qualified expression, or by the naming of parameters.

Examples of overloaded subprograms:

procidurs PUT(X : INTEGER);
procadurs PUT(X : STRING);

procedure CHANGE(C : COLOR):
procedure CHANGE(L : LIGHT);
procedure CHANGE(F : LIGHT);

• Example of calls :

• PUT(28);
PUT( no possible ambiguity here ’S) :

CHANGE(COLOR(RED));
CHANGE(C :_

~ RED);
CHANGE(F := RED);
- -  CHANGEIRED) would be ambiguous since RED may denote a value of either COLOR or LIGHT

X + 1.5 - -  the floating or fixed point type of X identifies the relevant “ +“

6.6.1 Overloading of Operators

A function named by a character string is used to define an additional meaning for an operator. The
overloading of operators is Identical to overloading of other subprograms, except that the character
string must denote one of the operators in the language.

Overloading is permitted for both unary and binary operators. A unary operator can only be
overloaded as a unary and a binary as a binary. Overloading does not change the precedence of an
operator. An overloading of a relational operator must have the result type BOOLEAN. The
operator 1= must not be overloaded explicitly, since every overloading of the operator = results in
an implicit ovarloading of /,.~r .
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Examples;

function “
*

“ CX , Y : MATRIX) return MATRIX;
function ~*

“ (X. V : VECTOR) return VECTOR ’

Notes:

Good usage of operator overloading should preserve their mathematical properties.

6.7 Blocks

A block introduces a sequence of statements, optionally preceded by a governing declarative part.

block
ldecl.re

declarative_parti
begin

sequence_of_statements
I sxcsptton

lexception_handler ll
end lidentifieri;

Execution of a block results in the elaboration of its declarative part followed by the execution of
the sequence of statements. A block may also Contain exception handlers to service exceptions
occurring in the block (see 11). If a block is labeled, the optio’ial identifier appearing at the end of
the block must repeat the label.

Example of a labeled block:

• <<SWAP>>
declare

TEMP : INTEGER;
• bsgln

TEMP := V; V := U; U := TEMP;
end SWAP;

I

’
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7. Modules

• A program can be composed of program units of three kinds. These are subprograms and two
I ‘~ 

forms of modules, package modules and task modules. This chapter describes the common
properties of package and task modules and the few specific properties of package modules. The
specific properties of task modules are described in Chapter 9.

Modules allow the specification of groups of logically related entities. In their simplest form
modules can represent pools of common data and type declarations. In addition, modules can be
used to describe groups of related subprograms and encapsulated data types, whose inner work-’
ings are concealed and protected from their users.

7.1 Module Structure

A module is generally provided in two parts: a module specification and a module body with the
same identifier. The simplest forms of modules, those representing pools of data and types, do not

• require a module body.

module_declaration
[visibility_restriction) module...specification

I module_nature identifier ((discrete_range)) Is generic_instantiation;

module_specification ::=
generic_clause)
module_nature identifier [(discrete_range)) (is

declarative_part
( private

declarative_part)
end (identifier ));

module_nature ::= package I task

module_body
module_nature body identifier is

declarative_part
I begin

sequence_of_statements)
[ exception

(exception_handler))
end (identifier);

A module specification contains a declarative part called the visible part and an Optional
declarative part called the private part. Elaboration of a module declaration results in the elabora-
tion of these declarative parts and therefore in the allocation of the variables of the module
specification and the assignment of any initial values.
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A module specification with a generic clause defines a generic module. Instances of generi~modules can be obtained by module declarations including a generic instantiation (see 12).

A module declaration may include a discrete range after the identifier This only applies to task
modules and the identifier then denotes a family of tasks.

The elaboration of a task body has no other effect . The elaboration of its declarative part and the
execution of its sequence of statements is caused by the execution of an initiate statemeht (see
9.3). The elaboration of a package body causes the elaboration of its declarative pert and the
execution of the sequence of statements, if any. These statements can be used to achieve further
initialiastions.

Module bodies and the visible parts of packages may contain further module declarations. The
body of any unit declared in a module specification must appear in the corresponding module
body.

7.2 Module Specifications

The first declarative part of a module specification is called its visible part. The entities declared In
the visible part can be made visible to other program units by means of a use clause (see 8.4) or
selected components (see 4.1.2). A module consisting of only a module specification (i.e.. without
a module body) can be used to represent a group of common constants or variables, or a common
pool of data and types.

Example of a group of common variables:

package PLOTTING_DATA is
PEN_UP : BOOLEAN:

CONVERSION_ FACTOR ,
X_OFFSET. V_OFFSET.
X_MIN. X,...MAX .
Y_MIN, V_ MAX : REAL;

)(_VALUE. Y_VALUE : array (1 • .  500) of REAL;
and PLOTTING_DATA;

Example of common pool of data and types:

package WORK_ DATA Is
type DAY 1 (MON. TUE. WED , THU. FRI. SAT, SUN):
type DURATION It delta 0.01 rang. 0.0 .. 24.0;
type TIME_TABLE I. array (MON .. SUN) of DURATION;

WORK_HOURS : TIME _TABLE;
NORMAL_HOURS constant TIME_TABLE :=

(MON .. THU => 8.25, FRI =“. 7.0, SAT I SUN ~
— ‘

~ 0.0):
• end WORK _DATA;

The visible part contains all the information that another program unit is able to know about the
module.
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7.3 Module Bodies

The visible part of a module may contain the specification of subpr ograms or the specification of
other modules. In such cases, the bodies of the specified units must appear within the declarative
part of the module body. This declarative part can also include local declarations and local program
units needed to implement the visible items.

In contrast to the entities declared in the visible part, the entities declared in the module body are
not accessible outside the module. As a consequence, a module with a module body can be used
for the construction of a group of related subprograms (a package in the usual sense), where the

• logical operations accessible to the user are clearly isolated from the internal entities.

Example of a package:

package RATIONAL_NUMBERS I.
type RATIONAL Is

reco~NUMERATOR : INTEGER;
DENOMINATOR : INTEGER rangi 1 .. INTEGER’LAST;

end record;

function (X ,Y : RATIONAL) return BOOLEAN;
function ~

‘ +“ (X ,Y : RATIONAL) return RATIONAL;
function s (X ,Y : RATIONAL) return RATIONAL;
-- Note: =“ hides predefined equality for RATIONAL operands

end;

packag. body RATIONA LNUMBERS Is

prec.dure SAME_DENOMINATOR (X ,Y : in out RATIONAL) Is
begin

-- reduces X and V to the same denominator
end;

function “= (X,Y : RATIONAL) return BOOLEAN Is
IJ,V : RATIONAL;

begin
U := X;
V :=

SAME_DENOMINATOR (U,V);
• return U.NUMERATOR = V.NUMERATOR;

end

function ÷ (X ,Y : RATIONAL) return RATIONAL I. . . .  end ~~~~;

function s ” (X ,Y : RATI ONAL) return RATIONAL Is ... sad ‘s”;

end RATIONAL_NUMBERS:

Notes:

A variable declared in a module specification or body retains its value between calls to sub-
programs declared in the visible part. Such a variable is said to be own to the module.
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7.4 Private Type Declarations

The structural details of some declared types may be irrelevant to their logical use outside a
module. This may be accomplished by providing a private type declaration.

private_type_declaration ::
restricted) type identifier Is privet.;

A private type declaration can only appear in the visible part of a module. The full declaration of the
private type must appear in the private part of the module specification. Such types are called
private types.

For a private type (not designated as restricted), the only information available to other program
units is that given in the visible part of the defining module. Hence, the name of the type and the
operations specified in this visible part are available. In addition, assignment and the predefined
comparison for equality or inequality are available (unless a redefinition of equality hides the
predefined equality and, as a consequence , also redefines inequality).

These are the only externally available operations on objects of a private type. External units can
declare objects of the private typ e and apply available operations to the objects. In contrast , exter-
nal units cannot access the structural details of objects of private types directly.

A constant value of a private type can be declared in the visible part as a deferred constant. Its
actual value must be specified in the private part by redeclaring the constant in full.

Assignment and the predefined comparison for equality or inequality are not available for private
type declarations containing the reserved word restricted. Thus if a type is restricted, the only
operations avai~abIe on objects of the type are those defined by the subprograms declared in the
visible part. A user can of course define subprograms calling the visible operations.

Example ;

In the next example a private type KEY is defined which only has the operations of assignment ,
comparison for equality or inequality, comparison for “

<
“
, and an operation to create a value of

type KEY.

package KEY_ MANAGER Is
type KEY Is private:
NULL_KEY : constant KEY ;
procedure GET_ KEY (K : out KEY) :
function “ c,” (X , Y : KEY) return BOOLEAN;

private
type KEY Is new INTEGER rangs 0 .. INTEGER’LAST:
NULL_KEY : constant KEY := 0;

sad;
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package body KEY_MANAGER Is
LAST_ KEY KEY := 0;
procedure GET_KEYIK : out KEY) is
be~~LAST_ KEY := LAST_ KEY + 1;

K := LAST_KEY;
end GET_ KEY;

function ~~~.
‘ (X , V : KEY) return BOOLEAN Is

be~~return INTEGER(X) ‘( INTEGER(Y);
end <

“
;

sad KEY_MANAGER;

Notes;

The expression X’<Y within the body of the function ” <” would be a recursiv e call of “.(“. Hence,
qualified expressions are necessary in the relation

INTEGERIX) < INTEGER(Y)

Example:

In the example below, an external subprogram making use of I_O_PACKAGE may obtain a file
name by calling OPEN and later use it in calls to READ and WRIT E. Thus , outside the modul e , a tile
name obtained from OPEN arts as a kl~4~ of password. Its internal properties (e.g. , containing a
numeric value) are not knowr and no othØr operations (such as addition or comparison of internal
names) can be performed oi a file name~.

package I_O_PACKAGE is
rsstrlctsd type FILE_NAME Is privats;

procedure OPEN (F : In out FILE_NAME);
procedure READ (ITEM : out INTEGER; F : In FILE_NAME);
procedure WRITE (ITEM : In INTEGER; F : In FILE_NAME);

—s
type FILE_NAME Is

record
INT ERNAL_NAME : INTEGER := 0:

end record;
• end L.O_PACKAGE;

package body I_O_PACKAGE Is
LIMIT : constant INTEGER := 200;
type FILE_DESCRIPTOR ii record ... end record:
DIRECTORY : array (1 .. LIMIT) of FILE_DESCRIPTOR;

procedure OPEN (F : In out FILE_NAME) Is ... sad:
proc.durs READ (ITEM : out INTEGER; F : In FILE_NAME) I. ... end;
procedure WRITE (ITEM : In INTEGER: F : In FILE_NAME) Is ... sad:

begin

sad l_O_ PACKAGE;
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This example is characteristic of any case where complete control over the operation of a type is
desired. Such packages serve a dual purpose. They prevent a user from making use of the internal
structure of the type. They also implement the notion of an encapsulated data type where the only
operations over the type are those given in the module.

7.5 An Illustrative Table Management Package

The following example illustrates the use of package modules in providing high level procedures
with a simple interface to the user.

The problem is to define a table management package for inserting and retrieving items. The items
are inserted into the table as they are posted. Each posted item has an order number. The items
are retrieved according to their order number, where the item with the lowest order number is
retrieved first.

From the user’s point of view, the package is quite simple. There is a type called ITEM designating
table it ems, a procedure INSERT for posting items , and a procedure RETRIEVE for obtaining the
item with the lowest order number. There is a special item NULL_ITEM that is returned when the
table is empty, and an exception TABLE_ FULL that may be raised by INSERT.

A sketch of a module implementing such a package is given below. Only the visible part of the
package is exposed to the user.

pac~~ge TABLE _MANAGER is

type ITEM Is

ORDER _NUM : INTEGER;
ITEM_CODE : INTEGER:
ITEM_ TYPE : CHARACTER;

• QUANTITY : INTEGER:
sad record;

NULL_ITEM : constant ITEM ;=
(ORDER_ NUM ITEM_CODE I QUANTITY => 0. ITEM_TYPE => - 1;

procedure INSERT (NEW_ ITEM : In ITEM);
procedure RETRIEVE (FIRST_ ITEM : cut ITEM):

TABLE_ FULL e~csptlon; -- may be raised by INSERT
end:

The details of implementing such packages can be quite complex, in this case involving a two way
linked t~bIe of internal items. A local housekeeping procedure EXCHANGE is used to move an
internal item between the busy and the free lists. The initial table linkages are established by the
initialization part. The package body need not be shown to the users of the package.
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package body TABLE_ MANAGER Is
SIZE constant INTEGER :~~ 2000:
subtype INDEX Is INTEGER range 0 .. SIZE;

type INTERNAL_ITEM I.
record

CONTENT : ITEM :
SUCC : INDEX;
PRED : INDEX;

sad record;

TABLE ; array (INDEX’FIRST .. INDEX’LASTI of INTERNAL_ITEM:
FIRST_BUSY_ ITEM : INDEX := 0;
FIRST_FREE_ITEM : INDEX := 1:

function FREE_ LIST_EMPTY return BOOLEAN Is ... sad;
function BUSY_ LIST_EMPTY return BOOLEAN Is ... end;
procedure EXCHANGE (FROM : In INDEX; TO : in INDEX) Is ... end;

procsdurs INSERT (NEW_ITEM : in iTEM? is
begin

If FREE_ LIST_EMPTY th.n
ads. TABLE_FULL;

sad if;
-- remaining code for INSERT

end INSERT;

• pf’oc.dure RETRIEVE (FIRST_ITEM : out ITEM) Is ... end:

begin
-- initialization of the table linkages

end TABLE_MANAGER;
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8. VIsibIlIty Rules

This chapter describes the rules defining the scope of declarations and the rules definiig which
identifiers are visible at various points in the text of the program. These rules are stated here as
applying to identifiers. They apply equally to character strings used as function designators or
enumeration literals.

A declaration associates an identifier with a program entity , such as a variable , a type, a sub-
program. a formal parameter , a record component , etc. The region of text over which a declaration
has an effect is called the scope of a declaration.

The same identifier can be introduced by different declarations in the text of a program and thus be
associated with alternative entities. Hence the scopes of several declarations with the same iden-

• tifier can overlap.

Overlapping scopes for declarations with the same identifier can occur because of overloading of
subprograms or of enumeration literals (see 6.6 and 3.5.1). Overlapping scopes can also occur
because of nesting. In particular , subprograms , modules, and blocks can be nested within each

• other : similarly these units can contain nested record type definitions or nested loop statements.

At a given point of text , the declaration ~f an entity with a certain identifier is said to be visible if
this entity is an acceptable meaning for an occurrence of the identifier.

For overloaded identifiers, there can be several meanings acceptable at a given point , and the
ambiguity must be resolved by the rules of overloading (see 4.6 and 6.6) . For other identifiers (the
usual case and the case considered in this chapter) there can be at most one acceptable meaning.
By convention, an identifier is said to be visible if its declaration is visible. The visibility rules are
the rules defining which identif iers are visible at various points of the text.

8.1 Scope of Declarat ions

Entities can be introduced by declarations in various ways. An entity can be declared in a
declarative part of a block, subprogram , or module. An enumeration literal is declared by its occur-
rence in an enumeration type definition, a loop parameter by its occurrence in an iteration
specification. Finally, ent ities can be declared as record components or as formal parameters of
subprograms , entries, and generic clauses.

The scopes of these various forms of declarations and the scope of labels are defined as follows:

• 8-I
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• The scope of a declaration given in the declarat ive part of a block , s’ibprogram body, or
module body extends from (and includes) the declaration up to the end of the corresponding
block , subprogram, or module.

• The scope of a declaration given in the visible or private part of a module extends from (and
includes) the declaration to the end of the module specification. It also extends over the cor-
responding module body.

• The scope of a declaration given in the visible part of a module also extends to the end of the
scope of the module declaration itself.

• The scope of an enumeration literal is the scope of the enumeration type declaration (or
definition) itself.

e The scope of a record component extends from the component declaration to the end of the
scope of the record type declaration (or definition) itselt.

• The scope of an (unnamed) enumeration or record type detinition, itself given within a record
type definition, extends to the end of the scope of the enclosing definition (or declaration).

e The scope of a formal parameter of a subprogram, entry, or generic clause extends from the
parameter declaration to the end of the scope of the declaration of the subprogram, entry , or
generic unit itself.

5 The scope of a loop parameter extends to the end of the corresponding loop.

• The scope of a label extends from the first occurrence of a label to the end of the innermost
enclosing compound statement , subprogram, or module. The first occurrence of a label can be
either the label itself or its use in a goto statement ,

8.2 Visibility of Identif iers

As defined in the previous section, the scope of a declaration always extends at least until the end
of the language Construct enclosing the declaration (either a block , a subprogram, an accept state-
ment. a module, a record type definition, or a loop statement). In addition, the scope extends Out-
side the enclosing Construct for record components , formal parameters , and items declared in a
module visible part.

The declaration of an identifier is visible at a given point of text if this point is within the Construct
enclosing its declaration, but not within an inner construct containing another declaration with the
same identifier. An entity that is visible in this manner is directly visible , that is , it can be named
simply by its identifier.

An entity declared in an enclosing construct is said to be hidden within an inner construct contain-
ing another declaration with the same identifier. A subprogram declaration hides another sub-
program only if their specifications are equivalent with respect to the rules of subprogram
overloading (see 6.6). An enumeration literal overloads but does not hide another enumeration
literal. Redeclaration (as opposed to overloading) is not allowed within the same declaration list or
component list.
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The name of an entity declared immediately within a subprogram or module can always be written
as a selected component within this unit , whether it Is visible or hidden. The name of the unit
(w hich must be visible) is then used as a prefix. Thus, component selection has the effect of open
ing the visibility for the occurrence of the identif Ier after the dot.

Outside its construct enclosing its declaration, but within its scope a record component , a formal
parameter , or an item of a module visible part can be made visible as follows:

• A record component is made visible by a selected component whose prefix names a record of
the corresponding type. It is also visible as a choice in an aggregate of the type.

• A formal parameter of a subprogram, entry , or generic clause is visible within named
parameter associations of corresponding subprogram calls, entry calls , or generic instantia-
tions.

• An entity declared within a module visible part is made visible by a selected component
whose prefix names the module. It may also be made directly visible via a use clause (see
8.4).

Exampl e;

procedure P Is
A : BOOLEAN;
B BOOLEAN :

procedure 0 Is
C : BOOLEAN;
B : BOOLEAN: - -  an inner redeclaration of B

begin

B : A ; - means 0.8 :~ PA;
C :-  PB: - means Q.C : -  PB ;

sad:
begin

A : B: means P.A : PB:
end:

Res tric tions on redeclarations:

An identifier used (as opposed to being declared) In one declaration in a declaration (or compo-
nent) list m~.y not be redeclared in subsequent declarations of the same list. Thus the following list
of declarations is illegal:

M constant INTEGER : - 2.N; - - using N from outer scope
N constant INTEGER : 10; - -  illegal redeclaration of N

A variable or constant of an enumeration type cannot hide an enumeration value of the type. The
same restriction applIes to a parameterless function returning a result of an enumeration type.

Note on redeclaration:

An inner declaration of an object of a given type hides an outer declaration of a parameterless
• funct ion with the same identifier and type , and vice versa .
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8.3 RestrIcted Program UnIt.

By means of a visibility restrIction, a program unit may restrict the visibility it otherwise has of out-er units.

visibility_restrictIon :: rsstrIctsd Ivisibillty_listI

vIsibilIty_lIst (unit_name I. unit_ name))

In all cases, the predeflned identifiers are visible within the restricted program unit. If no visibilitylist is given, no other identifiers are visible. If There is a visibility list , the first name can (but neednot) be the name of a unit enclosing the restricted unit. Entities declared within the enclosing unit(if given) are visible as usual. Other names, if given, must be the names of modules that are outside
the given enclosing unit or the restricted unit itself. These module names are also visible, and thus
can be used in selected components and use clauses.

The outer modules could be library modules. A module body, whether restrict ed or not, always
sees the visible part and the private part , if any. of its own module specification. Within a restrictedprogram unit , a visibility restriction may be locally superseded by another visibility restriction givenfor an inner unit.

Example:

procedure MAIN Is
U : BOOLEAN;

package A is
LA : BOOLEAN;

end;

package B Is
LB BOOLEAN;

end;

resfrictad(A)
procedure OUTSIDE I.

V : BOOLEAN;

restricted(OUTSIDE. INPUT_OUTPUT)
procedure DISPLAY(W : BOOLEAN) Is
bsg(n

-- OUTSIDE, V . W , DISPLAY , and INPUT_OUTPUT are visible names.
-- The identifiers of the visIble part of the library module INPUT_OUTPUT
-- can be denoted by selected components, or directly if a use clause is given
- -  for the module. The identifiers B, LB. A , LA, U. MAIN are not visible.sad DISPLAY;

begin
-- A , OUTSIDE, V and DISPLAY are visible names
-- The name A.LA Is legal
-- The name LA can be made directly visible by a use clause for A
- . The IdentIfiers B. LB. U, MAIN are not visible

sad OUTSIDE:
begin

• -- U, A , B, OUTSIDE are visible names
- -  The names A L A  and B.LB are legal

• -- The name LA and LB can be made directly visible by a use clause for A and Bend MAIN;
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Notes:

If the visibility list includes the name of an enclosing unit, the names of modules local to this unit
are already visible and hence must not be included in the visibility list.

8.4 Us. Clauses

If the name of a module is visible at a given point of text , the identifiers declared within the visible
part of the module can be denoted by selected components. In addition, these identifiers can be
made directly visible by means of a use clause at the start of a declarative part.

use_clause :: us. module_name I, module_ name);

The names appearing in the use clause must be visible module names.

In order to define the set of identifiers that are made visible by use clauses at a given point of the
text , consider the set of module names appearing in the use clauses of the current and all enclos-
ing units, up to the innermost enclosing restricted unit.

• An identifier is made visible by a use clause if it is defined in the visible part of one and only one of
these modules and if it is not visible otherwise.

Several overloaded identifiers (subprograms or enumeration literals) can be made visible by use
clauses as long as none of them constitutes a redefinition of an otherwise visible identifier or of an
identifier of another module in the set.

Thus an identifier made visible by a use clause can never hide another identifier although it may
overload it. If an identifier appears in several used modules or is otherwise visible , the entity cor-
responding to its definition in one of the modules must still be denoted as a selected component.
Renaming and subtype declarations may help avoiding excessive use of selected components.

Example 1:

proc.durs R Is
use TRAFFIC , WATER _COLORS;
- - subtypes used to resolve the conflicting type name COLOR
subtyp. T_ COLOR I. TRAFFIC.COLOR;
subtype W_COLO R Is WATER _COLORS .COLOR;

SIGNAL : T_COLOR;
PAINT : W_COLOR;

begin
SIGNAL GREEN; -- that of TRAFFIC
PAINT :=  GREEN; - -  that of WATER _COLORS

sad R;
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Exan,pl. 2:

1, U, V : BOOLEAN;
snd O;

p’ocsdurePis

p.cks~~~E i s
8, W . V : INTEGER;

snd E;

pIOlDUlhI,SQis
T, X : R E A L ;

dsc~~e
uas 0, E,

-- the name T means Q.T, not D.T
— the name U means D.U

• — the name B means E.B
-- the name W means E.W

• -• th. name X means Q.X
• -- the name V is illegal : must be wr itten either D.V or E.V

be

snd P;

8.5 Renaming

A renaming declaration associates a local name with an entity.

renaming_ declaration
identifier : type_mark renames name;

I identifier : sacspdon renames name:• I subprogram_nature designator renames (name.ldesignator;
I module_ nature ‘identifier renames name;

The identity of the item following the reserved word renames is establish ed when the renamingdeclarati on is elaborated. The newly declar ed identifier (or designator ) takes on the same proper-ties (such as constancy, parameter types, and constraints , etc. ) as the renamed enti ty.
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A label cannot be renamed. An entry can only be renamed as a proced ure . A subtype can
effectively be used for renaming types as in

subtype ST is S.T; • 1

Renaming may be used to resolve name conflicts (see example in Section 8.4). to achieve partial
evaluation and to act as a shorthand.

• 
• 

Examples:

procedure TMR renames TABLE ...MANAGER.RETRIEVE;
• procedure SORT renames QUICKSORT2 ;

task LC renames LINK_CONTROLLER(6);

declare
L : PERSON renames LEFTMOST_ PERSON;
R : PERSON renames TO_BE_ PROCESSED(NEXT);

begIn
LAGE := LAGE + 1 ;

R.AGE := RAGE + 1;

end;

FULL : exception renames TABLE_MANAGER.TABLE_FULL;

• Notes:

• Renaming does not hide the old name.

8.6 Predefin.d Environment

• All predefined identifiers , for example built-in types , operators, and so fo rt h, are assumed to be
defined in the predefined module STANDARD given in Appendix C. Other installation defined
modules may be included in the default environment by the pragma

pragma ENVIRONMENT (module...name I, module_ name));
• Al ! identifiers declared in the visible part of the modules of the default environment are assumed

declared at the outermost level of a program. Visibility restrictions do not affect the visibility of
these predefined identifiers.
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9. Tasks

Tasks are modules that may operate in parallel. Parallel tasks may be implement ed on multicom-
puters, multiprocessors, or with interleaved execution on a single processor.

9.1 Task D claratlons and Task BodIes

A task declarati on is a module declaration whose module natur e is the reserved word task. A task , 
-

consists of two parts: the task specification and the task body. The specifi cation can specify eith er
a single task or a family of similar tasks whose individual members are denoted by an index from a
discrete range. The task specification (like a package specification) comprises a visible part and an
optional private part.

The visible part of a task specification Consists of declarations specifying the interface between the
task and oth er external units. Entry declarations are allowed in the visible part: an entry is used for
communicat ion between tasks in mut ual exclusion. Declarations of variables and modules are not
allowed in the visible part.

A task body specifies the execution of a task. The body can contain accept and select statements.
It can also contain local entry declarations.

Examples of task declarations:

task PRODUCER_CONSUMER I.
entr y READ (V : out ELEM~;
entry WRITE (E In ELEM);

end PRODUCER_CONSUMER;

task MULTIPLEXER Is
type PRINTER Is private;
entry OPEN (P : out PRINTER);
entry CLOSE(P in PR1NTER);
entry WR ITE(P : In PRINTER; E : in ELEM);
entry STOP_MULTIPLEXER;

private
type PRINTER Is new INTEGE R range 1 .. 100;

end MULTIPLEXER;

task L1NK_CONTROLLER(INTEGER range 1 .. 200) Is
entry SEND(P : in out PACKET);
entry ACKNOWLEDG E;

end LINK _CONTROLLER ;
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task TRACK_MANAGER Is
type TRACK Is new INTEGER range 1 .200;
entry START(U : In USER; I : In TRACK):

• entry TRANSFER(TRACK’PIRST .. TRACK ’LAST) (I : In ITEM);
end TRACK _MANAGER;

generic task KEYBOARD Is
entry READ (C : out CHARACTER);
entry WRITE (C In CHARACTER);

end KEYBOARD;

task MY_ KEYBOARD Is new KEYBOARD;
talk USER: -- a task with no visible part

Example of task declaration and bo ty
• task PROTECTED_ARRAY is

- - INDEX and ELEM are global types
entry READ (I : In INDEX: V : out ELEM);
entry W RITE(I : In INDEX; E : In ELEM);

end;

task body PROTECTED_ARRAY Is
TABLE rray(INDEX’FIRST .. INDEX’LAST) of ELEM := (INDEX EIRSI .. INDEX’LAST => 0)

accept READ (I In INDEX: V out ELEM) do
V :=- TABLE( l);

end READ;
or

accept WR ITE(I : In INDEX: E : In ELEM) do
TABLE(I) :-

end WRITE;
end select;

end loop;
end PROTECTED_ARRAY;

9.2 Task Hierarchy

• Tasks may be declared local to other task bodies, packages, subprograms, and blocks but not in
the visible part of another task.

The elaboration of a task declaration creates one new potentially active thread of control (or, in the
case of a family, one for each member of the family). This thread of control only becomes active
when an initiate statement referring to the task is executed. Each thread of control has a parent,

• which is the thread of control which elaborated the corresponding task declaration (and is not
necessarily the thread of control that executed the initiate statement). A thread of control can only
exist if its parent thread of control is active.
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Each elaboration of a task declaration can only create one thread (i.e. a task cannot be multiply
active) and so the thread of control emanating from the elaboration of that task declaration may be
referred to as the task without ambiguity. However, if a task is declared in a procedure, each call
of that procedure creates a new thread of control. Normal scope rules prevent any ambiguity.

A procedure or entry in the visible part of a task can only be called if the task is active. If the task is
not actIve, the TASKING_ ERROR exception is raised in the task issuing the call.

Procedures and entries in the visible part of a family of tasks apply to each member of the family
and are denoted by using the member name. Thus, outside the task body of F, the procedure P of
the I-th member of the family F is denoted by

F(l).P

Types, constants, and exceptions apply to the family as a whole and are denoted by just using the
family name. Thus, the type T declared in the visible part of the family F is denoted by

F.T

Within the task body, if selected components are used to denote items local to the task body, they
must only mention the family name.

Notes:

• The main program is implicitly considered to be a task and therefore every thread of control is
associated with a task.

e A subprogram can be used reentrantly by several threads of control.

• The implementation of task creation, although described in dynamic terms, can either be
dynamic (storage for a task is allocated when the task is initiated) or static (storage for a task
is allocated when the task declaration is elaborated). This is particularly relevant to task
families which can be viewed in a similar manner to an access type; the index range gives an
upper limit on the number of active tasks in the family. It is possible to influence the
implementation of a given task declaration by providing an appropriate pragma in its declara-
tion:

pragma CREATION(STATIC);
pragma CREATION(DYNAMIC);

9.3 Task Initiation

The execution of a task body is initiated by an initiate statement.

initiate_statement
initiate task...designator 

~, 
task_designator);

task_designator ::= task_name ((discrete_range)]
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Execution of an initiate statement allows the execution of the designated tasks to begin in parallel
with other currently active tasks. Tasks of a task family are indivioually initiated by following the
family name by an appropriate index or collectively initiated by following the family name by a dis-
crete range denoting all or part of the family.

• On completion of an initiate statement the designated tasks are active. Initiation of a terminated
task is possible and results in a new execution of the task. However, an attempt to initiate a task
that is already active raIses an INITIATE_ERROR exception in the task performing the initiate
statement.

Examples:

initiate MULTIPLEXER , LINK_CONTROLLER(J). MY_ KEYBOARD;
Initiate LINK_CONTROLLER (3 .. N);

Notes;

If an initiate statement refers to more than one task , the tasks are made active simultaneously.

A task can (but need not) be initiated by its parent (the task elaborating its task declaration). For
example. if several tasks are declared in the body of a parent task, One of them could be initiated by
the parent task , or by another of the declared tasks, or by an outside task calling a visible
procedure of the parent task. It is a consequence of the rules of the language that, in any case , a
task cannot be initiated unless its parent task is active.

The parent of a task need not be the task lexicalty enclosing its declaration. For example , a task T
could be declared in a procedure specified in the visible part of another task. The parent of the task
T is then the task that calls the procedure and this, of course, need not be the enclosing task.

9.4 Normal Termination of Tasks

Normal term~nation of a task occurs when it reaches the end of its task body and when all locally
declared tasks (if any) have terminated their execution. More generally, any subprogram, module,
or block containing local task declarations cannot be left until all local tasks have terminated their
execution.

9.5 Entry Decleratlons and Accept Statements

An entry declaration is similar to a subprogram declaration. For other tasks, the entry appears as a
subprogram and it is called with the same syntax as subprogram calls. An entry declaration can
a lso specify a family of identical entries, each denoted by an index from a discrete range. In this
case every call must be subscripted by an index.

An entry can be declared either in a task specification or in the outermost declarative part of a task
body, but not in any other declarative part ; it is said to be owned by the corresponding task.
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entry_declaration ::=
entry identifier Udiscrete_ range)J (formal_part);

accepLstatemeflt
accept entry_name (formal part) (do

sequence_of_statements
end (identifier) I;

An accept statement specifies the actions to be performed, if any, when the corresponding entry is
called. There may be several accept statements corresponding to one entry.

Execution of an entry call , however , may be delayed until the task owning the entry reaches an
accept statement for the corresponding entry. There are two possibilities:

(a) If a calling task issues an entry call before a corresponding accept statement is reached by the
task owning the entry, the execution of the calling task is suspended.

(b) If a task reaches an accept statem~nt prior to any call of that entry, the execution of the task is
suspended until such a call occurs.

• When an entry has been called and a corresponding accept statement is reachad , the sequence of
statements, if any, of the accept statement is executed by the called task in mutual exclusion. This
interaction is called a rendezvous. Thereafter, the calling task and the task owning the entry can
continue their execution in parallel.

If several tasks call the same entry before a corresponding accept statement is reached, the calls
are queued; there is only one queue associated with each entry. Each execution of an accept
statement removes one call from the queue. The calls are processed in order of arrival. Each task
can only be on one queue.

Entries may be overloaded both with each other and with procedures with the same identifier. An
entry may be renamed as a procedure.

Restrictions on accept statements:

e A task can exect’te accept statements only for its own entries. Hence, an accept statement
cannot appear in the statements of a procedure declared in the visible part of the task, nor can
it appear in any procedure called directly or indirectly by such an externally visible procedure
or by an internal task. An accept statement can, of course , occur in a subprogram called only
by the task owning the entry.

e Initiation of a task may not be performed directly or indirectly by the sequence of statements
of an accept statement.

Examples of entry dec’arations:

entry READ(V : out ELEM);
entry TRANSFER(TRACK’FIRST .. TRACK’LAST)(I : in ITEM);
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Examples of entry calls :

READ(X)
KA.READ(Y);
L%NK_CONTROLI.ER(3).ACKNOWLEDGE
TRANSFER(TRACK _A)(J);

Examples of accept statements :

accept READ~V : oit ELEM) do
• V := LO~AL.ELEM;

end READ;

• accept TRANSFER(T)(I : In ITEM) do

TRANSFER;

Notes:

An accept statement may contain other accept statements (possibly for the same entry) directly or
• indirectly. A task may call its own entries but it will, of course, deadlock. In contrast, a procedure

declared in the visible part of a task can call local entnes of the task, without risk of autometie
deadlock when the procedure is called by other tasks.

9.8 Delay Statements

A delay statement suspends the task which executes it for at least the given time interval. This
interval is expressed in the basic time unit of the clock. Time values may be expressed in terms of
the predefined constant SECONDS, which gives the number of basic time units in one second.
The type of the time interval is the predefined floating point type TIME.

delay_statement delay simple_expression;

I Example:

delay 3.0 * SECONDS;

A delay statement can occur wherever a statement is permitted.

9.7 Select Statement

A select statement allows a selective wait on one or more alternatives. The selection may depend
on conditions associated with each alternative of the select statement.
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select_statement ::=
selict

Lwten condition =>1
select_alternati’,i aI or (when condition =>I
select_alternative)

( else
sequence_of_statements)

end select;

• select_alternative ::=
accept_statement (sequence_ of_statements)

I delay_statement (sequence_of_statements)

A select alternative is said to be open if there is no preceding when clause or if the corresponding
condition is true. It is said to be closed otherwise.

Execution of a select statement proceeds as follows:

(a) All conditions are first evaluated in textual order to determine which alternatives are open.

(b) An open alternative starting with an accept statement may be selected if a corresponding
rendezvous is possible (i.e. when a corresponding entry call has been issued by another task).
When such an alternative is selected, the corresponding accept statement and possible sub-
sequent statements are executed.

(c) An open alternative starting with a delay statement will be selected if no other alternative has
been selected before the specified time interval has elapsed. Any subsequent statements of
the alternative are then executed.

(d) If no alternative can be immediately selected, and there is an else part, the else part is
executed. If there is no else part , the task waits until an open alternative can be selected.

• (e) If all alternatives are closed and there is an else part , the else part is executed. If there is no
else part , the exception SELECT_ERROR is raised.

In general, several entries of a task may have been called before a select statement is encountered.
‘As a result, several alternative rendezvous are possible. Similarly, several open alternatives may
start with an accept statement for the same entry. In such cases one of these alternatives is
selected at random. If several open alternatives start with a delay statement , only the one with the
shortest time interval is considered.

A select statement cannot contain both an else part and alternatives starting with delay state-
ments. A select statement must contain at least one alternative commencing with an accept
state ment and so its position is consequently constrained in the same manner as the accept state-
ment (see 9.5).
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• Example:

task READER _WRITER I.
proced ure READ (V : out ELEM);
entry WRITE(E : in ELEM);

end;

task body READER_WRITER is
• RESOURCE ELEM;

READERS : INTEGER 0;

entry START;
entry STOP;

procedure READ(V : out ELEM) is
-- READ is a procedure, not an entry, hence concurrent calls of READ are possible
-- READ synchronizes such calls with the entry calls START and STOP

START; V :— RESOURCE; STOP;
end

accept W RITE(E : in ELEM) do
RESOURCE :=

end;

laup
-oct

accept START;
READERS := READERS + 1;

or
accept STOP;

I READERS READERS - 1;

or when READERS = 0 =>
accept WRITE(E : in ELEM) do

RESOURCE :=
and WRITE;

and select;
end inop;

end READER_WRITER;

9.8 Taut Prioritlee

Each task has an associated priority, which is an integer value of the implementation defined sub-
type PRIORITY, defined as:

subtype PRIORITY is INTEGER range
SYSTEM’MIN...PRIORITY .. SYSTEM’MAX_PRIORITY ;
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A lower value Indicates a lower dugree of urgency. The main program of a system is started with
an implementation defined intermediate priority. Whenever a task is initiated, it takes the priority
of Its InItiator at that tIme. A task can set Its own priority to some value P by .i call of the
predeflned procedure SET PRIORITY thus;

SET . PRIORITY(P):

Notes:

There may be several tasks that are ready to be executed by the system processors. In choosin1~the processes to be executed , processes wIth the highest priority are treated f irst. Processes of the
same priority level are treated on a first In, first out basis. The language does not specify when a
schedulIng decision is made. For example , a round-robin time sliced strategy is acceptable.

Priorities should only be used to indicate degrees of urgency. They should not be used for task syn-
chronization.

9.9 Task and Entry Attributes

A task I has the following predefined attr ibutes ;

T ACTIVE equal to TRUE it the task is active . FALSE otherwise
T’PRIORITY the current priority of the task I
T CLOCK - the cumulative processing time of the task T

The real time system clock can be accessed with the attribute SYSTEM CLOCK . The cumulative
processing time of a task is initialized to zero when the task is initiated. The attributes T’CLOCK
and SYSTEM’CLOCK are of type TIME.

When a- ta sk of a family F needs to reference its own index , for examp le to pass it to another task , it
may use the attribute F’INDEX for that purpose, This attribute cannot be used In the visible part of
the family.

For an entry E, the attribute E’COUNT gives the number of calls to the ontry that have not yet been
serviced. This attribute can only be used in the body of the task owning the entry .

9.10 Abort Statements

Abnormal termination of a task Is caused by an abort statement ,

abort ,statement :: abort task~designator ( task designator i;

An abort statement causes the unconditional asynchronous termination of the tasks mentioned in
the list of task designators. If a task is not active (I.e. not yet Initiated or already terminated), there
is no effect. Abnormal termination of a task causes the abnormal termination of all tasks of which
it is the direct or Indirect parent.
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On completion of the abort statement the designated tasks are no longer active. If a designatedtask is waiting on en entry queue then it is merely removed from the queue. However , if it isalready engaged in a rendezvous, the other task receives a TASKING_ ERROR exception.
Example:

abort TRACK _ MANAGER . LINK ..CONTROLLER(1 . .  10);

Notes;

An abort statement should only be used in extremely severe situations requiring unconditional ter-mination. In less extreme cases (where the task to be terminated can be given the possibility ofexecuting some cleanup actions before termination), the exception FAILURE could be raised forthe task (see 11.5). A task may abort any task including itself and its parent.

9.11 SIgnals and Semaphores

Two generic tasks , named SIGNAL and SEMAPHORE, are predefined in the language. Theirsemantics correspond to the following declarations:

generic task SIGNAL is
entry SEND;
entry WAIT;

end SIGNAL;

task body SIGNAL Is
RECEIVED : BOOLEAN FALSE;

begIn
inop

accept SEND;
RECEIVED ;= TRUE;

or when RECEIVED -

accept WAIT;
RECEIVED := FALSE;

end select;
end loop;

end SIGNAL;
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generic task SEMAPHORE Is
entry P;
entry V ;

end SEMAPHORE:

task body SEMAPHORE 1
begIn

loop
accept P;
accept V ;

end loop;
end SEMAPHORE:

Example of use of a semaphore :

task SEMA is new SEMAPHORE:

initiate SEMA;

SEMA.P;
- - mutual exclusion

SEMA.V :

Although the task declarations above are given in the language, for the sake of semantic descrip-
tion, their being predefined authorizes an implementation to recognize them and implement them
by making an optimal use of the facilities provided by the machine or the underlying system.

9.12 Example of Tasking

The following example defines a buffering task to smooth variations between the speed of output
of a producing task and the speed of input of some consuming task. For instance , the producing
task may contain the statements

loop
-- produce the next character CHAR
BUFFER.WR ITE(CHAR);
exIt when CHAR = END_ OF_TRANSMISSION;

end loop;

and the consuming task may contain the statements

loop
BUFFER.READ(CHAR);
- - consume the character CHAR
exit when CHAR END_OF_TRA NSMISSION:

end loop;
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The buffering task contains an internal pool of characters processed in a round-robin fashion, Thepool has two indices, an IN_INDEX denoting the space for the next input character and anOUTJNDEX denoting the space for the next output character.

taek BUFFER Is
entry READ (C out CHARACTER);
entry WRITE (C : in CHARACTER);

end;

task body BUFFER Is
POOL.SIZE : constant INTEGER : . 100:
POOL ; ansy(’I .. POOL_SIZE) of CHARACTER;
COUNT : INTEGER range 0 .. POOL_SIZE :- 0
IN_ INDEX , OUT_INDEX : INTEGER range 1 .. POOL_SIZE ;~~~ 1;

loop
select

when COUNT ‘.. POOL_SIZE --
accapt WR ITE(C ; In CHARACTER) doPOOL(lN_ INDEX) . C:
end:
IN_ INDEX :-~ IN_ INDEX mod POOL_SIZE + 1;
COUNT :.r COUNT + 1;

or when COUNT > 0 -
~~~~accept READIC : out CHARACTER) do

C ; = POO1(O(JT_ INDEX);
end:
OUTJNDEX ;= OUT_INDEX mod POOL_SIZE + 1;
COUNT := COUNT - 1;

sod select;
end loop:

end BUFFER;
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10. Program Structurs and Compilation Issues

(
This chapter describes the overall structure of programs and the facilities for separate compilation
of their parts. A program is a collection of one or more compilation units. These can be subprogram
bodies, module specifications. or module bodies. The body of a unit declared within another unit
can be separately compiled as a subunit.

10.1 Compilation UnIts

• A program can be compiled as a single compilation unit or it can be submitted to the compiler as a
succession of compilation units. One compilation can consist of several such units. The compila-
tion units of a program are said to belong to a program library.

compilation (compilation_unit)

compilation_unit
Ivisibility_restrictionll$eParate) unit_body

Each compilation unit is in effect a restricted program unit. In the absence of an explicit visibility
restriction, an empty visibility list is assumed. The visibility rules that apply to compilation units fol-
low from those that apply to all restricted program units (see 8.3). In particular . a separately com-
piled unit that makes use of a separately compiled module must name that module in its visibility
list. These dependencies between units have an influence on the order of compilation and recom-
pilation of compilation units.

All compilation units (that are not subunits) belonging to the same program library must have dif-
ferent names.

A compilation unit that is a subprogram body can be a main program in the usual sense. The

means by which main programs are executed are not within the language definition.

Example 1:

A compilation unit can be split into a number of compilation units . For example , consider the fol-
lowing program.
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Example 1 a: Single compilation unit :

procedure PROCESSOR is

package 0 Is
LIMIT : constant INTEGER := 1000;
TABLE : array (1 .. LIMIT) of INTEGER;
procedure RESTART;

end O;

p.ckage body o is
procedure RESTART I.

for I In 1 .. L1MIT loop
TABLE(I) := I;

end loop;
end;

begIn
RESTART;

end D;

procedure QIX : INTEGER) 1
nsa D:

begIn

TABLE IX) TABLE~X) + 1;

Q;

D.RESTART; -- reinitializes TA8LE

PROCESSOR;

The following three compilation units define a program with an equivalent effect (the broken lines
between compilation units are here to remind the reader that these units need not be contiguous
texts).

Example 1 b: Several compilation units :

peckage D Is
LIMIT : constant INTEGER := 1000;
TABLE : array (1 .. LIMIT) of INTEGER;
procedure RESTART;

end D;
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package body D is
procedure RESTART is
begin

for I In 1 .. LIMIT loop
TABLE(I) ;= I;

end loop;
end;

begIn
RESTART;

.nd D;

restrict.d(D)
procedure PROCESSOR I~procedure Q(X : INTEGER) is

use D; L’r
begin

TABLE(X) := TABLE(X) + 1;

end 0;
begin

D.RESTART; -- reinitializes TABLE

end PROCESSOR;

Note that in the latter version, the package D is (implicitly) a fully restricted program unit. Hence, it
has no visibility of outer identifiers other than the predefined identifiers. In particular, D does not
depend on any identifier declared in PROCESSOR and hence can be extracted from PROCESSOR.

The procedure PROCESSOR is also a restricted unit, but must name D in its visibility list in order to
contain a legal use clause for 0.

These three compilation units can be submitted in one or more compilations. For example , it is
possible to submit the package specification and the package body in a single compilation.

Examp e 2: A complete program

The following is an example of a complete program to print the real roots of a quadratic equation.
The packages MATH_LIB and TEXT_ b (as the package D in the previous example) may be used
by different main programs. These packages are assumed to be already present in the program
library.
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vsstrictsd(MATH_UB, TEXT_ b )
procedure QUAD~RATIC_EQUATlON Is

uss TEXT _ IO;
A, B. C, 0 : FLOAT;

begin
GET(A); GET(B); GET(C) ;

• D := B**2 - 4.0*A*C;
i t D < 0 . O tlran

PUT(1MAGINARY ROOTS’~);else
declare

uss MATH_LIB; -- note: SQRT is defined in MATH_LIB
begin

PUT( REAL ROOTS :
PUT((B - SQRT(D))/(2.0*A)) :
PUT((B + SQRT(D))/(2.o*A)) ;
PUTINEWLINE):

end:
end if;

end QUADRATIC_EQUATION;

Notes:

A module that is a com pilation unit (such as D or MATH_.LIB) can depend on other separately
compiled modules.

A visibility restriction need only mention the modules that are actually used within a compilation
unit. It need not (and should not) mention other modules on which the modules of the visibility list
depend, unless these other modules are directly used in the compilation unit. For example, the
implementation of the package iNPUT_OUTPUT may need the operations provided by a more
basic package. The latter should not appear in the visibility list of QUADRATrC_EQt.JATION, since
these operations are not directly called within its body.

A compilation unit can be a generic program unit.

10.2 Subunits of Compilation Units

The body of a subprogram or module declared in the outermost declarative part of another com-pilation unit (or subunit) can be separately compiled and is then said to be a subunit. Within the
subprogram or module where a subunit is declared, its body is represented by a body stub at the
place where the body would otherwise appear. This method of splitting a program permits
hierarchical program development.

body_stub
subprogram_specification is separate;
module_nature body identifier is separate;

A subunit is said to be enclosed by the compilation unit where its stub is given. Transitively, a sub-
unit of a subunit of a unit is also said to be enclosed by the unit.
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The body of a subunit must have a visibility restriction, itself followed by the reserved wordseparate (see 10. 1 ). The first name appearing in the visibility list must be the name of an enclosingcompilation unit. The name of a subunit is local to its immediately enclosing unit. In consequence,several subunits of the same name can exist within a program library.

Example 3a:

The procedure TOP is first written as a compilation unit without subunits.
procedure TOP Is

type REAL Is digits 10;
R, S : REAL;

-
. 

package D ls
P1 : Constant REAL:= 3.14159_26536;
function F (X: REAL) return REAL;
procedure G (V . Z: REAL);

end 0;

package body D is
-- some local declarations of D followed by
function F(X : REAL) return REAL is
begin

-- sequence of statements of F
end F;

re,trlcted(TOP, INPUT_OUTPUT)
procedure Gel’, Z : REAL) is
begin

-- sequence of statements of G
end G;

end 0;

procedure Q(U : in out REAL) is
use D;• begin

U := FlU);

end 0;
begin -- TOP

0(R);

D.G(R , 5);

end TOP;
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Ensmpl. 36;

The package body 0 and the body of the subprogram 0 can be made into separate subunits of TOPas follows:

procedure TOP is

type REAL Is digiN 10;
R. S : R E A L ;

package D Is
P1 : constant REAL := 3.14159_26536;
function F (X REAL) return REAL;
procedure G (V . Z : REAL);

end D;

package body D is separate; -- stub of D
procedure Oft.) : in out REAL) Is separate; -- stub of 0 

. 
-

begin -- TOP

Q(R);

O.G(R . 5);

end TOP;

restrict.d(TOP)
separate procedure Q(U : in out REAL) is

use 0:
begin

U := FlU);

•nd Q; - H

restricted (TOP)
• separats peckage b ody D i s

-- some local declarations of 0 followed by

function FIX : REAL) return REAL Is
begin

-- sequence of statements of F
end F;

procedure G(V , Z : REAL) is separate ; -- stub of G
snd D;
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restrlcted(TOP , INPUT_OUTPUT)
separate procedure CIV . Z ; REAL) Is
begin

-- sequence of statements of G
end G;

In the above example, 0 and D are subunits of TOP (TOP encloses 0 and D); G is a subunit of D (0
encloses G and similarly TOP encloses G). The visibility list of G must mention TOP since G acces
ses the type REAL (mentioning D instead of TOP would not be enough).

Note that the visibility lists in the split version are established in such a mariner that the same iden-
tifiers are visible at all program points as in the initial version. For example , the variables R and S
declared in TOP, the constant P1 declared in the visible part of D and the other entities declared in
the package body D are all visible within the sequence of statements of the subunit G.

10.3 Order of Compilation

The visibility rules that apply to compilation units (whether subunits or not) are the usual rules that
apply to all restricted program units.

The rules defining the order in which units can be compiled are direct consequences of the visibility
rules. A unit must be compiled after all compilation units whose names appear in its visibility list or
in the visibility list of any textually nested subprogram or module. A module body must be corn-
piled after the corresponding module specification. The subunits of a unit must be compiled after
t r i o  unit.

Consistent with the partial ordering defined above , the compilation units of a program can be com-
piled in any order.

In the previous examples ;

(a) The package body D must be compiled after the corresponding package specification (exam-
ple lb).

(b) The specification of the package D must be compiled before the procedure PROCESSOR. On
the other hand, the procedure PROCESSOR can be compiled either before or after the
package body D.

(c) The procedure OUADRATIC....EQUATION (example 2) must be compiled after the library
modules MATH_LIB and INPUT_OUTPUT that appear in its visibility list. Similarly (example
3a) the procedure TOP must be compiled after the library module INPUT_OUTPUT that
appears in the visibility list of the nested procedure G. On the other hand, in example 3b
INPUT_OUTPUT could be compiled after TOP.

(dl The subunits Q and 0 (example 3b) must be compiled after the compilation unit TOP. Similar-
ly the subunit G must oe compiled after the enclosing unit D. Note also that the library module
INPUT OUTPUT must be compiled before G
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Similar rules apply for recompilations. Any change in a given compilation unit can only affect its
subunits and other compilation units mentioning the unit in their visibility lists. Hence the poten
tially affected units need to be recompiled. An implementation may be able to reduce the recorn
pitation costs if it can deduce that some of the potentially affected units are not actually affected
by the change.

Note that the subunits of a unit can always be recompiled without affecting the unit itself. Similar-
ly, changes in a module body do not affect other (non-nested) units, since these units only have
access to the visible part of the module. Hence to minimize recompilations , it is advantageous to
compile the module body and the module specification (the visible part ) in different compilations.

10.4 Program Library

Compilers must preserv e the same degree of type safety for a program consisting of several com-
pilation units and subunits, as for a program submitted as a single compilation unit. Consequently
a library file conta ining information on the compilation units of the program library must be main-
tained by the compiler. This information may include symbol tables and other information pertain-- 

- ing to the order of previous compilations.

A normal submission to the compiler Consists of the Compilation unit(s) and the library file. The lat-
ter is used for checks and is updated as a consequence of the current compilation .

There should be Compiler Commands for creating the program library of a given program or of a
given family of programs. These commands may permit the reuse of units of other program
libraries. Finally, there should be commands for intern,gating the status of the units of a program
library. The form of these commands is not specified by the language definition.

10.5 Elaboration of Compilation Units

Before the execution of a main program, all library modules that are not subunits and that are used
by the main program are elaborated. These modules are units mentioned in the visibility lists of the
main program and of its subunits, and transitively in the visibility lists of these library modules
themselves.

The elaboration of these modules is performed consistently with the partial ordering defined by the
visibility lists (see 10.3).
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10.6 Program Optimization

A static expression can be evaluated by the compiler. In consequence, if a static expression is
required and the actual expression involves a variable, or if an exception arises in the evaluation of
the expression, then the program is in error. On the other hand, a compiler may be able to optimize
a program by evaluating expressions which are not required to be static. If the evaluation raises an
exception, then the code in that path in the program can be replaced by code to raise the excep-
tion. Under such circumstances, the compiler may warn the programmer of a potential error .

Optimization of the elaboration of declarations and the execution of statements may be performed
by compilers. If a subprogram is compiled by an in-line substitution of the body, then expressions
within the body may be capable of further optimization as above.

A compiler may find that some statements or subprograms cannot be executed, in which case the
corresponding code can be omitted. If non-static expressions wit~,in such code would generate an
exception, then the program is not in error . These rules permit the effect of conditional compilation
within the language.
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11. Exceptions

This chapter defines the facilities for dealing with errors or other excep,~onal situations that arise
during program execution. An exception is an event that causes suspension of normal program
execution. Bringing an exception to attention is called raising the exception. To execute some
actions, in response to the occurrence of an exception, is called handling the exception.

The units whose execution can be prematurely terminated by an exception are blocks , sub-
• programs, and modules. Exceptions are introduced by exception declarations. Exceptions can be
• raised explicitly by raise statements, or they can be propagated by subprograms, blocks , or

language defined operations that raise the exceptions. When an exception occurs , control can be
passed to a user-provided exception handler.

11.1 Exception Declarations

An except ion declaration defines one or several except ions whose names can appear in raise state-
ments and in exception handlers within the scope of the declaration.

exception_declaration ::= identifier_list : exception;

The identity of the exception introduced by an exception dec laration is established at compilation
time (exceptions can be viewed as constants of some predefined enumeration type initialized with
static expressions). Hence an exception declaration introduces only one exception even if it is
declared in a recursive procedure.

Examples of user-defined exception declarations;

SINGULAR exception ;
END_OF_ FILE uxception;

STACK_OVERFLOW, STACK_UNDER FLOW exception;
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The foflow~ng sscs~%~ene are predeffi,ed in the language:

ACCESS_ERROR When an access variable hes the value nuU and an attempt
i~ made to read or to update the designated dynamic
obiect (see 3.$~.

ASSERL.ERROR When violating an assertion (see 5.9).

DISCRIMINANT_ERROR When attempting to access a component of a variant part
not prescribed by the recos’d’s discriminant (see 4.t.2).

DIVIDE_ERROR When dividing a number by zero (see 4.5.5, 4.5.6).

FAILURE For general use within procedures and tasks. This is the
only exception that can be raised by a task for another task
(see 11.3. t l .5).

INDEX_ ERROR When an index value is outside the range specified for the
array (see 4.1.1).

INITIATE_ERROR When attempting to initiate a task that is already active
(see 9.3).

NO_VAL.UE_ERROR When accessing the value of an uninitialized variable or
returning from a function without a value (see 6.5).

OVERFLOW When an arithmetic operation fails by attempting to
produce a value which is too large to be handled by the
implementation (see 4.5).

OVERLAP....ERROR When attempting to assign overlapping slices (see 5.1.1).

RANGE_ERROR When exceeding the declared range of a variable or type
(see 4.5).

SELECT_ERROR When all alternatives of a select statement without else
part are closed (see 9.7).

STORAGE_OVERFLOW When the dynamic storage allocated to a task is exceeded,
or during the execution of an allocator, if the available
space for the collection of dynamic objects is exhausted
(see 13.2).

TASKING _ERROR When exceptions arise during intertask communi cation
(see 9.2, 11.4) .

UNDERFLOW When a floating point operation fail s by attempting to
produce a value which is too small to be handled by the
implementation (see 4.5.5).
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11.2 ExceptIon Handlers

The processing of one or more exceptions is specified by an exception handler. A handler may
appear at the end of a unit which must be a block, subprogram body, or module body. The word
unit will have this meaning in this section.

exception_handler
when exception_choice fi exception_choice I =>

sequence_of_statements

exception_choice ::= exr~eption_name I others

Each handler handles the named exceptions when they are raised in the given unit. An alternative
containing the choice others applies to all exceptions not listed in other alternatives, including
exceptions whose names are not visible within the current u-nit.

When an exception is raised within a unit, either during elaboration of its local declarations, or dur-
ing the execution of its sequence of statements, the execution of the corresponding handler
replaces the execution of the remainder of the unit: the actions following the point where the
exception is raised are skipped, and the execution of the handler terminates the execution of the
unit. If no handler is provided for the exception, the unit is terminated and the exception is
propagated according to the rules stated in section 11 .3.1.

Since a handler acts as a substitute for the corresponding unit, the handler has, in general, the
same capabilities as the unit it replaces. For example, a handler within a function has access to its
parameters and may issue a return statement on behalf of the function. However, since an excep-
tion may be raised during the elaboration of the declarations local to the unit considered, it cannot
be assumed within a handler that all declarations have been elaborated.

Example:

b.gin
-- sequence of statements

exception
whsn SINGULAR I OVERFLOW =>

PUT~ MATRIX IS SINGULAR “);

when others =>
PuTr FATAL ERROR “);
raise FAILURE;

1
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11.3 RaIse Statem nts

An exception can be expbcitly raised by a raise statement.

raise_statement rais. lexception_namej;

A raise statement raises the named exception. A task can raise the pradefined exception FAILUREin another task (say TI by giving T.FAILURE as exception name. A raise statement of the form
raise;

can only appear in a handler. It reraises the same exception which caused transfer to the hapdler.
Examples:

raiss,
raise SINGULAR;
raise MULTIPLEXER.FAILURE
raise LINK_CONTRQLLFR(5).FAILURE;
raiss OVERFLOW; -- explicitly raising a predefined exception

11.3.1 DynamIc Association of Handlers with Exceptions

When an exception is raised, normal program execution is suspended and one of the followingevents takes place.

(a) If a block does not contain a local handler for the exception, execution of the block ~s ter-minated and the same exception is reraised in the enclosing sequence of statements. Similar-ly, if a subprogram does not contain a local handler , its execution is terminated and the excep-tion is reraised at the point of call of the subprogram. In both cases the exception is said to bepropagated. The predefined exceptions are exceptions that can be propagated by thelanguage defined Constructs .

(b) If a task does not contain a local handler for the exception the task is terminated but theexception is not propagated.

(C) If a local handier has been provided, execution of the handler replaces execution of theremainder of the current unit . A further exception raised in the sequence of statements of thehandler causes termination of the current unit, and the exception is propagated if the currentunit is a block or subprogram as in case (a).

11-4
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Example:

procsdura P ls
ERROR : exception:
proc.durs R:

wocsduraQls
—n

-- exception possibllity(2)

whin ERROR => -- handler E2

sod Q;

procedure R Is
begin

-- exception possibility(3)
m d  A:

begin
-- exception possibility( 1)

0:

5—

when ERROR => -- handler El

and P:

The following cases can arise :

(1) If the exception ERROR is raised in the statement list of the outer procedure P. the handler El
provided within P is used to complete the execution of P.

(2) If the exception ERROR is raised in the statement list of 0, the handler E2 provided within 0 is
used to complete the execution of 0. Control will be returned to the point ot call of 0 upon
completion of the handler.

(3) If the exception ERROR is raised in the body of R, called by 0, the execution of R is tar-
minated and the same exception is raised in the body of 0. The handler E2 is then used to
complete the execution of 0, as in case (2).

The third case results in a dynamic binding, since the exception raised in R results In passing con-
trol to a local handler in 0 that is not visible from R. Note also that if a handler wore provided
within A for the choice others, case 3 would cause execution of this alternative, rather than direct
termination of R.

Lastly, if ERROR had been declared inside R, rather than In P, the handlers El and E2 could not
provide an explicit handler for ERROR since this identifier would not be visible within the bodies of
P and Q. In case 3, the exception could however be handled in 0 by providing a handler for the
choice others.
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Example:

funstion FACTORIAL (N INTEGER) return FLOAT Is
begin

If N = I then
return 1.0;

miss
rsturn FLOAT(N) • FACTORIAL(N-1):

and If:
•xuptkin

when OVERFLOW = rstu,n FLOAT’LARGE;
sod FACTORIAL;

If the multiplication operation causes overflow, then FLOAT’ LARGE is returned by the handler. This
value will cause further overflow exceptions in the remaining activations of the function, so that for
large values of N the function will ultimately return the value FLOAT LARGE.

Example:

ELABORATION_DONE : BOOLEAN :~ FALSE;
I : array (1 .. l0_000sI) of INTEGER;

ELABORATION_DONE := TRUE;
-- further statements of the block

•xc.ptlon
when STORAGE_OVERFLOW =>

-- must not refer to L without checking ELABORATION_DONE
and:

This example illustrates the kind of precautions that have to be taken if en exception can occur dur-
ing the elaboration of declarations.

11.4 ExceptIons Raised during Tasking

An exception can be propagated to a task communicating, or attempting to communicate, with
another task.

On any attempt to call an entry or a subprogram of an Inactive task , the TASKING_ERROR excep-
tIon is raised in the invoking task. Note that this also applies to entry calls to an active task If the
task terminates before accepting these calls.

A rendezvous can be terminated abnormally in three cases.

(a) When an exception is raised inside an accept statement and not handled locally. In this case,
the exception Is propagated both in the unIt containing the accept statement and in the calling
task at the point of the entry call. (A different treatment Is employed for the exception
FAILURE as explained In section 11.5 below.)

(b) When the unit containing the accept statement is terminated abnormally (e.g. as the result of
an abort statement). In this case , the TASKING_ERROR exception is raised In the calling task
at the point of the entry call.
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(C) When the unit issuing the entry call is terminated abnormally. In this case the rendezvous ter-
minates abnormally and the TASKING _ ERROR exception ~s raised within the called task , in
the unit containing the accept statement .

A task calling a procedure of .nother task receives a TASKING _ ERROR exception if the called task
terminates before the end of the procedure execution .

11.6 RaisIng an Exception In Another Task

A task can raise the predefined exception FAILURE in another task (say T) by a raise statement of
the form:

raise T.FA ILURE;

The execution of this statement has no direct effect on the task issuing the Statement (unless , of
course, it raises FAILURE for itself) .

If the task receiving the FAILURE exception is currently executing, or if it is suspended by an
accept or select statement , the effect is to raise the exception at the point of the current statem ent .
If the task ~s suspended on a delay stateme lt , the corresponding wait is cancelled end the excep-
tion is raised at the point of the delay statement . If the task has issued an entry call , the exception
is raised at the point of the call and two cases are possible for the called task :

(a) If the entry call has not yet been accepted , the call is cancelled and the called task is unaf-
fected.

(b) If an accept statement for this entry is in execution , the rendezvous is abnormally terminated
and the TASKING_ ERROR exception is raised, as in section 11 .4(c).

If a FAILURE exception is received by a suspended task , execution of the task is scheduled
according to the priority rules (see 9.8) in order to allow handling of the exception . If the exception
FAILURE is received within an accept statement and not handled locatl y, the rendezvous is ter-
minated and the exception TASKING_ ERROR is raised in the calling task at the point of the entry
call.

The predefined exception FAILURE is the only exception that can be explicitly raised in another
task . It supercedes all other exceptions not yet handled or received before FAILURE is handled. A
unit can coi~din a handler for the exception FAILURE as for any other exception .

11.6 Suppressing Exceptions

The detection of exception conditions may be suppressed within a unit by a pragma of the form:

pragma SU PPR ESS(exceptlon_name I, exception_name I)

This pragma indicates that no run time checks need be provided to ensure that the named excep-
tions do not arise. The occurrence of such a pragma within a given unit does not guarantee that
the named exceptions will not arise since the pragma is merely a recommendation to the compiler .
and since the exceptions may be propagated by called units . Should an exception situation occur
when the corresponding run time checks are omitted, the program would be erroneous , and the
results unpredictable.

11 -7
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12. Generic Program Units

Subprograms and modules can be generic. Generic programs units may be thought of as (possibly
parameterizedl models of program units; as such they cannot be used directly. For example a
genei c subprogram cannot be called. Instances (i.e. Copies) of the model are obtained by generic
instantiation. These are ordinary subprograms and modules that can be used directly .

A subprogram or module can be designated as generic by the inclusion of a generic clause in its
specification. A generic clause can include the definition of generic parameters. An instance of a
generic unit with appropriate actual parameters for the generic formal parameters, is obtained as
the result of a subprogram or module declaration with a generic instantiation.

12.1 Genar’lc Clauses

A generic clause given with a subprogram or module specification specifies that the unit is generic
and defines any generic parameters.

generic_clause ::=
ganeric ligeneric_parameter I; generic_parameterl)I

generic_parameter
parameter_declaration

I subprogram_specification Is Iname.Jdesignatorl
I Irestrictadi type identifier

The usual forms of parameter declarations available for subprogram specifications can also appear
in generic clauses.

Within an instantiated unit, an in or in out parameter provides access to the value of the actual
parameter, an out or in out parameter permits assignment to the variable given as actual
parameter , as usual. In addition, generic parameters can denote types and subprograms.

A type given as a generic parameter is considered as a private type within the body of the generic
unit. Hence, if any operation (apart from assignment and comparison for equality or inequality) on
objects of this type is to be used in the generic body, the operation must also be provided as an
additional generic parameter. Neither assignment nor the predefined comparison for equality or
inequality is available if the generic type parameter is specified as restricted.

On the other hand, a generic parameter of a generic clause cannot refer to a previous generic
parameter of the same clause unless this previous generic parameter denotes a type. Both the
specification and the body of a generic subprogram or module can refer to generic parameters.

Expressions appearing in a generic clause are evaluated during the elaboration of the clause unless
they refer to a type that is a generic parameter (for example, an expression that is an attribute of a
type); such expressions are evaluated during elaboration of generic instantiations.

12-1
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The specification of a generic paramet er that is a subprogram may provide a designator i be used
by default upun inst ntl tion. An act ual parameter is optional in this case; in the absence of an
actual parameter the designator supplied in the generic clause is used. Such a default designator
can be any subprogram matching the corresponding subprogram specification; It can be an
attribute of a type that is a generic parameter. Note that the designator can be prefixed by the
name of a type of which It is an attribute.

A non-local name in the body of a generic unit is identified during the elaboration of the generic
body. A generic unit can be separately compiled.

Examples of genetic clauses:

generic -- parametertess
ganIUICISIZE : INTEGER; 

~‘ps ELEM)
gan.ds(LENGTH : INTEGER := 200) -- default value

gansil~( typs T:
fun ‘ * “ (X ,Y: T) return TI

gansnc( typs T;
function *1X,Y: T) r~ im 1 Is T.”* ” ) -- defeult operator

Examples of generic subprograms :

gsnadc(typs ELEM)
procs~ ire EXCHANGE(U. V : in out ELEM) is

T : ELEM;
begin

T : =~ U; U := V; V := T:
arid EXCHANGE;

gensd&(typ. T;
fun~~~ ‘slU, V: 1) ‘slum T ic T. si

function SQUARING(X: T) ,stum T Is
pragma INLINE:

begis
rslum X * X;

sad SQUARING;

Example of generic module: L
gani..c task SEMAPHORE is

si*y P: -

.ntry V:
end;

task bedy SEMAPHORE Is

accept V;
sod ~op;

and;
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Notes :

An explicit formal parameter for the equality operation may be supplied. In the case of an
unrestricted type it will override the built-in comparison operation In the case of a restricted type ,
it allows and provides the comparison operation.

12.2 G n.rlc Instantiation

An instance of a generic program unit is obtained as the result of the elaboration of a subproqram
or module declaration defined in terms of a generic instantiation.

generic_ instantiation
new name I igeneric_associat ion I. generic_ assoc ,atlonh)

generic_association :: -
parameter _ association

I Iformal_parameter iii (name. Jdesignator
I ~trrmal_paremeter ii type_ mark

The forms of declarations with generic instantiations are given in the sections on subprogram
declarations (6.2) and modules (7 .1) :

subprogram nature designator Is generic instantiation:
module nature identifier Ildsscrete range)I Is generic instantiation :

Actual parameters must be supplied for each generic formal parameter unless the corresponding
generic clause specifies a default . Parameters can be given in positional form or in named form as
for subprogram calls (see 5.2). Each actual parameter must match the corresponding generic for-
mal parameter. A type matches a type; a restricted ictual type does not match an unrestricted for
ma) type . For subprogram parameters all occurrences of the name of a type that is a formal generic
parameter are replaced by the corresponding actual parameter. An actual subprogram matches a
formal subprogram having parameters with the same order , mode, type, and constraint and with
the same result type and constraint (the parameter names and default values being ignoredi .

An actual parameter of a generic association is evaluated during elaboration of the generic instan-
tiation. If a formal generic parameter is used in the generic body in a context which requires static
evaluation, the corresponding actual parameter must be a static expression. In particular , this rule
applies to default expressions given for optional In parame~ .rs.

The elaboration of a generic instantiation creates an instance of the generic unit in which all
generic par ameters are replaced as defined above by the parameters supplied in the generic
associations. The specification of a module or subprogram obtained by generic instantiation is
derived from the specification of the corresponding generic unit after the parameter replacements.

Recursive instantiation of generic units is not allowed.

Examples of declarations with generic instantiations:

procedure SWAP Is new EXCHANG E(EIEM Is lNTEGEK~’
procedure SWAP i new EXCHANGE(CHARACTER); SWAP is overloaded
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luncti so SQUARE is now SQIJARING(INTEGER)• -- “.‘~ of INTEGER used 
~ defaultfvnctlan SQUARE is new SOUARING(MATRIX MATRIX _ PRODUCT);

task SEMA is new SEMAPHORE:

Examples of th. use of insta,,tia(ed units:

SWAP(X . Y);
I :~ SQUARE(8):
SE MA.

12.3 Exarnpfu of a Gsn.r ic Package

Tht~ following example provides a possible formulation of stacks formulated as a generic package.The sijp . f  each stack and the type of the stack elements are provided as generic parameters.
ganericiSlZE: INTEGER type ELEM)
package STACK is

procedure PUSH (E: in ELEM):
procedure POP (E: out EL.EM);
OVERFLOW , UNDERFIOW exception:

end STACK:

peckag. body STACK is

SPACE . array (1 .. SIZE) of ELEM:
INDEX : INTEGER range 0 .. SIZE :r- 0;
procedure PUSH([ : In ELEM) Is

~ INDEX = SIZE then
raise OVERFLOW;

snd W;
INDEX :=- INDEX + 1;

SPACE(INDEX) :=
end PUSH:

procedure POP (F~ out ELEM) Is
b.gic

If INDEX
~~~O tt,.n

raise UNDERFLOW;
end if;

\ E :-~ SPACE(INDEX);
INDEX := INDEX - 1:

end POP;

end STACK:

Instances of thi s generic module can be obt ained àa follow s:

package STACK _ INT Is new STACK (SIZE :-~
- 200, ELEM Is INTEGER);packag i STACK _BOOL Is new STACK(100, BOOLEA N);
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Thereafter , the procedures of the instantiated packages can be called as follows:

STACK_INT.PUSH(l);
STACK_BOOLPUSH(TRUE);

Alternatively, a generic formulation of the type STACK can be formulated as follows (package body
omitted):

gsnidc(SIZE INTEGER; type ELEM)
package ON_STACKS Is

type STACK is pr,vat.;
procedure PUSH (S: In out STACK; E: in ELEM);
procedure POP (S: In out STACK : E: out ELEM);
OVERFLOW. UNOERFLOW : exception;

type STACK Is

SPACE : arrsy(1 .. SIZE) of ELEM;
INDEX INTEGER range 0 .. SIZE := 0:

end record;
end:

In order to use such a package, an instantiation must be created and thereafter stacks of the cor-
responding type can be declared as:

package STACK_INT Is new ON_STACKS(SIZE := 100, ELEM Is INTEGER):

An example of the use of the instantiated package is as follows:

decf.re
use STACK_INT;
S : STACK :

PUSH(S, 20);

end:
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13. RepresentatIon Specification s and Impl.ment.tion Dependent Features

Representation specifications specify the mapping between data types and features of the
underlying machine that executes programs. Representation specifications can be more or less
dire in some cases , they completely specify the mapping. in other cases they only provide
criteria for choosing a mapping.

Mappings acceptable to an implementation do not alter the net effect of a program. They can be
provided to give a more efficient representation or to interface with features that are outside the
domain of the language (for example , peripheral hardware) .

representation_specification : . - -

packing_specification length_specification
I record_type_ representation enumeration_ type_representation
I address_specification

Representation specifications must appear immediately after the list of declarations of a
declarative part , and can only apply to items declared in the same declarative part . A representa-
tion specification given for a type applies to all objects of the type. In the absence of explicit
specifications, representations are determined by the comp iler.

All representation specifications must be determinable at compilation time. In particular , expres-
sions appearing in such specifications must be static expressions. Depending on the specification .
such expressions represent either a number of bits or a number of storage units.

For record and enumeration types derived from other similar types, a representation specification
is legal only if the derived type does not derive user defined subprograms from its parent type (see
3.4). In addition, implementations may limit representation specifications to those that can be
simply handled by the underlying hardware.

~ 3.1 Packing Specifications

A packing specification indicates that storage minimization should be the main criter.on for
selecting the representation of a record or array type.

packing_ specification ::= for type_ name usa packing:

This means that gaps between the storage places allocated to consecutive components should he
minimized. However , it does not affect the mapping of each component on storage. This mapping
can only be influenced by a representation specification for the component type.

The predefined type STRING is packed.
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Examples :

for MATRIX use packing;
for FILE DESCRIPTOR use packing;

13.2 Length Specifications

A length specification controls the amount of storage associated with a named entity.

length _specification ::- for name use static_expression;

The name must be one of the following:

(a) Name of a type that is not an access type:

The value of the expression specifies the maximum number of bits to be allocated to objects
of the type. This number must be at least equal to the minimum needed for the representation
of objects of the type. This form of length specification can be used to achieve a biased
representation.

(b) Name of an access type:

The value of the expression is the number of bits to be reserved for the collection, i.e. the
space for all objects of that access type.

Note that dynamic objects allocated in a collection need not occupy the same storage if they
are records with variants or dynamic arrays. Note also that the allocator itself may require
some space. Hence, the length specification does not always give precise control over the
maximum number of allocated objects.

