é AD=AD72 394 MASSACHUSETTS INST OF TECH CAMBRIDGE LAB FOR COMPUTE==ETC F/6 9/2
VAL == A VALUE=ORIENTED ALGORITHMIC LANGUAGE (PRELIMINARY REFER==ETC(U)
JUN 79 W B ACKERMAN: J B DENNIS NOOO14=75-C=0661

! UNCLASSIFIED MIT/LCS/TR=-218

| o |

REERED
Il Y Gl 8
IS IO E
22 I ) ) G
= [l




L R T

lllll__ R
: !- Jize

‘Wlul‘ oy """lr"‘l

I3

e i

oo




MASSACHUSETTS
LABORATORY FOR e ACio
COMPUTER SCIENCE TECHNOLOGY

~N

MIT/LCS/TR-218

MAO?QS%

VAL — A VALUE-ORIENTED
ALGORITHMIC LANGUAGE
PRELIMINARY REFERENCE M

This document has hoon approved
for public relcass and sale; its

distribution is unlimited.

William B. Ackerman
Jack B. Dennis

The language design reported herein was supported by
the Lawrence Livermore Laboratory of the University of California
under Contract No. 8545403 and is based on work tunded in part by
the National Science Foundation under research grant DCR795 04060 and in part by
the Advanced Research Projects Agency of the Department of Detense
and was monitored by the Office of Naval Research
under Contract No. NOOO 1475 C 0661

_/

519 TEFCHNOLOGY SQUARE. CAMBRIDGE., MASSACHUSETTS 02139




SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

s
REPORT DOCUMENTATION PAGE R T P
T REPORT NUMBER Z. GOVT ACCESSION NO.| 3. RECIPIENT'S CATALOG NUMBER
MIT/LCS/TR-218
4. TITLE (and Subtitie) 5. TYPE OF REPORT & PERIOD COVERED
F Y g R e T
¢ L] j VAL -- A Value-Oriented Algorithmic Language |
e i zPreliminary Reference Manual) 7 [} ORT NUMBER
' : [ Mit/ics/TR-2 2
7. AUTHOR(s) b~ UMBER(s)
= ; ke S St P o el & /N i-75-C-pb61 |

{ 14 éwﬂliam B./Ackerman amé Jack B.[Dennis | L/'\]S -DCR75784060 .-

5. PERFORMING ORGANIZATION NAME AND ADDRESS / 0. PROCRAM ELEMENT PROJECT TASK
MIT/Laboratory for Computer Science
545 Technology Square
Cambridge, MA 02139

11. CONTROLLING OFFICE NAME AND ADDRESS Associate P x hpF—J!OOFF!lT!\
ONR/Dept. of the Navy NSF/Office Comp@ - Junew®979
Information Sys.Program Activities 13 NUMEER OF PAGES
Arlington, VA 22217 Washington, D,C, 20550
T4 MONITORING AGENCY NAME & ADDRESS(f different from Controlling Office) | V8. SECURITY CLASS. (of thie report)
il O f W Unclassified
/2 r 2l
3 B T8a. DECLASSIFICATION/ DOWNGRADING
’ SCHEDULE
L 16. DISTRIBUTION STATEMENT (of this Report)
b Approved for public release; distribution unlimited
1

17. DISTRIBUTION STATEMENT (of the abastract entered in Block 20, if different from Report)

18. SUPPLEMENTARY NOTES

19 KEY WORDS (Continue on reverse aide if necessary and identify by block number)
programming languages
applicative programming

: modularity

2 ABSTRACT (Contlnue on reverse side If neceseary and identity by dlock numbaer)

he programming language VAL (Value-Oriented Algorithmic Language) is designed
for expressing algorithms for execution on computers capable of highly con-

E current operation. More specifically, the application area to be supported is
numerical computation which strains the limits of high performance machines,
and the primary targets for translation of VAL programs are data driven machlne&
of the form under development by the Computation Structures Group of the MIT
Laboratory for Computer Science for high performance numerical computation.'(

g

- = T T p——
o o oo gt

DD ‘3'2:“7’ ‘473 EDITION OF ' NOV 68 IS OBSOLETE

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

o7 75 R

TR

- Rt i TNy ol e s ——
L i P P i b R 5




e ——

SECURITY CLASSIFICATION OF THIS PACGE(When Dete Batered)

20. Nevertheless, it has been our intention that the language not have
idiosyncrasies reflecting the particular nature of the application area

or target machine. It should be reasonable for VAL to evolve into a general

purpose language appropriate for writing programs to run on future general

purpose data flow computers.
| In the design of VAL we have given careful consideration to the
¥ recently developed body of knowledge about program structures and language
3 characteristics which support program verification. We have found a
natural consistency between language design for support of concurrency and
language design for correctness and verifiability. This has made it
possible, in the design of VAL, to adhere to program structures and languagq
characteristics that have been found desirable for ease of understanding
and verification, and ease of building a program by combining separatley
specified modules.

We have undertaken the design of a new language because existing
languages for numerical computation have a serious deficiency: they reflect
the storage structure of the von Neumann concept of computer organization
] in that each language has some method of effecting a change in state of the
memory which cannot be modeled as a local effect. Fortran, still the most
popular language for large scale numerical work, is particularly blatant #

in this respect since it was conceived as a high level notation for program
. to be run on a machine of classical design (the IBM 704).

i —}_\Ec’w};.{ﬁn For 7

| "NTIS Ghakl
| poC TAB L
e waced
Jus TR A 5 v) ¢ S——
By e s————
T LTI ey —
s 1

or

e,
—
o |

al

AR

A

SECURITY CLASBIFICATION OF THIS PAGE(When Date Bntered)




o e

t
|
)
1
4

v | -

i s S

D G A2 o S0 5 ot AR

MIT/LCS/TR-218

VAL -~ A Value-Oriented Algorithmic Language

Preliminary Reference Manual
by

William B. Ackerman

Jack B. Dennis

June 13, 1979

The language design reported herein was supported by the Lawrence
Livermore Laboratory of the University of California under Contract
No. 8545403 and is based on work funded in part by the National Science
Foundation under research grant DCR75-04060 and in part by the Advanced
Research Projects Agency of the Department of Defense and was monitored
by the Office of Naval Research under Contract No. N00014-75-C-0661

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

Laboratory for Computer Science

CAMBRIDGE Massachusetts 02139

TET DU SORr - CPTeT W vem -

N AR T

L e




VAL -- A Value-Oriented Algorithmic Language

1. INTRODUCTION

The programnung languace VAL (Value-Oriented Algorithmic Language) 1s designed for

£

expressing alyorithms for execution on computers capable of highly concurrent operation. More

Sl

specifically, the application area to be supported i1s numerical computation which strains the limits

of high pertormance machines, and the primary targets for translation of VAL programs are data
diiven machimes of the form under development by the Computation Structures Group of the MIT

Laboratary for Computer Science for high performance numerical computation.

Nevertheless. it has been our mtention that the language not have idiosyncrasies reflecting the
particular nature of the application area or target machine. It should be reasonable for VAL to
evolve mto a general purpose language appropriate for writing programs to run on future general

urpose data flow computers.
puri

] In the desizn of VAL we have given careful consideration to the recently developed body of
knowledge abaut program structures and language characteristics which support program
vertfication.  We have found a natural consistency between language design for support of
concurrency and language design for correctness and verifiability. This has made it possible, in the

design of VAL, to adhere to program structures and language characteristics that have been found

desirable for ease of understanding aud verification, and ease of building a program by combining

separately specitied modules.

We have undertaken the design of a new language because existing languages for numerical
computation have a serious deficiency: they reflect the storage structure of the von Neumann
concept of computel organization in that each language has some method of effecting a change in
state of the memory which cannot be modeled as a local effect. Fortran, still the most popular
langnage tor large scale numerical work, is particularly blatant in this respect since it was conceived

as a high level notation for programs to be run on a machine of classical design (the IBM 704).

Key words: programming languages, applicative programming,
modularity
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The ditticulty with languages that allow specification of global state changes is that programs
may be written which are very difficult or impossible to analyze for parts that may be executed
concurrently. It 1s impossible in general to trace the flow of data with less than a complete analysis
of the entire program. Only with such analysis is it possible to find and eliminate inessential

constraimts on the sequencing of pmgram pans.

In contrast, the language VAL s entirely free of side effects: each module or well formed
portion of a VAL program coriesponds to a mathematical function and the entire effect of putting
two paits together 1s to compose the corresponding functions. Such a language is functional or
applicative. Although deaigns for apphcative languages have been discussed many times in the
literature, there have been few attempts to construct a complete and practical definition. This is
due to the difticulty of mcorporating file updates and input/output operations within the
apphicauve framework, and the question of efficiency of implementation. The efficiency issue is
countered i VAL by our goal of highly parallel execution, which is supported by applicative
languages, and our aim to develop computer architectures specifically for efficient execution of

programs expressed in functional languages

The file update and input/output issues will be addressed in future versions of VAL in which
stteams of values will be introduced as a principal means for communicating between program
modules  Modules that produce streams as output or accept streams as input can be used for
input/output processes. Further, the implementation of transactions on a data base may be viewed
as the processny of a stream of commands by a data base "secretary” or “"guardian” module that
holds the data base as mternal data. If 1t is desired to realize more concurrency in processing

transactions, the data base may be divided into parts, each with its own secretary module.

In developing the structure of VAL, it was natural for us to start from a language design
which 1< of high quahty, 1s well documented, and 1s close in spinit to our goals. Such a language is
CLU (1. 2). developed at MIT by the Programming Methodology Group under Professor Barbara
Liskov. In partcular, CLU 1s designed for complete compile time type checking, and it has a set of

well thought-out control structures and basic data types consonant with modern principles of

structured proyramning,.




While we have adopted many of the fundamental ideas of CLU, VAL differs radically from
CLU n that the latter, ike many new languages, is object oriented instead of value oriented. In
keeping with this difference, the syntax and general structure of VAL are designed to reflect the
functional character of the language and our desire to support highly concurrent program

execution.
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2. LANGUAGE SUMMARY

A program an VAL 1s a collection of separately translated parts called modules. Each module
contains the defuntion of one external function. This function 1s accessible to all other modules of

1 the VAL program by use of its name. A module may also contain the definitions of internal

f functions  These mternal functions are used only within the module, and are not accessible to other
‘\:‘ \ modules.
1
g The VAL language 1< apphcative, that s, value-oriented. In contrast to many other
! languages, there are no "objects” thought of as residing in memory and being updated as the
| computation progresses  Even arrays and records are treated in VAL as mathematical values.
A function computes one or more data values as a function of orie or ~iore argument values.
Except for invocations of other functions, a function invocation has access only to its arguments;
h, there wre no side effects. Further, a function retains no state information from one invocation to
: another; each tunction invocation is strictly independent.  Hence values returned by a function
F depend only on the argument values presented to it -- a VAL function implements a true function
in the mathematical sense
The data types of VAL include the basic scalar types: boolean, integer, real, and character.
‘ Data stiucture values are either record values or array values. Records have a fixed format in
which each field has a speafied type. An array type has an integer index set and its components
] are ot athirary but umiform type. Data structures of arbitrary depth may be :pecified using nested
3 array and record types. Union types may be formed in which tags allow discrimination among a
specitied et of constituent types
; Each data type hacats associated set of operations and predicates. Array and record types are
f treated a< mathematical <ets of values - just as the boolean, integer, real, and character types. The
opeirations for arrays and records are chosen to support identification of concurrency for execution
on a highly parallel processor, |
4
]
'y
|
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Fxceptions are handled i VAL through special error elements in each data type. The

element undef agnals that one or more operand values are not in the specified domain of an
operation. The element miss_elt signals that an aniay component 1s absent. Other error elements

are provided m the numeric types to idicate arithmetic exceptions.