(c) Name of a task:

The value of the expression is the number of bits to be reserved for an activation of the task.
The method of allocation is not defined (for example , a stack , a general storage allocator, or
fixed storage could be used).

The exception STORAGE _OVERFLOW is raised if a task or access type exceeds the reserved
space.

Exam p/es :

-- assumed declarations:

type BIASED Is new INTEGER range 1O_000 .. 1O_255;
type SHORT Is delta 0.01 range -100.0 .. 100.0:
BYT E : constant INTEGER := 8;
PAGE constant INTEGER : - 1000 * SVSTEM’STORAGE_UNIT;
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-- length specifications:

for COLOR use i BYTE;
for ELEMENT use INTEGER’SIZE:
for BIASED use I e8VTE; -- biased representation
for PRINTER use 4*PAGE;
for CAR use 2000sCAR’SIZE: - - space for approximately 2000 cars
for SHORT use 15;

Notes:

In the last example, 15 bits Is actually the minimum number of necessary bits for SHORT, since asign. 7 bits above the point , and 7 below the point are needed. An implementation need notprovide the ability to reserve just the minimum, because of the masking code needed.

13.3 Enumeration Type Representations

An enumeration type representatIon specifies the Internal codes for the Ilterels of an enumeratIontype.

enumeration_type_representation ::= for type_name use aggregate ;
The aggregate used to specify this mapping is an array aggregate of type

ansy (type_name) of INTEGER

All enumeration literals must be provided with distinct integer codes, end the aggregate must be astatic expression. The integer codes specified for the enumeration type must satisfy the orderingrelation of the type. The aggregate must be named when the enumeration type has a single literal.
Example:

type MIX_ CODE is (ADD, SUB , MUL, LDA, STA. STZ) :
for MIX_CODE use

(ADO ~~ 1, SUB ~~> 2. MUL ~~> 3, LDA ~ > 8, STA => 24 , STZ .=> 33):
Notes:

The predefined attributes SUCC, PRED , and ORD are defined even for enumeration types with anon-contiguous representation. In this case, the functions are less efficiently Implemented due tothe need to avoid the omitted values. Similar considerations apply when sucl’i~ types are used forindexing.
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13.4 Record Type Representations

A record type representatton specifies the storage representation of records, that Is. the order,position , and size of record components.

record_type_representation ::~for type_name use
record LallgnmenLclause;J

(component _ name location ,)
end record;

location ‘ -~ at static_expression ring, range

alignment_clause : : =  at mod static_expression

The position of a component is specified as a location relative to the start of the record; the atclause defines the address of a storage unit and the range defines the bit positions of the compo-nent relative to the storage unit.

The first storage unit of a record is numbered 0. The first bit of a storage unit is numbered 0. Theordering of bits in a storage unit is machine dependent and may extend to adjacent storage units.For a specific machine , the size in bits of a storage unit is given by the configuration dependent
constant SYSTEM’STORAGE_UNIT.

Locations may be specified for some or for all components of a record. If no location is specified fora component, freedom is left to the compiler to define the location of the component. Locationswithin a record variant must not overlap, but the storage for distinct variants may overlap. Eachlocation must allow for enough storage space to accommodate every allowable value of the com-ponent.

An ali gnment clause forces each record of the given type to be allocated at a start address which isa multiple of the value of the expression (i.e. the address modulo the expression must be zero). Animplementation may place restrictions on the allowable alignments. Components may overlapstorage boundaries, but an implementation may place restrictions on how components mayoverlap storage boundaries.

Examples:

WORD : constant INTEGER := 4; -- storage unit is byte. 4 bytes per word
type STATE Is (A , M, W . P);
type MODE I. (FIX , DEC . EXP. SIGNIF);

type PROGRAM _STATUS_WORD Is
record

SYSTEM_MASK : array(0 .. 7) of BOOLEAN;
PROTECTION_ KEY : INTEGER range 0 .. 3;
MACHINE_STATE : arv.y(STATE’FIRST .. STATE’LAST) of BOOLEAN:INTERRUPT_CAUSE : INTERRUPTION_CODE;
ILC : INTEGER range 0 .. 3:CC : INIFGER range 0 .. 3:
PROGRAM _ MASK ~‘vey(MODE’FlRST .. MODE LAST) of BOOLEAN:INST...ADDRESS : Ai DRESS;

end record;
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for PROGRAM _STATUS_WORD us.
record at mod 8;

SYSTEM _MASK at 0.WORD range 0 .. 7;
PROTECTION _ KEY at DiWORD range 10 .. 11 , -- bits 8. 9 unused
MACHINE_STATE at 0.WORD range 12 .. 15;
INTERRUPT _ CAUSE at 0.WORD range 16 .. 31;
ILC at 1 sWORD rangs 0 .. 1; - - second word
CC at 1 iWORD range 2 .. 3;
PROGRAM _MASK at I sWORD rangs 4 .. 7;
INST_ADDRESS at 1sWO RD range 8 - ,  31;

end record ;

13.5 Address Specifications

An address specification defines the location of an object in storaOe or the start address of a
program unit .

address_specification :: for name use at static_expression;

The at clause specifies an absolute address expressed In storage units in an implementation
defined address space. The name must be one of the following;

(a) Name of a variable: In this case , the address is the address of the variable.

(b) Name of a subprogram or module: the address is that of the machine code associated with
the subprogram or module.

(c) Name of an entry: The address is that of a hardware interrupt to which the entry is linked. The
convent ions defining the mapping between the integer value of the expression and the inter-
rupt are implementation dependent.

13.5.1 Interrupts

An interrupt acts as an entry call. An accept statement for such an entry results in suspension of
the task until the interrupt occurs. If control Information is supplied by the interrupt , then this must
appear as an in parameter of the entry. Multiple interrupts are queued on the corresponding entry .
There may be an implementation defined limit for the number of allowed pending interrupts on a
given entry.

Example of interrupt specification:

task CARD_R EADER _ INTERRUPT is
entry ATTENTI ON;

end :
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task body CARD_ READER_ INTERRUPT is
entry DONE;
for DONE use at 4;

Isop
accept ATTENTION;
select

accept DONE;
CARD_ READER, EM PlY;

or
delay 2sSEC;
CARD _ READER .FINISH;

end sefoct;
end loop:

end CARD _ READER _ INTERRUPT;

13.6 Change of Repreesntat~ons

Only one representation can be defined for a given type. In consequence if an alternative represen-
tation is desired, it is necessary to declare a second type derived from the first and to specify a dif-
ferent representation for the second type.

Example;

-- PACKED_DESCRIPTOR and DESCRIPTOR are two different types
-- with identical characteristics , apart from their representation

type DESCRIPTOR is
record

-- components of a descriptor
end ,

type PACKED_DESCRIPTOR is new DESCRIPTOR’

f~ PACKED _DESCRIPTO R use packing;

Change of representations can now be accomplished by assignment with explicit type conversions.
Thus:

D DESCRIPTOR;
P : PACKED_DESCRIPTOR;

P PACKED_DE~ CRlpTOR(D) : -- pack
D DESCRIPTOR(P); -- unpack

13.7 ConfIguration and MachIne D psndent Constants

The characteristics of the configuration can be specified by supplying appropriate pragmas:

pragma SYSTEM(name); -- to establish the neme of the object machine
pragma STORAGE_ UNIT(number) : -- to establish the number of bits per storage unit
progma MEMORY_ SlZElnumber); -- to establish the available numbet of storage units
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The values of configuration dep ndent constants are denoted by predefined attributes of the
predeflned name SYSTEM. Similarly, com piler options may be interrogated with boolean
attributes of the predefined name OPTION.

SYSTEM NAME -- the name of the object machine
SYSTEM STORAGE_.UNIT -- the number of bits per storage unit
SYSTEM MEMORY....SIZE -- the number of available storage units in memory

OPTION SPACE — true if space is the optimization criterion
OPTION’TIME -- true If time is the optimization criterion

Other implementation dependent characteristics of specific program constructs. including the
characteristics established by representation specifications, can be determined using appropriate
attributes. An implementation may provide additional predefined attributes specific to the machine
considered. The list of the predefined attributes that are defined by the language is given in appen-
dix A.

Examples:

INTEGER’SIZE — number of bits actually used for implementing INTEGER
TABLE’ADDRESS — the address of TABLE In storage units

X.COMPONENTPOSITION -- position of COMPONENT in storage units
X.COMPONENTFIRST_BIT -- first bit of bit range
X.COMPONENTLAST_BIT -- last bit of bit range

13.8 Machine Code Insertions 
—

A machine code insertion may be achieved by a call to an inline procedure whose body contains
only code statements.

code_statement ::= qualified_expression;

Each machine Instruction appears as a record aggregate of a record type defining the cor-
responding instruction. Declarations of such record types will generally be available in a predefined
package for each machine. A procedure that contains a code statement must contain only code
statements.

An implementation may provide machine dependent pragmas specifying register and calling con-
ventions.

Example:

M: MASK;

procedure SET_MASK I.
use INSTRUCTION_360:
pr agma INLINE;

SI _FORMAT ICODE ~~> SSM. B => M BAS E, D => M DIS P);
-- M’BASE and M~DISP are implementation specific predefined attributes

end;
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13.9 Interfao. to Other Languages

A subprogram wr itten in another language can be called from a Green program provided that allcommunication is achieved via parameters and result. A procedure skeleton must be provided forsuch foreign subprograms. This skeleton must include a subprogram specification in the usualform, thus enabling other subprograms to call It . The sequence of statements of this skeleton mustreduce to a prapma specifying the foreign language.

For example, the Fortran subprogram

SUBROUTINE GAUSS(A ,X .N)
DIMENSION A( 1O, 1O). XII O)

END

can be represented by the followinq skeletcrn

type MATRIX is array (INTEGER , INTEGER) of REAL;
type VECTOR is array (INTEGER) of REAL :
procedure (jAUSSIA : in Out MATRIX; X : In out VECTOR; N : INTEGER) Isbegm

prag,n• INTERFACE(FORTRAN ) ;
eat

The pragma specifies the calling coilvention to be used, and informs the compiler that an objectmodule will be provided for the corresponding subprogram.

This capability need riot be provicied by all compilers; an implementation may place restrictions onthe allowable forms and places of parameters and calls.

13.10 Unsafe Type Conversion

Unsafe type conversions can be achieved by program units having access to the predetined librarymodule UNSAFE_ PROGRAMMING by instantiating the generic function UNSAFE _CONVER-SION.

package UNSAFE_ PROGRAMMING is

generic (type S ; type 1)
function UNSAFE_CONVERSION IX 5) return T;

end UNSAFE _ PROGRAMMING;

It is a Consequence of the visibility rules that such program units must includeUNSAFE_ PROGRAMMING in their visibility 1 st.
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14. Input-Output

This chapter describes the input-output facilities defined in the language. The standard generic
package IN PUT_OUTPUT defines a set of input-output primitives applicable to files containing ele-
ments of a single type. Additional primitives for text input-output are supplied in the standard pac-
kage TEXT_ b .  These facilities are described here as well as the conventions to be used for dealing
with low level input-output operaticr~.

14.1 General User L.avel Input-Output

The high level input-output facilities are defined in the language. A suitable package is described
here and is given explicitly in section 14.2: it defines f ile types and the procedures and functions
which operate on files.

Files are declared and associated with appropriate sources and destinations (called external files)
such as peripheral devices or data sets. Distinct file types are defined to provide either read-only
access , write-only access or read-and-write access to external files. The corresponding file types
are caned )N_F1LE, OUT_FILE, and INOUT_ FILE.

At this level, external files are named by a character string, which is interpreted by individual imple-
mentations to distinguish peripherals, access rights, physical organization , etc.

The package defining these facilities is generic and is called INPUT_OUTPUT. Any program which
requires these facilities must instantiate the package for the appropriate element type.

A file can be read or written , and it can be set to a required position; the current position for access
and the number of elements in the file may be obtained.

14.1 1 Files

A file is associated with an ordered collection of elements , all of the same type. The type of the ele-
ments is specified as a parameter in the package declaration , so that appropiiate procedures are
produced for dealing with elements of that type , as well as the file types. For example:
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package INT_ lO is new INPUT_OUTPUT(INTEGER ,

establishes types and procedures for files of integers. so that

INT_FILE INT_ IO.OUT _ FILE;

declares INT_ FILE as a write-only file of integers.

Before any file processing can be carried out , the file must be associated with an external file.
When such an association is in effect , the file is said to be open. This operation is performed by one
of the following two procedures:

CR EATE establishes a new external file and associates the given file with it. If the given file
is already open , the exception FILE_OPEN _ ERR OR is raised. If creation is
prohibited for an external file because it already exists or for any other reason, the
exception FILE_NAME_ERROR is raised. (CREATE is no~ defined for an IN_ FILE.)

OPE N associates the givel file with an existing external file. If the given file is already
open, the exception FILE_OPEN _ ERROR is raised. If no such file exists or this
access is prohibited, the exception FILE_ NAME_ERROR is raised.

Any file operation that cannot be completed because of difficulties in the underlying system raises
the exception MALFUNCTION. Any attempt to carry out an operation that is physically impossible
or prohibited raises the exception FILE_USE_ERROR.

Whether a file is currently associated with an external file may be discovered by the following func-
tion:

IS_OPEN returns TRUE it there is an associated fiI~, FALSE othetwise.

All operations described subsequently apply to open files. Any attempt to use them on a file that is
not open raises the FILE_OPEN_ERROR exception.

The name of the external file currently associated with a given file can be discovered by the func-
tion:

NAM E returns a string representing the name of the external file currently associated with
the argument.

After processing has been completed on a file , the associ ation may be broken by one of the follow-
ing two procedures;

CLOSE breaks the association between the file and its associated external file. The exter-
nal file continues to exist.

DELETE breaks the association between the file and its associated external file. The exter-
nal file is deleted.

Example 1: Create a New External File on Backing Store

CREATE(FILE :=: INT_ F ILE , NAME :~ “>udd>ede>counts ”);
• - • -  write the file

CLOSE(INT_ FILE);
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Example 2’ Reed a Paper Tape

pscksg. CHAR _ IO is new INPUT_OUTP UT(CHAR ACTER)
PT : CHARJO IN_ FILE:

begIn
CHARJO.OPEN(PT . ttyg ’ ) .
- - input the file from device Ityg
CHAR _ IO CLO5E(PT);

end .

14.1.2 File Procsaslng

An open file has a current size and a Current position. The size of a file is the total number of ele-ments currently in it. The current position of the file determines the next element to be read or
wr itten. Each element occupies one position, counting from 1 After the last element of a file has
been read or written, the next element position equals the size of the file plus one.

The following subprograms are available for input-output and for handling the size and position of
a f i le :

READ obtains the next element value from the external file and advances the position by
one. If there Is no such element then the exception END_OF _ FILE is raised. If t ie
next element is not of the proper type then the exception INVALID_ DATA is raised.
(READ is not defined for an OUT_ FILE; for an INOUT_ FIL E, any previous WRIT E
must have been completed.)

WRITE gives the next element in the external file the specified value and advances the
position by one, adjusting the size of the file if necessary . (WRITE is not defined for
an IN_ FILE.)

SIZE returns the number of elements currently in the file.

NEXT returns the current position of the file.

SET_NEXT moves the file so that the next element read or written will be frrm the position
specified. If the position value specified does not exist in the current file, a subse-
quent READ will raise an exception (a subsequent WRIT E may raise an exception).
SET_ NEXT has a default position corresponding to the first element of the file. This
procedure can be used to rewind backspace , or advance the file .

Examples of file positioning:

SET_ NEXT (INT_FILE); rewind (set to position 1)
SET _ NEXT(INT_ FILE , NEXT(INT_FILE)- 1); --  backspace
SET _ NEXT(INT_FILE, SIZE(INT_ FI LE)+ 1) : - -  advance to end of file
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IExample of file process ing:

Accumulate the values in a file and append the total

declare
use IN T . ’O ,
COUNTS - INOUT_ FILE;
VALUE ‘ INTEGER:
TOTAL : INTEGER := 0;

begin
OPEN ( COUNTS , “>udd>ada~’counts );
icop

READICOUNTS. VALUE):
TOTAL :~ TOTAL + VALUE ,

end loop;
eacsption

when END_OF_ FILE
WRITE (COUNTS, TOTAL);
CLOSE (COUNTS);

end:

14.2 Specification of the Package INPUT OUTPUT

The specification of the generic standard package INPUT_OUTPUT is given below. It provides the —

calling conventions for all operations described in section 14.1.

generic (type ELEMENT _ TYPE)
package INPUT_OUTPUT ii

restrictsd type IN_ FILE is privst.;
restricted type OUT_ FILE Is prlvat ;
restricted type INOUT_ FILE is private ;

-- Global operations for file manipulation

procedure CREATE (FILE : In out OUT_ FILE; NAME : in STRING);
procedure CREATE (FILE : in out INOUT_FILE; NAME : in STRING):

procedure OPEN (FILE : in out IN_FILE; NAME : In STRING);
• procedure OPEN (FILE : In out OUT_FILE; NAME : In STRING);

procedure OPEN (FILE : in out INOUT_FILE; NAME : in STRING);

procedure CLOSE (FILE in out IN_FILE);
procedure CLOSE (FILE : in out OUT_ FILE):
procedure CLOSE (FILE : in out INOUT_FILE);

function IS_OPEN(FILE : in IN _FILE) return BOOLEAN:
function IS_OPEN(FILE : in OUT_FILE) return BOOLEAN;
fun ction lS_ OPEN(FILE : in INOUT_FILE) return BOOLEAN;

function NAME (FILE : in IN_ FILE) return STRING;
function NAME (FILE : in OUT_ FILE) return STRING;
function NAME (FiLE : in INOUT_ FILE) return STRING;

function SIZE (FILE : in IN_ FILE) return INTEGER;
function SIZE (FILE : in OUT_ FILE) return INTEGER;
function SIZE (FILE : in INOUT_ FILE) return INTEGER;
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- -  input and output subprograms

procedure READ (FILE : in IN_ FILE: ITEM out ELEMENT_ TYPE);
procedure READ (FIL~ : in INOUT_ FILE; ITEM : out ELEMENT_TYPE);

procedure WRITE (FIkE : In OUT_ FILE; ITEM in ELEMENT _TYPE);
procedure WRITE (FILE : In INOUT_ FILE; ITEM : In ELEMENT _TYPE);

function NEXT (FILE : In IN_ FILE) return INTEGER:
function NEXT (FILE : In OUT_ FILE) return INTEGER:
function NEXT (FILE : in INOUT_ FILE) return INTEGER;

procedure SET_NEXT(FILE : in IN_FILE; POS : In INTEGER := 1) ;
procedure SET_NEXT(FILE : in OUT_ FILE: POS : in INTEGER : -

~ 1):
procedure SET _ NEXT (FILE : In INOUT_ FILE; POS in INTEGER : - ~ 1 1 :

exceptions that can be raised

FILE_NAME_ERROR : exception:
FILE_USE_ERROR : exception;
FILE_OPEN_ERROR : exception;
INVALI 0_ DATA .

MALFUNCTION : exception;
END_OF_FILE : exception;

private
- - declarations of the file private types

end INPUT_OUTPUT;

14,3 Text Input-Output

Facilities are available for input and output in hum an readable form , with the external file con-
sisting of characters. These are provided in a package given in section 14.4 and explained here.
This package defines character file types and the procedures and functions which put and get
values of objects in and out of such files.

The package defining these facilities is called TEXT_JO. It u~es the general INPUT_OUTPUT
package for files of type CHARACTER , so that all the facilities described in section 14.1 are
available. In addition to these general facilities, procedures are provided to GET and PUT values of
suitable types, carrying out conversions between the internal values and appropriate character str-
ings.

All the GET and PUT procedures have an ITEM parameter whose type determines the details of the
action and the appropriate character string in the external file. Note that the ITEM parameter is an
out parameter in GET and an in parameter for PUT. The general principle is that the characters in
the external file are composed and analyzed as lexical elements, as described in chapter 2. The
conversions are based on the REP and VAL attributes described in Appendix A.

For al~ GET and PUT procedures. there are forms with and without a file specified. If a file is
specified, it must be of the correct type (IN_FILE for GET, OUT_ FILE for PUT). If no file is specified.
a default input or output file is used. At the beginning of program execution , the default input and
output files are the so-called standard input and output files , which are associated with two
implement ation defined external files.
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14.3.1 Standard Input and Output Files

The particular files used as default for the short forms of GET and PUT can be manipulated by the
following functions and procedures:

function STANDARD_ INPUT return IN_ FILE; - -  returns initial default in-file.
function STANDARD_OUTPUT return OUT_ FILE , -- returns initial default out-file.
procedure SET_ INPUT (FILE in lN_ F(LE): -- sets the default in-file
procedure SET_OUTPUT (FILE : in OUT_FILE): -- sets the default out-file

14.3.2 Layout

The characters in the file are considered to form a sequence of lines. The characters in each line
are considered to occupy consecutive columns., counting from 1. The lines in each file are counted
from 1. A file may have a particular line length that is explicitly set by the user. If no line length has
been specified, lines can be of any length up to the size of the file. During file processing, a file has
a current line number and a current column number. These determine the starting position avai-
lable f or the next GET or PUT operation.

The characters in the file consist of printable (graphic) characters and control characters. Each
printable character or space is associated with one column. The control characters have specific
implications on the line and column numbers: -

CR resets the column number to one.

LF increments the line number by one.

BS decrements the column number by one if it is greater than one.

TAB increments the column number to the next multiple of 8 unless that would take it beyond
the line length or the end of line in an input file, in which case it increments only to the end
of the line,

Other control characters do not affect the cclumn number or line number.

La~~ut primitives manipulate the line structure .of the file specified by the first parameter.

LINE returns the current line number

COL returns the current column number

SET_LINE sets the current line to the value specified by the second parameter.
The current column is set equal to 1.

SET_COL sets the current column to the value specfied by the second parame-
ter. The current line is unaffected.

SET_ LINE_.LENGTH sets the line length to the value specified by the second parameter .
Subsequently, if a SET_COL operation causes the column number to
exceed the specified line length, the exception INVALID_LAYOUT is
rai sed.
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In addition, the predefined string NEWLINE corresponds to the sequence of characters used to
denote the end of a line in a given implementation .

Examples

SET _ LINE(F. LINE(F)+ 1) ; --  advances to the next line
SET _ COL(F, 20); -- advances (or backs up) to column 20 on the current line
SET _COL(F. COL(F) ÷ 10); --  advances 10 columns forward
SET_LINE_ LENGTH(F . 132);
PUT(NEWLINE); -- start s a new line on standard output

14.3.3 Input-Output of Characters and Strings

The GET and PUT procedures for these types work with individual characters, which may be prin-
table or control characters , and affect the current column and line number in accordance with the
particular characters processed (never going outside the permitted range).

For an ITEM of type CHARACT ER

GET returns the value of the next character from the input file. If the line length is not fixed , this
is the character corresponding to the current position on the file. If the line length is fixed ,
end of line marks are skipped and the next character is the one on the current column, or
on the first column of the next line if the last column read corresponded to an end of line.

PUT outputs the character given as argument to the file. If the line length is not fixed , the
character is output on the current column of the current line and the current column is
updated according to the rules given in 14.3.2 above. lf the line length is fixed, the
character is output similarly and the current column is also updated according to the above
rules, except if such a modification would cause the column number to become larger than
the line length. In the latter case the line number is incremented by 1 and the column
number is reset to 1 (an automatic new line is inserted). If the file cannot accept the
character , the exception FILE_USE_ ERROR is raised.

When the ITEM type is a string, the length of the string is determined and that exact number of
GET or PUT operations for individual characters is carried out.

Example 1: variable line length :

PUT(F, 01234567 & NEWLINE & 89012345 );

will output

01234567
89012345

If the file is subsequently read, the whole string can be obtained by

X : STRING(1 .. 18);

GET(F. Xl;

(assuming NEWLINE is the string CR & LF, i.e., two characters ).
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Example 2: fsxed line length of 8

PUTIF . ‘0123456789012345 )

will output

01234567 —

890 12345

A subsequent read of that text , with the same line length, could be performed by

X STRING( l .. 16) :

GETI F . X l ,

Note that the double-quote marks enclosing an actual parameter to PUT are not output , but thestring inside is output with any doubled double-quote marks written once , thus matching the rulefor character strings (see 2.5).

14.3.4 Input -Output for Other Types

All ITEM types other than CHARACTER or STRING are treated in a uniform way, as lexical units
(see 2.2 . 2.3 , 2.4). The output is a character string having the syntax described for the appropriate
unit and the input is taken as the longest possible character string having the required syntax. For
input , any leading space, TAB . CR , or IF characters are ignored. A consequance is that no such
units can cross a line boundary , and the line number is not changed by them.

If the character string read is not consistent with the syntax of the required lexical unit , the excep--
t ion INVALID ...DATA is raised.

The PUT procedures for numeric and enumeration types include an optional WI DTH parameter ,
which specifies a minimum number of characters to be generated. If the width given is large r tha n
the string representation of the value , the value will be preceded (for numeric types) or followed(for enumeration type) by the appropriate number of spaces. If the field width is smaller than the
string representation of the value , the field width is ignored. In all cases , the string printed is prece-ded by a space , except at the first column of a line. A default width of 0 is provided, thus giving the
minimum number of characters ,

In each PUT operation, if the line can accommodate all the characters generated, then the charac-ters are placed on that line from the current column. If the line cannot accommodate all the cha-racters , then a new line is started and the characters are placed on the new line starting fromcolumn 1.
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14.3.5 Input-Output for Numeric Types

Integers:

GET reads an optional minus or plus sign then according to the syntax of integer. If the value
obtained is outside the implemented range of integer numbers, the exception OVERFLOW
is raised.

PUT expresses the ITEM value as a decimal integer, with no underscores and no leading zeros
(but a single 0 for the value zero) and a preceding minus sign for a negative value; this
str ing is right justified in the field width and padded with spaces.

Floating point numbers:

GET reads an optional plus or minus sign then according to the syntax of approximate numbers.
The value obtained is rounded to the precision FLOAT’DIGITS. If the value obtained is out-
side the implemented range for type FLOAT, the exception OVERFLOW is raised.

PUT expresses the ITEM value as the nearest approximate number with one digit before the
decimal point, the specified number of digits after the decimal point , and an exponent part
with a sign and three digits. If the specified number of decimals is not positive, then the
decimal point and fractional part are omitted. If the specified number of decimals is smaller
than that authorized by the precision, rounding is performed.

Fixed point numbers ;

Because the representation of a fixed point type cannot be predetermined, these procedures are
contained in a generic package.

GET reads an optional plus or minus sign then according to the syntax of an approximate num-
ber. The value obtained is rounded to the appropriate delta .

PUT expresses the ITEM value as the nearest approximate number with the specified number of
digits after the decimal point. A default is provided to accommodate the delta. If the speci-
fied number of digits is smaller than that needed to represent delta , then rounding is per-
formed.

14.3.6 Input-Output for Boolean

GET reads an identifier according to the syntax given in 2.3, with no distinction between upper
and lower case letters. If the identifier is TRUE or FALSE, then the boolean value is given;
otherwise the exception INVALID_DATA is raised.

PUT expresses the ITEM value as TRUE or FALSE and puts these letters in upper case.
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14.3.7 Input-Output for Enumeration Types

Because each enumeration type has Its own set of literals, these procedures are contained In ageneric package. An instantiation must specify the type.

GET reads an identifier (according to the syntax given In 2.3, wIth no distinction between upperand lower case letters) or a character literal (according to the syntax of 2.5 for a singlecharacter in double-quotes). If this is one of the enumeration literals of the type, then theenumeration value is given; otherwise the exception INVALID_DATA Is raised.
1’UT outputs the ~TEM value as an identifier in upper case or as a character literal,

14.4 SpecificatIon of the Package TEXT 10

The package TEXT_ b contains the definition of all the text input-output primitives.
package TEXT _lO Is

package CHARACTER_ b Is new INPUT OUTPUT(CHARACTER)typs IN_FILE Is new CHARACTER_ lO IN_FILE;type OUL.FILE Is new CHARACTERJO.OUT_ FIIE;
- -  Character Input-Output

procedure GET ( FILE : In IN_FILE; ITEM : out CHARACTER);procedure GET ( ITEM : out CHARACTER);
procedure PUT I FILE ; In OUT_FILE; ITEM : In CHARA CTER);procedure PUT ( ITEM : In CHARACTER);

- - String Input-Output

procedure GET ( FILE In IN_ FILE; ITEM : out STRING);procedure GET ( ITEM : out STRING);
proo.öj, . PUT ( FILE : In OUT_FILE; ITEM : In STRING);procedure PUT ( ITEM : In STRING);

-- Integer Input-Output

DEFAULT _WIDTH constant INTEGER := 0;
procedure GET ( FILE : In IN_ FILE; ITEM : out INTEGER);procedure GET ( ITEM out INTEGER):
prooed’jre PUT ( FILE In OUT_ FILE:

ITEM : In IN TEGER
WIDTH : In INTEGER :‘= DEFAULT_WiDTH)procedure PUT ( ITEM : In INTEGER:
WIDTH : In INTEGER :— DEFAULT_WIDTH):
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- - Floating Point lnput-.Output

DEFAULT _FLOALWIDTH : Constant INTEGER :~ 0:
DEFAULT _ MANTISSA ; constant INTEGER :- FLOAT DIGITS - 1;
procedure GET ( FILE In IN_FILE; ITEM : out FLOAT);
procedure GET ( ITEM : out FLOAT);
procedure PUT ( FILE : In OUT_ FILE

ITEM In FLOAT ;
WIDTH : In INTEGER ;.~ DEFAULT _ FLOAT _WIDTH;
FRACT : In INTEGER - DEFAULT _MANTISSA);

procedure PUT ( ITEM : In FLOAT;
WIDTH ; In INTEGER :~ DEFAULT _ FLOAT _WIDTH :
FRACT In INTEGER :~- DEFAULT _MANTISSA);

- Fixed Point Input-Output is defined as a generic package
generlc(type FIXED _TYPE;

funct ion REP(X : FIXED _TYPE) return STRING is FIXED TYPE REP:function VAL IX : STRING) return FIXED _ TYPE ~ FIXED~TYPE’VA L:
DECIMALS : FIXED_ TYPE :- FIXED _TY PE’DELTA )

package FIXED _ IO Is
DEFAULT _ FIXED _ WIDTH consta nt INTEGER : 0;
DELTA_ REP constant STRING REP(DECIMAIS - INTEGER(D(CIMA LS))
DEFAULT _ DECIMALS : consta~ INTEGER :~ DELTA_REP’LENGTH - 2;
procedure GET ( FILE : In IN_ FILE; ITEM : Out FIXED _ TYPE);
procedur e GET ( ITEM : Out FIXED_ TYPE);
procedure PUT ( FILE : In OUT_ FILE;

ITEM In FIXED_ TYPE;
WIDTH : In INTEGER :— DEFAULT _ FIXED _ W IDTH;
FRACT ; In INTEGER :—  DEFAULT DECIMALS)

procedure PUT (ITEM : In FIXED _TYPE;
WIDTH : In INTEGER DEFALJ IT_ FIXED W IDTH:
FRACT : In INTEGER DEFAULT _ DECIMALS);

end FIXED _ b ;

- Booloan Input-Output

DEFAULT _ENUM_W IDTH : constant INTEGER : - 0;
procedure GET ( FILE : In IN_FILE’ ITEM : out BOOLEAN);
procedurs GET ( ITEM : out SOOt.EAN);
procedure PUT ( FILE : In OUT_ FILE:

ITEM : In BOOLEAN;
WIDTH : In INTEGER DEFAULT ENUM WIDTH )procedure PUT ( ITEM : In BOOLEAN;
WIDTH in INTEGER :~r DEFAULT ENUM~ WIDTH )
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Generic packaqe fur enumeration types

g~nirlc( type ENUM~TYPE :
function REPIX ENUM_TYPE) return STRING Is ENUM_ TYPE’REP;
function VAL (X : STRING) return ENUM.~TYPE Is ENUM TV PE’VAL)

package ENUM_ IO Is
procedure GET I FILE In IN_ FILE; ITEM out ENUM...’TYPE);
procedure GET ( ITEM out ENUM_ TYPE);
procedure PUT ( FILE : In OUT_ FILE;

ITEM in ENUM_TYPE;
WIDTH In INTEGER :~ DEFAULT_ ENUM W IDTH);

procedure PUT ( ITEM In ENUM_TYPE;
WIDTH - In INTEGER DEFAUIT ENUM_ W IDTH):

end ENUM_ lO:

-- Layout primItives

function LINEIFILE : In IN_ FILE) return NATURAL;
function LINE(FIIE : In OUT_ FILE) return NATURAL;

function COL(FILE : In IN_ FILE) return NATURAL;
function COL(FILE In OUT_ FILE) return NATURAL:

procedure SEt LINE(FILE In IN_ FILE; TO : In NATURAL);
procedure SET_LINE(FILE : In OUT FILE; TO : In NATURAL);

procedure SET _ COL(FIL.E : In IN_ FILE; TO : In NATURAL):
procedure SET _COL(FILE : in OUT_ FILE; TO : In NATURAL);

procedure SET_ LINE_ LENGTH(FILE : In IN_ FILE; N ; In NATURAL);
procedure SET _ LINE_LENGTH(FILE : In OUT _ FILE; N In NATURAL);

NEWLINE : constant STRING : implementation defined;

- - Standard input and output file manipulation

function STANDARD_ INPUT return IN_ FILE;
function STANDARD _OUTPUT return OUT_ FILE;

procedure SET _ INPUT (FILE In IN_ FILE);
procedure SET _ OUTPUT (FILE : in OUT FILE);

-- Exceptions

FILE_ NAME_ ERROR : •xcsptlon;
FILE_ USE_ ERROR : •xc.ptlon;
FILE _OPEN_ERROR exception;
INVALID .DATA exception;
MALFUNCTION exception:
END_ 0F FILE : exception;
INVALID_ LAYOUT exception;

end TEXTJO ;
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14.5 Example of Tsxt Input-Output

The following example shows the use of the text input-output primitives in a d~alogue with a user
at a terminal. The user is asked to select a color, end the program output in response is the nur~.oer
of items of the color available in stock. The default Input and output fIles are used.

type COLOR Is (WHITE. RED. ORANGE. YELLOW. GREEN, BLUE, BROWN);
TARGET : array (WHITE .. BROWN) of INTEGER : (20, 17 , 43, 10, 28, 173 , 87);

package COLOR_ b Is new ENUM_IOICOLOR):

procedure DIALOGUE Is
use COLOR_IO;
CHOICE: COLOR;

procedure READLN Is
CII : CHARACTER;

be~~loop
GET(CH):
exit when CH = LF;

end loop;
end;

procedure ENTER_COLOR return COLOR Is
CHOICE : COLOR;

begIn
is”

PUT( Color selected: “) ;
GET(CHOICE);
READ LN;
return CHOICE;

exception
whsn INVALID_DATA =>

READLN;
PUT(”Invalid color, try again. );

end;
end loop:

end :
begin -- body of DIALOGUE

CHOICE := ENTER_COLOR;
PUT(NEWL INE );
PUT(CHOICE); PUT(items avallable: );
SET_COL(STANDARD_OUTPUT. 25);
PUT(TARGET(CHOICE). WIDTH := 5);
PUT ( , ” & NEWLINE);

end DIALOGUE;

Example of an interaction (characters typed by the user are italicized);

Color selected: black
Invalid color , try again. Color selected: blue
BLUE items avaIlable: 173:
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14.5 Low L veI Input-Output

A low level input-output operation is art operation acting on a physical device. Such an operation is
handled by using one of the (overloaded) predeflned procedures SEND_CONTROL and RECEIVE _-
CONTROL.

A procedure SEND_CONTROL may be used to send control information to a physical device. A
procedure RECEIVE_CONTROL may be used to monitor the execution of an input-output opera-
tion by requestsng information from the physical dev’,ce. 

- 

-

Such procedures are declared in the standard package LOW_LEVELJO and have two parameters
identifying the device and the data. However, the kinds and formats of the control information will
depend on the physical characteristics of the machine and the device. Hence the types of the
parameters are implementation defined. Overloaded definitions of these procedures should be
provided for the supported devices.

The visible part of the package defining these procedures is outlined as follows:

package LOW_LEVELJO is
-- declarations of the possible types for DEVICE and DATA
-- declarations of overloaded procedures for these types:
procedure SEND_CONTROL (DEVICE : device. .type; DATA : In out data_type);
procedure RECEIVE_CONTROL (DEVICE : device... t~pe; DATA : In out data_ type);

end;

The bodies of the procedures SEND_ CONTROL arid RECEIVE_CONTROL for various devices can
be supplied in the body of the package LOW_LEVEL_ b .  These procedur. bodies may be written
with code statements.
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A. Predefln.d Language Attributes

The following attributes are predefined in the language and are denoted by the notation described
in section 4.1 , wher~ the name of the entity is followed by an apostrophe and the attribute iden-
tifier.

A ttributes of any object or subprogram

A DDRESS X’ADDRESS returns an integer corresponding to the location of the
first storage cell of X, which is given as an index in a linear memory.

Attributes of any type or subtype (or objects thereof)

SIZE Gives the number of bits used to implement objects of the type.

Attributes of any sca/ar type or subtype

— FIRST TFIRST returns the minimum value in the range of 1.

LAST TLAST returns the maximum value in the range of T.

REP(X) X being an object , T REP(X) returns the string representation of the
value of X. The string contains the minimum number of characters
needed, i.e.:

• For a number, only significant digits are given, and the number of
decimal digits is the smallest number required to express the
mantissa within the declared accuracy. A floating point number is
represented in scientific notation with one digit before the
decimal point, and a signed three digit exponent. A fixed point
number is represented in fixed point notation. All numbers are
expressed in base 10.

• Fo’ enumeration Iiterals, identifiers are represented in upper-
case, w ithout any extra space. Character values are represented
surrounded by double quotes.

VAL(X) X being a string, T’VAL(X) returns the value of type T whose external
representation is given by the string X. If no interpretation of X can be
gIven within T, the RANGE_ ERROR exception is raised.

Attributes of any real type or subtype

BITS Returns an integer indicating the minimum number of bits needed to repre-
sent the mantissa of the type or subtype.

_ _ _ _ _  
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Attr ibutes of any tiiscrete type or subtyp e T

PREDiX) Returns the value preceding X in 1. The exception RANGE_ERROR is
raised if X - T’ FIRST.

SUCC(X) Returns the value following X in 1. The exception RANGE_ ERROR is
raised if X - T’ LAST.

ORDIX) Returns au integer which is the ordinal position of X in the type or
subtype T. Note that T’ORD(T’FIRST) = 1. and that ORD is indepen-
dent of any representation specification: T’ORD(T’SUCCIX))
TORD (X ) + 1.

VAL (I) I being an integer . T VAL ( I) returns the enumeration value occupying
the l-th position in T. The exception RANGE_ERROR is raised if I is
not in the range T’ORD(T’FIRST) .. T’ORD(T’LAST). For any enumera-
tion value X of type 1. T’VAL(T’ORD(X)) s- X.

Attributes of any numeric typ e or subtype

RADIX Returns an integer giving the actual radix (base) used to represent
values of the type.

Attribute s of any fixed point type or subtype T

DELTA Returns a fixed point number indicating the value of the delta speci-
fied in the type declaration.

SMALL Returns a fixed point number indicating the closest (positive or negati-
ve) power of 2 immediately inferior to the delta. For example , if T DEL-
TA 0.005, then T’SMALL is 0.00390625 (1/2 56).

LARGE Returns a fixed point number indicating the largest pnrmissibte value
that can be expressed in the binary representation of T, with a delta of
ISMALL: if T is declared “delta 0.01 range -100.0 .. 100 0.’ then
T’LARGE - . 256 - 1/1 28 255.992 1875.

Attributes of any floating point typ e or subtype

DIGITS Returns an integer indicating the number of decimal digits specified in
the type or subtype declaration-

LARGE Returns the largest positive value that can be expressed in the repre-
sentation within the constraints of the precision of T.

SMALL Returns the smallest positive value that can be expressed in the repre-
sentation within the constraints of the precision of T.

EXPONENT_MIN The minimum exponent (as an integer) possible in the representation
used for values of the type.

EXPONENT_ MAX Thr maximum exponent (as an integer) possible in the representation
used fo r values of the type.

A-2
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Attributes of any array object anc.’ of any array type with specified bounds

FIRST Returns a value in the type of the first index, which is the lower bound
of that index.

FIRST(i) Same as FIRST , for the i-th index.

LAST Upper bound of the first index

LAST(i) Same as LAST. for the i-th index.

LENGTH Number of elements of the first dimension.

LENGTH(i) Same as LENGTH, for the i-th dimension.

Attributes of any access type (or object thereof)

ACCESS_SIZE Returns an integer giving the size in bits required for an object of the
access type (whereas SIZE will give the size of the value denoted by
such object) .

Attr ibutes of any record component

FIRST_BIT Gives the bit position (as an integer) of the first bit of the component
in the first storage unit used for the component . The first bit in the
storage unit has the position 0.

LAST _BIT Bit position of the last bit of the component from the beginning of the
- 

first storage unit used for the component .

POSITION Gives the position (in storage units) of the first storage unit of the
component relative to the beginning of the record. Position of the first
component is 0.

Attributes of any task

ACTIVE True if the corresponding task has been initiated, and is not yet ter-
minated.

CLOCK Returns a value of type TIME which is the cumulative processing time
of the task since its last initiation. Can be used only in the task body.

INDEX (for a task family) Returns the index (of the type of the family index) of
the current member of the family . Can be used only in the task body.

PRIORITY Returns a value of the predefined type PRIORITY , which is the current
priority of the task. Can be used only in the task body.

A-3
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A ttributes of any entry

COUNT Indicates the number of tasks currently awaiting a rendezvous withthe entry. Can be used only within the body of the task containing the
entry declaration.

A ttributes of SYSTEM

CLOCK Current time (of type TIME) indicated by the real time clock of the
system.

MEMORY_SIZE Number of storage-units available to t Ie program.

NAME Returns a literal of an implementation-defined enumeration type,
identifying the target system.

STORAG E_UNIT Number of bits in a storage unit.

MAX_ PRIORITY The maximum priority level for tasks on the system (of the predefined
subtype PRIORITY).

F MIN_PRlORrry The minimum priority level.

MAX_ INT The maximum integer value supported by the machine
MIN_INT The minimum integer value supported by the machine.

Translator options

OPTION’SPACE True if major optimization criterion is space efficiency.
OPTION’TIME True if major optimization criterion is time efficiency.

A-4
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B. Predeflned Language Pragma.

Pragma Name Meaning

CREATION The identifier STAT IC or DYNAMIC must be given as a parameter. The
pragma must appear in the visible part of a task module. It specifies
whetner storage for the task is to be allocated statically or dynamically.

ENVIRONMENT Takes a l ist of module names as arguments. The pragma must appear
before a compilation unit. It specifies other visible modules to be included
in the standard environment for all compilation units in the program library .

INCLUDE Takes a string ~s argument , which is the name of a text file. The pragma
can appear in a declarative part or sequence of statements. It specifies that
the text file is to be in cluded where the pragma is given.

INLINE No arguments. The pragma must appear in the declarative part of a sub-
program body. It specifies that the subprogram body should be expanded
in line at each call.

INTERFACE Takes an identifier as argument , indicating that the body of a subprogram
is written in another language, whose linkage convention is to be observed.
The list of possible languages is implementation defined.

LIST The argument is either ON or OFF. The pragma can appear in a declarative
part or sequence of statements. It specifies that listing of the program unit
is to be continued or suspended until a LIST pragma is given with the
opposite argument.

MEMORY_SIZE Takes an integer argument indicating the number of storage units available
in memory.

OPTIMIZE The argument is TIME or SPACE. The pragma can appear before a com-
pilation unit or within a declarative part or sequence of statements. It
specifies whether time or space is the primary optimization criterion. The
effect of the pragma holds until the end of the unit , unless another
OPTIMIZE pragma overriding it is given.

PAGE Indicates that the listing should start on a new page.

STORAGE_UNIT Takes an integer argument indicating the number of bits to be used for
each storage unit.

SUPPRESS Exception names are given as arguments. The pragma must appear in the
declarative part of a program unit. It specifies that within the unit no run-
time checks need be provided for the named exceptions.

SYSTEM An identifier is given as argument , and interpreted as the name of the
target system of the program. The list of possible names is implementation
defined.

B-i
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C. Predefined Language Environment

This appendix outlines a definition of the predefined identifiers in the language. The definition is
given in the form of a package module called STANDARD , which is implicitly inherited by all
program units (see 8.6).

The types and other facilities given in STANDARD are deliberately minimal , since further
packages , for instance , for complex arithmetic , can be expressed in the language itself. An
implementation may, of course, make such packages a part of the standard environment. Further-
more, the predefined functions, operators, and procedures can be implemented in special ways
that are particularly efficient on a given machine. For this reason, the corresponding package body
is not shown.

Not all the predefined entities can be completely described in the language itself. For instance ,
although the enumeration type BOOLEAN can be written showing the two literals FALSE and
TRUE , the relationship of BOOLEAN to conditions cannot be expressed in the language. In conse-
quence. the text of the package given below does not give the complete semantics of the entities
defined.

package STANDARD is

type BOOLEAN is (FALSE . TRUE);

function “not” IX : BOOLEAN) return BOOLEAN;

function “and” (X .Y : BOOLEAN) return BOOLEAN;
function “or” IX .Y : BOOLEAN) return BOOLEAN;
function “xor ” (X ,Y : BOOLEAN) return BOOLEAN;

type SHORT_INTEGER is range implementation ., defined;
type INTEGER is range implementation defined;
type LONG_ INTEGER is rang. implementation ...defined;

function “
+

“ (X : INTEGER) return INTEGER;
function “-“ IX : INTEGER) return INTEGER;
function ABS IX : INTEGER) return INTEGER;

function ÷“ (X .Y : INTEGER) return INTEGER;
function “-“ (X ,Y : INTEGER) return INTEGER;
function *

“ (X ,Y : INTEGER) return INTEGER;
function 7” (X ,Y : INTEGER) return INTEGER;
function mod” (X ,Y : INTEGER) return INTEGER;
function “**

‘ (X : INTEGER; V : INTEGER range 0 .. INTEGER’LAST) return INTEGER;

-- Similarly for SHORT_ INTEGER and LONG_ INTEGER
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type SHORT _ FLOAT is digets impec~menfation defined rengo implementation detini~’d;
type FLOAT is digits i~nplementation defined range (mplementation defined:
type LONG_ FLOA is digit. implem.ntat~ n defined range implementation defii,ed.

function “ - IX : FLOAT) return FLOAT;
function ‘

~
-
~
‘ IX : FLOAT) return FLOAT;

a funct ion ABS IX : FLOAT) return FLOAT;

function ~‘
“ IX .V : FLOAT) return FLOAT:

function “- “ (X , V FLOAT) return FLOAT;
f mctlon -

. 
- (X V : FLOAT) return FLOAT

I function ‘
~/ (X .Y : FLOAT) return FLOAT .

function ‘ s . ” IX : FLOAT; V - INTEGER) return FLOAT:

-- Similarly for SHORT ,FLOAT and LONG_ FLOAT

-- The following characters comprise the standard ASCII character set.

type CHARACTER l~( NU L. SOH. SIX , ETX EOT . ENQ. ACK . BEL ,
BS. HI. LF , VT , FF . CR, SO, SI.
DLE. Dci . DC2 , DC3 . DC4. NAK . SYN. ETB
CAN. EM. SUB , ESC, FS. GS , RS, US,
* “

‘ 
“ I ”

’ 
‘
~
‘
~
““

, ~~~~~~~ “S .’ , “96%” , “&“ ._
I_’ , “)“ . 

j
.”, 

— .. “
, 

“
,,  

“-“, . ,  “I” ,
‘0” . “1” , “2” , “3” , ~‘4” , ‘ Fe ” , “6” , “1” ,
8’S . ~~ 

- -
. 

“
>

“ -

“
~~~~

“
. “ A ” , B” . ‘C . “D , “E” . “F” . G” .

“H” . “I”, J”, “K” . “L , “M” , “N”. “0”.
P” . “0”, “ R’ . “S” . T” , “U” , “V” , “W” ,

..X- . “V” “Z”~ ‘1”. “\“. “I” .
‘a”, ‘b” , “c ” , “d”, e”, “f’ , “g”,

“h’ , ‘i”. “I” , “k , 1” , “ i ’ , n”, “ 0” .
p ,  q .  r , S t . U , V , w

“ x ” , “ v z ’ . “ ( ,  “I”, 1”, “ —f , DEL);

--  Enumeration Iiterals for characters not in the basic language character set

EXCLA M : constant CHARACTER :=
DOLLAR ‘ constant CHARACTER :~ “5’ ;
QUESTION - constant CHARACTER :~
AT_SIGN constant CHARACTER ;=

L.BRACKET : constant CHARACTER :=
BACK_SLASH ; con~tant CHARACTER :~P_ BRACKET -r,n.tant CHARACTER :~CIRCUMFLEX : constant CHARACTER
GRAVE : constant CHARACTER := ““;

LC_A ; constant CHARACTER :=
LC_ R : constant CHARAL [ER :=

LC_Z : constant CHARACTER :~ “1’ ;
L_ BRACE constant CHARACTER
P_ BRACE : c-rnstant CHAF ACTER :=~ 

“(“ ;

TILDE ; constant CHARACTI~R

-- - ~~~~~~~ . 
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subtype NATURAL I. INTEGER rang. I .. INTh~1R’LAST .
type STRING I. array (NATURAL) of CHARACTER ;

type TIME Is digIts Implementation delln•d r.nge ImplementAtion defined:
SECONDS : constant lIME ; .‘ Implementation defined;

SYSTEM -- predeflned name
OPTION predefined nam e

subtype PRIORITY is INTEGER rang. Implementation defined:
procedure SET PRIOR)TV(P : PRIORITY);

Alphabetical list of exceptions

ACCESS_ ERROR exception;
ASSERT ..EAROR exception;
(
~ISCRIMINANT ERROR : .xcsptlon;
DIVIDE.. ERROR •xceptlon;
FAILURE exception;
INITIATE _ ERROR : exception;
NO_ VALUE _ ERROR •xc.ptlon;
OVERFLOW exception:
OVERLA P ERROR exception;
RANGE .,ERR OR : •xceptlon;
SELECT ERROR •xceptlon;
STORAGE OVERFLOW exception;
TASKING.,.ERROR •xoeptlon;
UNDERFLOW exception ;

generic task SEMAPHORE Is
•ntry P;
entry V ;

and:

generic task SIGNAL I.
entry SEND;
entry WAIT ;

end;

for CHARACTER use •- 128 ASCII character set withoi~ holes
(0, I, 2 , 3, 4, 5, 6, 1, 8, ... , 126 , 127),

for STRING usa packing;

end STANDARD;

C 3
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D. Glossary

Access type An access type is a type whose Constraint A constraint is a restriction on the set
objects are allocated dynamically during program of possible values of a type. A range constrain t
execut ion. An access value designates a specifies the lower and upper bounds for the
dynamically allocated object. values of a scalar type. An accuracy confli’a/nf

specifies the relative or absolute bounds on -

Aggregate An aggregate is the written form errors for a real type. An index cOnstraint
denoting a value of a composite type. An array specifies the lower and upper bounds of an array
aggregate denotes a value for an array; a record index. A discriminant constrain t specifies a par- ,
aggregate denotes a value for a record. t icufar variant for a record type.

4 /locator An allocator creates a new dynamically Declarative part A declarative part is a sequence
allocated object and returns an access value of declarations and related information such as
designating the object. subprogram bodies and representation specifica-

tions that apply over a region of program text.

Attribute An attribute is a characteristic of a Derived type A derived type is a type whose
named ent ity. A predefined attribute relates to operations and values are taken from an existing
the program rntity. and is obtained by using one type.
of the predefined attrihute identifiers in the
language. A user defined attribute exists only for Discrete typ e The discrete types are thetypes, and denotes a user defined subprogram enumeration types and integer types. Discrete
for the type. types may be used for indexing and iteration over

loops. -

Body A body is a program unit defining the
execut ion of a subprogram or module. A body Discri,ninant A discriminant ms .~ constant corn
stub is a replacement for a body that is compiled ponent of a record . The value of the discrimina~itseparatel y. determines the particular variant of a gi~en

record value or the size of an array component.
Compilation unit A compilation unit is a Elaboration Elaboration is the process by whichrestricted program unit that is presented for corn- 

a declaration achieves its eff ect. For example itpilation as a separate text. It may be a sub-
can associate a name with a program entity orprogram body, a module specification , or a initialize a newly declared variable.module body.

Ent, y An entry is used for communication
Component A component denotes a part of a between tasks. Externally an entry is called just
composite object or a nameable entity declared as a subprogram is called; its internal behaviom is
in a program unit. An indexed component is a specified by one or more accept statements
name containing expressions denoting Indices, specifying the actions to be performed when the
An indexed component can denote either a corn- entry is called.
ponent of an array, a ta sk in a task family, or an
entry in an entry family. A selected component is Exception An exception is an event that causes
a name whose prefix names another declared suspension of normal program execution. Bring-
entit~i and whose suffix denotes a component of ing an exception to attent ion is called raising the
ihe entity. A selected component can denote exception. An exception hand/er is a piece of
either a component of a record, an entity program text specifying a response to the excep-
declared in another proçjram unit , or a user tion. Execution of such a program text is called
defined type attribute. handling the exception.
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Generic prog ram unit A generic program unit is a Panime er A parameter is one ot the named
subprogram or module specified with ,m generic e?nl~l I f ls associated w ith a subprogram. entry, or
clause. A generic clause contains the declaration generic program unit. A formal parameter is an
of generic parameters. A generic program unit idnnt,fler used to denote the named entity in the
may be thought of as a possibly parameterized unit body. An actual parameter is the particular
model of program units. Instances (i.e. filled-in entity associated with the corresponding formal
copies) of the model can be obtained by generic parameter in a subprogram call , entry call, om
instantiation. Such instantiated program units generic instantiation. A parameter mode
define subprograms and modules that can be spec ifies whether the parameter is used for input ,
used directly in ~ program output or input- output of data. A positional

parameter is an actual parameter passed in
Lexical unit A lexical unit is one of the basic syn- positional order. A named parameter is an actual
tactic elements comprising a program. A lexical parameter passed by naming the corresponding
unit is either an identifier , number , string, or formal parameter.
delimiter

Prag~na A prayma is an instruction to the corn-Literal A literal denotes an explicit value of a pUer , and may be language defined or implemen-
gi’~,ien type , for example a number or a character t~ tion defined.string.

Module A module is a program unit specifying a Private type A private type is a type where the
group of logically related ent ities. The visible part set of possible values is clearly defined, but not
of the module specification defines the informa - known to the users of such types. A private type
tion that another program unit is able to know is only known by the set of operations applicable
about the module. The private part of the module to its values. A private type and it’S applicable
specification defines the physical characteristics operations are defined in the visible pert of a
of the information specified in the visible pert . A module. Assignment and the predefined corn-
module body 4:ontains the bodies of specified parison for equality or inequality are allowed for
subprograms and local declarative information , all private types, unless the private type is
as well as statement s to be executed when the marked as restricted.
module body is elaborated (for a package
mbdule) or initiated (for a task module). Qr,a/ified expressio n A qualified expression is an

expression qualified by the name of a type or
Object An object is a variable or a constant. An subtype. It can be used to state the type or sub-
oblect can denote any kind of data element , type of an expression. for example for ~mn
whether a scalar value, a composite value , or a overloaded literal. It can also be used to specify a
value in an access tYPe. conversion to the named type when the conver

siori is permitted.
Overloading Overloading is the property of
Iitern ls, identifiers. and operators that can have
sever al alternative meanings within the same ?tsnl9e A range Is a contigu- ‘us set ~f l values of a

scope. For examp le an overloaded enumeration ~~~ type. A range is specified by giving the
tower and upper bounds for the valuesliteral is a literal appearing in two or more

enumeration types; an overloaded subprogram
is a subprogram whose name can denote one of Rendezvous A rendezvous is the interaction that
several subprogram bodies, depending upon the occurs between two parallel tasks when one task
kir~d of its parameters and returned value, has called an entry of the other task , and a cor-

responding accept statement is being executed
Package A package is a module specifying a col- by the other task. During a rendezvous, informs-
lection of related entities such as constants, tion can be exchanged by means of parameters
variables, types, end subprograms. ~ssocinted with the entry.
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

Represent at/on specification Representation Subtype A subtype of a type is obtained from the
specifications specify the mapping between data type by constraining the set of possible values of
types and features of the underlying machine the type. The operations over a subtype are the
that execute a program. In some cases , they same as those of the type from which the sub-
completely specify the mapping, in other cases type is obtained.
they provide criteria for choosing a mapping.

Task A task is a module that may operate in
Restricted program unit A restricted program parallel with other task modules. A task family
unit is a subprogram or module with a visibility defines a number of tasks with identical prop.’r
restriction. The visibility restriction limits the ties , each denoted by an index.
visibility of outer units. 

Type A type characterizes a set of values and a
Restricted type A restricted type is a private type set of operations applicable to those values. A
for which assignment and the predefined com- type attribute denotes an operation for the type

— parison for equality are not available, or a property of its values. A (yp e definition is a
language construct introducing a type. A type
declaration associates a name with a typeScalar type A scalar type is a type whose values introdticed by a type definition.have no components. Scalar types comprise dis-

crete types (i.e. enumeration and integer types) Use clause A use clause opens the visibility toand real types. declarations given in the visible parts of given
modules.

Scope The scope of a declaration is the region of
text over which the declaration has an effect . Variant A variant part specifies alternative record

components in a record type. Each variant
defines the components for a correspondingStatic expression A static expression is one value of the record’ s discriminant.whose value does not depend on any dynamical-

ly computed values of variables. 
Visibilit y At a given point in a program text. the
declaration of an entity with a certain identifier is

Subprogram A subprogram is an executablc’ said to be visible if the entity is an acceptable
program unit , possibly with parameters specify- meaning for an occurrence of the identifier. By
ing its calling conventions. A subprogram convention an identifier is said to be visible if its
declaration specifies the name of a subprogram declaration is visible . A visibility restriction is a
and its calling conventions. A subprogram body restriction on a program unit that limits its
specifies its execution. visibility of outer units.
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E. Syntax Summary

2.3 3.3

identifier ::~ type ,, _ : type_definition ) type_ mark (constraint)
letter llundsrscor.l latter_or_digit)

type_definition ::~letter_or_digit ::~ letter I digit enumeration...type_definition I integer _ type_ detiniiii i
I reaL type_definition I array_ type_definition

letter ::~ upper_case_letter I lower_case_ letter I recorci_ typ._definition I acceu_ type_definitioi~I derived_type_ definition
2.4

iumber integei_number I approximate_number type_ mark ::= type _ name I subtype_ name

integer_number integ.r ) based_integer constraint
range_constraint I accuracy_ constraint

integer digit Ilunderacore l digitl I index constraint I discriminant_constraint

based_integer type_ declaration ::
base * extended_digit llunderscorel extended_digit) type Ident ifier lie type _ definition);

base ::~ integer subtype_declaration
subtype identifier is type _ mark Iconstrainti;

•xtended_digit digit I letter

approximate_number ::~integer.integer 1€ exponentl
I integer E •~POfleflt 

derived_ type_ definition new type_ mark lconstraintl
exponent 1+1 integer I - integer

2.5

charecter _string ::~ - Icharacterl - range_constraint :: range range

range :: -= simple_ expression -- simple_ expression
2.7

pragma 3.5.1
piagma identifier I(argument I. argument))l;

enumeration~type definition
argument :: identifier I character _string number (enumeration _ literal I. enumeration_ literal ))

3 1 enumeration,Jiteral ‘:: identifier character _ literi~I

declaration
object_declaration I type_declaration 3.5.4

I subtype_declaration I private_type_declaratIon
I subprogram_declaration I module_declaration integer . ti~pe definition - renge. .onstraint

entry_declaration exception_declaration
I renamlng...d.cl.ration

3.5.5
3.2

real_type _definition - accuracy_constraint
object_declaratIon :=

identifier_ list teonstantl type I:’= •xpreu ion l; accwacy_constra int :~~‘r

- digit . simple _expreselon Irange_con straint i
( 

identifier _ list ::~ idintlf ier 
~
, IdentIfier) delta simple expression (range_constraint )

E- 1
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3.6 4.2

~erray_ type_deflnition literal
array (index ( ,  index)) of type_mark Iconstraint( number I enumeration_literal I character_string null

index ::= discrete_range I type_mark
4.3

discrete_range ::~- (type_ mark rsngsl range
variable name l(disc rete_ range)I I name.all

index_constraint ::~ (discrete_ range ) ,  discrete_range))

4.4
3.6.2

expression ::=
aggregate ::= relation and relation)

— (component_association I. component_association)) I relation (or relation)
I relation )sor relation)

component_association ::=
- ‘ (choice (I choice ) => I expression relation

simple_expression trelational_operator simple_expression!
choice ::= simple_expression I discrete_range I othars I simpie_expression tnotl in range

simple_expression lnot( In type_mark (constraint)

37  simple_expression ::=
I unary_operator l term (adding_operator term)

‘record_type_definition
record term ::= factor (multiplying_ operator factor)

component_ list
end record factor primary (** primary)

component_list primary
Iobject_declaration) (variant_part ) I null; liter8l I aggregate I variable I allor,tor

I subprogram_call ) qualified_expression I (expression)
variant_pert

case discrimInant of
(when choice I) choice ) =~component_list ) 4 5end case;

logical_operator ::= and I or I sordiscrim,nant constant component_name
relfitional_operator = I 1= I I I > I >=

adding_operator I - I &
discriminant._constraint :: -= aggregate uflary_OperatOr + I - not

3 8 
multiplying_ operator :: -~ * I / mod
expOflentiating_operator :: -= **access_type_definition ::= access type

4.1
4.6

name
identifier I inoexed_component qualified_expression

I selected_component I predefined_attrlbute typn_merk(expreuion) I type_mark aggregate
indexed_component name(expresaion I, expression()

selectod_component name . identifier 4.7

-predefined_attribute ::= name ‘ Identifier allocator new qualified_expression

I
E-2
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5 5.5

sequence_of _statements ::= (st atement ) case _ statement
case expression ofstatement ::= wh..~ Choice 1 choice) — ‘> sequence_of_gtatemen~~)simp le_st atement I comp ound_statement situ case

I <<identifier >> statement
5.6

simple _statement ::=
assignmen t_statement I subprogram _call _statement loop_stat ement (iteration _specif ic ation ) basic _ loopexit _statement I return _statement

I goto _statemen t I auert _itatement basic_ loop -

in iti ate _statement I delay_statement loop
raise_ statement I abort _statement sequence _ of _statements

I code_statement I nuN; end loop (identifier):

compound_statement ::= iteration _specificatio n - - -

if_statement I case_statement for loop_parameter in reverse) discrete_ range
I loop_statement I accept_statement I whils condition
I select_ statement I block

loop_parameter - - identifier

5.1 5_ 7

assignment_statement ::= variable := expression; exit _statement : exit identifier) (when condition);

58

5.2 goto_statemont :: goto identifier;
subprogram _call _statement = subprogram _call ; 5.9
subprogram _call . := assert _ statement assert con dition;subprogram_ name

)(parameter _ association ( .  parameter _ association)) i 6 1
parameter _association ::= declarative _part )use _ clausejIformal_parameter =1 actual_parameter declaration ) I representation _specification ) (body)I Iformal_parameter =:J actual_parameter

I (formal_parameter :=:I actual_parameter body - :  )v isibi lity_ rn’str ,ction l unit_body I body_stub
formal_parameter ::= . identifier unit .body - -

subprogram body I module_specification I module _bod~actual_parameter :; - . expression
6.2

53 subprogram, declaration
subprogram_specification;return_statement ::= return lexpression); I subprogram_nature designator is generic_ Instantiation;

subprogram specif ication - Igeneric _ clause l54  subprogram _nature designator (formal _part I
Irsturn type _ mark (constrain t))it_ statement ::=

if condition then subprogram nature : . function ( proceduresequence _of_statements
I sisif condition then designator identifier I character _stringsequence_of_statements)
I else formal_part :: -

sequence_of_statements l (parameter _declaration I; parameter _ declarationand If;
parameter .declarationcondition ::-~ identifier _ list - mode type _ mark (constraint) (:= expression)expression and then ex pression I

I expression Icr else expression) mode - -  m l  I out I in out
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6.4 B,4
subprogram_body ;:~ use_clause ::= us. module_name ),  ~odule_ name):sebp.ogram_apecltication Is

deciarative_part
begin 8.5sequence_of_statements

I exception renaming_declarationexception_handler It identifier : type_mark renames name;and ldesignator); ) identifier : sxij.pdon rename, name;
I subprogram_nature designator rename. tname.Idesignetor;
I module_nature identifier renames name;6.7

block 9.3t dsclars
declarative_pert ) initiate_ statement ::=begin initiate task_dosigna•or I. task_designator);sequence_of_statements

I exception task_designator :.— task_ name ((discrere_ range)J(exception_handler))
end lidentifierl;

9.57,1

entry_declarationmodule_declaration 
. . .ntt’y identifier t(dis~ ete_range)( (formal_partl;Ivisibility_ restriction) module_specification

module_ nature identifier ((discrete_range)) 
accept_statementis generic_ instantiation; 

accept entry_name (formal part) (do
sequence_of_staternen~module_specification 

end (identifier li;I generic_clause )
module_nature identifier ((discrete_rang.)) Its

declarative_part
I ~~vats 9.6declarative_part)
end (identifier)): 

delay_statement :;= delay simple_expression;
module_nature ;:= package I Issk
module_body .‘;= 9.7module_ nature body identifier Is

declarative_part select_statement( begin
sequence_of_statements) when condition =>(except ion select_alternativeexception_handler) I I or Iwben condition =>)end (identifier); select._alternatlve(

I eisa
sequence_of_statements)

end select;
private_ type_declaration 

select_a(temativerestricted) typ identifier Is ~ accept_statement (sequence_of_statementil
I delay_ statement (sequence_of_statemental

visibility_restriction ::= r.sti$ctad (vis(bIiity_ilst) 9.10

viiibility_list :;~ (unit_name I. i/nit_ name)) abort_statement ::- -- abort task_designator I.task_dssigriator);
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13

cuinipilation ::~ Icompilation_unit) representation_specification ::=
packing_specification ) length_specificationcompilation_unit ::~ I record_type_representation I address_specification

(visibility restrictionllsepaeatsj unit_body I enumeration_type_ representation

10,2
13 .1

body_stub ::=
subprogram_specification is separate packing_specification :;= for typ e_name us. packIng,

( module_nature body identifier is separate:

13.2
1 1 1

length_ specification for name use static expression;
~.~ception_decIaratinn ;:= identifier_ list : •xcsptlon;

11.2 13.3
exception_handier enumeration_ type_ representationwhen exception_choice () exception_choice) for type_name us aggregate;sequence_of_ statements

exception_choice ::= exception .name I others
13.4

113
record_ type. representation ::=

raise_statement ::= rals. )exception_ name (; for type_name use
record (alignment_c(ause;j

— component_name location:~12,1 end record;

generic_clause :;= location :;- - at static_expression range range
generic ((generic_parameter I; generic_parameter))( 

-alignment_clause ;; - at mod static_expression
generic_parameter

parameter _declaration
subprogram_specification (is Iname.ldesignator(
(r.strictsd( type identifier 13.5

address_ specification12.2 for name use at static_expression;
generic_ instantiation ::=

new name Ilgeneric_association I. generic_ association lll

I generic_ association ::=
parameter_association 13.8

I (formal_parameter Is) lname,ldesignator
I (formal_parameter Isi type_mark code_statement ::= qualified_expression;
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Generic instantiation 12.2, 6.2 7.1 
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- Low level Input-output 14.6
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Foreword

The Green language is the result of a collective effort to design
a language satisfying the Steelman requirements. The design— team was led by Jean 0. lchbiah and has included Bernd Krieg-
8rueckner , 8rian A. Wichmann, Henry F. Ledgard, Jean-Claude
Heliard, Jean-Raymond A brie!, John G.P. Barnes, and Olivier
Roubine. In addition, ma/or contributions were provided by G.Ferran, I. C. Pyle, S.A Schuman, and S.C. Vestal. -

Two parallel efforts started in the second phase of this design
had a deep influence on the language. One was the design of a
test translator, with the participation of K. Ripken, P. Boullier,
J.F. Hueras, and R.G. Lange. The other was the development of
a formal definition using denotetional semantics, with the par-
ticipation of V. Oonzeau- Gouge, G. Kahn, and B. Lang. The
entire effort benafitted from the dedicated support of Lyn
Churchill and WL. / ‘leimerdinger.

At various stages of this pro/ect several persons had a con-
structive influence with their comments, criticisms and sugges-
tions. They are P. Brinch Hansen, 0.A. Fisher, G. Goos, C.A.R.
Hoare, M. Woodger, and Mark Rain.

Over the two years spent on this pro/act, three intense one-
week design reviews were conducted with the participation of
J.B. Goodenough, H. Harte, M. Kronental, K. Correll, A. Firth,
A.N. Habermann, J. Teller, P. Wegner, and P. A. Wetherall.

These reviews, other comments by E. Boebert, P. Bonnard, T.
Frogatt, H. Ganzinger, C. Hewitt, J.L. Mansion, F. Minel, E.
Morel, J. Aoehrich, A Singer, 0. Slosberg, and I. C. Wand,’ the
numerous evaluation reports received on the preliminary
design, the on-going work of the IF/P Working Group 2.4 on
system implementation languages, and that of L TPL-E of Pur-
due Europe, all had a decisive influence on the final shape of
the Green language.
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1. Introduction

This document, the Rationale for the design of the Green programming language, and the compa-
nion Reference Manual, are the two defining documents for the Green language. They serve dif-
ferent purposes.

The Reference Manual contains a complete and concise definition of the language. Following
Wirth we believe in the virtue of having a rather short reference manual. This has the advantage of
providing the information in a form that can easily be consulted, read and reread several times , as
the basis for developing a good familiarity with the language. .

Having a short reference manual however does not permit the infusion of much motivational infor-
mation, and more generally, of information describing the reasons behind the major design deci-
sions. Neither does it permit the insertion of the larger examples that are yet essential to help the
reader get a better feeling for the language, and for the interaction among its features.

The Rationale is meant to serve precisely that purpose. It is divided in chapters covering different -

aspects of the language. Most chapters of the Rationale correspond to chapters of the Reference
Manual. Expressions and statements are here regrouped in a single chapter , since the subject is - ,
fairly classical. Conversely, in view of the importance of the subjects , special chapters are devoted
to numeric types and to access types, in addition to the chapter on types. All chapters of the
Rationale are fairly independent tat the cost of some repetition) and can be read in any order after
an initial pass over the Reference Manual.

Most chapters of the Rationale have a common structure. They start with an introduction to the
topic discussed. An informal introduction to the language features follows. This informal introduc-
tion is made in terms of examples chosen to reflect the major classes of uses of the features con-
sidered. Some of these examples may be viewed as skeletons of actual systems.

We believe that the reade will get the spirit of the language reading these examples. They should
help him develop an intuition for programming style in the Green language.

A discussion of the technical issues follows the informal introduction. Such discussions cover the
major design decisions, their justification, and the interactions with other aspects of the language.
In particular these discussions consider implementability : designing a programming language
without a deep concern for implementability would be little more than an exercise in style. Accor-
dingly, implementability has been an overriding concern in this design.

The main source of inspiration for the Green language is the programming lanquage Pascal and its
later derivatives. Pascal itself only meets a small part of the Steelman requirements. Merely to
attempt to extend Pascal would have been neither feasible nor a desirable approach. Neither the
simplicity nor the elegance that Pascal derives from its careful adaptation to its problem domain
could be retained in such an approach. The extensions would inevitably interact with each other in
undesirable ways. Hence, a goal in the design of the Green language was to retain the Pascal
spirit of simplicity and elegance but not necessarily the form of each Pascal feature , since the
problem domain defined by the Steeln~an requirement is much more ambitious.

How should the Green documents be read? Assuming a basic knowledge of Pascal , we recom-
mend that the reader start with a quick first pass of the Reference Manual. After this pass , the
various informal presentations included in the Rationale should provide a good basis for a second
reading of the Reference Manual. The sections on technical issues should probably be read last.

1 — 1
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2. Lexica l and Textual Structure

A program is a text specifying actions to be performed by a computer. Programs are written by
programmers and are processed by mechanical translators. The need to accommodate these two
forms of communication is omnipresent at every level of consideration of a programming
language, including the lowest levels where we are only concerned with the physical appearance
of a program text.

F The lexical and textual structure of a programming language is of course important for ease of
program translation, and for translation time error detection. Its importance is even greater for
readability (logical error detection) and teachability and these have been given major consideration . -

in the design of the lexical and textual structure of the Green language. We believe that our under-
standing of programs can be greatly simplif ied if our intuition is able to rely on textual forms that
convey the logical structure of the program. This justifies the special attention devoted to struc-
tural analogies.

2.1 Lexical Structure

A program is written in characters forming lines on the printed page. The arrangement on the page
is primarily to assist the human reader, and consequently is mainly in a free format. Programs are
required to have a representation in the ASCII character set , and may contain both upper case and
lower case letters. In addition, every source program can be converted into an equivalent program
that only uses a 55 character subset of ASCII.

On a higher level than that of characters, a program is considered to Consist of lexical units. Both
the machine and the human interpreter of programs will tend to work in lexical units, so it is impor-
tant that such units should be clearly specified. Lexical units are clearly delineated and may not 

-

straddle line boundaries - a restriction that assists human reading and also compiler error recovery.
The lexical units are :

• Identifiers, including reserved words and predefined attributes

• Single- and double-character delimiters

• Numbers (integer and real numbers)

• Character strings

In addition, a program text can include elements that have no influence on the meaning of a
program but are intended for the human reader or for the compiler. These are

e Comments

• Pragmas

2-1
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Identifiers start with a letter which may be followed by a sequence of letters and digits. In addition,
an underscore may appear within an identifier. This underscore is significant and plays the role of
the space in ordinary prose (but without breaking the integrity of the identifier). The need for such
an underscore is seen from good choices of names such as BYTES_ PER_WORD rather than
BYTESPERWORD .

Reserved words are distinguished from program identifiers; there are 62 such words. Reserved
word s cannot be redeclared. Hence programmers cannot write obscure programs by redefining the
meaning of such words. Similarly. programs can be highlighted by special printing of reserved
words on an appropriate output device. The method chosen in this manual is boldface (and lower
case). Since the language uses only one alphabetic font, one could envisage methods of
highlighting the reserved words by the use of a diff erent font , such as lower case, italics, underlin-
ing, etc. All these methods have the important property that the method of typing programs with
the ASCII character set is not prejudiced. This is important , since it is currently possible to get
excellent representations of programs via graphical printers of photocomposition machines.

Names for predefined attributes are from a distinct list, but are not reserved words since they are
always preceded by a prime character and can thus be distinguished at the lexical level. The Green
language uses predefined attributes to express predefined properties and environment enquiries.
Other languages have used dot notation or functional notation for this purpose. Both of these
forms have the disadvantage of restricting the user s choice of names.

For example if the address of an object were denoted by a function, this function would have to be
overloaded on all data types: any user definition of ADDRESS would hide the predefined one and
thus make it unavailable. Similarly. dot notation would prevent declaration of record components
with the same identifier. Neither of these situations is acceptable in li ght of the fact that the
number of predefined attributes can be large and that some of them may be particular to an
implementation. All these problems are avoided with the Green notation.

The choice of identifiers for reserved words and predefined attributes depends primarily on con-
vention. Preference is given to full English words rather than abbreviations. For instance ,
procadure is used rather than proc (in Algol 68) and Constant rather than const (in Pascal). Shorter
words were also given preference, for examp le access is used in preference to ref rence, and task
is used in preference to procass.

The following special characters can be used as delimiters between lexical units:

& ‘ ( ) * + , - . / : ; < = > I
Further delimiters are constructed by juxt aposition of two (or three) such characters as follows:

=> .. := =: :=: 1= >= <= <<

Naturally, where possible, printers may choose to print 1= as * and similarly >= as> and <= as ~~~.

Numeric literals are all introduced by an initial digit. A simple digit sequence is a decimal integer.
For other bases from 2 up to 1 6 the base is given first in decimal form and is followed by a # sign
(or the replacement character :) and by the sequence of digits. These may include the letters A to F
for bases greater than ten. Thus, the conventional methods of setting bit patterns in binary, octal or
hexadecimal are provided.

2-2
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Real numbers must contain a decimal point or an exponent or both. The reasons for this are
covered in the chapter on numerics (see 51. The underscore is permitted within a number to break
up long sequences of digits, a requirement that has long been recognized by printers.

Another form of lexical unit is the string (and character literal) . The characters are enclosed in
quotes ~

‘
, where two successive quotes represent the quote itself . Strings in the program are

limited to a single line, to reduce the consequences of program errors due to omission of a quote
character or ambi guity with respect to space characters. To specify a long string, the string is split
across multiple lines and connected by the catenation operator. This is possible because catena-
t ion will be performed by the compiler. Automatic paragraphing processors may have to split a str-
ing in order to give a satisfactory layout. Apart from long strings, there may be a need to split str-
ings that contain control characters or characters that are not in the 55 character subset of ASCII .
to permit these to be represented. Examples of strings are as follows:

‘~A LONG LINE OF PRINTED OUTPUT WHICH” &
- IS CONTINUED ON THE NEXT LINE OF THE PROGRAM.

“Strings sta rt with the “ character. ”

F ‘END OF LINE” & CR & LF & “START OF NEXT LINE”

Comments may appear alone on a line or at the end of a line. As an end of line remark , the com-
ment should appear as an explanation of the preceding text -- hence the use of the double hyphen
is appropriate, as illustrated by this sentence. For simplicity, no space is permitted between the
two hyuhens. No form of embedded comments (within a line of text ) is provided as their use is too
slight nd not worth the extra complexity. For a further discussion of comments see (SW 741.

A pragma (from the Greek word meaning action) is used to direct the translation system in par-
ticular ways, but has no effect on the semantics of a program. Pragmas are used to control source
text and listing, to define an object conf iguration (for example the size of memory), to control
features of the code generated (particularly the level of diagnostics), etc. Such directives are not
likely to be related to the rest of the language in an obvious way. Hence the form taken should not
intrude upon the language , but it should be uniform.

The general form of pragmas is defined by the language. They start with the reserved word pragma
and a pragma identifier optionally followed by a list of identifiers , strings, and numbers enclosed
within parentheses. The pragma ends with a semicolon and may appear at any place where a
declaration or statement may appear. Examples of pragmas are as follows:

pragma LIST(ON);
pragma OPTIMIZE (SPACE);
pragma INCLUDE (“common_options”);
pragma SUPPRESS(OVERFLOW );

Some pragmas are defined by the language (see appendix B of the Reference Manual). It is
expected that other pragmas will be defined as part of the support environment developed around
the language.
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2.2 Textual Structure

Above the lexical level, the text of a program has structure as an arra~gement of lexical units- This
structure is described by syntax in the conventional manner. However, a number of issues require
separate exposition to clarify the decir ’ins taken.

Declarations and statements are always terminated by semicolons. This departure from the Pascal
practice , in which a semicolon is used as a separator , requires justification. Analyses of program-
mer errors support the use of the semicolon as a terminator IGH “5). Also, inserting another
declaration or statement is eased by this convention, since normal layout places the semicolon at
the end of the line (requiring a change to two lines in the case of a separator).

The additional required semicolon also aids recovery by the compi~er after a syntax error. On the 
F

other hend if semicolon is a terminator, recovery from a missing semicolon may be trivial for the
parser.

Many program structures have simple brackets, for example the loop and end ioop of the iterative
statement , or bag~n and end of the subprogram body. Such structures can be indicated clearly by
good program layout, which can be done automatically. Structures have been chosen to aid
automati .. program layout because the consistency of presentation is a significant advantage to
the reader. It should be noted that conditional expressions (not present in Pascal or this language)
pose severe problems for automatic layout.

Several textual program constructs exhibit a comb-like structure. This structure has simple
bracketing and is best illustrated with the conditional statement , as in tho following example:

r- ’ -~~ 
A~~~ 1 then

I S i ;
~.— .l.a A~~~ 2 thsn
I S2: F

(.— &slf A~~~ 3 ~~~ fl F

S3;
L__ .nd If;

The structure has three parts: an initial strong opening bracket (If) . a set of weaker delimiters (alsif)
and a strong closing bracket(end If)-

The equivalent code can be written with the case comb structure :

cas. A of

when I
Si:

J’— when 2 =~
S2:

(— when 3 r- ’~
S3:

L_ end c s e :

Note that an sl~~ S4 added to the conditional statement would correspond to the oth.rs construct
in the case statement.

2-4
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Further examples of the comb-structure are:

procedure P Is

H—
sxcsptlon

•nd P;

- select

—or when A~~r ’~

—or  when B “

-.4..

—end select;

It will be noted that each large-scale comb structure has the terminating reserved word end. For” ~~ -

statements and declarations this is followed by an Initial reserved word as well:

If •nd lf

loop end loop

c.ss end cc..

select end select

record end record

For named program units such as subprograms and modules (and also accept statements since
they act as bodies for the corresponding entries) the name of the unit may follow the final end to
assist recognition of the structure.

In general, language constructs which do not express similar ideas should not look similar. Thus.
unlikr Pascal, which uses a colon in both cases , the Green language uses different notations for
statement labels (for goto s atements) and for choices (in case statements). Statement labels have
angle brackets << “‘ “s placed around the identifier of the label. They emphasize that tnis is a

F 
special point in the program. Conversely, choices exprer preconditions for executing the state-
ments which follow. Choices thus are indicated in clauses of the form

when ... =~
The same structure has also been used in select statements since it corresponds to the same idea
of a precondition.

Whenever possible a uniform notation is used for similar constructs. The clearest example of this is
the case structure which is used for variant records as well as statement selections. Although in
Pascal variant records and case statements are similar constructs their notation is not uniform.
This causes difficulty in tøaching the language and is a source of errors. The contrast is best
illustrated by an example:

2-5
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A graphics data structure in Pascal

type FIG’TVPE - ( ‘OINT. CiRCLE. TRIANGLE);
type FIGURE =

record
X, Y: REAL;
case F: FIGTYPE of

POINT::
CIRCLE: (RADIUS: REAL):
TRIANGLE:

(SIDE: way (1 .. 2 1 of
record

ANGLE . LENGTH: REAL:
end

end

The equivalent s tructure in the Green language:

type FIGURE i.
record -

X ,Y : REAL;
F : constant O’~OINT, CIRCLE , TRIANGLE) :
cas e Fa l

when POINT => null;
when CIRCLE => RAD IUS : REAL;
when TRIANGLE =>

SIDE: array (1 .. 2) of
record

ANGLE, LENGTH: REAL;
end record:

end case;
end record;

A case statement in Pascal

case DAY of
MON : STAR1WORK;
FRI : TIOYUP;
TUE.WED,THU : WORK;
SAT, SUN:

end

The equivalent case statement in the Green language

cc.e DAY of
when MON = START_WORK;
when FRI -

~~> TIDY_UP;
when TUE .. THU => WO RK;
whn  SAT I SUN => null;

and case;
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Th. structural analogy In the Green language between the declarat ive case (variant pert) and the
case statement should assIs t the human reader tr~d help In learning the language. The approach
will also sImplify pretty printIng of programs by mechanical tools which do not necessarily have
access to declarative Information.

A similar analogy exIsts between the case and the select statement . Other strui:Lural analogies .
F which are adequately ref lected by the syntax , correspond to the textual structure of fuuctioris ,

procedures , tasks, packages and blocks.

functIon F Ii task body I I•

I - - end F; L_ en&j i,

procedure P Is decisre

H 
begin F- - ’ - begIn

end P: t —  end:

task T Is package S I.

1: - end S;

These structural analogies have been used quite systematically. They should develop a feeling at
familiar ity for the reader and simplify the teaching of the language.

2 7
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3. Expressions and Statements

Programs achieve actions by executing statements. These may contain expressions that are for-
mulas defining the computation of values. Expressions (including their constituent constants,
aggregates , and variables ) and statements are fairly classical aspects of most programming
languages. Hence we limit the discussion to the most prominent points.

3.1 Variables and Constants

Althoug h the approach to variables follows Pascal , there are some differences. First , initialization
expressions can be inserted at the point of dec laration. This avoids long initialization sequences
that are divorced from the declarative code and hence hard to locate. Second. references to array
components use round rather than square brackets. The advantage of this is a uniform notation
within an expression for reference to array components and for function calls. The same argument
of uniform referents tRo 701 justifies using the same syntax for component selection of records
whether they are statically or dynamically allocated (see Chapter 6).

A delicate balance is necessary in the handling of constants and variables. Reliability and security -

demand that the two concepts be clearly separated. On the other hand it is convenient if a
program can be changed by simply altering the declaration of an identifier from a variable to a con-
stant.

The Green language meets these goals by having two distinct but related forms of declarations for
the two concepts. Thus

C : constant INTEGER 300_000;

is a constant declaration, whereas the following declaration defines a variable with an initial value.

SPEED : INTEGER := C/1500;

The handling of constants in Pascal is rather inflexible. All constants must appear before the other
declarations LWSH 77J and no translation time evaluation is allowed.

The Green language allows constant valued expressions wherever a constant is permitted.
Furthermore, it follows Algol 68 in permitting constants whose values are determinable at scope
entry time. The constant qualifier which appears in the declaration of an identifier means that the
value of the corresponding object cannot be altered after the initialization. Hence the translator
shall forbid any attempt to alter its value. However it does not mean that this value must neces-
sarily be known at translation time. Constant declarations are like other declarations; they may be
mixed in groupings that reflect the logical needs of a program.
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3.2 Aggregates

Aggregates denote values of array and record types. In both cases the Green language admits a
positional notation in which the aggregate is given by a sequence of values, implicitly associated
with the corresponding components. Another notation that is often preferable is also provided, in
which the association of given values to the components is defined by explicit selectors called
choices. This discussion concentrates on array aggregates.

An array aggregate defines an array value. As for literals of other types, the question of the type of
an array aggregate has to be solved. By analogy consider the assignment

I := 8 + 5:

Assuming that the variable I is of type MY_INTEGER, we are able to identify a ~
‘ ÷ ‘

~ operation that
takes two arguments of type MY_INTEGER and delivers a result of type MY_INTEGER. Hence we
may interpret the literals 8 and 5 as being of type MY_INTEGER and perform the corresponding
operation, provided that these literals satisfy the range constraint of the type MY_ INTEGER.

The same logic applies to an assignment involving an array aggregate. An array aggregate is an
array value of a certain array type which must be identifit~d from the context. This means that we
need to identify the type and constraint of the array value:

e the component type

• the number of dimensions

• the index type for each dimension

• the bounds of each dimension

As in the case of integer literals , we must be able to deduce all these elements from the context ,
otherwise the aggregate is ambiguous. Consider for example an array A defined by

type VECTOR I. array (NATURAL) of INTEGER;
A : VECTOR(1 .. 10);

We first examine~non-positional aggregates and then positional aggregates.

Non-Positional Aggregates

Suppose that we have

A : = (1 .. 6 => O, 7 . 1 0 => 100);

The aggregate must describe a value of type VECTOR, that is, a one dimensional array of integers.
In addition, its indices must be natural numbers in the range 1 .. 10.

Having derived this information from the analysis of

A :=

we can now interpret all choices in the above aggregate as legitimate index values, since 1, 6, 7 .
and 10 are indices in the range 1 .. 10. Conversely, we would be able to detect that the following
aggregate is illegal:
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A := (11 .. 16 => 0, 17 .. 20 => 100); -- illegal !

since the index values 11. 16. 1 7, and 20 are not in the range 1 .. 10.

Another possible viewpoint for non-positional array aggregates would be to consider them esvalues independently of the context and then to invoke some sliding semantics for assignme;itsand comparisons. Such a semantics would permit

A := (101 .. 110 => 0); -- illegal in Green since A’FIRST = 1 , A LAST = 10

Such an aggregate would be interpreted as a value of an array AGGREGATE declared as
AGGREGATE : array (101 .. 110) of INTEGER := (101 .. 110 => 0);

Then the assignment could be interpreted as a slice assignment

A(1 .. 10) := AGGREGATE (101 .. 110);

There are several difficulties with this alternative semantics of named aggregates. First, it wouldmake the determination of the bounds of an aggregate quite difficult in general, if not impossible,as i n

(15~l6 => 0, 6 .. 8 => 1, others => ~~

Second. this interpretation would not be possible for index types defined by enumeration. Con-: sider for example

type SCHEDULE Is array (DAY’FIRST .. DAY’LAST) of BOOLEAN;
and an array aggregate such as

(WED .. SUN => TRUE, others => FALSE)

This aggregate can only mean that we have TRUE for the days WED to SUN and false for MONand TUE. No sliding semantics could give this interpretation.

For these reasons the semantics retained in the Green language is that the index values given ineach component association must be index values for an array identified from the context.

Positional aggregates

For positional aggregates we must take a different viewpoint since there are no explicit selectorsindicating the destination of each value. Conceptually a positional aggregate must thus be viewedas a sequence of values of the component type. Note that this same viewpoint is taken when wedeal with slice assignments. Hence

A := (9. 8. 7. 6. 5, 4. 3, 2, 1, 0);

can be interpreted as the sequence of assignments

L 

A(1) := 9;

A(iO) := 0;

3-3



— —.-.,.--.---1*.- 
i-i-—- tnr ii .—.- _____

This is to be compared with

A :— 8(11 .. 20);

which is interpreted as the sequence of assignments

4(1) := 8(11) :

4(10) := 8(20);

3.3 Express ions

The purpose of an expression is the computation of a value. The evaluation of an expression isconceptually an indivisible operation. Hence it must be assumed that all of the constituent expres-sions will be evaluated and that any exception condition that can arise in any part of the expressioncannot be avoided. In this sense

A = 0 o r XJA~~~ 1O

is not a valid expression, since the validity of the second member depends on the value of the firstmember. Whenever there is such a cond~~onaIity it must be made explicit in a control structure .perhaps with short Circuit conditions (see 3 7 )  in order to €~mphasize the possibility of incompleteev&uation.

The language provides six operator precede’ ~ vu s listed below in increasing order of bindingstrength.

(lowest) logical and or x~relational = < >
adding + - &
unary + - not
multiplying * / mod

(highest) exponentiating * *
We found this number of levels to be the minimum number compatible with accepted practice.Clearly different levels are required for relational, adding, multiplying and exponentiation operators(unary does not really constitute a level). In addition, logical operators must be on another lowerlevel if expressions such as

A = B  or C = D

are to be written without parentheses, In the case of a succession of operators with the sameprecedence the Green language adopts the traditional rule of left to right evaluation. In additionthe syntax requires explicit parentheses in the case of a succession of different logical operators.For example

A or (B sor C) -- parentheses required
(A or B) ~or C -- parentheses required (not always equal to previous expression)A or (B and C) -- parentheses required
A or B or C -- no need for parentheses
A and B and C -- no need for parentheses
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In practice most expressions are simple; the inconvenience of parentheses should not be exag-
gerated as programmer s tend to introduce additional parentheses for readability purposes Ito reas-
sure themselves when in doubt) whether they are required or not.

3.4 Statements

The classical forms for sequential processing are included in the Green language: assignment
statements, subprogram calls, conditional, iterative and transfer statements , Less classical control
structures such as the raise statement and the statements used for parallel processing are discus-
sed in later chapters.

it is convenient to distinguish normal statements and transfer statements. For a normal statement ,
execution continues with the following statement. For transfer statements (exit, return , 90w) con-
trol will transfer to another place in the program. Another useful distinction is between simple and
compound statements. A simple statement contains no other statement. Compound statements
may include other sequences of statements.

The language follows the rule that wherever a statement may appear , a sequence of statements
may appear. TlYs rule simplifies progra m modification since insertion of a statement can be done
without the ~se~ ‘c Insert extra b.gln and end delimiters as is the case in Algol and Pascal. State-
ments of a se~ ~nce of statements are executed in sequence unless a transfer statement is
encountered,

Although it is redundant , an explicit null statement has been included in the language for
readability. For instance if nothing is required for a given alternative of a case statement , it is
preferable to state this explicitly with the statement

null;

rather than convey the same impression by an empty statement that could be taken as an uninten-
tional omission.

3.5 Assignment Statements

The assignment statement is generally regarded as the simplest of all statements. In fact , this is
the case on’y if precautions are taken in its definition. Since calls to value-returning procedures can
only appear in an expression on the right hand side of an assignment (and since no other side
effects are possible within expressions), the meaning of an assirj nment statement does not depend
on whether its left or right side is evaluated first. Hence an assignment may be viewed by a
program reader as an indivisible action. The same argument of simplicity j ustifies Pascal in not
providing either multiple assignment or parallel assignments. In any case , the multiple assignment
of Algol 60 is rarely used except for initialization and also causes parsing problems for the human
reader.

Some additional precautions are required for slice (i.e. subarray) assignments. If assignment is to
be permitted between slices it should follow the same axiomatic rules as for ordinary variable
assignments. If this were not the case it would be questionable to use the same syntax for two
operations which have different logic. For example. after the assignments
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C := B:
A B;

we can deduce from the axiomatics of assignment that A = C. This same consequence will apply
to slices only if overlap is forbidden. Consider for instance the (incorrect) assignments

C (1 .. 5) := B(2 .. 6):
B (1 .. 5) : -- B(2 .. 6); -- illegal assignment

Because of the overlap, we do not have C(1 .. 5) = B(1 .. 5) but rather C(1) = B(2). C(2) = B(3).
C(3) =- 8(4), C(4, = 8(5). Similarly the incorrect assignments

C (2 .. 6) := Bli .. 5):
B (2 - 6) := 5(1 .. 5); --  illegal assignment

would fail to produce C(2 .. 6) = 8(2 .. 6) and the actual results would even depend on whether the
second assignment is considered to be performed on an element-by-element basis or whether an
intermediate copy is used.

In conclusion, overlap in slice assignment is a form of aliasing that is hence forbidden, and causes
the exception OVERLA P_ ERROR. Note that overlapping slice assignments have sometimes been
used in low-level programming to achieve an effect similar to what can be (legally) performed with
an aggregate assignment such as

All .. 80) (1 .. 80 - -
~
. “

3.6 If Statements

If statements are used to select statement lists for execution on the basis of a condition. The syn-
tax

If condition then
sequence_oLstatements

end If:

is fairly classical . The if and end if bracket structure avoids the dangling else ambiguity. If state-
ments containing cleft clauses can be used to select alternative statement lists depending on dif-
ferent conditions:

It RAIN then
-- sequence of statements describing
-- what to do when it rains

etsif SUN_SHINE t hn
-- sequence of statements describing
-- what to do when the sun shines

-- sequence of statements describing
- - whet to do for other weather conditions

end If;

Strictly speaking, elsIf clauses are redundant: the corresponding statements can always be rewrit-
ten in the form of nested if statements. However this nesting is generally awkward and doss not
convey the correct impression, namely that the alternatives are on the same level, apart from the
fact that the conditions should be evaluated in the order in which they appear.
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3.7 Short Circuit Conditions

Boolean expressions, like other expressions , may be rearranged by the translator as permitted by
the properties of their operators. Thus commutativity can be used in expressions such as A and B.
Depending on the complexity of the term B, it may be more efficient (on some but not all
machines) to evaluate B only when the term A is true. This however is an optimization decision
taken by the compiler. In any case the expression A and B should always deliver the same result
as B and A, and should have no other effect .

In some situations , however , we may want to express a conjunction of conditions where each con-
dition should be evaluated (has meaning) only if the previous condition is satisfied . This may be
done with short circuit conditions such as.

if I 1= 0 and then All > B then

end If;

Clearly it would not be legal to express this condition as a boolean expression , since an exception
would result if I were zero and the second term were evaluated first. Similarly, short circuit dis-
junctions can be expressed with or else clauses as in the following example;

exit when X = null or else X.AGE = 0;

In this case the condition following or else will only be evaluated if the previous condition is not
satisfied. Since the rules of evaluation of and then clauses and or else clauses are thus contradic-
tory. the two forms of clauses cannot be m~xed in the same condition.

In Algol 60 one can achieve the effect of short circuit evaluation only by use of conditional expres-
sions, since complete evaluation is performed otherwise . This leads to cumbersome constructs
which are awkward to follow:

if(lf 1/=  0 then true else A dlv I ’ > B) then...

Several languages, including Pascal , do not define how boolean conditions are to be evaluated. In
fact the Pascal CDC 6000 series compiler uses complete evaluation, whereas the ICL 1 900 com-
piler uses short circuit , i.e., treats and as and th•n, and similarly or as or else. As a consequence
programs based on short circuit evaluation will not be transferable. This clearly illustrates the need
for separating boolean operators from short circuit conditions.

3.8 Case Statements

A case statement serves to execute one element of a list of alternatives selected on the basis of
the value of an expression. Each possible alternative is preceded by the list of values for which the
corresponding alternative should be selected. The main criteria in the design of the case state- -

ment have been reliability and generality.

For reliability, the translator must be given the possibility to check for accidental omission of some
alternatives. For that reason it is required that all possible values of the type of the d scriminating
expression be provided for in the selections . Naturally, a qualified expression can be used to
restrict this choice and the selection others may be used to represent all values not specified. As
an example consider the declarations
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type DAY is (MON. TUE. WED , THU . FRI . SAT , SUN):
subtype WORK DAY is DAY rang. MON - ,  FRI:
subtype REST _ DAY is DAY range SAT .. SUN:

D : D A Y ;

With the above declarations all values of the type DAY (the type of D) must appear in one selec-
tion, as in

case D of
when MON I TUE I WED THU FRI => WORK;
when SAT I SUN =~ REST :

end case;

This could have been written in the equivalent form

case D o f
when MON I TUE I WED I THU I FRI r ‘-‘ WORK;
when others ‘

~ REST:
end case:

If it is known in a given context that the case discrirninant belongs to a given subtype, a case with
a qualified expression may be used. Only the values of the corresponding subtype can appear in
the selections. Should the constraint not be satisfied (for example if D = SAT), an exception
RANGE_ERROR would result.

case WORK _ DAY(D) of
when MON I WED I FRI =~~~ LATE:
when TUE THU rr ’> EARLY ;

end case;

The second concern in the design of case statements is generality: the syntax of selections should
accommodate all situations which are likely to arise, given that the case discriminant has a dis-
crete type. Hence it should permit lists of values as well as ranges. Thus the first example above is
more likely to be writt en using subtype names;

sese D of
when WORK _DAY’FIRST .. WORK _DAY’LAST => WORK;
when REST_DAY’FIRST .. REST...DAY’LAST ‘= -. REST;

end case:

or using the ranges directly ;

case 0 of
when MON ,, FRI “ WORK;
when SAT .. SUN -‘ REST; -

end case:

Such ranges are very useful in case selections. They avoid long lists that can be tedious to read
and error prone.

A very important diagnostic facility that the translator should provide is the listing of all values of
the discriminant type that do not appear in any listed choice. For an erroneously incomplete case
statement the translator has the information and should provide It for the programmer. For
enumeration types with a large number of values, should this kind of diagnostic not be provided it
P’ight be quite difficult for the programmer to discover any missing values.
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Case statements are conventionally implemented with an implicit transfer table. This table willgenerally contain one entry for each possible value of the dlscriminant type. Quite often however,if some of the alternatives perform no actions, the translator may optimize the code generated by -

using a shorter table and an explicit range check. As an example

case D o f
when SAT => SHOP;
when SUN => SLEEP;
when others => nuN:

end cas.;

may be compiled to produce a code equivalent to

If 0 in REST_DAY then
case REST_DAY(D) of

when SAT => SHOP;
when SUN => SLEEP;

end case;
end If;

thus leading to a two entry transfer table. Finally, case statements with very sparse selections orwith ranges as selections can be compiled as equivalent if statements. Thus for our first examplewe may have:

if D in WORK_DAY then
WORK;

else
REST;

end if;

3.9 Loop Statements

The main form of ioop statement , called a basic loop, allows conditional or unconditional exitstatements to appear anywhere within the statement list of the loop: -

READ_CHARACTER(C);
exit when C =
PRINT_CHARACTER(C);

end inop;

Although this form of loop is quite general, a special form also exists to single Out the cases inwhich a continuation condition appears at the start of the loop:

while MORE_TO_DO loop

Similarly two forms of for loops are provided to iterate over ranges either in normal (increasing) or
in reverse (decreasing) order (the range bounds must be in increasing order):
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eed lsop;

for J In reverse A . .  B loop

end loop:

In both cases, unlike Pascal, the loop parameter is considered as local to the loop. It is implicitly
declared by its appearance in the for iteration condition. Its value is constant for each iteration.

More complicated forms of loop constructs such as Zahn’s construct (Za 74J and the related con-
struct provided in Modula IWi 761 have been considered in this design but in the end rejected. As
shown in the example below, situations for which such constructs would be used can be written
quite easily with the existing forms.

declare
ESCAPE (A, B, NORMAL) ;= NORMAL;

for ... loop

ESCAPE := A; exit :

ESCAPE 8; exit ;

ESCAPE := A; exit:

end loop;

case ESCAPE of
when A =>
when B =~ when NORMAL -=>

end case:
end;

The major emphasis in the design of the loop primitives has been on simplicity: loops should have
an intuitive meaning and users should not have to consult a reference manual to understand their
meaning. Several studies on the use of programming languages have shown that the vast majority
of loops are very simple. Hence generalities such as the step expression of Algol 60 should be
avoided. The redundancy provide’d for conditional exits is motivated by textual considerations:
loop termination conditions should be marked very conspicuously. Hence

LI exit when CONDIIION;

is certainly more explicit than the equivalent form:

If CONDITION then
exit;

end If:

Guarded commanas were also considered in this analysis and not retained. They have advantages
for the development of program proofs. However , they are not compatible with other looping con-
structs with explicit exits. Hence if they were retained It would have beea to the e~clus~on of other
loop forms, a decision which seemed too drastic.
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4. Types

4.1 Introduction

The notion of type has gradually emerged from the past twenty years of the history of programm-
ing languages as the way by which we impose structure on data . A now widely accepted view of
types is that a type characterizes the set of values that objects of the type may assume , and the set
of operations that may be performed on them. This common view is also taken in the Green
language definition.

There are several important reasons for which it is found desirable to associate a type with cons-
tants , variables , and’ parameters of subprograms:

• Factorization of Properties , Maintainabilit y

Knowledge about common properties of objects should be collected in one place and given a
name. A type declaration serves that purpose. Subsequently, this type name may be used to
refer to these common properties in object declarations. Furthermore . maintainabiiity is -

enhanced since a change of properties has only to be effected at a single point of the program
text , the type declaration.

e Abstraction. Hiding of Implementation Details

Abstract or external properties of objects and operations should be separated from underlying
and internal implementation dependent properties such as the physical representation on a
specific machine. Only the abstract properties of an object need to be known for its use.
Implementation details should be hidden from the user. The need for such a separation is par-
ticularly strong in the case of disjoint sections of a program text , produced and maintained by
different programmers , and possibly separately compiled.

• Reliability

Objects with distinct properties should be clearly distinguished in a program and the distinc-
tion should be enforced by the translator. Requiring that all objects be typed thus contributes
to program reliability. Experience has shown that a well written program in Pascal can be
recognized easily by the use made of the typing facili ty to increase the reIi~bility, readability
and security of the program.

Several classical problems are associated with the formulation of a type facility in programming
languages. Some are a subject of ongoing debate among language dasigners and users , in par-
ticular:
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(a) Static versus Dynamic Properties

Should both the static properties (those which are determinable f rom an analysis of the
program text at translation time) ar id the dynamic properties (those which may depend on the
dynamic behavior of a program . such as reading from an input device) be covered by a su~rrIe
notion of type ’

(bI Type Equivalence

Should the language provide some form of equivalence or compatibility among types with
logically related properties~

(C) Parameterization

Should the language provide some form of parameterization for types and their associated
properties~ Should the evaluation of type parameters be performed entirely at translation
time or be deferred until execution time ?

The Green solutions to the above problems are now summarized. A detailed discussion of design
decisions is ~j iven in later sections,

(a) Static versus Dynamic Properties

Two notions are distinguished: the notion of type and the notion of subtype. A type
characterizes a distinct set of values and its static properties, such as the applicable opera-
tions, Constraints may be imposed on named types . for examp le a range constraint for a scalar
type or an index constraint for an array type. In general. these constraints cannot always be
determined at translation time.

A subtype name serves as an abbreviation for a type name and a constraint associated with
the type. Several difficulties in the types of Pascal noted by Habermann and others IHab 73.
WSH 77j are overcome in the Green language by the notion of subtype.

(b) Type Equivalence

Each type definition introduces a distinct type. In consequence . each type name denotes a dis-
tinct type. Objects with distinct types cannot be intermixed.

in contrast , objects belonging to different suVypes of the same type are compatible. They
may be assigned to variables with differing subtypes of the same type. Constraints are
checked during translation whenever possible and during execution otherwise.

Types defined as derived from another type are said to be conformable with it. Explicit conver-
sions are possible between conformable types.

(c) Parameterization

Type definitions and their associated operations can be encapsulated in modules. A module
can be parameterized by a gt :leric clause with the consequence that all contained definitions,
including those of types, are parameterized. Generic modules must be instantiated at transta
tion time. Each instantiation must be explicit ; it supp’ies values for the parameters and yields
new types.
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Parameterization at execution time is closely associated with the notion of constraint. In particular
this applies to array and record types;

• An array type definition ca i leave index bounds unspecified. These are subsequently specified
by an index constraint for a given array object so that different array objects of the same type
may have different numbers of components. If such an array is a formal parameter of a sub-
program, its bounds are obtained from the actual pa ’ameter for each call.

• A record type may have variants, i.e. alternative definitions of its components. Different
variants are associated with the values of a special component called a discriminant , arid it is
possible to constrain a record to a single variant by use of a discrirninant constraint. Variants
are otherwise discriminated at execution time.

These solutions are detailed in the following sections. We first introduce the notion of type defini-
tions and the resulting rule for determining if two objects have the same type. Constraints and sub-
types are then discussed. Finally we discuss derived type definitions.

The specific properties of numeric types are discussed in Chapter 5, those of access types in
Chapter 6. Parameterization with generic clauses is discussed in Chapter 13.

4.2 Type definitions

The language provides the capability to define new types. The language construct used to
introduce a new type i~ called a type definition. Examples of type definitions appear below.

range -2**24 .. 2**24 -- integer type definition
(LOW, MEDIUM. HIGH) - -  enumeration type defi1iition
digits 8 range 0.0 .. 1 E24 -- floating point type definition
delta 0.01 range 0.0 .. 1_000.0 -- fixed point type definition

array (1 .. 128) of CHARACTER - - array type definition
record RE , IM : INTEGER; end record -- record type definition
mw INTEGER -- derived type definition

accass STRING --  access type definition

As stated before , one of the objectives of a type system is reliability. It should prevent erroneous
mixing of objects of different types. Hence a key issue in the design of a type system is the for-
mulation of the conditions that must be satisfied by two variables (or constants) in order that they
should have the same type.

Alternative solutions for the issue of type equivalence have been formulated in a paper by Welsh et
al. IWSH 77). These solutions are classified into two families :alled name equivalence and struc-
tural equivalence.

The solution used in the Green language is related to name equivalence. It is based on the principle
that every type definition introduces a distinct type. Two type definitions introduce two distinct
types even if they are textually identical, For examp le , the objects A and B declared by

A : (ON . OFF);
B : (ON , OFF);

belong to two distinct types since they are declared in terms of two distinct type definitions, On
the other hand the objects C and 0 declared by
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C, 0 (LOW MEDIUM, HIGH);

belong to the Siflf lt ’ type s irir t’ t lr i ’y ~r r dechir od ci t e rms of a single type def init on.

Type definitions given directly in object declarations as In the above examples are allowed and are
called anonymous type definitions, They are sometimes useful for defining tlw typo of some record
components

In the majority of casec however , a type definition is given a name In the type-i declaration where it
appears. A consequence of the principle stated above Is that two distinct type names always refer
to two distinct types. Thereafter two objects have the same type if they refer - to the same type
name in their declaration. The expre ssion nanie equivalence derives from the fact that this is by far
the most usual way for two objects to have the same type. As an examp le consider

type PERSON Is
record

SEX constant(MALE, FEMALE):
case SEX of

when MALE ‘. ENLIST’ED BOOLEAN;
when FEMALE “. PREGNANT BOOLEAN;

end case ,
end record:

X PERSON ,
Y PERSON:

The variables X and V both belong to the same type since they both ro~rr to the same type na me
(PERSON) in their decLiration (note that the selected components X.SEX and Y .SEX belong to the
same anonymous type).

Structural uqu valence refers to solutions where some form of equivalence rule Is formulated
between typv~

; on the basis of their properties. We have rejected structural equivalence In order to
.~void pattern matching problems for the translator and fur the human reader. We also believe that
structur al equivalence tendS to defeat the purpose of strong typing since objects may be con
sidered as being of t li~ some type because their Structures are identical by accident or because
they have become identical as a result of textual modifications performed during pr ogra m
maintenance. Such objects can then be mixed erroneously without causing translator diagnostics

Further argumuri ’ in favor of name equivalence are i rtcsen ted in later sections.

4.2.1 Scalar and Access Typos

Scaler types cover enumeration ts ~pcr s integer and real type’s.

Enumeration typos are defined by enumeration of their values, These are considered to be in
increasing order. The same literal r’nay appear in more than one enumeration type. This is a logical
consequence of the fact that character sets can ho defined as enumnratIor~ types . Tt would not be
acceptable for example to require the character “A” to appear exclusively In one character set.
Enumeration literals that may denote enumeration values of different types are said to be
overloads ’ As an exar irple consider
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type COLOR is (RED. ORANGE , YELLOW , GREEN , BLUE , VIOLET);
type LIGHT Is (RED . AMBER , GREEN);

As the enumeration value GREEN appears in two types, it may be necessary to qualify GREEN by
the desired type in some context s, for example COLOR(GREEN) or LIGHT(GREEN).

Structural equivalence of enumeration types is undesirable since it may involve comparisons of
long identifier lists. Furthermore, the usual maintenance problem would exist , since two enumera
tion types could accidentally become equivalent by, inserting or delet ing an element.

The maintenance argument is similar for numeric types. Two real types should not be equivalent
just because their error bound specifications happen to be the same . The programmer should be
encouraged not to use just FLOAT or LONG_ FLOAT as the type of the variables , but to introduce
the particular precisions required for the applicat ions and to express the commonality by a type
declaration.

An access type definition Introduces a distinct collection of dynamic objects. The space for that
collection can be released once the scope of the access type definition is left , since different collec-
tions are associated with different access types. Using structural equivalence for access types
would introduce a difficulty since two structurally equivalent access types could appear in different
scopes.

4.2.2 Record types

To emphasize the arguments against structural type equivalence rules, we next discuss record
types. Consider , for example:

type COMPLEX ii
record

RE INTEGER;
IM ‘ INTEGER:

end record;

type RATIONAL I.
record

NUMERATOR INTEGER;
DENOMINATOR : INTEGER rang. 1 .. INTEGER’LAST:

end record

Several alternative forms of structural equivalence rules can be considered, involving increasing
amounts of checking. especially if the record types have a large number of components;

(a) two types are equivalent if the texts in the right-hand side of their declarations (after is) are
identical (disregarding textual layout such as space or new line characters , etc.);

(b) two typ~’s are equivalent if their component names and the type names of their components
agree , in the same order :

(c) same as (b) but the names of the components need not agree. only their order This is a more
mathematical point of view, where one considers a record as a cartesian product;
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Id) same as (h) but the order of components is not significant;

le) same as Ib) but only the type names of the corresponding components must be the same, not
the names of the components nor the constraints;

(f) same as (e) but the subtypes must be equivalent;

(q) same as (e) but the component types must be equivalent , while their names need not be iden-
tical;

(h) same as (g) but a type name is also equivalent to the (possibly anonymous) text of the right-
hand side of its declaration.

The types COMPLEX and RATIONAL given above would be equivalent under all the rules if their
component names were accidentally the same and if the constraint on DENOMINATO R were not
expressed in the type declaration . More specifically, under rule (b). COMPLEX would be equivalent
to

type ANOTHER _COMPLEX is
record

RE . lM : INTEGER;
end record ;

Rule Ic) makes sense for a language with positional notation only. It complicates the checking by
the compiler . since all permutations must be considered. Con”ersely, rule (d) is sensible for a total-
ly non-positional language where component names must always be specified for record
aggregates. Rule (e) complicates the implementation of constraints and subtypes for components ,
since they must be checked for each component on record or array assignments. Rule (f) cannot be
checked statically. Rule (g) requires a recursive matching algorithm. In addition, rule Ih) requires
type expansion and even an algorithm of cycle reduction in the case of mutually recursive access
types.

All these complexities for the implementation and, above all , for the user , are avoided in Green by
adopting the simple rule that every type definition introduces a distinct type.

4.2.3 Array Types

Arguments similar to those against the structural equivalence of record types hold for array types.
It is certainly desirable to distinguish between arrays whose component type i~ different; the
insistence that even their component subtypes be the same is well motivated by efficiency con-
siderations, Consider , for example:

type LINE I. array (1 - ,  128) of CHARi~CTER:
type TEXT _ LINE is array (1 - - 128) of CHARACTER rang. “ A” .. ‘7”;

Assignment of an array of type LINE to an array of type TEXT_ LINE requires an imr cit loop to
check the range constraint for each component individually. An explicit conversion is required,
which informs the reader of this potential cost (the absence of implicit conversion follows from the
general rules of the language; the possibility of an explic it conversion follows from the rule
explained in section 4.5 below).
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One should also distinguish between arrays with distinct index types, even if their component type -is the same:

type OPTION_SET Is array (OPTION’FIRST .. OPTION’LAST) of BOOLEAN;type COLOR_SET is array (COLOR’FIRST .. COLOR’LAST) of BOOLEAN;

An array of type OPTION_SET should not be compatible with one of type COLOR_SET justbecause the number of options happens to be the same as the number of colors . From a concep-tual point of view, the two array types have nothing to do wit h each other, apart from their com-mon component type.

On the other hand, it is reasonable to establish a relationship between arrays that differ only intheir index ranges, as long as their index types and component types are the same . As shown insection 4.3 below, this relationship can be expressed by using array subtypes.

To summarize, the rule that two type definitions always introduce two distinct types is applieduniformly to all type definitions. As a consequence two distinct type names always refer to twodistinct types. Commonality of properties is expressed in general by using the same type name.

4.3 Constraints and Subtypes

As mentioned before, a type characterizes a set of values that objects of the type may assume anda set of operations applicable to those values. Membership of an object in a type is a static -property resulting directly from the declaration of the object.

It is possible to restrict the set of allowed values of a type without changing the set of applicable
operations, Such a restriction is called a constraint, and the subset of values it defines is called a
subtype. Membership of an object in a subtype can result from the object declarations. However ,this need not always be the case since it is possible to define several overlapping subtypes (namedor “ot) of a given type. Membership in a subtype may or may not be determined statically.

4.3.1 Constraints

A constraint can be used to restrict the set of allowable values of a type as in the following exam-pie:

CHARACTER range “A” ..

Such constraints may effectively be used by the compiler for optimization purposes. Their major
use, however, is for greater security in assignment. Violations are reported at translation timewhen possible, or at execution time by raising an appropriate exception .
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Consider the following example:

declare
subtype LETTER is CHARACTER range “A” ..subtype HEX_LETTER I, LETTER range “A” .. “ F” ;subtype EFG_ LETTER is LETTER range “F” ,.

A : CHARACTER :=
B : LETTER :=
C : HEX_LETTER := “F”;
0 : EFG_ LETTER :=

begin
A B; -- no check necessar yB C; -- no check necessary
B := A; -- check that (A in LETTER), i.e.

-- check that (LETTER’FJRST <= A) and (A <= LETTER’Lfi~sT)C := 0; -- check that (0 <= HEX_LETTER’LAST)0 := C; -- check that ( EFG_ LETTER’F IRST <= C)end;

4.3.2 Subtypes

Knowledge about the sharing of special properties shouid be factored. For this purpose, a subset ofelements of a given type can be named in a subtype declaration, as in
subtype LETTER is CHARACTER rang. “A” ..

A subtype serves as an abbreviation for a type name and a constraint (more precisely, for the resultof evaluating the constraint at the point of the subtype declaration), Since subtype declarations donot introduce new types, objects of different subtypes of the same type are compatible for assign-ment, Such objects can be mixed in expressions as long as the constraints are obeyed, as noted inthe examples above.

Again , any change to a constraint in art explicitly named subtype declaration only requires a singletext change. Note that subtype incompatibilities are checked, for example the subtype declaration
subtype FIFTEEN_FIRST is LETTE R range “A” .. “0”; -- incorrect !

The character “0” (zero), given by mistake instead of the letter “0”, does not belong to the subtypeLETTER.

4.3.3 Evaluation of Constraints

Constraints may involve expressions that cannot be evaluated statically. The compiler can do littleor no optimization in these cases. Constraints that determine critical space representations musttherefore be known at translat ion time. Confinement to static evaluation would be much toorestrictive in general. The assertions involved in range constraints would be too coarse, rangescould not be used as general loop iterators and arrays could only be of static size.

4-8

-~~ - - -- -~~-~~ ‘~~~~ ‘ - ‘ - ,  .‘



— ~~~~~~~~~ - -~~~~~~~~~ - -~~~ -~~~~~~~~~~ -‘ -- - - - ~~~~~ -- ~~~~~~~~~~~~~~~~~~~~~~ ‘ --~~‘-~~~~~~~~~“ 

-- - .~ ~~~~~~~~ ~~~~~~‘— -a—--- -

An issue to be considered ~ the time at which the expressions appearing in constraints should be
evaluated. Consider the subtype declaration:

.ubtype SisTr .ng . U .. V;

where U and V may be arbitrary expressions. The rule adooted in the Green language defin Lion is
that such expressions are evaluated when the subtype declaration is elaborated. This means that
the subtype declaration is equivalent to the following sequence

tJ ...0 : conetant T := U;
V .0 : constant T := V;
s u b t y p e Si s T r.ng e u...,0 .. V 0 ;

where V. 0 and V_0 represent identifiers not used elsewhere . Note that if the bounds of the range
are not known at translation time, a descriptor (containing the values of V.0 and V. 0) must be
implicitly generated by the compiler. Hence, for efficiency reasons, it Is important to isolate the
knowledge about equivalent constraints into one subtype declaration and to use the name of this
subtype instead of repeating the constraint in several variable declarations. The values of the
implicit constants U. .0 and V_ 0 are denoted by the subtype attributes S’FIRST and S’LAST.

Note also that , for reliability and maintainability, using a subtype such as S is far better than
repeating the corresponding constraint (range U .. V) at various points of the text , since the values
of U and V at these points might differ. Thus it is preferable to write

declars
subtype S Is I range U .. V;
X : S;
A : array (S’FIRST .. S’LAST) of T;

procedure P(Z : SI Is ... end P;

for I in S’FIRST .. S’LAST loop
If A(I) In S’FIRST .. S’LAST then

end If;
m d  ~op;

end;

rather than to repeat the corresponding range in terms of the defining expressions U and ~‘ at
— various points of the text.

The rule that constraints are evaluated when the declaration where they are given is elaborated, is
applied uniformly in all cases. In particular it applies to constraints of subprogram parameters.
Making an exception for this case would increase the complexity of the language and also of the
implementation since a subtype description would have to be maintained for every subprogram
call (not just one for the subprogram declaration) because of the possibility of recursion. For these -
reasons the simpler, uniform rule has been retained.

I
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4.3.4 Record Variants

A record type with a var iant part specifies several alternative varinnts of the type. This means that
the set of possible record values is the union of the sets of values possible for the alternative
variants. Seen in this light, a variant of a record type is a subtype of the record type.

A variant part depends on a special component of the record, called its discr iminant. Each variant
defines the components that exist for a specific value of the discriminant. This is thus a form of
parameterization of record types. However , unlike the parameterization that can be achieved by
the generic facility, this parameterizatiori can be dynamic: it can depend on the value of the dis-
criminant and this value need not be known statically (at translation time).

When declaring a record variable it is possible to specify that its discriminant must always have a
given value. This specification is a discriminant constraint that restricts the set of possible record
values ‘o those of the designated variant. The translator may take advantage of this knowledge
when setting the amount of space reserved for the record variable. We may also define a subtype
of a record type by associating the discriminant constraint with the record type name. We illustrate
these possibilities with the following example;

declare
type PERSON is
record

BIRTH : DATE;
SEX : constant(M.F); -- discriminant
cue SEX of

when M ‘- “s ENLISTED ; BOOLEAN;
when F => PREGNANT : BOOLEAN;

end case;
end record;

subtype MALE is PERSON(SEX ~z> M);
subtype FEMALE is PERSON(SEX ~r> F);

-
; ANYONE : PERSON;

HE : MALE; - -  Equivalent methods of
PETER : PERSON(M); - -  declaring males
JOAN ; FEMALE;
SHE : FEMALE;

begin

ANYONE HE; -- Valid, no checking required since MALE
- -  is a subtype of PERSON

ANYONE := JOAN; -- Similarly no check needed

HE := PETER; -- No check needed, both are males
HE :~- JOAN ; -- Translation time error since MALE and FEMALE

-- are disjoint subtypes of PERSON

SHE :-- ANYONE; -- Execution time check necessary : it will
-- raise an exception if ANYONE is not a female

SHE :— FEMALE(ANYONE); -- Equivalent to above. but useful redundancy
-- to emphasize the possible exception condition

end:
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When accessing a component of a constrained record such as JOAI” or PETER, the value of its dis-criminant and hence the associated var,ant is already known. The constraint is part of the staticinformation known about such record, and any assignment to the record variable is checked withrespect to the constraint either at translation or at execution time. Consequently, references torecord components such as JOAN.PREGNANT or PETER.ENLISTED are perfectly secure.
When accessing a component of a record that is declared without a constraint such as ANYONE ,more precautions should be taken . A part of this security derives from the fact that discriminantsare deferred constants and are not directly assignable. They may be set when the record value isdefined and may only be changed by assignment to the record as a whole. Thus

ANYONE := PERSON(BIRTH ~ > 1940. SEX => M, ENLISTED = -‘ TRUE);
is a legal complete record assignment which sets SEX equal to M. Similarly, assignments such asANYONE :-= JOAN: or ANYONE ;= PETER; are complete record assignments which consequentlyset the value of the discriminant. However we must consider such a complete record assignmen:as defining a new object and the value of the object ’s discriminant cannot be changed separately.Thus an assignment such as

ANYONE.SEX :-= F; -- illegall

is forbidden and will be rejected by the translator.

The second key element to the security of variants is that access to a component of a variant isonly legal if the discriminant has the corresponding value. This means that an access to the cornponent

ANYONE.ENLISTED

is equivalent to the following text.

if ANYONE.SEX 1= M then
raise DISCRIMINANT ERROR;

end If:
ANYONE.ENLISTED - .

Naturally the compiler can omit this Implicit discriminant check in contexts where explicit checksare made, or when the explicit constraints make such checks unnecessary . Such explicit dis-crimination may take several forms. It can be achieved by an assertion or a renaming declarationspecifying a subtype. It can also be achieved by an if statement

if ANYONE.SEX = M then
-- access to ANYONE.ENLISTED requires no implicit check

end If:

or similarly by a case statement

cm ANYONE .SEX of
whe . M =>

-- access to ANVONE.ENLISTED requires no check
when F =~access to ANYONE PREGNANT requires no check

end case;
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Of course , the check can only be omitted as long as the discriminant is not changed as a result of a
complete record assignment. Consider for example:

case ANYONE.SEX of
when M =>

ANYONE.ENLISTED ... -- occurrence 1
ANYONE.ENLISTED .. .  -- occurrence 2

UPDATE(ANYONE):
ANYONE.ENLISTED ... -- occurrence 3

PRlNT(ANYONE~;
ANYONE.ENLISTED ... --  occurrence 4

when F=>
end case :

No checks are needed for the first two occurrences. A check is needed for the third (assuming the
mode of the parameter of UPDATE to be in out) but no check is needed for the fourth occurrence
(assuming the mode of the parameter of PRINT to be in).

Note that additional problems exist if a record is shared by two tasks. One task could perform a
complete record assignment (thereby changing the discriminant) while another is reading a corn-
ponent. We consider this problem to be a danger inherent in the use of shared variables rather than
a problem concerning the formulation of record types. The tasking facilities of the language are
powerful enough to make such shared variables virtually useless. If they are nevertheless used, the
appropriate precautions should be ta ken by the programmer. On the other hand, we did not believe
it correct to disfigure the semantics of the language because of such possible misuse.

It might be felt that the checking code is a high price to pay. This is, however , essential for security
with variant records. Previous experience with languages such as Simula , which force a similar dis’-
c’rimination of variants, show that these checks are not as frequent as one might suppose. The
parts of the programs that operate on a given variant tend to be textually discriminated as well as
dynamically discriminated. Hence the chec ks can be achieved at a rather low cost (see also (We
781).

One should not underestimate the importance of secure access to components of a variant part . A
recent experiment (Ha 771 wit h a Pascal compiler in which this facility was offered as a~i extension
reported that these checks caught a quarter of the initial er rors in a large program.

4.3.5 Array Types with Unspecified Bounds

An array type decIa~ation must specify the type of the arr ay components arid the type of each
index , but it need not specify the actual bounds of each index This means th~ 1 the set of possible
array values defined by the type contains arrays with different numbers of components. Consider
for example:

subtype NATURAL Is INTEGER range 1 .. INTEGER’LAST;

type STRING is an’.y(NATURAL) of CHARACTER:

Values of the type STRING are arrays of components of type CHARACTER indexed by natural
numbers. However different string values need not have the same index bounds and hence the
same number of characters.

4 - 7 2



It is possible to partition the set of array values into subsets corresponding to some fixed index -

bounds. Each such subset defines a subtype of the array type. The constraint used to fix the range
of values of a given index is called an index constraint. For example

BUFFER ; STRING( 1 .. 1000);

defines an array ob~ect of type STRING whose index tower and upper bounds are the natural 
-

numbers 1 and 1000. As usual we can also define a subtype by naming the association of the type -

name with the index constraint;

subtype LINE is STRING(1 .. 120);

HEAD_LINE : LINE;
BLANK_LINE : constant LINE := (LINE’FIRST .. LINE’LAST => “ “I;

Note that the other form of array type declaration (where the bounds are directly specified) is in
fact a special case where the index constraint is directly given with the array type declaration. Thus
the type declaration

type SCHEDULE is array (DAY’I IRST .. DAY’LAST) of BOOLEAN;

can be view I as a contraction of

type schedule Is array (DAY) of BOOLEAN; - rrbitrary number of days
subtype SCHEDULE Is schedule(DAY’FIRST - ,  DAY’LAST); - -  always 7 days

For any object of an array type, the bounds of each index must be known. We have seen that they
can be specified by an index constraint; they can also be obtained from the initial valueS

TITLE : STRING ;= HEAD_LINE;
MESSAGE : constant STRING := HOW MANY CHARACTERS? ;

Similarly, for a formal parameter they can be obtained from those of the corresponding actual
parameter. Thus a subprogram with a parameter of such a type applies to F~l arrays of the type
independently of their index bounds (unless of course an index constraint is given for the - 

-parameter declaration). For example concatenation for a string of arbitrary length is defined as

functfon “&“(X ,Y : STRING) return STRING Is
RESULT : STRING(1 .. X’LENGTH + Y’LENGTH);

begin
RESULT( 1 .. X’LENGTH ) :-~RESULT(X’LENGTH + 1 .. RESULT’ LAST) := Y;
return RESULT;

end &“ :

This last example shows that array -~pes with unspecified bounds can be viewed as a form of type
parameterization. Again, unlike the parameterization that can be achieved by generic clauses
(which is purely at translation time), this parameterization can be dynamic. For example , the
bounds of the strings can vary from call to call. Such array types do not introduce new implemen-
tation problems since descriptors for index constraints are needed in any case whenever the
bounds of an array are not known at translation time,
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4.4 DerIved Type Definitions

The basic mechanisms for introducing a new type are by enumeration and by composition from
existing ones, in ty~ c definitions. Certain basic chara cteristics are automatically acquired by such a
type, for example the availability of literals . aggregates , and operations such as indexing, com~.--
nent selection, etc. Ancther way of introducing a type is by means of a private type declaration
(see 8.3.3).

A third possibility is provided in the Green language. A type B is declared as deriving its
characteristics from those of another existing type A if it is declared as

type B is new A;

This form of type declaration is very useful whenever a type B is to have the same characteristics
as a type A , and possibly some additional on.~s. All operations available for objects of type A at the
point of declaration of B are inherited by B. although A and B nevertheless remain distinct types.
Conversions between the two types are possible but they must be explicit , and must use the type
name as qualification.

The relationship of derivation established by derived type declsrations is transitive but not sym-
metric. For example in

type C is new B;
type D is new A:

the type C implicitly derives all characteristics of A through B. Similarly D derives all its
characteristics from those of A but no Jirect explicit conversion is possible between C and D.
Conversions must be achieved indirectly step by step, via the common ancestor A. The relation can
thus be depicted as a strict hierarchy.

For example, consider

type STRING is array (NATURAL) of CHARACTER;

type LINE Is new STRING(1 160);

type CARD is new STRING(1 - . 80):

type CONTROLCARD Is new CARD;

type PROGRAM_CARD is new CARD;

type DATA_CARD Is new CARD;

Objects of type LINE cannot be accidentally mixed with those of type CARD , However , they can
both be converted to objects of type STRING (of appropr iate length) by means of explicit conver-
sions. Similarly, CONTROL.CARD , PROGRAM _CARD, and DATA_CARD are distinct descendants
of CARD.

Derived type definitkrns are useful for the definition of numeric types , for example when ~r user
introduces a type such as

type MY.. REAL Is new FLOAT;
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This type inherits all operations that are so far av0ilable for the type FLOAT If for example a func-

tion SORT defined as

function SORT(X FLOAT ) return FLOAT :

is available, the effect of the derived type definition is to produce a function equivalent to the one

defined by

function SORTIX : MY_ FLOAT) return MY_ FLOAT;

Note that if it were not possible to inherit such library functions conveniently, the user might be

tempted to work with the predefined types. This would endanger portability since the latter are

implementation dependent.

If a constraint is given in the derived type definition, it does not affect the oper~itions and values

that are inherited but must be interpreted as applying to all objects of the declared type. Hence the

declaration

type MY _ INT Is new INTEGER range 1 .. 1000:

can be viewed as equivalent to

type my . int is new INTEGER;
subtype MY_ INT is my tnt range 1 .. 1000;

One consequence of this definition is that for I of type MY _INT the relation

I < 2000

is legal since the value 2000 is inherited from the type INTEGER , and the relation is of course

TRUE since I must be in the range 1 .. 1000.

Floating point and integer type definitions are interpreted in terms of derived type definitions. Thus

a floating point type definition such as

typ MY_REAL is digIts 10;

is mapped by the compiler as an appropriate predefined floating point type (say FLOAT in this

case) with sufficient precision. Hence it is equivalent to the following declaration

type MY _REAL is new FLOAT digIts 10:

4.5 Explicit Conversions Between Array Types

The idea of name equivalence (rather than structural equivalence) has been used systematically in

this design; in particular it has been used for array type definitions. Remember that , aside from

simplicity, one of the main arguments in favor of name equivalence is the need to avoid accidental

type equivalence. On the other hand this argument does not apply for explicit conversions: being

explicit they are unequivocally intentional and cannot be accidental.

Explicit type conversions are cluarly desirable among array types satisfying certain conditions- To

illustrate their need consider firs t a package defining sorting operations. It could appear as
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package SORTING is
type VECTOR is array (INTEGER) of REAL;
procedure SORT(X : in out VECTOR );

end SORTING;

Similarly a package for performing listing of arrays could be specified as

package LISTING is
type TABLE is array (INTEGER) of REAL;
procedure LIST(X in TABLE);

end LISTING;

These two packages are of general use and hence they would probably be made available as
library packages. A user trying to perform both sort operations (the operations of the type VEC-
TOR) and listing operations (the operations of the type TABLE) would be faced with a contradiction
if explic it type conversions were not available since any declared array can only be of one type. In
addition a user may have declared an array as

A : array (1 .. 1000) of REAL;

without knowing in advance that he would ever sort (or list) such arrays. It would be undesirable to
have to modify the declaration of A because the array needs to be sorted in one part of this
program.

For these reasons explicit conversions are permitted between two array types (named or not) if the
index types for each dimension are the same (or derived from each other) and if the component
types are the same (or derived from each other). Such explicit conversions are expressed as
qualified expressions. Thus our example above can appear as

declare
use SORTING . LISTING;
A : array (1 .. 1000) of REAL;

begin

SORT (VECTOR (A));

LIST(TABLE(A H;

end;

Note that conversions are also possible when the constraints on the component type are different.
Consider for example the array types

type CHAR_LINE is array (1 .. 120~ of CHARACTER ;
type TEXT_LINE is array (1 .. 120) of CHARACTER range ~A” .. ‘2”;
CE CHAR_LINE;
TL TEXT_LINE;

Explicit conversions such as

CL CHAR _ LINE (TL);
TL TEXT_LINE (CL);
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are allowed. The fact that they are explicit warns the user thut they may ~but need not) be costly .
For in out parameters implemented by reference, such conversions may require the creation of a
copy on the calling side if the compiler has chosen different representations for the two types.

4.6 Conclusion on Type Parametedzatlon

In the design of the Green language we have very carefully introduced a distinction between
parameterization at translation time and at executic.1n time, especially in the case of types.

Parameterization at translation time is achieved by the generic facility (see Chapter 13). The basis
for this facility is quite traditional. It is context dependent macro substitution. Hence it can be used
very freely, and it can be implemented efficiently.

For parameterization at execution time this design has chosen to remain extremely conservative ,
and to provide this only in domains in which it is already traditional , such as variant records and
array types.

— On the other hand we consider the problems of complete parameterization at execution time to be
a subject of current research (see (HW 7911BJ 78)) . To the best of our knowledge, solutions to this
problem are not available, unless one is willing to abandon all efficiency considerations and
interpret type parameters at e’ cut ion time. Others may yet show that solutions do exist with
efficient implementation, and that we were too cqutious.
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5. Numsrlc Types

5.1 Introduction

From the earliest days of computing, numerical calculations have played a dominant role in the use
of computers. The need for a method of representing numbers that would rapidly handle a wide
range of values, even if the representation were approximate , resulted in floating point hardware in
the second generation of machines. Despite the long history of numeric computation, the majority
of programming languages have obvious defects in their handling of both fixed point and floating
point data types.

Fortran is very widely used for scientific computation and compilers are available on almost all
machines. Several large high-quality packages have been implemented in Fortran and made
available on a wide range of computers. Examples are the Numerical Algorithms Group (NAG)
library of subroutines, the computer graphics package GINO-F and the engineering design system
GENYSIS.

Nevertheless, numerous defects in the language can easily trap the unwary. Implicit truncation on
assignment to an integer is an obvious trap that is compounded by the lack of any definition in ti’s
standard of the semantics of the truncation IANSI 661. No facilities are provided for fixed point
variables, although there is a significant (but small) need for them, especially on computers
without floating point hardware.

5.1.1 Floating Point: The Probl•ms

Surprisingly, control of floating point precision is the most difficult area , and no completely ade-
quate ~olution is available. Fortran does not define the accuracy of single precision, which in con-
sequence varies on common systems from 24 to 48 bits in the mantissa . Therefore it is necessary
to choose between single and double precision according to the implementation being used.

Changing precision is extremely awkward : declarations can easily be altered although implicit
declarations will not be changed, floating point literals must have their exponents changed, all
intrinsic functions altered, etc. Some functions have no double length counterpart (there is no
OFLOAT, for instance) and hence careful checks are necessary. The Numerical Algorithms Group
overcame this by an elaborate text processing package (which can handle other problems as wel-
IHHF 761. Programming conventions can be used so that the change is possible with a simple text
edit, but no simple solution is available; for instance, use of double length throughout is not effec-
tive because of its excessive cost , nor is changing the type by IMPLICIT because it is not standard
Fortran and literals cannot be changed in this way.
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Several languages in the Algol 60 tradition (Pascal . Coral 66, RTL’2 , etc) admit only one floating
point data type. In some cases , such a simple solution can meet the users requirements better than
can Fortran . The two Algol 60 compilers for the IBM 360 allow the user to determine (by a com-
piler directive) whether 32 or 64 bit precision will be used - a substantially easier task than the cor-
responding change in Fortran. In essence , there is only one floating point concept , and hence ,
unless the declarations can determine the precision, it is best to have only one data t’~.pe.

Precision control in Algol 68 is by declaration of long real or even long long reel, but since the
accuracy is implementation dependent, declarative changes to the program are still necessary.
Nevertheless , very simple textual changes to an Algol 68 program could map floating point
declarations into an efficient program giving the required accuracy. Any language with user-
defined types and some method of precision control provides the essent al mechanism for an
effective solution. Careful use of the typing facility to permit simple remapping is, of course,
imperative.

5.1.2 Fixed Point: The Problems

There is also considerable difficulty in formulating a satisfactory fixed point facility. The Steelman
requirements specify an exact representation and operations for exact computation . Part of this
requirement was met with the exceedingly simple facilities in the preliminary definition of the
Green language. Extensions merely to provide multiplication and division give problems. Applica-
tions demand arbitrary scales , not just powers of 2 or 10, in which case the scale of a product may
not match the required scale. It is possible to use the greatest common divisor algorithm to deter-
mine the scaling required, but this is incompatible with a simple semantics that is so important for
programmer comprehension.

Cobol apparently meets the Steelman requirements , but only by using decimal scales . Decimal
scales are not adequate for two reasons: first , this is not necessarily the scaling required by the
application, and second, 10 is too coarse for the standard 16-bit minicomputer. A glance at a
Cobol manual will also indicate that explaining the implicit decimal point to the programmer is not
as easy as it may seem.

One possibility is to allow the user to specify a number of scales connected by fixed conversions,
such as seconds and minutes. Although this meets some application needs well , it is insufficient in
other cases. The extensions required seem endless.

It is important to note that the package module facility of Green allows the user to write hIS OWfl

library for exact computation using integers. Compared with built-in facilities for fixed point, the
main difference is the lack of a good notation for literals and some loss of efficiency. Since
language simplicity is such an important goal, fixed point should only be included if the need is
clearly established and the requirement well specified. Neither position can be confirmed, and
hence we conclude that exact fixed point facilities should not be included in the language design.

An analysis of actual applications in many real-time situations reveals that there is a need for
cheap floating point, as has been noted in many reports to the US Department of Defense. Small
but frequently executed computations are performed upon digital input signals. The very simplest
machines may not have floating point and hence some means is required to perform the compute-
tions quickly (i.e. software or firmware emulation of floating point is not fast enough). To say that
in the future floating point hardware will always be available may not be the answer. First , floating
point data require more space and second, source data input is initially fixed. Hence approxirna~e
fixed point is a better match to common application needs than floating point.
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As we shall see, it must be admitted that programming with fixed point is much more dIfficult than
with floating point. On the other hand, fixed point is potentially more reliable because tight bounds
must be placed upon data values in order to perform effective error analysis.

Our conclusion is that approximate fixed point is the most likely avenue to provide an arithmetic
capability complementary to integers and floating point.

5.1.3 Ov.rvk~jv of Numerics in Groin

The facility for numerics is based upon the idea that a numeric variable has an abstract value. Such
values can be thought of as subsets of the real numbers. Exact computation is only provided with
the integers. Approximate computation is provided in two forms: fixed point with an absolute
bound on the error , and floating point with a relative bound on the error . The approximate types are
called real types since they can be thought of as approximations to the mathematical concept of a
real number.

The semantics of each numeric operation is derived from the type of its operands. Since the
language provides overloading of operators, the operations available to the programmer include
not only those derived from the predefined types , but dlso those introduced by the programmer .

The facility for numerics is based upon three unnamed types, called universal integei . univer-
sal float , and universal fixed. These types are abstractions of the specific typos in a given
implementation.

( 1) Universal Integer

There is an implementation defined type INTEGER which is equivalent to the type univer-
sal integer with

rai gs INTEGER’FIRST .. INTEG ERLAST

as the range constraint. This constraint reflects the maximum integer range (often one word) of the - -
machine. Integer constraints are of type universal integer . The type universal integer is an integer
type with a range constraint ‘arge enough to encompass every conceivable integer implementa-
tion. Since the name universal , integer is hidden from the user , he cannot declare variables or
otherwise make use of this type.

Additionally, an implementation may provide types LONG_INTEGER and SHORT_ INTEGER with
larger and smaller ranges than INTEGER. The larç I and smallest integer values that are si~p-
ported by an implementation are SYSTEM’MAX_ INT and SYSTEM MINJNT respectively.

(2) Universal Float

There is a universal type for floating point numbers. The precision of this type is finite , but suf-
ficiently long to encompass any implemented floating point type. Implementation defined types
can be derived from universal,. float by constraining the precision to the machine implemented
precisions. Such types have defined names, for example FLOAT, LONG_ FLOAT, etc. The user may
define his real types in terms of the machine types , or simply by stating the required precision.
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(3) Universal Fixed

There is also i universal type for fixed point numbers. This type is non-discrete like floating point ,
but the magnitude of errors with this type is absolute rather than relative (as with floating point
types). This absolute magnitude of errors is called the delta. The representation of fixed point types
depends upon the largest absolute value in the range and the required deltd. For instance, a max-
imum value of 1024 wi . i a delta of 1 will require 10 bits , leaving 6 guard bits on a 16-bit machine
(ignoring the sign) . The universal fixed type has a finer delta than any implemented fixed type. The
effective use of fixed point depends critically upon the proper specification of the range and delta,

The universal types have no defined operition, since the representation cannot be fixed at this
evel of abstraction. Approximate constants, that is numeric constants with a decimal point or an
exponent , are of type universal float or universal fixed, depending upon the context. Hence the
machine value used to represent the constant will be within the needed accuracy.

Dividing the hterals into integer or real types has obvious advantages in implementation and
description. Within an expression. the type of a literal need not be specified by qualification if the
context determines the type. However , no implicit conversions are performed between in~eger
numbers and approximate numbers.

5.2 The integer Types

The operations defined for the integer types are

Operator Meaninq Result Type

+ - identity and negation operand type
÷ - addition and subtraction operand type
• multiplication operand type
I integer division operand type
mod remainder on integer division operand type

exponentietion operand type

relational operators usual semantics BOOLEAN

New integer types derived by imposing constraints on INTEGER m l ’  n t  these operations. The
result type is always the type of the operands (except of course for the telational operators). If type
LONG_INTEGER is also implemented, then this has the same operations as above , but it is neces-
sary to overload the operations to obtain the required semantics This step corresponds to the need
for the implementation to generate code for such w~ended integers.

The type SHORT_ INTEGER may also be implemented with t i a  above semantics. Note . however ,
that this type can readily be defined by the user with a type declaration (assuming 1 6 bits) like:

type SHORT_ INTEGER Is range -32768 .. 32767;

The numeric values after rings are used to determine the appropriate implemented type. For a
program requiring large integers we could define

typ. MY. INTEGER I. range .100 MOO .. 100~0OO;

5-4

~~~~~~~~~~~ 
—

~~~~~~~~~~~
--- -. — -- — —, -- , -- --- -~~~ —.-~~ 

- ..



This type would be Implemented with the machine type LONG_INTEGER on a typical 16-bit
minicomputer, but with ordinary integers (I... INTEGER) on a larger word length machine. If the
range cannot be determined at compilation time, then type INTEGER Is used.

The operations / and mod require explanation. There is no universal agreement on the semantics of
these operations for negative operand values. Of course, negative values are not commonly used.
Because different machines perform the corresponding operation differently, ~t Is tempting not to
define the operation for negative values. This is the approach taken in the axiomatic definition uf
Pascal. The semantics chosen in the Green language corresponds to division by truncation toward
zero (so (-3) 12 = -1) . This has the advantage that the usual identity

-(NB) (-Al/B = Ni-B)

also applies to Integer division.

The operations / and mod are related by

A = (NBIiB .s- (A mod B)

and the sign of the result of the mod operation Is the same as the sign of A. (Hence A mod 10 can
be negative). Also the absolute value of the result of the mod operation Is less than the absolute
value, of B (which implies that the operation is not defined for B = 0).

The exponentiation operator is only permitted with a positive exponent. Hence, X** (- 1) will fail at
compilation time as the exponent Is not positive. The operation Is defined as repeated multiplica-
tion of the left hand operand. The number of multiplications is one less than the exponent value
(i.e. X’. p2 = X ix ) .

Subtypes of integer types can be defined by use of range constraints. Variables of a subtype have
the operations of the type but each assignment must conform to the range constraint. One would
expect compliers to represent subtypes in the same way as types, but in special cases , the corn-
piler may be able to optimize the representation by utilizing the range constraint .

The absolute value operation is accomplished with the predefined function ABS. which is defined
for all numeric types.

5.3 The R..I Type.

The real types form two classes: floe :ing point types and fixed point types. Both are approximate
and are different forms of approximation to the real numbers of mathematics. With floating point
types, the error In representing a mathematical value is roughly proportional to its absolute value
over a large range. In contrast , the error with a fixed point value has an absolute bound, so that
small values have a correspondingly large relative error,

The accuracy constraint specifies bounds on the permitted error in the representation of values:
the precision for floating point end the delta for fixed point. The accuracy constraint is handled by
the compiler and In consequence there is no exception correspondIng to the RANGE_ERROR for a
range constraint. Delta is an absolute numeric value and hence should be specified as a fixed point
value, Precision is relative and for consistency should be a floating numeric value but there Is no
doubt that specification by the number of significant decimal digits is more natural. Note that
specification of delta in terms of decimal digits is too coarse for a binary machine, and in any case
would be unnatural as delta Is an absolute value.
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The predefinad operations provided tar floating and fixed types differ in detail in order to refleci
correctly the handling of error bounds within a computation. The accuracy constraints determine
parameters to a semantic model for the real types which is used to bound errors on the predefined
operations.

There are five predefined attributes which apply to both classes of real types. R FIRST and R’LAST
are values of type R which bound all the values of A . The Integer value R’BITS gives the number of
binary places for the mantissa (floating point) or magnitude (fixed point) in the abstract representa-
tion (see 5.3.3 also). R’SMALL and R LARGE are values of the universal float or universal fixed
type which are respectively the smallest positive non-zero value and the largest positive value in
the abstract representation.

5.3.1 Floating Point Type.

Operations on the floating types are defined at the level of FLOAT and LONG_ FLOAT etc . These
operations are

Operator Meaning Result Type

+ - addition and subtraction operand type
+ - identity and negation operand type
• multiplication operand type
/ division operand type

exponentiation type of left operand
~right operand any
integer type)

relational operators usual semantics BOOLEAN

The operators = and 1= could have been excluded because their semantics is of d oubtful validity.
since the representation is approximate. Given a precision of 6 digits, then equality could either
mean equality of representation (which would typically be of higher precision) or equality only to 6
digits.

The decision has been to allow equality since it is defined for all other types. The user must be
aware that the implemented precision is used and that in Jnsequence code may be non-portable.
(The situation is no better with languages other than Green). The semantic model of Brown (see
below) handles this.

The types FLOAT and LONG_ FLOAT have an implementation defined precision. Derived types can
be defined by constraining the range and reducing the precision requirement. The compiler must
check (as with other constraints) that these constraints are legitimate. Hence , In practice, at the
machir level there will be only one or two implemented precisions. The type declarations may
specify the required precision and the predefined machine type nan~e (or other defined floatIng
type).

A user may also define floating point types directly In terms of their precision and range , and this is
preferable for portability. in this case the types are mapped on the nearest applicable machine
implemented precision. As an example consider the type declarations
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type MY_SHORT_ FLOAT ~ digits B range MIN MAX .
type MY_FLOAT is digits B rang. MIN MAX
type MV LONG_ FLOAT I. dIgit. 10 range MIN MAX;

On a machine Ml tot which the implemented precisum provides 7 digits for FLOAt and 14 for
LONG_ FLOAT these declarations have the same effect as

type MV _SHORT ...FLOA1T Is new FLOAT digit. 6 rang. MIN MAX
type MV ..FLOAT is new LONG FLOAT dighe 8 range MIN MAX
type MV _ LONG_ FLOAT I. new LONG FLOAT digits 10 range MIN MAX:

On a machine M2 •or which the implemented precisions provide 8 digits for FLOAT ~rnd 16 f o r
long_.float . these declarations have the same effect as

type MY_SHORLFLOAT Is new FLOAT dIgits 6 rang. MIN MAX
type MY_FLOAT I. new FLOAT digits 8 rang. MIN MAX
type MV _LONG_ FLOAT Is new LONG FLOA1 digits 10 rang. MIN MAX .

If the range constraint is omitted in the type declaration, then the range is inherited from the
implemented type. The mathematical library Is of course defined in terms of the types F LOAT ,
LONG_ FLOAT. etc., and is hence Inherited by the user defined types. if the user wr ites SORT(X)
where X Is of type MY_ FLOAT , then on machine Ml the SORT function defined for LONG FLOAT
will be used whereas on machine M2 it will be the SORT function defined tor FLOAT . Of course
th~ user may always write a special SORT function say for type MY. REAL, which may compute a
resuet with exactly 8 digIts of precision rather than 14 on machine Ml and S on machine M2

To summarize, the language provides a direct and simple mechanism tot achieving efficient use of
the available precisions predetined by a given implementation.

The exponendation operation for floating point operands is defined by repeated multiplication in
the same way as with Integers. For a negative exponent . the value is the reciprocal of the v~Iue
with the positive exponent. The exponent can be of any integer type.

The predefined attribute R’DIGITS Is the value lot type INTEGERI which appe&irs as the ~L’~’urac~
constraint giving the precision of the typ~ or subtype A.

Example:

Consider the following function, a typical library routine using FLOAT and LONG .FLOAT directly.

lunodon DOT_PRODUCT IX .Y: FLOAT _VECTOR ) return FLOAT Ii
SUM: LONG_ FLOAT :

assert (X FIRST .— Y’FIAST ) :
assert (X’LAST . V LAST);
lot I In X FIRST .. X’LAST loop

SUM :- ~- SUM + LONG_FLOATIX(l))sLONG... FLOATWIII );
end loop:
return FLOAT(SUM):

end DOT_PRODUCT :

If the machine has an instruction which forms the double length product from two single length
operands, It is fairly simple for a peephole optimizer to use this instruction in the inner loop irath,’,
than expand each operand and multiply).
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If an application requires floating point computation with multiple precisions , then two means can
be used to achieve this: the use of subtypes , and the use of types.

Use oi’ Subtypes

To use subtypes a type must be declared w ith the largest required precision , for example

type MV .REAL is digits 20:

Then variables or subtypes can be declared:

X . MV ...AEAL : - . digits 20:
V : MY REAL digIts 15:
subtype SHOAT REAL Is MY . AEAL dIgits 10:
21 . Z2, Z3 SI~IORT _ REAL

The operations on MY .REAL are defined for all variables of the type (X , V . ZI , Z2, Z3). Hence it is
not possible to provide an overloaded SORT function just for SHORT _ REAL. Similarty, the error
analysis is dependent on the operators for the type MY_REAL.

An optimizing compiler may be able to use single length data representation for each variable , but
this depends upon the variables being invisible to other compilatIon units and on the ability of the
compiler to establish that the semantics will be preserved If an implementation uses call by
reference for In out parameters , then arrays of SHORT_ REAL wilt have to be handied in the
representation of MY_ REAL (to avoid the alternative of excessive copying).

Note that the declaration of V is also an implicit assertion that the precision of MY_REAL is at least
15 digits. This cou ld be useful for defensive programming in large systems. For ex ample, if in a
later revision of the program the precision of the type MV _ REAL is reduced by more than 5, then
an error message will be reported upon recompilation of the declaration of V.

Use ol Types

To use types , each distinct class of numbers would have a different type , with a precision
appropriate to the task being performed. Security is better than with the use of subtypes, but all
conversions must be explicit. On the other hand, inserting the conversion to another target com-
puter is simple and efficient . This is because each type is mapped separately using only as much
precision as necessary . Of course , the efficiency is also high for the initial application computer as
well , since even a non-optimizing compiler w ill map each type onto the appropriate hardware t\ pe.

Both cases above assume that the programs have been written well using named types or s ,b-
types. Direct use of FLOAT and LONG FLOAT is absent , so that no assumption has been made on
the precisions of these types.
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5.3.2 Fls d Poktt Types

The definition of the fixed point types is more difficult for several reasons. hrst . the epresentation
cannot be determined until both the range and delta are known. These two parameters determine
the width required in bits and the position of the decimal point. A user could give a representation
ap.’~Ification gIvIng only the number of bits needed. Having determined these , the representation
is fixed and the operations can be defined. The second problem is that the type resulting from mul-
ti~lica1ion end division is universal fixed. Since no operations are available on universal types, an
expression must be qualified with the required type (or subtype)

In a fixed point type declaration, the value following delta and the two range values (which must
be provided) are of any fixed point type but must have a value determined at compilation time. In a
subtype declaration, the delta value must be larger than that of the type, and the range constraint
values must be within the values of the type.

Consider the type

type F Is defta 0.01 range -100.0 .. 100.0:

We assume the target machine to be a 16-bit minicomputer using two ’ s-compleme ’~t arithmetic.
The implemented range would be the next power of two (-128 .. 127) or 7 bits above the decimal
point. Simllarty 7 bits are required below the decimal point. Hence 15 bits are required (sign . 7
above decimal point, 7 below decimal point), leaving one spare bit at the bottom of the word to
provide a (fortuitous) guard bit.

Given two fixed point types F and G then we have the following operations:

Operator Meaning Operand Types Result Type
Left Right

• - identity and F F
negation

+ - addition and F F F
subtraction

— integer F any integer F
multiplication type

* integer any integer F F
multiplication type

* fixed F G universal fixed
multiplication

/ fixed F G universal Irned
di4lsion

/ fixed division F any integer F
by integer type

relational usual F F BOOLEAN
operators semantics
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The semantics of these operations in terms of the permitted rounding error requires care. The basic
source of error is the representation of constants ~nd intermediate results . If EPSILON is half the
delta of F (that is. EPSILON F DELTA2 ) then a constant C Is represented by a machine value Cl
such that

C - EPSILON .. Cl C • EPSILON

The operations above that yield a result type universal fixed obey a similar inequality :

X V F .

X .Y EPSILON ~. F(X .Y) X .Y  • EPSILON
XJV - EPSILON ~~~~~ F(X.’V) ‘.. XIY * EPSILON

where the upper and lower limits are calculated mathematically. A value C is represent able
without error if Cl C. Computations with such values are exact , except for division and fixed
point multiplication. This can easily he set’rl by thinking in terms of a decimal calculator - no extra
di gits are needed Note that integer multipI~cation is essentially repeated addition, it can overflow
but cannot lose accuracy. Note also that integer multiplication by a floating point value is not per-
mitted. since this is not equivalent to repeated eddition. Hence the integer operand must be
explicitly floated. ’ The user could define this operation if required.

The operations of fixed multiplication and division are essentially in two parts. First , the accurate
product is formed (that is, a result of the type unive,sal fix•d is obtained). Second, the result must
be qualified before being assigned to any variable or being used in further computation. This
qualification may imply a loss of accuracy due to the representation in the destination type. The
operation of fixed division by an integer operates in an analogous way and is merely provided to
avoid excessive explicit type conversions

The predefined attribute R DELTA for a fixed point type is a value of type universal fixed which is
that given in the accuracy constraint of the type or subtype A .

To understand the computational aspt’ .ts t is simplest to consider a decimal machine. Take a
word as being a sign and three digits ( SDDD) and consider the following declaration

type FRAC is delta 0.001 range -0.999 -. 0 999.

This typo requires all of the word with the representation S.DDD (i.e. the point next to the far left ~f
the word).

Consider also

type LARGE is delta 10.0 range 800 0 .. 800 C)

This would ordinarily be implemented as (SDDD .). with one :‘uard digit . Note that In many cases
bit patterns do not give valid values (as with subranges ot integers).

Finally, consider

type MEDIUM Is d.lta 0.2 rang. 9.0 .. 9.0:

This would have the representation ISD.DD) with more than one guard digit.
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We can illustrate the use of these types as follows

Fl , F2: FRAC;
11. 12: LARGE:
Mi , M2: MEDIUM;

• Fl := 0.3333; -- last digit 3 lost on conversion to FRAC
-- Now IF1 - 0.3333~ Ft DELTA

Fl := Fl + 0.1: -- 0.1 needs no qualification as the left operand
-- specifies the type (FRAC) of 0.1

Fl := 2.F1; -- Now Fl = 0.866

Fl :~ Fi /2: -- equivalent to Fl := FRAC(Fl/2 .0). i.e.
-- integer division avoids qualification

Fl := FRAC(2.3*F1); -- the constant is represented with as much significance
-- as the other operand. The machine evaluates
-- 2.30.0.433 = 0.99590 (six digit answer) and then
-- rounds the result to 0.996. which Is stored in F 1.
-- Note that roun~ing is needed (no guard bit).

Li := 700.0; -- the .0 is necessary . This emphasizes approximation

Li := LARGE(F1.Ll ); -- calculates 700.0.0.996 = 697.20, rounds to 697.0

Li := LARGE(F1.Li) + Li; -- qualification is necessary , and serves
-- to emphasize rounding before addition

12 := LARGE(F1*L1) + 100.0; -- qualification is necessary

if Li > Fl then -- not permitted, must be of same type

If Li > LARGE(L2sF1) then -- permitted, explicit conversion

— 

Fixed point operators = and 1= are permitted for the same reason as for floating point.

The user can perform accurate computation with fixed point by ensuring that only exactly
representable values are used. In fact , the only source of error is the implied rounding of constants
and conversion (which are necessary for multiplication and division). Note that a major source of
error in the above may be the representational error of the values rather than in calculating their
product.

Example:

A frequent calculation in some numerical applications is the smoothing of an input sequence by
means of a running average:

OLD_VAL := 0.9.OLD_VAL + 0.1 *NEW_VAL ;

5 - 11  

— __________ - .---- - • -—
~~~~~~-



.
~~
. ... — ~~~~~~~~~~~ .w -~~-,,., r’ ‘. .  .t ~~~’~~~W - ‘~~~~~~~~~~~~~~~~ “ w— . ~~~~~~~~~~~~~~~

- - . . . - -.~• ,- - .~ - ~~~~~~~

To program this in Green . the right 1
~and side must have the type specified for at least one of the

products. An error analysis reveals that a small error in the constant 0.9 will cause a muc~i larger
error in OLD_VAL after successive iterations (a constant value of 10.0 as input converges to 9.09
if 0.9 is replaced by 0.89). To avoid this cumulative effect , one can write the following

OLD_VAL . NEW_VAL: F;

OLD_VAL : - OLD_VAL + F(0.l (NEW _VAL - OLD _VAL )) :

Example:

Consider the foflowing function for computing the average of en array of components as follows.

function AVERAGE (A: FIXED_ VECTOR ) return F is
NUM_ITEMS : constant INTEGER .= A’LENGTh;
type SUMF I. delta F DELTA range NUM_ITEMS*F’FIRST .. NUM_ ITEMS.F’LAST;
SUM: SUMF :- 0.0;

begin
for I in A’FIRST .. A’LAST loop

SUM := SUM + SUMF(A(I));
end loop:
return F(SUM/NUM_ITEMS):

end;

Here, the type SUMF has a greater range than F to accommodate the larger potential range of
values. The explicit conversion inside the loop does not lose accuracy, but the final division will
lose potential accuracy . If type F requires nearly a full word, then the type SUMF will be double
length. It is very difficult to write an algorithm to obtain the average which avoids double length.
Since the size of the array is involved in the type SUMF . this size must be known at compilation
time.