The desion of VAL permits type checking to be performed by the translator. The type of
each argument or result value of a function is specified mn the function definition’s header. Each
value name used in the bady of a function must have its data type specified. The operations of
VAL ate designed <o that the types of the results can be determined if the types of the operands are
known  Since the types of all atomic expressions are manifest, the types of all expressions can be

determined

Smce VAL 15 a side-ctfect free language, subexpressions may be evaluated in any order
without cffect on computed results. Thus the control structures of VAL use a syntactic form -- an
expression -- evaluation of which yields a tuple of values. Language constructs are provided for
condinonal expressions (ifithen/else), and for iteration expressions (forjiter), the latter being a
scheme for representing iterations as tail recursions. In addition, expression structures are provided
for cisttibuted computation of the components of a new array or of values to be combined by an
operator - A forall/construct expression 15 used to compute the component values of a new array
samultaneously A forall/eval expression combines simultaneously computed values by an

assaciative operation such as addition, multiplication, or maximum.
2.1 Notation

In the BNF presentation of the syntax, large curly braces {} indicate zero or more

repetitions of the matenal within. - Large brackets [ } indicate that the material within may

appear 710 tmes or once.

P




3. PROGRAM FORMAT

Pie cams are wiitten using the ASCII character set. No “control” characters other than tab
and newhne are used, except i character constants. The program elements are operation and

punctuation symbols, real and integer numbers, character strings, reserved words, and names.

The vperation and punctuation symbols are the following:

4 - * / | &
“ < > = > =
( ) ( ] : R

An teger number s a sequence of digits without a decimal point. A real number is a
sequence of digits with cither a decimal point or an exponent field. An exp nent field is the letter

"E" or "e", an optional sign, and one or more digits.

A character constant is a single character enclosed in single quotes. A character string
constant 1s a stiing of 7ero or more characters enclosed in double quotes. Within each of these,
tabulate. space, newline, percent, and all control characters reoresent themselves. A double quote

may be placed in a string by using two double quote characters.
A reserved word 1s a word that always has a special meaning. Reserved words may never be
used n any context for other than then special meaning. Reserved words in program examples

and in the syntax are printed in boldface n this report.

The reserved words are

abs do if over

and else in plus
arith_error elseif integer pos_over
array endall is pos_under
array_addh endfor iter real
array_addl endfun let record




array_adjust endif make replace
array_empty enditer max returns
array _fill endlet min tag
array_join endiag miss_elt tagcase
array_limh error mod then
array_liml eval neg_over times
array_remh exp neg_under true
array_reml external nil type
array_setl false null undef
array_size for oneof under
boolean forall or unknown
character function otherwise zero_divide
construct

A name s a sequence of letters, digits, and underscores, of which the first character must be a
letter. A name may not be the same as a reserved word. A name may be used as a value name, a
function name, a defined type name, a record field name, or a oneof tag name. These uses all
have then own mechamsms for mterpretation, and hence a name may be used without conflict for
several of these purposes. For example, a record field name occurs only in a record type

specification o record operation, and hence will never be confused with a value name.

Upper and lower case letters in names and reserved words are not distinguished, but all uses
of a name o1 1eserved word must have consistent capitalization. Names may be of any reasonable

length

The ceparatmg characters space, tabulate, and newlhine are equivalent (exzept in delimiting
comments), and may appear anywhere except within a program element. Hence they may not
appear within a number or between the characters of a two character operation symbol such as >=.
A separating character 1s tequired only between adjacent constants, names, or reserved words. For
example, separating characters are requived to distinguish the program construct “if p then 3 else 4

endif” from the name “ipthen3elsedendif”  Separating characters not required next to operation or

punctuation symbols




A comment begims with a percent sign and continues to the end of the line. A comment is

equivalent to a space, and hence may be placed anywhere except within an program element.

Examples of names and constants:

ABC3_Q
34

3141593E1

“abc"def"

il o
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4. VALUES AND TYPES

The mputs and outputs o VAL expressions and functions are values. The entire collection of
values that imay be pretented to or produced by VAL programs is the value domain of VAL. The
value domam is subdivided into distinct disjoint subdomains that are the data types of VAL.
Theve ate basic t5pes which mclude the familiar scalar values of computation; structured types in
the form of arrays and records as defined by the language user in terms of simpler data types; and

disctiminated union types
4.1 Type Specifications

A type specification in VAL 15 a syntactic construct that specifies a data type.
Syntax

type-spec 11 = basic type-spec

] compound-type-spec

I (\‘IN" name
bacic type <pec 22 null | boolean | integer | real | character
compound type-spec iz = array {type Sll(‘C]

| record [ field-spec { + field-spec } )

| oneot { tag spec { . tag-spec | )
field-spec 11 = field-name { . field-name } : type-spec
tag-spec = tag-name J, ,lag-name } [ lype-spec ]
field-name :: = pame
t.ly_'_ name = name

type name ::- name

For a basic type, the speaification is simply the name of the type. For a compound type, the
specitication consists of a fyfe constrictor giving the name of the compound type followed by the

necescary additonat information within brackets




The ariay type constructor gives the type of the elements of the array.
Examples

array | integer )
array [ array [ real )

The ieccord type constrector gives the field names and the type associated with each field.
The field names used within any record specaification must be distinct. Where several field names
are histed with one type, the fields are all of that type
Examples

record [ I, J:inleger ; TEMP : real |
record [ | : record [ X : array [ boolean ]; Y : character ]; TEMP : real ]

A name may be used as a field name and as any other name (but not a reserved word)
without conthict, since 1t 1s interpreted as a field name only in the record constructor and in record

operations. The same field name may be used in several record types without conflict.

The oneof (union) type constrictor gives the tags and the type associated with each tag. The
tag names must be disinet Where several tag names are huted with one type, the tags all indicate
that type  If the colon and following type specification are omitted, the null type is assumed.

Examples
oneof [ UP, DOWN, LEFT, RIGHT ]
oncof [ FIX :integer; FLO : real ]
oncof [ THIS : array [ integer J; THAT, THE_OTHER : record [ C : real ; D : boolean })
As in the cace of field names, a tag name may coincide with any other name without conflict, and

the same tag name may be used i several union types without conflict.

Any type name used as a type specification must be defined by a type definition (see Section

4.6)
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4.2 Value Domains

Each data type 1s a domatn of values as described below.  As will be seen, each data type
includes proper elements, and eror elements which occur as the result of an expression when
computation of a proper value of the type 1s impossible. Each data type is further characterized by
the set of operations that may be used to create and transform values of the type. The operations
for each data type of VAL are defined in Section 5, as are conversion operations that convert

values of one type into values of another.
4.3 Error Values

The error elements are included to support the unusual treatment of exceptions adopted in
VAL as discussed e Sections b and 7. The full name of an error value consists of an error name
followed by the type specification enclosed in biackets, for example zero_divide[real). This is
because every value, including all error values, must have a unique type, so, for example,

zero_dividelreal) is a different value from zero_divide[integer).

Two error values are members of every data type: the element undef(type] results when
operand values are not m the domam of an operator, for example, if the index of an array access
operation as outsice the range of the array, the element miss_elt{type] results if the index of an

array access operation s within the array range, but no data value exists at that index.
4.4 Basic Types

The Null T'.";"l'
proper elements: nil

error elements: undef{null), miss_elt(null)

The null type occurs i a disuinguished union (oneof) type where in one or more alternatives

no data value 1s required
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i T he Boolean .,A')I,“l
proper elements: true, false

ervon clements undef(boolean). miss_elt(boolean)

¢
I
The Integer Type
‘{ proper elements The ntegers between some himits which are
; implementation dependent
‘ error elenients undef(integer) miss_elt(integer],
pos_over(integer] neg_overlinteger),
unknownlinteger] zero_dividelinteger]

The elements pos_overlinteger] and neg_over(integer] indicate that the integer value 1s
too large (poanve o negauve) to be gepresented n the implementation.  The element
unknownlinteger) indicates the result of a computation that has exceeded the capacity of the
implementation, but - whose true value 18 not known to be out of range The element
zero_dividelinteger] mdicates the result of a division or modulus operation with zero divisor.

The Real Type

proper  elements Floating  point representations of real numbers
I including  zero,  with  some  exponent range which 1s
r implementation depeadent

error clements undefireal], miss_elt(real),

y pos_over(reall. neg_over(real),

:f pos_under[real]. neg_under(real),
' unknown(real), zero_divide(real]
-
!

The elements pos_over(real] and neg_over(real) indicate that the real value i1s larger
(posittve o negative) than as representable in the floating point method of the implementation.

The elements pos_under(real] and neg_under(real) represent non-zero values too small in
magmitude to be pepresentable i the tloating point method of the implementation. The element
unknown(real] indicates the resalt of a computation that has exceeded the exponent range of the

mplementation, but whose tiue value 15 not known to be out of range. The element




zero_divide[rcal) mdicates the result of an attempted division by zero

T he Character Type
proper elements The 125 characters of the ASCII character set.

error elements undef(character), miss_elt(character)

i
: 4.5 Compound Types
' Avray Types
For each data type defined by some VAL type speatication T, an array type may be defined
by the type specification array(T]
proper elements A proper array value in array [T] consists of two
components
3 (A range (LO,HI) whete LO and HI are integers and
LO < HI+1 These are mclusive bounds on the defined
7 elements If LO = HI + [ the array has no elements.
(2) A sequence of HI ~ LO + | elements of type T.
}
: error elements Every array type array(T] includes the elements
undeflarray(T]] and miss_elt{array(T]]
] Record T'.'I."c'S
3
Ity o t,oare VAL type speatications and nyp,. ., n, are disunct names, then
record [ n) :t) ... in oty Jspeaties a record type

proper elements  Each proper value of the record type 1s a set of k pairs

{(nl. vidooo (v )l where each v, is an element of t;.

error elements undef(T), miss_elt[T]. where T is the record type




[Inion Types

Each element of a union type is an element of one of several constituent types, accompanied by
a tag which indicates the constituent type from which the element was taken. 1f ty, ..., t, are type
specifications, and ny,. ., ny are disunct names, then oneof [n) :t) ;...;n, :t, ] specifies a
union type
proper elements: Each proper element of the union type is a pair (n;, v;)
where | <1 <k and v, 1s an element of t,.

error elements: undef(T). miss_elt(T], where T s the union type
4.6 Type Definitions

Syntax:

type-def ::= type type-name = type-spec

(YI'C name ::= name

A tunction defuntion may contain a number of type definitions which specify
prostammer-named types used in the function. Each type definition specifies that a type name
denotes the type represented by the given type speaification. The type specification part of a type
detinition may contam type names defined in the same or other definitions. Recursion and mutual
recursion are permitted in type definitions. Such type definitions may be used to construct data
types composed of array or record structures of unlimited depth.

Example

type STACK - oneof [ empty : null ; element : record [ value : real ; rest : STACK ]} ;

The name of a defined type may be used anywhere that a type specification is permitted, e.g.

as the type patameter for constants such as miss_elt(type-spec]

A name may be used as a type name and as any other kind of name without conflict, since it

1s mterpreied as a type name only in well defined contexts
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4.7 Equivalence of Type Specifications

Type checking 1s performed by the VAL translator by testing that the type of each expression
or subexpression matches the type required by the context in which it appears. The type of an
expressien or subexpression s determined by its composition from operators and elementary terms
as described i Sections 5 and 6. This must match the type required by its context: an argument to
a function must match the argument type indicated in the function’s definition, and an expression
on the right hand side of a definition (see Section 7.2) must match the declared type of the name on

the left hand side

The necescary test 1s to determine 1f two type specifications are equivalent, that is, if they
denote the same type  Two basuc type specifications are equivalent if they are the same. Two
array speafications are cquivalent if their element types are equivalent. Two record or oneof
type specifications are equivalent if their correspondingly named component types or constituent
types are equivalent; the order in which they are listed 1s not significant. A defined type name is

equivalent to the type appearing on the right hand side of its definition.

A compound type specification can be visualized as a tree whose nodes are labeled array,
record, o oneof, whase arcs fiom record or oneof nodes are labeled with field or tag names,
and whose leaves ate hasic types. Equivalence can be formulated in terms of this characterization:
Two type specifications are equivalent if their tiees are identical, disregarding the order of arcs. If
a type <pecification uses recursion, this tree is nfinite; two such specifications are equivalent if these
intinite trees are adentical

Examples -- assume the following type defimtions:

lype NUM = real ;
type STACK = oneof [ cpty : null ; element : ITEM ];
type ITEM = record [ value : real ; rest : STACK ]




Then the following pans of type specifications are equivalent:

real (A defined type is exactly equivalent
UM to the type that it is defined to be.)
record [ a:real ;b :integer ] (order of fields is not significant)

record [ b :integer;a:real ]

oneof [ erpty : null ; element : record [ value : real ; rest : STACK 1;
STACK (The (infinite) trees implied by these
type specifications are equivalent.)
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5. OPERATIONS

In this section we speafy the sets of operations applicable to each data type of VAL. In the
examples of notation, P and Q) stand for boolean values, ] and K for integers, X and Y for reals, C
and D for characters, A and B for arrays, R for records, U for union (oneof) values, and V for

values of arbitrary type.
5.1 Error tests

A number of tests are provided for crror elements. The following three are defined for all

types:
operation notation functionality
test for undef is undef(V) any - bool
test for miss_elt is miss_elt(V) any - bool
test for all errors is error(V) any - bool

The test is error is satisfied by all error values for the type to which it is applied: undef,
miss_ell, and any other errors such as zero_divide that exist for that type. Additional error

tests, such as is over, are defined below for certamn types.

All error test operations always return true or false, never an error value. They must be
used for testing for errors in preference to the equality operator (eg. "X = undef(real)”), since the

latter retinns undef(boolean] when X is an eror value.
5.2 Null operations

The null type is used to provide a case in a union type for which the value is irrelevant.

There are no operations for this type except the error tests is undef, is miss_elt, and is error.

it
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5.3 Boolean operations
The boolean operations are the following:

i

1 operation notation functionality

3, and P&Q bool, bool -+ bool

1 o1 PlQ bool, bool -+ bool
not ~ P bool - bool
equal P=0Q bool, bool -+ bool
not equal P~=Q bool, bool -+ bool

3 RS 1 e LR NS
test for undef is undef(P) bool - bool
test tor miss_elt is miss_elt(P) bool - bool
test for undef or miss_elt is error(P) bool - bool

D

i

It an error value 15 an operand to a boolean operation other than an error test, the result is

‘[' undeflboolean)

f ;

1 5.4 Integer operations

t

| § The integer operations are the following:

K

1 operation notation functionality

| S T RV N ot e —
addition J+K ng, int - int
subtraction J-K nt, int - int 7
multiphication JxK nt, int - int
divicion J/K Int, int = int
moculus mod(J, K) int, int - int

: exponentiation exp(J, K) int, It - int

i negation - ) Int - int




mag nitude abs()) nt - int

mastmum max(J. K) int, int - int
minimum min(J, K) int, int - int
equal J=K int, int - bool
not equal J~=K int, int - bool
greater, less J ] <K int, int - bool
greater/equal, less/equal J>2=K,]<=K int, int » bool
test for pos_over is pos_over()) int - bool
test tor neg_over is neg_over()) int -+ bool
test for unknown is unknown(}) int - bool
test tor zero_divide is zero_divide()) int - bool
test for pos_over or heg_over is over()) int - bool
test tor POS_over, neg_over, is arith_error(j) int ~ bool
unknown. or zero_divide

test tor undef is undef(]) int - bool
test tor miss_elt is miss_elt()) int - bool
test for undef, miss_elt, pos_over, is error(}) int » bool

neg_over, unknown, or zero_divide

The erron value zero_dividelinteger]) may result from the division or modulus operations.
The enton values pos_over(integer] or neg_overlinteger] may result from the arithmetic

opeiations if the result exceeds the range of numbers representable on the target computer.

If the enror value undef(integer). miss_elt(integer], or zero_dividelinteger] is an
operand to any integer operation other than an error test, the result is undef of the appropriate

type




A S i S e — e

a9

porss

The ntecer operators have the following special behavior with respect to the error values

pos_over, neg_over, and unknown These rules are of course symmetric with respect to

exchange of the arguments to +, % max, and min. These rules do not apply if any operand is

undef, miss_elt, or zero_divide

la pos_over + ] = pos_over if ] >0or ] = pos_over,
unknown otherwise
b neg_over + ] - neg_over if ] <0Oor])=neg_over,

unknown otherwise

lc unknown « ] - unknown

23 - pos_over = neg_over

2h - neg_over = pos_over

2¢. - unknown = unknown

2 J-K = J+(-K)so for example, by rules 2a and Ib,
J - pos_over - neg_over if] <0Oor]-neg_over,

unknown otherwise

1a J * pos_over - neg_over it]<-lor]=neg_over,
pos_over f ] >lor ] = pos_over,
0 f ] = Gk
unknown otherwise
4b ] ¥ ncg_over = - (] x pos_over)

4c J ®xunknown = 0 af ] =0,

unknown otherwise

ha J < pos_over - true unless ] - pos_over or unknown,
in which case the result is undef
5b neg_over < ] - true unless | = neg_over or unknown,

i which case the result i1s undef

The preceding two rules also yield true if the connective is <=, and false if the connective is > or 1




‘ >=. They are alco of course symmetric with respect to exchange of the arguments and reversal of

i the connective.
Ga abs(pos_over) - abs(neg_over) - pos_over
6b. abs(unknown) - unknown
Ta. max(pos_over, |) = pos_over
Tb. min(pos_over, ]) = |
Tc max(neg_over, ) = |
7d. min(neg_over, J) = neg_over
7e. max(unknown, J) - unknown
. min(unknown, J) - unknown

Other than the above cases, 1f any operand to a integer operation other than an error test is

b
- an error value. the result i1s undef of the appropriate type
[ 5.5 Real operations
The real operations are the following:
operation notation functionality
. addition X+Y real, real - real
. subtraction N=Y real, real - rea
multiphication S Y real, real - real
division XLy real, real - real
exponcntiation exp(X,Y) real, real - real
expanentiation with mteger exp(X, J) real, int - real
negation - X real - real
mag e abs(X) real - real
[ ERNTRTITRN max(X, Y) real, real - real

mInmum min(\,Y) real, real - real
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equal X=Y real, real » bool
not equal X =Y real, real -» bool
greater, less N2V X <Y real, real - bool
greater/equal, less/equal Xos=sY X a= ¥ real, real - bool
test to1 pos_over is pos_over(X) real -» bool
test to1 neg_over is neg_over(X) real » bool
test for pos_under is pos_under(X) real » bool
test for neg_under is neg_under(X) real -~ bool
test for unknown is unknown(X) real » bool
test for zero_divide is zero_divide(X) real ~» bool
test tar POS_OVer o neg_over is over(X) real + bool
test for pas_under or neg_under is under(X) real » bool
iest for pos_over, neg_over, is arith_error(X) real » bool
pos_under, neg_under, unknawn, or zero_divide
test tor undef is undef(\) real » bool
test tor miss_elt is miss_elt(\) real = bool
test tor undef, miss_elt, pos_over, is error(X) real » bool

neg_over, pos_under, neg_under, unknown, or zero_divide

The errar value zero_divide[real] may result from the division operation. The error values |

pos_over(reall neg_over(real), pos_under(real), or neg_under(real] may result from the

anithmetic operations af the result exceeds the range of numbers representable on the target

computel

It the error value undef(reail, miss_elt(real), or zero_divide[real] is an operand to any

real operation ather than an error test, the result 1s undef of the appropriate type.
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The real operators have the following special behavior with respect to the error values
pos_over, neg_over, and unknown. These rules are of course symmetric with respect to
exchange of the arguments to +, *, max, and min. These rules do nor apply if any operand is

undef, miss_elt, or zero_divide.

la pos_over + X - pos_over if X >00or X = pos_over or pos_under,
unknown otherwise
Ib. neg_over + X - neg_over if X <00or X = neg_over or neg_under,

unknown otherwise

Ic unknown + X - unknown

Id. pos_under + X = N f X #00and isa proper value

le neg_under + X = N if X #00and 15 a proper value

If. pos_under + pos_under = pos_under

Iy neg_under + neg_under - neg_under

Ih pos_under + neg_under - unknown

I pos_under + 00 - pos_under

1 neg_under « 00 - neg_under

2a - pos_over - neg_over

2b - neg_over = pos_over

oc - pos_under = neg_under

2d - neg_under - pos_under

2e. - unknown = unknown

2 N =Y - N+ {-Y)so for example, by rules 2a and Ib,
N - pos_over - neg_over if X <00or X = neg_over or neg_under,

unknown otherwise

4a N\ * pos_over - neg_over if X <-l10or X = neg_over,

pos_over if X >10o0r X = pos_over,
00 if X =00,

unknown otherwise |




ib N * neg_over = - (X xpos_over)
dc \ % pos_under - neg_under if -10 <X <00or X = neg_under,

pos_under f 00 <X <10or X = pos_under,

00 1f X =00,
unknown otherwise

4d N x neg_under - - (X x pos_under)

te X » unknown = 00 f X =00,

unknown otherwise

ha N © pos_over - true unless X = pos_over or unknown,
é in which case the result 1s undef
: 5b neg_over - N\ - true unless X - neg_over or unknown,
F{ in which case the result 1s undef
: The preceding two tules also yield true if the connective 1s <= and false if the connective is > or
B >= They are alco of course symmetiic with respect to exchange of the arguments and reversal of

the connecrive

6a abs‘pos_over) - absineg_over) = pos_over
Gb absipos_under) - abs(neg_under) - pos_under
Ge. abs(unknown) = unknown
7a max(pos_over, \) = pos_over
1 7b minipos_over, \) - X
Tc maxineg_over, X) = X
7d minineg_over, X) - neg_over
Te max(unknown, X) = unknown
7t min(unknown, \) - unknown