5.3.3 A S.mantic Model for Approximate Computation

Programming languages do not conventionally define the semantics of floating point arithmetic.
However, in this language, with declarations controlling the accuracy of data types, it is highly
desirable to do so. Recent work by W. S. Brown [Br 78] makes it possible to describe a model
which is both clean in structure and realistic (i.e. it describes the actual behavior of floating point
units) . In this section, a brief overview is given of the model as needed by the language.

For each type, an abstract representation is defined. Take the declaration:

type F I, digits 6;
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This corresponds to 20 binary digits (i.e. F BITS = 20). and so the abstract representation is of the
form of zero or of the form of a sign , twenty binary digits, and an integer exponent. For non-zero
values, the most significant binary digit is 1. Such values can be given in a slightly extended form
of based numbers, for instance :

2 = 2*.1e2
100 = 2*.11001e7
0.25 = 2*.le-l

If the smallest value of the exponent is -99 then

F SMALL = 2ii~.le-99

If the largest value of the exponent is 99, then

F’LARGE = 2#.lllil_ lllli_ i l l i l_ 1111le99.

We do not assume that numbers are represented in this fashion, merely that numbers having the
numeric values given above are representable in the machine. Brown now develops axioms for the
representable numbers and the behavior of a machine number bounded by an interval whose
points are representable numbers. These axioms allow the use of higher precision than specified in
the declaration, which is essential in Green, since the implemented precision will typically be larger
than the declared precision.

For fixed point types, a similar representation is chosen without an exponent. Axioms (not treated
by Brown) can now be given which reflect the exact nature of some operations and the approx-
imate nature of others. In addition, because of the obvious correspondence between the abstract
representations of all approximate types, conversions can be defined.

These conversions, and some use of subtypes can result in weaker error bounds than those of the
type. Consider:

type F Is dIgits 6;
X : F;
V : F digIts 5;

The statement V := X; allows an implementation to “lose” the three least significant binary digits
on the assignment. Hence X := Y; will then mean that the last three bits of X are undefined (i.e. the
interval which bounds the value of X is larger than that given by the type).

Example:

Consider an example with a fixed point type since these were not handled by Brown. Take

type F Is delta 0.01 range -100.0 .. 100.0;

Then , as stated above, the representation uses the powers of 2: 64, 32 1/128 to cover the
required dynamic range.

To discuss the semantics, we again write model numbers in an obvious extension of based
numbers:

64 = 2~~i000000.0000OO0

I
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Then

F’FIRST -2*1100 100.0000000 . . 100.0
F’IAST 2*1100 100.0000000 ~- 100.0
F’BITS . 14

F SMALL 1/128 2 *0000000.000000 1 .0078125(., 01)
F LARGE . 265 + 127/128 . 2# l l l 1 i 1 l. l l l l i l l  255 .9921875
-. F DELTA is not a model number
- -  F FIRST and F’LAST are model numbers in this
--  example but this need not always be the case.

Now consider the representation of 2.1 . as in the declaration :

Fl :  F :-~ 2.1:

The value is bounded by the two model numbers

2 12/128 .= 2*0000010.0001100 = 2.09375
2 + 13/128 = 2#0000010.000llol =. 2.1015625

and hence these two values give bounds for Fl. On a 20-bit machine, F 1 is likely to be represented
by the machine value (using the same notation) of

2.10009765625 8602/4096 = 2*0000010.0001 1001 1010

The error analysis of ordinary computation proceeds similarly. Take:

Fl := Fl + 2.0:

Here 2.0 is a model number (and hence is represented exactly). So as a resu(t , the bounds for Ft
are now 4.09375 .. 4.101 5625. If the operands are not model numbers, then the corresponding
bounds are used.

The log ic with fixed point multiplication and division is slightly different . Take

Fl F(2.1 • Fl);

Here 2.1 is of universal, fixed type, and the context requires that it be represented to the same
number of bits as Fl.

Hence 2.1 is represented as 2*10.000110011010 or possibly with further bits . But Fl is less
accurately represented because of the zero bits at the top of the word. The multiplication provides
an accurate product bounded (because of Fl) by 2.1*4 .09375 .. 2.1*4.1015625. The qualifica-
tion means that the accuracy of the result is bounded by F’DELTA (or better , F’SMALL). In this
case, the bound derived from Fl is large and in consequence the new bound on Fl is about
2.1*F’DELTA. On the other hand, if both of the operands had very tight bounds (or if 2.1 were
replaced by anything less than 1 in magnitude) so that the product was bounded by a value less
than F’DELTA, then the bound on Fl after the assignment would be F’DELTA.
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54 Implementat ion Cons ideration.

Fixed point type s can be represented on most machines with one or two machine wo rds.Implementations should not support fixed point types in excess of this length if credible perfor-
mance is required (and cannot be provided). Such an implementation would be us efficient in time
and space as conventional assembler coding (assuming a good register allocation algorithm). Aswith subranges of integers, tight packing is possible , and could result in a major advantage over
floating point.

Good performance depends largely upon the proper specification of the range and delta. For
machines with limited arithmetic shifts a range which excludes negative values would allow the
use of logical shifts for scale conversion. All type conversions with fixed types could be
accomplished with simple arithmetic shifts and masking. All the operations are likewise straight
forward.

With real types there is a problem about the end points of the range with a range constraint.
Ordinarily, such values would be in the values permitted. However , a fixed point range 0.0.. 1 .0 on
~i two s complement machine would not usually want to include 1 .0. To avoid giving ranges as 0.0

0.999999999 . it seems best not to requIre that non-zero end values are within the specified
range.

A lazy implementation of numeric types that could be used by a diagnostic compiler is as follows,
Every value is stored in long floating point format together with a flag indicating if it is integer or
real. The long format must be sufficiently long to encompass the longest integer , fixed point and
floating point types supported by the implementation. Operations can now be applied to these
values, the flag being used to ensure that Integer results are correctly rounded to integers (if the
floating point hardware does not give integer results from integer va)ues~. This implementation
method is clearly inefficient , especially b r  fixed types which are often used as a method of
avoiding expensive floating point. However , It illustrates the concept of the abstract value and that
the operators have the same meaning for each type.

Although it is theoretically feasible , it is not prac~icaI to implement floating point types as fixed
rDint quantities. This is because of the potentially large dynamic range of floating point values ,
particularly near zero. However , a f loating point type whose values were constrained hetwet n 1 .0
and 2.0 could use fixed point. Such types seem unlikely in practice since even negation is not
defined.

With the real types, the language does not specify rounding or truncation , ‘:ince either choice will
be excessively expansive on some machines . However , the user can control its effect by increasing
the digits or the delta in the type declaration. Note that a small decrease in the delta could require
going from 1 word to 2 words, with consequential performance degradation. With multiplication
and divi sion, rounding may be required to preserve the relational inequalities, Exact conversion can
only occur between integer types (although many other conversions may not require any
rounding) . Note that conversions are effectively via universal types so that the specification only
Involves one type (not all pairs). No conversions are significantly more troublesome than are
integer to real , real to integer in (say) Algol 60.

Consider a function F_ SORT for taking the square root of an argument , .. he~e the argument and
the result are of type

type FRACTION I. delta D range 0.0 .. 1 0:
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Given the fixed point quantities

K . Y delta 16.0.0 range 0.0 . 16.0;

then one can take the square root ~y

Y := 4.0 • F .SQRTIFRACTIONIX 116.O));

However , the division by 16 is a shift that corresponds to the converse of the FRACTION type con-
version and hence produces no code (assuming reasonable peephole optimization). Ot course , the
programmer must be aware that this is the case on a binary machine.

The body o~ F_SORT (for argument range 0.5 to 1) could be:

function F_SORT (X: FRACTION) r turn FRACTION is
APPROX: FRACTION;

b.gin
APPROX 0.5;
wh ils ABS (APPROX - FRACTION(APPRO)VX)) > FRACTION’DELTA loop

APPROX : FRACTION(O.5 • (APPROX + IFRACT ION(APP ROXJX)));
.nd loop;
r turn AP PROX;

m d  F_ SQRT;

The machine dependence is largely restricted to the declaraticn of FRACTION , whose range
relative to the accuracy would reflect the word length of the machine. Note that if the declared
range is 0.0 .. 1.0, then th~ algorithm may give values equal to 1.0 for arguments near 1 .0. This
would cause overflow on a two’s complement machine. The check for negative arguments Is
implicit in the type definition.

In evaluating an expression at compilation time, the identification of the operators must be per-
formed. Then expressions involving only literals. other evaluated expressions and predefined
operators can be evaluated. The accuracy of real arithmetic may be different from that of the target
machine, although both are within that specified In ‘he type declarations.

5.5 Conclusions

The aim of the proposals is to provide the full range of numeric facilities within a secure system of
types. This has been achieved by a combination of two techniques. Firstly, use is made of the
ability in the language to define new types derived from an existing type from which the new types
inherit properties . Secondly, the definition of the accuracy constraints allows a derived type to
inherit properties from an existing type of greater accuracy.

The method of inheritance from a named type Pies been generahzed in Green so that the underlying
implemented type such as FL0A~ or LONG_ FLOAT need not be explicitly named. By this means,
portable and efficient implementation is ensured. Although several types might be derived from
FLOAT ~say), they are distinct, and as such increase security since no implicit conversion is permit-
ted. The formulation of the accuracy constraints is vital , since the constraint determines the
characteristics of both classes of real types.
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ IDue to recent research, it is possible to define an axiomatic system which gives the minimalproperties of approximate computation. These minimal accuracy properties could be exploited by adiagnostic or program analysIs system to ensure that the algorithm being used is appropriate. Theaxiomatic system is realistic In the sense that it can (and must) be applied to existing tloating pointimplementations,

The numeric types available to the programmer are derived from those defined in the implementa-tiori. This guarantees that the eff iency of the resulting code is directly related to that of theimplementation, which, in the case of floating point, could be hardware , firmware or software . Fix-ed point types are not predeflned In the standard environment , but acquire their properties ondeclaration. However , in terms of code generation these prope rties involve little more than that ofthe Integers and hence the performance should be high.

PortabilIty cannot be guaranteed by the language because it is not possible for a program to becompletely isolated from dependencies on the underlying hardware . However , such dependenciesare limited to the attributes of the predefined numeric types. and properties of the implemented
real types which cannot be derived from the axiomatic system (such as the radix of the floatingpoint system).

To conclude, the numeric types in Green provide facilities clearly needed by the envisaged applica-tions. A rigorous axiomatic system is proposed to handle approximate computation . Most impor-tantly, portability and efficiency are not sacrificed.

5-17

_ _ _ _ _  ~~~~~~~~~~~~~~~ _~~~~~~~~~ _ - . -~~~~~~~~



______ 
_, ~_._~- ~~~ L-,.L . . ~~~~~~~~~~~~~~~~~~~ ..,-~~. . 

-

6. Access Types

6.i Int oduction

The notion of access type encompasses the concept of objects that are dynamically created during
the execution of a program. In general, neither the number of such objects in existence at any
given time, nor the names of those objects, can be fixed in advance.

The inclusion of such a feature in a language raises what are traditionally some of the most difficult
issues in language design, and indeed in programming. Accordingly, the first section of this chapter
is devoted to an overview of the issues involved in the area. This will serve as background for an
exposition of the approach adopted in the Green language. In many places in this chapter we have
borrowed concepts and even wordings inspired by the Euclid report.

6.2 Overview of the Issues

The main problems usually encountered with access types fall into two categories:

C Conceptual aspects

I Reliability, efficiency, and implementation issues.

We first discuss these problems and then define the desirable goals for a formulation of access
types.

6.2.1 Conceptual Aspects

Variables of a program can be classified into two categories: static variables and dynamic
variables. :

Static variables are declared in a program arid are containers for values. Each static variable has a
name that is used to denote either the container or the value, depending on the context where the
name appears. The name of a static variable is introduced by its declaration, together with its type.
The variable exists during the entire lifetime of the program unit to which it is local. Such variables
are said to be static since their lifetime is determined by the static structure of the program.
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In contrast , dynamic variables are created dynamically without any relation to the stat ic program
structure, by the execution of so called a/locators , In general, the number of dynamically created
variables may be unpredictable and it will be impossible to introduce all the names of dynamic
variables by declarations. Hence the internal name or reference that is produced by the dynamic
allocation cannot be used explicitly to designate the newly allocated variable .

To treat this problem, one usually defines by declaration a number of indirect names that can be
used to access the internal names of dynamically allocated variables. These indirect names are
variables that may be used to access the internal names of different dynamic variables at succes
sive stages of execution. Hence, indirect names w~Il be ca lled access variables throughout the
remainder of this chapter. Access variables can also appear as components of dynamic variables.

Four important consequences follow from the fact that access variables contain internal names:

(1) Access variables may be used to describe relations that change over time .

(2) The same internal name may be contained in several access variables, with the consequence
‘hat they enable access to the same dynamic variable.

(3) Since access variables may contain different internal names at successive stages of the
prograrr execution, a given dynamic variable may become inaccessible. A dynamic variable
will remain accessible if its internal name is contained in a :tatically allocated access variable
or in an access variable that is a component of another accessible dynamic variable.

(4) Since an accuss variable does not contain any internal name until its first allocation or assign-
ment , there must be a special null value corresponding to no internal name (none in Slmula ,
nil in Algol 68 and Lisp, null in this language). This value is also required for describing partial
relations.

Sharing and the r”~ssibiIity of inaccessibility are thus two of the classical difficulties of access
types.

A third classical difficulty is the well-known problem of dereferencing . Consider the name of em
access variable; this name may stand for (or provide access to) several different things.

I The nam e of the (static) access variable

I The content of the access variable (that is . its value: an internal name)

I The content of the dynamic variable designated by this internal name.

Th. first two possibilities (name or content) also exist for static variables. Most languages (Bliss
being the exception) have the same notation in the two cases, end make a distinction by context .
The third possibility, however, oniy exists for access variables, end the solutions offered by
programming languages are very diverse .
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Two issues arise :

(1) For assignments. it must be clear whether the assignment refers to the access v~iriables (ac-
cess assignment), ot to the dynamic variables they designate lvalue assignment) . This distinc
tion Is essential and has been treated differently in most languages.

(2) For component selection, i.e., for denoting a component of a dynamically created record , there
is no possible ambiguity. Nevertheless some languages have chosen to make dereferencing
explicit even in this case .

The dIversity of the solutions adopted by several languages is a clear indication of the conceptual
difficulties involved. We illustrate this diversity with the following example , where X and V are
access variables and AGE is a component of the dynamic record variabl~ (For the Algol 68 for-
mulation, T is assumed to be the mode of the record values; the Simula example extends the pos-
sibilities offered for texts).

language acciás value component
assignment assignment selection

Simula X :- Y: X Y; X.AGE
Algol 68 X Y; T(X) Y: X .AGE
Pascal X := Y: X I  V t  X I .AGE
Green X Y; X.all r Y ell; X.AGE

A final conceptual difficulty in defining access types is the notion of constant access objects. Sup-
pose the name of an access object is declared to be constant . Several alternative interpretations
could be given to such a declaration.

(a) The access value (an internal name) is constant. This means that it always designates the
same dynamic object. The value of the latter , however , could va ry.

(b) The access value is itself variable , but it may only be used to read the components of a
desi gnated object .

(c i The access value is constant and it may only be used to read the components of the
designated object . Note however that we cannot infer that the dynamic object designated by
such a constant is itself constant if other variables designate the same dynamic object.

Some languages, including Mary )R 74) and us , have provided alternate syntaxes for MI three
forms of semantics . The third meaning however is the most useful and hence , for the sake of
simplicity, should be retained as the unique meaning of constancy. Note that with this semantics ,
an access constant only has a read permit for the components of the designated object . Hence an
access constant cannot be assigned to an access variable since a variable would have both a read
and a write permit and only the read permit can be obtained from the constant.
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0.2.2 RelIability. Ef’ lency, and Impiem.ntation Issues

When a dynamic variable becomes Inaccessible , the corresponding space may, at least theoretical-
ly, be recovered for other uses without any risk . This operation, classic ally called garbage collec-
tion, has been used in languages such as Lisp. Simula , and Algol 68. It Is however rather costly and
cannot be used effectively for real time systems, since it may occur unpredictably at critical times.

For this reason several languages in the system programming area (including Lis and Euclid) try to
achieve a better control on the storage management for dynamic variables. This means that such
languages offer the opportunity to define the workings of object allocation within the language
itself. Similarly they permit an explicit deallocation statement which can also be defined within the
language itself .

Clearly such operations cannot be written without violating strong typing. In addition , the
availability of explicit deallocation opens the possibility of dangling access values. since a program-
mer may deallocate a dynamic variable whose internal name is still contained by other access
variables.

Confronted with this dilemma between reliability and efficiency, a possible answer is to choose
.eli ability and to accept the possibility that access types might not be used in programs that are
time critical However , there are cases where access types should be used, precisely because the
application considered is time critical . We illustrate this point.

Assume that we need to search a circular list for an item with a particular content. A formulation
using an array might look as follows.

subtype INDEX is INTEGER range t ~OOO

type ITEM is
record

SUCC . PRED INDEX:
CONTENT : INTEGER:

end record:

TABLE : •rvey (INDEX’ FIRST ..  INDEX’LAST) ol ITEM:
HEAD, NEXT : INDEX:
SUM INTEGER;

The algorithm for adding the contents of the successors of HEAD may be wr itten as a while loop:

SUM :-~ O:
NEXT := TABLE(HEAD).SUCC;
while NEXT I— HEAD loop

SUM :~ SUM + TABLE(NEXT).CONTENT:
NEXT TABLE(NEXT),SUCC;

.nd loop;

Clearly, the above formulation attempts to use index values in order to express relations and does
not achieve this with the elegance end readability offered by access variables. The main point,
however , is that the index computation involved in accessing the array element TABLE(NEXT) at
each Iteration ma~ be a drawback , especially on minicomputers where multiplication is rather
slow.
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The alternate formulation with access variables ldeclarations omitted) is given below:

~UM :-. . 0;
NEXT :‘ -~ HEAD.SUCC;
while NEXT 1= HEAD loop

SUM SUM + NEXT.CONTENT:
NEXT NEXT.SUCC;

end loop:

This solution is more readable (it does not require mention of names such as TABLE that are irrele
vant to the logic of the algorithm), and also more efficient since no index calculation is involved.

In general. when access variables are used, address computations will be done once , at the time of
dynamic allocation. Thereafter access variables can only be assigned to other access variables or
used to access the dynamic variables . This however does not involve address computations. On
the contrary, when indices are used, address computations must be redone for every access.

0.2.3 Goals For a Formulation of Access Types

As shown by the previous example , one of the motivations for access variables is effic iency . As a
consequence we must be able to use them in time critical applications. In this case , however , we
must provide a form of access variables that does not result in garbage collection with the
associated costs and unpredictability. Naturally this does not exclude the possibility of more
elaborate storage management strategies in applications that are not time critical.

The needs of efficiency being thus satisfied, it remains that reliability should be 3 major goal in the
formulation of access types, especially in view of the conceptual difficulties they raise. A safe for-
mulation of access types should hence have several irri: ortant properties:

I There must be a null value for access variables. The null value cannot be dereferenced and any
attempt to do so should result in the exception ACCESS ..ERROR (on many computers this is
achievable without any runtime cost by selecting a protected address as the internal value of
null).

e Access variables should be typed (as in Pascal) so that access variables can only designate
dynamic variables of a single type.

• There should be a language defined operation (the allocator) that creates a dynamic object
and delivers its internal name, the access value. On the other hand, there should be no opera-
tion for explicit deallocation of a dynamic variable (to avoid dangling access values).

I There should be a clear distinction between access types and other types. In particular , there
should be no possibility for an access variable to denote a static variable (again , to avoid
dangling access values).

6-5

_ _ _  -.._ __ _



- . ,— ,-—-, . — .  -

6.3 Presentation of Access Types

The presentation of the properties of access types in the Green language will cover the follow ing
topics:

I How to declare access types

I The collection of dynamic variables implied by the declaration of an access type

• How to declare access variables and constants

I How to allocate a dynamic record variable

e Component and value assignments

• Recursive access types

I Procedures and functions with parameters belonging to an access type

I The control of storage management for a collection of dynamic variables

6.3.1 Declaration of Access Types and Sv!.styp.s

Access variables like other variables in the Green language are typed, and belong to a so-called
access type. The example below shows a declaration of an (ordinary) record type followed by the
declaration of an access type:

type PERSON_VALUE Is
record

AGE INTEGER range 0 .. 130
SEX (MALE. FEMALE);

and record:

type PERSON I. access PERSON_ VALUE;

In this example. PERSON_VALUE is declared as a (static) record type. Hence static variables of
this type can be declared as usual. The access type PERSON is declared in terms of the access
type definition accsu PERSON_VALUE. This means that access variables of type PERSON can
only refer to dynamically allocated record variables of type PERSON_VALUE.

It is of course possible to copy the value of a dynamically allocated PERSON_VALUE into a static
variable of this type and vice versa. Note, however that there is no way for an access variable of
type PERSON to designate a static variable of type PERSON_VALUE.

In pi~ict ice it is not necessary to name the type of the dynamic variables. Thus the previous
declaration can be achieved in a single step

type PERSON is access
record

AGE ; INTEGER range 0 .. 130
SE X : (MALE , FEMALE) :

end record;
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The type of the dynamic variables can be any type other than an access type itself. For examp le it
can be an array type, as In

typ. TEXT is access STRING;

It is possible to declare a subtype of an access type , where constraints can be imposed .~~~~

dynamically allocated objects in the subtype declaration. Thus the subtype LINE defined below
corresponds to dynamically allocated strings of 80 characters ;

subtype LINE I. TEXT (1 . 80);

Note that although it is possible to imagine an access type definition in a variable declaration , such
a declaration would be rather useless. In practice . access type definitions will always appear in
type declarations. Hence access types are always named.

6.3.2 Collection, of Dynamic Variables

Conceptually it is important to realize that each access type declaration implicitly defines a collec-
tion of potential dynamic variables. The actual collection will be built during program execution as
allocators are executed. Its lifetime cannot be longer than that of the program unit in which the
access type definition is provided.

Collections in the Green language are implicit and cannot be named (unlike those in early Pasc al,
Lis, and Euclid). The collections associated with different access types are always disjoint . i.e., two
access variables of different access types are guaranteed to contain the internal names of dynamic
records in different collections .

Finally, the coller~tIon associated with a given access type must be considered as part of the ~IobaI
environment that is accessible in the scope of the access type declaration.

6.3.3 Access Variables. Allocators, and Acces s Constants

Access variables are declared in the usual way and may be initialized in their declaration , for
instance with the value of other previously declared access variables or with the specia r value null
representing no internal name. For example , consider

YOU. HIM, HER : PERSON;
SOMEONE : PERSON :~ nut

An allocator creates a dynamic variable and assigns its internal name to an access variable ;

YOU :-- new PERSON(AGE =~ > 30, SEX = ‘~ FEMALE);

The allocator mentIons the access type name (or access subtype name) and contains an aggregate
defining the initial value of the components of the dynamically allocated variable.

The constraints applicable to a dynamically allocated object are established when the allocator is
evaluated and cannot be modified during the lifetime of the dynamic object. In the case of a
dynamic array, this means that the bounds of such an array cannot be modified. Consider

MESSAGE : TEXT : new TEXT ( I . 80 ‘~‘ “ I :
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It is possible to modify the character values of the string designated by MESSAGE , but the boundsof this string remain those that are fixed at allocation time , i.e. 1 and 80.

Similarly, for a record type with vanants, the discriminant values established at allocation timecannot be modified:

type BUFFER is access
record

LENGTH : constant INTEGER range 1 . .  1000:
POS INTEGER range 0 . 1000;
ALPHA array (1 .. LENGTH) of CHARACTER:

end record:

B : BUFFER ,
B :-  new BUFFER (LENGTH 

~~~
. 40, POS ~~ 0, ALPHA ~~ ~1..4Q. > “ s ” ))

The component LENGTH is a discriminant used to establish the upper bound of the array ALPHA.
Hence the value of LENGTH , once initialized by the allocator . cannot be changed thereafter (not
even by a global record assignment to the dynamic record variable) As a consequence, only the
size actually required by the dynamic object need be allocated. -.

Declarations of access constants are given in the usual way. The access value (an internal name)
contained by an access constant cannot be changed, and the constant name can only be used to
read the components of the designated dynamic object. Consider , for example , the constant
declarations:

YOU_ NOW : constant PERSON ;.: YOU:

DAY .,NAME constant array ( 1  . 7) of TEXT
(new TEXT(’MONDAr). n•w TEXT (~’TUESDAY”). new TEXT(~’WE0NESDAy ),
new TEXT(~’THURSDAy ) new TEXT(”FRIDAY”), new TEXT( SATURDAY”).
new TEXT(”SUNDAY”));

The constant YOU_NOW contains the internal name of the dynamic record designated by YOU at
the time of the initialization. It means that YOU_NOW will always contain this access value even if
YOU is updated at a later time, Using the constant YOU_NOW one can read but not modify the
components of the corresponding person. It does not necessarily mean however that these com-
ponents remain constant if variables such as YOU are used to modify the components.

The array DAY ..NAME is a Constant array, hence its components are constant access values. H
this case the internal names associated with each access constant are obtained from allocators.
Since an access constant cannot be assigned to an access variable , we can infer that the
characters of the strings denoted by DAY_NAME cannot be modified. Hence it would even be
legitimate for a translator to perform the corresponding allocations statically (at translation time).
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6.3.4 Component Selection, Indexed Component s and Value Assignmen ts

In the previous example, the content of YOU is the internal name of a dynamically allocated record
variaole. The usual syntax of component selection is used as if YOU were the record variable itself
(i.e. dereferencing is implicit for component selection):

YOU.AGE - -  a variable of type INTEGER

YOU.SEX ~- a variable of type (MALE . FEMALE)

Similarly, we can use the normal selection syntax to designate the entire (dynamic) record object.
Thus YOU.aII is an object of type PERSON _VALU E such that the following condition is true:

YOU.all (AGE => YOU.AGE , SEX => YOU.SEX );

This notation can also appear in an allocator . as in the assi gnment statement

HER := new PERSON(YOU.a ll );

Finally the same notation may be used for value assignments . Remember that if YOU and HER
contain internal names of dynamically allocated record variables , then after the assignment

YOU := HER;

the two access variables contain the same internal name . In contrast , the value assignment for
copying the value of the dynamic record designated by HER into the dynamic record designated
by YOU is written

VOU ch := HER.aN;

Such value assignments are always possible between dynamic record variables without variants .
With variants they are legal only if the discriminants of the variables are identical . This must be
checked (in many cases at execution time) .

Indexed components for arrays denoted by access types arr written exactl y as in the case of static
arrays (this means that dereferencing is also implicit for indexing). Thus we can write

MESSAGE(1) :=
MESSAGE(1 1 .. 16) ;= DAY_ NAME(1)( 1. .6);
MESSAGE(21 .. 2 7 )  := MORNING ;

Note finally that the notation X.al l, denoting the dynamic object designatu . oy X . can be used for
all dynamic objects , ~~ ‘ ‘her they are records , arrays , or scaI~irs.

6-9

-~~ ~~~~~—_ - -- -- _ _ _ _ _ _ _ _ _



. _ _ . J —, - _._--- ’~~
___

~~
___ .___ _

~ ~~~~~ ____ “W ~~~~~’ ’ ~~ ’~~ ” ~~~~~~~~~~~~~~~~~~~~~~~~~~ 
.,

~~— ~~ ‘ ‘ ‘ .~~

6.3.5 Recurs ive Access Types

As stated earlier , the components of a dynamic record can be of any type , including dynamic types.
This introduces the possibility of recur sive access types with components designating dynamic
records of the same collection. As an example , the access typn PERSON may be extended as fol
lows:

type PERSON Is access
record

AGE : INTEGER range 0 . 130:
SEX : (MALE , FEMALE);
SPOUSE PERSON;

.nd record

The variable HIM,SPOUSE can be assigned another PERSON variable:

HIM.SPOUSE ~ HER:

Furthermore . HIM.SPOUSE.AGE is an INTEGER variable , HIM,SPOUSE,SPOUSE is a variable oftype PERSON , and so forth.

This kind of recursion in access type declarations may involve more than one access type. In suchcases it is first necessary to provide an incomplete declaration of any access type whose name is
mentioned before the occurrence of its full declaration . This is shown by the following pair of
access types:

type CAR; incomplete prudeclaratioii uf CAR

ty pe PERSON Is access
record

NAME : SIRING;
AGL : INTEGER range 0 .. 130;
SEX (MALE . FEMALE);
SPOUSE : PERSON;
VEHICLE . CAR:

end record;

ty pe CAR Is access
record

NUMBER : INTEGER:
OWNER : PERSON:

end record;
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6.3.6 Access Objects is Paramete rs

Like other varIables, acces s variables can be used as parameters , and parameter modes have their
usual meaning. Moreover , one must bear in mind that an access constant can only be used to read
the components of the object designated by the contaIned internal name . This rule also applies to
In parameters. Hence if components of an access parameter must be updated, it must be declared
with the mode In out.

For functions, the parameters must as usual be in parameters. In addition the collection of objects
so far allocated must also be consIdered as a~ implicit In parameter of the function. Consequently.
it is not possible to modify a component of a dynamic record within the function. Similarly, it is not
possible to evaluate an allocator for this access type within the function.

This does not prevent assignments of local access variables and, more generally, operations on
access types local to the function. As an example consider the declarations for the lists of section
6.2.2.

type ITEM is access
record

SUCC. PRED ITEM;
CONTENT : INTEGER;

end record:

A function CARDINAL counting the elements In a given circular list can be written as follows;

function CARDINAL(HEAD: ITEM) return INTEGER is
-- The head Is not counted as a list element
-- For an empty fist HEAD.SUCC = HEAD.PRED HEAD

NEXT : ITEM :~ HEAD.SIJCC;
COUNT : INTEGER := 0;

begin
while NEXT / -: HEAD loop

NEXT :-  NEXT.SUCC;
COUNT := COUNT + 1;

end loop;
return COUNT;

end:

Note that assignment to the local access variable NEXT does not modify the collection of ele-
ments. Note also that the components of the dynamic records may be read, such as in NEXT .SUC-
C.

When allocators have to be executed , value returning procedures (or just procedures) must be
used.
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6.3.7 Stora g. Management for Access Types

Unless specified otherwise , the co$)ect,on of dynamic objects .lssociated with an access type will
be allocated in a global heap (and may be garbage collected in some implementations). For t imecritical applications, however , It is poss ible to specify an upper bound for the space needed for agiven collection. The corresponding space can then be reserved globally when the access typedefinit on is elaborated . Subsequently, when leaving the program unit enclosing the access typedefinit ion, the space corresponding to the collection may be recovered since the contained objectsare no longer accessible. Such an upper bound is indicated by a length specification:

MAX~.NUM constant INTEGER S . 1000:

for PERSON us MA)( NUM.PERSON’SIzE

The expression provided after the reserved word use is the size in bits of the storage area to bereserved for the collect ion of persons. Naturally if we have an est”nate of the maximum number ofpersons (MAX NUM) to be allocated , the express ion sP~ould be formulated with the attribute PER-
SON’SIZE.

A collection f~ r which such a length specification has beer. given behaves as a (static) array in sofar as storage allocation is concerned. The objects are allocated within this static storage area by
allocators , and remain allocated until the collection disappears when leaving the program unit
where the access type definition appears. The exception STORAGE_OVERFLOW is raised whenthe space reserved is exhausted.

Such collections may be allocated either on the stack or on the heap. They have several advan-
tages. In terms of storage management they have a cost comparable to that of arrays. In additionthey offer both the notational advantages and the addressing efficiency of access variables.
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7. Subprograms

Subprograms can be functions or procedures. The form of these program units is quite traditional ,
following from Algol 60. Nevertheless the design of a subprogram facility raises difficult issues in
terms of the organization of the program text , the definition of the parameter mechanism , the
nature of functions, and overloading. These issues are discussed in separate subsections.

7.1 Subprogram Declarations and Subprogram Bodies

The textual representation of subprogram bodies Is largely classical as shown in the example
below;

procedure PUSH(E S in ELEMENT_TYPE: S : in out STACK) Is
b.gIn

If S.INDEX = S.SIZE thsn
raise STACK_OVERFLOW;

eloe
S.INDEX :~ S.INDEX * 1;
S.SPACE(S.INDEX) E:

sod if:
end PUSH;

However , the Green language allows the subprogram declaration to be separated from the sub-
program body. As an example , the subprogram dectaration

procedure PUSH(E S in ELEMENT_TYPE: S : In out STACK);

may appear grouped with other subprogram variable, constant , and type declarations in a given
declarative part , whereas its body may appear later in the list of bodies of the declarative part.

The main reason for permitting such separation uS eadability. If the body and the specification
appear together (as in Algol 60), the potentially large body is mixed with the smaller interface
specif ication. The specification may be hard for the reader to find, especially when ex amining a
program with a large number of subprograms spread over several pages of text. In addition, an
isolated variable declaration between two large subprograms is a well-known source of error in
Algol 60 (the neglected variable may hide an outer variable that is in consequence never updated).
These inconveniences are avoided in the Green language. In a declarative part the followin g ele-
ments, if present , appear in this order;
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~ use clause

• list of declarat ions

C list of representation specifications

• list of bodies

The user has thus the option to regroup all subprogram declarations within a small space of text .thereby providing an immediate overview of all subprograms that are local to a given scope. Inaddition, the above syntax forbids the declaration of a variable between two subprogram bodies,since the bodies appear last.

The split of the subprogram declaration from its body is a convenience for large subprograms, butit is a necessity for subprograms declared in the visible part of a package , and for subprograms thatare mutually recursive. Requiring a split in all cases , including small subprograms, would howeveradd verbosity without compensating advantages. In the Green language the decision to split istherefore left to the programmer , except in the cases just mentioned where it is necessary .
Although this important textual issue is left to the programmer , no semantic problems are involvedsince the informati on provided by the subprogram declaration is repeated in full in the subprogrambody.

‘7.2 Parameter Modes

Three parameter modes, in, out, arid in out are provided in the Green language. These modes aredefined in terms of their abstract behavior (i.e. without referring to their implementation) as fol-lows:

in Within the subprogram , the parameter acts as a local constant whose valueis provided by the corresponding actual parameter.

out Within the subprogram, the parameter acts as a local variable; its valueis assigned to the corresponding actual parameter as a result of theexecution of the subprogram.

in out Within the subprc~ ram , the parameter acts as a local variable , and permitsaccess and assignment to the corresponding actual parameter.
For each parameter mode, the implementation may choose to provide access to the correspondinqactual parameter either (a) throughout the call (i.e. by reference) c r (bi by copying it before or afterthe call, or both, as appropriate: before the call f,r In parameters , upon return for out parameters ,both for in out parameters.

This translator choice may be influenced by the size of the objects considered. For large objects animplementation by reference is often more efficient. On the other hand, for objects that are smallerthan the machine ’s addressable storage units, copying will usually be more efficient.
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The problem of access to small objects is indeed severe and may be illustrated by the problem ofthe access to parameters which are boolean components of records. Although such componentshave the same type (BOO LEAN) there is no guarantee that they will always be found in the samebit position within a record.

The two known alternatives to copying in the case of in out parameters are equally unacce~ tat)le
• One might associate an implicit subprogram (a (hunk) with each actual boolean parameterThis is both complex and inefficient.

• One might, as in Pascal. forbid components of pac ked records as actual parameters for in outformal parameters, and adopt otherwise a standard representation for ill small objects , forexample each boolean component on an addressable storage unit . The problem with this solu-tion is that for all practical purposes it would force programmers to use representationspecifications in too many cases; the translator ’s choice being too often unacceptable excepton machines with small addressable units. In addition, the program validity would depend onwhether or not a representation specification were given.

In normal situations the semantics of a program will not be affected by the fact that parameterpassing is implemented by reference or by copying. The abnormal situations are:
(a) Shared variables:

Consider the subprogram

procedure P(X S In T):

and assume that the implementation has chosen to implement parameter passing byreference, Then a call P(S) where S is a shared variable must be compiled with some precaution. The code of the procedure P relies on the fact that X is constant and this might not be thecase for a shared variable such as S. The solution in this case is to create a local copy of S onthe calling side:

local_copy := S:
P(loca I_copy);

(b) Exceptions

If a subprogram execution is abnormally terminated, by an exception , then out and in outparameters may have been updated if implemented by reference , and will be unchanged ifimplemented by copying.

It would certainly be possible to complicate the runtime exception executor so that copyingback of current values is achieved in case of termination by an exception , but it is not worththe price. Consider for example:
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procedure P(X out INTEGER) Is

- —  I i )

x
- - (2)

end;

PR));

If P is abnormally terminated by an exception , the only information that the caller has is the
nature of the exception. He does not usually know whether it occurred during (1) or (2) or
even during the result assignment. So the uncertainty introduced by not knowing the
implementation is of the same order as the uncertainty that already exists about the exact
point of the exception. In addition, when a user writ es P(U) where U is an out parameter , he
expects the value of U to be changed. So it does not matter much if this value is changed dur-
ing the call or only at the end. If the user wants to reuse the previous value of U in the case
that P is terminated by an exception , the only logical way to do so is to assign its value to
another variable before the call.

(c) Aliasing

If illegal alias ing is used then the result s may differ for reference implementations and copy
implementations. For example consider

procedure P(X S ~fl out INTEGER) is
beijin

X := X + 1;

ISince A is accessed within the body of P, a call such as RCA) would be illegal since there
would be two possible access paths to A (directly or through the parameter X). Assuming A =
2 before a call P(A), the value of A upon return would be 5 for an implementation by copying
and 6 for an implementation by reference.

These are the only possible cases where reference and copy implementations might differ. The
problem with shared variables can be solved by creating local copies. For exceptions nothing need
be done since the uncertainty introduced is of the same order as the usual uncertainty about the
localization of the exception. Some cases of aliasing will be detected by the compilers but some
more complex cases must remain undetected. In any case aliasing is a programming error. Any
program containing such an error may deliver different results (but erroneous ones in any case) on
different machines.

During this design we considered (and rejected) several alternative views to this abstract formula-
tion of the parameter passing modes. For example an implementation oriented formulation of
modes could be defined in terms of the mechanisms involved, i.e. copying or reference. However , if
the same capabilities are to be offered it leads to more modes (constant by copying, constant by
reference , variable by copying before and after , variable by reference , result by copying, result by
reference). Although only a subset of them might be provided, it is critical for reliability and
efficiency to be able to pass an array by reference and nevertheless deny the right to modify its ele-
ments. Apart from its complexity, such a formulation would force the programmer to think ji
terms of (and be aware of) the representation of objects , and would therefore compromis por-
tability.
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We consider the formulation of the parameter passing modes In. out, end In out in terms of their
abstract behavior to be much simpler and preferable. Programs that rely on some assumption ,~~~~~~

.

cerning the implementation of parameter passing modes are erroneous.

7.3 Parameter Passing Conv•ntions

Two parameter conventions need to be considered. The usual positional notation is almost univer-
sal. However, with more than three or four parameters it is hard to follow the text , and not even
the parameter mode is apparent. Following several authors (Fr 77 , Har 76, IRHC 74( and common
usage in many control languages, the Green language also permits an alternative form of
parameter passing in which the associations are specified on a name basis. Placing the formal
parameter on the left and the corresponding actual parameter on the right of a parameter associa-
tion it is possible to provide more readable procedure calls. These provide knowledge of the
parameter modes, and hence of the possible side effects on an actual parameter , such as on MV_-
FILE below:

CREATE(FILE :- ~: MV...FILE , NAME : . fina ltext.Feb.15”) ;

Where long parameter lists are common and have default values, such as in the job control area.
this form of named parameter associations provides especially high readabil ity. It may be used in
conjunction with the default value facility available for an in parameter if no explicit value is
provided within the call.

As an example, a simulation package may declare the procedure ACTIVATE as follows:

procedure ACTIVATE( PROCESS : In PROCESS _ NAME;
AFTER S In PROCESS_ NAM E :: NO_ PROCESS;
WAIT : in TIME ;- ~ 0.0;
PRIOR : In BOOLEAN :~

- FALSE);

As shown in ‘his declaration, the parameter PROCESS must be provided in all calls (because no
default value is given). On the other hand the parameters AFTE R, WAI T ana PRIOR may be omit-
ted. Thus the two foIIow~ng calls of ACTIVATE are equivalent:

ACTIVATE(PROCESS ‘ X . AFTER :~ - NO.PROCESS, WAIT : 0.0 PRIOR FALSE):
ACT~VATE(PROCE55 : - Xl:

Clearly in many contexts the order of parameters is either highl~ conventional (such as for coor-
dinate systems) or immaterial (such as in MAX(XY)). Hence the Green language admits both con-
ventions. The classical positional convention may be used whenever the programmer feels that
named parameters would add verbosity without any gain in readability.

The two conventions may also be used concurrently, with positional parameters appearing first ,
that is, once naming is used the rest of the call must use naming. This allows the default value
mechanism to be used eve~i when a positional notation is desirable , as in the following graph plot-
ting and simulation examples:

MOVLPEN(X1, VI . LINE := THICK);
MOVE _ PEN(X2 . Y2, PEN :-

~ UP);

ACT IVA’rE(X);
ACTIVATE(X . AFTER : VI :
ACT IVATE (X . WAIT 50.O.SECONDS . PRIOR TRUE )
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As shown in this last example . the naming conventions may be used in conjunction with the
th’~ault parameters to provide a high degr e of expressivity and readability that could only be
ach eved at the expense of a predefined syntax for the activate primitive in Simula IDNM 691.

7.4 Function Subprograms

The purpose of a function is to calculate a value. This is the conventional mathematical meaning of
a function. Small functions to access complex data structures are an essential feature of modern
software. Such functions can not only hide irrelevant parts of the data structure but can provide a
cleaner interface to the outside world.

Although the mathematical origin of the function concept is clear , its incorporation into a program-
ming language can lead to several different solutions depending on the operations that are allowed
on variables. Different levels of restrictions can be considered leading to different concepts of func-
tions:

( 1)  Reading global variables is not allowed.

(2) Reading global variables is allowed but updating them is not.

(3) Updating global variables is allowed provided that the subprogram is not called at points
where these variables are visible.

(4) Updating global variables is allowed without restrictions.

The first level corresponds to the mathematical notion of function: there are no implicit parameters
in the form of global variables. Consequently two function calls with the same arguments always
deliver the same result. However . the class of cases in which such functions . an be used is rather
limited and does not justify its identification as a feature of a programming language

The second level is more common, and it also has interesting mathematical properties that can be
used for code optimization. For example , if F and G are two such functions delivering results of a
given type (assuming to be commutative):

F ~ F is equal to 2 ‘* F
F G is equal to G * F

Functions of this form are provided in the Green language. They are indicated by the reserved word
function in their declaration. For example:

function CARDINAL(HEAD S E L E M E N T )  return I N T E G E R;

Such functions must not have side effects. This requires:
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( a) no update of global variables.

(b) only parameters with in mode .

(ci no call to procedures which update globals, directly or indirectly.

(d) no updating of components of access variables.

Ce) no allocation statement within a function body.

These checks can be performed by the translator. For procedures it requires checking that the cal-
led procedures have the same no-side-effect property in a transitive manner. The main difficulty is
for separately compiled procedures.

This form of functions may not perform input-output since this is a side-effect. One may object that
this prevents instrumentation and debugging of such functions. A pragmatic attitude must be
taken here. It is to be expected that the environment of tools developed around this language will
provide facilities for instrumentation and for tracing values. Such facilities can be specified as
pragmas recognized by the translator and hence their actions will not be considered as side
effect s.

The third level is illustrated by subprograms such as random number generators or metno func-
tions, which modify their environment. This is provided in the Green language by value returning
procedures, i.e. by procedures whose specifications include a result:

procedure DRAWICHANCES : REAL range 0.0 .. 1.0) return 800LEAN:

Such procedures may be called within expressions and obviously do not have the aforementioned
properties of functions. For example:

DRAW(0.5) or DRAW(0.5)

is not necessarily equal to DRAW(0.5). Calls to value returning procedures within an expression
are evaluated in the order in which they appear. Such calls are not allowed in expressions defining
the constituents of types or of constraints.

The fourth level, with arbitrary side-effects, would undermine the advantages of the functional
approach to software. In addition it would complicate the semantics of all language constructs
where expressions involving such calls may occur. Hence this form of functions is not provided.

7.5 Ov.ilo.ding

At any point in a program, several subprograms declared with the same identifier or operator sym-
bol ma~ be visible, without hiding each other as would be the case for variables with the same
identifier. Such subprograms (and their identifier or operator symbol) are said to be overloaded.
Overloading of subprograms with the same designator (the identifier or operator) is possible if the
subprogram specifications are different in other respects. For identical specifications the usual
rules of redectaration apply: redeclaration in a nested unit hides the outer declaration: redeclara-
tion is not allowed within the same declarative part.

Overloading is also possible for literals. An enumeration literal may denote values of different
enumeration types; a number may belong to several numeric types. For example , 1 .5 may denote a
value of a fixed point type or a value of a floating point type.
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There are sever al reasons for permitting these forms of overloading. Above all, the careful use of
overloading can be a valuable asset for readability since it offers an additional degree of freedom
for the choice of suggestive identifiers that convey the properties of the entities they denote.

Most programming languages already use the same symbol “
+
“ to denote addition for integer

values and for floating point values (although addition is not commutative for floating point types
because of the approximate nature of computations). Since addition has similar properties for
rational and for complex numbers, it is only natural to reuse the same operator when defining
these two types. Similarly, it is natural to use the same name for an output operation such as PUT,
whether it is used for an argument of type integer , real or character , or for a user defined type.

Extension or overloading of the meaning o~ an operator is in general quite valuable for user defined
types. Such types will normally be defined in packages together with their associated operations.
The writer s of these packages can certainly not foresee all possible uses. In particular they may not
(and should not) be aware of the fact that these packages are used in contexts where some opera-
tions appear as overloaded. The writers should be free in their choice of suggestive names but the
users should not be burdened by inconvenient choices over which they have no influence.
Overloading achieves this separation. Similar arguments apply for overloading of enumeration
literals.

Overloading of subprograms and overloading of enumeration literais are therefore allowed in the
Green language. On the other hand, overloading of names is not provided for other entities such as
variables , constants, types, etc. As we shall see , the identification of occurrences of overloaded
subprograms uses the contextual information provided by the types of variables and constants.
Uniqueness of type in the case of variables and constants is thus essential , to permit this iden-
tification. It is moreover not clear that much would be gained by allowing such additional forms of
overloading (the effect of an overloaded constant can be achieved by a parameterless function).
Overloading of type ncmes would lead to unsolvable ambiguities; for example , TCX) could either be
a qualified expre ssion or a function call.

The remainder of this section analyzes the identification process and redeclarations. We conclude
by comments on the good usage of overloading.

7.5.1 Identification of Overloaded Constructs

When an overloaded identifier appears at a given point of the text , the identifier itself does not
provide enough information to ident ify a unique meaning. In such cases contextual information
must be used to select the unique meaning, and the occurrence is ambiguous if this information is
not sufficient. This problem arises for the following language constructs:

• literals

• aggregates

• calls of parameterless functions

• calls of subprograms with parameters

• calls of subprograms defined in pack ages or tasks
and made visible via a use clause.

7-8 

____ ..



By contextual information we mean information derived from the context where these constructs
are used, such as the type of a variable to which a literal, an aggregate . or a function is assigned, or
the types of the actual parameters of a subprogram call. Whenever this information is not sufficient
the programmer must provide explicit qualification (for example by a qualified expression). The
extent to which this is required depends upon the particular rules adopted for overloading. We dis-
cuss these alternative rules using the following example:

function s ( X . V : COMPLEX) return COMPLEX;
function .1A : INTEGER: V : COMPLEX) return COMPLEX;
function “* ( V  : COMPLEX; A : INTEGER) return COMPLEX:

First consider the variable declarations

C. D : COMPL [X;
I, J S INTEGER;
M, N LONGJNTEGER:

Expressions including a ‘ 
.

“ operator such as

C * D
I s J
I i C

M * N
are unambiguous since the type of both operands is known and can be used to identify the cor-
responding operator specification. But now take the following cases:

(a) INTEGER(3*5);

(b) I := 3*5;

(C) C := l*3*D;

Cd) C := 3*5*0 ;

C e) C := 3* ( 1 ,5);

Several alternative overloading rules can be considered.

Rule 1:

The types of the parameters must be sufficient for the identification.

This rule requires a single bottom-up traversal (from leaves to root) of the trees associated with
expressions. It is the rule used in Algol 68. This rule permits the identification of “* “ in case (c) but
not in the other cases , because (o r  example) the type of 3 is not determined.

Rule 2;

The types, modes, and names of the parameters must be sufficient for the identification.

This rule would permit the additional identification of subprograms and aggregates with named
associations. For the above example, only case Cc) is identified.
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Rule 3:

The types, modes, and names of the parameters , together with the result type, must be suff icientfor the identification. Here the desired type derived from the context is first propagated down thetree associated with the expression, then the bottom-up traversal is performed.

As examples of this influence of context: the type of the variable on the left-hand side of an assign-ment is the desired type fnr the right-hand side: the type given in a qualified expression is itsdesired type , the type of a formal parameter of an identified subprogram is the desired type of thecorresponding actual parameter. This rule resolves cases (a). (b). (c). It does not resolve cases (dl or(el since none of the occurrences of - “ can be completely resolved.

In order to explain this we shall use the notation of qualified expressions and express the mu)-tuplication in functional form (MUL is used instead of “ v ” ) . We use ? to denote an undefinedqualification. To assist the eye , contents of widely separated parentheses have been dropped byone line. For example , case Ic) can be expressed as

C : (‘OMPLEX I;
MULl

INT EGE R( ).COMPLEX(D)
MULl

IMTEGERtI) INTEGERI3)

On the other hand, case icI I corresponds to

C COMPLEXi 
•

MULi
I .COM PLEX( DI

MUL(?(31 ?(5l1

Note that since the result type is also taken into account, parameterless functions may beoverloaded. For example , EMPTY can be defined for several user defined types. Similarly, functionsmay also be considered to be attributes of a type on the basis of their result type, not Only on thebasis of their para meter tyPes: a more intuitive rule.

Rule 4:

The types modes , and names of the parameters , together with the result type must be sufficientfor the identification, The contextue information propagated first top-down and ther. bottom-up inthe expression tree can consist of a set of alternative types.

For this rule, the set of alternative types for a parameter is propagated top-down. These alternativetypes correspond to the types given in all specifications that match the (set of) desired resulttype(s). During the subsequent bottom-up propagation it must be possible to identity all opera-tions. This rule resolves case (di. Consider for example the top-down propagation (we qualify anexpression by a set of types , or by the type itself if it is unambiguous). This gives:
C ;‘r- COMPLEXI

MUL( I51) ).COMPLEX(D)
MUL(S2(3), S3(5))

where the sets are as follows: Si S2 S3 ~- ¶INTEGE R , COMPLEX)
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In the subsequent bottom up propagation this desired type information is sufficient to determinethat 3 and 5 are of type INTEGER thus resolving the statement as:

C :~ COMPLEXI 1:MULl
INTEGER( I. COMPL EX(D)MUL(

INTEGERI3).INTEG EA(5)

Rule 5:

The types, modes, and names of the parameters , together with the result type must be sufficientfor the identification. The contextual information is propagated both ways, repeatedly until con-vergence.

For this rule, the identification is a success if every set of desired types has a unique member atconvergence. Otherwise the expression is ambiguous. This rule identifies case Ce) :

C := 3*(i ,5);

After the first top down pass we have

C COMPLEX( I;
MULl

S1(3), S2(
(?(i) . ?(5))

where the sets Si and S2 are defined as

SI = S2 = IINTEGER , COMPLEX)

After the first bottom up pass we are able to identify the literal 3, thus leading to:
C := COMPLEX(

MUU
INTEGER(3),52(

A second top down pass now permits in succession the identification of the multiplication opera-tion, the qualification COMPLEX of the aggregate, and the types of the components.

C := COMPLEX(
MUL(

IN’FEGER(3),COMPLEX(
(INTEGER( 1 ).INTEGER(5))

For practical purposes, only the last two rules would seem to be sufficient. The algorithm implied
by the fifth rule could in theory be rather time-consuming. However , in pract ice most expressionsare rather small and convergence towards a definition (or towards ambiguity) should be rather fastin view of the fact that named constants and variables is the usual case.

1
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The maj or reason for adopting this f i f th rule in the Green language, however , Is not so much the
additional power (since qualification may be used for more readability) but rather the simplicity of
its statem ent. In effect this rule is the only onti for which the following statement is true :

The ryp as. ‘?;~ ;(/e~~ ,‘m (l names o~ th~ pA(4,fleten~ ((~g8ther with
th. result tWA m u s t  hem .cutficient to, the i’d~,it if / cat/n ,,

The ~idditional details about propagation need not be slated: If it Is .sutlicinnt , It can he done in this
manner or in any other inatmer

7.5.2 Redeclaretion of Subprograms

The problem of determining whether a subprogram ikrclaio?ion is a reduclarat lon ~ a pr io i sub
program dnc(.~ration , is closely connected to the previously discussed identification of ovui loaded
subprogram calls,

Th ’  rule adopted for overloading uses all iv~iiIeiblti itiform etlon, including the )ype of parameters
and result their names , and modes )tilst order fos positional associat ions). As a consequence a
subprogram declaration is a redecl eration only if all calls are ambiguous. If only part of the calls ari~ambiguous the declaration is en overloading. In any case ambiguous calls can a ways be detected.

7.5.3 Overfoadlng of Operators

As stated e~rIior , good usage of ovcr~osding can contribute to readability by allowing suggestive
identifiers to ho used. However , as with any other facIlity, overload ing could be ni~~used. For exam-
ple , thu language definition does not (and cannot) inevent a user ‘~~rn declaring a GET function
that actually performs an output operation. In general It cannot prevent the choice of names that
give the wrong connotation.

This danger Is particularly apparent for operd tor s since the coiresponding symbols convey a well
defined matheniatical meaning. Users are theruforn strongly advised to preserv e the usual axioms
that .ipply to the predefined operators. Thu language only permits overloading of to deliver a
result of type BOOLEAN. Sin ilarly. /- is Interpreted as the predefined opposite of and her~ce
cannot be overloaded directly On the other hand, th~ same danger exists for other opalators , for
example the relational operators ~~. ~.. , ‘. ~

. end the user should exercise ex t tt ’i~s care in such
casus. Separate overloading of the operator ~ . , før example , may permit a more eff icIent
implementat ion than would be derivable b~ combining sepsi ete implemenlatlons of ‘~ and

We believe that the language designer should not forbid an otherwise useful facility, on the
grounds that it could be misused in isolated cases . He should never take the attitude of the
Newspeak lOr 501 designer;

“Oo’r t you sue that the whole aim of Newspea* is to irarmw the ra,,~,j u
of thought ’ In f/u ’ end we shall ,,,eke thought , ~~~ impossible , because
there will he ~~~ words in which to express it. ”

Rnthur , he should always str ive to expand the expressive power of the language, while at the seine
time providing more s~foty by the conslste: cy of his desIgn.
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8. Modules

8.1 MotIvation

Modules allow the programmer to group logically related items together. They cover a wide family
of uses, ranging from collections of common declarations, to groups of subprograms and encap-
sulated data types. The Green language provides two forms of modules called packages and tasks .
with similar properties. Tasks are the form of modules used for parallel processing. This discussion
of modules is presented essentially in terms of the package form , although the same considera-
tions generally apply to tasks . Tasks are further discussed in Chapter 11.

The ability to package declared entities , such as subprograms . dat a elements , types, and other
modules, provide the basis for a powerful structuring tool for complex programs

Moreover, modules permit clear delineation of the amount of information accessible to the rest of
the program on the one hand, and the information that must remain internal to the module on the
other hand. The internal information is hidden and thereby protected from deliberate or inadvertent
use by other programmers. This serves not only to localize the effect of errors internal to the
module, but also to increase the ease with which one implementation of the module may be
replaced by another. Because of this second aspect , modules are also an essential tool for program
modularity, supporting information hiding EPa 711. and program verification.

Facilities for modularization have appeared in many languages. Some of them such as Simula
IDNM 691, Clu ILl 74, LSA 77 1, and Alphard IWLS 761 provide dynamic facilities which may entail
extensive run-time overhead.

The facility provided in the Green language is more static , in the spirit of previous solutions offered
in the Modula IWi 761. Euclid (LHLMP 761, Lis IIRHC 74, IF 77 1 and Mesa IGMS 77 1 languages. At
the same time it retains the best aspects of solutions in earlier languages such as Fortran and
Jovial.

The solution provided here combines powerful facilities which nevertheless remain efficiently
implementable within the state of the art.

We shall first discuss packages informally by means of examples (section 8.2). We then discuss a
number of import ant technical issues addressed during the design of the language (section 8.3).

8.2 Informal Introduction to Packages

Packages, as provided in the Green language, are a major tool for program modularity. We
recognize three br id forms of modularization that can be achieved by different uses of modules:
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( 1) Named collection of declarations:

Logically related variables , constants , and types to be used in other program units.
(2) Groups of related subprograms:

Logically related funct ions and procedures which share internal own dat a, types, and sub-programs. This form of module corresponds to what is commonly called a package. By exten-si on we use the same term for all three forms.
(3) Encapsulated data types :

Definition of new types and associated operations in such a way that the user does not know(or care!) how the operations are implemented.

The essential difference between these three forms is the amount of information hiding providedby the module. The hiding can be envisioned as a wall surrounding the module, thereby separatingthe enclosed declarations from the rest of the program, One may then imagine a window in thewail, through which some or alt of the declarations (depending on the size of the window) areexposed, Access to the exposed declarations can be achieved either by selected components (dotnotation) or with a use clause, For the three broad forms of modules we have:
(1) Named collection of declarations:

The module exposes all of its declarations (all declarations can be seen through the window).
2) Groups of related subprograms:

The module exposes the declarations of the externally accessible subprograms (only these canbe seen through the window) but hides the declaration of internal variables and other localentities.

(3) Encapsulated data types:

The module exposes only the type name and the declarations of applicable operations, buthides all de:.iils of Structure , representation and implementation of the operations , as well asany variables needed for communication among the operations. Several related types may beencapsulated in the same module.

There is no critical linguistic difference between these three categories , and programmers may useany intermediat e degree of information hiding. However , to present the ideas simply we discussthe three broad forms separately, with appropriate examples.

8.2.1 Named Collection of Declaration,

The most traditional use of named collections of variables is as communication areas, whereseveral program units share access to a single collection, As an example , in a simple graphicapplication, the following module declaration may be provided:
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package PLOTTING_DATA is
PEN_UP : BOOLEAN;

CONVERSION_ FACTOR ,
X_OFFSET, V_OFFSET.
X_MIN. X_MAX,
V_MIN. V_ MAX REAL;

X_VALUE, V,.,.VALUE : anay( 1 - .  500) of REAL;
end PLOTTING_ DATA :

The elaboration of this module consists of the elaboration of its constituent variabh~ declarations.
Elaboration takes place in the context where the package declaration appears te tually. Thus in
terms of the lifetime of the constituent variables (PEN_UP V_VALUE), everything happens as if
their declarations were inserted in the place of the declaration of the package PLOTTING_DATA.

However, when a package declaration Is elaborated , the constituent variables are not yet directly
accessible . In any context where the module declaration can be seen it is possible to acquire
access to these variables by dot notation. For example we could write rtateme nts such as

PLOTTING_ DATA.PEN.,..UP := TRUE:
PLOTT’ING_DATA .X_VALUEI 10) :~ PLOTTING_DATA.X_ M IN;

It is also possible to acquire access to these variables by means of a use clause of the form

use PLOTTING_DATA;

The effect of a use clause is to make a set of names known locally. The names and their meanings
are defined in the designated module. In this fashion, with a use clause, one may selectively
acquire access to an entire group of declarations. As an example, the previous statements can be
rewritten as

us. PLOTTING_DATA;

PEN_UP := TRUE:
X_VALUE (10) :~ X,_MIN;

end;

This simple form of package corresponds almost exactly to the notion of named common in
Fortran. There are however three crucial differences between this use of packages and Fortran
named common blocks:

(1) A module can be declared in any nested block or program unit, so lung as its declaration is
then visible to all program units requiring access to the module. By contrast , in Fortran all
named common blocks are effectively global to the main program.

(2) Storage reservation for a module (as a consequence of (1) above) may be performed at scope
entry time for a module that is not global to the entire program. By contrast , the storage space
for a Fortran named common block is always reserved throughout the entire program execu-
tion.
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(3) The contents of a module is defined only once, in the context of its declaration. Within the
scope of the declarat ion, it is then possible to acquire access to that entire set of entities, in as
many program units as necessary, merely by mentioning the name of the given module in a
use clause (even in the case of separately compiled units). For Fortran named common blocks
on the other hand, the specification must be replicated in its entirety in each context where
access to the constituents is required. The need to replicate information in this fashion is
generally recognized as a violation of the principles of modularity, as an inconvenience and as
a serious source of errors.

A similar class of modules is for groups of constant declarations , for example

package METRIC_CONVERSIONS is
CM_ PER _ INCH : constant REAL := 2.54;
CM_ PER_FOOT : constant REAL :-~ 30.48;
CM_ PER_YARD : constant REAL :~= 91.44;
KM_ PER_ MILE : constant REAL := 1.609344;

end METRIC_CONVERSIONS ;

More generally, in a typed language, groups of declarations are likely to include logically related
types, along with constants , and variable declarations as shown in the next example

package WORK _DATA ii
type DAY ii (MON. TUE . WED , THU . FRI . SAT . SUN):
type DURATION is delta 0.01 rang. 0.0 .. 24.0;
ty pe TIME_TABLE is array (MON .. SUN) of DURATION;

WORK _HOURS : TIME_TABLE;
NORMALHOURS : constant TIME_TABLE :—

(MON .. THU => 8.25, FRI — ‘> 7.0, SAT I SUN => 0.0);
end WORK _DATA;

In all three examples we achieve the s~ime effect: the elaboration of the module creates the cor-
responding entities (whether a constant a variable, or a type), but they are not yet externally visi-
ble. Accessibility is only obtained by dot notation or by a use clause. In a unit with a use clause for
WORK _ DATA, it is possible to declare variables of type DURATION, and to update the array
WORK _HOURS, or to read the constants of NORMAL_ HOURS. Thus we may have:

declare
use WORK _DATA;
TODAY : DAY;
HOURS : DURATION;

begin
-- compute HOURS and TODAY
if HOURS ~ NORMAL_ HOURS (TODAY) then

HOURS := HOURS + 2.0 * (NORMAL,_ HOtJRS(TODAY) - HOURS);
end If:
WORK _ HOURS (TODAY) :-~ HOURS;

end;
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8.2.2 Group. of R.lat d Subprograms

The second major use of modules is for the creation of groups of related subprograms. For exam~pIe, it may be desirable to make a package of the mathematical routines (SIN , COS, LOG, EXP, ...)
for the reason that a user needing one of them is very likely to need the others too. Moreover , the
routines may share common subprograms (sometimes elaborate) which should not be accessible
to the user.

Declaring such functions within a module MATH_ LIB is preferable to having them as predefined
functions in the standard env”~nment. Thus, a user who is not dealing with numerical computa-
tions does not have to import MATH_ LIB, and his name space will not be congested by names that
are useless to him.

We next consider the example of a package of random number generators, since it will enable us
to point out other important possibilities. The structure of this package is already more elaborate
than the form used for collections of common declarations. It is made of two parts which together
define the module. The first part is the module specification:

package RANDOM is
-- visiule pert : declarations of sampling functions

end RANDOM:

This describes the visible part of the package, that is, the declarations that become directly acces-
sible in a context containing a use clause for RANDOM. In this case , the user interface contains the
declarations of the sampling functions DRAW, RAND_tNT and UNIFORM. It also includes the
procedure SET_SEED used to initialize the seed of the random number generator , and the excep-
tion ERROR. Consequently the user may decide to provide a local handler for ERROR.

The second part of the module is the module body. This is the hidden part of the module; none of
the entities contained therein are accessible outside the module (both use clauses and selected
components only give access to items of the vtsible part~. The structure of the package body is as
follows:

package body RANDOM I.
- - hidden data and subprogram bodies

begEn
-- initialization part

end RANDOM;

The two variables SEED and CO_ SEED (like all variables of a module that are not local to inner
subprograms) are own variables. They are initialized by the initialization part of the module and
retain their value between calls of the sampling functions. In languages which do not have this
facility for hiding own variables, the seed must either be global, or be passed as a parameter to the
sampling procedures; in either case it is therefore known outside the module.

The package body also contains the bodies of the sampling procedures, and that of the procedure
CONGRUENCE for generating the next random number. This procedure is purely local and is not
part of the user interface (it is not declared in the visible part). Hence it can only be called within
the module body of RANDOM by the sampling functions.
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psckage RANDOM is
procedure SET_SEED (START : INTEGER)

procedure DRAW (CHANCES : REAL rang. 0.0 .. 1.0) return BOOLEAN;
procedure RAND_INT (LOW. HIGH INTEGER) return INTEGER;
procedure UNIFORM (LOW, HIGH : REAL) return REAL;

ERROR : exception;
end RANDOM;

peckage body RANDOM is
SEED : INTEGER;
CO_SEED REAL;

procedure CONGRUENCE is
LAMBDA : constant INTEGER 8*12_571_342_.2 15;

begin

~EED := INTEGER((LONG_ INTEGER~SEED)*LONG_INTEGER(LAMBDA)) mod 2**32);CO_SEED :-~ REAL(SEED) I REAL (2* 32);
end:

procedure SET_SEED(START : INTEGER) is
begin

SEED := START;
CONGRUENCE:

end;

procedure DRAW(CHANCES : REAL rang. 0.0 .. 1.0) return BOOLEAN isbegin
CONGRUENCE;
return CO_SEED < CHANCES;

end;

procedure RAND_INT(LOW, HIGH INTEGER) return INTEGER isbegin
if LOW > HIGH then raise ERROR; end if;
CONGRUENCE;
return LOW + INTEGER(CO_SEED * REAL(HIGH - LOW + 1));

end;

procedure UNIFORM(LOW , HIGH REAL) return REAL ii

If LOW > HIGH then raise ERROR: end If;
CONGRUENCE;
return LOW + CO_SEED~(HIGH - LOW) ;

end;
begin

-- package initialization :
SET_SEED(1);

end RANDOM;
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The separation of the two parts of a module (the module specification and the module body) Is very
clear. In gener al the two parts need not be textually contiguous and they may even be compiled
separately. In this way the separately compiled module body Is not only protected but physically
hidden.

F In a language with type declarations such as the Green language, packages developed for user
applications are likely to co’~tain not only procedures but also type declarations. As an example,
consider the package RATIONAL.NUMBERS.

package RATIONA L_NUMBERS is
type RATIONAL Is

reco~NUMERATOR : INTEGER;
DENOMINATOR INTEGER range I .. INTEGER’LAST:

end reco~~.

function (X ,Y : RATIONAL) return BOOLEAN ;
function + (XV : RATIONAL) return RATIONAL;
function .“ (XV : RATIONAL) return RATIONAL;

end;

package body RATIONAL_NUMBERS is

procedure SAME_DENOMINATOR (X ,Y : in out RATIO~ AL) is
begin

- - reduces X and V to the same denominator
end;

function (XV : RATIONAL) return BOOLEAN is
U,V : RATIONAL :

begin
U
V : = Y;
SAME_DENOMINATOR (U,V);
return (U.NUMERATOR — V.NUMERATOR) ;

end

function +~ 
(X .Y RATIONAL) return RATIONAL is ... end ~~~~

function ~~ (X ,V RATIONAL) return RATIONAL is ... end *
“:

end RATIONAL_NUMBERS;

The typ e RATIONAL is declared within the visible part of the package. In a context containing a
use clause for RATIONAL_NUMBERS, it is possible to declare variables of type RATIONAL and
apply the operators = , +“, and ‘c ” to them. It is also possible to operate directly on the compo .
nents of a rational number and to construct rational values as record aggregates.

As in the previous example, the bod~ s of these functions are provided in the module body, which
also declares the local procedure SAME_DENOMINATOR. This procedure modifies the
denominators (and numerators ) of its arguments. By encapsulation , usage has been confined to
the bod~~s of the three public functions, where proper precautions can be taken (for example,
copying the arguments X and V of =

“ in the local variables U and V before calling
SAME_ DENOMINATOR).

8-7

-~~ -- -- — --- -- — - -- . - ---



— .-

8.2.3 Encapsulated Data Types

In the previous package examples, the hiding of declarations and subprogram bodies within the
module body ensured that no outside program unit could affect these local entities. In this simple
model, entit ies were either public (if declared in the visible part) or totally hidden (if declared in the
module body).

Encapsulated data types correspond to a situation in which we want the name of a type to be
public , but where the knowledge of its internal properties is to be available only to the subprogram
bodies contained in the module body.

This encapsulation is achieved by declaring the type name within the visible part (since the type
name should be available to users of the module), but at the same time specifying the type to be
private. Its full definition is then provided in a private part following the visible part.

As an example of encapsulated data type, consider the following skeleton of an input output
package declared as follows:

package SIMPLE_ INPUT_OUTPUT is

type FILE_NAME is private:
NO_ FILE constant FILE_NAME; -

procedure CREATE return FILE_NAME;
procedure READ (ELEM : out INTEGER; F : in FILE_NAME);
procedure WRITE (ELEM : in INTEGER; F in FIL E_NAME);

private
type FILE_ NAME is new INTEGER 0 .. 50:
NO_ FILE : constant FILE_NAME :== 0;

end SIMPLE_INPUT_OUTPUT;

In the visible part given above, the type FILE_NAME is declared as private. External to the module
it is possible to declare variables of the type, but the properties of objects of this type are kept
private. Hence the only thing a user can do with file names is to assign them to other file name
variables or to pass them as parameters (mainly to the procedures READ and WRITE) once they
are obtained by calling the pr~cedure CREATE.

The full definition of the private type FILE_ NAME and that of the private constant NO_ FILE are
given in the private part (the declarative part following the reserved word privet.). A module body
for the above package is sketched as follows:

package body SIMPLE_ INPUT_OUTPUT is
type FILE_DESCRIPTOR is record ... end record;
DIRECTORY : array (FILE_NAME) of FILE_DESCRIPTOR;

procedure CREATE return FILE_NAME is ... end;
procedure READ (ELEM : out INTEGER; F : In FILE_NAME) ii ... end;
procedure WRITE (ELEM in INTEGER : F : In FILE_NAME) Ii ... end;

begin

end SIMPLE_ INPUT_OUTPUT;

8-8

_ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~ 



yr ‘“

Within the body, file names are integers indexing an internal directory declared as an array.However , an external user of the module cannot , for instance, do any arithmetic on file names.
With the above definition of the type FILE_NAME , the user still has the possibility of assigning filenames and also of comparing them for equality and inequality. These possibilities are even deniedin the following variat ion of tt~e previous package:

package SAFE_ b Is
restricted type FILE_ NAME Is private;

procedure CREATE (F : In out FILE NAME);
procedure READ (ELEM out INTEGER; F in FILE_ NAME);
procedure WRITE (ELEM : in INTEGER; F In FILLNAME):privet.
type FILE_NAME Is

record
CONTENT INTEGER :-~ 0;

end record;
end SAFE_ lO;

A user of this module can only:

• declare variables of type FILE_NAME; the use of a record type containing initial valuesprovides implicit initialization of such variables.

• pass these objects to the operations supplied by the package SAFE_ b .

• pass them as parameters of other procedures. For example, it is possible to write the followingprocedure

procedure TRANSFER JTEM (F ,G : in FILE_NAME) Is
E : ELEM;

begin
READ (E,F):
WRITE (E,G):

end;

Since neither assignment nor comparison of file names are possible , it is unnecessary to define anull file in this formulation, Moreover, CREATE can no longer be a value-returning procedure sinceits result could not be assigned to the destination variable. Note also that the parameter mode forCREATE has been changed to in out thus permitting us to check whether it is overwriting anexisting file name.

For the more classical examples of encapsulated data types (from the current literature), the readeris referred to chapter 13 of this document (a generic definition of the type queue) and to section12.3 of the reference manual (a generic definition of the type stack).
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8.3 Technical lsau s

The design of modules involves nearly all aspects of the language. The most significant in this con-
text are

• Visibility control and information hiding

• Relation to separate compilation

• Instantiation and initialization of modules

• Access to the properties of types defined .vithin modules

e Instantiation and Initialization of objects of private types.

Other interact,ons will be discussed in the chapters on program structure and visibility, on parallel
processing, on separate compilation, and on generic units.

8.3.1 VisibIlity Control and Information Hiding

The scope rules of traditional block structure are inadequate for the reliable construction of large
programs. Declarations in nested blocks allow entities of outer blocks to be accessed by all inner
blocks, whereas one needs more precise control over the visibility of declarations. Another severe
limitation of block structure is the inability to declare a variable (or any other name) accessed by a
limited set of subprograms without making the variable , at least potent illy, accessible for other
subprograms also.

Mr~ ’rles give the programmer precisely this kind of control. The corresponding v isibility rules are
:.:‘1ssed in the chapter on program structure. In this chapter we concentrate on the
‘ar acteristics of modules that are essential for visibility control and information hiding.

‘hr.~ defining a module, the visible part states which declarations are potentially accessible out-
sioi~ the module. This identifies the window in the wall surrounding the module mentioned above.

Any other program unit within the scope of the module can potentially access the visible part , but
does not do so automatically. In order to get actual access . either a use clause must be provided,
or names in the form of selected components (dot notation) must be written.

Thus, access to the identifiers declared in the visible part is selective. Names declared in the visible
part of a module do not automatically pollute the name space of the rest of the program. Access to
the identifiers declared in the module body is even more controlled. Access is available only within
the module body, in particular to the bodies of the subprograms declared in the visible part.

The other essential character istic of modules in this language is the textual separation of the inter-
face.
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The interface of a module consists of all relevant declarations for a user of the module. In the solu-tion adopted for the Green language, all these declarations are textually separated from the rest ofthe text. They form what is called the visible part of the module. This textual separation is a signifi-cant advantage for readability and for information hiding.

Other languages such as Euclid and Module have used a solution involving an export list mention-ing all identifiers Constituting the module interface This means that either all meanings of anoverloaded identifier are exported, or none of them. Moreover it also means that in order to knowthe properties of these identifiers, the human reader must scan through the entire text of themodule, This is a tedious operation and is. in addition, a breach of information hiding principles.since it ~ivolves reading parts of the text which should be of no concern (and may not even beavailable) to the user.

8 3.2 lnftu.nce of S parate CompIlation

The essential role of modules is for logical modularity. However they also have a useful roe inphysical modularity in terms of separate compilation, These Iwo criteria for program modulariza-tion lead to slightly different requirements, and the design of modules takes both into account.Both require modules to have a clearly defined interface , but physical modularity requires an inter-face containing more inforr~ation than for logical modular ity.

Extra information is needed to allow the compiler to deal with variables of private types seen froma separately defined module. For this reason the private part belongs to the physical interface.
From the point of view of logical modularity, the physical interface is irrelevant to all othermodules, since tht~y should not be concerned with the physical representation of the encapsulatedtypes. But in order to permit separate compilation, it is necessary for any module specification toprovide sufficient information to allow the compiler to handle declarations of variables of anencapsulated type.

The difference essentially concerns storage allocation. A type declaration implicitly defines theamount of stor~ge needed for each variable of the type. A module defining a type must thereforemention the entire structure of the type so that the appropriate amount of space can be reserved.This information (and also any representation specification for the type) must be part of thephysical interface of the module. Otherwise any change will require that all dependent modules berecompiled.

To summarize, the logical interface corresponds to the visible part the physical interface corres-ponds to the complete module specification, that is, to both the visible and the private part.
As long as a module specification s not changed, the module body that implements this specifica-tion can be defined and redefined without affecting other units using this specification as interfaceto the module, Hei c.e it is possible to compile a module body separately from its module specifica-tiofl.

8-11
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8.3.3 Instant Iation and Initia lizatio n of Modules

Each package declaration results in a single instance of the corresponding package. This instance
is created when the package is elaborated. As a consequence, the space needed for the objects
declared in the package (both in the package specification and in the package body) is allocated.
Whenever such an oblect declaration specifies an initialization, it is performed.

More elaborate initializations, which cannot be specified by expressions but require the execution
of statements. can be included in the sequence of statements following the (optional) reserved
word begin in the package body. The execution of this (optional) sequence of statements com-
pletes the elaboration of the package. An exception handler provided at the end of these state-
ments applies for exceptions raised during the elaboration of the package declaration.

Multiple instances of a module can be obtained if the module is generic. In this case the module
specification includes a generic clause and individual instances are created by generic instantia-
tion.

Elaboration of a task body is performed differently. Elaboration is performed when an initiate state-
ment for the task is executed. This is discussed further in the chapter on t~isking.

8 3.4 Note on Visibility

If a use clause is provided within a given program unit, it opens the visibility of the visible part of
each named module in a non-transitive manner. Thus, if a use clause

use M;

is given in the visible part of a module D. it does not mean that units containing a use clause

use D:

will also see M. When this kind of transitivity is desired it can be achieved explicitly by declara-
tions, in particular by renaming declarations.

Consider for example

package M is
type T Is private:
procedure P(X

E exception;
end M:

Suppose now that a package D defines additional operations for the type T in terms of the opera-
tio.ls supplied by M. and suppose we want to make T, P. and E available to aft users of the pacl age
o without an explicit uen M clause. This can be achieved as follows:

8-12
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package 0 is
subtype 1’ Is MI;
procedure P renames MP’
- - additional operations defined by D
E : exception renames ME .

end 0

Note that we could also have declared the type T by a derived type definition

type T Is new MI:

This latter form could be used if we wanted to forbid the use of operations defined by another
package for objects of type M.T at the same time as those defined by the package D.

8.3.5 Access to th. Properties of Types Defined Within Modules

It is important to define which of the properties of a type declared in the visible part of a module
are accessible outside the module (for examp le within another unit mentioning the module in its
use ~lauso)? The answer to this question is simple: the oily available properties are those declared
in the visible part .

As a first case . consider a type declaration of the usual form, say a record type declaration. If such
a declaration appears in the visible part of a module . this type is available without restrictions to
outside units. In particular these can declare variables and carry out operations (such as compo-
nent selection, etc.) in ‘ ill knowledge of the data structure specified by the type.

For a type declared as private , on the other hand, the visible part gives only the type name and the
specification of the subprograms applicable to objects of this type. These subprograms are said to
be attributes of this type. They are the only operations applicable to objects of the type apart from
assignment and comparison for equality or inequality (unless The private type is restricted) .

The separation of inheritance properties by these rules is elementary and its logical k asis is clear.
More complicated rules have been investigated, but all involve elaborations of the lsnguage in an
area which is a sublect of current research.

Since these attributes are the only properties of a private type that are accessible outside the
module , they are also the only properties that can be inherited in a derived type definition. As an
example, consider the following declaration ~f the type MY_ FILE:

declare
use SIMPLE_INPUT_OUTPUT .
type MY _ FILE is new FILE_NAME;

begin

m d :

Within the block, the only operations available on objects of type MY_FILE are assignment. com-
parison. the func tion CREATE , and the procedures READ and WRITE.

8 ’ 13
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Conceptually we may view predefined types such as INTEGER and FLOAT as being types thus
declared in predofined packages , along with their attributes. Inheritance of their properties in
declarations such as

type MV REAL is new FLOAT .

is hence only the result of the application of the general rule.

Within a module body the characteristics of a private typt’ ~re known as If the type were not
private. For example if the type Is ii record type, its components can be denoted with the usual syn-
tax of selected components. Some prec5utsons must be taken when one of the visible attributes of
the type is defined In terms of en existing attribute with the same name. As an example consider
the skeleton of the package KEY MANAGER given in the Reference Manual (section 7.4):

package KEY MANAGER Is
ype KEY Is private:

function “ .. (X , Y . KEY) return BOOLEAN ;
private

type KEY Ii new INTEGER range 0 .. INTEGER’LAST;
end:

packag. body KEY MANAGER I.

function ~~X ,Y : KEY) return BOOLEAN Is
begin

return INTEGER(X ) ~ INTEGER(Y);
end ~~~~~

“
,

end KEV ..MANAGER;

Within the package body the definition of the derived type KEY is known. The operation “c~
”

declsred in the visible part is a (perfectly legal) redecleration of the operation ‘ <
“ Inherited from

the type INTEGER. Thus, with the declarations

U, V KEY:

within the body of the package , the relation
L U V

refers to the operation “ ‘ inherited from integer , whereas the relation

U V

refers to the operation “ s,
” defined within the module itself (in this case, of course, it does not mat

ter since this redefinition is equivalent to the inherited operation). It should be noted that within
the body of the function ‘\.“ itself , the relation

x . . v

would he a recursive call of the function “~~.,
“
, In order to obtain the operation defined on Integers, a

qualification must be u~nd, For example

L 

INTEGERIX) . INIEGER(Y)

Invokes the operation 
~ . defined on integers.
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8.3.6 InstantiatIon and Init ialization of Objects of Private Iyp.s

The elaboration of an object declaration results in a static reservation of space for the cor-
responding object . whether the type f the object is private or not.

The initialization of an object of a private type may be achieved by assigning a private constant or a
function returning a result of the type. However , there are cases where we want the representation
of an object of a private type to satisfy some invariant as soon as the object is created , although a
complete initialization would be redundant. This is achieved by means of initialization of record
components. Cons,der the following pack age declaration:

package ALL_ABOUT _STACKS It
restricted type STACK I. private;
procedure PUSH (E In ELEMENT; S : in Out STACK);
procedure POP IE : out ELEMENT: S in out STACK):

private
type STACK I.

record
TOP : INTEGER range 0 .. 1000 :~ 0;
SPACE : ar ra y( 1 . . 1000) of ELEMENT;

end record;
end;

For any declaration of an object of type STACK , the component TOP is initialized to zero. Thus, the
stack invariants are satisfied as soon as a stack is elaborated (another example was shown in sec-
tion 8.2.3 above , with the initialization of file names in the package SAFEJO).

This initialization capability is clearly limited , but should be sufficient in most cases. When more
complicated forms of initialization are needed. the visible part of the module must provide the
specification of an appropriate procedure performing the initialization. This procedure must then be
called by the programmer whenever declaring a variable of the private type, prior to any other
operation.

8.4 Conclusion and Summa ry

Modularity seems to have emerged as one of the overriding concerns in contemporary programm-
ing. Unfortunately, this one simple word encompasses a number of desirable but not necessarily
compatible objectives , which gives rise to as many different interpret ations as there are priorities
among the various objectives. It comes as no surprise , therefore , to find that there exists no real
consensus as to how this elusive quality is tr be achieved in practice , let alone about how to
provide appropriate support for modularization within a high order programming language.

Curiously enough in such a situation, the Steelman requirements are quite specific as to the kinds
of facilities that shall be provided for this purpose. Since we strongly concur with the requirements
as stated , many alternatives that have been proposed elsewhere have not been discussed in this
chapter. For a more extensive examination of the different linguistic approaches , the reader is
referred to IGK 19771.
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A straightforward approach was taken for the module facility in the Green language. Modules
provide an ability to package information. When defining a module, the programmer simply states
the visible information and provides the module implementation as a separate text (its body).
Access to information of a module body is not (directly) possible outside the module body. Thus,
modules support information hiding as well as control of visibility.

The module facility is central to the definition of encapsulated data types; it provides complete
control over the available operations for such types. Finally, modules can be parameteriz e..~ by
generic clauses, separately compiled, and entered in libraries.

All of these aspects are in many respects fundamental for program development. Modules are
expected to be used to construct libraries containing common pools of data and types, application
packages. and complete systems.

I
I
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9. General Program Structure and Visibility

9.1 Introduction

Central to the definition of the Green language has been a combined study of the general program
structure, of the rules defining the visibility of identifiers at various points of a program. and of the
facilities offered for separate compilation.

A majcr goal in this design was to give the programmer precise control over his name space : ti e
set of names that he may define and use. It is important to be able to introduce new names
without having to bother about possible conflict with preexisting names. This requires an ability to
control the inheritance of names from other contexts. As mentioned in a previous chapter. the
notion of module Is essential to achieve this kind c f control.

Another goal was to provide the same visibility rules for all program units (subprograms, modules
and blocks) whether they are separately compiled or not.

The subjects of general program structure and of visibility rules are connected in marty ways, in
particular because of the possibility of nesting program units. Both subjects are also related to the
issue of separate compilation. This chapter will discuss program structure and visibility in that
order. The subject of separate compilation is treated in the next chapter.

9.2 Program Structure

The overall structure of a Green program text (that is, a compilation unit) is similar to that of an
Algol 60 or Pascal text . It appears as a nested structure of program units, that are subprograms,
modules, and blocks.

Nesting a achieved through declarative parts. A declarative part may contain subprogram and
module bodies. These may in turn contain a declarative part. Nesting is also achieved by blocks in
sequences of statements.

A key question in the definition of the general program structure is that of the purpose of nesting.
Clearly, nesting has been used in Algol 60 end Pascal in relation to scope. In such languages. two
units are written in the context of the same declarative part if they are to share the visibility of
some common outer objects.

Is this, however, the only purpose of nesting? If it were , a logical conclusion would be the
systematic urinesting of units that do not share any common visibility.
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We consider this view to be too extreme. Units that do not have any visibility dependence may
nevertheless be maintained together in a nested text structure for benefit of the logical exposition
of the program . An analogy may be made with an encyclopedia , where the materials are organizedinto subjects and sub-subjects. It is the knowledge of this organization that permits an easy
retrieval of a given subject.

Systematic unnesting of units that do not share any common visibility would produce a sequence
of small units not unlike a sequence of Fortran subprograms. Finding a given unit in such a
sequence is dit’ricult unless aided by a dictionary. Reading the program may also be difficult since
the structure of the text does not reflect the logical organization and the logical connections.

For these reasons , the possibility of nestisig units has been retained. Moreover, provisions have
been made to control , and possibly to restrict , the visibility of nested units.

In a declarative part we may thus have a sequence of declarations followed by a sequence of
bodies of nested program units. In particular , the sequence of declarations may include the
specification of nested subprograms and modules. In general it is possible to provide the definition
of subprograms and modules in two textually distinct parts:

(a) the specification, which indicates the logical interface (between definition and use) of the unit
at hand

ib) the body, which describes the particular realization for the specification.

This possibility has far reaching implications, in that it provides a single basis for achieving several
different objectiies, notably textual clarity, abstraction, and separate compilation. We first
illustrate this ability in the case of a procedure. For instance , one might write the specification

procedure PUSH (E : in ELEMENT; S : In out STACK);

This specification contains the name of the procedure and the specification of the mode and type
of its formal parameters. Such a declaration is sufficient to specify the interface of PUSH, both
syntactically and semantically, at least with regard to type checking. From this point of view the
specification conveys all one needs to know in order to make use of (i.e call) the procedure PUSH.
The specification could be augmented by comments specifying pre-conditions and post-conditions
end any exceptions possibly raised by PUSH.

Obviously however, this formulation of PUSH is incomplete in that it does not define an actual
implementation of the procedure . The latter is provided as a procedure body:

procedure PUSH (E in ELEMENT: S in out STACK) I.
b.gin

if S.INOEX S.SIZE then
raise STACK....OVERFLOW;

else
S.INDEX :~ S.INDEX + 1;
S.SPACE (S.INDEX) :-= E;

snd if;
end PUSH;

These two constructs, the declaration and the body, jointly form the definition of the procedure.
For reasons of syntactic convenience the procedure declaration may be omitted if the body
appears in the same declarative part . For reasons of readability the specification is repeated in the
body.

9-2
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A similar partition is provided for modules. A module specification provides the interface to the
user, that is. it indicates whether the module is a package or a task and states the properties of its
visible part. For example the specification of a SIMPLE_ INPUT_OUTPUT package is provided asfollows:

package SIMPLE_ INPUT_OUTPUT Is

restricted typ. FILE_NAME I. private:

procedure CREATE (FILE : out FILE_NAME);
procedure READ (ELEM out INTEGER: F In FILE_NAME);
procedure WRITE (ELEM : In INTEGER : F : In FILE_NAME);

private

type FILE_NAME it new INTEGER range 0 .. 50;

end SIMPLE_INPUT_OUTPUT;

In this example, the specification of SIMPLE_INPUT_OUTPUT provides the user with the
specification of the name of the type FILE_NAME and also with the specification of the associated
procedures CREATE, READ and WRITE. This constitutes the logical interface of the package.

The module implementation is always provided as a textually distinct module body as shown in the
sketch below:

packag, body SIMPLE_INPUT_OUTPUT is

type FILE_DESCRIPTOR is

-- components of each file descriptor
end record ;

DIRECTORY : array (FILE_NAME) of FILE_DESCRIPTOR;

-- other local constants , variables and subprograms

procedure CREATE (FILE : out FILE_NAME) It ... end CREATE;
procedure READ (ELEM : out INTEGER; F In FILE_NAME) Is ... end READ;
procedur WRITE (ELEM : In INTEGER; F : In FILE_NAME) it ... end WRITE;

end SIMPLE_INPUT_OUTPUT;

As in the case of procedures, the module specification and the module body jointly define the
module in question. For pragmatic reasons (a module specification is generally much larger than aprocedure specification), the module body does not repeat the information contained in the
module specification.

i
i
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9.3 Scope and Visibility Rules

The visibility rules provided in the Green language combine classical inheritance rules with the
ability to control explicitly the set of names that can be accessed within a given progra m context.
This ability follows from the naming conventions, the facilities offered by modules and the visibility
restrictions. A renaming capability is also provided.

We first discuss the basic scope model, then the naming conventions, use clauses, visibility restric-
tions, and renaming. Finally we discuss the rule of linear elaboration of declarations which has
been adopted for reasons of readability.

9.3.1 Basic Scope Model

The search for simple and uniform scope rules has led to the adoption of an almost traditional
approach: within a program unit, identifiers declared in outer contexts are automatically visible in
inner nested contexts unless an explicit v tsibility restriction is given.

The word context , as used here , generally corresponds to a subprogram or block containing a
declarative part, or to a record type definition. hus the basic rule is essentially that of Algol 60.
The only departure is that the convention is applicable within a restricted program unit rather than
throughout an entire program.

- ( The fundamental reason for selecting this liberal approach is The pragmatic assumption that names
declared together are normally meant to be used together. Consider, for instance, the skeleton

procedure P is
typ I is . . . ;  -- type declaration
V : T; -- variable declaration
procedure Q; -- procedure declaration

procedure Q is

beg

end 0;
begin

end P;

Presumably the names I, V and Q are defined in the same context (the declarative part of P)
because they are intended to be used together , here in the sequence of statements of P. Extending
this reasoning to inner contexts means, for instance, that the names T, V , and possibly 0 are also
visible within the body of Q, so that the body may be directly defined in terms of these names. This
suggests the assumption that entities declared in the same context have mutually dependent
definitions, unless explicitly stated otherwise.
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One alternative considered was to designate certain syntactic categories such as procedures andmodules as being alw~vs closed, end then to require some form of explicit Import directive in orderto make externally declared names visible within such contexts. This was ultimately deemed unac-ceptable because it would b a a to clutter and to long name lists in many common cases.
The following example illustrates the unnecessary redundancy of the directive “sees 1, C, L , wherethe procedures P _ i through P_N are obviously meant to work with T, C and L.

-- the foIlow~ng is not a Green text

package D Is
type I Is
C : constant I :=

procedure P_ i( . ..) ;
procedure P_2(...);

procedure P_N(...);
.nd D:

package body D I.
L : I;

-- note: sees I, C, L is not legal in Green

procedure P_ i(...) sees T, C. L is . . .  end P_ i;
procedure P_2(...) sees T, C. L Is . . .  end P_2;

procedure P_N(. .) sees I, C, L Is ... end P_N;
sod D;

Early experience with the Euclid language, where such an approach was taken, has shown that thedanger of long name list3 is not to be underestimated. Because of transitivity, Euclid import listscan get very long. The danger is then that programmers may tend to use standard import lists Infear of omitting something (as is often done for Fortran common lists). In any case, long name listsare usually skipped when reading and this defeats their very purpose. The classical argumentdeveloped by Dijkstra IDi 72J, about our inability to deal with a large number of entities at thesame time, also applies to long, and therefore unstructured name lists.

The only way to avoid this form of text clutter is to make ~utomatic inheritance the default rule.The argument is that the textual embedding of declarations is already a strong indication of poten-tial dependencies, The systematic inclusion of additional import directives does not usuallyprovide much information that may usefully be exploited by the translator and it is likely to distractthe readers (and writers) of programs.

More significantly, we came to the conclusion that whether a given syntactic category should bean open scope or a restricted (closed) scone is a highly subjective question. The answer may varyfrom one usage to another, depending on the size of a particular program unit , the depth to whichit is nested, the probability of subsequent recompilation, and so on.

9-5
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It seems clear , therefor~, that the syntax of the language should not arbitrarily impose a decision in
this regard. For this reason we have adopted the following approach:

e all syntactic Constructs that introduce declarations normally inherit the identifiers of outer
contexts.

e Specific subprograms and modules may optionally be specified as being restricted program
units, i.e. units with a restricted visibility of outer contexts.

9.3.2 Naming conventions

Since classical inheritance of identifiers from outer contexts is the default rule, redeclaration of
identifiers is possible, with the effect of hiding the outer definitions within the inner context .

Some of the difficulties existing in identifier redeclar ations disappear if the names of the cor-
responding entities can be written as selected components , i.e. using the dot notation. Consider ,
for example , a type T declared in a procedure P. and assume the identifier T redeclared in an inner
context . The type name can still be written as P.T in the inner context (exploiting the fact that the
identifier P is visible there) and may thus be used in qualified expressions and so forth, if the need
arises.

Naming by selected components is also the general rule used for denoting identifiers declared in
packages and tasks outside of their own specification and body. Thus an identifier I declared in the
visible part of a module D is denoted by the selected component D.l outside the module, in spite of
the fact that I is not directly visible there.

As an additional syntactic convenience a use clause , mentioning names of modules, may appear at
the start of a declarative part . In the absence of any conflicting identifier, its effect is to permit
designation of an identifier of the visible part directly, as if the identifier were declared at the place
of the module specification containing it. For example , in a context including the use clause

use 0, E;

the identifier I is an acceptable abbreviation for 0.1 provided that it is declared in D and is not hid-
den by an intervening redeclaration of I, and provided also that the module E does not contain an
identifier I in its visible part. In all cases of conflict , the name must be given in full as a selected
component.

These rules are illustrated by the following example:

9-6
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package D Is
1, U, V : BOOLEAN;

end 0:
proc.dutePis

package E Is
B, W. V : INTEGER;

m d  E;

peocsdursQis
T,X REAL:

ues D, E;
begin

-- the name I means Q.T, not D.T
-- the name U means D.U
-- the name B means E.B
-- the name W means E.W
-- the name X means Q.X
-- the name V is Illegal : it must be written either D.V or E.V

end;
end 0;

b.g~
end P;

In deciding which names are visible wIthin the sequence of statements of the block we epply the
following rule:

(a) First we inherit the names declared in outer contexts and not redefined. Thus we inherit the
names D and P. the names E and Q Introduced within P. and the names T and X introduced
within 0.

(b) Then we consider ~he names that may add itionally be introduced by use clauses. In the above
example we only have to consider the names that are in the visible parts of D and E. We retain
names that appear in only one of these modules and that do not conflict with a name
introduced In the step (a). Hence the names additionally introduced are U, B, W. Nested use
clauses would be treated in the same way.

A consequence of this rule is that a name which is made directly accessible by a use clause cannot
hide another name. This-.is quite essential for maintainability reasons: assume for example that
the specification of the package 0 is modified to Include the declaration of some new entity cabled
X. This should normally have no effect on the procedure Q. In particular the Inner reference to X
should retain its meaning and should hence mean Q.X before and after the modification. (Note that
we have only reduced the magnitude of this general problem since a later introduction of W within
D would conflict; we believe the complete solution to be in maintenance tools.)
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A similar maintainability argument leads us to reject a unique visibility rule, i.e. a rule forbidding
redeclarations of already visible identifiers. If redefinitions of identifiers were not allowed, the later
introduction of some entity named X in the declaration list of P would force textual modification of
a procedure like 0. which should normally be unaffected by this change.

Note that use clauses may be viewed as a form of the import directives mentioned in section 9.3.1.
However the item s listed in use clauses can only be names of modules and the risk of long use

lists is correspondingly reduced. Naturally, effective modularization will depend upon the user
writing modules in such a way that related definitions are in the same module; related definitions
will usually be required together.

9.3.3 Restricted Program Units

Whereas we subscribe to the classical rule of inheritance as a default rube, it is nevertheless impor-
tant to provide means for controlling this inheritance .

We have already shown in the chapter on modules that they can be used as a powerful structuring
tool for scope control. The basic ability provided by modules is the identification of a visible part ,
well isolated from the hidden information contained it the module body and possibly also in the
private declarative part. Used in conjunction with the rbaming convention, modules may thus be
used to discipline the use of names and to avoid saturation of the name space.

An additional capability is provided in order to control explicitly the inheritance of names defined in
outer units. This capability is called a visibility restriction and the subprograms and modules which
have such a restriction are said to be restricted program unIts.

The main purpose of a visibility restriction is to limit the intrusion of names pervading from outer
units. This will be achieved by stating explicitly what environment should be inherited. In general
a visibility restr iction has the form

restricted ((unit_name (,unit_name))J

where the first name may be the name of an enclosing program unit but otherwise the names are
names -of modules.

The usual reasons for avoiding long name lists apply to visibility restrictions as well. For this
reason the names that may appear in visibility restrictions are those of program units rather than
those of individual variables. Precise control of inheritance should be obtained by grouping the
elements that are likely to be imported together into a single module.

The following example containing the procedures P. Q, R and the modules 0. E, F Is used to
illustrate the possible cases. In addition L is assumed to be the name of a library module.

- - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - 
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package 0 Is
T, U. V BOOLEAN;

end 0:

procedure P Is
use D;
-- local declarations of P

p.ck.g.EIs
B. W, V INTEGER;

end E;

procedur.-QIs
use E:
-- local declarations of 0

package F Is

end F:

procedure R Is

•nd R;
sod 0;

end P;

Consider now the various forms of visibility restrictions that can prefix the procedure R. The
simplest, and most radical , restriction is as follows:

restricted procedure R Is

end R;

In this form, A inherits no names from outer units apart from the predefined identifiers. In par-
ticular the names of the packages D, E. F are not inherited and the use clauses given for 0 and E in
outer units are inoperative within A.

The effect of the visibility restriction is thus to restart wIth a completely fresh name space in condi-
tions similar to those of the main program. As a next step consider

restricted (D, F. L)
procedure R Is

end A ;

This time the restriction includes a visibilIty list mentioning the names of modules, none of which is
enclosing A itself. The effect of the restriction is as before to start with a fresh name space apart
from the listed names 0, F, L. As before, any use clause given outside R is inoperative within A .
The appearance of the module names D, F. L in the visibility list means that these names can
appear within A in use clauses and can serve to form selected components such as 0.1.

Consider finally the case where the first name mentioned in the visibility restriction is that of a unit
textually enclosing A

9-9 
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rsebictsd (Q. D, L)
procedure R Is

end R;

The mention of the enclosing program unit Q in the visibility list means that A does not see any
name, apart from the module names D and L. beyond the names declared in Q itself. Hence the
only names inherited by R are Q, F, those introduced by the local declarations of Q. and the names
D and L As before, any use clause given outside R is inoperative within A , in particular that of E.

As a final example consider the following procedure:

procedure P (X : INTEGER) Is

LP : BOOLEAN;

package Is
LE : BOOLEAN;

end E;

pacltage bodyEIs
LBE : BOOLEAN;

procedure Q (V : INTEGER) is
LO : BOOLEAN;

restricted (Q, E)
procedure R (Z : INTEGER) Is
b.gic

-- The local identifiers of Q are visible:
-- the procedure 0 itself
-- the parameter V
-- the local variable LQ
-- the procedure R itself
-- the parameter Z of R

-- The package name E is visible:
-- names such as E.LE can be used
-- the clause uae E; is legal
-- as usual, LBE is not visible

-- The names P. X , and LP are not visible
sod A;

beg~
snd Q;

end P;
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9.3.4 Summary of the visibility rules

In order to define the set of identifiers that are visible at a given program point we have to con-
sider:

(a) The set E of identifiers inherited from enclosing units: The units to be considered are all units
enclosing the point considered, up to the immediately enclosing restricted unit or the compila-
tion unit itself. The set E can be built layer by layer starting from the latter unit. It is initialized
with the predefined identifiers. Each layer adds to E the identifiers that it declares. If an iden-
tifier added by the layer considered is already in E. the new meaning is retained.

(b) The list M of modules found so far in use clauses:
This list is the union of the modules found in the use clauses of the enclosing units up to the
immediately enclosing restricted unit or the compilation unit itself.

The set of identifiers that are visible at a given program point contains the set E and the identifiers
satisfying the two following conditions:

(1) They are declared in one and only one of the modules of M

(2) They are not already in E

The latter condition means that an identifier made directly visible by a use clause cannot hide any
other identifier.

9.3.5 Scope rules for enumeration and record types

Character types are handled as enumeration types and There may be sever~I character types
defined within a program. As a ~~~~~~~~~~ a character’fltei-al such as “A~ may be~ ng to several
enumeration types. For uniformity, the same identifier may also appear in severel ~rnimeration
types.

type COLOR ii (WHITE, RED, YELLOW, GREEN , BLUE, BROWN);
type LIGHT Is (RED, AMBER , Q~.EEN);

Here references to the literals RED and GREEN require a qu&ifled expression Such as LIGHT
(GREEN) when the context is insufficient to determine the type.

An essential requirement of the scope is that it must not be possible to declare a variable with the
name of any enumeration value. If this were allowed, the declaration

BROWN : COLOR;

would give rise to ambiguities. For instance when comparing another variable to BROWN it would
not be possible to know whether the literal or the variable were meant.
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REAQ~R : lNT~~ER: -- ilI0~~I decl~ration
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prpwr~1impr is cpncprned. the reason for not introducing a new scqpe with a varidqt can be seent~’pr~ the fqlPowing example:

t~~~ T i ~
DISCRIMINANT : constant BOOLEAN;
Ca.. DISCRIMINANT of

when TRUE => A : REAL;
when FALSE => A INTEGER; -- illegal declaration of A

and es..;
end record;

R : 1;

A selected component such as R.A would have to be treated as a conditional expression possibly
deliverIng results of alternative types.
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9.3.8 Renaming

A renaming capability is offered in the Green language. As an example consider

declare
L : PERSON renames LEFTMOST_PERSON;
A : PERSON renames TO_BE_ PROCESSED(NEXT);

be~~L.AGE L.AGE + 1;
R AGE := RAGE - 1;
If L.BIRTH < R.BIRTH then

L.RANK : -
~ L.RANK + 1;

eise
R.RANK :~ R.RANI( + 1;

end If;
end;

The renaming declarations of L and R are used to introduce new local names for the outer
variables LEFTMOST_PERSON and TO_BE_.PROCESSED(NEXT). In the sequence of statements
of the block. L and R may be used as convenient names of the variables that they represent. In this
sense, the renaming facility can be used for purposes similar to the Pascal with statement as a
convenient alternative for frequently used long names. However, components of renamed records
are still designated with the syntax of record components, thus avoiding possible confusion with
variables bearing the same name as the components.

In addition to the notational advantage, a renaming declaration avoids re-evaluating the access
path to a record variable for each component selection, and thus simplifies the generation of
efficient code.

Renaming declarations are also possible for subprograms, modules, and exceptions. In addition
subtype declarations can be used to rename types.

procedure MR renames MULTIPLEXER.READ;

task L..C renames LINK CONTROLLER(6):

I_O_MALFUNCTION : exception renames INPUT_OUTPUT.MALFUNCTION;

The ability of renaming turns out to be essential when working with modules that are developed
independently by different groups of programmers. Being independently developed, such modules
may declare the same identifiers. If later they appear in a use clause within a given unit it may
often be convenient to resolve the name clashes by renaming rather than using the dot notation
whenever these identifiers appear. For example consider

peckage TRAFFIC Is
type COLOR is (RED. AMBER. GREEN);

end TRAFFIC;

9-13