Other than the above cases, 1f any operand to a real operation other than an error test is an

error value the recult 1s undef of the appropriate type.
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5.6 Character operations
The character operations are the following:

operation notation functionahty
equal C=D char, char - bool
not equal C~=D char, char - bool
test tor undef is undef(C) char -+ bool

test for miss_elt is miss_elt(C) char - bool

test for undef or miss_elt is error(C) char - bool

It an error value 1s an operand to a character opeiation other than an error test, the result is

undeficharacter]

5.7 Array operations

The operations for the array data type array(T] include creation of new arrays, selection,
E producmg new array values by appending components to an airay value, and combining arrays by
concatenation  Recall that an array value consists of a tange defined by a low index LO, a high
index M and a sequence of HI-LO«l clements of the given type, some of which may be

miss_elt(1]

i operation notation functionahity
create array_empty(T) - array[T]

b create/nill array_fill(J, Ik, V) mt, int, T -+ array(T)

! select AlJ) array(T)hint - T

(‘ append Al): V) array(T), int, T = array(T]
create by elements (J V) int, T = array(T)

index of highea array_limh(A) arrax[T] =nt




!
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index of lowest array_liml(A) array[T] - int
number ot elements array_size(A) array(T] - int
set hounds array_adjust(A, J, K) array(T], int, int » array(T)
extend high array_addh(A, V) array[T), T - array(T)
extend low array_addl(A, V) array[T), T - array(T]
remove hioh array_remh(A) array[T]) - array(T)
remave low array_reml(A) array(T) - array[T)
set low Tt array_setl(A, ) array(T), int - array(T])
concatenate AllD array[T), array[T) - array(T)
metye detimed eloments array_join(A, B) array(T], array[T] - array(T]
test for undef is undef(A) array(T] - boal
test tor miss_elt is miss_elt(A) array(T] -+ bool
test tor undef or miss_elt is error(A) array(T] - bool

In ceneral, the result of an array operation is the error element undef of the appropriate type
if either an andex operand gs an error value or an array operand is undef or miss_elt. The

remaining cases i which the result 1s an error are specified below for each operation.

Create  array_emplyliype spec)

Thic s actually a constant. It s an array of the indicated type, whose low index is one, high

index as ze10, and which therefore contains no elements
Create/fi!! array_fill1:O, HI, V)
Thic cicates an array with the given range and all clements equal to the given value. If

LO - T the vesult 1s undef(array(T]] This operation yields a proper array even if V is an

error value such as undef or pos_over.
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Example

array _fill(1, 10, 6)

1s an array with 10 elements, all equal to 6.
Select  Al)]

This operation yields the clement of the array A atiudex J. If J is not within the range of the
array, the result 1s undef(T) Otherwise, the result is whatever value is in the array, which may be
an error value such as miss_eit(T] or undef(T].

Append  A[) V]

This retarns an array identical to A except that the element at index ] has been replaced by
value V' The 1ange of A 1s expanded as needed to include index J, and any new elements in the
expanded ranze are given the value miss_elt(T] For example, if A has bounds land 3, and J 1s
10, elements 4 through 9 will be miss_elt[T] in the result.

Create by elements [J: V)

This retirns an array with low and high indices both J, and one element V at index J.

Thete are abbreviated notations for compositions of select, append, and create by elements
operatione  ta amphfy construction  of multiple element arrays and for operating on
multi-dimensional arrays. See Section 6 4.

Index of highest. lowest  array_limh(A), array_liml(A)

These functions return the high or low index of A, respectively.

o | s e
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Number of elements  array_size(A)

This returns array_limh(A) - array_liml(A) + 1
Ser bounds  array_adjust(A, ], K)

Thicreturns an array with range (J, K), containing the same data as A where possible. If Jis
greater than array_limicA) or K s less than array_limh(A), some elements of A will be absent in
the result It ] as Jess than array_liml(A) or K s greater than array_limh(A), the newly created
positions are set to miss_elt(T)

Extend vign, low  array_addh(A, V), array_addl(A, V)

These return the array A with its high index increased by one or its low index decreased by

one, and the given value V as the new element
Remove high, low  array_remh(A), array_reml(A)

These veturn the array A with its high index decreased by one or its low index increased by

one  An element of A s lost i the result If the array A has size zero, the result is undef.
Set low lirut  array_setl(A, })

Thic adds ] - array_liml(A) to all clement indices and to both components of the range,
yrelding an aray cimilar to A but with the origin shifted. Its low index 1s J.
array_selli{ 2:x,v,7)5)
denates the <ame value as
[ 5% 7]

whete the abhreviated notation is defined in Section 6.4,
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Concatenate A |l D

This teturns an artay whose size 1s the sum of the sizes of A and B, formed by concatenating
A and B The low mdex of the result 1s the same as the low index of A, and the elements of A

retamn thewr original indices The indices of B are shifted as necessary.

Merge defined clements  array_join(A, B)

This merges the arrays by elements  The low index of the result is the minimum of
array_liml(A) and array_liml(B), and the high index 1s the maximum of array_limh(A) and
array_limh(R) Thaose elements of the result that are not within the range of either A or B are set
to miss_elt  Those that are within the range of one argument are set to the corresponding
element of that argument  Those that are within the range of both are set to the corresponding
element of A if the corresponding element of B 1s miss_elt, to the corresponding element of B if
the corresponding element of A 1s miss_elt, and to miss_elt otherwise. This operation is
mtended to be used to merge partially defined arrays, such as an array with only even elements

defmed (the others being miss_elt) and an array with only odd elements defined.
5.8 Record operations

The operations for a record type specified as T =record{N, : T ;... ;N : T, ] are the

followimz Ny .o Ny are the field names, and T; ... T, are the corresponding types.

operation notation functionality
aeate record{ N, : V... N :V,]

Tl' TR Tk oy T
select,, 112k R.N, T

replace, 1 <1<k R replace [N, : V] T.T,»T
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test tor undef is undef(R) T - bool
test tor miss_elt is miss_elt(R) T = bool
test tor undef o miss_elt is error(R) T - bool

Create  record( TR e Vk]

This builds a record value | (N}, Vl), (N VO L Al of the field names associated with
the type ot the record bewg constructed must appear i the hist, though some may appear with

error values such as undef(T ] or miss_elt{T ]
Select R . N
This returns the value of the named field, that s, Voaf N = NI
Replace R replace [N V]
This returns a record similar to R except that the N-field 1s changed to V.

Abbreviated notations are provided for compound selectors and multiple values in replace

operations  See Section 65
5.9 Opcrations for union types

The baac operations for a union type specified as T = oneof( N, T, ;.. (N, : T, jarea
create operation and a test of a tag. The tagcase control structure explained in Section 7.3 is the
mechansam for accessing constituent values trom a value of union type. In the following, N ... Ny

are the tay names, and T, . T, are the corresponding constituent types
! 1 K P & P

operation notation functionahity
create, | <1 <k make T [N V] T;»T
tag test, 1 <1<k is N, (U) T - bool
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test for undef is undef(U) T - bool
test for miss_clt is miss_elt(U) T - bool
test for undef or miss_elt is error(U) T - bool

The operations make T [ N : V Jand is N (U) are type-correct only if N is a tag name of the
type T and V is of that constituent type. The result of make T [ N, : V ] is the pair (N; : V) for
any element V of T, The result of is N, (U) is true if U = (N, anything), undef(boolean) if U is

undef(T] or miss_elt(T], or false otherwise.
5.10 Type conversion operations

Type conversion aperations are provided between integers and reals and between integers and

chatacters

operation notation functionality
real-tointeger integer(X) real - int
integer-to-real real()) int - real
character-to-mtecer integer(C) char -+ int
intey er-to character character(j) int - char

In each case an argument value of undef or miss_elt yields the result undef. For other values

the conversions act as tollows
integer(\)
£ N 1s Targer memagnitude than is representable as a proper element of integer, the result is

pos_over or neg_over. if X is zero_divide, pos_over, neg_over, or unknown, the result is

undef If X\ is pos_under or neg_under, the result 1s zero. Otherwise, the result is obtained by

rounding, nommntegral values of X toward zero
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real(j)

All proper values of ] are converted to the corresponding reals. If ] is zero_divide,

pos_over, neg_over, or unknown, the result 1< undef.

integerC):

Thic operation yields the ASCII code for the character C.

character())

This operation s the mverse of integer(C). Its result for values not in the range of

integer(C) s not speaified
5.11 Type correctness of operations

In VAL the type of value produced by each expression can be determined by the translator
fram the properties of the operations as specified i this section. An operation in a program is type
corvect af and only 1f the types of its argument expressions are the same as the argument types

specitied tor the operation. Note that for each operator the types of the results are determined

when the types of the argumens are known
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6. CONSTANTS, VALUE NAMES, AND EXPRESSIONS

An expression is the basic syntactic unit denoting, a tuple of values of some types. The arity
of an expression 1s the size of the tuple of values it denotes. Two expressions are said to conform if
they have the <ame anty and the corresponding values are of the same type. The design of the
VAL Iincuage i< such that the anty and types of an expression, and hence the conformity of two
expiessions, may be determined by inspection of the program. The simplest type of expression of
arity one s a constant, a value name, or an operation applied to other expressions of arity one.
The smplest type of expression of higher arity 15 a seiies of expressions of arity one separated by

commas
6.1 Constants

A constant is a syntactic unit of arity one whose value and type are manifest from its form.
Syntax

constant :: = nil l true | false

f integer-number ':cahmmhm fcharacter-consrant chardcter-string-constant
| array_empty(type-spec)

| undefltype-spec) | miss_eltltype-spec)

] pos_over(lype-spec] I heg_overltype-spec]

| pos_under(type <pec] | neg_under(type-spec)

| unknown(type-spec] | zero_divideltype spec]

The values undef(typie spec] and miss_elt{type-spec] are constants denoting the undefined
value and missing anay element value of the type indicated in the type-spec. For example,
undef(arraylinteger]] denotes the undefined value of type array(integer] These two constants
exist tor all types, mcluding array, 1ecord, and union types. The remaining constants for each data

type are as follows

The oniy constant of the null type is the reserved word nil.

———— I " e — - ———




The constants of the boolean type are the reserved words true and false.

The prmcpal constants of the integer and real type are integer numbers and real numbers,
the tormat of which are given in Section 2. There are also the following arithmetic error constants:
pos_over(integer) pos_over(real)
neg_over(integer] neg_over(real]
pos_under{real)
neg_under(real)
unknownlinteger] unknown(real)

zero_dividelinteger) zero_divide[real]

The constants of the character type are the characters enclosed in single quotes.

A character sting enclosed i double quotes 1s a constant of type arraylcharacter)

containing the mcdividual characters of the string as elements. The first character 1s at index one.

The array constant array_emptyltype] denotes the array of the indicated element type whose

range s (1, 0), and hence has no elements

There are no other array, record, or union constants, but various constructing operators may
be used with constant ateuments to denote “constant” arrays, records, or union elements.

Examples

{07 B2 8085 (array constant, see Section 6.4)
record [ A:6;8:73] (record constant)
make T [ A:6 ] (constant of union type T)

6.2 Value names

A value name s a name which denotes a single computed value of a specific type. Every
value name s ntroduced either in the header of a funcuon definiion (if the value name is a
formal arcument of the function beng defined) or i a program construct such as a let block or a ?
for block  In cither case, each value name has a scope and a type, and has a unique value of that

type for cach mstantation during execution of the function or block with which the value name is ]
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associated. The scope of a value name is the region of program text in which a reference to the
value name denotes its value. The scope and type of any value name may be determined by
mspection of the program construct that introduces 1t Its value of course depends on the values

present during the particular instantiation of the function or block.

The scope of a value name introduced as a formal argument of a function is the entire
function defimition, less any mner scopes that re-introcuce the same value name. The type of such
a value name 1s given by a type declaration i the function header. Its value is the value of the
corresponding argument for the relevant mvocation of the function.

Example
function F ( X : integer returns real )
<expression™
endfun
An appearance of value name X i the expression denotes the value of the argument with which F

was invoked. Its type is integer.

The scope of a value name wtioduced i a program construct such as a let or for block 1s
some 1egion of the construct that depends on the nature of the construct, less any inner scopes that
re-mtroduce the <ame value name. The manner in which the type and value of the value name are
established depends on the form of the construct.

Example
let
% neeal ;=30
<another decldef> ;
<another decldef> ;
“anolher decldef> ;
IN <evpres<ion>

endlet

The scope of N s the entire block, including the expression after in, less any inner scopes that
re-mtiodace N lts type 1s real, its value 1s 20, The let construct is described in Section 7.2. If

this block had appeared within the scope of X introduced by some outer construct, that outer scope,

with 1ts value and type, would disappear within this let block.




6.3 Expressions

Expresaons are built out of smaller expressions by means of operation symbols.

Syntax

expression :: = level-l-exp | expression | level-l-exp (the arities are added)

In the next & hoes, the operators may only be used if all operands are of arity one.

level-l-exp :: = level-2-exp l level-l-exp | level-2-exp (boolean “or")
level-2-exp ::= level-2-exp ! level-2-exp & level-3-exp  (boolean "and”)
level 2-exp :: = level--exp ‘ ~ level-i-exp (boolean “not”)
level-4-exp :: = level-5-exp l level-4-exp relational-op level-5-exp
level-h-exp :: = level-6-exp l level-5-cxp || level-6-exp  (array concatenate)
level-6-exp st = level-T-exp ‘ level-6-exp adding-op level-7-exp

level-7-exp :: = level-8-exp ] level-7-exp multiplying-op level-8-exp
level-§-exp 1= primary | unary-op primary

=

relattonal op s = <
addig op 1= + ] -
multiplying-op = % ( 74

unary-op - 4 t -

primaty = constant i value-name (these have arity one)
! (expression) (same arity as expression in parentheses)
‘l Invocation (arity 15 the number of values returned)

l array-ref ‘ array-generatol
\ record ref ] record-generator (These eight forms

| oneot test [ oneof-generator have arity one)

[ error-test | prefix-operation
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I conditional-exp i
I let-an-exp (These five structures are
l tigcase exp } described in Section 7.
| eration-exp They have arbitrary arity.)
[ forall-exp

value name 1= name

In an mvocation, the anty of the expression i parentheses must be equal to the number of

arguments requned by the function

imvocation = function-name (expression)

funclion name = name

array-ref :z = primary [expression]

array-generator ::- [ expression : expression { ; EXpression : expression } )
primary [ expression : expression { ; EXpression : expression } ]

record-ref ::= primary . field-name

In the next 7 forns, all expressions must have arity one except as otherwise noted, and the resultant

expressions abways have anty one

record-penerator - record [ field-name - expression { ; field-name : expression } ]
i primary replace { field - expression { ; field : expression } )

field :: = field-name { . field-name }

field-name 1= name

oneof-tost 1= 1S tag-name (expression)

oneot cenerator 1z = make type-spec { tag-name : expression )

tag-narae = name

error-test :: - is undef (expression) | is miss_elt (expression)

is error (expression) | is zero_divide (expression)

IS pos_over (expression) | is neg_over (expression)

is pos_under (expiession) | is neg_under (expression)

IS over (expression) l is under (expression)

|
l
|
|
|
|

is arith_error (exprescion) | is unknown (expression)




!
! The anties of the argument expressions for a prefix operation are as shown, and the result arity is
,x always one
i
'* prefix-operation :: = integer (expression) (arity = 1)
‘ [ real (expression) (arity = 1)
‘ | character (expression) (arity = 1)
# ! abs (expression) (arity = 1)
{ | exp (expression) (arity = 1)
' ’ mod (expression) (arity = 2)
g ] max (expression) (any arity)
4 i min (expression) (any arity)
| array _fill (expression) (arity = 3)
] l array_limh (expression) (arity = 1)
] array_liml (expression) (arity = 1)
. i array_size (expression) (arity = 1)
x | array_adjust (expression) (arity = 3) ;
! array_addh (expression) (arity = 2)
; | array_addl (expression) (arity = 2)
! array_remh (expression) (arity = 1)
II array_reml (expression) (anity = 1)
1 | array_join (expression) (anity = 2)
| array_setl (expression) (anity = 2)

Note that operators obey the customaty precedence rules: unary plus and minus have highest
priovity, - multiplicative operatois (%, /) are next; additive operators (+, -) are next; "I i1s next;
relational operators (<, <= > >= = ~=) are next; "~" 1s next; "&" 15 next; and " has lowest
prionty
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Examples of expressions of arity one:

A
true
3.7E-02

o
]

"XYZ" || [1:C] |l "PQR"
array_emptylinteger)

zero_divide[real)

X>28727<3%K

- X+ 3%8B

3% (X 1Y)

func(3+X,Y) (if "func” returns one value)
EFe2 ]

A[3:7]

Al4 4]

e S

record [ A:P;B:Q]

Rreplace [A.X:P;B.Y:Q)

is A (U

make T [A]:3

is over (x)

undef[real]

if P then 4 else 5 endif (see Section 7)

6.4 Abbreviations for array operations

The syntax provides abbreviated forms for the select, append, and create by elements

operations, to allow convenient array creation and handhing of multi-dimensional arrays.

Since multedimensional arrays are represented as arrays of arrays, the straightforward way to
select an clement as with an expression such as
ALK
This may be wiitten

Al K L)

The expression within brackets has arity three

PR P S ——
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The apoend operation can be used for multi-dimensional arrays by using an expression of
arity greater than one for the subscripts. Thus
A[LKL:V]
1s equivalent to

ALJ:AU[K:ALLKI[L:V]])

that s, A with us J, K, Loelement replaced by V.

Several values may be appended at consecutive indices by using an expression of arity greater

than one.
AlJ:V.W, X]
1s equivalent to
ALV Je1:W; J42:X )
It mualte-dinensonal arrays are beimng used, the last index 1s the one that varies when multiple data
tems are pesent
ALK L:V,W X]
1s equivalent to
ALIKGE oV K Bl s W d K a2 s X ]
These expressions need not be constructed by listing expressions of arity one separated by commas.

Other torms of expressions with high anty will be described in Section 66. For example:

A J: TRIPLEX, Y, 2) ]

fills i medices | Jel and J+24f TRIPLE 1s a function returning three values.

Finally, aprend operations may be composed by writing the J : V pairs in sequence within the

brackets, separated by semicolons.
;.l."i Vl 'I?V?"JNVN]
I1s equivalent to

l.l["ll:vl H 1/‘ VZ][JNVN]

where as noted ahove, ] and/or Vomay be expressions of any arity.

iacadi,




All of the abbreviations permussible for the append operation are permissible for the create by
elements operation
Examples
F@ XS 2]
1s an artay with 1ange (2, 6), and elements X, miss_elt, Y, and Z.
[1:A]

1s a “ungleton” aray with low and high indices both one.
6.5 Abbreviations for record operations

There are abbreviated forms for the replace operation to allow convenient handling of

compound selectors and multple data eiements.

Accessing records with compound selectors is performed in the straightforward way:

R.A.B.C

Compound <electors may be used in replace operations by writing the field names separated
by perods
R replace [ A.B.C: V]

1s equivalent to

i? replace [ A :R.Areplace [ G:R.A.Breplace [C:V ]]]

that 1<, R with 115 AL B. C subcomponent replaced by V

replace operations may be composed by writing the N :V pairs in sequence within the
brackets <eparated by senmicolons
Rreplace [A:V;B:W;CD:X]
1s equivalent to

(i replace [A:V ) replace [B:W ) replace [CD: X ]

|
|
'i
{
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6.6 Expressions of higher arity

The program structures provided in VAL for conditional computation and iteration are
expressions of arbitrary anty, and are described in Section 7. Such expressions, or function
INVOCations, may occur 1 program text i places that require a tuple of values of specified types:
. the argument hst of an operation or function invocation, the body of a function definition, a list of

array mndices or elements in an array operation, or in building the program structures presented in

Section 7
6.7 Function invocations

A function invocation consists of the name of the function followed by an argument list within
patentheses. (The syntax 1s the same for internal and external and external functions.) The
argument hist s an expression, whose arity and types conform to the arguments required by the
function. This iformation is given m the header of the function definition. See Section 8. The

argument hst is usually wiitten as a series of expressions of arity one separated by commas, but it

may be any expression

A function invocation 1s itself an expression whose arity and types are the number and types
of the values retinned by the function, which mformation also appears in the function's header. An
mnvocation that retuins one value may appear in expressions with complete generality, such as an
argument to arthmetic, atray, and record operations.  An invocation that returns several values

may only be used where expressions of higher arity are permitted.