-

~~~ -~~~~~~~~~~~~~~~~~~~~~~~~~
--— -~~~ 

_i~~~~~~~
_ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~—--~~~~~ -— — - - -, - ~~~~~~~~~~~~~~~~~~~~~~~~~



1~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~iI — JLIT’i - . . .. - -

package WATER _COLORS is
type COLOR is (WHITE, RED, YELLOW, GREEN. BLUE, BROWN):
end WATER _COLORS;

declare
use TRAFFIC, WATER_COLORS;
subtype T_COLOR is TRAFFIC.COLOR;
subtype W_COLOR is WATER _COLORS.COLOR;
X : T_COLOR;
Y W_COL,OR;

b.grn

end:

The subtypes 1_COLOR and W_COLOR rename the corresponding types and are unambiguouswithin the block, (whereas COLOR would be ambiguous).

Because of the possibility of overloading, it will often suffice to rename conflicting type names;names of subprograms being thereafter resolved by the overloading rules, The renaming facilitycan also be used to provide a name more appropriate to the context of its use. For instance, theauthor of a sort routine may call his version QUICKSORT2 whereas SORT may be better (and lesscumbersome) throughout the application.

9.3.7 Linear Elaboration of Declaration,

For reasons of readability (not for compilation reasons), the elaboration of declarations is per-formed linearly in a one-pass fashion. This means that the scope of a declaration extends from thepoint where the declaration is made (including the declaration itself), to the end of the unit con-taining the declaration. This simple rule has the advantage of corresponding to the understandingthat a reader may have of the text when reading the program sequentially.
For constant declarations, the one pass strategy is quite intuitive. It permits later type and constantdeclarations to be expressed in terms of a previous constant declaration, as in the follo~iing exam-ple where each declaration is made in terms of the one on the previous line.

declare
LENGTH : constant INTEGER 100;
SQUARE constant INTEGER := LENGTH*LENGTH
subtype SURFACE is INTEGER range 0 .. SQUARE;S,T,U : SURFACE;

begin

end

The one-pass strategy has the other advantage of avoiding cyclic constant declarations. Howevera - precaution is needed for inner scopes
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declare
N : constant INTEGER := 10;

declare
M constant INTEGER := Ns.2; -- velue equal to 100
N : constant INTEGER 20; -- illegal redeclaratiori l

-n
end:

end:

Whereas redeclaration of an Identifier is generally permitted, in the above case the redeclaration of
N is illegal and shall be rejected by the translator, since the value of the outer N has already been
used in the same declarative part . The rule applied is as follows:

Identifiers of en outer scope which are used in a given sequence of declarations may not be
redefined In that sequence of declarations.

Unear elaboration means that mutually recursive procedures must have their specifications
appearing before their bodies. Similarly, this means that the module bodies of two packages (or
tasks) can mutually refer to their visible parts, provided that their module specifications appear
before, as in the following example:

package A Is

end A:

package B Is
use A;

end B;

package body A Is
use B;

end A;

package body B Is
use A;

end B;

If two access types are mutually dependent, an incomplete declaration of one of them must be
given before the corresponding type declaration appears in full. This is illustrated in the following
example:
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type CAR; -- incomplete declaration of CAR
type PERSON is access

record
NAME : STRING (1 .. 20);
AGE : INTEGER range 0 .. 130;
SPOUSE : PERSON;
VEHICLE : CAR;

end record:

type CAR is acesu
record
NUMBER INTEGER;
OWNER : PERSON;

end record;

If the incomplete predeclaration of CAR were omitted, then in the presence of an outer identifier
CAR of any type, the wrong association would be made when encountering the declaration of the
component VEHICLE, but this would be trapped when the definition of the access type CAR was
encountered. On the other hand, if an outer type CAR existed (and the inner one did not) it is clear
that the association with the outer one would be valid.

The importance of the predeclaration can be seen by noting the assumptions that the reader who
has read the definition of PERSON but not that of the inner definition of CAR would make in the
absence of the predeclaration.
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10. Separat . C.mpllation and Ubrarles

10.1 Introduction

Separate compilation of program units is a practical necessity. Its basic goal is to permit the
separation of large programs into simpler, more manageable parts and to provide a library facility. - -

Separate compilation helps to reduce compilation costs and to simplify development and manage-
ment of program corrections and updates.

For large projects involving several programmers, separate compilation enables a physical separa-
tion of program texts in a way that reflects the division of work and responsibilities Once the corn-
mon interface between two parts has been agreed upon and recorded the two parts can be
developed and compiled separately. The fact that the corr~non interface is a physically separate
text guarantees that separate recompilation of either part - ..~s not invalidate the common inter-
face.

The physical separation of program texts may be viewed as a support facility for the structured
programming concept of refinement. It may also be used to conceal the text of subprograms from

— users who are only allowed to call them. Such concealment may be justified either by confiden-
tiality or in order to prevent inference of implicit assumptions regarding the functioning of the sub-
programs. Finally this physical separation enables the construction of libraries.

It is appropriate at this stag e to introduce the distinction between independent and separate com-
pilation, a distinction first made by J.J. Horning.

Independent compilation has been achieved by most assembly languages and also by languages
such as Fortran and P1/i. Compilation of individual modules is performed independently in the
sense that such modules have no way of sharing knowledge of properties defined in other
modules.

Independent compilation is usually achieved with a lower level of checks between units than is
possible within a single compilation unit. In consequence, independent compilation came into dis-
repute and was rejected by safety minded, early typed language definitions such as Algol 68 and
Pascal. Fast compilation of the complete program was often advocated by promoters of these
languages as a safe alternative to independent compilation. Fast compilation, however, has its
limits, and it fails to answer the needs of confidentia’ity and libraries.

Separate compilation, on the other hand, reconciles type safety and the pragmatic reasons for
compiling in parts. It is based on the use of a library fil, which contains a record of previous com-
pilations of the units which form a program. It has been developed in the language Sue ICH 721
and in later languages such as Jossle EPW 741. Lis [IRHC 741, Mesa (GM 77 , LS 791 and recent
extensions of Algol 68. We next discuss its properties in terms of what is proposed in the Green
language.
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When a program unit is submitted to the translator , the translator also has access to the library file,
Consequently, it is able to perform the same level of checking, in particular type checking, whether
a program is compiled in many parts or as a whole. It is indeed the existence of the library file that
makes the compilation separate but not independent.

Using the general information available in the library file, the translator will be able to help the user
manage recompilations. In particular it will be able to display information about the current corn-
pilation state of a progr~rn divided in several compilation units: which separate program units have
been compiled, and which need to be recompiled because of prior recompilations

It is thus for reasons of safety and practicability that the Green language has a strong facility for
separate compilation. Two additional criteria have been followed in this design, namely simplicity
of use and simplicity of implementation.

Separate compilation being a user oriented facility, it should be very simple to understand and to
use. Consequently it should not introduce other concepts than those required by the nature of
separate compilation. Scope rules and the general form of separately compiled program units
should be the same as those of normal program units.

The design must also be compatible with having a simple translator. The additional work required
for separ,.ste compilation should stay within reasonable limits, since one of the goals is to save
globally on compilation and recompilation time.

10.2 Presentation of the Separate Compilati on Facility

A complete program is either a procedure body or it is a succession of compilation units submitted
individually or together to the compiler. In the Green language the major forms of program units,
that is subprograms and modules , can be compilation units. In addition, a module body can be
compiled separately from the corresponding module specification.

For program units that are separately compiled it ‘s especially important to exercise precise control
over the names that are visible. Consequently compilation units are restricted program units, and
the visibility rules thai apply to them are those that apply to all restricted program units.

Although compilition units are submitted individually to the translator they can depend on each
other through their visibility lists. For this reason the compilation units which form a given program
are said to belong to a common program library.

Traditionally, one can distinguish twL) main styles of program development , top-down (or
hierarchical) program development and bottom-up program de’. elopment. The separate compila-
t ion facility should support both styles, and also any intermediate form.

10.2.1 Bottom-up Program Development

For this form of program development we may have programmers developing libraries of generally
usable modules. The module construct , especially in the package form, is the main construct to be
used for this style of program iievelopment .
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Each generally usable package can (and should) be compiled separately and made thus available in
the program library. The specification and the body (if any) of such a package can be compilation
units and they can be submitted either in the same or in two different compilations.

Some packages produced in this form of program development do not depend on any outside
information, except perhaps that of the predefined environment; for example, a package of physical
constants. More generally, packages may depend on information defined by other modules of the
program library. For example an application level input output package may depend on a more
basic input output package: similarly a surveying package could depend on this application level
input output package and on another package defining trigonometric functions.

Compilation units are interdependent through their visibility lists. This is shown in the example
below:

re.trtct.d(MATH_LIB, TEXT_ b )
procedure QUADRATIC_ EQUATION l

uee TEXT_lO;
A , B , C, D : FLOAT;

GET(A); GET(B) ; GET(C);

0 := B**2 - 4.0*A*C;
if 0 < 0.0 then

PUT (iMAGINARY ROOTS”);
dee

use MATH_LIB; -- note: SORT is defined in MATH_LIB

PUT ( REAL ROOTS : 1;
PUT ((B - SQRT(D))/(2.OsA));
PUT ((B + SQRT(D))/(2.O*A));
PUT (NEWLINE);

end;
end If;

end QUADRATIC_ EQUATION;

For the programmer writing QUADRATIC_ EQUATION, this procedure represents his complete
program. However, in order for that program to work . the program library should already contain
the two packages MATH_LIB and TEXT_b on which QUADRATIC_EQUATION depends.
Otherwise the function SQRT supplied by MATH_ LIB and the procedures GET and PUT supplied
by TEXT_IO will not be visible. The procedure could only be considered as complete and not
dependent on any other module if the packages that it used were local packages, and if in conse-
quence it had no visibility list.

Realizing that this program might be generally usable, the programmer may decide to encapsulate
it within a package, perhaps along with other similar procedures.

package EQUATION_SOLVER is
procedure QUADRATIC_EQUATION;
proc.dure LINEAR_ EQUATION;

end:
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ie.u*iicted(MATH_LlB. TEXT_lO)
package body EQUATION_SOLVER is

procedure QUADRATIC_EQUATION Is
-- same text as before

end;

procedure LINEAR_EQUATION is
-- reads a linear equation, solves it, prints results

end.
end EQUATION_SOLVER;

A program using this is shown below:

restricted(EQUATION_SOLVER)
procedure MAIN I.

us. EQUATION_SOLVER;
begin

for I in 1 .. 10 loop
QUADRATIC_EQUATION;

end loop;
end MAIN;

Note that the program MAIN need only mention the package EQUATION_SOLVER in its visibility
list. It need not (and should not) mention the packages MATH_LIB and TEXT_IO, which are actual-
ly needed by the package body of EQUATION_SOLVER, since MAIN does not contain direct calls
to subprograms defined in either MATH_LIB or TEXT_b .

The outermost declarations made in compilation units Introduced in this fashion must be
elaborated before execution of the program. When preparing an object program for execution the
translator (and/or linkage editor) must collect all modules cabled directly or Indirectly and elaborate
them before program execution. In the example above of the procedure MAIN, the modules
EQUATION_SOLVER. MATH_LIB, TEXT_IO (and possibly also other modules used by the latter)
must be elaborated. Elaboration of these modules must proceed in an order consistent with the
partial ordering discussed in 10.2.3.

Note finally that separately compiled modules may also be generic. Instances of such generic com-
pilation units can be obtained as usual:

restrict.d(INPUT_OUTPUT)
procedure TREAT_ ELEMENTS I.

type ELEMENT is
package ELEMENT_ b is new INPUT_OUTPUT(ELEMENT);
-- use of the input output procedures for objects of type ELEMENT

end TREAT_ELEMENTS;
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The other form of program development is ca1~difet rthical or top down, as used in programm-
ing by stepwise refinement (Wi 71, Wo 721. The top level provides a formulation of the program in
terms of operations to be supplied by the next lower level. Each such operation is then further
defined In terms of operations of another lower level, etc. Corresponding to this form of program
development the Green language offers the possibilIty of having compilation units that are sub-
units of other compilation units.

We illustrate subunits by means of a variant of the example of section 10.2 of the Reference
Manual. Assume that we are developing the procedure TOP In a top down fashion. The top level of
definition is given by the following compilation unit:

procedure TOP Is

type REAL Is dIgits 10;
R, S : R E A L ;

procedure Q~U : REAL);

package
P1 : constant REAL := 314159_26536;
function F(X : REAU return REAL;
procedure G(Y. Z : REAL):

end D;

package body D is esporats; -- stub of 0
procedure Q(U : REAL) is separate; -- stub of Q

begin --TOP

0(R):

D.G(R. S);

end TOP;

The specifications of the procedure Q and of the package D are given as usual. Hence the state-
ments of TOP can be defined in terms of these units, that is, the procedure Q and the subprograms
F and G defined by the package 0 can be called. in this case however the bodies of 0 and D have
not been provided, but only body stubs in their stead, so that these two program units can be corn-
piled separately as subunits of the procedure TOP. The procedure 0 appears as

r~ Ir4.~I.d (TOP)
eperats pro.edure Q(U : REAL) is

use D;

U :~ F(U);

end 0;

Although separately compiled, Q must still have access to the identifiers declated within TOP. For
example It must see the type REAL and the package name 0. This is achieved by the visibility list
restricted (TOP) mentioning the name of the enclosing procedure TOP. Similar considerations app-
ly to the separately compiled body of the package 0:
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restrIcted (TOP)
separate peckage body 0 Is

-- some local declarations of 0 followed by

function F(X : REAL) return REAL is
-- sequence of statements of F

end F;

procedure G(Y. Z : REAL) Is separate; -- stub for G
snd 0;

In this case the package body contains the body of the function F and, again, a stub for the
procedure G which is thus a subunit of D:

restrIcted (TOP. INPUT_OUTPUT)
separats procedure GN. Z REAL) Is
begin

-- sequence of statements of G
end G:

Subunits can be declared at the outermost level of another unit or subunit. This creates the pos-
sibility of a hierarchy of program subunits depending on a given compilation unit. This hierarchy is
no different from the nesting hierarchy in ordinary program units. In particular, the visibility rules
are the same and a subunit can depend on dynamic information. For example, consider

restricted (TOP)
separate- procedure Q(U : REAL) is

us. 0:
L constant REAL :=
procedure S is separate;

end 0;

Access to the local constant L is still possible within S. exactly as if the body of S were textually
nested at the place of the stub.

restricted (TOP)
separate procedure S Is

-- access to L is possible
end S:

It should be clear that these two methods for Introducing compilation units are not mutually
exc lusive and can be used in combination. For example, a general purpose package may be split
into subunits in order to facilitate its development, compilation and subsequent recompilation.
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10.2.3 Comp Ilation Order

Compilation units may be compiled separately, but this does not mean that compilations can be
submitted in an arbitrary order , since units are not independent. In particular , we have seen that
one unit may appear in the visibility list of anothet unit , and some units can be subunits of other
units. These two forms of dependence determine a partidl ordering of compilations:

• A unit cannot be compiled before any unit that it sees.

• A r~odule body cannot be compiled before the corresponding module specification.

• A subunit cannot be compiled before the unit containing its declaration (and stub).

These rules are certainly rules of common sense and the tra:islator must enforce them. It should be
clear that they only define a partial ordering and that several sequences are actually possible. For
example

(a) The procedure QUADRATIC_EQUATION cannot be compiled before the specifications of
MATH....LIB and TEXT_IO. On the other hand, the latter can be submitted in any order.
Furthermore the package bodies of MATH_ LIB and TEXT_ b need not themselves be corn -
piled before QUADRATIC_EQUATION. Of course , in order to execute the program , it will be
neces~arv that all compilations be completed.

(b) The procedure TOP must be compiled before its subunits Q and D can be compiled. On the
other hand, the order of compilation of the procedure body of Q and of the package body of 0
is irrele”ant. Note that the body of 0 contains the clause use D; but this has no influence on
order of compilation since all the information that Q needs to know (and can know) about D is
contained in the specification of 0 compiled with TOP.

(c) The subunit G cannot be compiled before either the package body of 0 (containing its stub) or
IN PUT_OUTPUT (appearing in its visibility list). On the other hand the body of D and the
INPUL.OUPUT package can be compiled in any order.

10.2.4 Recomp ilation Order

Similar considerations apply for recompilations. If a given declaration is modified in a program unit.
all other units actually using the declared entity are affected by the change and should be recom-
piled.

In principle, a translator including a librarian facility could compare the old text and the new text
and keep track of the changes on an individual basis. It would thus be able to keep recompilations
to an absolute minimum.

For simpler translators however , one may assume that the smallest grain or change recognized by
the translator is the reconipilatiori of d (,cirnr, l~Itu,r un i t  ~ r tncn p~lnt c,,; t i s i i i g  ~isn h ci ~t I alo~4~ Iho
rules defining the need for recompilations are identical to the rules defining the cOflqnl~ttion oi lot
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Given the ability to separately compile a module specification and a module body this simple
Strategy should not in practice require many more recompilations than strictly necessary.

Note, in this respect , that the language design has carefully avoided unnecessary textual
dependency. For example, the fact that visibility restrictions are given with the procedure body and
not with the procedure declaration (and/or stub) is quite important. Consider the alternative

procedurs EXAMPLE is
package A is

end A;
package B is

end B;

- - The followieq is not in Green:

resfr ü red (A . INPUT OUTPUfl
procedure P(X : INTEGER) is separate;

restricted (EXAMPLE . MATH - LIB)
procedure Q(Y : REAL) ii separate;

end EXAMPLE;

Assume that in some later revision of this program, input output needs to be performed within the
body of 0. Then if visibility lists were provided with the stubs, it would be necessary to modify the
stub of 0 and hence to recompile the text of the EXAMPLE. However since the stub of P is also
provided there (this is the textual dependence), a translator using the simple strategy would con-
d ude the necessity of recompiling P as well.

While we recognize that future translators might adopt more ambitious schemes this design has
carefully avoided any feature that would not be compatible with the simple strategy. Given this
careful avoidance of unnecessary textual dependencies the number of recompilations can be kept
quite close to the actual minimum.

10.2.5 Methodo logicai l Impact of Separat e Compilation

The ability to separately compile a module specification and the corresponding module body has
important methodological consequences for program development and maintenance . For example.it allows a team of programmers to agree upon a common interface and detine it by one or more
package specifications. This being done, the package bodies and any other unit using the common
interface can be developed in parallel and compiled in an arbitrary order. Consider for example the
specification of table management package given in section 7.5 of the Reference Manual:
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package TABLE_MANAGER I.
type ITEM is

record
ORDER _NUM : INTEGER;
ITEM_CODE : INTEGER;
ITEM_TYPE : CHARACTER;
QUANTITY’ : INTEGER;

end record;

NULLJTEM : constant ITEM :=
(ORDER _NUM I ITEM_CODE I QUANTITY => 0, ITEM_TYPE => “

procedure IN.. ERT (NEW_ ITEM : in ITEM);
procedure RETRIEVE (FIRST_ITEM : out ITEM);
TABLE_FULL : exception; -- may be raised by INSERT

end TABLE_MANAGER;

The above package specification contains all the declarations that need to be known by any unit
using the services of the table manager.

It is important to realize that the package body of TABLE_MANAGER may be modified and recom-
piled without need for recompilations of units using TABLE_MANAGER. As long as the operations
promised by the visible part of the definition module are correctly achieved, the user will not be
affected by such changes. Another version of the package body using a different technique (such
as a balanced tree instead of lists) may be substituted without ~ ~fecting the user.

This ability to compile a module specification and the corresponding module body separately is a
logical extension of the idea of encapsulation. Since the user is not affected by the contents of the
package body (provided it is correct), there is no need to show him its text: all the user needs is an
object module.

Separate compilation of module bodies may thus be used to achieve physical hiding. This will be
useful for confidentiality purposes. It will also help to deny the user the possibility of reading the
algorithms and inferring implicit assumptions that might not be satisfied by later implementations.
In this sense separately compiled module bodies provide good support for the policy of restricted
flow of information advocated by Parnas [PA 731. They can be used in conjunction with
methodologies such as algebraic specification [GU 771.

10.3 The Program Libra ry

In the previous sections we have shown how a barge program can be separated into several com-
pilation units. All such units logically belong to what is called a program library. Such library may
contain the units necessary for a single main program, but it may also contain the units of several
main programs, especially in the case of related projects. This should be left as a user decision.

Associated with each program library, there must be a library file that records information relative
to the compilations that have already been done. In particular, the library file must contain symbol
tab/es for separately compiled module specifications. It must also record compilation dates, and
t ’-ie unit-subunit relations, in order to enable the translator to check the order of compilation.
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When submitting a compilation unit to the compiler , the prograrnitier must provide

• The source text of th~ compilation unit

e The name of the library tile to which the unit belongs

It is this second item that makes the compilation separate but not independent; the library file
enables the translator to perform type checking across separately compiled units exactly as within
a given compilation unit.
The concept of program library as defined above Is not much different from the usual concept of
library, provided that means exist for transferring units from one library to another one. Such
facilities are not properly within the domain of the language but rather within that of its support
environment. We can only state here desired facilities that this environment should provide. When
standardized , these facilities could be specified by appropriate pragmas:

Libra, y creation:

There should be a command for library creation. Some translators may decide to initialize
the library with the predefinod modules upon library creation.

Inclusio n of library unsts;
There should be a command to include a unit of one library Into another lihiary . Note that
such inclusion requires inclusion of the Information pertaining to the unit (e.g. Its symbol
table). After its inclusion, a unit should be indistinguishable from other units of the library.
Inclusion of a unit may require inclusion of units that it sees.

Deletion o~ library units

Conversely there should be a command to delete a unit from a given library.

Completion check

There should be a command by which a programmer states that the program is complete
( all units have been compiled). The translator will check that this Is the case and issue
appropriate error messages otherwise. Similarly this command (or a distinct one) could be
used to display global information about the current state of the program library: which
units have been compiled, which subunit s have never been compiled , w hich units need to
be recompiled . etc.

Completion and status checks are quite useful since a library may contain obsolete units at
interm ediate stages of the program development.
Since the translator is able to detect the need for recompilatlons , it could conceivably do these
automatically when needed. However changes are often done for several units at the same time. A
translator that oerformed recompilatlons after each change might perform more recompilatlons
than necessary unless it had global knowledge of all changes submitted.

Assume for example that the specifications of the packayes A and B are modified. If all units see--
A were automatically recompiled, then if some of them also see B, they would be recompiled a

,tonil time after the compilation of B.

~~~~~~~~~ “ ~ t-ertainly preferable to let the user manage the recomp llatlons. However , this means
~. s ’ ‘.w~4~ Por ilisplaving the current status of compilation units of a program should he provided.