In the tollowing examples, SINGLE, DOUBLE, and TRIPLE each take 3 arguments and
return 1, 2, ar X values, respectively

K:= 3 + 7 % SINGLE (X + 1, 3, SINGLE (X + 2, 4, W)) ;
In the tollowmg example, if P s false, F and G are defined to be DOUBLE (X, Y, Z), while
H i< defined to be W

F, G, He—if P then TRIPLE (X, Y, 7) else DOUBLE (X, Y, Z), W endif ;




Since the argument hst for any function may be any expression, it may be a multiple-result
function invocation or other program structure

3 + SINGLE (TRIPLE (X, Y, 7))
3 + SINGLE (P, DOUBLE (X, Y, 7))

4 + SINGLE (if P then 4,5 else DOUBLE (P, Q, R) endif, X)

The last example nvokes SINGLE with three arguments, of which the first two are either 4 and 5

or the two values returned by DOUBLE. The third argument to SINGLE is always X.




7. PROGRAM STRUCTURES

The progiam soructures described in this section are specific forms of expressions. If their
arity 1s one, they may appear in anthmetic operations.
Example

if P{hen x else Y endif + 3

This expresaon has value X423 or Y42, depending on P.
7.1 The IF construct

The condiional expression selects one of several expressions, depending on the values of

boalean expressions
Syntax

condhitional-exp :: - if expression then expression
! elseif expression then ex

1 I ression EXPTCSSIOH

else expression

endif

The expressons tollowmg if and elseif are test expressions. Their arity must be one and their
type boolean  The expiesaons following then and else are the arms. They must conform to

each other, and the entire construct conforms to the arms.

The entire construct 1s an expression whose tuple of values is that of the first arm whose test
expression 18 tiue, or the firal armof all test expressions are false. If any test expression needed to
evaluate (he constiuct 1s an error value (undef(boolean) or miss_elt[boolean)), the value of the
entive consruct i a tuple of undef values of the appropriate types. (If a test expression has value

true. Lo test expressions are not needed and may have error values without affecting evaluation

of the construct)

The if concruct mtioduces no value names Al value name scopes pass into an if construct.
It the <cope ob 4 value name mcludes an if construct, it includes all of the expressions of that

constiuct, <o that value name may be used anywhere mside the conditional construct.




7.2 The LET construct

The purpose of this construct 1s to mtroduce one or more value names, define their values,

and evaluate an expression within their scope (that 1s, making use of their defined values).
Syntax

let-in-exp sz <
let decldef-part
in expression
endlet
decldef part :: - decldef { . decldef } [ - J
decldet :: = decl
l det
| decl { . decl } ‘= expression
decl :: = value-name { , value-name } : type-spec

det 2= value-name { . value-name } i= expression

Lvery value name imtroduced in a let block must be declared exactly once and defined exactly

once i that block The declaration may be part of the definition, or it may be by itself preceding

the definntion

Examples

x :integer ; (declaration)
X =% (definition)
Y:real =47 +Q; (declaration as part of definition)

Ihe declaraiion of a value name must precede or be part of its definition. Each value name
must be detined before 1t 1s used (on the night hand side of another definition). Declarations and

defimitions may be mixed in any order as long as these requirements are met.

Several valine names may be declared at once

X, Y, 7 :real;

T his declares all 2 names to be real.




Several value names may be defined at once. The number and types of the names must
conform to the anity and types of the expression on the right hand side.

X,Y,Z:=10,20,30;
P, Q, R: TRIPLE(X, Y, 2);

Several valne names may be declared and defined at once. In this case, each of a group of
value name names preceding a type specification are declared to be of that type.
X :integer, Y, 7 :real :=3,4.0,50;

This declares X to be integer, and both Y and Z to be real.

The decluations, defimitions, and combined declarations and definitions are separated by

semicolons, a semicolon atter the last 1s optional.

The scope of cach value name mtroduced i a let block is the entire block less any inner

constructs that e mtroduce the same value name. However, a value name must not be used in the

detimtions preceding its own cetinition

All scopes for value names not introduced in a given let block pass into that block. Hence, if

the <cope of a vilue name (ntroduced by an outer construct) includes a let block and that value
name 1 not re mtroduced, it may be referred to freely within the block.

]'.xu:]lnh‘
let X :real; T:real;
T =P 437
X:=TFT+24;
inx xT
endlet
In this example, the value of Pasamported from the outer context. The scopes of T and X are
both the entine block A reference to X in the defimition of T would be illegal because it 15 within

the <cape of X but does not follow the detimition of X. The arity of this construct is one, and 1ts

type s real, becanse N T has atity one and type real
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Since a value name may not be used untl after it has been defined, and must be defined only
once i i block, 1t may not appear in its own definition. Hence definitions such as

T A

are never legaln let blocks (though they may occur in iter clauses of for blocks; see Section 7.4.)

The expression following the word in is in the scope of all of the introduced value names, and

hence can make use of their defuntions. The entire let construct conforms to this expression.

7.3 The TAGCASE construct

This selects one of a number of expressions, depending on the tag of a oneof value, and

extracts the constituent value.
Synray

IJ;;‘CRV‘T\I' =
tagcase [ value-name = ]e.\prcssmn [; }
tag-list - expression
{ tag-hist . expression }
[_ otherwise - expression ]
endtag

tag-hst :: - tag tag-name { . tag-name }

The entire constiuct 15 an expression whose values are thase of the expression in the arm whose tag
name matches that of the value of the test expression. If no match is found, the arm following the

word otherwise s used Al arms must conform to each other, and the entire construct conforms

to the arms =

The expresaon following the word tagcase must be of arity one and of a oneof type. The
fag names appeating in the arms of the construct must be tags of that oneof type. If they comprise

all the tags of that type, the otherwise arm is not used; if not, the otherwise arm is required.
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If a value name and "=" appear after the word tagcase, that name is introduced for each
arm of the the constiuct except the otherwise arm. lts scope in each case is the expression in that
arm. and 1ts type s the constituent type indicated by the tag name for that arm. If an arm 1s
evaluated (meatny, that the tag of the test expression matches the tag name of the arm), the value
name 1< detmed to be the constituent value from the test expression. If the value name and ":=" do
not appear, the constituent value is not made available inside the arms.

Example
Let X be of type
oncof [ & - integer ;B : array[integer); C:real; D : boolean ]
It X hastas A and constuituent value 3,
tagcase b := X;
taga:P+ 4
tag 3 : P(6)
otherwise : &
endtag
has value 7 The fust arm 1s taken, and P (whose type 1s integer in that arm) 1s defined to be 3,

the constituent value of N 16 X has tag B and constituent value some array whose sixth element is

2 the value of the ahove constiuct 15 2 In that case, P 1s defined to be the array. If X has tag C

o1 D). the construct has value 5 In that case the constituent value is not available, since the value

name's scopes do nat mclude the otherwise arm. (This 1s because the otherwise arm can

encompass difterent constituent types, so the type of the value name could not be determined.)

More than one tae name may share the same arm if they indicate the same type. In this case,

the tag names are all histed, separated by cormmas, after the word tag

Example
Let X be of type

oneof [ 4 :integer ;B :real;C:integer ]

Then the tollowing 1s permisaible

tagcase P := X;

tag A, C: expression) (P is integer here)

tﬂg B : expression,
endlag

(P is real here)
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All scopes of value names other than the one appearing after the word tagcase pass into the
construct  An outer scape for a value name with the same name as the one appearing after the

word tagcase does not pass into the tagcase construct.

It the value of the test expression i1s an error value, the value of the entire construct is a tuple

of undef values of the appropriate types

7.4 The FOR construct

This pertorms sequential ateration in which one iteration cycle depends on the results of
previous cycles  The construct introduces a number of value names, called loop names, which

convey iformation from one cycle to the next
Syntax

ieration-exp -
for decldef-part
do 1ter-end
endfor
iter-end 2= if expresaon then ster-end
|' elseif expression then iter-end |}
else iter-end endif
I tagcase [ value-name := J expression [ : ]
tag-hist : iter-end
: tag -list : ter-end }
{ otherwise - iter-end J endtag
] let decldet part in ater-end endlet
‘i ’7\[‘1"\‘"‘”
; iter def patt enditer

def-part st = def { . def 'l []

Fhe loop names are those appearing th the declarations and defimitions following the word

for. 1 hese declarations and definitions have the same form as in a let block.




The behavior of the for construct is as follows: The loop names are initialized, only once, to
the values indicated an the definitions appearing atter the word for, and the first iteration cycle

begins. During each iteration cycle these names have fixed values.

The ateranion bady s then evaluated, using the current definitions of the loop names. The
result of that evaluation i< either a decision to terminate the iteration, with values to be returned, or

a deciston to aterate asaimn with new definitions tor the loop names.

Fhe ateration body consists of an if construct, tagcase construct, or a tree of if, tagcase, and
let constiucts, with a sheht modification: the arms may either be conventional expressions, or rnay

consist of iter, come redefimtions, and enditer. There may be many arms of each type.

It the arm that is chosen for evaluation 1s an expression, the iteration terminates, and the
valucs ot the expresaon are the values of the entire for construct. Al such arms must conform to

each orhei, and the entire construct cpnforms to these arms.

It the choten arm conssts of iter, some redefiutians, and enditer, those loop names are

redetined according to the the right hand sides of the redefinitions, and evaluation of the body is
H'[u‘nr'f
Examples

for v :integer .- 1 ;P :integer .= N;

do if P ~= 1 thenitery := y«P P := P-1; enditer
else Y
endif

endfor

[his computes the factornal of N It introduces loop names Y and P, which are both integer. Their

inateal values ate | and N, uvj\‘\e\nw’!y

The body of this construct 1s an if/then/else construct whose first arm s a redefinition and
whose <econd arm s the expresgon "Y" Accordingly, at the beginning of each iteration cycle P s
tested It at s nonzero, the iter arm gives Y the new value Y*P and P the new value P-l, and

another cycle begms 1P s zero, the steration terovnates with the value Y.




for 7 :real := X ;

do let D:real := (X/T - T)/2;
in if D < epsthenT
elseiter 7.= 7+ D; enditer
endif
endlet
endfor

This computes the squate toot of X, using Newton's method. The iteration body uses a let block

to introduce the temporary name D It imports the value ¢ps from the context in which the black

appeais

The next example reverses the hist given as "INPUT”", by initially defining T to be INPUT
and U ta be the evpty hist, and then repeatedly moving items from T to U. Assume the type LIST
has been detined by

type LI1T - oneof [ enpty : null ; nonempty : record [ item : real ; rest : LIST ]]

A TLIST i< a cham of records contaning an arbitrary number (perhaps zero) of reals.
for T, U : LIST := 1NPUT, make LIST [ empty : nil ];
do tagcase 7:- 7
lag empty : U
tag nonenipty :
iter
T, U := Zrest, make LIST [ nonempty : recerd [ tem : Zitem ;rest : U ]];
enditer
endtag
endfor

The loop valie names must all be different. Their scapes are the entire for construct less any
mner blocke that re-mtroduce the same name. They are declared and iitially defined in the same
manner asn g let block As i a let block, each name must be declared exactly once and defined
exactly once. and may appear on the night hand side only in definitions after its own. Fach
declaration, defuntion, or combined declaration and definition must be followed by a semicolon

except the last, for which the semicolon 1s optional




Withun each iter aim the redefined value names must be a subset of the loop names. T hese
redetinitions may mahe use of the previous values of all names, including the one being redefined.
These redetuntions do not include declarations, since the types of the loop names were declared at
the beginming ot the for consttuct. Each redefimtion must be followed by a semicolon except the

last, for which the sermicolon 1s optional

Unlike the detimtions moa let/in block or the imitial loop value definitions in a for block, a
redetinition i an iter clause may contain, on its right hand side, loop names that appear on the
lett hand side of the same o1 later redefimtions  In such a case, the "old” value 1s used, that is, the
value that the name had on the iteration cycle just ending. If the name appeared on the left hand

side of an carher redefition, 1its “new” value 1s used, that is, the result of that redefinition.

Hence a redefimition such as

_’;—:J&l;

15 lecal, and means that the nest tteration cycle 1s to begm with a value of ] which 1s one greater
than ats value on the cycle just ended. Tn the factorial example given above, the iteration clause

iter Y :- yap; P .= P-1; enditer

multiphies Y by the ¢/d value of P 1f the order had been reversed:

iter P:= P-1 ;Y := Y*P; enditer

Y would be multiphed by the new value of P, and the example program would compute the

factorial of N-|

The amplest way to redefime two or more loop variables in terms of each others’ old values is
to use a muluple assicnment. For example
iter X, v .= v, x ; enditer

exchatos the values of X and Y for the next iteration cycle

A loop name not appeartg i a redetimtion after iter retains 1ts old value.




The scopes of any value names other than the loop names pass from outer blocks into the for

block

If an errar accurs while determining which arm of the loop body to evaluate (a test expression
i an if or tagcase construct evaluates to an error value) the iteration terminates and returns as its
value a tple of undef values of appropriate types. An error arising elsewhere in the loop body
does not cause special action: If 1t anses in an iter arm the indicated loop name is defined to be
the error value and the iteration continues. If it arises in an expression giving the final value to be

returned, that ervor value simply appears in the result
7.5 The FORALL construct

This generates one or more sets of values, of uniform type within each set, and either returns
them ac arrays or retuins the result of some operation (such as addition) on them. The former case
is idicated by the word construct, the latter by the word eval followed by the name of the
opetator. The values may not depend on each other - the intention 1s that they be computed

simultancously on a parallel computer capable of doing so

Fhis constract mtroduces one or more index value names of type integer and a number of

optional temporary value names, the latter 1n the the same manner as in a let block.

Syntay

foralbexpr 2:-
forall value name in [ expression ]|, value name in [ expression ] }
[ decldef part ]
torall-body part
: torall-hady pant }
endall
torall-body part :: - construct expression 1 eval forall-op expression

torallop ::- plus | times | min | max | or | and

e ——— - e e —




The mdex names are those appearing before the word in. The temporary names are those

appearing n the declirations and defimtions.

The index and temporary names must all be difterent. Their scopes are the entire construct
tess any mmmer blocks that re-mtroduce the <ame value name. The types of the indices are integer.
The types of the temporary names are specified m thewr declarations.  As in a let expression, a

temporary name may not appear in definitions preceding its own.

Each expression appearing i brackets after the word in is of arity two with both types
intecer. The two components are the low and high limits, inclusive, for the index. For each
number within those himits, the index 1s defined to be that number, the definitions of the tempaorary
names are made, and all the parts are evaluated . When more than one index is given, this is done
for each pomnt i the "Cartesian product” of the ranges, that is, for every combination of index

values

In a construct part, the expression 15 evaluated for each index value, and for each
componcnt of the expression, an array is formed having the same limits as the hmits given for the
index and elements equal to the values obtamed. If more than one index 1s given, a
multchimensional array s formed, that is, an array of arrays, with the first index referring to the
outermost array It some component of the expression is an error value for some index value, that
array element is sumply set to that error value

Example
forall 1in[1,4]
¥ : real - <quare_root(real());
construct J, X, X+1.0
endall
creates 2 ariays, all with range 1 to 4. The first 1s integer and contains values 1, 2, 3, and 4. The

second 1< real ane contams 10, 1414, 1722, and 20, The last 1s real and contains 2.0, 2.414, 2732, and

200 Thas forall black 1s an expression of atity thice whose values are these three arrays.
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forall 1in[A,B]LKin[C, D)
construct “expression>
endall

1S equvalent to

forall Jin[ A B)
construct
forallkin(C,D)
construct <expression>
endall
endall
and consiruds o two dimensional array, that 1s, an array whose hmits are [ A, B ] and whose

elements are arrays whose limits are [C, D ).

In an eval part, the operation must be one of plus, times, min, max, or, or and. The arity
of the exprecsion must he ane, and its type must he appropriate for the operation: real or integer for
plus, times. min, or max. boolean for or or and The expression 1s evaluated for each index
value, and the aperation s performed on the collection of values that are produced. If multple
indices are used, the operation as performed on the entire collection of values produced for all
combinations of index values

Example

forall Jin[ 1, N]
eval plus JxJ
endall

N
ey ”
returns > f°

The result of an entire forall block is an expression constructed by concatenating the results

of all of the parts




Example.
! forall Jin[ 1,N)
h X : real := <quarc_root(real()) ;
3! eval plus Jx)
by construct J, X, X+1.0
endall
Is an expression of anty 4 and types integer, arraylinteger), array(real], and array(real].
It one ot the bounds 1s an error value, or the lower bound is greater than the upper bound

plus one the result of the entire forall block 1s a tuple of undef values of appropriate types. If the
4 lower bound is equal to the upper bound plus one, the result of each construct part is an array
; ' with no elements and the result of each eval part1s 0, I, pos_over, neg_over, false, or true, if
‘ the aperatar is plus, times, min, max, or, or and, respectively.
] The scapes of any value namies other than the index and temporary names, introduced in

outer constiucts, pass nto the forall block
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8. FUNCTION DEFINITIONS

A VAL procram consists of a collection of modules, each defining one “external” function and
any number of “mternal” funcions  Fach function 1s defined by a function definition, which 1s a
prece ot text consisting ol
() The word function
(2) The function name and information specifying the arity and types of its arguments
and returned values. This information 1s called the "header”.
(3 The type defimitions used in the function defunition. 1f this is an external function,
the declarations of other external functions used by this module appear here also.
(4) The detuntions ot the miernal functions subsidiary to this one. Function definitions
may thus be nested arbitrardy.
(5) The exprescion giving the values to be returned by the function. This is the "body"”
of the tunction definition

(6) The word endfun

The definition of an external function is an entire module in VAL. Definitions of internal

functions appen within function defimitions in item 4 of the above st
Syntax

module 1= external-function-def

external-function-cef =
function tunction header
[ type-external-def-part }
: mternal funcuion def }
PAPIPSSION
endfun

mternal function-def -
function function-header

[ type-def-part ]

; internal-functiion-def }

(2} Il: CASOn

endfun




i e 2

TR

b 4

- 60 -

type-external-def-part :: = type-external-def { ; type-external-def } [; ]
tvpe-external-def ::= type-def I external-def

type def part 11+ type-def { s type-def } [ : ]

type-def :: - type type-name = type-spec

external def :: - external function-heade

function-header ::= function-name ( decl { ; decl } returns type-spec { , lype-spec } )

function-name :: = name

Example

function cum_of_squares (X, Y : real returns real)
XX + Y»Y

e

endfun

Only the external (outermost) function defined in a module 1s accessible to other modules.

Optional type defuutions may appear after the header to give names to types. These
user-detmed names may be used anywhere i the function definition, including its own header.

The type defiitions (and external declarations) are separated from each other by semicolons; a
semicolon after the last is optional
Example:
function complex multiply (X, Y : complex returns complex)
type complex = record [ re, im : real j;

record [ re : Xore % Yre - Xam ok Yam ;im : Xim % Y.re + Xre % Y.im ]
endfun

8.1 The header and value transmission

The b of tormal arguments and their type specifications appears in the header between the
lett parenthesis and the word returns.  These declarations are separated from each other by

semicolons Fache declaration may contain several value names, which are separated from each

other by commas




Gl.

The scope of the formal arguments 1s the body of the function (the expression), less any inner
constructs which re-mtroduce the same value name.  Their types are as given in the header
declarations, and their values are the values of the arguments given at function invocation. The
types of the retutned values are gaven in the hst of type speafications, separated by commas,
appeaning afier the word returns. This list of types must conform to the body. In every
imvocation of a function, the number and types of the arguments and returned values must match

those of the detimition

The meaning of a function invocation s as follows: If the function F 1s defined by
function F (aj :t; .. ay:tyreturnss; . sc)
BODYEXP
endfun
then, ascuming the defimtion is correct and conforms to its invocation, the invocation

F(ARGEXP)

1S eqm\'nlr'nt to

fet aj :t) ... ap:ty:= ARGEXP in BODYEXP endlet

8.2 The EXTLCRNAL declaration

ANl functions used 1 a module that are not defined in tha: module must be declared in an
external declaration. This declaration consists of the word external followed by a copy of the
function's header, which is used by the transiator for type checking.

Example

function tan ( X : real returns real )

external «in ( Q : real returns real );

external co- (Q : real returns real ) ;

an(X) / cos(X)

endfun
This module detines the external function tan. Since it uses the functions sin and cos, which are
not detined here, they must appear in external declarations. (They must be defined in other
modules o accessed ana subroutine hibrary) The external declarations contain the headers for

sin anct cos. just as they might appear in the definitions of those two functions. The formal

arpuments appearing in the headers (“Q" in the preceding example) have no significance; they are




included only tor syntactic consistency.  The intention 1s that the headers be copied verbatim from

the maodules detunng sin and cos into the maodule defining tan.