~~~~~~ - v ‘ T . I I~~ thdlt the user should be able to state that a program is complete and let the
~~~.,‘

.. “.i ~ tr~at this is .‘iLtually the case.
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10.4 The impl ementat ion of Separate Compilation

The purpose of this section is to demonstrate that the proposed language features can readily be
implemented safely and at a reasonable cost for the simple strategy where the minimum grain ofchange recognized by the translat or is a unt  compilatk~n or recompilation. The model described
below should not be considered as the only possible implementation technique but rather as afeasibility proof. It is similar to the technique used for Lis compilers.

As mentioned before, separate compilation of a program split into separate units involves a libraryfile recording information on the units and on relations between them. In a sense , the library file
plays a role similar to that of the symbol table for a single compilation unit. The basic idea of main-
taining a library file is not widely known, but has been in use for many years for the compool
facility in Jovial IPE 66 1.

10.4.1 Pnnciple of Separate Compilation

A library file is essentially a representation of the declarations encount ’red in the outer declarative
part of the compilation unit considered. These declarations may be accessed by other compilation
units. In particular access may be made to:

• Any unit (or subunit) containing declarations of local subunits.

e Any separately compiled module specification since it may appear in the visibility lists of other
compilation units.

As a consequence the corresponding symbol tables must be kept in the library file. It is the
translator ’s responsibility to maintain these symbol tables. fri order to perform a given compilation.
~t must first select the symbol tables corresponding to the current scope and then load them. In
other words, it must construct a r /mboI table equivalent to the symbol table at a given program
point as if the program was compiled as a complete text.

In order to perform this task it is useful to consider the following torest structure , which reflects
declaration of units and subunits:

(a) A unit is a root.

(b) The sons of a given compilation unit are the subunits whose stubs are given within the unit
considered.

This structure is necessary for the determination of scope rules. Hence it must be recorded in the
library file and updated as new stubs of subunits are encountered , or as new units are compiled.

Finally for all units and subunits , . list of the modules mentioned in their visibility lists must be
recorded.

The forest structure will help for the determination of the symbol tables to be loaded, for checking
the validity of visibility restrictions and for the determination of the recompilations that need to be
done as a consequence of previous tecomp ilations. Naturally, the translat or may use this informa -

tion to assist the user with recompilations.
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To check for required recompilations , the tr anslator may use a system of time-stamping that
records the order of compilations: a compilation date is associated with the symbol table of each
unit or subunit.

10.4.2 Details of the Actions Performed by the Transl ator

The following major actions must be performed during the translation of a compilation unit:

Determination of the compilation context

During a preliminary scan of the text of the compilation unit (for instance, durin9 the lexical or
context-free analysis phase), the name of the compilation unit is recognized and a merged list of au
visibility lists found in the inner declarative parts of the unit is constructed. Note that the recogni-
tion of the compilation unit name will somet imes be only possible by using the contents of the
visibility lists.

Using the forest structure, the genealogy of the compilation unit may be found: its father , grand-
father , and so on, until a unit (root) is found. This genealogy together with the merged visibility
restrictions comprise the compilation context .

Checking the validity of the compilation context

Any unit mentioned in a visibility list within a given compilation unit must be either a library
module or the root of the genealogy. Any subunit procedure mentioned in a visibility list must
belong to the genealogy of the current compilation unit. Any subunit module mentioned in a
visibility list must have been declared in one of the units or subunits of the genealogy.

The remaining names may be those of procedures and modules that are local to the current unit. -
:

This sublist is kept for later chec ’.s.

The following checks of compiiation dates must be performed:

• In the genealogy, each son must have been ~ompiled after its father.

• Each compilation unit of the genealogy must have been compiled after the modules it men-
t ions in its visibility list.

• Each module of the merged visibility list must have been compiled after the modules it men-
tions on its own visibility list.

Translation may only proceed if all these checks are successful. Otherwise diagnostics, a lis of
required recompilations and a recommended order must be printed by the translator.

Table loading

The symbol tables of the portion of the genealogy used and those of the modules of the merged
visibility lists may now be assembled (of course , actual accessIbility to the declarations contained
in a module must be given only in scopes where the module name appears in a use clause or in
selected components) .

rhis table assembly may involve establ ishing some links between the different tables since they
may refer to one another (for instance an identifier declared in a given package may be of a type
declared in another package).
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At the end of the translation of a unit or sub~ l~, -th~.~datø of compilation must be updated. For a
module, or for a procedure containing local de~~ tät ibns of separate units, a new symbol table
must be stored in the library file in a suitable format. Newly declared separate units must be
entered in one of the trees of the forest. If a new unit is compiled a root must be added to the
forest.

When a module is recompiled it is possible to use the forest structure to mark all units using the
module as needing recompilation. Similarly when a procedure or module is recompiled, all sub-
units declared within it may be marked as needing recompilation .

10.4.3 Treatment of Module Bodies

For a given module, the two disjoint units (specification and body) must be viewed as defining
(complementary aspects of) the same logical entity. Consequently it will be convenient for the user
to have a single object module, and not two. In order to achieve this effect the code produced dur-
ing the compilation of the module specification, if any, may he kept in some intermediate form in
the library file entry associated with the module. Later, when compiling the module body, this
initial code may be recovered and the compilations may proceed as if the two units were con-
caten ~ted.

10.4.4 Summary of the Information Contain ed in a Ubrary File -

The library file contains a representation of the forest structure discussed above. Each node of a
tree corresponds to a subunit, except the root, which is always a unit. A node contains:

• The name of the unit or subunit.

• Its nature: subprogram, package or task.

• Its compilation date and that of the associated module body, if there is one.

• The list of modules mentioned in the visibility list.

• A symbol table, if the unit or subunit contains declarations of subunits, or if the unit or subunit
is a module specification.

• A boolean component indicating need for recompilation.

The entry for a given node is created either when the stub for a subunit is analyzed (and then
initialized in the state “recompilation needed”), or, when the node is for a unit, during its compila-
tion. This entry is updated during compilations. The entry for a subunit may be deleted from the
compilation file if its declaration is absent from the parent unit (or subunit), when recompiling the
latter .

Each individcal symbol table must be kept in a format that simplifies the reestablishment of the
relations between different symbol tables when they are assembled. As an example, consider the
two following packages:
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package 0 Is
type T is

end 0;

restricted( 0)
package E is

use D;
X T;

end E;

Given the symbol table entry for the declaration of X , it must be possible to find the symbol table
entry for its type T.

If internal references are used to represent such relations, they must be relocated when the symbol
tables are assembled. Solutions involving relocation information, or alternatively general tables of
types, have been used in the past by implementations of languages supporting separate compila-
tion.

Note, finally, that symbol tables may be transferred from the library file of one program to that of
another program. The internal structure adopted for symbol tables should permit this.

10.5 Summary and Conclusion

To summarize the Green separate compilation facility:

• Compilation units can be subprograms, module specifications and module bodies. All com-
pilation units are restricted program units. The compilation units of a program form a program
iibrary.

• Subunits of other compilation units can be defined by using body stubs. These subunits are
separate ly compiled.

• The visibility rules applicable to compilation units and subunits are the usual scope rules
applicable to all restricted program units. The order of compilation and recompilation is only
governed by these rules.

We have attempted to restrict the number of language concepts to the minimum required by the
nature of sep irate compilation, and believe we have produced quite a simple solution. Naturally
this simplicity ~as obtained by treating separate compilation as one of the major goals in thelanguage design, and not as an afterthought.

Separate compilation has been conceived mainly as a user facility supporting the traditional forms
of program development.

This language proposal can be implemented at very reasonable cost, as evidenced by the previous
sections and by previous languages supporting similar separate compilation facilities. In conse-
quence the type rules may be enforced across separate units to the same degree as within a given
unit.
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Separate compilation in no way changes the meaning of a program. Furthermore we have
demonstrated that the Information contained In a library file may be used to check that a given
compilation does not use information from other units that have in the meantime become
obsolete.

Finally, one of the motivations of separate compilation Is the creation of software libraries. This is
supported by the present proposal. By far the most useful library units should be packages. The
proposed facility permits their use with the same degree of safety as for internal units.

It is expected that library packages will be used for encapsulation of type definitions, for common
constants and data , and for shared declarations. The fact that these library items are already com-
piled program units and not source texts offers a degree of safety not found in languages providing
merely independent compilations.

Other modules will be used for the creation of user packages such as input output packages, to be
found in libraries. The ability to compile a module specification separately from the corresponding
module body provides the possibility of separating the interface of a module from its implementa-
tion. Thus it supports information hiding and reliability to an extremely high degree.

(~ -
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11. Task Ing

11.1 Introduct ion

Tasking is an important aspect of many embedded systems and this importance is clearly
recognized in the Steelman requirements . However it seems to have been neglected in most
languages currently in production use for such systems. One reason has clearly been a lack of con-
fidence in the many different facilities put forward fur the control of parallelism . Semaphores.
events, signals and other similar mechanisms are clearly at too low a level. Monitors, on the other
hand , are not always easy to understand and, with their associated signals, perhaps seem to offer
an unfortunate mix of high level and low level concepts. It is believed that Greefl strikes a good
balance by providing facilities which are not only easy to use directly but can also be used as tools
for the creation of mechanisms of different kinds.

The basic textual concept in Green is that of a task which in form is closely analogous to a package
module. Statements enable tasks to be initiated in parallel with their parent task and with each
other. The termination of tasks basically follows the scope structure but mechanisms are also
provided to allow wayward tasks to be controlled.

Communication and synchronization are both a ~hieved using the concept of a rendezvous
between a task issuing an entry call and a task accepting the call by an accept statement. An entry
call is similar to a procedure call except that the calling and called tasks are distinct and syn-
chronized.

Great power is provided by the select statement which enabies a task to respond to several dif-
ferent possible entry calls.

Other facilities include a delay statement, which, combined with the select statement, provides a
time-out mechanism in a natural manner. Interrupts may be handled by a representation
specif ication associated with a particular entry.

This chapter sta rts by describing the facilities and illustrating their use with examples. This is fol-
lowed by a brief historical survey of parallel processing mechanisms which put the present Green
operations into perspective. A substantia~ exa mple is then given. A further section covers miscel-
laneous points of rational that are not covered elsewhere , and a final section discusses some
implementation considerations.
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11.2 Presentation of the Tasking Facili ty

This section introduces the tasking facilities, defines them generally, and illustrates them by means
of examples. After a presentation of tasks and their associated hierarchy, we describe rendezvous,
entry calls , and accept statements . The discussion continues with select statements , delay state-
ments, and interrupts, whose occurrences can ~e viewed as implicit entry calls . Families of tasks
and entries, and generic tasks are then described and the presentation concludes with the use of
these concepts for scheduling.

11.2.1 Tasks Textual Layout

- 
- A task is a textually distinct program unit which may be executed concurrently with other tasks. It

is very similar in form to a package module. Indeed the major difference between a package
module and a task module is that the former is merely a passive construct whereas a task may be
active.

Like the package module, a task may be declared within any declarative part (except the visible
part of another task) and similarly comprises two distinct pieces of text. These are the specifica-
tion part which describes its external appearance , and the module body which describes its inter-
nal behavior. These two parts will often be juxtaposed in the text but need not and indeed need
not be compiled together. We will now consider the details of these two parts and, in particular ,
show how they differ from the corresponding parts of package modules.

The specification part comprises a header giving the name of the task (and possibly other
characteristics, to be discussed later , such as whether it is a family or generic) and a declarative
part which describes its appearance to the outside world. This declarative part is usually known as
the visible part. The visible part may contain type, subtype, constant , entry, subprogram, exception,
and renaming declarations. The declarations of variables and modules are disallowed on
methodological grounds (since such variables would not be controlled by the task) and because of
the difficulty of preventing access to them if the task is not active. Entries externally look like
procedures but are executed in mutual exclusion.

It is the possibility of the inclusion of entry declarations which distinguishes the visible part of a
task from that of a package module.

The follow ing is an example of the specification part of a task:

task LINE_TO_ CHAR is
type LINE is array (1 .. 80) of CHARACTER;
entry PUT_ LINE (1 : In LINE);
entry GET_CHAR (C : out CHARACTER);

end;

The module body of a task has a form similar to that of a package body and comprises a
declarative part and a sequence of statements. The body of the above example has the following
outline.

11-2
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task body LINE_TO_CHAR I.
BUFFER : LINE;

begin
-- sequence of statements

end;

The full details of the body of this example are deferred until section 11 .2.4.

11.2.2 Task Hierarchy

Before describing the detailed statements associated with tasks , it is important that the reader
understand the underlying concept of a task, its activation, and its parent. We describe this in
terms of a model which should be considered to be only illustrative .

‘Ne distinguish between a thread of control and the text of a task. A thread of contro l cor; esponds
to a task activation whereas the text is merely a passive description of some code. The main
program can be considered to be an anonymous task with a thread of control created by the
underlying system.

When a thread of control enters a scope containing task declarations , the elaboration of each
declaration creates just one new potential thread of control (or in the case of a family, one for each
member of the family). There is therefore a one to one correspondence between threads of control
and the elaboration of task declarations and we can loosely talk about a thread of control by the
name of the corresponding task declarations .

Although each elaboration of a task declaration only gives rise to one thread (that is, a task cannot
be multiply active~ nevertheless there may be several threads corresponding to different coexisting
elaborations of the declaration. This would occur for example if a task were declared in a recursive
procedure or perhaps more likely in a procedure called reentrantly by several other tasks. The nor-
mal scope rules prevent any ambiguity because only one instance of the task elaboration is visible
at any one point.

It should also be realized that a subprogram does not in any sense belong to any particular task.
- - -  Whether or not it can be used reentrantly will depend upon its visibility. If it is within the body of a

task which has no siibtasks , then it can only be called by the embracing task . On the other hand, if
it is declared in the same declarative part as several tasks , then it can obviously be called by all
these tasks.

The parent of a task is the task whose thread of control elaborates its declaration. We recall from
Chapter 7 of the Reference Manual that on ent ry into a scope containing a package module the
visible part is first elaborated and the package body is subsequently executed in order to initialize
the package. On the other hand, upon entry into a scope containing the declaration of a task,
again the visible part is immediately elaborated but the task body is not executed until the task is
made active by an initiate statement .

— Ihe initiate statement contains a name list indicating the tasks to be initiated. The tasks are then
made active and their bodies are executed in parallel with each other and their parents. It should
be carefully observed that the task performing the initiate statement need not be the parent
although it often is (since the parent is the one who elaborates the task declaration . fcr an example
see section 11.4.5).
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As far as termination is concerned, a task will terminate on reaching its final and. When the parent
task reaches the end of a scope containing the declaration of local tasks, the parent may have to
wait until all the local tasks have terminated if they have not already done so.

For example consider the following task body T containing the tasks Ti and T2.

ta.k body T is -

-- declarations

task Ti is
- visible part of Ti

end;

task body Ti is
-- body of Ti

end;

task T2 is
-- visible part of T2

end;

task body T2 is
-- body of T2

end;
begin

initiate Ti , T2;

end;

Execution of the initiate statement causes Ti and T2 to be executed in parallel with T. The task T
continues also and may have to wait at its final end for Ti and T2 to terminate.

Several initiate statements may occur , thus we could have written

initiate Ti;
initiate 12;

However, the semantics of the two separate initiate statements is slightly different. In the case of

Initiate Ti , T2;

we are assured that both Ti and T2 are initiated together and therefore there is no possibility that
one could call an entry in the other and find it not yet active. Of course, the initiating task T is also
assured that the initiated tasks are also active before it obeys its next statement.

Initiation of a task which is already executing causes the INITIATE_ERROR exception to be raised.
However a task may be initiated again once it has terminated and this will give rise to a new
execution of the task.
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Facilities are provided to enable a task to exe rt fine control over the termingtion of another task.
The attribute T’ACTIVE Is TRUE if the task T has been initiated and has not yet terminated. The
special exception FAILURE may be raised in another task and this may be used to program last
wishes followed by self termination. In desperation the abort statement may be used. Thus

abort Ti , T2;

will cause tasks Ti and T2 plus any descendant tasks to be terminated unconditionally. This may
as a consequence raise TASKING_ERROR exceptions in other tasks which were communicating
with Ti , T2 or their descendants at the time. The abort statement should not be used without due
care.

The above discussion was presented in terms of several tasks executing in parallel. Whether this
physically occurs depends upon the hardware . In a multiprocessor system actual parallel execu-
tion may occur whereas in a single processor system only one task can really be active . In any
case a scheduler is required in order to allocate the reedy tasks to the one or more processors. The
scheduling algorithm takes tasks on a first in, first out basis within priorities. On initiation, tasks
take the priority of their initiator but they can change their own priority by a call of the procedure
SET_PRIORITY. The priority of a task T is given by the attribute T’PRIORITY. Priorities are
provided as a tool for indicating relative degrees of urgency and on no account should their
manipulation be used as a technique for attempting to obtain mutual exclusion.

Families of tasks and generic tasks are discussed in 11.2.8 and 11.2.9.

11.2.3 VIsibility Rules

The usual visibility rules are applicable to tasks. As a consequence several tasks may share global
variables and it is the programmer’s responsibility to ensure their integrity. Of course the primary
means of communication between tasks is not through the sharing of global variables (which - -

should be done with caution) but by the use of the entry as described in the next section. However
to disallow shared variables seems to be a constraint which would be unwise in some critical cir-
cumstances.

Shared variables are not marked in their declaration since a local variable of a generic module
could be shared or not depending on the place where an instantiation if performed. Moreover any
global variable is potentially shared and its appearance in a global declaration should itself be a
sufficient warning. If it were used by a single task it could always be made local to that task.

11.2.4 Entries and the Accept Statement

As we have seen the visible part of a task may contain the specification o~ entries. Externally an
entry looks like a procedure, takes parameters and is called in the same way. The difference lies in
the internal behavior. In the case of a procedure the calling task executes the procedure body itself
and the procedure body can be executed immediately. In the case of an entry the corresponding
actions are executed by the task owning the entry, not by the calling task. Moreover these actions
are only executed when the called task is prepared to execute a corresponding accept statement .
In fact the calling and called tasks may be thought to meet together in a rendezvous. We will
illustrate this by completing the example introduced earlier .
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task LINE_TO_CHAR Is
type LINE Is array (1 .. 80) of CHARACTER;
entry PUT_LINE (L : in LINE);
entry GET_CHAR (C out CHARACTER);

end;

task body LINE_TO_CHAR ii
BUFFER : LINE;

begin
loop

accept PUT_LINE(L : in LINE) do
BUFFER := 1:

end PUT_LINE;
for l in 1 . .  80 loop

accept GET_CHARIC out CHARACTER~ do
C := BUFFER(l);

end GET_CHAR;
end loop;

end loop;
end;

The accept statement has the partial appearance of a procedure body. lt can be thought of as a
body to be executed where it stands in much the same way as a block can be thought of as an
inline procedure without parameters.

The accept statement repeats the formal part of the entry declarations in order to emphasize the
scope of the parameters . The formal part is then followed by the statements to be executed during
the rendezvous. These are delimited by do and end and are the scope in which the parameters of
the entry are accessible.

There are two possibilities for a rendezvous according to whether the calling task issues the calling
statement such as

LINE_TO_ CHAR.PUT_LINE(MY_LINE);

before or after a corresponding accept statement is reached by the called task . Whichever gets
there first waits for the other. When the rendezvous is achieved, the appropriate parameters of the
caller are passed to the called task (note that actual parameters are determined when the entry call
is issued, not when the rendezvous occurs). The caller is then tnmporarily suspended until the cal-
led task completes the statements embraced by do ... end. Any out parameters are then passed
back to the caller and finally both tasks again proceed independently of each other.

It should be observed that the rendezvous is named in one direction only. The calling task must
knov: the name of the entry and this is specific to the called task. Thus the calling task must know
the called task . The called task on the other hand will accept calls from any task. Thus we have a
many-to-one pattern of communication. As a consequence of this, each entry potentially has a
queue of tasks calling it. This queue is processed in a strictly first in first out manner and each
rendezvous at an accept statement removes just one item from this queue.
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The behavior of the process LINE_TO_ CHAR should now be clear. It contains an internal buffer
which may hold a line of characters. The task alternately fills the buffer by accepting a call of
PUT_LINE and then empties it by accepting 80 successive calls of GET_CHAR. Catls of the entries
can only be processed when the corresponding accept statement is reached. Thus many different
tasks could be held up attempting to call PULLINE. They are only accepted one at a time in
accordance with the groups of calls of GET_CHAR . Again note that the buffer may be emptied by
several different tasks calling GET_CHAR. Indeed several tasks could be suspended on calls of
GET_CHAR until a task issues a call of PUT_LINE.

It should be car&~lly observed that a task can only be in one queue at a time (and then only in it
once). This is because a task can naturally only be calling one entry at a time .

This example could therefore be used to provide a simple buffering mechanism between a
producer and consumer task thus (assuming the corresponding tasks have baen initiated):

task CONSUME_CHAR;
task PRODUCE_LINE;

task body PRODUCE_ LINE I.
us. LINE_TO_CHAR;
MY_LINE : LINE;

begin
loop

-- fill MY_LINE from somewhere
PUT_LINE(MY_LINE);

end loop;
end;

task body CONSUME_CHAR ii
use LINE_TO_CHAR;
MY_CHAR : CHARACTER;

begin
loop

GET_CHAR(MY_CHAR);
-- dispose of MY_CHAR

end loop;
end;

In the task LINE_TO_CHAR there is only one accept statement corresponding to eaci’ entry. This
need not necessarily be the case as later examples will show. Moreover if there are several accept
statements corresponding to one entry then the bodies of the statements may differ . We see here
a sharp distinction between entries and procedures. All calls of a procedure execute the same
body whereas calls of entries need not. Entries are closely akin to coroutinss in this respect.

As general programming practice the body of the entry between do and end .~hould not contain
unnecessary statements otherwise the calling task will be needlessly held up. As a consequence,
it will often be the case that the end will follow the last statement which needs to access an entry
parameter.

An accept statement may have no do ... end part. This will usually, but not necessarily, be the case
when the entry has no parameters.

11-7
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For example the following task implements a binary semaphore for protecting critical sections:

task SEMAPHORE is
entry P;
•ntiy V;

end;

task body SEMAPHORE is
begin

loop
accept P;
accept V;

end loop;
end;

A critical section is then bracketed thus

-- critical section
V;

In this case the rendezvous merely provides synchronization and no data is transferred.

An entry can be declared in a task specification or in the outermost declarative part of a task body
and is s~id to be owned by the task. In the simple examples we have met so far, the entries have
all been declared in the visible part. The task READER _WRITER in the next section illustrates the
use of a local entry.

There are constraints on the position of an accept statement to ensure that it is only executed by
the task owning the corresponding entry. Firstly an accept statement may only be in the body of
the task and not in an inner task. Secondly if an accept statement is in a procedure then that
procedure may not be called directly, or indirectly, by a visible procedure or by the body of an inner
task .

If an entry is renamed, it is renamed as a procedure. This preserves the uniform user interface. A
minor distinction between entries and procedures is that it is not possible o have an entry func-
tion. Finally it should be remarked that it is possible to have families of entries. These are discussed
in 11.2.8.

11.2.5 The Select Statemen’

The accept statement enables ~‘ ~a~k to wait for some event to happen and the happening of the
event is in our notation indicatec ~

y the calling of the corresponding entry. To wait for sevaral
events all to have happened merely raquire s a sequence of accept statements. To wait for one
only of several alternatives is not easy and for this purpose we introduce the select statement . As
will become evident, the select statement has exceptional expressive power.

The select stntement has some an-dogy with the case stat ‘ment and in :ts simplest form allows
one of several alternative accept statements to be obeyed.
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As an example suppose we wish a variable to be accessible to many task but nevertheless wish to
prevent more than one task from accessing it at the same time. Moreover suppose we wish to
provide facilities to read the variable and to write a new value to it. The following task provides the
entries READ and WRITE for this.

task PROTECTED...VAR(ABLE Is
.ntyy READ (V out ELEM);
entry WRITE (E in ELEM);

end;

task body PROTECTED_VARIABLE I,
VARIABLE : ELEM;

b.gin
loop

select
accept READ (V : out ELEM) do

V := VARIABLE ;
end;

or
accept WR ITE(E : in ELEM) do

VARIABLE :=
end;

end select ;
end loop;

end PROTECTED_VARIABLE;

A call of READ copies the value of the variable into its parameter V. A call of WRITE copies the
expression E passed as parameter into the variable.

The select statement allows the task to accept either READ or WRITE. On entry to the select
statement if neither a READ nor a WRITE has been called, the task waits for the first of either and
then obeys the appropriate accept statement. If one has already been called then that call is
immediately accepted. If however both entries have already been called (obviously by two or more
other tasks) then one of the alternatives is chosen in a completely random manner.

In the more general case each alternative may include a guarding condition following when. These
conditions are all evaluated at the beginning of the select statement and only those alternatives
whose guards are true are considered in the subsequent selection. An absent guard is of course
considered to be true. If all guards are false so that no alternative can be considered, then it is an
error (unless there is an else part as described later in this section) and the SELECT_ERROR excep-
tion is raised. An alternative whose guard is true (or absent) is said to be open. If the guard is false
it is cfosed.

It should also be noted that each alternative may also include further statements following the
rendezvous body of the accept. These additional statements are executed in the normal way after
the rendezvous has been completed.

The following example of a bounded buffer illustrates the use of guards.
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task BUFFERING Is
entry READ (V : out ITEM);
entry WRITE (E : In ITEM);

end;

task body BUFFERING I.
SIZE constant INTEGER := 10;
BUFFER aniy (1 SIZE) of ITEM;
INX. OUTX : INTEGER range 1 .. SIZE := 1;
COUNT : INTEGER range 0 SIZE 0;

loop
eLect

when COUNT < SIZE =)
accept WRITE (E : In ITEM) do

BUFFER(INX) E;
end;
INX :=- INX mod SIZE + 1;

COUNT :=- COUNT + 1;

or
when COUNT > 0 =>

accept READ (V out ITEM) do
V :~ BUFFER(OUTX);

and;
OUTX OUTX mod SIZE + 1;
COUNT COUNT - 1;

end select;
end loop;

end BUFFERING;

The variables INX and OUTX index the ends of the currently used part of the buffer and COUNT
indicates how many Items are in the buffer. Note how obvious the guards are. A READ can only
be accepted when the buffer is not empty and a WRITE can only be accepted when the buffer Is
not full. The reader is invited to compare the readability of the solution presented here with the
example written in other languages in section 11.4.2.

It should be noted that the updating of the values of INX , OUTX and COUNT is not done within the
rendezvous. This allows the calling task to continue as soon as possible.

The next example shows the use of local entries. It Is an extension of the task PROTECTED_-
VARIABLE described above and allows several tasks to READ simultaneously but only one to
WRITE when no tasks are reading.

11-10
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task READER_WRITE R Is
proosduis READ(V : out ELEM);
snb’y WRITE(E : In ELEM);

end:

‘esk body READER_WRITER Is
VARIABLE : ELEM;
READERS : INTEGER :— 0:
envy START_READ;
sn~y STOP_READ;

‘woosdurs READ(V : out ELEM) Is
—START_READ;

V :— VARIABLE;
STOP_READ;

end;

bs~~accept WRITE(E : In ELEM) do
VARIABLE :— E;

end:

loop

aceept START_READ:
READERS :— READERS + 1;

or
accept STOP_READ;
READERS :—~ READERS - 1;

or
when READERS — 0 >

accept WRITE(E : hi ELEM) do
VARIABLE —I end select;

end loop;
end READER_WRITER;

In this example READ Is a procedure and not an entry. However since entr ies are called In the
same way as procedures the effective interface from th. point of v iew of the caller remains
unchanged. Of course the complied caRing code may be different but this need not concern the
user.

This example also Illustrate s the use of more than one accept statement correspondIng to the entry
WRITE (In this particular example the bodies are the same but th is need not be the case). It shows
that a task can be viewed as a sort of co4routln. where entry calls can achieve different act ions
depending on th. Current point of execut Ion of the task.

We now consider a further elaboration of this examp le which gives a bett er dIstribution of priority
between readers and wr iters. Normal ly w riters have priority over readers end a new reader should
not be permitted to start if there is a writer welting.

11— 11
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However all welting readers at the end of a write should have priority over the next writer. in order
to program this strategy we use the attribute E COUNT of an entry E which denotes th. number of
tasks welt ing in the queue for the entry. The use of this attribute requires some care as sitplalned
below. We illustrate this point by means of two different formulations of this problem. The visible
part of READER _WRITER remains unchanged. In the first formulation (not the better on.), the
declaration

N INTEGER := 0;

is added to the declarat e part of the body and the statement part now becomes as follows:

begin
accept WRITE(E : In ELEM) do

VARIABLE :=- E;
N START_READ COUNT;

end;

loop
-ct

when WRITE COUNT 0 or N > 0 =>
accept START_READ;
READERS :~ READERS + 1;
If N > 0 then

N :— N - 1;
end II;

or
accept STOP_READ;
READERS :~ READERS - 1;

or
when READERS = O snd N — 0 = >

accept WR ITE(E : In ELEM) do
VARIABLE := E;
N := START_RE~iD’COUNT;

end;
end select:

end loop:
end:

In th is formulation, N Is the numb r of readers still waiting of those who were waiting when the
previous write finished.

The f/to queue discipline Is necessary for the correct working of this example. At the enr$ of each
write, the number of readers waiting is noted in N. A new reader Is only accepted when there are
no writers wilting unless some of the old readers are still to be served; hence the test of N In the
guard of esaipt START_READ and the decrement of N In the body of START_READ. Similarly,
th. guard of ::_~~~ WRITE ensures that a new writer Is only served If there are no current reeders
or old readers still waiting.

The above formulation should be treated with caution. For consider what happens if one of the
waiting readers is aborted while In the queue on the entry START_READ, and after the value of
START_READ’COUNT has been assigned to N. The value of N will then become inconsistent and
the next writer will be further delayed until a new reader arrives.

11-12

~~~~~~~~~~~~~~ 
—— .

~ 
—~~~



.
~~~~~~~—~~

--= - _____ 
_____

This illustrates a genera l danger with using the COUNT attribute in guards, since any task that hasC Issued an ent ry call can receive an .xception between the evaluation of COUNT and the execution
of an accept statement based on the value of the COUNT. Note however that a guard of the form
E’COUNT = 0 Is never dangerous. No task was in the queue and so none can disappear.(
We will now reformulate the above example avoiding the dangerous use of COUNT by introducing
th. else part of the select statement. A select statement may contain an else part following the
various possibly guarded alternatives. The else part cannot be guarded. if all guards are false, or
an immediate rendezvous is not possible, then the else part Is obeyed. If there is an else part then
o SELECT_ERROR cannot arise.

In the reformulated example. N is no longer required and the main loop now becomes as follows:

loop
-ct

when WRITE COUNT = 0 => -- this is safe
socept START_READ;
READERS := READERS + 1;

or
accept STOP_READ;
READERS := READERS - 1;

or
when READERS = 0 =>

~ cspt WRITI~(E : In ELEM) do
VARIABLE := E:

end;
loop
-ct

accept START_READ;
READERS := READERS + 1;

else
si lt :

end sslsd;
end loop;

end ..Jsct:
end loop;

After accepting a WRITE the task loops accepting as many START_READS as can Immediately be
processed. Of course the behavIor is margInally different but the general objective is satisfied. The
loop ought also to follow the Initial WRITE and so could conveniently be pIac~d in a procedure.

There are constraints on the position of a select statement identical to those of the accept state-
ment. These are of course necessarily imposed by the accept statements in the alternatives.
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It is finalty worth noting that the entries In the various alternatives need not be distinct (although
they usually will). If two or more prove to be the same then the usual rule of random selsction
applies.

11.2.5 The Delay Statement

The delay stat ement postpones the execution of the task for at least th. specified time Interval.

delay 2.0.SECONDS:

The expression following delay represents the number of basic time units of the real time clock (on
the obiect machine) for which the task Is to be suspended. This expression will be of the
predefined floating point typ e TIME. An integer type Is not appropriate since the range of times to
be accommodated will often exceed the range of integers on many object machines. The
predefined constant SECONDS Is the number of basic time units In one second and allows the
expression to be written In a natural manner. The user can of course declare other appropriate
constants. Thus

MINUTES : oonstsnt TIME 60.0 s SECONDS:

it should be realized that the use of a floating point type for delays does not introduce any
additional timing drift . The use of a simple delay in a loop such as

loop
delay I .O.MINUTES;

end loop:

does not cause the body of the loop to be executed every minute anyway because of the time
taken to execute the statements In the loop. Accurate timing requires repeated reading of the clock
and the use of a floating point type need not Introduce any drIft .

A delay statement may occur in place of an accept statement as the synchronization part of an
alternative of a select statement and may have , guard In the usual way. Such a delay statement
may be used to provide a time-out for the select statement. If no rendezvous has occurred within
the specified interval then the statement list following the delay statement is executed. Of course
II a rendezvous occurs befnre the interval has expired then the delay is cancelled and the select
statement is executed normally.

As an example we can consider a task to drive a chain printer ‘f the printer does not receive any
printing order for 10 seconds then the chain has to be stopped. Once It has stopped a further print
request will cause It to restart but a 1 second delay must take place before printing commences.
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~ sk PRINTER_DRIVER N
esie’y PRINTIL LINE):

end:

task body PRINTER_DRIVER N
CHAIN_GOING : BOOLEAN :~ FALSE:
BUFFER : LINE:

loop
-ct

Ec...,.: PRINT(L : LINE) do
BUFFER :~ 1:

end;
if not CHAIN_GOING then

-- start th. chain
dslsy 1 .O.SECONDS:
CHAIN_GOING :~ TRUE;

end if;
-- print the line

or
when CHAIN_GOING -

delay 1OO.5ECONDS;
-- slop the chain
CHAIN_GOING :~ FALSE;

end select:
end loop:

end:

Of course a select statement may have sev eral alternatives with a delay statement as the syn-chronization statement. This extends the general rule that the entries In the different altsrnat lvesneed not be distinct. If th ire are several delay, (with ç~uevd true) then the one with the shortest
3 delay Is chosen.

A select Statem ent may not have alternative s commencing delay as well as an else pert ; the elsepart would always take precedence anyway. Moreover , at least one alte rnative must have anaccept statement. This regularizes the constraint on the position of the select statement .

11.2.7 Interrupts

Hardware Interrupts are simply handled by interpreting them as an external entry call. A represen-tation specification Is used to link the entry to the Interrupt thus
for 10_DONE use at 4:

The value following at is Interpreted in a machine dependent wanner. For exampl e, it could be aphysical address, en Index into a table of records, or a binary n~mber representing encoded infor-mation.

The Interrupt is processed when the task owning th. entry performs a rendezvous by using a cor-responding accept statement

11- 1 5
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accept 10_DONE:

Multiple interrupts are queued as any other entry call is queued although there may be a system
defined limit to the number of possible pending interrupts on a gIven entry.

The mechanism of masking interrupts is not visible to the user but is handled by the implementing
software which connects the interrupts to the entry call. This approach enables the language to be
reasonably machine independent in an otherwise awkward area.

An interrupt may return control information via an in parameter of the entry. Clearly an entry
associated with an interrupt cannot have out or in out parameters.

11.2.8 Familie, of Tasks and Entries

The possibility of having families of tasks and entries has been mentioned above. A family is con-
ceptually similar to an array but different terminology is used in order to maintain a clear distinc-
tion between program concepts such as tasks and data concepts such as integers. Furthermore
the allocation strategy for families of tasks can be different from that of an array (see 11.4.6).

A natural use of a family of tasks occurs when there are several copies of a piece of physical equip-
ment and a distinct but similar task is required to drive each one. Thus suppose we have 10 line
printers and wish to drive each one by a distinct task such as PRINTER_DRIVER of section 11.2.6.
The specification part would then become

task PRINTER_ DRIVER (1 .. 10) N
entry PRINT(L : LINE);

end :

The task body would remain the same. A member would be designated by appending a subscript
in a manner analogous to an array component. Thus the sixth member would be Initiated by

initiate PRINTER_ DRIVER(6);

Alternatively the whole family would be initiated by

injtlet PRINTER_DRIVER(1 .. 10):

F In order to call an entry, the member of the family has to be indicated in full:

PRINTER_DRIVER(l).PRINT(My_LINE);

*
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it is often convenient to rename an entry in such circumstances so that calls are abbreviated. Thus:

procedure PRINT ..6 renames PRINTER_DRIVERI6).PRINT;

A procedure in the visible part is called in a similar manner. Types, constants and exceptions
however belong to the family as a whole and are denoted by just using the family name and not
the member name.

W thin the text of a family it is sometimes necessa ry to refer to the index of the current member.
This can be done by the use of the INDEX attribute. Thus in the above case

PRINTER_DRSVER’,NDE)(

would give the index of the partIcular driver. It could, for example , be the case that the printers are
controlled by a multiplexer . The printers could communicate with the multiplexer by calling its
entries and passing their index as a parameter so that the multiplexer knows which printer it is
dealing with at any time.

A family of tasks is an appropriate technique to use when the indi~,idual members correspond to
physically .i~tonomous pieces of equipment. We will now introduce families of entries and
illustrate their use with a problem in which the individual physical items are not completely
independent.

A family of entries is declared by adding a range specification to the entry name in the declaration.
Thus

sntry TRANSF ER(1 .. 200HD DATA):

declares a family of 200 entries each of which has the parameter D.

A particular entry is called by the use of a subscript as expected

TRAN$FER(I)(DATA_VALUE)

In the corresponding accept statement , the particular member has to be indicated by appending an
actual index to the family name. It is then followed by the formal parameter list , if any, in the usual
way.

accept TRA ’JSFER(I)(D : DATA) do ... end TRANSFER

Our example Is that of scheduling a queue of requests for data transfers to or from a moving-head
disk. In order to minimize head mc~vement the requests are grouped into separate queues for each
track and all the requests for a particular track are serviced together. It would be possible to con-
sider each track as a separate physical entity demanding its own task. We would then use a family
of tasks. However, the tracks are not independent. The disk can only be serving one track at a time
and so the parallelism obtained by using many tasks is not necessary . Instead the transfers are
handled by a single slave task with a family of entries. There is an entry tar each track so that the
queues are independent. A separate task controls the arm movement and the choice of track for
the slave task .
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task DISK_ HEAD_SCHEDULER N
type TRACK N new INTEGER p~~ Ig. I .. 200;
typo DATA N ... other parameters of transfer
proc.dure TRANSMIT(TN TRACK; D - DATA):

sod:

task body DISK _ HEAD_SCHEDULER N
type DIRECTION N (UP, DOWN);
INVERSE : ~wntn t  sire, (UP .. DOWN) of DIRECTION ~(UP ..- -

‘ DOWN, DOWN —
~~~‘ 

UP);
STEP constant airey (UP . DOWN) of INTEGER rang. -1 .. I

(UP 1. DOWN =-
~~‘ - 1) .

WAITING array (TRACK FIRST IRACK L.AST) of INTEGER :— (TRACK’FIRST .. TRACK LAST - 
~~ 

0)COUNT ; ensy (UP .. DOWN) of INTEGER :-. (UP .. DOWN =~~~‘ 0);MOVE DIRECTION :~ DOWN;
ARM POSrn0N : TRACK :~~ 1;

entry SIGN_INIT TRACK):
sney FIND_ TRACK(REOUESTS out INTEGER: TRACK_NO out TRACK ):
task TRAC K ..MANAGER N

alley TRANSFER (TRACK FIRST .. TRACK LAST)(D : DATA):
end

procedure TRANSMIT(TN : TRACK; D : DATA) Is
SIGN_ IN(TN)t
TRACK _ MANAGE R.TRAN SFER(TN)( 0) :

end:

task body TRACK_MANAGER Is
NO_OF_ REQUESTS: INTEGER:
CURRENT_ TRACK ‘ TRACK:

bsgin
Isop

FIND...TRACK(NO_OF_ R EQUESTS . CURRENT TRACK):
w~WIS NO_OF_REQUESTS ‘ 0 loop

acos( TRANSFER(CURRENT .,TRACK)(D DATA ) do
- do actual I/O
NO_OF _ REQUESTS :— NO_OF_ REQUESTS - 1;

end TRANSF ER;
end~~~~end loop;

end TRACK_MANAGER;
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begin -- DISK_HEAD _SCHEDULER
Imitists TRACK _ MANAGER:
—

when COUNT(UP) + COUNT(DOWN) 0 ~ >
accept FIND_TRACK(REQUESTS : out INTEGER: TRACK _NO out TRACK) do

If COUNTIMOVE) ~ 0 then
MOVE INVERSEt MOVE);

e~~ARM_POSITION := ARM_ F ~ITlON + STEP(MOVE):
end if;
whilo WA ITING(ARM_POS’TION) - 0 loop

ARM_ POSITION :~~ ARM_ POSITION + STEP(MOVE):
end loop:
COUNT(MOVE) := COUNT(MOVE) - WAITING(ARM _ POSITION) .
REQUESTS :m WAITING(ARM_POSITION):
TRACK_NO ARM_POSITION:
WAIT1NG(ARM_POSITION) 0;

end FIND_TRACK:
or

accept SIG~’ IN(T TRACK) do
if T c~ ARM _ POSITION then

COUNT(DOWN) :~ COUNT(DOWN~ + 1:
lslf I ~ ARM_POSITION then

COUNT(UP) := COUNT(UP) + 1;
.1..

COUNT(INVERSE(MOVE)) COUNT(INVERSE~MOVE)) I;
end If;
WAITING(T) := WAIT ING(T) + 1:

end SIGN_ IN:
end slect:

end loop:
end DISK _HEAD_SCHEDULER:

The user indicates hIs requests by calling the procedure TRANSMIT. This in turn calls the entry
SIGN _IN in the main task which records the request and then the user waits on the call of
TRANSFER until the slave task TRAC K_MANAGER is ready to perform transfers on the track con-
cerned.

The slave task TRACK _MANAGER calls the entry FIND_TRACK in order to determine which track
should be handled next. DISK_HEAD_SCHEDULER only honors the call when there are requests
outstanding (COUNT(UP)+COUNT(DOWN)>O). if there are requests outstanding. an extended
rendezvous occurs during which the arm is moved and the data transferred to TRACK_MANAGER.

Note the accer’t statement within TRACK _ MANAGER which references the member CUR-
RENT _TRACK of the family TRA’ISFER and so finally deals with the user who has been waitIng in
TRANSMIT.

It should be poInted out that the example given Is purely illustrative. No genuine disk head
scheduler would need to be so heavily engineered. A perfectly adequate solution is to allow only
two calls to track manager at a time and to sort these into the more efficient order. If a disk queue
frequently exceeds two items then the system is grossly overloaded anyway and elaborate
scheduling is unlikely to help.
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11.2.9 Gen.rlcTasks

The final concept to be described is that of a generic task. A full description of generics is given in
chapter 12 of the Reference Manual and we merely describe here a simple example which
illustrates the need for and use of generic tasks .

We saw in section 11.2.4 how a simple task could implement a binary semaphora for protecting a
critical region. The main shortcoming of the example was that it oniy implemented a single
semaphore and did not provide a mechanism whereby the user could declare as many semaphores
as he wished. By making the task generic this difficulty can ~~ overcome and we illustrate it by the
allied example of a signal.

A simple signal has two operations, SEND and WAIT. One task may SEND a signal and another
may WAIT for it. When a signal is sent only one waiting task is released. A signal is remembered
until a task waits but repeated sends are ignored. A solution is as follows:

generic task SIGNAL is
entry SEND:
entry WAIT:

end SIGNAL:

task body SIGNAL is
HAS_OCCURRED BOOLEAN := FALSE;

leop
select

accspt SEND:
HAS_OCCURRED := TRUE;

or
when HAS_OCCURRED =>

accept WAFT;
HAS_OCCURRED FALSE:

end select;
end loop:

end:

Within the user a particular signal is declared thus:

task MY_SIGNAL i new SIGNAL;

The calls of WAIT and SEND then appear as

MY_SIGNALWAIT;
MY_SIGNAL.SEND;

• Signals and semaphores are predefined generic tasks. This should enable an implementation to
make optimal use of any synchronization facilities provided by the machine or underlying system.
For example, if semaphores are supplied by a given hardware, calls to the P and V operations can

• be mapped directly on the corresponding hardware primitives. In such a case the package body
should only be considered as a semantic description of the corresponding construct.
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A varIation on the normal signal is the so-called passing signal. In this case the signal is not
remembered and a task must walt for a later occurrence of the signal. A signal sent when no one
is waiting is completely lost. A solution is

task body PASSING_SIGNAL ii
begin

loop
accept SEND:
select

accept WAIT ;
else

null;
end select;

end loop;
m d  PASSING_SIGNAL;

11.2.10 SchedulIng

The key to designing parallel tasks in the Green language lies in the realization that queues are
associated with entries and only entries and that such queues are handled in a strictly first in first
out manner. The example of the DISK_HEAD_SCHEDULER showed how a family of entries could
be used to fragment a queue into subqueues. The fifo nature of the entry queue might be thought
to be a severe constraint in cases where some requests may be of high priority and also in cases
where later similar requests could be satisfied even though earlier ones had to wait.

The handling of requests with priorities is easily achieved by the use of separate entries for each
level. A family can conveniently be used for that purpose. The following example illustrates an
approach suitable for a small number of levels.

task CONTROL I.
type LEVEL I~ (URGENT, MEDIUM , LOW);
entry REQUEST (LEVELFIRST .. LEVELLAST)(D : DATA);

end;

task body CONTROL Is

select
accept REQUEST(URGENT)(D : DATA) do

end;
or when (REQUEST(URGENT)’COUNT = 0) =>

accept REQUEST(MEDIUM)(D : DATA) do

H .~ ;
or when (REQUEST(URGENT) COUNT = 0) and (REQUEST(MEDIUM)’COUNT 0) —~~~

accept REQUEST(LOW)(D : DATA) do

end;
end select

end CONTROL;

The use of the COUNT attribute in the above example is quite safe .

11 -21

—-5 . 5—, .~~~~~— — — —5-- ._. -.-- —5-- , ---—- _ —5-- -5- 5— .—.--.- -- 
— .—- , •--•-• 

_
~
_
~dll



—

For a larger number of levels, a different approach may be more appropriate as is illustrated below:

task CONTROL ii
subtype LEVEL Is INTEGER rang. 1 .. 50:
procedure REQUEST (L : LEVEL: 0 : DATA):

end

task body CONTROL Is
entry SIGN_IN CL LEVEL);
•ntry PERFORM (LEVEL FIRST .. LEVEL LAST)ID : DATA);
PENDING : array (LEVEL FIAST ..LEVEL’LAST) of INTE(.,ER :- --

(LEVEL FIRST .. LEVEL LAST -
~~> 0);

TOTAL : INTEGER :~ 0;

• procedure REQUEST(L : LEVEL; D : DATA) Is
begin

• SIGN JN(L) :
PERFORM(L)(D);

end:

begin
• loop

if TOTAL = 0 then
no request to be served: wait if necessary

accept SIGN_IN(L : LEVEL) do
PENDING(L) :~ PENDING(L) + 1;
TOTAL :=  1:

end SIGN_ IN;
end if:
loop -- accept any pending SIGN_IN cell without waiting

select
accept SIGN_ IN(L : LEVEL) do

PENDING(L) := PENDING(L) + 1;
TOTA L :- TOTAL # 1;

end SIGN _ IN:
else

exit:
end select;

end loop :

for i in reverse LEVELFIRST .. LEVEL LAST loop
if PENDING(I) ‘

~ 0 then
accept PERFORM(I)(D : DATA) do

satisfy the request of highest level
end ;
PENDING(I) :— PENDING(I) - 1;
TOTAL :~ TOTAL - 1:
exit ; • -  restart main loop in order to accept new requests

end If ;
end loop:

end loop;
end CONTROL;
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In order to service a request , a call to SIGN_ IN must first be accepted. and Its occurrence recordedin the global Counter TOTAL, and the appropriate PENDING counter . In a second step, theapproprIate entry of the famIly PERFORM must be accepted . CONTROL proceeds by

• waiting for the first SIGN_ IN if. all previous requests have been serviced;

C accepting all pendIng calls to SIGN_ IN;

C executing the request with the highest priority;

C going back to the beginning of the loop to take care of any call to SIGN_ IN that has arrived in
the meantime.

We will now illustrate a very general mechaniam which in e.ffect allows the items in a queue on asImple entry to be processed in an arbitrary order . The example is of a controller for the allo-atlon
of groups of items from a set of resources.

task MULTI_ RESOURCE _CONTROL I.
type RESOURCE Is (A . B . C, 0, E , F , G, H, I , J . K) :
type RESOURCE _SET is array (A .. K) of BOOLEAN;
procedure RESERVE(GROUP : RESOURCE _SET):
entry RELEASE(GROUP : RESOURCE _SET):

end:

task body MULT I_RESOURCE_CONTROL Is
EMPTY : constant RESOURCE_SET (A .. K => FALSE):
USED : RESOURCE_SET := EMPTY;

entry FIRST (ASKED RESOURCE_SET; OK : out BOOLEANI:
entry AGAIN (ASKED : RESOURCE_SET; OK : out BOOLEAN):
procedure TRY (ASKED : RESOURCE_ SET; OK : out BOOLEAN):
procedure RESERVE (GROUP : RESOURCE _SET) is

POSSIBLE : BOOLEAN;
begin

FIRST(GROLJ P,POSSIBLE);
while not POSSIBLE loop -- If at first you don t succeed, try again

AGAIN(GROUP,POSSIBLE);
end loop:

end;

procedure TRY(ASKED : RESOURCE _SET: OK : out BOOLEAN) is
begin

if (USED and ASKED) = EMPTY then
USED := USED or ASKED;
OK := TRUE; -- allocation successful

elm.
OK := FALSE; -- not possible, try again later

end if:
end:
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begin -- MULTI_ RESOURCE_ CONTROL
loop

select
accept FIRST(ASKED RESOURCE_SET; OK out BOOLEAN) do

TRY(ASKED,OK);
end;

or
accept RELEASE(GROUP RESOURCE_SET) do

USED := USED and not GROUP;
end:
for I in 1 .. AGAIN’COUNT loop

select
accept AGA INCASKED RESOURCE _SET; OK : out BOOLEAN) do

TRY(ASKED .OK):
end:

else
exit;

end select:
end loop:

end select:
end loop:

end MULT I_RESOURCE _CONTROL;

The user requests and obta ins an arbitrary group of resources by calling the procedure RESERVE
and returns resources by calling the entry RELEASE. The procedure RESERVE makes an
immediate attempt to acquire the resources by call ing the entry FIRST. If they are not all available,
OK is returned false and the request is queued by calling AGAIN. It should be noted that FIRST is
always honored promptly (except when the controller is busy with RELEASE) whereas AGAIN is
only considered when a RELEASE occurs. Thus all requests which cannot be satisfied immediately
are placed on the AGAIN queue. It is important that these requests are not serviced on a FIFO
basis but that when some resources are released the requests in the queue that can be fully
satisfied should be honored. The technique is to scan the queue by doing a rendezvous with
AGAIN and to allow each user (in RESERVE) to place itself back on the queue if it cannot get the
resources it requires. In order that each user should have only one retry the loop is controlled by
AGAIN COUNT and it is important that AGAIN’COUNT is only evaluated once at the start of the
loop.

It should be observed that users may reenter the AGAIN queue in a sl ightly different order because
of the underlying task scheduling strategy . This does not affect the validity of the algorithm. Note
also that the accept statement is placed inside a select statement with an else part that terminates
the 1oop. This ensures that if a waiting task is aborted then the system does not deadlock.

The technique is general but does require the use of a special protocol for calling FIRST and
AGAIN, alt hough this is hidden by making these entries local and by enclosing the entry calls in the
procedure RESERVE, It may appear surprising that the bodies of FIRST and AGAIN are identical,
but FIRST is always necessary since the user must be allowed the resources immediately if they
are available.

11 -24

-~~~~~~~ . -- - • - -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - ---5-’ -’ . —----—5 -..- - -  • - - ---5 ‘--‘--5



11.3 Example: A Radar Track Management Package

This example shows the use of packages and tasks to realize a complex real-tim e system , such as
radar surveillance.

The TRACILMANAGEMENT package Introdu ces the abstract notion of a track. Several tracks can
coexist. A current position and a current speed vector in a two-dimensional space are associated
with each track. The positIon is updated regularly from the value of the speed, Both the positIon• and speed can be modified externally, or examined. The restrictions are that those values should• not be read while they are being changed . We thus have a classical reader -writer problem.

package TRACK_MANAGEMENT Is
type TRACK_INFO Is

• record
X, Y : MILES; -- global type
VX, W MILES_PER _SECOND; — global type
T : T I M E ;

end record:

type TRAC K_ID Is privet.;

function CREATE_TRACK (INIT In TRACK_INFO) return TRACK_ID:
procedure KILLTRACK CT : in TRACK_ID);
function READ _TRACK (T : In TRACK_ID) return TRACK_INFO;
procedure CHANGE_TRACK CT In TRACK_ID; D : in TRACK_INFO);
NO_MORE_TRACKS, ILLEGAL_TRACK exception;

MAX _TRACK : constant INTEGER := 512;
subtype TRACK_RANGE I. INTEGER range 0 .. MAX_TRACK;
subtype NAME_ TYPE I. LONG_INTEGER:

• type TRACK_ID Is
record

INDEX : TRACK _RANGE;
UNIQUE_NAME NAME_TYPE;

end record;
end TRACK _MANAGEMENT;

package body TRACK _MANAGEMENT Is
NULL_TRACK : constant TRACK_ID := (0. 0);
TRACK_NAME : array (1 .. MAX_TRACK) of NAME_TYPE := (1 .. MAX_TRACK => 0);
— this is a table indicatIng, for each track, the unique name currently assigned to it.
LAST_NAME : NAME_ TYPE := 0; -- the last unique-name used.

procedure CHECK_TRACK IT : In TRACK_ID);

task TRACK (1.. MAX_TRACK) is
procedure READ(I : out TRACK_INFO);
entry CHANGE(I : in TRACK_INFO );
entry INITIALIZE(l ‘ in TRACK INFO);
entry KILL.

end TRACK;
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task TRACK _CONTROL is
entry CREATE_ TRACK(ID : out TRACK_ID);
entry KILLIRACKIT : In TRACK _ID);

end TRACK_CONTROL:

procedure CHECK_TRACK (1 : In TRACK_ID) Is
-- to ensj re the validity of a track value:
-- it has a positive index,
-_ 

~t has th. same unique name as that known to the system,
-- * it is still active.

begin
If T.INDEX = 0

or else TRACK _NAME(T ,INDEX) 1= T.UNIQUE_NAME
or slee not TRACK(T.INDEX)’ACTIVE thin
,.i i ILLEGAL_ TRACK:

end if;
end CHECK_TRACK:

function CREATE_TRACK (INIT : In TRACK_INFO) return TRACK_ID IsNEW_TRACK : TRACK_ID;
begin

TRACK _CONTROLCREATE_TRACK( NEW_TRACK);
initiate TRACK(NEW_TRACK.INDEX):
TRACK INEW _ TRACK.INDEx).INITIALIZE(INIT);
return NEW_TRACK;

end CREATE_TRACK;

procedure KILLTRACK(T In TRACK_ ID) is

CHECK _TRACK(T);
TRACK(T.INDEX).KILL;
TRACK _CONTROL. KILL._TRACK(T);

end KILL_TRACK:

function READ TRACK CT : In TRACK_ID) return TRACK_ INF O Is
TRACK _INFO;

-n
CHECK _TRACK(T);
TRACK(T. INDEX).READ(I):
return I;

exception
when TASKING_ ERROR => raise ILLEGALTR ACK:

end READ_TRACK;

procedure CHANGE_TRACK (1 : in TRACK_ID; D : In TRACK_INFO) I.
begin

CHECK _TRACK (P;
TRACK(T INDEX).CHANGE(D)

ixception
when TASKING_ERROR => raise ILLEGAL_TRACK;

end CHANGE_TRACK;
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task body TRACK Is
DATA : TRACKJNFO;
READERS : INTEGER := 0;
entry START_ READ;
entry STOP_ READ;

procedure READ (I : out TRACK_ INFO) ii
be~~START _READ:

I := DATA ;
• STOP_READ;

end READ;

proc.dure UPDATE_ POSITION is
NEW _TIME : TIME := SYSTEM’CLOCK:
DELTA_ TIME : TIME :-= NEW_TIME DATA.T;

bs~~DATA.X := DATA.X + DELTA_TIME.DATA VX;
DATA.Y := DATA.V + DELTA_TIME.DATA.W:
DATA.T ;= NEW_TIME:

end UPDATE_ POSITION;

begin -- body of TRACK;
accept INITIALIZE (I : In TRACK _ INFO) do

DATA := I;
end INITIALIZE;
UPDATE_ POSITION;

Isop
edect

• when CHANGECOUNT 0 and KILL COUNT = 0 =>
accept START_READ;
READERS := READERS + 1;

or
when READERS > 0 =>

accept STOP_READ;
READERS := READERS - 1:

or
when READERS = 0 and KILL’COUNT = 0 =>

accept CHANGE (I In TRACK _ INFO) do
DATA := I;

• end CHANGE:
UPDATE_POSITION;

or
accept KILL;
exit;

or
delay O.1O*SECONDS;
UPDATE_ POSITION :

end select;
and loop;

end TRACK;
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task body TRACK _CONTROL Is
function FIND. TRACK return TRACK _ RANGE is

for I in 1 .. MAX_TRACK loop
If TRACK _ l4AME(l) 0 then

return I:
end If~end loop.

raise NO. MORE TRACKS
end FIND_TRACK:

begin - - body of TRACK _CONTROL
loop

select
accept CREATE_ TRACK(ID : out TRACK_ ID) doID.INDEX FIND_TRACK;

if LAST .. NAME = NAME_TVPE’LAST then
LAST _NAME : - 1:

else

LAST_NAME : - L AST_ NAME + 1 :
end If;
TRACK _NAME(ID ‘NDEX) :r- LAST_NAME ;
ID,UNIQUE_NAME :~ LAST_NAME;• end CREATE_ TRACK;

or
accept KIL LTRACK(T . In TRACK _ ID) do

TRACK _NAME(T) :— 0:

L

end KILL_TRACK;
end eioct.

exception
when NO MORE _ TRA CKS v > null :

• end:
•nd loop:

end TRACK _ CONTROL;

body of TRACK_MANAGEMENT
initiate TRACK _CONTROL;

end TRACK _ MANAGEMENT:

Tracks are manipulated by external agents through the operations CREATE_TRACK (to start a new
• track , with an initial value), READ _TRACK (to obtain the current position on a track),

CHANGE _TRACK (to modify the track data) and KILL_TRACK (to release the track).
All tracks are independent. This is achieved by associating a particular task from a family to a new-• ly created track. The global management of the pool of tasks is achieved by the TRACK_-• CONTROL task. Note that the TRACK tasks act as servers , in the sense that en activation of onetask corresponds to one track , but the same task can represent different tracks in different succes-sive activations.

In order to preserve some integrity in the way tracks are used (for example, to ensure that areference to a track is not that of an obsolete activation) , a unique name is associated with eachactive track. This unique name is a long integer which is incremented at each track creation, andrecorded in the track identification. It acts as a sort of password, in that , for each active track , thesystem keeps the uniqun name currently associated to it in the array TRACK_ NAME, This one ischecked against that contained in the track identification. Using a LONG_ INTEGER for uniquenames should guarantee that the same name is not reused before a reasonable period of time.
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For each track , the policy is that a track cannot b~ changed while it is being read . that no new
reader should be accepted if a change Is to be made, and that termination should have priority over
both reading and writing. One of the consequences is that a track termination is possible while
some readers are still accessing it . However , any reader , or any waiting ~ riter will receive a
TASKING _ERROR exception when this happens.

11.4 Rationale for the Design of the Tasking Facilities

The section starts by briefly surveying some of the more important and older teal-time primitives
and their shortcomings. It then considers the concept of rendezvous and shows how this concept
has influenced the design of the Green tasking facilities. It finally discusses the decisions involved
in the design of the different tasking features.

11.4.1 Early Pr*rnltlv.s

The understanding of algorithmic sequential processes is based upon that of the evaluation of
arithmetic and Boolean expressions whose axioms have been well understood for centuries.
However , there is no mathematical tradition upon which we can draw in order to help us to
understand the behavior of cooperating sequential processes . As a consequence it has been dif-
ficult to decide whether a particular set of real-time primitives is good or not. Many sets can be
implemented in terms of each other but their relative primitiveness k often hard to perceive.

Broadly speaking the primitives (or perhaps the applications) can be divided into two categories.
The first enables common data or common code to be protected from multiple usage. The second
enables one task to send a message to another; this includes the degenerate case of a signal
which can be thought of as a message with no contents.

One of the oldest and best known primitive sets is the boolean semaphore described by Dijkstra
(Di 581. This consists of the two operators P and V acting on a semaphore S which takes two
values , busy and free (or equivalently true and false). The behavior of the operations is:

P(S) If S is busy the task is suspended until S becomes fr i~e. If S is free then it is set busy and
the task proceeds.

V(S) S is set free, If there are tasks held up on a P(S) operation then one of them is allowed to
proceed.
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Semaphores can be used to protect data by surrounding code wh ch accesses the data by matched
calls thus:

P(S) P(S)
access data -- access data

V(S) VlSI

task A task B

Semaphores can also be used to signal happenings. One task waits by calling P, the other signals
by calling V.

P(S) wait for B V(S) signal to A

task A task B

Semaphores can therefore be used both for protection and signalling. They also have the merit of
being primitives that are both simple to describe and easy to understand. What then are their dis-
advantages? Briefly the problem is that for all but the simplest applications, the programming of
semaphores is difficult. Programs using semaphores exhibit similar symptoms to unstructured
programs using gotos. They are hard to write, understand, prove and maintain.

More specifically, typical problems are:

• One can jump around a call of P and therefore accidentally access unprotected data.

• One can jump around a call of V and accidentally leave the semaphore busy so that the
system deadlocks.

• One can forget to use them.

• It is not possible to program an alternative action if a semaphore is found to be busy when
attempting P.

• It is not possible to wait for one of several semaphores to be free.

• Semaphores are often visible to tasks which need not access them.

An extended form of semaphore is the integer semaphore. In this case the value is an integer
rather than a boolean. It is particularly useful for allowing a limited number of tasks to have access
to a resource. Nevertheless it has been shown that the integer semaphore can be programmed in
terms of boolean semaphores and so in practice it is only marginally more useful.

Closely related to the semaphore is the signal or event. There are variations but a typical definition
would be that an event E has two states , set and unset , and the following operations upon it:

WAIT(E) If E has not been set then the task is suspended until the event is set. If E has been
set then it is unset and the task is allowed to proceed.

SENDIE) E is set. If there are tasks waiting for E then one of them is allowed to proceed.

11-30 



— — -—

Clearly such an event Is Isomorphic to the Boolean semaphore. The dIfference lies perhaps in the
Intended use. Semaphores are associated with data protection and events with indicating that
something has happened. There are variations in which several events are remembered. But In all
forms, e~#ents suffer from the same structuring problems as semaphores.

Various other primit ives have been prop osed in order to overcome the structuring difficulties of
semaphores and events. Newer proposals have been put forth, but they usually tackle only one of
the application areas distinguished above (data protection and signalling). In this respect they are
somewhat unbalanced.

The critical section has been proposed as a syntactic form equivalent to a bracketed pair of P and V
operations. This prevents goto statements from bypassing one of the operations and hence over-
comes some of the difficulties of semaphores . A further form, the conditional critical section,
allows an altem •tive action to be performed it the resource represented is busy.

Critical sections do not seem to have been successfu l. They only solve the exclusion problem and
need to be complemented with a signalling mechanism : this does not lead to the unification
sought by language designers.

Many forms of message switching system have been implemented in order to give improved solu-
tions to the signalling problem (see (BH 10 , 73)). Typically they enable messages to be sent
between tasks and allow the source or destination of the message to be optionally specified. They
therefore give added protection by preventing unauthorized access to messages.

Perhaps the biggest disadvantages of message systems is the need for a sizable message control-
ler. Message systems also seem to be of an ad-hoc nature with a nonobvious set of parameters .
Moreover they do not easily solve exclusion problems because of the high overhead involved.

A significant step forward was the monitor first described by Brinch Hansen (BH 73,75) and by
Hoere (Ho 741. This includes the facilities of the critical section end when combined with events
(as in Module), gives a reasonable solution to problems such as the bounded buffer . The monitor
solves the exclusion problem but not the message problem. Indeed the signals in Modula still suf-
fer from all the structuring problems of semaphores.

11.4.2 The Rendasvous Concept

Another line of approach to mutual exclusion and synchronization was introduced in early corn-
puter science by Conway (~ o 631 with the notion of coroutine, the first definition of a high level F.
synchronization mechanism. One of the important concepts introduced by Conway (and maybe
forgotten later) Is that synchronization and data transmission are two inseparable activities. Two
parallel tasks need to be synchronized to exchange information, thereafter they resume their
respective activIties; this synchronization Is known as a rendezvous. Two recent papers by Hoare
(Ho 78) and Brinch Hansen (BH 78) propose a rethink of parallel processing in terms of this con-
cept of rendezvous and have strongly influenced the design of the Green language.
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The difficult problem that arises here is one of making tasks known to each other. Tasks have
names that identify them unambiguously. Should these names be used by tasks to synchronize
with each other, or should there exist a further entity that makes both candidates for synchroniza-
tion known to each other by reference to some common channel? These two solutions are extreme
forms of symmetric communication: either each communicating task has full knowledge of its col-
league, or it has no information at all. Both solutions appear in the literature : (Ho 78) and (Ks 74) .

We relected the channel solution in this design in order to avoid an additional language concept
and the dual connection mechanism that it requires. The solution adopted in Green, although
closer to the solution proposed by Hoare is asymmetric: one of the two communicating tasks
knows the name of the other one and names It explicitly; the second task just knows that it expects
some external interaction.

In order to justify the asymmetry, we first summarize the symmetric proposal developed by Hoare
and embedded in a language which has become known as CSP (Communicating Sequential
Processes). Communication between tasks is seen as synchronized input-output. One task out-
puts data which the other inputs and both tasks rendezvous during the transfer - that is the first to
arrive at its input or ou .put statement waits for the other and they both then execute the I/O state-
ments together (or apparently together) before proceeding independently. Each task names the
other in the transfer. The transfer can be thought of as an assignment split into two parts with the
left side in one task and the right side in the other. The source and destination must be compatible
for assignment.

As an example we will consider a task BUFFERING to smooth variations in the speed of output of
items by a producer task and input by a consumer task (given in section 11.2.5). The program is as
follows:

BUFFERING ::
buffer : (1 .. 10) item:
m x , outx, count integer;
m x  := 1; outx 1; count := 0;

(count < 10; producer?buffer(inx) ->
m x  := m x  mod 10 + 1: count := count + 1

I) count > 0: consumer ’more() ->
consumer Pbuffer(outx);
Outx := outx mod 10 + 1: count := count - 1

The key language statements in this example are :

X ? V Input V from task X• X I V Output V to task X

Qn each iteration the guards ~count < 10” and ~count > 0” are evaluated. If both guards are true
then calls from either the consumer or producer are acceptable and the first such call will be
waited for: if both have already made such a call and are therefore themselves waiting then a non-
deterministic choice will be made; if only one has made a cail then obviously that call is taken. If,
however, only one guard is true then only the corresponding call can be accepted and the other
task will wait until the buffer is partially filled or emptied as the case may be. In this example both
guards cannot be false and so the iterative process continues indefinitely.
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In the producer case the statement

producer ~‘ buffertins)

moves the item into the buffer directly . In the consumer case the statement

consumer ? morel)

indicates that the consumer is ready and a subsequent

consumer I bufter(out)

actually does the transfer The pr&luc.r task therefore contains statements such as

BUFFERING I X

whereas the consumer task has pairs such as

BUFFERING I morel); -

BUFFERING ‘ X

Note that more() denotes a structured value with no components and is used here as a signal.

As can be seen the program is readable although perhaps presented in a terse style by traditional
high level language standards. One of the main problems with CSP is that a (one-to-one) named
correspondence is required Because of this symmetry , it is not possible to program a library
routine to provide resources to arbitrary users .

The preliminary definition of the Green langu&~ge was similar to CSP in its semantics except that
naming was only one-sided. Tasks can be characterized as services and as users. A user certainly
needs to know the name of the service it is requesting. On the other hand a service need not know
the names of the users . Because of this asymmetry it became possible to program the library
routine. As a consequence there can be queues of waiting tasks associated with each request. On
each successful rendezvous just one waiting task is served. In preliminary Green the transfer loca-
tions were known as boxes and were restricted to being simple names. Boxes had a direction
associated with them by analogy with procedure parameters. The notion of box , as a typed input or
output register was also similar to the notion of port introduced in (Ba 701 and (Wa 721.

The buffering example in preliminary Green was as follows:

path BUFFERING (MORE in box: IN_ ITEM : in box ITEM; OUT_ ITEM : out box ITEM):
BUFFER : array ( 1 .. 10) of ITEM;
INX. OUTX. COUNT : INTEGER;

INX := 1; OUTX : -  1; COUNT :~ 0;

~op
select MORE I IN_ ITEM of

when COUNT < 10 receIve IN_ ITEM =>
BUFFER(INX) := IN_ ITEM;
INX := INX mod 10 + 1; COUNT := COUNT+1;

when COUNT > 0 receive MOPE =“

OUT_ ITEM :~ BUFFER(OUTX):
OUTX OUTX mod 10 + 1 : COUNT : - COUNT 1
send OUT_ iTEM:

end select:
ind~~ op,
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The call in the producer task was

connect BUFFERING(IN_ ITEM :=

and in the consumer we had

connect BUFFERING(MORE).
conn ct BUFFERING(OUT_ ITEM Xl:

The interpretation was similar to CSP but the syntax was more traditional . The select statement
indicated the multiple choice and is embedded in a loop statement. The guards are Boolean
expressions following the reserved word when. An absent guard was taken to be true The guards
were followed by a synchronization st~itement , receive or send referring to a box of type In or out
respectively, the text following => was obeyed after the corresponding rendezvous was .

• pleted.

The main trouble with the facilities in both CSP and preliminary Green is that a double interaction
is required for the consumer. This means that the two calls really need to be wrapped up into a
single procedure in order to give a clean interface. It is worth comparing the above with the same
example written in Modula using monitors as follows:

interfac, module buffering:
dulln. put , get;
var buffer : array 1 .. 10 of item;

m x . Outx. count : integer:
nonfull, nonempty : signal;

procedur. put (x item);

if count = 10 then wait(rionfull) end;
buffer (m x) := x;
m x  := m x  mQd 10 + 1; Count : count + 1;
send(nonemptyl

end put:

procedure get (var x : item):

If count = 0 then wait(nonempty) md :
x := buffer (outxj :
outx := outx mod 10 + 1; count := count - 1;
send(nonfull)

end get:

m x  := 1: outx := 1; cOunt 0
m d  buffering;

The producer and consumer process move the items by calls such as

putlx) and get(x)

respectively. This is satisfactory but the internal behavior of the monitor is not nearly as clear as in
CSP and Green.
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Perhaps the most Important point about CSP and Green Is that they offer mechanisms which are
applicable to both data protection and signalling. Earlier attempts to develop features at a higher
level thar~ semaphores or events (such as message systems end monitors) seemed to solve only
one problem and by offering an unbalanced solution were not clearly better then the original sim-
pie primitives.

An Important concept Introduced In this final form of the Green language is the notion of the
extended rendezvous. This notion is a major jump to a higher level of abstraction . In the case of
the task BUFFERING this overcomes the need for the double rendezvous with th~ consumer. This
is seen by comparing the example in section 11.2.5 with that in 11.4.2. Thus we now have

BU FFE RING. P EAD( Xl

rather than

connect BUFFERINGIMORE);
connect BUFFERING(OUT _ ITEM - :  X) :

This also illustrates the procedural form of entry call as opposed to the specialized connect state-
ment . As we have seen this enables a constant external Interface to bt presented avon if a change
of solution demands that a procedure be replaced by in entry or vice versa .

• The extended rendezvous Is more disciplined since it ensures that the same task performs the
InteractIon throughout. It should also be observed that the rendezvous mechanism is more dis-
ciplined than a monitor since the accept statements appear Inside a context (e.g. following a
guard) from which information can be deduced, thereby facilitating both understanding and proof .

The introduction of entries rather than boxes leads naturally to the unification of tasks and
packages. A task encapsulates a collection of entries In the same way as a package encapsulates
dat~ and procedures. Moreover there is a strong analogy between the specification part In which
the entries are specified and the body containing the seguenLo controlling the critical actions .

However , this unification has its limits since It has been necessary to disallow variables and
modules In the visible part . This is both for methodological reasons (the variable would appear to
be controlled by the task although it would not) and because of the cost of preventing access to
variables of an inactive task and of implementing access if the system is distributed.

The general applicability of the rendezvous concept has been confirmed by Its use in other exam-
ples. This concept is well adapted to distributed systems (communication is achieved by entry cal-
ls, exchanged data is passed via parameters). From a more theoretical viewpoint , It is interesting to
note that path expressions ICH 74 J can be shown to be easily expressible in terms of rendezvous
primitives.

11.4.3 Task Declarations

The declarative part of a task body Is elaborated each time the task is initiated. This is necessary In
order to ensure that on each InitIatIon the internal starting conditions are identIcal: local variables
must he reinitialized. Elaboration on initiation is also indicated by a consideration of task families
which are discussed below.

The declarative part of a task specification on the other hand is elaborated only once when the task
is declared. This ensures that types exported from the visible part preserve compatibility from one
activation to another. It also indicates that types exported from a family belong to the family as a
whole. The difference In time of elaboration of specification and body is a further argument for the
separation of thuir texts.
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11.4.4 Initiation and Termination

The fork and join mechanism with automatic initiation on scope entry and suspension of the parent
• until exit was rejected in favor of a more explicit initiation mechanism for various reasons.

Explicit initiation gives more control in repairing a faulty system. It makes more visible any orderly
start-up. It is cleaner for repetitive use and easier to program a watchdog (see 12.4.1).

Multiple initiation is necessary so that two cooperating tasks can be started together and can then
each assume that the other is active .

There is a rule that a task cannot exit a scope until all tasks declared in that scope have terminated.
• This is simply because of the need to have orderly control of storage allocation since a task could

otherwise access the data of enclosing units.

An exp licit abort statement seems necessary, perhaps reluctantly, in order to control a wayward
process. Ruising a FAILURE exception is not adequate if the failed task has for one reason or
another programmed its last wishes in an uncooperative manner. Unconditional termination is the
only consistent semantics that can be given to the abort statement , if it is to be useful. For obvious
scoping reasons this implies aborting all descendant tasks. If an aborted task is engaged in a
rendezvous , then this rendezvous must be abandoned as well and its partner must be informed (via
an exception) so that it may know whether or not the rendezvous has been completed. Of course ,
if the partner is also being aborted in the same action , then no exception need be raised. An
aborted task also has to be removed from any entry queue on which it may have been placed as a
result of obeying an entry call. This does not raise any exception but demands care in the use of
the COUNT attribute. Note that the FAILURE exception and the abort statement can be used in
conjunction as in the following termination sequence:

if T’ACT IVE then
raise T.FAILUPE;
delay 20.0*SECONDS ;
abort T,

.nd if:

This sequence allows the task T a period of 20 seconds in which to terminate itself gracefully
before the abort statement is applied . If I has already terminated, the abort statement will have no
effect.

The abort statement is provided for emergency use only. Its overuse could severely hinder
program understanding and validation.

11.4.5 Examples of Task Hierarchy

It is most important that the reader should understand the distinction between the parent of a task ,
the initiator of a task and the task embracing the declaration of a task. In most cases these will be
the same task but they can be distinct . This section contains (perhaps somewhat contrived) exam-
ples to illustrate the possibiliites . Consider
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taak body Z is
task W is

end:

task body W Is

.nd W;

task X is
procedure P:

end:

task body X Is
task V Is

end:

task body V is

proc.dure P Is
I begin

initiate V . W:

begin
Initlat. X;

end Z;

Task Z calls procedure P in X which results in the InItiation of tasks V and W. The parent of V is
however X and not Z. The parent of W is Z. Note that X is guaranteed to be active since otherwise
P could not have been called. The procedure P could equally have been called by X.

Note that in the above example , If X had been a package and not a task , the parents of both V and
W would have been Z. Furthermore suppose that P contains a local task V.

proc.dure P Is
tss~ V Is

•nd V;

inltlete V;
H

Then if procedure P Is called from Z , then Z Is the parent of V whereas if P is celled from task X
then X is the parent of V.
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11.4.6 Task Famlll .s

The task family is a useful and necessary concept for sever al reasons.

It is a common requirement to have many similar tasks active simultaneously. If the number is at
all large, then the declaration of several different tasks (or even their generic instantiation) could be
tedious. Moreover these mechanisms are constrained to occur only at scope entry. (Thoughts of
recursive procedures containing generic instantiations are not fruitful).

The task family provides a model of several tasks and the individual tasks are designated by the
members of the family . The number of possible active tasks in the family is of course determined
by the range in the task declaration and can be evaluated on scope entry . Moreover the explicit
initiate statement enables the number of members actually used to be closely controlled.

It is important to notice that types , constants , and exceptions declared in the visible part belong to
the family as a whole . This is desirable so that an exported type is equivalent over all members of
the family . On the other hand, entries and procedures belong naturally enough to the members of
the family since they are the means of communication with the individual members. Observe that
this distinction does not exist with generics . Each instantiation gives rise to a new version of any
visible type . Task families are significantly different from generics in this respect.

11.4.7 Implementation of Task Creation

The implementation of tas k creation can be either dynamic or static. Dynamic creation means that
storage for a task is allocated when the task is initiated. Static creation means that storage for the
task is reserved when the tas k declaration is elaborated. This choice is normally left to the
implementation since the optimal strategy is not the same on all machines. However it is possible

• to influence the choice of the translator by the pragmas

pragma CREATION (STATIC):
pragma CREATION (DYNAMIC);

These considerations apply to all tasks but are particularly relevant for task families.

For a small family (one with a small total storage requirement) it may be more efficient to do a
static allocation in a manner analogous to a cactus stack . This effect can be achieved by the above
pragma used in conjunction with a length specification indicating the maximum space required by
each task for its data and for the subprograms that it calls . This may be especially useful for a fami-
ly that remains permanently active .

More generally, however , the discrete range of a task family should just be considered as defining
the allowable indices for members of the family, but it does not mean that all members have to be
allocated at scope entry . Consider the following example:
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type NAME Is n w  INTEGER range 1 .. 1000;

task PROCESS (NAME’FIRST .. NAMELAST) Is
pragma CREATION (DYNAMIC);

• -- specifications of the entries of PROCESS
end PROCESS:

A, B, C : NAME:
TABLE : array (1 .. 10) of NAME:

Variables of type NAME can be viewed as identifying individual tasks of the family with names of
the form PROCESS(A), PROCESS(S), and so on. In addition values of type NAME can be
remembered in arrays such as TABLE, or in record components. Task activations can thus be
designated by the family name (PROCESS) and by a value of type NAME.

An activation of a task of the PROCESS family is created by the execution of an initiate statement.
In this example creation may be dynamic because of the corresponding pragma. In an application
the role of assigning unique names for tasks could be delegated to a procedure SET_NAME and
the creation of the task C would be achieved by the sequence

SET_ NAME (C) :• initiate PROCESS (C):

Other languages such as Tartan ISHW 78) have tried to achieve a similar effect by the introduction
of additional language constructs. For example Tartan introduces a specific data type for
designating activations of task , both in a named form and in an anonymous manner. Thus in the
named form, the declaration of A, B, C would appear as

var A , B , C : activation of PROCESS;

This named form is safe but it is clear that it does not achieve more than what the Green form does
without introducing the additional concept of activation name. The anonymous form of activation
names provided by Tartan corresponds to what other languages have called task variables. For
example with

var ANY_TASK actname:

the variable ANY_TAS K would be able to refer to any possible task (fo r example to
DISK _HEAD_ SCHEDULER or to LINE_TO_CHAR). This means that it would be possible to per-
form entry calls such as

ANY_TASK.TRANSMIT (T , D);
ANY_TASK .GET_CHAR (C) :

We considered this possibility in this design and rejected it as being too low level and incompatible
with the reliability required in embedded computer systems. In terms of complexity also, such

untyped task variables raise the same issues as formal procedures in Algol 60 (how do we
establish that an entry call is legal for such untyped task variables?). Finally, it would not have been
consistent to introduce formal tasks in this manner in a language that otherwise does not provide
formal procedures and procedure variables.
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Note that the most important use of anonymous task names can safely be covered by existing
language concepts. It corresponds to the case of a server needing the abilIty to recognize its
customers . In such a case restricted private types provide a facility whereby a key may be created
and handed to a task on its first request. On later requests the task shows the key, thus enabling
the server to recognize the owner. The private type mechanism prevents forgery o~ the key. There
is a risk that keys will get reused in the future, since a normal mechanism would be to represent
each new key as the next integer. This risk as no more than that associated with remembered task
activation variables and indeed can be mInimized to any required degree by using a key composed
of a record of several integers . Thus using just two 16 bIt words a new key can be issued every
second for 136 years without duplication. The TRACK_MANAGER package of section 1 1.3
provides an example of the use of such keys.

11.4.8 Procedure and Entry Interface

The possibility of having procedures as well as entries in the visIble part of a task does produce
great methodological power. For example we have seen In the task READER_WRITER in 11.2 .5
how the procedure READ forces the entries START_READ and STOP....READ to be called in the
correct order . Indeed without the procedure there would be no guarantee that pairs of calls were
matched at all.

Variables have been disallowed from the visible part of tasks for methodological reasons (they
would appear controlled by the task although they are not ) and because of diff iculties with
preventing their access when the task is not active . However a function can be used to read a
local variable of a task in a controlled manner.

It should be realized that the caller executes a procedure himself whereas an accept statement is
executed by the callee on the caller’s behalf.

A problem with allowing procedures is that t essentially gives the caller the ability to probe around
in the body of the callee. A major consequence is the constraint necessarily imposed on the posi-
tion of the accept statement (accept statements cannot be executed by such procedures). Note
finally that on distributed systems (where tasks do not share a common store) communication by
procedure calls may be disallowed, all communication being achieved by entry calls. For such entry
calls, parameter passing would be implemented by copying.

11.4.9 Accept Statement

The rationale behind the accept statement and entry call Is simply to provide a rendezvous. In
some applications it is necessary that a rendezvous be achieved whereas in others it is Important
for the caller not to be held up. It is much more difficult to program a rendezvous in terms of non-

• rendezvous primitives than vice versa. Hence the rendezvous hds been chosen as the natural
primitive.

It is noted that calls are accepted In simple order of arrival. The alternative of making the order
depend on some parameter of the call was considered and rejected because of the difficulty with
implementation which could severely penalize the simple user. As has been demonstrated In the
examples, it Is possible to program different strategies when necessary.
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11.4.10 SeIsct Statement

It may be felt surprising that the alternatives in a select need not refer to different entries. One
motivation here is the fact that if several alternatives are open, one of them is chosen at random
and there is hence no reason to disallow the same entry in two alternatives. Another motivation is
the existence of families of entries. If E(l) and E(J) were two entries and they had to be different ,
then a tedious runtime check would be necessary. The rule thus allows different actions to be
programmed in a simple way on the same entry but according to different guards.

Note that the guards are all evaluated at the start of the select statement only. The alternative
semantics of evaluating a guard only when an entry is called was considered and rejected. The
problem concerns the indivisibility of evaluating the guard and accepting the call together. One
could not afford to make the guard evaluation indivisible and so it would be possible for the calling
task to be aborted during the guard evaluation. This would cause havoc if the guard proved to be
true.

Guard evaluation at the sta rt of the select statement could be criticized on the grounds that the
value of a guard may be changed by another task before an alternative is chosen. This is not a
good argument since even if the guard were evaluated when the corresponding alternative is
chosen, there is no guarantee that it might not be immediately changed. In either case there is a
danger with the use of asynchronously modifiable guards (such as those containing COUNT and
CLOCK, etc). Note that in practice most guards are local to the task containing the select state-
ment. In addition they are most often very simple. Consequently several optimizations of guard
evaluation are possible.

The rule for choosing one of the open alternatives has been stated to be at random. This should be
treated in a statistical sense. It should not be possible for a program to detect the algorithm used.
It would certainly be unwise to assume for instance that the alternatives were taken in some order.
If a uniform strategy is desired, then it must be programmed by using appropriate guarding condi-

tions.

The need for the else part has been adequately demonstrated by earlier examples. It should be
observed that the select statement allows a server to choose between different accept statements.
There is no corresponding mechanism for a ~.aller to choose between the first of several calls. This
is because of a fundamental design decision: a task can only be on at most one queue at a time.
The main motivation for this decision is simplicity and efficiency of the implementation .

11.5 Implementation Considerations

A possible implementation of the Green tasking facilities is outlined in this section. This descrip-
tion should certainly not be considered as the only possible implementation, inasmuch as it often

• sacrifices efficiency for the sake of a simpler presentation.
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11.5.1 G.n.ral Description

The proposed implementation is oriented towards machine configurations consisting of one or
more processors accessing a common memory. It is also assumed that processcrs can be inter-
rupted, in particular by a clock.

An implementation of the tasking facilities must consider the four following points: storage alloca-
tion, organization of queues, implementation of scheduling, and implementation of the select
statement. The choices made in this implementation are presented below.

11.5.1.1 Storage Allocation

The storage necessa ry for a task includes that needed for control information , for local objects , and
for activation 0* subprograms called by the task. All this information is found in what is called a
task activation record, These task activation records are allocated in the space of the enclosing
task , when the declaration of the local task is elaborated. This strategy corresponds to a static
allocation, as the storage is allocated as long as the task can be named, independently of its initia-
tions. The alternative approach is to allocate storage only at task initiation.

11.5,1.2 Organization of Queues

The runtime system must maintain certain queues of tasks . The only queues actually needed are
the ready queue (containing the tasks that can be run if a processor is available), the entry queues
(containing all the tasks that have performed a call to the entry considered) , and the delay queue
(containing all the tasks that have executed a delay statement which has not yet expired).

The entry queues and the delay queue are simple linked lists , whereas the ready queue has a more
elaborate structure: a small number of priorities is assumed (for example 5), and the ready queue
consists of separate linked lists , one per priority.

Except for the delay queue, a task is entered at the tail of a queue, and is generally removed from
the head. This policy reflects the first in, first Out scheduling imposed by the language. The delay

• queue is always sorted by completion date, that is, the task with the earliest completion time is
first in the queue.
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11.5.1.3 ImplementatIon of Scheduling

when a process must be scheduled, the ready queues are examined in decreasing order of priority.
The first process on the first nonempty queue Is selected and removed from its queue. Deciding
when the scheduler should be Invoked Is a choice left to the implementer. For instance a scheduler
may guarantee a certain percentage of process time to each priority level, use time slicing, etc.
These strategies do not affect the language concepts. They could vary from one implementation to
another . Alternative scheduling strategies may also be provaded for the same implementation.

In the Implementation outlined here, a simple policy is used: the scheduler is invoked either when
a processor becomes available, or when a new task is entered in the ready queue. This corres-
ponds to the following situations:

e initiation of a task;

• termination of a running task :

• entry call;

• reaching an accept statement for which no call has been issued, or a select statement for
which there is no possible alternative for immediate execution;

• termination of a rendezvous;

• execution of a delay statement:

e expiration of a delay:

• reception of an interrupt awaited by a task .

An additional scheduling decision must be made when a task alters its priority.

11.5.1.4 ImplementatIon of the Select Statement

Various schemes can be devised to choose an alternative in a select statement. In order to simplify
the presentation, we assume that a random number generator is used to select an alternative
when several alternatives are open.

We shall now proceed with the detailed description of the information needed at runtime, and of
the various operations associated with the tasking facilities.
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11.5.2 InformatIon Needed at Runt ime

Four categories of runtime information are considered:
— a information associated with a particular task

• information associated with a unit that contains a task declaration

• information associated with an entry

• global information about the whole system.

11.5.2.1 InformatIon Associated with a Task

This information can be stored in the task activation record, It includes:
(a) The Context of the Task:

This is the information required to reactivate a suspended task. It includes the value of theprogram counter, a pointer to the current subprogram activation when the task wassuspended, and depending on the machine, the value of other registers.
(b) The Dynamic Link

This is a pointer to the activation record of the unit that contained the task declaration.
(c) The State of the Task

This is a boolean flag indicating if the task is active , that is, if it has been initiated, and has not
terminated.