A maodule's external declarations must appear following the header of the outermost function
defimtion of that module, even if the functions being declared are used only by internal functions.
The external declarations may precede, follow, or be mixed with the type definitions of the

outermost tuncton defimition
8.3 Inheritance of data, type definitions, and external declarations

A function has aocess only to the data presented to it inats invocation. No data values are
wnported trom any enclosng funcnon detimition Type definitions made in one function definition
are whernred by all funchions subsidiary to st A redefinition in an internal function of a type name

already detimed i an outer context 18 not permitied

External declarations made i the outermost function definition are inherited by all internal

funciions
8.4 Scope of function definitions

I'he sccope of an external function defimtion consists of all modules of the program except the
module detmme the funciion. That s, any external function may be invoked from anywhere
except e the module giving that function’s definition. The scope of an internal function consists
solely of the wnediately endlosing function defuntion. Note that this precludes any recursion or

mutual recursion




T he ccope tales for funcnions and type definitions are illustrated by the following example:

function F ( <header-)
external it ( <header> ),
type 1 - “typo-wpecr;
function G ( “header>)
type L} = <type-spec> ;
function M ( <hcader> )
function N ( <header> )
H()DY”
endfun
83 "'“M
endfun
BODYq
endfun
function H ( <header> )
function P ( <hcader> )
BODYp
endfun
BODY
endfun
BODY;
endfun

the body of may invoke functions
F FF texternal), G, H (internal)
G FF (external), M (internal)
M FF (external), N (internal)
N FF (external)
H FF (external), P (internal)

P FF (external)
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the body and header of may use defined types
F j §
G I, U
M .U
N T.U
H ik
R T

The modules comprising a program are translated separately. The manner in which their
names are used to access them in ibraries and the manner in which they are linked into a.complete

program s dependent on the implementation. No recursive invocations among external or internal

functions are permitted

T ey =Yy ——erymegp




1
i
] - 65 =
|
Appendix | - Formal Syntax
i
module :: - external-function-def
external-function-def :: =
function function-header
“, [_ type-external-def-part ]
j { unmml~funcuon-def}
expression
endfun
iternal-function-def :: -
function function-header
[ type-def-part ]
«. { internal-function-def }
: expression
endfun
type-external-def-pait iz = type-external-def { . (ype-external-def } [; ]
type external-def :: = type def l external-def
type-def part ::= type def { ; type-def } [ ]
type def :: = type type-name = type-spec
external def :: - external function-header
- function-header 2= function-name ( decl { . decl | returns type-spec { . type-spec } )

functinn name = Name
expression = level-l-exp ‘ expression |, level-l-exp

level-l-exp :: = level-2-exp l level-l-exp | level-2-exp

level-2-enp tz= level-2-exp | level-2-exp & level-2-exp
level-2-exp :: = level-4-exp ‘ ~ level-4-exp

level-{-exp s:= level-bexp ‘ level-4-exp relational-op level-5-exp
level-hexp - level-G-exp ‘ level-5-exp || level-6-exp
level-G-exp :: = level-7-exp l level-6-exp adding-op level-7-exp

level-T-exp :: = level-8-exp | level-7-exp muluplying-op level-8-exp

level-S-exp ::= primary l unary-op primary
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relational-op = | <= | > l D= I = | ~
aclching op =4 l =

multiplying-op i = % | /:

unary-op = + | -

|

primary :: - constant | value-name
5 (expression)
E mvocaton
ariay-rel i.ﬂx.w-;;;«‘ur‘:azm
record-ret i record-generator
oucof-test i oncof-g eneratoy
I error-test [ prefix-operation
! condittonal-exp
{ letin-exp
| tagcase-exp
g iteration f_’\i)
forall-exp
value name 1= name
mvocation = function-name (expression)
itray-ref ::= prmary [expression]
artay-generator := [ expression - expression { , EXPIESSION : expression } )
! primary it expression - expression f' L expression : expression } ]
record yef :: = primary . fieid-name
record cenerator - record [ field-name - expression { ; field-name : expression } )
prmary replace [ field - expression { ; field : expression } ]
freld :: = tield-name I . field-name }
fiekd-name 0= name
oneat-test :: = is tag-name (expression)
oneol-generator 1= make type-spec [ tag-name : expression ]
fag-name = name

error-test 2= is undef (expression) | is miss_elt (expression)

is error (exprescion) | is zero_divide (expression)
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! is pos_over (expression) ’ is neg_over (expression)

|is pos_under (expression) | is neg_under (expression)

| is over (expression) | is under (expression)

|is arith_error (expression) | is unknown (expression)
pretix-operation = integer (expression)

I real (expression)

I character (expression)

| abs (expression)

| exp (expression)

l mod (expression)

, max (espression)

} min (expiescion)
| array _fill (expiession)
! array_limh (expression)
] array_liml (expiession)
| array_size (expression)
i array_adjust (expression)
I array_addh (expression)
i array_addl (expression)
[ array_remh (expression)
l array_reml (exprescion)
Il array_join (expiession)
l array _setl (expression)
constant :: - nil | true | false
| inteser-number l real-number Icharacter-constant character-string-constant
| array _emplyltype-spec)
[ undefltype <pec) | miss_elt[type-spec]
I pos_over(type cpec) l neg_over{type-spec)

| pos_under(type <pec] | neg_under(type-spec]

| unknown(type-spec] | zero_divideltype-spec]
type spec t: = basc-type-spec

] compotnd-type-spec
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1' type-name
| basictype spec o null | boolean | integer | real | character
' compound type spec sz = array [type spec]
. {record[rwkiqw({,1wkbqwc}]
i oneof [ tay spec { L fag-spec } ]
tield spec - tield name { . field-name } S type-spec
tag-spec i: = tag -name : ,tag -name } [ type-spec ]
type-name = name
. conditional exp o= if expresaon then expression
b- | elseif expression then expression }
else expression
endif
’ letan exp 3
: let declilet pait
{\ in expression
; endlet
e decldef part & declde! 1‘ L deddef " [ 4 }

decldef 2: = decl
1(“'7

!dul | decl ; expression

fecl 11 value name | value name } - type-spec
e HE Vi \ BRL é h H 5

def 1r- value name 4, value name } expiression

>
Lagcase exp

tagcase [ valie name = | expression [ ; }

tac hist eNIEession

j tag-hist - expression }

[ . 3
| otherwise expresson ]
endlag

tay, hist s tag tagmame { | tag-name !

Heration l‘\l' HH

for decldet part

do iter end

1
4
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endfor

iter-end ::= if expression then iter end

| elseif expression then iter-end }
else iter-end endif
l tagcase [ value name = _]e.\pwssmn [ 8 J
tag-hist - ater-end
{t‘ng»hst iter-end }
[ otherwise - iter-end ] endtag
| lel decldet part in iter-end endlet
| €X[ OSSO
|iter det part enditer
clef part :: - def { . def } [ ;]
forall-exp :: -
forall value-name in [ expression ] { value-name in [ expression ] }
[ decldef-part ]
forall- body pait
" forall-body-part E
endall

forall body-pait :: = construct expression | eval forall-op expression

torall op ¢+ - plus | times | min | max | or | and




- 70 -

VAL Syntax Charts

Function Module

Funcuon Type and Function 9
FUNCTION roader 1 function > moduie P Expression
definitions
Function Header
Functio
nam
= Formal
( ﬁl ) L Typespec RETURNS ®=| Type-spec -

Type and Function Definitions

ENDFUN

T »
e

Q

Type-spec

Function
EXTERNAL ]
header

‘:_..‘..‘_AAA J-.nj..‘

RO W
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Field-Spec List

-7

Type-Spec

r“ NULL 'l
{ BOOLEAN }— o

> INTEGER }— ~»

> )} -

»{ CHARACTER

> ARRAY Type-spec L-a@——v

Field »
RECORD c : IR L
ISt
| ONEOF Taa-spec hst |

Type

name

Tag-Spec List

— Field > > : Type spec
A name

Y

o ot
—u‘
Tag - < Type spec
name “

Null type
aboreviation

i




Expression*

Unary

1

e operator E xpression ‘
! Multiplying 1
ey e —
£ xpression operator } Expression a
Adding
e
operator il
Relational
operator il
$®_—'
1
o >
Expression &
—’@——'__’
n n
—-
E xpression Expression
Primary —

*The precedence levels for these infix operators 1s

itustrated by their positian in the chart, “unary

operator’ s highest precedence, comma lowest

The superscript tollowing “"expression’ indicates

the number of values that must be represented

by the term replacing that box in the program

an exact number >

n

K

that arity 1s the only fegal one
any arty s valid
arity must match arity ot other

expressions in some chart

'




Primary

Constant

Value
name

Function

exp

>
name E xpression
n
Array ref
- Primary ]
E xpression
Record ret Fiel
> Primary = ~
name
One of
test Tag ;
name Expression
Error
teot Ervor s
name £ xpression
s n
Pretix op Prefix )
> r—————*
name £ xpression
. n
Grouping op
e ( r__._..»
E xpression
Array
— >
generator
o Record
— R
generatorn
wl Oneot
_—— >
generator
Conditional
b » R
exp
e Letin -
exp
| Taqgcase
-
I exp
Iteration

Forall

i

exp

'
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Iteration Exp

i
! FOR | Decl det partf— Iter-end ENDFOR
1

Iter-end

ITER o Value
y name

n
—{‘ ENDITER }——b
Expression

\
V__,
.r E 5
n
5 =
i Expression T
y _ | Conditional -
] iter-end
A Taqg -
= iter-end
Let
i iterend Lk
Conditional Exp
(conditional iter-end)

1 Expression K
| | THEN e s
Expression iter-end

v i E xpression K

() G o s
-—_, Expression ier-end

Expression K

;{ ELSE }——-—-—-—-———
iner end




Let-in Exp
(let iter-end)

Expression |
LET | Decl def part i e . i ENDLET
iter-end

Tagcase
(tag iter-end)

i Value
TAGCASE = name

- 3
Tag Expression K
TAG i o e N s
l name iter-end

1

i

Y

‘} Expression

Y

-

E xpression K \
OTHERWISE > . p—p———— — ENDTAG
1ier-end

Forall Exp

Value

name

FORALL

E xpression

1 Decl-def-part

n
CONSTRUCT —- ENDALL
Expression 4\
Merge !
EVAL
operator Expression




Definition

Value

name

()~

n

Expression

Typespec -

Declaration
Value
S name
E —O‘_—‘
b
Multiple Definition
Declaration
/
..

Decl-Def Part

4 Definition

Declaration

n
Expression i

Multiple

definition
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Array Generator

n

New array [

5
Y

\ Expression

From
existing
array

n

Expression

> Primary u

Record Generator

New record T Field
HE(”ORD [ name
From
existing
record

One of Generator

Tag
—_— MAKE Type spec el

Field 0
> Primary REPLACE { ™1 name

1

T S g W o

E xpression

1

Expression

1

E xpression
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Merge Operator

OR

MAX

MIN

Multiplying Operator

v

Adding Operator, Unary Operator

—~ -

__.__.G} e

Relational Operator




st

Error Name

*>< MIS-ELT }’——-N
ERROR

—]

—>< POS-OVER 'L— =

%{ ZERO-DIVIDE }——b

i NEG-OVER
wf Woegveh b
—" POS-UNDER . )

~—->( OVER F >

A{— NEG-UNDER H

*r‘{ UNDER >———>
ARITH-ERROR

——

—>r—’< INTEGER \F—

>< UNKNOWN }——b

——-" UNDEF }ﬁ ‘

Y

»{ REAL

CHARACTER }— >

G
%g MAX H

A—{ ABS ’—,-

'\ MOD

——" ARRAY LIML kﬁ -

o ARRAY S12E

=< ARRAY ADJUST }-——.

SRS

ARRBRAY ADDH >
e
- ARRAY -REML
B

—

- ARRAY -FILL

ARRAY-SETL -
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Constant

e NIL -

;‘ TRUE 'Lf

Inteqer

i —
-
number
Hea >
>
] wumber
E

Character

constant

UNKNOWN - - Type spec ]

Function name, formal parameter, type name,
value name, field name, tag name

> they are all simple identifiers
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