(d) The Task Priority

(e) The Next Task Pointer .

This is used to chain together the tasks that are on the same queue. Since a given task can
only be in at most one queue at a given time, only one such field is actually needed.

(f) The Entry Descriptors (see section 11.5.2.3)

A pointer (first entry) is found at a fixed offset in the task activation record, containing areference to the first entry descriptor. The number of entries is also stored.
(9) The Pending Exception Field

This identifies an exception that may have been received by a suspended task. The rules of thelanguage guarantee that only one such field is needed.
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Additional storage may be needed for recording the task’ s cumulative processing time and fordelay information , if the task body contains a reference to the CLOCK attribute or a delay state-ment . The delay information merely consists of the time at which the task is to be reactivatedSince in the case of multiple delays in a select statement , only one delay is actually executed , thevalue of the program counter is sufficient to indicate where processing should resume .

11.5.2.2 UnIts Containing Task Declaration s

A unit in which tasks are declared must contain an Inner Task Counter , which gives the number oftasks declared in the unit that are active. When a local task is initiated. this counter isincremented ; it is decremented upon termination of such a task . This counter is needed for anefficient implementation of the rule that a scope Cannot be left before all local tasks have ter-minated.

A boolean variable is needed to indicate if the execution of the unit has reached its final end but isnot yet terminated because of the ex istence of active local tasks.

A unit containing declarations of task families whose bounds are not known at compile time mustalso contain indirect references to the task activation records of each fam~Iy. For all other tasks ,the location of the task activation record within the current unit can be determined at compilationor link edition time.

11.5.2.3 Informat ion Assoc iated with an Entry

Each entry has an entry descriptor , at a fixed oflset in the task activation record . This descriptorconsists of

(a) The State of the Ent ry

The state of an entry is open if the task in which it is declared is ready to accept a rendezvousfor this entry, and no call has been issued . It is closed otherwise.
(b) The Entry Queue

All tasks that are waiting on a call to the entry are placed in this queue in order of arrival. Theentry descriptor contains a pointer to the first and last task activation records on that queue.
(c) The Transfer Address

When a task is suspended on an accept statement (waiting for the ent ry to be called) thevalue of the program counter , saved in the context of the task , indicates where processingshould resume. However , if the accept clause is nested in a select statement , the programcounter is no longer sufficient to provide this information. When the entry is opened, theaddress corresponding to a particular accept statement is saved in the transfer address field ofthe entry descriptor.

It is assumed that all entry descriptors are stored contiguously in the task activation record.
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11.5.2.4 Global Information

As described earlier , the runtime maintains a ready queue and a delay queue for tasks that are
awaiting a processor , or the expiration of a particular delay. Queue pointers similar to those used
for entries (head and tail pointers) are found at a fixed address in the system. Additional informa-
t ion is gathered in:

ta) The Processor Table

This table indicates , for each processor , the location of the task activation record of the task
currently being executed on the processo r and the value of the real-time clock when the
processor sta rted running this task.

(b) The Interrupt Tables

For each interrupt , the table indicates the entry linked to the interrupt. If the entry has no
parameter , then the entry queue is actually used as a counter which records the number of
times the corresponding interrupt has been received and not accepted by the task. if the entry
has parameters , their value is saved in a special storage area , and linked together in a queue.

11.5.3 Runt ime Routines

The ‘ utines described here are invoked in different circumstances. Some of them should be
uninterruptible , as they alter the global information of the system .

11.5.3.1 Task Declaration

For the simple implementation outlined here a static allocation scheme is used (as for the pragma
CREATION(STATIC)). A task activation record is allocatec when the unit containing the task
declaration is entered ~ hin the storage space of the enclosing task.

The initialization of the dynamic link can be done at this point , and the task state is set to inactive
(these operations need not be performed in uninterruptible mode).

11.5.3.2 Task Initiation

An initiate statement can be performed in three stages:

(a) Suspend the initiating task (saving its context).

(h) For each task to be initiated, set the task priority to that of the initiating task , Initialize the task
context , c lose all ~s entr ies, and chain the task to either the initiating one (if it is the first in the
initiate statement), or to’ the previously initiated task
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(c) For each inItiated task, increment the Inner task counter of its declaring Unit Ifound through
the dynamic link), and set the task state to active. Finally, place the InitIating task and all
initiated tasks In the ready queue corresponding to their common priority and invoke the
scheduler.

It should be noted that on a singl, processor, It is not necessary to invoke the scheduler , as the
initiating task can be Immediately resumed. However , in the case of multiple processors, the new-
ly initiated tasks may have a higher priority than some of the tasks running on other processors,
thus justifying a scheduling decision.

These operations should be unlnterruptible. This is mandatory for steps (a) and (c). If step (b) is to
be made interruptible, then each Initiated task must be set to a state (such as being initiated) dur-
ing step (a), in order to prevent another task from attempting another initiation in parallel .

11.5.3.3 Task Terminat ion

Normal termination operations consist of

(a) Setting the task state to inactive.

(b) Dec-ementing the inner task counter of the declaring unit. If , as a result, the counter becomes
null, and the declaring unit has reached its end (the end-of-unit flag being true), then the outer
task must be resumed, by entering it in the appropriate ready queue. The corresponding task
activation record can be found by following the dynamic chain of activations until a task
activation is encountered.

(c) Entering the scheduler to find a new task to be run.

All these operations must be uninterruptible because both the task state and the inner task counter
could be accessed by other tasks .

11.5.3.4 Entry Call —

Whei a task S calls an entry E of a task T:

(a) The actual parameters are evaluated; their values are then available in the activation record of
S.

(b) The task S is suspended (the program counter and current activation pointer are saved) and
placed on the entry queue of E.

(c) If E is open, then all other entries of T are closed; the transfer address for E is copied in the
program counter, and I Is entered in the appropriate ready list. If T was in the delay list, it is
removed; if I was the first task in the delay queue, the timer must be reset to a value cor-
responding to the delay time of the next task in the delay queue

(‘1) A new task is chosen by the scheduler .
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Steps (b) through (d) should be uninterruptible . Note that in step (b). the first entry field of the task
is used to find all the entry descriptors that are stored contiguously.

11.5.3.5 Reacheng an Accept Statement

When reaching an accept statement for an entry E. two cases are possible:

(1) If the waiting queut of E is empty, then:

(a) The state of the entry is set to open.

(b) The Current value of the program counter for the task is saved in the transfer address
of E.

Cc) The task is suspended (not placed -
~ any queue) and a new task is scheduled.

(2) If the waiting queue of E is not empty, then a rendezvous can be accepted immediately: the
first task in the waiting queue of E is removed from that queue. A link to it is saved on the
stack of I, and the statements corresponding to the rendezvous can be executed. The same
sequence of actions should be performed when the task is reactivated by ar entry call , after
having been suspended in case (1) . -

Operations described in (1) are uninterruptible. In (2). only the removal of the cslier from the
waiting queue is uninterruptible.

11.5 3.8 End ofaRendeavous

At the end of a rendezvous, the called task must place the calling task back in the appropriate
ready queue (this is. of course , uniriterruptible). The called task is th~’i suspended. and the
scheduler is invoked (to dea l with the case of a caller having a higher priority).

11.5.3.7 Delay Statement

When a simple delay statement is executed, or inside a select statement if no other alternative is
available for immediate execution, the wake-up time is computed by adding t~e value of the delay
expression to the value of the real-time clock. This time is saved in tLie delay descriptor of the task.
The task is entered in the delay queue at the place corresponding to the wake-up tIme. If it is
added at the head of the queue, then the value of the timer (considered as a register that is
decremented at each clock tick, and that raises an Interrupt when its value reaches 0) must be
changed to the n w  delay value. AddIng the task to the delay queue and updating the timer must
be uninterruptible.
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11.5.3.8 Occur rence of a Timer Interrupt

When a timer int errupt Is received, the delay queu e must be scanned , All asks hav ing delayvalues not g reater than the current time are removed from the delay queue, and entered In theready queues corresponding to th eir respectiv e pr iorItIes. The new value of the tamer is determinedfrom the small est delay value of all tasks remain ing on the delay queue. The scheduler must thenbe Invoked.

All tlm~e operations should be uninterruptible .

11.5.3.9 S.iect Statement

We describe here a fairly straightforward implementation of the select statement . More efficIent •approa chea can be devised , in the absenc e of side effects In rj uardinçj expressions (the usual case ) .
All guards are first evaluated (In theIr textual order), and their values collected In a hit vector. If aguard is true end the corresponding alternat ive starts with a delay, the delay expression Isevaluated and compared with the value stored In the delay tselc l of the task . Tliø smallest of the
two values Is kept in this field, and a referencti to the perticulat branch Is savi d as thn task’ sprogram counter value.

If no gii’ird Is true, and the select statement doe not have en else part , then a SELECT~ ERROR Israised Otherwise , In uninterruptible mode, the enti lea correspondIng to true guards nra examIned,
Three cn~ns are possible :

( 1) More than one such entry has a non-empty welting queue: a random nurntrni ~nF~ rator Is n’alled to cho ose one of the possible alternatives.

(2) Exactly one entry has a non empty welting queue: it Ix s~luct~d fo, Immediate execution .
(3) All ent ry queues with true guard s are empty. If en else clause Is present . it is executed . If not .the state of all entries with true guerds Is set to open, and the address of tIm code corresponding to each ~,itnrnatIve is saved In the entry descrlptoi s. If the delay value of the task is

not null, the task is entered In the delay queue, as described In 11.5.3.7 . and l~n the other case ,
the task I* merely suspen ded.

‘n cases (1 ) and (2) exec ution of the task pi~ceeds with the rendezvous corresponding to the -selected attnrnatlve. When the trick is suspended, the scheduler must he Invoked.

II 49

—— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~~~~~— .—
-~~ ‘ a,- --,— 

_ _ _ _ _ _ _



- - -- — - ~— - r r —,---——,- 
~~~~~~~~~~~~ ---- —__---

11.5.3.10 Alternative Implementations of Select Statemen ts

Alternative implementations of random selection are possible. Two such methods are sketched
below: the select-marker method is particularly efficient in the presence of guarding conditions
without side-effects (the most likely case), because it avoids reevaluation of some of the guards.
The order of arrival method takes into account the time elapsed since the arrival of the tasks on the
various que~es.

The select-marker method

For each select statement in a task , an integer index is reserved in the task activation record and
initialized to some positive value in’ the range 1 .. N, where N is the number of alternatives in the
select statement.

When a select statement is reached, alternatives are considered in turn, starting with the one
whose position corresponds to the index. The guard is evaluated. If it is false, or if the entry queue
is empty, the index is incremented by 1 (modulo N) and the next alternative is considered. If the
guard is true and the entry queue non-empty, then the alternative is immediately selected for
execution (the index is also incremented). At the next execution of the select stalement, alter-
natives will thus be considered starting with the one immediately following the last selected alter-
native.

If all alternatives have been considered, and all those with true guards had empty queues at the
time they were examined, then the queues must be reexamined in an uninterruptibie mode. If
some of the queues have become nonempty, then one of the corresponding alternatives must be
selected (e.g. the one closest to the index value), and the index appropriately updated.

The order of arrival method

In this method, each task containing entry declarations has a global entry call counter , to hold suf-
ficiently large integer values. Ths counter is initialized to 0. Each task also contains a variable of
the same size that holds the order of arrival.

Whenever a task T issues a call to an entry of a task U and the entry is closed, the value of the
entry call counter of U is incremented by 1 and the new value is copied as the order-of-arrival of
task T.

When a select statement is to be executed, the guards are evaluated and the first task on each
nonempty entry queue is examined. The one with the smallest order-of-arrival is selected for
execution.
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11.5.3.11 Trentmsnt of Interrupts

When en interrupt is received, the following interrupt routine is executed :

The Interrupt table Indicates which entry Is linked to the interrupt (it is assumed that if an interrupt
does not correspond to any entry, it will be masked).

In the case of a pararneterless entry, the entry queue Is replaced by a counter that is increm ented
by 1. If the entry was open, all entries of the task are closed and the task is placed in the ready
queue (after updating the program counter with the value stored in the ent ry descriptor). The inter-
rupt can then be cleared and the scheduler entered.

In the case of an entry with parameters (In only), the values are read at specified addresses. Space
is obtained from a special storage area to copy these values, and this space is attached to the
queue of the entry.

The nature of the interrupts that could be received during execution of this routine and what would
happen to interrupts that are masked is machine and implementation dependent and thus not
described here.

11 . 51

_ _ _ _ _ _ _ _  
_ _  _ _



,-— _-w -—,----- -.-

12. Exc.ption HandlIng

12.1 Introduction

The ability to handle error situations is essential for reliability of real time systems. In many cases ,
they must be designed as systems which should never halt . This definitely requires an ability to
handle situations which, although rare , are quite likely to happen given enough time .

This sublect of exception handling has received considerable attention in recent years , and several
language formulations of exception handling features have been proposed. For a presentation of
these facilities the reader is referred to the extensive accounts given in (Go 751 and ILe 771. The
solutions proposed differ mainly on the level of generality they give to the concept of exception.

A first family of solutions tends to consider exception handling as a normal programming techni-
que for events that are infrequent , but not necessarily errors . This viewpoint has been followed in
(LMS 741, IGo 751. IPW 761. tLe 771 and IGS 771. It means that when an exception occurs it is
treated by an exception handler , and then control may return to the point where the exception
occurred. It also means that exception handling may be used to perform some repair actions and to
continue normal execution thereafter.

A second family of proposals tends to restrict exceptions to events that can be considered (in some
sense) as errors or , at least as terminating conditions. This means that when an exception occurs in
a given program unit, its execution will be terminated. Control will be passed to an exception
handler but will never return to the point where the exception occurred . The handler may decide to
restart the same sequence of actions under better conditions, but it will do so by a different invoca-
tion of these actions, not a simple resumption.

This second family of so? ‘tions includes recovery blocks IHLMR 74, Re 75I and a recent proposal
by Bron, Fokkinga and De Hass IBFH 761. The Steelman requirements for exception handling
clearly require a solution in this second family, since they specify that the occurrence of an excep-
tion should cause transfer to a handler without completing the elaboration of the declaration or the
execution of the statement where the exception occurred.

Naturally, what is considered as an error is rather subjective , and the ability of a handler to rein-
yoke a subprogram that raised an exception will permit the use of exception handling for making
repairs and for the treatment of rare events. The problem domains that can be addressed by the
two families of solutions are hence comparable. but they require different programming styles and
different underlying mechanisms.

The exception handling facility provided in the Green language belongs to this second family. It
provides a facility for local termination upon detection of errors . It has been inspired by the Bron
proposal and has some similarities with the Bliss signal enable construct IDEC 74 1.
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Our goal in this design has been to def~na an exception handling facility involving a minimumnumber of concepts and well integrated with the facilities for parallel processing. A major goal wasto have a solution compatible with an axiomatic definition, hence permitting program verificationand mechanical program Optimization.

The discussion of exception handling starts by an overall presentation followed by examplesillustrating the main classes of uses . The interactions between exceptions and parallel processingare then presented and we conclude by a discussion of several technical issues.

12.2 Presentation of the Proposal for Exception Handling

The definition of an exception handling facility must provide answers to the following questions:

• How are exceptions declared?

e What are exception handlers and in which part of a program can they appear?

• How are exceptions raised?

• Which handler gets executed when an exception is raised?

• How can an exception be reraised?

e How can exceptions be suppressed?

We next examine these different questions in the case of sequential programs. The case of paralleltasks is discussed in section 12.4.

12.2.1 Declaration of Exceptions

The name associated with an exception condition must be declared. The form of en exceptiondeclaration is shown by the following example:

SINGULA R exception:

Conceptually we may view the set of all exception declarations eppea~ ng in a program as formingthe equivalent of a distributed declaration of the literals of an enumeration type, say exception....-condition, whose values may only be mentioned in exception handlers and in raise statements.Thus the above declaration has the meaning that SINGULAR is one of the possible exception con-ditions.

Declarations for predefined exceptions such as INDEX....ERROR. RANGE..ERROR, TASKING..IR-
ROR , OVERFLOW , etc. are provided In the predefined environment.
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12.2.2 Except Ion Handlers

Exception handlers are the sections of the program to which control is passed when exceptions
occur. Each exception handler has the form of a sequence of statements prefixed by the reserved
word when followed by the names of the exceptions serviced by the handler considered.

Exception handlers may only appear at the end of a subprogram body, module iiudy, or block after
the raserved wora exception. As an example the following block contains a single handler that ser-
vices the exception SINGULAR;

begIn
sequence of statement s

exception
when SINGULAR =>

PUT(~’matrlx Is slngular ):
end:

A handler sta rted by when others services all exceptions for which no explic it hand ier is g iven in
the same program unit. Note finally, that any sequence of statements with which an exception
handler is needed can always be made into a block.

12.2.3 The Raise Statement

There are two possible reasons for an exception to be raised in a given program unit. It may either
be explicitly raised by a raise statement or, as we wil) explain later , it may be propagated by sub- -

programs (including operators) and blocks executed by the program unit considered.

The main form of raise statement includes the reserved word raise and the name of the exception
that is raised:

raise SINGULAR:
raise FILE _HANDL ING,END_OF_ FILE;

The name of the exception must of course be visible at the point of the raise statement. It may -
have the form of a selected component as in the above case of the exception END_OF...FILE
declared in the package FILE_ HANDLING.

12.2.4 AssOCiatiOn of Handlers with Exceptions

We next examine the question of finding which handler gets executed when a given exception is
raised. Note that If a program unit contains a raise statement for a given exception, it does not
necessarily contain a handler for that exception.

For example , in the procedure P given below, both the procedures P and R provide a handler for
SINGULAR and have no explicit raise statement for that exception. On the contrary, the procedure
0 contains an explicit raise statement for SINGULAR but provides no handler for that exception.
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procedure P Ii
SINGULAR - •xcsption:

proc.dur. 0 Ii

if DETERMINANT 0 then
raise SINGULAR;

end if:

end 0:

procedure R is

. 0 . .
•xception

when SINGULA R “~

second handler fur SINGULAR
sad R:

b.gin -- P

•xception

when SINGULAR -

--  first handler for SlN~IULA R
end P;

When an exception is raised within a program unit , we may be in either of the two following situa-
tions:

(a) The currently executing subprogram or block has no handler for the exception;

The execution of the subprogram is terminated and the same exception Is implicitly raised at
the point of call of the subprogram. Similarly the execution of the block Is terminated ana the
same exception is implicitly raised after the block in the enclosing program unit. In both cases
we say that the exception is propagated.

(b) A handler has been provided for the exception:

The actions following the point where the exception is raised are skipped and the executIon of
the handler terminates the execution of the current program unit.

In the above example , if the exception SINGULAR is raised during the execution of 0 called by R,
the execution of 0 will be terminated , since no handl er is provided for SINGULAR within Q. This
exception is then propagated to the caller: it is raised within R at the point of call of 0 and serviced
by the second handler. The execution of this handler terminates the execution of R and the excep-
tion is not further propagated. For P. this call of R therefore appears as a normal call. Note that the
first handler for SINGULAR, that of P. would be executed if the exception were raised by the 

- 
.

execution of 0 corresponding to its direct call within P.

With this definition of exception handling, the effect of a subprogram Is normally completed by the
sequence of statements of its body; when an exception occurs, it may be completed by a cor-
responding handier , if present.
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The initialization part of a package body acts as a procedure implicitly called by the package for its
initialization. This applies also for exceptions. A handler in a package body acts as a handler in a
procedure. In the absence of a handler , an exception is propagated to the program unit containing
the package declaçation. The case of task bodies is discussed In Section 12.4.

Having explained the concept of exception propagation, it should now be clear that there is no
conceptual difference between the predefined exceptions and the exceptions declared by the user .
Predefined exceptions are exceptions that can be propagated by the basic operations of the
language such as indexing, accessing a value , and the arithmetic operations. As an example
DIV IDE ....ERROR is an exception that may be propagated by the (hardware supplied) operation of
division.

12.2.5 Reraising an Exception

Within a handler, the exception that caused transfer to the handler may be reraised by a normal
raise statement (mentioning its name) or by a raise statement of the form

raise:

In either case , the effect of reraicing the same (or another) exception within a handler is to tei
minate the current program unit and to propagate the corresponding exception (except for tasks as
explained in section 12.4).

The abbreviated form for raraising an exception is especially useful in the case of a handler for
others. Thus, such a handle” can be used to perform some general clean-up actions, such as undo-
ing possible side-effects , before raising the same exception again. This is made possible by the fact
that the exception is left anonymous both in the handler prefix and in the reraise statement.

12.2.6 Suppressing an Exception

It is possible to indicate to the translator that the detection of some predefined exceptions need
not be provided within a given program unit . This is achieved by inserting a pragma such as

pragma SUPPRESS(N0 .VALUE_ ERROR):

As a result the translator may omit any extra code to check that a variable has been initialized.
Note that this pragma is not imperative, and does not mean that the designated exception will not
be raised in the program unit , as it may be raised explicitly, be propagated from a subprogram
where it has not been suppressed. or simply because the translator did not inhibit the check . The
latter is likely to be the case if hardware detection of the exception is available.

This facility is especially useful for some predefined exceptions , such as ASSERT _ERROR or NO,.-
VALUE_ERROR , as their detection may be expensive unless aided by special hardware .

12-5

~ 

-, --. —..— 
_ _ _



____________ 

.—,.

~~

.-.- -i

12.2.7 Order of Exceptions

A translator may choose to evaluate the constit uent terms of an expr ession in any order that is
consistent with the precedence properties of the operators, and with the parentheses, As a conse-
quence , the ordei in which exceptions might occur in the evaluation of an expression is not
guaranteed by the language. The formal semantics of the language only defines the value of an
expression whose evaluation does not raise any exception.

12.3 Examples

Several examples presenting typical uses of exception handling are discussed in this section.

12.3.1 Matri x Inversion

The first example is adapted from [BFH 761. Each iteration of a loop is supposed to read a matrix ,
invert it. and print the result . If the matrix is singular, a message should be printed and the program
should proceed with the next matrix.

procedure P ii
procedurs TREAT_ MATRICES(N : INTEGER) Is

SINGULA R : exception:

procedure INVERT(M : in out MATRIX) is
begin

-- compute determinant inverse
-- note : this may implicitly raise DIVIDE_EIII~ORcomplete inversion of the matrix.

•xcsption
when DIVIDE _ERROR =~~‘ raise SINGULAR:

end INVERT:

procedure TREAT_ONE is
begin

READIM):
INVERT(M):
PR INT( Ml:

exception
when SINGULAR “ PRINT( Matrix is sinqular ):

end TREAT_ONE:

begin - - TREAT_ MATRICES
f o r l i n l . .Nloop

PRINT( “ ITE RAT IC N “ I
PRINT(l);
TREAT_ONE :

end Isop:
snd TREAT_MATRICES;

begin -- P
TREAT.,,MATRICES(20):

md:
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As this example illustrates, the occurrence of the predefined exception DIVIDE ..ERROR withinINVERT is expected and consequently n appropriate handier has been provided. On the otherhand, an occurrence of this exception within READ or PRINT would cause termination of P. sinceno handler has been provided within P.

In order to illustrate the dynamic behavior of this program, let us consider the stack situation dur-ing a call to INVERT:

(1) P calling TREA T MA TRICES
TREAT_MATRICES calling TREA T ONE
TREAT_ONE calling INVER T
INVERT executing normal statements of INVERT

If DIVIDE_ ERROR occurs during the inversions , the corresponding handler will be executed.

(2) P calling TREA T MA TRICES
TREAT _MATRICES calling TREA T ONE
TREAT_ONE calling INVERT
INVERT executing the handles for DIVIDE ERROR

Note that during its execution , the handier has access to the local variables and parameters of
INVERT. Here the only effect of this handler is to raise the exception SINGULAR. As a conse-.
quence , the activation of INVERT is deleted and the exception SINGULAR is propagated wi~iin
TREAT_ONE at the point of call of INVERT. The handler of TREAT _ONE for SINGULAR is then
executed .

(3) P ceIling TREA T MA TRICES
TREAT_MATRICES calling TREA T ONE
TREAT_ONE executing the handler for SINGULAR

In this case the execution of the handler terminates the execution of TREAT_ONE without
propagating an exception in TREAT_MATRICES. This leads to the following stack configuration
where another iteration of the loop can now be executed.

(4) P calling TREA T MA TRICES
TREAT_MATRICES executing loop

The above example is characteristic of a family of problems in which a sequence of input objects
must be subjected to a given treatment. Should this treatment fail for one object of the sequence ,
it would be unreasonable to abort the complete sequence. Rather , the exception handling facility
provides the ability to do a partial termination , that of the current object .
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12.3.2 DivisIon

Consider the following definition of the function DIVISION:

function DIVlS~ON (A . B - REAL ) return REAL is
begin

return A R
•xceptlon

when DIVIDE_ERROR “ return REAL LAST:
end:

Should DIVIDE _ ERROR occur during the computation of NB, the execution of the handler will
complete the execution of the function DIVISION . Any statement that is valid within the sequence
of statements of DIVISION is also valid in the handler. Hence the handler may issue a return state-
ment

return REAL LAST:

on behalf of the function .

This example shows the nature of handlers. They must be viewed as substitutes ready to take
charge of the operations in case of error.

12.3.3 File Example

This example illustrates a case where exception handling is used to treat an event which is certain
to happen: reaching the end of a file. Naturally this example could be formulated with an explicit
check for each iteration . Assuming the file to be quite large, however, the body of the procedure
TRANSFER may be efficiently represented as an (apparently) infinite loop, and the final actions of
the procedure performed by the exception handler END_OF_FILE.

procedure TRANSFER Is
use TEXT _ lO:
INF : IN_ FILE:
OUTF : OUT_ FILE:
C : CHARACTER:

begin
OPEN(INF . SOURCE”):
OPEN(OUTF , DESTINATION”);
loop

GET (INF , C):
PUT (OUTF , C):

med loop;
exception

when END_OF_ FILE “
PUT(OUTF . EOF):
CLOSE(INF):
CLOSE(OWF ):

end:
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The procedure TRANSFER transfers the characters from the f ile ~tOURCE Into the file DESTINA-
TION. At each Iteration, GET Is called and eventually en END_OF_FILE exception will occur. As a
consequence the corresponding handler will be activated and Its execution wIll complete the
execution of TRANSFER.

This example shows that although many exceptions will correspond to error conditions, some of
them may just be normal conditions for termination.

12.3.4 A Package Example

The example below reproduces a skeleton of the TABLE_ MANAGER package described in the
Reference Manual section 7.5.

penkage TABLE_MANAGER is
type ITEM is
procedure INSERT (NEW_ITEM : In ITEM):
procedure RETRIEVE (FIRST_ITEM : out ITEM);
TABLE_ FULL : exception; -- may be raised by INSERT

end;

peckage body TABLE_MANAGER Is

proesdur. INSERT (NEW_ITEM : in ITEM) 1.

If NO_MORE_SPACE then
raise TABLE_FULL:

end If:
— normal actions of INSERT

end:

TABLE_MANAGER;

The interface of the table manager defines the operations INSERT end RETRIEVE . and the excep-
tion TABLE _FULL. Any procedure such as Q that uses the package may provide a local handler for
this exception:

procedure 0 Is
use TABLE_ MANAGER;

procedure SAFE_INSERT(ELEMENT : In ITEM) I.
SPARE : ITEM:

INSERT(ELEMENT);

when TABLE_FULL =>
RETRIEVE(SPARE);
— perform normal ‘treetment of spare
INSERT(ELEMENT) ;

end SAFE_ INSERT;
be~~

-- includes calls of SAFE_INSERT Instead of INSERT
end 0;

12-9
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Within procedure Q, a procedure SAFE_INSERT with a local handler for TABLE_FULL is provided.
Should this exception be raised by the body of INSERT, the local handier for TABLE _ FULL gains
control and is able to perform a RETRIEVE before reissuing the same call to INSERT. Should an
exception occur again in this second call , the execution of SAFE_ INSERT will be terminated and
the same exception will be raised in the calling environment, V

It is worth mentioning that the body of INSERT is programmed in a robust manner: it keeps its
environment intact if it cannot accomplish its tasks normally. It is this property that permits
SAFE_ INSERT to reissue a second call of INSERT when the first call fails.

12.3.5 Example of Last Wishes

The occurrence of an exception causes termination of the procedures in the dynamic chain of calls
up to (and not including) the first procedure handling the exception. Suppose A handles a given
exception, and

A calls B, B calls C, C calls D

if the exception occurs in D, the activations of D, C. and B will be terminated in that order .

‘1 One may want to let these procedures express their /act wishes before disappearing, for instance ,
to perform some clean-up actions This can be achieved by providing a handler for others in each
of these procedures. The handler will then issue the statement

ralsi:

which reraises the same exception in the calling environment. We are thus able to achieve all
effect similar to that of the UNWIND clause of Mesa IGMS 771 without introducing a special
language construct . We illustrate last wishes with the example of a procedure performing opera-
tions on a file:

procedure OPERATEIF_NAME : STRING) is
F INOUT_ FILE:

begin
— initial actions
OPEN(F, F_NAME);
-- perform work on the file
CLOSE(F);
-- final actions

end:

Should an exception occur while performing work on the file, it would be left in an open state
• when leaving the body of OPERATE. It is possible to avoid this by expressing the corresponding

corrective action in a handler:
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procedure SAFE_OPERATE IF_ NAME - STRING) Is
F : INOUT_ FILE:

begin
-- initial actions
OPEt~1(F . F_NAME) :

- - perform wor k on the file
exception

when others ‘=>
CLO~Ef F);
raise:

end: ’
CLOSE IF)
-- final actions

end;

Now, if any exception occurs , either during the initial or the final actions it will be propagated to
the caller of SAFE_OPERATE. If however , the exception occurs within the block, while performing
work on the file, the inner handler will first close the file before propaçiating the exception.

Simiia~ techniques can be used in parallel processing examples where a given task could be left in
an inconsistent state waiting forever to receive the stop signal from a task that died after sending a
start signal .

12.4 Exceptions and Parallel Processing

The exception handling facility has been presented so far mainly in terms of sequential programs.
As a consequence the concepts presented are vaiid within a task.

The ability for one task to raise or to propagate an exception in another task must however be
viewed ~as a possibility with potentially extremely severe consequences .

In no way should such external exceptions be considered as being normal terminating conditions,
Interfering asynchronously with the execution of a task may catch it in a state where it is not
prepared to respond to such intervention. There is then always a risk of leaving the task in a state
of confusion and also, of contaminating other ;asks that were communicating with it.

The normal means of communicating with a task is via entry calls. Hence most .situations in which
the ten ination of a task must be decided by another task should be programmed by calling a
special entry, say TERMINATE, of the task to be terminated . The clear advantage of such a solution
is the possibility thus offered to include accept statements for the TERMINATE entry at those
places where the termination can be done in an orderly fa ;hion.

For these reasons , the ability of a task to raise or to propagate an exception in another task has
been substantially limited.

A first limitation of the exception handling facility for tasks concerns exception propagation
Contra ry to what is done fo’ subprogram and packages , if an exception is not serviced by a handler
within a task , the exception is not further propagated; the task execution is mere y termi’~ated.
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Note that if the exception were propagated to the parent task , it would mean that the child task
could have an asynchronous interference on its parent . It would also mean that the latter could be
subject to simultaneous such interferences from its local tasks.

The second limitation concerns the nature of the exceptions that can be raised explicitly by one
task for another task . This ability is provided only for the predefined exception FAILURE.

Other exceptions may also arise during task initiation and also during communications between
tasks . Unlike FAILURE . however , these are synchronous exceptions comparable to those that can
be propagated by procedure calls. The predefined exception TASKING _ERROR corresponds to
several such situations.

We next discuss the FAILURE exception and the situations in which a TASKING_ERROR may
arise.

12.4.1 Raising the FAILURE Exception In Another Task

The only exception that can be raised explicitly by one task in another task is the predefined excep-
tion FAILURE. For a task T, the exception FAILURE is raised by a raise statement of the form

raise T.FAILURE:

The effect of this statement is as follows

(a) If the task T is currently being executed, its execution is interrupted.

(b) If the task T has issued an entry call , two cases may arise:

e if the entry call has not been accepted it is cancelled. The task owning the called entry
is unaffected.

• If an accept statement for this entry is being executed, the exception TASKING_ER-
ROR is raised within the unit containing this statement.

(c) The continuation address of the task is modified so as to reflect occurrence of the exception,
and the task T is put in the ready queue of the scheduler.

(d) The execution of the task raising the exception may continue.

As for other exceptions a task may provide handlers for FAILURE. The task is thus given an oppor-
tunity to perform some clean up actions before terminating. The general schema of a task likely to
be terminated by the FAILURE exception is as follows:

task body T Is

begin
--  normal actions of the task

exception
when FAILURE =>

--  perform clean-up actIons, for example:
- -  raise FAILURE for local tasks
- - issue some accept statements

sod ;
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It should be clear that raising ~AI LURE for a task I cannot guarantee the termin ation of T since the
handler can contain arbitrary statements , Hence thIs ability may be insufficient in situations where
time is critical, and the abort statement appears as a necessary complement in such situations.
The sequence:

riles T.FAILURE;
dslay 1.5*SECONDS;
abort T;

can be used to give T the opportunity to perform clean-up operations and nevertheless make sure
that its execution does not extend beyond a certain delay.

As an example of possible use of the FAILURE exception, consider a situation in which a task
OPERATOR must be able to take some default actions In case It cannot obtain service from a
SERVER within a certain delay. Instead of calling the entry REQUEST directly, OPERATOR w ill ask

V a local task AGENT to do so and to report completion.

task body OPERATOR Is
.ntry REPORI(I : INFO):

task AGENT is
entry ASK;

end;

task body AGENT is
J : I N F O ;

begin
accept ASK;
SERVFR.REQUEST (J );
OPERATOR.REPORT(J);

exception
when FAILURE => null:

end;
begin

initiate AGENT;
AGENT .ASK;

accspt REPORT(I : INFO) do
-- the answer was received In time:
-- perform normal operations

end;
of

delay 10.O.SECONDS;
-- nn answer : perform default actions
raise AGENT.FA ILURE;

end select;
end OPERATOR;

If the server does not answer the request within the delay, the task OPERATOR raises the excep-
tion FAILURE for the local task AGENT. Several situations are then possible:

(a) SERVER had not yet accepted the request (either because of malfunction or because it is still
busy processing requests from other tasks), the request is just removed from the queue of the
corresponding entry and SERVER is unaffected.
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(b) SERVER is in the middle of tI’e accept statement for the entry REQUEST, an exception
TASKING_ERROR is raised within the accept statement,

(c) The request is completed after the delay. Then if AGENT has already issued a call to the entry
— REPORT , this call is cancelled.

This example illustrates the care that must be taken when raising the exception FAILURE. In
general , it should be used only in extreme situations, for example, to protect a task against a possi-
ble malfunction in another task or to terminate an erroneous task.

Raising FAILURE for another task is a drastic measure that should only be used when normal
means of communication have failed. Whenever termination can be planneJ, It is preferable to
request it with an entry call.

Because of its importance, the FAILURE exception prevails over any other possible exception.

12.4.2 ExceptIons Propagated During Communications Retwe.n Tasks

When two tasks are attempting to communicate with each other, or are engaged in a communica-
tion, an abnormal situation arising in one of them may have an effect on the other one.

As a basis for discussing the various cases that may arise , consider a task SERVER providing a
procedure ASK and an entry UPDATE, and a task CALLER:

task SERVER Is

procedure ASK (...):

entry UPDATE(...);
end:

task body SERVER Is

procedure ASK (...) Is

end ASK ;
begin

accept UPDATE (...) do
-- statements for servicing the request

end UPDATE;

end SERVER ;

task body CALLER is

begin

SERVER

SERV ER.UPOATE(...);

end CALLER;
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The task CALLER is calling the procedure ASK and the entry UPDATE. Abnormal situations will
arise It SERVER Is not active at the time of either call. Similarly an abnormal situation in SERVER
may affect the caller .

12.4.3 Exceptions Propagated by Calls of Task Procedures

If an exception is raised within the body of the procedure ASK , and not serviced by a local handler ,
it is propagated to the caller , as usual.

Calling the procedure ASK is of course only possible if the task SERVER is active , otherwise, the
exception TASKING_ERROR is propagated to the caller. In addition, there is the possibility that
SERVER may become inactive (either by normal or by abnormal termination) during the execution
of ASK. Again the caller will receive the TASKING_ ERROR exception.

12.4.4 InabIlity to Achieve a Rendezvous

When CALLER issues a call to the entry UPDATE of SERVER , the latter task may be inactive, in
which case the rendezvous cannot be achieved. It may also happen that SERVER is active at the
time of the entry call but is not yet ready to accept it. The calling task must then be suspended until
SERVER is ready. In the meantime, however , SERVER may become inactive (by normal or abnor-
mal termination) and again, the rendezvous cannot be achieved.

In either of these situations, the predefined exception TASKING_ERROR is raised at the point of
the entry call in the caller.

12.4.5 Abnormal Situations in an Accept Stst.ment

Once a rendezvous is achieved, the accept statement is executed. During this execution three
kinds of abnormal situations may arise:

(1) An exception is raised within the accept statement.

(2) A third task disrupts the called task (i.e. SERVER), for example, by an abort statement or by
raising the FAILURE exception.

(3) A third task disrupts the calling task (i.e. CALLER), for example , by an abort statement or by
raising the FAILURE exception.

We next analyze the consequences of each of these three possible abnormal situations both with
respect to the task issuing the entry call and with respect to the task containing the accept state-
ment.
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An exception is i i/sad within an accep t Statem ent

Consider a situation in which a exception, say error , is raised within the accept statement of -SERVER:

task body CALLER Is task body SERVER Is

accept UPDATEt ...) doSERVER.UPDAT E(.. 1
error

end UPDATE;end USER:
end SERVER :

From the point of vew of the caller , the accept statement is analogous to a procedure bodyexecuted when the corresponding entr’-’ is called. Hence if an exception is raised (and not handledwithin the accept statement itself) it should be propagated at the point of call of SERVER.UP-DATE.
However , from the point of view of the task containing the accept statement , this statement is anormal statement of its body. Hence if an exception is raised within SERVER , it should be handledby a handler provided within that same task .
To summarize, an ordinary exception (not FAILURE) raised within an accept statement and nothandled there is propagated both in the calling and in the called tasks. Both tasks may providehandlers for the exception.

The called task is disrupted.

A different treatment must be employed if the called task (i.e. SERVER) receives a FAILURE excep-tion raised by a third task. The main purpose of this exception is to provide a possibility of cleantermination for a task . Hence it would be undesirable to propagate this special exception to a call-ing task. For this reason , the calling task will not receive FAILURE, but rather, the less severeexception TASKING_ERROR .

Similarly TASKING_ ERROR is raised in the caller if the called task is aborted by a third processwhile executing the accept statement .

The calling task is disrupted.

In this case there is no point in pursuing the execution of the accept statement since the caller isno longer waiting for its completion. Hence, the execution of the accept statement is abnormallyt&minated and the exception TASKING,, .,ERROR is raised in the place of this statement. Note thatthis case may result in disrupting another task as in case 2 or 3 above.

It is quite important to realize that this exception is not raised within the accept statement itse ’fbut rather outside it, for two reasons.

First, if the exception were raised inside the accept statement , it would be possible to hendle itlocally and thus to continue the communication with a possibly inactive task.
The second reason concerns the possibility of nesting accept statements , In such a case , shouldthe callers for both the outer and the inner accept statements be aborted, the called task mayreceive two simultaneous TASKING _ERROR exceptions. However , no confusion is possible sincethe termination of the outer accept statement guarantees that of the inner accept statement.
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12.4.6 Example of Propagation of Normal Exceptions for Tesks

The following program fragment shows a task USER which Is starting a file tra nsfer performed
asynchronously by a task SPOOLER. The procedure OPEN_ IN_OUT is used by SPOOLER to open
the two files. If either of the files is invalid, the corresponding exception is raised after possibly -
closing the other file.

Two forms of input output exceptions may be raised within the body of the task SPOOLER. The
exception END_OF_FILE is handled locally and not propagated. The exception FILE_NAME .ER-
ROR may be raised within the accept statement for the entry START_TRANSFER. The handler
provided within SPOOLER simply prepares it for another iteration.

task SPOOLER I.
entry START_TRANSFER (SOURCE , DESTINATION : In FILE_NAME):

end;

task body SPOOLER Is
INF IN_FILE:
OUTF : OUT_FILE:
C : CHARACTER —

procedure OPEN_IN_OUT (SOURCE . DESTINATION : in FILE_NAME) Is

OPEN(INF, SOURCE) :
begin V

OPEN(OUTF , DESTINATION);
exception
when FILE_NAME_ERROR => CLOSE(INF); raise;

end
end;

isop
begin

accept START_TRANSFER(SOURCE , DESTINATION : in FILE_NAME) do
OPEN_IN_OUT(SOURCE , DESTINATION);

end;

isop
GET (INF, C);
PUT (OUTF. C);

end Isop;
exception

when END_OF_FILE => -

PUT(OUTF, EOF);
CLOSE(IN F);
CLOSE(OUTF);

when FILE_NAME_ERROR => null ; -- restart main loop
end;

end Isop;
end SPOOLER;

— 
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In addition, the occurrence of the exception FILE_ NAME_ ERROR within the accept statement for
START_TRANSFER also has an effect on the calling task USER. The exception is propagated in
that task where it can be serviced by a local handler:

task body USER Is
I_F, 0_ F : FILE_NAME;

begin
SPOOLER.START..TRANSFER(I_F, 0_ F):

exciption
when FILE_NAME_ERROR ~~~ V

>

-- do something on I_ F and 0_F
md:

end:

12.4.7 Example of TASKING ERROR In Nested Accept Statement.

Nested accept statements are illustrated by the example of a task FILTER buffering characters
received through the entry WRIT E fro m slow producers. These characters can be read in batches
by other tasks through the entry READ.

When a call to READ occurs, two cases are possible: either FILTER has buffered enough
characters to forward them immediately, or it has not; in the latter case the reader must wait until
enough characters have been received. This second possibility is handled by nesting an accept
statement for WRITE within the one for READ.

Abnormal termination of either a reader or writer should not affect FILTER. In particular, if a writer
dies while calling WRITE , this should not terminate th e READ rendezvous. This isolation is
provided by embedding the accept statement for WRITE within a block that provides a null handler
for TASKING_ERROR.

Note also that the incrementation of the indexes is done first within temporary variables. These are
updated outside of the accept statements. Thus the values of the indexes are maintained as correct
even in the case of exceptions.

task FILTER Is
LENGTH : constant INTEGER := 120:
entry READ (BATCH : out STRING(1 .. LENGTH)):
entry WRITE (C CHARACTER );

end:
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ta~~ body FILTER Is

MAX_BUF : constant INTEGER := 1O*LENGTH;
BUFFER : array (1 .. MAX_BUF) of CHARACTER;
COUNT INTEGER range 0 .. MAX_RUF 0;
IN_ INDEX , OUT_INDEX : INTEGER range 1 .. M-AX_BUF MAX_BUF;
TEMP_IN : INTEGER range 1 .. MAX_BUF := IN_INDEX;
CHAR : CHARACTER;

procedure INPUT_CHAR Is
begin

IN_INDEX := (IN_INDEX mad MA)LBUF) + 1;
BUFFER(IN_INDEX) := CHAR;
COUNT := COUNT + 1;

end;
begin

loop
begin

select
when COUNT < MAX_BUF =>

accept WRITE (C : CHARACTER) do
CHAR := C;

end;
INPUT_CHAR;

or
accept READ (BATCH out STRING( 1 .. LENGTH)) do

while COUNT < LENGTH loop
begin

aoc.pt WRITE (C : CHARACT ER) do
CHAR := C;

and;
INPUT_CHAR;
TEMP_IN := IN_ INDEX;

- exception
when TASKING . ERROR => nut -- isolates from writer termination

end;
end loop;
for in 1 . .  LENGTH loop

BATCH(I) := BUFFER((OUT_ INDEX+l) mod MAX_BUF + 1);
end loop;

end READ;
OUT_INDEX := (OUT_INDEX +LENGTH-1) mod MAX_BUF + 1;
COUNT := COUNT - LENGTH;

cud select;
macoption
when TASKING_ERROR =>

IN_INDEX TEMP_IN;
If IN_ INDEX >= OUT_INDEX then

COUNT := IN_INDEX - OUT_INDEX;
else

COUNT := IN_ INDEX + MA)LBUF - OUT_INDEX;
snd if;

end;
end loop;

end FILTER;

-  
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12.5 Technical Issues

The discussion of exception handling in [Go 75~ classifies exceptions into three categories.
— (a) Escape exceptions which require termination of the operation raising the exception.

(b) Notify exceptions, which forbid termination of the operation raising the exception and requireits resumption after completion of the handlers’ actions.
(c) Signal exceptions, which leave the choice to the handler between termination and resump-tion.

The Steelman requirements specify that the occurrence of an exception should cause transfer to ahandler without completing the elaboration of the declaration or the execution of the statementwhere the exception occurred. Hence they rule out notify and signal exceptions, and quitejustifiably so, since these forms of exceptions violate program modularity and make optimizationdifficult if not impossible.

Exceptions in the Green language are thus of the escape form; they serve only for error situationsand as terminating conditions, permitting a simpler language formulation.

The technical problems concerning the interactions between exceptions and parallelism have beenmentioned in the previous section. The key idea was to provide a simple rule for cases where
simultaneous exceptions occur in a given task. For the TASKING_ERROR exception, multiplicity-V can only occur in case of nested accept statements, and the outer exception prevails. The excep-tion FAILURE prevails over other exceptions and simultaneous occurrences of this exception aretreated as a single occurrence.

V The remainder of this discussion will concentrate on the following issues:

• Exceptions during the elaboration of declarations

• Propagation of exceptions beyond their scope

• Suppression of exceptions

o Implementation of exception handling

• Proving programs with exceptions
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12.5.1 Exceptions Dudng the Elaboration of Declarations

The elaboration of declarations may involve the evaluation of some expressions and in conse-quence, exceptions may be raised during this elaboration. Consider for example the procedure

procedure A(N : INTE GER) Is
C : constant INTEGER NpN;
D : INTEGER := C;
I : array (1 .. C) of INTEGER:

-- statements of A
exception

-- handlers of A
end:

If an exception occurs during the elaboration of the constant C, the procedure will be in a state
where D is not initialized, and the space for the array I is not yet allocated. Consequently, ahandler may not be able to do much; any reference to D or T will be erroneous and may cause a
further exception.

When this risk is important , it is always possible to replace the expressions that may cause excep-
tions by function calls and to provide handlers within these functions. Another possibility is to
provide a special boolean flag:

procedure A(N : INTEGER) Is V

ELABORATION_DONE : BOOLEAN := FALSE;

begin
ELABORATION_DONE TRUE;

-- handlers may test if ELABORATION_DONE
end;

The design also considered an alternate semantics in which the handlers are only applicable after
completion of the elaboration of declaration (hence , an exception arising during th e elaboration of
the local declarations of a procedure would always be propagated ). This alternate sem antics was
rejected for implementability reasons.

12.5.2 PropagatIon of Exceptions Beyond Thelr Scope

Since exceptions can be propagated they can be propagated beyond their scope. It is even possible
for an exception to be propagated outside its scope and back within its scope. Thus, in the follow- 

V

ing example , if B calls OUTSIDE and OUTSIDE calls A, the exception ERROR raised within A will
be propagated to OUTSIDE and again to B:
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pack.g.DIs
procedure A:
procedure B:

end:

procedure OUTSIDE Is

D.A:

package body 0 Is
ERROR : exemption;
procedursAis

raise ERROR:
end:

procedure B Is

OUTSI DE;

exception
when ERROR — s

-- ERROR may be propagated by OUTSIDE caHing A
end:

end D:

In general, an exception propagated beyond its scope can only be handled by a handler for othors.It can be further propagated or reraised by the anonymous form of the raise statement (raIse;).
This rule provides a simple and consistent interpretation of the above example and it avoids thecomplexity and runtime costs that would be incurred if exceptions propagated beyond their scopewere conve rted into a unique undefined excepti on. This design also considered, and rejected, thepossibility of associating the names of the possibly propag ated exceptions with each proceduredeclaration. The main reason for rejecting this possibility is the fact that this would require extra

L 

runtime code for filtering the propagati on of exception. For example , if a procedure were declared
as

procedure P(X INTEGER) propagates A, B, C: - - not legal in Green
its body would have to be compiled as the equivalent of the following procedure:

procedure P(X : INTEGER) Is

big

_on
when A B C ‘

~ raise;
when others ~

- 
~‘ raise anonymous. exception;

end P:
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We considered the resulting code expansion to be too prohibitive, especially in the case of small
functions and procedures.

With the solution adopted in Green, the user can always put similar information in comment form. -
The case others covers all possible anonymous exceptions, not just one.

The internal codes associated with exceptions must all be distinct - as are the codes of the dif-
ferent literals of an enumeration type. In general , this assignment of codes to exceptions must be
performed at linkage editing time.

12.5.3 SuppressIon of Exceptions

A given program unit, and in particular a procedure, may be robust , in that it will perform some
computation, and produce some result for any value of its input parameters . On the other hand, its
validity may be guaranteed for only certain values of these parameters. The exception mechanism
is a useful tool to achieve robustness, but this may be gained at some cost in efficiency, since
detection of some error situations may be expensive, unless aided by special hardware .

In some case s w here robustness is not an issue, or can be attained by means other than runtime
checks , the programmer may not wish to incur the cost of checking for possible exception situa-
tions. The pragma

pragma SUPPRESS (list of exception names);

indicates that no check need be performed for the designated exception situations. (Should such a
situation occur , behavior of the program would be unpredictable.)

As a consequence the compiler may suppress checks for such situations, and will do so if it results
in an optimization. Note that this pragma Is an indication that the user does not care , as far as the -

validity of the program is concerned, whether the checks are performed or not.

However, in the case of exceptions wh ose detection is aided by special hardware , inhibiting the
corresponding hardware mechanisms may be costlier than actually performing the checks, hence
the pragma is not imperative. It does not mean that the checks are not done.

An alternative view of the SUPPRESS pragma would be that of a directive indicating imperatively
that no check is to be performed to detect the exception. This approach would correspond to a
decision to continue execution of a program in spite of any erroneous situation. It would give an
appearance of robustness which might be exploited in cases where the programmer knows that
the abnormal situation will have some effects that can be detected at a later time, but it is in
opposition to the general philosophy of the language.

In addition, the need to provide a semantics that reconciles software and hardware detected
exceptions would have a negative effect on the efficiency of the programs. If the pragma were
imperative, then on a machine with hardware detected exceptions , it would be necessary to inhibit
the hardware checks for a scope in which the corresponding exception has been suppressed.
Thereafter, it would be necessary to reenable the hardware detection prior to each call to a unit
outside that scope, and again to inhibit the detection following a subsequent return from the call .
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12.5.4 Implementation of Exception Handling

One important design consideration for the exception handling facility is that exceptions should
add to execution time only if they are raised,

Several techniques may be used to reach that goal. and they may differ from one implementation
to another. The essential idea is that all processing Costs should be concentrated on the treatment
of the raise statement. As a consequence , processing of a raise statement may be relatively slow.
In contrast , the elaboration of an exception declaration or that of the body of an exception handler
represents only translation time and space costs. They have no influence on the execution time.

As a feasibility proof , we outline a possible implementation technique that no runtime costs what-
soever are incurred for exceptions unless they are raised. This technique has been used for some
debugging systems and it bears some resemblance to the technique used in Mesa IGMS 77 1. The
basic principles are as follows:

(a) When an exception occurs , the specific runtime system that treats exceptions must be able to
locate the addresses of the currently active procedure calls. This condition is satist ed if, as is
usually the case , return addresses are stored in procedure activations .

(b) Knowing the address of the code of a procedure. it must be possible to locate the address of
the code of the first handler. Similarly, given a handler , it must be possible to find the next
handler, This condition can be satisfied by chaining the handlers and by storing the address of
the first handler just before the code of the procedure.

(c) Each handler must sta rt with the indication of the exception code (or codes) that it services.
Some convention must be used for the handler for otheri which must appear last.

(d) When performing the association of an exception with a handler , the runtime system locates
the procedure address and from there the chain of handlers. it may then inspect the exception
codes to find the appropriate handler, if any,

We reiterate that this solution should only be considered as an existence proof that exceptions
may be implemented at no cost unless raised. Other techniques may be more suitable on alter-
native machines.

12.5.5 Proving Programs with Exceptions

The problems of exception handling facilities such as the P1./I on conditions , which permit resump-
tion after exception, are well known. For instance, consider the consecutive statements.

X :~ P + 0;
Y := X -

assert IV --

Unless overflow occurs in the evaluation of P + 0, the final assertion should be satisfied. This
however would not be true if a handler for overflow were able to provide a different value for X and
r-~turn to the same statement list.

This simple example shows the near impossibi%~ty of proving programs wiTh unconstrained ~i,qrel
and not//v exceptions. For the same reasons , such programs are extremely difficult to optimize.
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In contrast , for the proposal given in the Green language, simple proof rules may be given as hasbeen shown by Bron (BFH 76) and Fokkinga [Fo 77). AddItion al examples may be found in theV referenc e [DH 76). The main idea is a consequence of the definition of the role of a handler.
As mention ed above, when an exception occurs in a procedure, the execution of ~e handlerreplaces the remainder of the execution of the procedure considered. Consequently the effect of aprocedure is achieved.

(a) either by its body If no excepti on occurs

(b) or by the part of Its body until the point where the exception E occurs and then by the handlerfor E if E occurs.

Two simple cases have been shown in the progr amming examp les:

( 1) In the SAFE_INSERT example of secti on 12.3.4 , we have shown a case wh ere these tworules reduce to a simpler form. The effect of SAFE_INSERT is achi eved.
(a) either by its body if no exception occurs

(b) or by the handler TABLE_FULL if TABLE _FULL occurs

(2) In the file example of section 12.3.3 where the exception END_OF_FILE Is used as a ter-minating condition, the if ects of th. procedure TRANSFEF, is achieved by the succession ofthe effects of

(a) its body

(b) the body of the handler END_OF_FILE

This shows that wit h adequate programming conventions , the effect of a procedure containing anexception handler can be charact erized in a simple way. This simplifies correctness proofs. On the
- other hand , proving a program where excepti ons arise in parallel tasks remains a considerablymore difficult problem.

— 
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13. GenerIc Program Units

13.1 Introduction

Generic clauses provi de a genera l facility for translation time parameterization of program units. Aswith other paramete rlzat ion mechanisms , the prima ry purpose of this generi c facility is fact ori ze-lion , so as to bring about a reduction in the s ize of the program text while simultaneou sly lmprov -
Ing both readability and eff ici ency .

Generic clause’s may be viewed as a natural extension of subprogram parameterizatlon. When
otherwise Identic al actions differ by the particular value or var iabl e , these acti ons may be Incor-
porated in a subprogram where th at value or variable appears as a parameter. Having thereby fac
torized the comm on parts , the text becomes smøller and easier to read and c/it/cal errors , involv-
ing accidental lack of identIty among th . several copies , are eliminated. Moreover , the translator
can take advantage of this commonality to produce more compact code.

Traditional parameterlzatlon mechanisms are usually res cted to variables , althoug h the same
factor ization arguments can apply when two otherwise identical program units differ by some
other property, such as a type.

A classical example is provided by stacks. In the Green language , stacks would be typically for-
mulated as a data typ e , encapsulated with its ass oc iated operati ons within a pack age. Alt hough
one may want to have stacks of integers and stack s of real numbers , it is clear that neither the
stack algorithms (nor the proof of theIr corre ctness ) depend upon the type of the items to best acked.

Strong typing prevents the writing of a single procedure to deal with oblects which may be eitherIntegers, reals or any sub iequently defi ned type. Hence another lcnguage mechanism Is needed to
achieve this kind of perameterization by a type; thIs mechanism is the generic clausr~. 

V

A generic clause perm its parameteriz etion of the text of a package or of other program units.
Replication of text can thereby be avoided , yielding better readability. In addition the translator
may use its knowledge of data type representations to achieve certain optlmizatlons (e.g. reusing
the same code fpr stacks of Integers end reals If these types occupy the same number of bits).
Seen in this light , such a generic facility provides a natura l comple ment to strong typing, minimiz-
ing the unnecessary duplication of both text and code.

One of the most common appli cations of any generic facility is factoring out dependencies on par-1j ler data types. Several existing languages have accordingly introduced language features to
commods te this sort of paramet er izatlon. By far the most powerful l~ that provided by thelanguage EL 1 We 74~; this generali ty Is achieved , however , at the cost of Interpreting types in a;
~ dynamic fash ion , which Is incompat ible wit h the efficiency and security criteria imposed In thepj, i$iflt context.
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Languages such as Simuia LDNM 691, Clu (Li 741 and Mary IA 74) offer a reasonably elegant
approach to this problem, but all impose the constraint that all objects are handled by reference .
This introduces additional overhead (i.e., indirect access) even in cases where such generality Is
neither needed nor wanted. The language Euclid ILHLMP 761 provides a facility which is only
applicable when the alternative types are specified in advance and can therefore appear as variants
of some parameterized type; the language CS 4 IBr 75j makes available a limited faciiity that may
only be used in conjunction with predefined types. Neither approach offers the flexibility that is
required when the definition of new data types is viewed as the rule rather than the exception.

A review of the shortcomings of existing mechanisms which allow types to be used as parameters
showed that it was inappropriate to introduce additional language features solely for this purpose,
principally because of their relative complexity. This conclusion is substantiated by noting that
essentially the same effect (and many others as well) can be achieved by far simpler means using
traditional macro-expansion techniques (although in a context sensitive manner). The problem
then reduces to integrating this well-established approach into the framework of a high order
language at reasonable cost.

In the Green language, more sophisticated sorts of parameterization are accommodated by
generic program units, which are a restricted form of context sensitive macro facility. The main
objectives in providing this particular mechanism have been:

e to allow an additional degree of freedom in factorization without sacrificing efficiency;

• to permit the translator to take advantage of this factorization to minimize the size of the
code:

e to preserve the security that is present for ordinary, unparameterized program units;

• to introduce only a modest extension, with relatively small impact on the rest of the language
and its translator.

13.2 Informal Presentation of Generic Facilities

Any program unit (that is, any subprogram or module) may be declared with a generic clause. This
clause defines translation-time parameters which may appear in the body of the program unit.

A generic program unit is not a normal program unit. A generic subprogram cannot be called; it is
rather a model or template for all program units which can be obtained by providing translation-
time substitutions for the generic parameters.

A specific program unit which corresponds to a given model is created by a declaration called a
generic instantiation. This has the effect of creating a named instance. In the case of a sub-
program, for example, this named instance can then be called in the usual way. Thus, apart from
parameterization, generic declaration is for program units what a type declaration is for data
objects:
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data object peogram units
defining the model: type declaration generic declaration
defining an instance: object declaration generic instantiation

13.2.1 G.n.rlc cleu,.s

A generic clause can be given as a prefix in a subprogram or module specification, It has the form
generic l(generic ..psrameter I; generic,..parameter()~

where a generic parameter is a normal parameter declaration, a subprogram specification, or atype specification of the form

lrsstrlctsdl type identifier

As an example, consider the following generic procedure :
gsnsrlc(type ELEM)
proc.durs EXCHANGE(X , V : In out ELEM) isTEMP : ELEM;
begin

TEMP r-
V :=~ X:
X := TEMP;

end:

In this example X and V are the normal parameters of the procedure , which are subject to dynamicreplacement, in contrast, the type ELEM given in the generic clause is a generic parameter whichis to be substituted at translation time. This generic parameter may appear in the body of thegeneric subprogram; here it is used in the declaration of the variable TEMP.

13.2.2 Generic instant iation

A generic instantiation creates an actual instance of the Specified program unit by replacement ofthe generic parameters. Such an instantiation must appear in a declaration which gives the nameV of the particular instantiation, Generally, there will be several different instantiations of a givengeneric unit.

procedure SWA P_INT is new EXCHANGE(INTE GER):procedure SWAP_CHAR Is new EXCHANGE(CHARA(~ ER) ;procedure SWA P_COLOR Is new EXCHANGEICOLOR);
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The resultant program units are ordinary procedures , applicable to arguments of the corresponding
type.

SWAPVJP’~IT($ . ii:
SWAP V COLORISHADE TINT);

The fact that these procedures are obtained by generic instantiation does not preclude overloading
of the names of operations.

procedure SWAP is new EXCHANGE(INTEGER);
procedure SWAP It new EXCHANGE(CHARACTER ):
procedure SWAP I. new EXCHANGE(COLOR);

In general, a generic instantiation has the form

new name liceneric _ essociation I, generic_ Rssociationj) J

it can appear in subprogram declarations of the form

subprograrn_natur~ designator Is generic_ instantiation;

Note that this form of subprogram declaration does not contain parameter declarations sinc ’ the
parameters of the subprogram thus declared are derived from those of the corresponding generic
subprogram. Similarly, a generic instantiation can appear In a module declaration of the form;

module .nature identifier ((discrete _ range)) is generic ,nstantiation;

The parameter associations given in generic instantiations have the same form as those given for
subprogram calls , but additional forms exist for generic parameters that are types or subprograms
since these are not possible as subprogram paramek rs. Thus the form

(formaLparameter Is) type_ mark

is used for parameters that are types, and the form

Iformal_ parameter is) (name.Idesignator

is used for parameters that are subprograms. Note that both named associations and positional
associations are possible as usual. Thus our previous example can be equivalently written as;

procedure SWAP I, new EXCHANGE)ELEM is INTEGER);
procedure SWAP I, new EXCHANGE(ELEM is CHARACTER);
procedure SWAP is new EXCHANGE(ELEM Is COLOR):

The resultant program unit , obtained by generic instantiation , can be viewed as a copy of the cor-
responding generic unit where each formal parameter has been replaced by the corresponding
actual parameter . For examp le, the declaration of SWAP _ INT produces a procedure equivalent to
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procedure SWAP_INT(X , V : in out INTEGER) Is
TEMP : INTEGER;

b~~n
TEMP V;
V := X;
X := TEMP;

.nd;

A generic instantiation need not be performed in the same declarative part as the corresponding
generic declaration: it may be performed at any point where the name of the generic unit is visible.

The rule followed for the identification of names within a generic unit in such a case is similar to
that used for subprograms. All non-local identifiers of the body of a generic unit (other than the
generic parameters) are identified in the context of the generic declaration. In contrast , the actual
parameters given in the generic associations must be interpreted in the context of the generic
instantiation.

Note that this rule differs from a simple textual substitution. In the latter case all identifiers,
including non-local ones, would be inter: ~eted in the context of the instantiation. Hence it would
not be possible in general to obtain the effect of generic program units by a simple (context free)
macro facility.

To summarize, the generic parameter names are the only unresolved identifiers in the body of a
generic program unit. For any generic instantiation, replacements must be provided for all generic
parameters. These replacements are to be interpreted in the context of the ‘ntiation.

V 
13.2.3 Types as Generic Parameters

in the simple SWAP example presented so far, very little information about the type given as a
generic parameter is needed. The only operation assumed available for objects of the type is
assignment. Hence the procedure can be applied to any type for which assignment is defined: all
types except restricted private types.

In general, when a type is specified as a generic parameter , it must be considered as a private type.
with no available operations, aside from assignment and the predefined comparIson for equality or
inequality. Even these operations are denied if the generic type is a restricted type specified as

restricted type T

Operations on objects of such types (whether restricted or not) that are used within r!ie generic
body must be given by other generic parameters . As an example, consider the generic function
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genedc(type ELEM:
function ~ (U. V : ELEM) return ELEM)

funct ion SQUARING(X : ELEM) retun~ ELEM Isbegic
re t u r nX .X :

end:

Since nothIng is known a priori about the type ELEM it would not be possible to write X * X if thespecification of “i” were not provided explicitly as a parameter of the generic clause, Instances ofSQUARING can be created by supplying the corresponding parameters. For example, for
function SQUARE Is new SQUARING(INTEGER , * ) ;

the operation “
*

“ is the operation defined as

function s ” (U. V : INTEGER) return iNTEGER:

hence, the normal integer multiplication. As a consequence, the generic instantiation produces a
V function body equivalent to the following:

function SQUARE(X : INTEGER) return INTEGER Is

return X * X;

end;

Of course, other Instantlations are possible. For example, we may want to use SQUARING for vec-tors, to extend the component by component multiplication

function MULTIX , V : VECTOR) return VECTOR;

Thus with the generic instantiation

function SQUARE is new SQUARING(VECTOR . MUtT);

we obtain a function returning the component by component square of a vector.

Default values can be defined for generic parameters that are subprograms. Thus an alternate formof definition for SQUARING is

generic ( type ELEM;
function s (U. V : ELEM) return ELEM is ELEM. .)

function SQUARING(X : ELEM) return ELEM is
bsgio

return X • X;
end;
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The declaration of the functional parameter specifies that ELEM. *
“

, the operation “. defined for
ELEM, must be used In the absence of an explicit parameter. Thus, since e is defined for
INTEGER, the declaration of SQUARE can be written as

function SQUARE i. new SQUARING(INTEGER):

Similarly the short form can be used for VECTOR if a user defined s operation exists for vectors
in the scope of the instantIation, For other examples of such default parameters, the reader can see
their use for the formulation of the standard input-output package in Chapter 14 of the Reference
Manual.

To summarize, any operation applicable to a type specified as a generic parameter must also be an
explicit parameter of the generic clause. Hence every use of such an operation in a generic unit can
be identified, and the translator can check the correctness of its text independently from the
instantiatlons, as for program units that are not generic. The information contained in the generic
clause guarantees that any instantiation that matches the generic clause does produce a correct
text .

13.3 The Use of Generic Program Units

This section contains a number of example3 Illustrating the use of generic program units.

13.3.1 Examples of Generic Functions

The following program fragment defines a generic function POWER to raise the value of an object
of a type T to its ~nh power. This exponentlation is defined by repeated multiplication and the cor-
responding multiplication operation must be supplied as an actual generic parameter.

V subtype NATURAL I. INTEGER range I .. INTEGER’LAST;

genedc( type T;
function OPER(X . V : 1) return Ti

function POWER(A : 1; N : NATURAL) return T is
RESULT : r := A;

for I In 2 .. N loop
RESULT :~= OPER(RESULT , A);

end loop;
r turn RESULT;

end POWER;
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This generic function can be used to define exponentiation for types for which a multiplication
operation is known. For example:

function ..“ is new POWER(RAT1ONAL “ .1:
function .* is new POWER(VECTO R. MULT);

Each of these declarations defines an overloading of the operator .*, obtained by generic instan-
tiatlon. For example, the first declarat ion defines a function whose specification Is equivalent to

function ..“ (A : RATIONAL : N NATURAL) return RATIONAL:

It can be used to exponentiate rational numbers by repeated application of the multiplication
operation defined for this type. Not e also that the generic function can be used to apply any
meaningful operation repeatedly, for example multiplication of a rational by an Integer performed
by repeated additions.

functIon ~~ is new POWER(RATIONAL. “ +“);

We next consider a variation of the previous generic function in which a unary function is applied
repeatedly:

genericltype T:
function NEXT(X : T) return 1)

function INVOLUTION(A : T; N : NATURAL) return T Is
R E S U L T : T : = A :

begIn
for lIe 1 .. N loop

RESULT := NEXT(RESULT);
end loop;
return RESULT :

end INVOLUTION;

This generic function can be used to apply any unary function repeatedly, for example , to produce
th~ nth successor or predecessor of an enumeration value

function SUCC is n w  INVOLUTION(COLOR, COLOR $UCc);
function PRED is new INVOLUTION(COLOR , COLOR’PRED);

Again, these declarations produce functions whose specifications are equivalent to

function SUCC (A COLOR: N : NATURAL) return COLOR;
function PRED (A : COLOR; N : NATURAL ) return COLOR;

Similar functions can be instantiated to find the nth successor or predecessor of an item In a list:
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function SUCC (X : LIST_ITEM) return LIST_ ITEM is
begIn

return X.SUCC:

function PRED(X : LIST_ ITEM) return LISTJTEM is
begIn

— return X.PRED;
m d :

function SUCC is new INVOLUTION(LIST_ ITEM . SUCC);
function PRED is new INVOLUTION(LIST_ ITEM . PRED);

Note that these involutions overload (but do not hide) the functions SUCC and PRED. Actually , the
immediate successor of an element can be obtained in three ways:

X.SUCC -- using the component SUCC
SUCC(X) -- the unary function
SUCC(X . V )) -- the involution

13.3.2 An Exampl , of a Generic Package

A discussion of generics would probably not be complete without a presentation of the treatment
of either stacks or queues. Since the example of stacks has already been given l~ the Green
Reference Manual, we shall give here a formulation of queues.

The specification of the generic package contains two generic parameters : ITEM, the type of the
items in the queue, and SIZE, the size of each queue.

gsnsrlc(type ITEM; SIZE : N~kTURAL) V

package ANY_QUEUE is
restricted type QUEUE is private;

function EMPTY (Q : In QUEUE) return BOOLEAN;
procedure ADD (X : in ITEM: Q : In out QUEUE):
procedure REMOVE (Q : In out QUEUE);
func tion FRONT (Q : in QUEUE) return ITEM;

QUEUE_OVERFLOW , QUEUE_UNDERFLOW : exception;
—e

typ QUEUE is
record

STORE : ansy (1 .. SIZE) of ITEM;
COUNT : INTEGER range 0 .. SIZE := 0:
IN_INDEX : INTEGER range 1 .. SIZE := 1;
OUT_INDEX : INTEGER range 1 .. SIZE := 1;

end record;
end:

~ 
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The package body provides the bodies of the functions and procedures promised in the specifica-tion.

psckage body ANY_QUEUE Is

function EMPTY(Q : in QUEUE) return BOOLEAN is
begIn

return Q.COUNT = 0; 
Vend EMPTY;

procedure ADD(X In ITEM; 0: in out QUEUE) Is
begIn

it Q.COUNT < SIZE then
Q.STORE(Q.INjNDEx) := X;
Q.IN_ INDEX := (Q.JN_INDEX mod SIZE) ‘+- 1;
Q.COUNT := Q.COUNT +1;

sloe
raise QUEUE_OVERFLOW;

end if;
end ADD; V 

-

procedure REMOVE(0 : In out QUEUE) is
If Q.COUNT > 0 then

Q.OUT_ INDEX := (Q.OUT_INDEX mod SIZE) + 1;
Q.COUNT := Q.COUNT - 1;

sloe
r l,e QUEUE_UNDERFLOW;

end If;
end REMOVE;

function FRONT(Q : in QUEUE) return ITEM is
begIn

if Q.COUNT > 0 then
return Q.STORE(Q.OIJT_INDEX);

else
raise QUEIJE_(JNDERFLOW;

V 
end if

end FRONT;

end ANY_QUEUE;

Having defined ANY_QUEUE, it is now possible to instantiate two packages dealing respectivelywith queues of integers and queues of reals:

package ANV_INT_QUEUE Is new ANY_QUEUE(ELEM is INTEGER , SIZE := 100);package ANY_REAL_QUEUE is new ANY_QUEUE(ELEM is REAL , SIZE := 100);
Semantically, these two declarations have created two packages which may be used as ordinarypackages. In the present case, given that the same value has been given for SIZE, the translatormay be able to reuse the same code for the procedures of the two modules, if reals and integersoccupy the same number of bits.
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A block dealing with real queues may appear as below:

declare
use ANY_REAL_QUEUE;
QA. QB : QUEUE;

begin
ADD(3.14, QA );

If FRONT(QA) = FRONT(QB) then
REMOVE(QA);
ADD(FRONT(QB) + 1.0, QA);

end if;

end;

With the use clause for ANY_REAL_QUEUE, the type QUEUE is visible and can be used to declare
the queues of reals QA and QB.

A slight difficulty exists if one wants to use both ANY_REAL_QUEUE and ANY_1NT_QUEUE in the
same scope, since both declare the type QUEUE The naming conflict is resolved by naming the
type as a selected component:

declare
use ANY_REAL_QUEUE. ANY_ INT_QUEUE;
QA : ANY_REAL_QUEUE.QUEUE;
QJ : ANY_ INT_QUEUE.QUEUE;

begin

ADO(3.0E5, GA);
REMOVE(QJ J:

ADD(15, QJ): ,

end:

Generally, using selected components for the names of types will be sufficient (their repeated use
can be avoided by declaring corresponding subtypes). Thereafter functions and procedures (such
as ADD) appear as overloaded subprograms and no confusion is possible. For example the V

expanded specifications of ADD are equivalent to

procedure ADD(X : in REAL; Q : in out ANY_REA L_QUEUE.QUEUE):
procedure ADD(X : In INTEGER; 0 : in out ANY_ INT_QUEUE.QUEUE);

In the case of the exceptions QUEUE_OVERFLOW and QUEUE.UNDERFLOW overloading is of
no help and either selected components or renaming declarations must be used.

A final word on these two exceptions: the bodies of ADD, REMOVE and FRONT have been written
so that no damage occurs to the queue if either exception occurs. As a consequence it is possible
to provide a local handler for these exceptions:
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declare

uss ANY_REA L_QUEUE. ANY_ INT_QUEUE;
subtype INT_QUEUE is ANY_ INT_QUEUE.QUEUE; -- INT_QUEtJE defined as an abbreviationINTO_ERROR : exception renames ANY_ INT_QUEUE.QUEUE_OVERFLOW;
QJ : INT_QUEUE;

begm

ADD(3, QJ);

exception
when INTO_ERROR =>

-- actions that will terminate the execution of the block in case QJ overflows.
end;

13.3.3 An Exampl. of a Generic Task

As a further example consider the buffering interposed between a producer and a consumer (see
the example of section 9.12 of the reference manual). This might be reformulated as a generic taskwhere the type of the buffered items as well as the size of the buffer in question have been fec-
tored out as generic parameters.

gsneric(type ITEM: SIZE : INTEGER := 100)
task BUFFERING is

entry READ (C : out ITEM);
entry WRITE (C : in ITEM):

end;

task body BUFFERING Is
POOL : array(1 .. SIZE) of ITEM;
COUNT : INTEGER range 0 .. SIZE := 0;
IN_ INDEX, OUT_ INDEX : INTEGER range 1 .. SIZE := 1;
loop

ss~~t
when COUNT < SIZE =>

accept WRITE(C : in ITEM) do
POOL(IN_ 1NDEX) := C;

end;
IN_ INDEX := (IN_ INDEX mod SIZE) + 1;
COUNT COUNT + 1;

or
when C O U N T > O = >

accept READ(C : out ITEM) do
C := POOL(OUT_ INDEX);

end;
OUT_ INDEX := (OUT_ INDEX mod SIZE) + 1;
COUNT := COUNT - 1;  

Vend select;
end loop;

end BUFFER;
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A task equivalent to that given in the reference manual is obtained by the generic instantiation

task BUFFER I. new BUFFERINGICHARACTER );

Use of the generic formulation permits the same strategy to be employed in a variety of dufferent
applications, for example :

task MESSAGE_BUFFER is new BUFFERING(ITEM is MESSAGE , SIZE := BACKLOG);

where MESSAGE is assumed to be a previously declared type and BACKLOG is some function
which estimates a reasonable size for the buffer .

It is interesting to observe that the logic of the queuing strategy, shown by the example in the
previous section, and that of the buffering strategy, presented above, are in many respects iden-
tical. The essential difference between the two approaches is that overflow and underflow are
treated as exceptions in the former case , whereas in the latter case they merely result in some
parallel task waiting until it can proceed.

13.3.4 A More Complicited Example

A final example, involving binary trees, is presented to illustrate the use of different kinds of generic
program units in combination. A frequently encountered data type like binary trees is best encap-
sulated within a package, where the types of the leaves and nodes can be factored out as generic
parameters. A straightforward definition of the (recursive) data structure in question might then be
formulated as follows:

generic (type LEAF_TYPE;
type NODE_TYPE)

pacicage BINARY_ TREES is

type TREE is access
record

KIND constant(LEAF, NODE);
case KIND of

when LEAF =>
LVAL : LEAF_TYPE;

when NODE =>
NVAL : NODE_TYPE;
LEFT : TREE;
RIGHT : TREE:

end case;
end re,....i’d:

-- specificetiors of standard operations on binary trees

end BINARY_TREES;

A number of standard operations associated with binary trees would normally be included within
the generic definition module given above; for simplicity they will not be detailed here. Instead we
will illustrate the typical ways in which binary trees are processed. These generally involve a recur-
sive traversal (or walk) of the tree in one of a few characteristic orders (e.g., prefix order, infix order ,
or postfix order). These orders can be expressed as generic operations.
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The most common of these orders ‘s used in the example below. This s the posefix walk , where acerta in operation is applied to each leaf , while another operation is applied to each node as well asto the results of previously processed left and right branches. The desired generic function mightbe defined (w itt~in the BINARY _TREES module) as

RESUL1 ;
function LEAF _OP (L : LEAF_TYPE) return RESULT;
functior NODE_OP (N NODE_TYPE; L. R : RESULT) return RESULT)function POST_WALK (T : TREE) return RESULT is

begin
case TV KI ND of

when LEA F ~~~
return LEAF_OP(T.LVAL) ;

when NODE =~
declare

- LB constant RESULT := POST_WALKjT.LEFT);V 
RB : constant RESULT := POST_WALK (T.RIGHT)

begin
return NODE_OP(TVNVA L , LB . RB) :

end:
end case

end POST_WALK;

Note that the re ~ursive invocations of POST_WALK within this fut. ’t ’on cause no confusion (orinfinite loop during instantiation) since the name of the generic function taken always refers to thesame instantiation.

A number of useful utility functions on binary trees follow the pattern of a postfix walk . Some ofthese might well be included within the module BINARY _TREES it ,elf . For example, COUNT,DEPTH and WIDTH (given appropriate definitions of the function ONE matching LEAF_OP. and ofthe functions SUM, SUM_ PLUS_ONE and MAX, matching NODE _OP) are instantiated by thedeclarations

function COUNT is
new POS.~~~_WAL K(RESULT is INTEGER , LEAF _OP Is ONE , NODE_OP I. SUM_PLUS_ONE);

function DEPTH is
new POST_WA LK(RESULT is INTEGER , LEAF_OP is ONE NODE_OP is MAX);

function WIDTH is
new POST _WA LK(RE5ULT is INTEGER , LEAF _OP is ONE , NODE_OP is SUM):

The advantages of using the generic facility in this fashion to formulate a basic pattern for severalsimilar definitions are obvious. Another application of such definitions involves the use of binarytrees to represent simple arithmetic expressions, where the leaves are integer values and thenodes correspona to the usual operators :

type OPERATOR it (ADD , SUB , MUL , DIV);

The appropriate definition can be obtained by instantiating the generic package
package EXPR_TREES is

new BINARY _TREES(LEAF_’rypE Is INTEGER, NODE_TYPE Is OPERATOR):
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In an application, n use clause would be provided for this package and, for convenience, the tree
type would ba renamed by a subtype declaration:

use EXPR _TREES :
subtype EXPR Is EXPR _TREES .TR EE;

One may then introduce the specific operations assocI~ited with the type of tree In question. The
most obvious Is the evaluation function

function EVAL(E ; EXPR) return INTEGER;

This, however, exactly follows the pattern of a postflx walk , and may therefore be directly obtained
by instantiation

function EVAL Is
new POST _WALK (RESULT is INTEGER , LEAF _OP Is VALUE . NOD E V O P  is INTERPRET);

where the requisite definitions of VALUE end INTERPRET are as follows:

function VALUE (I : INTEGER ) return INTEC~ER Is
pregma INLINE;

begin
return I ,

end;

function INTER PRET(OP : OPERATOR : L, R : INTEGER ) return INTEGER Is
pragm. INLINE;

begin
case OP of

when ADD .V ”~~r e t u r f l L +  R;
when SUB — ‘ retum L R;
when MUl ~~returnL.  R;
when DlV V~~~r e t u m l /  R;

end case;
end;

Once again, the desired function Is obtained by merely providing the appropriate operations for
each luaf and node, while the details of the recursive treewalk are encapsulated within the generic
function POST_WALK.

The binary tree example of this subsection presents a rather sophisticated structure , namely a
generic recursive function (the function is recursive but there Is of CourSe no recursive instantia-
tion), the declaration of which Is Itself nested within a generic package ! While this example shows
why such complicated formulations are occasionally desirable (see also IVH 751). a word of warn-
rng is In order, particularly with regard to generic modules . Dependency between generic modules
in the form of mutual InstantIatIon Is not allowed since such a structure would yield an Infinite loop
dur ing instantiation:
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package A is

end:

gsnarlc(...)
packageBis

end;

package body A is

package NEW_B is new B(...); -- EITHER THIS IS ILLEGALII!

end A;

package body B is

package NEW_A is new A(...); -- OR THIS IS ILLEGAL!!!

end 8;

13.4 RatIonale for the Formulation of Generics

Several simplifications have been adopted in the design of a generic facility. Naturally when atten-
tion is focused on any given language feature, there is a tendency to believe that it is the most
important feature. On the other hand, when trying to integrate such a feature Into a language, one
must take care not to make its impact on the language larger than its real importance to the user .
This general argument applies particularly to generics. A generic facility is certainly useful, but its
inclusion in the language should not be done at the expense of other important criteria, such as
reliability, efficiency, and above all, simplicity of use.

The generic facility is expected to serve for the construction of general purpose parameterized
packages. Whereas such packages are likely to be utilized by large classes of users, it should be
realized that relatively few users will actually be involved in writing generic packages. Accordingly,
we have tried to design a facility that can almost be ignored by the vast majority of users. They
must indeed know how to instantiate a generic package and this is fairly easy. On the other hand,
they need not be familiar with the rules and precautions necessary for writing generic program
units.

A major simplification, in this respect, is achieved by adopting an approach based on a context
deoendent extension of the traditional techniques of macro-expansion, in preference to more com-
plex facilities such as mechanisms for parameterization of data types. This solution has the advan-
tage of introducing only minimal extensions to the language and its translators, and it )S well
implementable within the state of the art. It does not complicate the concept of type as perceived
by the vast majority of users, and it nevertheless provides the flexibility required by the applica-
tions.

The goal of simplicity of use stated above has important consequences on the specification of for-
mal generic parameters. The other major simplifyIng assumptions made in this language are the
absence of any implicit derivation of attributes of type parameters (although default attributes can
be specified), and similarly the absence of any implicit Instantiation of generic program units.
These issues will be discussed separately below.

13-16

_  

V 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ VV V ~~~ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ 
-



V V _V _Sr -

13.4.1 ExplIcit Instantiation of Generic Program Units

An important simplification for the translation of program units obtained by generic instantiation is
the requirement that such instantiation be explicit.

The approach taken here clearly distinguishes between the instantiation of a program unit derived
from a generic program unit, and the invocation of a unit (calling a subprogram, using a module).
Thereby it emphasizes the difference between translation time substitutions of generic parameters
and execution time passage of actual parameters to subprograms. This provides a well-defined
locus for the point of instantiation (and for reporting any errors arising from inconsistent sub-
stitution) while permitting the resultant program unit to be subsequently invoked as often as

- - required, with the same degree of power and security as for any other non-generic program unit.
This is a consequence of the fact that, once a generic declaration has been instantiated, the par- -

ticular instance Is IndIstInguishable from a similar program unit defined explicitly at the point of 
-instantiation.

An alternate solution considered was implicit instantiation. For the purpose of the discussion of the V

complexity of implicit instantiation, consider the following generic function (which is actually just a
different way of writing the power function in section 13.3.1):

g.n.rlc(type T;
function ~~ (X , V : T) return T);

function “ **“ (A: T; N : NATURAL) return T is

If N = 1 then
return A;

•Ise
return A *

end If;
end * *;

If implicit instantiation were provided then for

R : RATIONAL;
I : INTEGER;

exponentiation could be applied without prior explicit instantiation. Thus

R**5
l**5

would both be legal. The actual type used for T would have to be implicitly derived from the actual
argument supplied for A (that is, RATIONAL for R , INTEGER for I) .

It is qui~~ clear that implIcit instantiation would considerably complicate the algorithm Lsed for
identification of overloaded subprograms. For example, ** would be an overloading in the
RATIONAL case whereas it would be a redefinition of predefirted exponentlation in the INTEGER
case. Moreover if the programmer had defined his own version of ** within the package
RATIONAL_NUMBERS itself , for example:

function ~**~ (A : RATl(~NAL; N : INTEGER) return RATIONAL ;

then this explicIt definition would hide the generic definition in an application such as R**5. Thus
the generic definition would be visible for some types and hidden fe others.
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Another problem arises for the correct identification of ** in the body of the generic unit itself; is it
a recursive implicit instantiation or a recursive call of the same instance ? In the simple example
considered, it could easily be concluded that it is a recursive call. However, in general, it is not at
alt clear that the problem can always be resolved by a static analysIs of the program (unless restric-
tions are adopted) . A sufficient condition to guarantee that no genenc operation will ever require -

an unbounded number of implicit generIc Instantiatlons during execution has been given in (BJ
78). However such checks require a quite complex analysis of the program.

In conclusion, we consider Implicit Instantiation as a major research subject at this date (1979).
The only solution within the current state of the art Is explicit instantiation end this is hence the 

- 
-
~

solution chosen for this language.

Explicit instantiation certainly requires more writing on the part of the user , but this has the effect
of making him aware of what he is actually doing and thus contrIbutes to reliability and readability.
In addition, it offers distinct advantages in terms of efficiency, since the translator can easily iden-
tify the existing instantiations and, in some cases , perform optimizations such as the sharing of
code for closed procedures.

13.4.2 SpecifIcation of Formal Generic Parameters

As stated earlier, it should be possible for a user instantiating a given generic package to complete-
ly ignore the internal details of this generic unit. In particular if any error is made in instantiating a
generic unit, it should be reported to the user in terms of the generic instantiation itself and not in
terms of the internals of the generic unit. This requirement has consequences on the form used for
specifying formal generic parameters.

By analogy consider what is done for subprograms. For a normal (that is, non-generic) procedure .
specification of parameters enables independent checks of the procedure body on the one hand
and of the procedure calls on the other hand. Both must conform to the format parameter
spec fications and these conformity checks can be done independently.

The specification of generic parameters provided by a generic clause must enable the same degree
of independence.

(a) It should be possible to check that the text of the generic body is consistent with respect to
the parameter specifications.

(b) For a given generic instantiation, it should be possible to check that the actual parameters
conform to those specifications .

(c) The precision of the specifications should be sufficient to guarantee that if (a) is satisfied then
any instantiation (b) will produce a semantically correct expanded progrim unit.

The solution adopted achieves these goals in a simple manner. For a type specified as restricted in
a generic clause , no operation on the type is assumed available. For other types, only assignment
and the predefined comparison for equality or inequalIty are available. Hence a formal parameter
that is a type is considered as a private type within the generic unit. Any operation (apart from the
above mentioned predefined operations) applied to objects of the type within the generic unit must
be supplied as an additional generic parameter.
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When checking the body of the generic unit, the generic clause thus provides the Information
required for the identification of all operators. When checking a given instantiation, It must match
the generic clause and incorrect actual parameters can be reported. These two checks can be per- -
formed independently.

As an example consider the generic clause given for the function POWER:

generlc(type T;
functlon * ” ( X , Y : T ) retu,n T)

function POWER(A : T; N : NATURAL) return I is
begin

If N 1 then
return A;

sise
return A*POWER(A, N-i);

end if;
end POWER:

The operation * is explicitly provided as a generic parameter as well as the type T itself. The
parameter A and the result of the function POWER are both specified as being of this formal type. -
Thereafter the identification of the * appearing within the generic body in A~PO’VER(A . N-i) can
be done as usual; it refers to the * declared in the generic clause. Similarly (implicit instantiation
being impossible) the recursive call of POWER can be correctly identified. Hence the generic body
can be completely checked.

Similarly a generic instantiation such as

function “**
‘• is new POWER(RATIONAL , “*“);

can be fully checked. It is correct if there exists an operation “
*
“ on the t”~e RATIONAL. The

specification of this operation corresponds to

function *~~ (X , V : RATIONAL) return RATIONAL;

hence it matches the specification of the generic formal parameter. Conversely consider

function ‘ ** “ Is new 7LWER(RATIONAL “not”); -- ILLEGAL!

This generic instantiation can be reported as incorrect since there is no operation not cor-
responding to the spacification

function “not” (X , V : RATIONAL) return RATIONAL; -- ILLEGAL!

An alternative considered in this design was the implicit derivation of operations that are attributes
of a generic type. The reasons for rejecting this alternative are similar to those leading to the rejec-
tion of implicit instantiation. If implicit derivation of attributes were allowed, the previous example
could be rewritten with the generic clause

generlc(type T)

and we would be left with the problem of Identifying the * operation used In the body. For a given 
—

instantiation , say with the type RATIONAL , sho t Id the * operation be identified as a global opera-
tion in the context of the generic declaration or in the context of the generic i~stantlatlon? The two
alternatives may lead to different results.
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Note also that the identification may be ambiguous ;ince both

function “
.“ IX , V RATIONAL) return RATIONAL .

function ‘
~ *

‘
~ IX : RATIONAL; V INTEGER) return RATIONAL ;

would ~e acceptable in the absence of a specification for the formal operatIon s.
- In general. the specifications of the identified operations could be quite different from instantiation -

to instantiation depending on the operations vi~.ible in the context of the instantiation. This could
happen even if the type parameter is the same . As an example consider the expression Ais (B/C)

- where A, B, and C are of type RATIONAL and where / is declared to deliver a result of type -
V RATI ONAL in one context and of type INTEGER in another context.

To summarize, implicit derivation of attributes would introduce an awkward context dependence
and would requite a complete checking of the generic body for each instantiation. This last conse-
quence would be particularly unfortunate , since generic bodies could not be checked and proved
correct independently of the context . it would defeat the goal stated initially, since some error
messages would have to be stated ri terms of what is done within the generic body.

For these reasons we have retained the solution of explicit specification of all operations that are
used on objects of a formal type. This solution permits independent checking of generic units and -

of generic instantiations. Hence it fulfills our goal of permitting the user to ignore the internal
details of the generic units Instantiated in his programs.

13.4.3 Default Generic Parameters

As stated before , MI operations applicable to a formal type must be specified explicitly in the
gene c clause. Nevertheless in order to keep generic instantiations as simple as possible, a facility
for specifying default values for generic parameters is offered, as for normal subprograms.

In many cases, such default values wiil actueiI~ ~e expressed as attributes (predefined or not) of
the formal type. For exampk the generic clause of the function POWER can be rewritten as fol-
lows:

generlc( type T;
function “ s IX , V ; TI return T Is T- ” .” )

specifying ~~~~ the attribute of the type T, as the default to be used in the absence of an explicit
actual parameter . This parcillo!s exactly the treatment of In parameters with default values for sub-
programs. The default parameter is optional and an instantiation such as

function “
*. Is n~’w POWER(RATIONAU;

V is taken as equivalent to the generic instantiation

function ‘s.” Is new POWER (RATIONAL , RATIONAL ”.’);

or to th~ generic instantiation

function s e ” ii new POWER(RAT IONAL , “.“) :
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This produces a valid declaration since * is defined for RATiONAL. For the same reason

function “ ,*“ is new POWER(BOOLEAN);

is an error since BOOLEAN. ” .” is meaningless (unless of course * were overloaded for
BOOLEAN I).

Again, the generic body and the generic instantiations can be checked independently. Further-
more, the default can always be overriden by providing an explicit parameter as in

function “,. “ is new POWER(VECTOR . MULT);

Default attributes may conveniently be used to treat a type parameter as if it were a discrete type
by providing the corresponding one to one mappings to the integers . Consider a unit that has a
generic clause like

q.nerlc(typs DISCRETE:
FIRST : DISCRETE :~ DISCRETE’FIRST;
LAST : DISCRETE := DISCRETE’LAST;

function ORDINAL(X : DISCRETE) return INTEGER is DISCRETE’ORD;
func lon VALUE(V : INTEGER) return DISCRETE Ii DISCRETE’VAL )

package P is

end;

The integer equivalents of the values of type DISCRETE can always be used by applying ORDINAL
and VALUE , for example, whenever a discrete range is required in loops, and so on. The package P
can be instantiated for discrete types with a default derivation of attributes:

new P(CHARACTER )

Note finally that it nay also be instantiated for a type T that is not discrete.

new P(T, FIRST.J, LAST_T, T_TO_ INTEGER , INTEGER_TO....T)

with appropriately defined functions.

To summarize, the necessity to be able to check a generic body independently of its generic instan- 
-~

tiations (an important user requirement) lead us to specify explicitly a!I operations applicable to a
formal type In the generic clause. This has the effect of Increasing the number of generic
parameters that must be supplied and could hence lead to a heavy syntax of generic instantiations . -

However , one can specify default values for these operations, thus restoring the simplicity of
generic instantiations.

In most applications, it should be possible to have only types as mandatory parameters and to
provide default values for all operations. An example of such application is given by the generic
input output package defined in chapter 14 of the Reference Manual. In the design of such a
package it was vital to be able to simplify the instantiatIon (what the user needs to do) to the
extreme. This has been achieved by providing default values for all generic parameters except, of
course , for the type for which the package is instantiated. This is consistent with the goal stated in
the introduction: wrItIng a generic unit may well require some care; using it . on the other hand .
should be extremely simple.
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14. Representation Specifications and Machine Dependencies

There is an inherent dilemma in the design of a high order language with a system programming
capability. On the one hand we are trying to achieve reliability by raising the level of the language.
For example we provide data types and encourage the use of an abstract view of objects in which
they are known only by the set of operations applicable to them. Controlling the applicable opera- -

tions enables the detection of incorrect usage.

On the other hand, system applications require the ability to stay rather close to the machine, and
not only for efficiency reasons. For example, defining a hardware description must be done in
terms of the physical properties, the bit positions, etc. A mapping different from that prescribed by
the hardware would be not only inefficient , but also incorrect and would not work at all. To
produce a correct program in such cases we are forced to abandon the abstract view and to work
in terms of the physical representation. This contradiction cannot be avoided; the language must
permit dealing with objects at two different levels, the logical and the representational levee .

Clearly, dealing with physical representations is inherently dangerous. However, some control can
still be achieved if the language enforces a clear separation of the lo9ical properties and their
representation.

This 3eparation principle is discussed below, along with the problem of changing representation
and with th~ analysis of the issues raised by the different forms of representation specifications
available in the language. This chapter also covers the means to specify the parameters of a con-

— figuration and their counterpart, environment enquiries. Finally, we present the means available for
interfacing with other languages.

V 14.1 The Separation Principle

Several languages have already adopted the principle of separation of logical properties from
representational properties. We may summarize this principle as follows:

Data type definitions are made in two steps:

(1) First, the logical properties of data are defined. They describe all the behavioral properties that
programmers need to know. All algorithms are formulated in terms of these logical properties
and are not based on knowledge of the representation.

(2) Second, the representation (implementation) properties of data may either be explicitly
specified by the programmer or, in the usual case, chosen by default by the translator.

There are many advantages to such a separation. The most fundamental is the conceptual
simplicity of formulating an algorithm in terms of abstract objects; the ability to abstract from a 

—particular representation leads to clearer and better structured programs.
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To certify correctness of a program working with data 0 and representation A, we have two -

disjoint proofs. First we show that the program is correct given the definition of D. Then we show
that R is a correct implomentat on of D. Such a separation also ensures that users do not make
hidden assumptions about the representational properties of data.

If at a later stage an alternate representation is used for the data, for instance for minimization of
storage space, the formulation of the algorithms need not be modified. Conversely, when the
algorithmic part of a program is modified, Only the algorithm proof needs to be redone.

Another advantage s textual simplicity. In some cases , the representation of a data type may be
dictated by external considerations such as the form of a hardware interface. The description of the
representation may then have a complexity dictated by this external interface. However , by keep-
ing the logical description textually distinct from that of the representation, we shall be able to
retain the cleanliness of the logical description.

The above separation principle is reflected in the Green language by a clear textual separation
between the decIaration of the logical properties of data and the specification of their represen-
tational properties . The latter , called a representation specification, must appear after the declara-(ion of the logical properties . Representation specifications are themselves grouped. Hence the V

parts of a program that might be hardware specific are easy to identify.

14.2 Types end Data Representation

In a language containing strong typing facihties , it is important to associate representation
specifications with types rather than with individual ob~ cts. The basic reasons are simplicity and
uniformity. To associate representation specifications with individual objects could mean that 

Vthese specifications have to be duplicated in many separate declarations and it might therefore be
difficult to maintain consistency, especially after repeated modification.

Alternately it could mean that representations are named and that each object declaration men-
tions both a type name and a reI~rusentation name. However such a solution would result in less
readable programs. As a consequence , a simpler solution has been used in the Green language and
a representation is associated with a type.

Associating representation with type localizes this specification in one place. The specification is
then implicitly associated with all objects of the given type (constants , variables, formal
parameters , etc.) .

A further advantage of this approach is that, while each type has some representation, the user
generally does not need to be concerned with it . Accordingly, user defined representation
specifications are optional, to be used only in cases where some external requirements must be
satisfied; in the absence of such a specification, the representation is determined by the translator .
Generally, the translator will choose an efficient representation, but no particular default is
guaranteed. Thus, even a slight change to a declaration may result in a completely different
representation.

Representation specifications may be more or less complete; in some cases they fully specifysome mapping, while in other cases such as packing specifications they merely provide the
translator with criteria for the choice of a representation ,
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14.3 Mult iple Representations and Changes of Repres.ntatlon

When a program has to deal with objects existing on an external medium, one is faced with the
problem of multiple representations. For example, records may be stored in a packed form on a file ,
but a program may require rapid access to the record components when the information is proces-
sed and hence may require an unpacked form. This is a classic situation where one wants two dif-
ferent representations for the same objects.

Although the details of the alternate representations are not part of the logical properties, we will
show with the following example that the knowledge of the existence of alternate representations
is, itself, a logical property.

14.3.1 A Canonical Example for Changes of Representation

Consider the problem of converting data from one external medium into a form ready to be output
onto another external medium. Both data objects belong to the same enumeration type, but have
different representations , each of which is fixed by the outside world. The following program frag-
ment gives a hypothetical formulation (not following the syntax of the Green language) for the
required procedure:

procedure CONVERT is

-- decIar~tions of the logical properties:

typ• DAY is (MON. TUE. WED , THU. FRI . SAT, SUN):
X, Y : D A Y ;

-- representation specifications (not in the Green syntax) :

representation FORM....A of DAY is
(MON => 1 , TUE => 2, WED => 3, THU => 4 , FRI => 5, SAT =‘

~ 6 . SUN => 71:
representation FORM_B of DAY is

(MON => 0, TUE => 1 , WED .=> 2, THU => 3, FRI => 4, SAT => 5, SUN => 6) :
for X use representation FORM...A;
for Y use representation FORM_B;

-- end of representation specifications (in hypothe tical syntax)

b gin

V Y : = X;

end CONVERT;

In trying to establish the correctness of the above procedure, one finds that the information con-
tam ed in the logical declarations of X and V do not suffice. It can only be concluded that X and V
are of type DAY. To complete the correctness proof (that conversion is properly effected), one is
forced to look into the representation specifications, and hence to violate the separation principle
nu ntioned earlier. We are thus lead to the conclusion that any attempt to )‘iide the existence of
multiple representations at the logical level ultimately leads to a violation of the separation princi-
ple.
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143.2 On. Type, On. Representation Principle

As argued earlier, since the concept of type is in the language, it is na:ural and desirable to usetype as a carrier for representation. The view adopt’~d in the Green language is thus that a uniquerepresentation Corresponds to each type. Ths results in a significant simplification, since the user -

does not have to think in terms of multiple representations for a single type.
The solution to the problem of multiple representation is based on the declaration of types bymeans of derived type definitions. For example, a type B can be derived from a type A by declaring

type 8 Is new A;

Since S derives its characteristics from A, both types have the same characteristics, for examplethe same components, However they are distinct types and it is hence possible to specify differentrepresentatio ’~s for A and for B. Change of representation can be achieved by explicit conversionbetween objects of type A and B since such conversions are defined for derived types. The derivedtype definition has the effect of creating a type with the same characteristics as another type,without rewriting its entire description (since that would define a distinct type for which no conver-sions are possible).

Note :

The one type, one representation principle must be understood in terms of the knowledge that theuser has from the existence (as opposed to th’~’ details) of a representation, It means that if the userexplicitly specifies the representation of a type, he may only specify one representation.
However , in cases where the representation is implicitly selected by the translator, it may use dif-ferent internal representations in different contexts with full knowledge of the consequences of itschoices.

14.3.3 Explicit Type Conversion and Change of Representation

The problem of change of representation is now straightforward; It can be expressed as an explicittype conversion between two logicall y equivalent types . A type conversion is specified by the useof a qualified expression, where the qualifier is the name of the type to which the expression is tobe cony rted, for example

V :r= FXT ERNs’LDAY(x)

in the conversion problem presented earlier. This may be properly expressed in the Green languageas follows:
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procedure CONVERT is

-- declaration of the logical properties:
type DAY i (MON. TUE. WED, THU. FRI, SAT, SUN):
type EXTERNALDAY is new DAY; -- a derived type
X : DAY;
V : EXTERNALDAY;

-- representation specifications for the two types:
for DAY use

(MON => 1 , TUE ~~~~~ 2, WED =‘  3. THU ~ > 4, FRI =~ 5. SAT => 6. SUN ~~ 7):for EXTERNALDAy use
(MON =

~~ 0, TUE => 1 . WED =~ 2 . TH U => 3, FRI = 4. SAT ~~ 5. SUN => 6); 
-

- - end of representation specifications
begin

V := EXTERNAL_DAy(X);

end CONVERT;

The correctness of this procedure can now be established without violation of the separation prin-ciple. First we have to show that the program is correct given the definition of X and Y: Initially Xcontains a value of type DAY; the expression EXTERNALDAYIX) is legal since the type EXTER- V

NAL. DAY is derived from the type DAY and it converts X into a value of type EXTERNAL_DAYthat is assigned to V. Second, it must be shown that the representation given for DAY and EXTER-NALDAY are correct. -

The same simple strategy would be used in the previously mentioned case of conversions of arecord structure between a packed representation and an unpacked representation:
type OBJECT is

record
-- declaration of the components of objects

end record;

type EXTERNAL_OBJECT is new OBJECT; -- a distinct type derived from OBJECT
X : OBJECT;
V : EXTERNALOBJ ECT ;

for EXTERN ’’ _OBJECT use packing;

X := OBJECT(Y); -- unpack
V := EXTERNAL_OBJECTIX) - - pack
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14.3.4 Implementation of Representation Changes

Although they are limited to types which are conformable , since they are declared as logically
equivalent, type conversions may in some cases be very costly. As an example consider a record
type with variant parts.

type V is

D : constant BOOLEAN :
cc,. 0 of

when TRUE =“  I : INTEGER .
when FALSE - 

~
. R REAL;

end case:
end record;

type W is new V ;

X : V :
V : W ;

for V use
for W use

X := V(Y);

The implementation of the assignment X := V(Y); cannot be achieved as simply as for 3 normal
record assignment. Rather it must be done O, a field by field basis equivalent to the following
program (apart from the restriction on assignment to the discriminant):

X .D := V.D: -- would be illegal it written so
case X .D of

when TRUE =‘
~ X.l :-~ V I

when FALSE =~ X.R := V .R;
end case:

Although complex , it is within the state of the art to produce such code but It Is neverthe less costly
on some computeis (note that there might be variants within variants). Expressing such changes of
representations as explicit conversions warns the user about the potentially high cost of suct~operations.

14.4 Presentation of the Data Representation Facility

AU representation specifications have the same general syntact~c form i~ the Green language. The
data type for which the representation is given is surrounded by the reserved words for end uss as
follows

for TYPE_NAME use
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For example, to specify a packed representation for boolean matrices , one would write:

type BIT_MAP is .fl -.~ (1 .. 100, 1 .. 100) of BOOLEAN;

for BIT_MAP us. packing;

In general, for array and record types where one would like to minimize storage , but for which the
exact mapping is immaterial , it is possible to use this packing specification . Consider the case of en
aray of a given component type. For each component the translator must allocate a storage field
with a certain number of bits. There may also be some gaps (i.e. unused bit fields) between two
consecutive components. The effect of packing is to instruct the tran&ator to minimize such gaps.
On the other hand, if the component type is itself an array or record type it may also contain inter-

— nal gaps. These are unaffected by the packing specification given for the array type. Minimization
of such gaps could be achieved by a prior packing specification given for the component type itself-

It is also possible to use a length specification to specify the size that should be used for objects of
a given type. This may be used for cases in which a user wants to optimize access time to fre-
quently used record components, without having to specify the entire record layout.

For task names a length specification can be used to provide an upper bound for the storage
needed by uie task; for example , if the task contains recursive procedure calls, dynamic arrays, or
lc~al access types. Note that such a specification does not dictate the actual allocation strategy
used for tasks; it could still be dynamic (at initiation time) or static (at the time of elaboration of
the task declaration). It only supplies information to this allocation strategy. (Note that this is one
case where the representation specification is applied to something other than a type name) .

For access types, a length specification provides the size of the storage space to be reserved
statically when elaborating the access type declaration. This space is used for the collection of
dynamically created records associ&’ted with a given access type. The collection associated with an
access type which has such a length specification is allocated statically at scope entry time exactly
as for an array. Hence it permits the use of access types with their notational and efficiency advan-
tages (component selection is cheaper than array indexing for arrays of records) without paying the
potential costs of a more dynamic allocation strategy such as heap storage management .

To define sufficient storage space there is a need to know the storage size necessary for one ele-
ment . For an access type T, the attribute T SIZE can be used for tnis purpose. For example the size
of a collection of dynamic records LIST_ELEM large enough to contain approxima re/ y 2000
records can be expressed as follows:

typ LIST_.ELEM is access
r.co~dVALU~ : INTEGER;

SUCC : LIST_ELEM;
PRED : LIST_ ELEM:

end record;

for LIST_ELEM u~~~ 2000*LIST_ELEM’SIZE;
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The number of dynamic records is only known as an approximation since the storage allocator mayneed some space and also because records with variant parts may have different lengths.
A length specification can also be used to achieve a biased representation for an integer type. Forexample, if we have a type ranging from 1O_000 to 1O....255, any value of this type can berepresented in only 8 bits. Specifying a length of 8 bits for this type will result In the translatorusrng a biased representation. For example:

type SKEWED is new INTEGER rangs 1O_000 .. 10.255;
for SKEWED uss 8;

14.4.1 Enum.ratlon Type Representations

An enumeration type representation is used to specify the mapping from the elements of anenumeration type to the specific internal codes used to represent the elements.

The mapping is specified using an array aggregate in which the elements of the type areenumerated one by one. The type of such an aggregate is a one-dimensional array whose elementtype is integer and whose index range is the enumeration type itself. For example, consider theprogram that generates object code for a given machine and In which the operation codes for themachine are defined as an enumeration type. It is necessary to map the enumeration values intoactual operation codes and this can be achieved as follows:

type MIX_CODE is (ADD, SUB. MUL LDA. STA. STZ);

for MIX_CODE use
(ADD => 1. SUB => 2, MUL => 3. LDA => 8, STA => 24. STZ => 33);

In this example the array aggregate is of type

array (MIX_CODE) of INTEGER

Obviously all enumeration values must be provided with distinct integer codes and their codesmust be known at translation time. In addition, in order to get an efficient implementation forordered enumeration types, the internal codes must follow the same ordering as the enumerationvalues. The order relations are then known through the internal codes, and there is no need for thetranslator to generate tables that contain the order relation.

As illustrated above, the specified internal codes do not need to be contiguous integers. We dis-cuss the implications of this issue later in section 14.5.
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14.4.2 Record Type Representations

Record type representations allow the specification of a storage layout for records. This represen-
tation is specified by giving the order of record components, their position, and their size in
machine dependent terms . All the expressions defining such a specification must be static expres-
sions: their values must be known at translation time. A global alignment clause can also be
specified.

Storage Units:

The storage unit is a configuration dependent quantity representing the machine’s quantum of
storage. Its value can be accessed through the standard attribute SYSTEM’STORAGE_UNIT and is
the unit of addressing implicitly used to denote the position of a component.

Bit Range:

A bit range is used to specify both the storage size in bits and the position of the first bit of a com-
ponent inside a storage unit. The two expressions in the range represent the positions of the first
and last bit respectively. This implies that the bit ordering inside a storage unit be known to the
user . Such an ordering is configuration dependent and thus implementation defined. Th’~ logically
first bit of a storage unit is always numbered 0. For example the specification

SYSTEM_MASK at 0 range 0 .. 7:

means that the component SYSTEM_MASK needs 8 bits of storage starting from the beginning of
the storage unit. The storage size specified for a component must of course be large enough for the
component. The translator shall check that it is compatible with the minimum needed for the
representation of values of the component type.

Bit numbering extends through consecutive storage units; thus the specification

PROTECTION_ KEY at 0 range 8 .. 11;

is legal even if the storage unit has eight bits on the machine considered.

At Clause:

The at clause specifies the position of a component by giving the position of the storage unit
relative to which the bit range is counted. This position is itself relative to the first storage unit of
the record, which is numbered 0. For example ,

TRACK at 2 range 0 .. 15:

means that the component TRACK occupies 16 bits starting from bit 0 of the storage unit
numbered 2. If the value of SYSTEM STORAGE_UNIT were 8. the last bit of TRACK would actual-
ly be bit 7 in the adjacent storage unit numbered 3. Overlapping components are only allowed
when they belong to distinct variants. Overlap of record components is not allowed within a
variant , and the translator will check that this is not the case . For example the overlap of LINE_-
COUNT and CYLINDER in the following specification is legal since they belong to different
variants:

14-9
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type PERIPHERAL Is

UNIT: constant (PRINTER . OISK , DRUM);
C... UNIT of

whe n PRINTER ~~>
— 

LINE_COUNT : INTEGER range 1 .. 50:
when others -~>

CYLINDER CYLINDER_INDEX :
TRACK : TRACKJIUMBER:

end case;
end record

-- assuming SYSTEM’STORAGE_UNIT $ bIts

I. ~ PERIPHERAL u~record at mod’~4;
UNIT s t 0 r a n g e O . .  7;
LINE_COUNT at 1 range 0 .. 7;
CYLINDER at 1 range 0 .. 7;
TRACK at 2 ranqeO.. 15;

end record ;

When the record representation specification Is Incomplete, I.•. it does not specify the layout for all
components, freedom is left to the translator to map the unspecified components In a way which is
consistent with the logic of the record declaratIon. Translators shall produce object listings of
record mappings upon request .

Alignment Clause:

When It is important that the object of a given record type be allo sted on a given storage boun-
dary, this can be specified by means of an align ment clause. The alignment Is expressed as a
number of storage units, and all addresses at which the ob4ects are allocated must be exact multi-
pies of the specified number of storage units (the address modulo the alignm ent expression must
be zero).

14.4.3 Address Specifications

An address specification can ue used to force the storage space of a given variable to be allocated
at an address specified in storage units.

for PSO use at 16#40;

This form of specification can also be used for specifying th. address of the code of a subpr ogram ,
or to link an interrupt with a given entry , The convent ions used for mapping this Integer on a
hardware location are implem entation dependent. As a consequence , other system dependent
inform ation can be derived from the value of this exp reulon.

14-10
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14.5 Enum.ratjon Types with Non-Contiguous Representations

The specified internal codes of an enumeration type do not need to have contiguous values. This
degree of generali ty is required , if character types are to be represented by enumeration types
since many character sets have non-contiguous internal values.

We next discuss the implications of non-contiguous representations on assignment and corn-
parison. indexing and case selection, and finally on iteration.

14.5.1 Assignment and Comparison with Non-Contiguous Enumeration Types

An assignment only results in moving a value from one location to another, and thus is not
influenced by the non-contiguity of a representation. Similarly, non-contiguity has no impact on
comparison.

14.5.2 Indexing and Case Statements with Non-Contiguous Enumeration Types

The simplest way to treat an array indexed by an enumeration type having a non-contiguous
representation is to implement it like a normal array, and leave ho/es (i.e. unused positions) in the
storage used for it. No conversion is then needed between the internal code and the real index to
storage, since they have the same value. In a similar way, the interr~l jump table used for a case
statement may have holes.

Note that no problem arises when such arrays are passed as parameters to subprograms since the
index type is part of the array type and the same mapping can be used inside and outside the sub
program.

The user should be aware of the hidden storage costs involved. This is certainly preferable to
prohibiting the use of types with non-contiguous representations for indexing and in case state-
ments. If we consider character sets, for instance, the proportion of holes remains at an acceptable
level.

14.5.3 iteratIon Over Non-Contiguous Enumeration Types

We are faced with a more severe problem when a loop parameter ranges over the values of a non-
contiguous enumeration type; simply incrementing the value of the loop parameter by a constant
at each iteration will not work correctly I To keep the same underlying mechanism, we need the
notion of a characteristic vector, which carries the information on the internal codes. For every
such loop, the translator will include code to interrogate the characteristic vector.

This mechanism is illustrated by the following example. Consider the type MIXED, for which a non-
contiguous representation has been specified.

type MIXED I. (A. B, C, Dl;
for MIXED use (A => 30, B => 32 , C => 33 , D => 37);
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A loop statement iterating over the values of the MIXED type can be written as follows:
for I In MIXEO’FIRST .. MIXED LAST loop

Pill;
end loop ;

The translator will produce an object code which is equiv alent to the following t ext (apart from typ-
ing rules):

PRESENI constant array (30 .. 37) of BOOLEAN
:= (30 i 32 I 33 37 —> TRUE. othais ~> FALSE); f ~for I In 30 .. 37 loop

if PRESENT(I) then
P11);

end if:
5°~~ ~~~

As illustrated above, the translation involves a characteristic vector (PRESENT) which is used togenerate the integer values corresponding to the enumerati on type MIXED. Thus we see thatiterating over such types is possible, but involves a small extra cost.

14.5.4 Character Types

Character types are a typical example of enumeration types with not necessarily contiguousrepresentations. The predefined character type CHARACTER denoting the full ASCII character set
of 128 characters is contiguous but the same Is not tru for other widely used character sets such
as EBCDIC. Such character sets will generally be defined In library modules, including both thecharacter type declaration and the associated representation specification. It may be convenient to
provide such a definition in two steps. For exempt.:

type CHAR Is (enumeration ot.a11 ..E8CDIC.~.cherecf o r ) ;

type EBC’~IC is new CHAR: -- same characters as CHAR
f or EBCD I C use (codes corresponding to....ESCDIC characters) :

A user to whom the internal code is relevant (e.g. because he is performing input-output) will
do :lare objects of type EBCDIC . For other usages, aspeclally if such characters are to be used as
Indices , in case statements and in iterations, the user might prefer to use the type CHAR. Since no
representation specifIcation is given for this type, the translator will adopt a default representation
that is convenient for indexing and iteration. E~~flcft conversions between th~ two types can be
performed for Input-output.

14- 12
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14.3 ConfIguration Specification and Environment Enquiries

To generate object code, some machine and configuration dependent properties such as the
machine model , memory sIze, and special hardware options must be available to the translator .
Hence speclflc3tion of configuration dependent features must be possible. Typical uses of such
information are for the detection of resource usage overflow and the generation of special purpose
instructions for the target machine

Conversely, programs may need to access Information that is known to the translator. There are
numerous uses for such information. A user level input-output routine may need to invoke alter-
native algorithms depending upon the object machine configuration (with the discrimination being
made at translation); similarly, it may need to know the size of the storage unit for the object
machine , and the size of the objects transferred.

The approach used in the Green language Is to have pragmas for the specification of Information to
the translator , and to use predetln.d attributes as general environment enquiries in order to refer
to information known by the translator.

14.5.1 Pragm.s

Pragmas serve to provide the translator with information that is relevant for the translation
process. This information does not affect the semantics of programs. For e~amp1e we may have

pragma SYSTEM(MULT ICS):
pragma STORAGE_UNIT(36);
prsgma INCLUDE(COMMON_TExT ) :
pragma OPTIMIZE(SPACE):
pragma LISI(ON):
pragma PAGE:
pragma SUPPRESS(OVERFLOW) ;

We can distinguish two main categories of pragmas: configuration specifications and translator
options. The configuration of a given object machine can be specified for a translation unit by a list
of pragmas . Among them there will generally be ~~~~~~~ for the machine architecture model SYSTEM
one for the memory size MEMORY_SIZE , and one for the size of storage unit STORAGE_UNIT.
This category can also include pragmas defining special hardware options, device configurations.
and any special characteristics of an operating system .

Translator options will generally include time or space optimization, a control for the listing of
source and object programs, and so forth.

14-13
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14.6.2 Predeflned Attflbutss

Predefined attributes may be viewed as the interrogative counterpart of pragmas . They provide an
ciwironment enQuiry mechanism, which can be ised to obtain configuration dependent informs-
~ion and more generally other information known by the translator. We have two majc cstr ~orles
of environment enquiries, corresponding to the two main categories of pr agmas

Configuration characterist ics can be accessed via conf iguration dependent constants expressed as
attributes of the predetined name SYSTEM For example we have SYSTEM MEMORY_SIZE for
the memory size and SYSTEM NAME for the machine architecture model.

The translator options are accessed via predetined boolean attributes of the oredefined name
OPTION , for example:

OPTION SPACE - -  TRUE if space is the current optirmiation criterion

!he mechanism is also used as a general environment enquiry mechanism : for example, to access
‘roperttes of progra ~ components . the bounds of an index of an array, the address of an object. r

nformation about a record representation; to obtain the implemented range of a program compo-
nent; to read the system s real-t 1me clock to obtain the length of the queue associated with en
entr~. t ’ tC .

As mentioned in the section on lexical issues. the names of predetined attributes are alw ays
oreceded by an apostrophe. As a consequence the correspondi. ~g identifie rs are not reserved.
Some typical examples are given below.

‘tABLE FIRST the first index of TAB LE
MATR IX FIRST(2) -- the first index of the second dimension of MATRIX
oLD , PSW ADDRESS - the addr ess in storage units of OLD_ PSW
X MASK’POSITION the first position of the component MASK in X(at clause)
* MA SK FIRSLBIT the position of the f irs ? hit of MASK
* MASK IAST BIT - the position of the test bit of MASK
INTEGER’SIZE . th. implemented size of INTEGER in bIts
REAL RAD IX - .  t .. implemented radix of REAL
REAL EXPONENT _ FIRST - - the imple mented lower bound and
REAL EXPONENT _ LAST - - upper bound of th. exponent for REAL
‘- YSTEM’CLOC K - .  the real-t m. clock
SYSTEM ’STOR GE_UNIT - the number of bits in a storage unit

14.6.3 Configuration Specification and Conditional Compilation

Somt’itimes it is desirable to write a program in which portions vary according to th. object
machine configuration. Such corn1it~onaI t ranslation c~tn be achieved by conditional statements
selecting among alternative program fragments For example a program providing different
lqorithms for different systems may appear as follows:
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pragm SYSTEM IMULTICS),

ease SYSTEM NAME of
When TENEX

part specific to T ENEX
when MULTICS - ‘

- part specific to MULTICS
when UYK20 AYK 14 - “

part specific to these systems
when VS....370

- pal specific to VS_370
m d  aces

The sy stem name established by the pragma is considered as an enumeration value that can be
tested later. Since the system name is known at translation time, a translator may decide to
ort imize the case statement and generate only the code corresponding to the current system
name. Thus the program can be tailored to a given machine.

This facility is deliberately primitive . Conditional translation of declarations can be 8( roved in ts

limited way by vcriant record •ypes. On the other hand no general mechanism for conditional
translation of program units is provided. We consider such mechanisms for text selection to belong
to the domain of the facilities provided by the support tools for the language.

14.7 Intedacs with Other Languages

A limited facility for machine code insertions has been included in the Green language. This facili ty
has the advantage of clearl y isolating the use of machine language. However , it s general use is
heavier man direct use of an assembler.

Each machine instruct ion appears as a code statement , which is a record aggregate of a record
type defln ng the corresponding instruction. Suc i reco rd definitions will generally be available in a
library packag. for each machin e. The libra ry package must also contain the representation of the
record describing the machine instruction form at. These code statements are used in procedures
which must contain oni~ code statements and are included inline.

The foll ow ing eiiample illustr ates the use of a set system mask instruction on 370 like mach ines.
This example shows that it may be necessary to use implementation specific predefined attributes
in code sta temen ts. such as M BASE (the base register used for Ml and M’DISP (the disp larement
of Ml.

M : MASK

procedu re SET MASK ~pragma NUNE:
use INSTRUCTIONS_370: - -  makes visible the IdentIfiers SI FOR MAT , SSM etc

SLFORMATICODE ‘
~ SSM , B ~~ M BASE . 0 =.‘~ M’DISP):

sad:
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Additional implementation specific pragm as ma~ be needed to specrt~ the register and linkage
conventions Obviously such pragnias cannot be machine independent- thei onl~ arder that may be
brought by a high level language in such a matter is to standardize the mechanism by which such
specifications are given In the Green language this mechanism is provided by nragma~ As a final
ex ample . pragm as can also be used to specify that a subprogram is wr i t ton in another langua ge

procedure (iAUSS(A in out MATRIX , * in out VEC TO R N - INTFGI-RI is
begin

pr.grna INT ERFAC E(FO H1HA ~N)
end

In this e~ample a procedure S¼r!l ~~t ufl us wr itte n fl Grew’ I-or other subprograms it has the ette~t of
specifying the calling conve nt ion in (j een terms. The sequence of statements is limited to the
INT ERFACE pragma. informing the trans lato about the corresponding li nkage cc’r’u~entions and
also to expect the object code to be provided later t at linkage edition time) Of course translators
may impose restrictions on the form of parameters allowed. Not all translators need provide such a
capability

14.~ Unsafe Programming

The conver sions allowed among numeric t~pos ~n~1 among t~pes that are derived from r~ Ch other
are safe conversions that do not violate the rules of type checking

Unsafe type conversions can be achieved in any language that permits code insertiuns or atidioss
specifications. Such conversions ma y, for example , be needed if ~ user wants to define his own
allocation strategy for access types. In this case. conversions from integer to access values ar- r

necessary to define an ALLOCAT E procedure , and conversely a FREE procedure

From a programming managen’ent and also from a maintainability point of view i t  is les r .thle ,o
provide a standard way to achieve such unsafe conversions. In this wa~ paris ot a program using
such dangerous feature s are made easier to idenutv The following library module is predehued to
that effect.

package UNSAFE PROGRAMMING Is

gsn.dt t type S . type It
function UNSAF E CONVERS ION(X - SI return T ,

end UNSAFE PROGRAMMING

A program unit using unsafe type conversions m ist include this package in its visibil ity list. Ilenco
its visibility restriction will appear as

reafflatadi. - , UNSAFLPROGRAMMING. . 1

In addition. it must instantiate the function UNSAFE_ CONVERSION for the types for ~‘h,r-h the
convention is desired. For example

function UNSAFE,. INT , TO JST Is new UNSAFE CONV ERStON(~NT EGiR LiSt ITEM’

The programming en~ironment may be able to contro l ~nd restrict the programs that are allowed
to get access to the package UNSAFE~ PROGRAMMlN(3
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15. lnpqt~Qutput

15~1 Introduction

Input- outp ut is recognized as a source of difficulty for prograrumers. It often accounts for a large
part of a programming system and generally is either neglected in a language formulation (e.g.
Algol 60, Coral 66) or causes many special and often confusing features to be built into a language
(e.g. Input-Output lists and formats in Fortran . format variables in Algol 68). Even Pascal uses
special procedure structures (with optional file parameters and a special field width separator)
available only in the predefined input-output procedures.

Even more importantly, the needs for application level input-output may vary greatly between clas-
ses of applications. For example, file manipulation, batch processing, line and page layout , interac-
tive input, and non-character processing pose significantly different problems. An attempt to build
in special features to cover the range of input-output applications would mean that every user and
every translator would be forced to take account of this additional complexity.

A major design goal in the Green language was therefore to provide the ability to develop a rich set
of input-output facilities without additional language constructs. In this chapter we demonstrate
that this ability has been achieved. Input-output packages can bt written without resort to special
features. Given this ability, it will be possible for user groups to develop and standardize
specialized input-output packages corresponding to major application classes .

The language nevertheless provides a recommended set of input-output operations in compliance
with the Steelman requirements and in recognition of the fact that the existence of such a set is
essentiil for portability.

Three standard input-output packages are given in the language definition. The generic package
INPUT_OUTPUT defines a general set of user level input-output operations. Additional operations
for text input-output are defined in the standard package TEXT_ IO. Finally the package
LOW_LEVELIO defines the form of the operations used for dealing with low level input-output.
The design of these packages is discussed in this chapter. We conclude by a discussion of the
problems involved in writing an input-output package within the language itself.

152 General User Level Input-Output

The user level input-output operations are defined by the package INPUT_OUTPUT. These opera-
tions are applicable to files containing elements of a single type. After discussing the conventions
used to designate external tiles, devices, and internal files we discuss the facilities offered by the
package.
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15.2.1 Designation of External fi les

Input-output operations effect data exchanges ~‘etween a processor run.~ing on behalf of the user
program and some peripheral device Traditionally the notion of tile , seen as a repository of infor-
mation, is often distinguished from that ~ . a device However the logical behavior of a program
does not depend on the source or destination of data , as long as the data represents the desired
information ~0r example it is perfectly reasonable to interface the same program with a disk tile at
one time, and with a terminal at ar’iothe, time

In conseque.’r ’rce. the conventions used to designate the target of an input-output operation should
not necessarily distinguish between tile names , device names volume names . etc . In addition
these conventions should not conflict with those of any system on which the language isimplemenleo. This dictates a flexible approach.

We define an e~terna/ file as any component of a computer system that can be designated as the
target of input-output operatioui~ ‘T he name of an external file is written as a string and its
interpretation is system dependent In some implementations the name may contain additional
control information.

15.2.2 Designation of Internal Files

An external file , as defined above , is an entity which can produce or absorb data . The lifetime of an
ext ernal file is not tied to .i particular program. For example en external file can be created by one
program and be later deleted by another program.

In contrast , within a program performing an input-output operation, an object celled an internal file
(or just a file) is used to refer to the external file. Such files are variables of the encapsulated types
IN_ FILE . OUT_ FILE . and INOUT_ FILE. These types and the set of operations applicable to them
are defined in the package INPUT _OUTPUT.

The most salient feature of a file is that it us associated with an element type: on any particular tile,
input and output operations are done in terms of values of that type. A file is also permanently
associated with a mode: there are files on which only input is possible (IN_ FILE), files on which
only output is possible (OUT_ FILE) . and files on which both input and output are possible
Il NOUT_F lIE).

Note that the mode is a property of a f~Ie as an object manipulated by the program . and not a
property of a particular external file. Such restrictions may be placed on given devices or data sets
by a given system , hut def ’iing them is not within the realm of the language, nor should it be.
Indeed , different systems may have defin ed arbitrarily sophistic ated protection schemes to control
access to resources. The state of the art in the design of such schemes is constantly evolving, and
standard primitives of a language should not interfere with this evolution.

Access to certain external files may nevertheless be limited because of such protection schemes ,
or be ause of other physical limitations. Two exception conditions correspond to these limitations:
F iL E_NAME_ERROR is raised when ,i CREAT E or OPEN cannot be performed, and FILE_USE_ ER-
ROR is raised if an operat’on cannot be performed on an open file because of physical or logical
limitations.

The mode of a program file is given by the declaration of a file variable , since it is implicitly
associated with the possible types (IN FILE . OUTJILE. or INOUT_ FILE1.

15-2 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~
—— - - -.

~~~~~~~



15.2.3 Overview of P11. Operations

A file can be dynamically associated with a specified external file. The association i~ established by
a CREATE or OPEN operation, and severed by a CLOSE or DELETE operation. A file that is
associated with an external file Is said to be open. The status of a file can be interrogated by the
function IS_OPEN. The operations CREAT E and ~.iPEN can only be performed on files that are not
open. All other operations must be performed on open files.

The name of the external file associated w ith an open file is given by the function NAME. The total
number of elements of the file is given by SIZE. SIZE is applicable to external files of any kind: for a
data set this can be computed from the storage size of the data set. For devices that perform
stream input or output. SIZE corresponds to the number of elements read or written on that file by
the program.

Once a file is open, a particular element Is recognized as the target of the next input or output
operation. The position of this component in the file is given by the function NEXT. The first com-
ponent of a file corresponds to the position 1. The value returned by NEXT is automatically
incremented by a successful input or output operation. It can also be altered explicitly by the
procedure SET_NEXT. Certain restrictions on an external file may place limitations on the use of
SET_ NEXT, or prohibit it entirely. For example , It may be impossible to back up input from a ter-
minal, or to set it outside a certain range on a card-reader. Note however that in the abse’nce of
other limitations, it is always possible to set the next position to a value larger than the file size , or
to a non-positive value. An exception would be raised only upon a subsequent input or output
operation. Unless forbidden by the nature of the external file, writing an element at a position
beyond the current file size has the effect of extending the size.

The next position is always incremented after a successful read or write , independently of the
mode of a file; thus all files can be accessed either sequentially or (if SET_NEXT is allowed) ran-
domly. In particular , the user can conveniently perform a sequential scan of part of a file , then
move to another part and again scan the file sequentially.

Actual input and output operations are performed by the READ and WRITE primitives. READ is not
defined for OUT_FILE , and WRITE is not defined for IN_FILE. If further restrictions prohibit the
operation, a FILE_USE_ERROR exception is raised. If an attempt is made to READ past the end of
a file, an END_OF_FILE exception is raised. Explicit testing of an end of file condition can be easily
done by

NEXT(F) > SIZE(F)

Note that the user level input-output facilities are provided without any reference to a particular
buffering scheme. On a simple system a READ or WRITE operation could correspond to the
appropriate physical input or output operation without any buffering. When needed, a buffering
strategy can be defined by manipulating files whose components are arrays. For example, we may
have

type BUFFER is array (1 .. 512) of INTEGER:
package BUFFERED_ b Is new INPUT_OUTPUT(BUFFER):
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15.3 Text Input-Output

Several input and output operations involve character strings. These operations are particularly
common in programs that receive input from, or produce output for, a human operator. Such use is
sufficiently widespread to justify provision of a more sophisticated set of primitives than those
available for general files of characters.

Assuming a predefined character set , it must at least be possible for the user to request input or
output of values of any primitive type represented as strings of characters. Such an effect can of
course be achieved in two steps: in the case of input, first read a string of characters, and then con-
vert it to an internal value; in the case of output , first convert a value to a string, and then write out
each character of the string. Conversion procedures are actually provided for each scaler type of
the language by the predefined attributes REP and VA L. It would however be unacceptable to
force the user who wants to output, ‘say, an integer X to write:

declare
S : STRING := INTEGER’REP(X):

begin
for I in 1 .. S’LENGTH loop

WR ITE (SO)) :
end loop:

end :

Therefore it is necessary to predefine a standard function (say PUT) which does at least that. The
need for procedures that combine input or output with string conversion is even more acute when
reading values , since strings of a particular form must be recognized before being converted.

The operations defined in the package TEXT_ b consider a text as a stream of characters. Lines are
particular logical units of arbitra ry length. This view corresponds to interactive systems practice. In
addition, a simple convention allows the user to fix the line length, and to use the same primitives
for fixed format input or output.

~.onsistent with the design of all user level input-output, the text input-output facilities are defined
entirely within the language. No special language construct (e.g. formats , pictures) are introduced.
In particular , no special syntax rule is added. Input and output facilities are defined for all scaler
types, including user defined enumeration and fixed point types.

In order to minimize the number of names that must be remembered by a user, the basic opera-
tions for text input-output appear as overloaded subprograms called GET and PUT.

In order to simplify the writing of input-output operations, default parameters have been used for
specifying format information. In addition the package defines a standard input file and a standard
output file, both ~pened during the elaboration of the package body. Each PUT or GET operation is
defined in two overloaded versions: one where an explicit file must be specified, and one where it
is not specified. The latter versions operate on the default input file (for GET) and the default Out-
put file (for PUT). The initial default files can be accessed explicitly by the functions STANDAR-
D_INPUT and STANDARD_OUTPUT. The user may change the default input and output files with
the procedures SET_INPUT and SET_OUTPUT. Since STANDARD_INPUT and STANDARD_OUT-
PUT are functions, the user cannot close them (since CLOSE and DELETE expect an out
parameter).

Note that the default parameter mechanism has not been used for the definition of the alternative
versions of GET and PUT (for an explicit or for a default file) since such a formulation would not
permit changing the default file.
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15.3.1 Characters Lines, and Columns

The package TEXT _ b is defined for streams of characters of the ASCII character sot. This
charac4t r  set includes a set of control characters , and is especially adapted to free format text. A
consequence Is that the notion of line need not be defined In terms of a fixed length. Indeed, a line
can be, viewed as any sequence of characters enclosed between two line marks. A line mark can be
the beginning or the end of the file, or an implementation defined sequence of characters (for
example the sequence carriage return, line feed). Line marks can be denoted by the predefined sir
ing NEWLINE.

The notion of current line can be *ssoclated with the number of line marks that have been input or
output. The effect of SET _ LINE on input will thus be to read forward or backward over the
appropriate number of line marks (equal to the difference between the target line and the current
line if the target line number is larger , or otherwise to the difference between the current line es~dthe target line, plus one). This latter case may be prohibited. If not , the backward read is followed
by a forward read over the last line mark , to get to the beginning of the line. On output , the effect
of SET,..LINE is device dependent: it may either have the same effect as on input (e.g. with disk
files), or output the appropriate number of line marks (e.g. on a terminaI)~

Note that SET_LINE always has the Implicit effect of setting the current column to the beginning
of the lIne. This decIsion (rather than to set the current line Independently of the current column)
corresponds to a more common usage. In addition setting the current line alone would not be
cl.arty defined with variable length lines, since the current column may end up being ott the end of

.— .• --..-.. the current line.

The notIon of column Is associated with the position of a character from the beginning of a line.
The effect of special contro l characters is defined so as to preserve as much as possible the iclen
t hy  between ths column number and the position of a character on a printed line. The primitive
SET COL can he used to skip to a certain position on a line. On some output devices, it may have
the effect of spaces, or backspaces.

Although these primitives are defined for variable length lines, ii is fairly easy to apply them to fix-
ed length lines. The user can first set the line length on a particular file to a value of his choice.
When this is done, line marks are Implicitly inserted after the printable character in column L,
where L is the line length. With these layout primitives, the user can define procedures such as:

procedure EJECTI FILE . OUT FILE: N INTEGER :~ I )  Is
-n

SET LINE(FILE. LINE(FILE) ~ N):
end:
p.oo.dur. EJECTIN INTEGER : ‘I) Ii
begin

SET .. LINE(STANDARD OUTPUT. LINE(STANDARD_OUTPUT) N);
end:
procedure SPACES(FILE : OUT_ FILE: N : INTEGER :— 1) Is
begin

SET _ COLIFILE. COLIFILE) ~ N):
end.
procedure SKIP( FILE IN_ FILE: N : INTE1~ER : 1) is

SET ..COL(FILE. COL IFILE ) N):
end:
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1
15.3.2 T•*t Processing and Formatting

The string representation of an internal value is defined in accordance with the lexical representa
lion of literals in the Green language. Note that it may be necessary, upon input, to look two
characters ahead to determine the end of a lexical unit. For example, if the input text contains the
string

12.B3ERGS

then, when a GET is issued for a floating point value , it is necessary to see the R of ERGS to deter-
mine the result of GET , as the E could be the beginning of an exponent.

On the other hand, with the convention to output a space in front of any numeric or enumeration
value, it is possible to have a one-to-one mapping between the operations needed to write a text,
and those needed to reed it.

The GET and PUT operations can be used for both free and fixed format texts. With free format the
user is primarily interested in outputting a value without extraneous characters , whereas in fixed
format , the goal is to place the value at a specified position on a line. The default parameter
mechanism of the Green language can be used to achieve both effects in a single definition, by
providing a field width argument whose default value (0) will cause the minimum number of
characters to be used. Thus, omission of the width parameter provides free format output , whereas
fixed format can be obtained when it is given. This can be contrasted with the Pascal convention
which pro~ ides an implementation defined default field width, thus making it awkward to output
smell numbers in free format.

In the case of fixed and floating point types, the number of thglts appearing after the decimal point
(the length of the mantissa) is by default the minimum number of digits consistent with the
accuracy specified for the type.

The PUT procedure can be defined for all scaler types in terms of the predefined attribute REP , the
procedure PUT for strings, and two functions, LEFT_ PAD and RIGHT_ PAD. defined by:

function LEFT _ PAO(S : STRING : N : INTEGER) return STRING is
N_ BLANKS constant INTEGER := N - S’LENGTH:

STR1NGI1 . N_ BLANKS) Others =>  
-

if N_BLANKS 
~~~

- 0 then
return S:

elsa
return T & S:

and if:
end LEFT_PAD:

function RIGHT _ PADIS STRING : N : INTEGER) return STRING is
N_BLANKS constant INTEGER := N . S’LENGTH:
T : STRING(1 . N_BLANKS) - (others ~‘ 

“ “ I:

H N_ BLANKS ~.
- 0 then

return S:
else

return S & 1:
end if:

end RIGHT_PAD:

For example, the integer form of PUT can be defined as
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precede’. PUTIFILE : OUT_FILE: ITEM : INTEGER: WIDTH INTEGER :— 0) is
S : STRING ~ INTEGER’REP(ITEM);

beg~N COUFILE) + MAXIS’LENGTH, WIDTH) >~ LINE_LENGTH(FILE) then
SET_LINE(FILE, LINE(FILE) + 1) :

elsif COL(FILE) 1= 1 then
PUll” “I:

end If;
PUT(FILE, LEFT_PAD(S, WIDTH)):

and;
In the case of fixed point types , the internal representation is dependent on the declared range and
delta. Therefore, in contrast to floating point types, no predefined input-output function can be
given without knowledge of the type. A similar case exists for enumeration types since the cor-
responding enumeration literals are not known in the TEXT_ IO package. The solution taken
provides PUT and GET procedures in generic packages that can be instantiated by the user.
Default generic parameters reduce the complexity of the instantiation by a,~tomatically providing
the formatting functions REP and VIA L.
Consider the following example

type FRAC I. delta 0.005 range -1000.0 .. 1000.0:
type COLOR Is (RED, YELLOW, GREEN . [3LUE):

package FRAC_IO is new FIXEDJOIFRAC):
package COLOR_ b I. new ENUMJO(COLOR);

use FRAC_IO, COLOR_lO;
F : FRAC := 1.990:
C : COLOR :~ RED:

PUT(C); PUTIF):
PUT(NEWLINE);
PUT(C, 6); PUT(F, 12, 5):

end:

In the output below, note that an enumeration value is left (ustified. whir•as a number is right
justified:

RED 1.990
RED 1.99000

The default mantissa for FRAC is determint d upon instantiation, by the exp nasion

DELTA._REP’LENGTH - 2

where

DELTA_REP = FRAC REP(FRAC’DELTA - INTEGER(FRAC’DFLTA ))

Since FRAC’DELTA is 0.005, DELTA_REP will be “0.005 ’ and the expression thus evaluates to
the desired 3 dIgits. The complexity of the expression is needed to cope with deltas greater than 1,
in which case the integer part must be wholly represented.

Although the primitives defined by INPUT_OUTPUT are not given explicitly In the TEXT _lO
pac~kage specification, those taking IN_ FILE and OUT_ FILE parameters are inherited by the
Je. ’,ed types declared in TEXT_IO.
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153.3 An Example

Consider the problem of wiiting a printout on a line-primer, from information found in the ti lesARTlCLE~i (text ) and INVENTORY (integer). Any error must be reported on the user terminal.
procedure LISTING is

use TEXT_ b :
.pa~kage INT_ bO is new INPUT_JUTPUT(INTEGER):PRINTOUT : OUT ~ILE - - i.e. TEXT fileARTICLES : IN_ FILE; - - also TEXTINVENTORY INTJO.INJILE;
CH : CHARACTER
VALUE : INTEGER:
POS . INTEGER:

OPEN(PRINTOIJT prt r”); - recognized as line printerOPEN(ARTICLES ~‘aItj cles ):
INT _ IO.OPEN(INVENTORY “iflVt~ntory ”);
SET_LINE_LENGTH(PRINTOUT 30);
SET_OUTPUTfPRINTOUT): -- printout is now default output tilePUT(”articIe”):
SET_COL(PRINTOUT, 20):
PUT(”inventory” & NFWLINE & NEWLINE) :loop

INT_ IO.REAO(INVENTORY , VALUE) :POS :: 1;
loop

GET(ARTICLES, CH):
•xIt wben CH~~~ ” ” ;
If

Pul( C H I:
POS :~ POS 1:

end lf:
end loop,
SET_ COL(PRIN’rOUT, 20);
PUT(VALUE 9): -- filI~ line entirely (new line will be automatic)

—when END_ OF_ FILE ~~: ‘S

CLOSEIPRINTOUT)
CLOSEIARTICLES)
INTJ O.CLOSEI)NVENTORY);
SET_OUT PUTISTAN DARD..OUTPUT)exit:

when others ~.‘s

PUT STANDARO OUTPUT, “printout error at line”):PUT(STANDARD_OUTPUT, LINE(PRINTOUT)):PUI(STANDARD_OUTPUT, NEWLINE)
PUTINEWLINE) -- on printout

end:
end loop:

end LISTiNG;

‘ 1
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154 Low Level Input-Output

Low level input-output facilities are especially needed in embedded computer systems, since
signal processing and interaction with non-standard peripheral devices are common. Clearly, major
system dependencies cannot be avoided in this area. At best the language can provide a set of
standard calling conventions for dealing directly with peripherals. The specific device and data
description cannot however be given.

Interecti on with peripheral devices involves three forms of actions: starting an operation on a
device, interrogating the status of a device, and waiting for completion of an operation. Facilities to
dad with this latter case are provided by the entry mechanism and interrupt specification. The first
two cases. however, constitute requests from the program. For these, two procedure names are
itroduced: SEND_ CONTROL to sta rt an operation, and RECEIVE_CONTROL to interrogate the

status. Both take two arguments: DEVICE identifies a particular peripheral device, and DATA cor-
responds to the information that should be exchanged with the device (hence DATA is an In out
parameter).

For th. definition of such procedures, we are faced with two problems: efficiency and generality.
Efficiency dictates that an operation which normarly reouires a small number of machine instruc-
tIons should not be surrounded b~ lengthy checks. i’hls could be achieved by making the low level
primitIves built-In to a given complier. However generality requires the ability to write the
appropriate SEND_CONTROL and RECEIVE_ CONTROl operations whenever a new device is
added to the system, without forcing a recompilation of the translator. Hence these operations
cannot be built-in.

In order to satisfy these apparently conflicting goals, subprogram overloading and code statements
can be used. As many device types should be introduced as required by the Interfacing conven-
tions of the system. Similarly, for each device type, appropriate data types should be introduced.
Faq’ each meaningful combination of device type and data type, overloaded definitions of SEND_-
CONTROL and RECEIV E_CONTROL can be given, and the corresponding subprogram bodies may
use appropriate code statements. The general form of the package LOW_ LEVEL_ b is as follows

p.C g LOW_LEVELIO Is
-- declarations of different devlc.-types
-- declarations of different data-types
-- declarat ions of overloaded procedures for these types:
presider. SEND_CONTROL (DEVICE : d.vice. type; DATA : In out data.. type);
procedure RECEIVE_CONTROL (DEVICE d•vic• type : DATA : in out data., type);

end LOW...LEVELIO;

Thus if a user mi~at introduce a new device, then the appropriate types and procedures can be
defined independently of existing ones; this only requires a recompilation of the package
LOW_LEVEL_JO.

~.6 Writing an input-Output Package In the Language

The motivations for defining user level input-output within the language itself were given in the
introduction. Defining input-output operations is not inherently difficult. On the other hand defining
file types arid their operations by the normal mechanisms of type definitions and without sacrific-
ing reliability and efficiency is a major challenge.
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Most languages so tar have avoiied the difficulty by having built-In tUe types. W. bellevi this
approach to be wrong, since th. problem raised by the d.flnition of specialized application data
types will be of the same order of difficulty as those raised by files. Thus the inability to define flies
wIthin the language would be a symptom that should not be neglected by the language designer.

The ~oIution taken defines tiles as r~istrlctsd private types, one type for each file mode This
enables us to enforce control ove~’ file manipulation in the language itself . Since the type Is• static
property, it is possIble to check at compilation time that a READ operation is not performed on en
OUT _ FILE: similarly that a WRITE operation is not performed on an IN_FILE.

The alternative approach would have been to associate a mode with a file when this file Is
assigned a value by an OPEN or CREATE operation, In that case each READ operation would have
had to start with the check

if MODEIFILE) OUTPUT then
raise INVALID_MODE;

end If;

Note that this possibility of compile time checking of mode restrictions can be achieved at no extra
complexity for the user because of the overloading facility. Primitives can be defined for different
file types that have the same nani.. so that the number of distinct primitives to be remembered by
the user is not increased.

Additional power is provided for the control of open and closed files. CREATE and OPEN should
not be applied to files that are already open, for fear of destroying any path to an open file. A check
on this can be performed by passing the file as an In out parameter to CREATE or OPEN, which cen
perform the test

If IS_OPEN(FILE) then
raise FILE_OPEN_ ERROR;

end It:

Clearly, this would lead to problems with uninitialized variables on the first CREATE or OPEN on a
file , but the ability to provide a default initialization of record components allows us to solve this
problem by a declaration of the form

,snsutcltpps ELEMENT_TYPE)
package INPUT_OUTPUT IS

raatriotsd type IN_ FILE I. prlust.;
restricted type OUT_ FILE is privet.:
rasulctsd type INOUT_FILE is privet.:

NO_ FILE : aenslant INTEGER :— 0:
type BASIC_ FILE Is

FILE_ INDEX : INTEGER :~ NO_ FILE:
end

type IN_ FILE i ~~* BASIC_FiLE;
• type OUT..FILE is new aAs lc,. FILE:

y,wi IN Oh IT..FILE is ~~~~~ BASIC .FILE:
and INPUT_OUTPUT:
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Thus with the declarat ions

F : IN_FILE:
G : IN_FILL :

the two files are initialized and the Creation check can be performed. SimIlarly since the t iles are
passed as In out parameters to CLOSE and DELETE, these operations can reset the Internal value
to the value NO_ FILE corresponding to a closed file. Note also that It may be essentIal for the
package to ensure that file names are not lost. This could happen if the user were allowed to
assign file variables such as F and G, but this is prohibited by the fact that IN_ FILE is a restricted
type.

Another important aspect of the language for the definition of input-output is the abili ty toparameterize a package and the enclosed entities (such as file types) by a generic clause. ThIs
facility permits the definition of as many tile types as needed. For example the declarations

p.e&ag. INT_lO Is new INPUT_OUTPUTIINTEGER);
package REAL_b is new INPUT_OUTPUT(REAL);

define complete instantiations of the package INPUT_OUTPUT for the corresponding element
types. Consequently the file variables INT_FILE and REAL_FILE in the following declarations re fer
to two distinct file types:

INT_FILE : INT_lO.lN_FILE;
REAL_FILE : REALIO.lN_FILE:

Another example of use of the generic facility is for the definition of input-output for enumeration
types. The corresponding package has the form

• gsnsflc(typs ENUM_TYPE;
function REP(X : ENUM_TYPE) return STRING is ENUM_TYPE’REP:
function VALIX : STRING) return ENUM_TYPE is ENUM_TYPF’VALI

package ENUM_lO is

procedure PUT(FILE : OUT_FILE;
• ITEM : ENUM_rYPE;
• WIDTH : INTEGER :~~ 0);

end;

When instantiating such a package one can take advantage of the default parameters and specify
for example

package COLOR _IO is new ENUM_IO (COL OR);

Within the package body, the body of the procedure PUT can be expressed in terms of the PUT
function available for strings

procedure PUT(FILE: OUT_FILE; ITEM: ENUM T’IPE; WIDTH : INTEGER := 0) I.
S : STRING := REP(ITEM);

-- check column, etc.
PUT(FILE, RIGHT_PADIS, WIDTH));

end:
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All reed and write operations can be mapped onto a more primitive package dealing with bit str-
ings. The basic read and write operations take as argument a file (for exampl e of the typ e BASIC_-
FILE defined abov,), an address expressed as a number of storage units, and a size expressed in
bits. As a result, a READ operation gets the appropriate number of bits from the designated file ,
and stores them st arting at the indicated address. Similarly. WRITE copies the appropriate number
of bits starti ng at the indicat ed address onto the designated file. The predefln.d attributes
ADDRESS and SIZE can b used to express the typed form of READ and WRITE procedures In
t erms of the basic (untyped) form. For example WRITE could call a more basic procedure
BASIC_WRITE as follows

• BASIC_ WRITE(BASIC_ FIIE(FILE), ITEM’ADDRESS. ITEM’SIZE):

Two hmitations of this procedural sppro ch to input-output should be mentioned here. First the
language does not have any concept equivalent to the str.iglpt.ning of Algol 68. If straighteni ng
were provided, a procedure such as PUT (which is defined for the type INTEGER) would be
automatically extended (by iteration) to arrays of integers. Similarly If PUT is defined for the types
of the components of the record, it would also be defined for the record type Itself. The second
limitation concerns parameter lists. It is traditional to perform several output operat ions with a
single order but this is not permitted by a strictly procedural form. Conceivably one could use
another separator (say II ) to permit multiple argument lists for a procedure;

• PUTI X •~~ 
- II X II -Y - ‘

~ II VI; -- not in Green

For simplicity neith er straightening nor mulLple parameter list s have been retained in Green. The
choice of short identifiers reduces the inconvenience of the procedural form:

PUT( X ): PUTIX): PUT( Y = ); PUT(Y);

In conclusion , we summarize the features of the language that are especially useful for defining the
standard input- outpi. t package :

C generic packages

• explicit generic instantiatio n

• default parameters (both for procedures and for generic packages )

• overloading

C restricted types

• exceptions

• default record initialization

Additional features, such as the use clause and the inheritance of type properties have been used
in the text input-output package,
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